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Abstract

Engineering Design Re-use refers to the utilisation of any knowledge gained from the design
activity to support future design. As such, Engineering Design Re-use approaches are
concerned with the support, exploration and enhancement of design knowledge prior, during
and after a design activity. Modular Design is a product structuring principle whereby
products are developed with distinct modules for rapid product development, efficient
upgrades, and possible re-use (of the physical modules). The benefits of Modular Design
centre of a greater capacity for structuring component parts to better manage the relation
between market requirements and the designed product. This work explores the capabilities
of Modular Design principles to provide improved support for the Engineering Design Re-
use concept. The Modular Design principle is extended to structure not only the artefact’s

components but also their associated knowledge, to support, explore and enhance the
knowledge generated during the evolution of the design process.

A novel modular design approach, termed a Multi-Viewpoint Modular Design Methodology,
1s developed to address identified requirements including; support for evolutionary design
knowledge, exploration and identification of inherent modularity and maintenance of the
modular solution. The overall concept of the Methodology is to support the designer in
evolving a modular artefact whilst utilising the principles of modularity to structure the
artefact knowledge to enhance its potential applicability for re-use, the concept is termed
knowledge modularity. Based on the results of a state of the art review deficiencies of
existing approaches are identified including; insufficient support of evolutionary design
knowledge, insufficiencies in the modelling, exploration, identification and representation of
knowledge modularity, limitations in the module identification process. Declarative and
procedural knowledge 1s developed to define a novel Modular Design Methodology to
address these deficiencies. As such, the Methodology presents a formalised approach to
support the modelling, optimisation and identification of modularity, both within and across
viewpoints (function, working principle and structure) of the product structure, and
evolutionary design knowledge. The core phenomena of a knowledge module is formalised
in terms of the knowledge of design concepts and their dependencies. The formalism
supports the identification of inherent modulanty. An alternative model, termed the Modular
Structure Matnx 1s developed as part of the Methodology to represent this inherent
modulanty. In addition, the Methodology has been developed, through a 12-month industrial
residency, to address the requirements of practising designers.

The Methodology is applied throughout a design activity to formalise and represent (in a
matrix formalism) knowledge of the concepts embodied by a design artefact. The resulting
model provides the basis to determine and represent interdependency knowledge between
design concepts. The modelled concept and dependency knowledge can be utilised to
support a modular analysis of the product structure both within and across design
viewpoints. An optimisation and module 1dentification mechanism can then be applied to the
model and, based on the dependency data, identify inherent modularity within individual
viewpoints of the product structure. Further, a mapping methodology has been developed to
support the maintenance of the modular solution, and 1ts associated artefact knowledge,
across multiple viewpoints of design. The new methodology can be applied in a cyclic and
iterative manner to support modularisation of the artefact design knowledge through the

evolution of the design.

A computational implementation has been developed to aid the evaluation of the
Methodology. The functionality of the Methodology has been illustrated through two
literature based case studies and two industrial implementation evaluations. An

implementation and evaluation methodology was formalised through the rationalisation of
the activities carried out during the first, and further utilised as the basis to support the



second, industrial implementation. The two literature based studies evaluate the functionality
of the methodologies optimisation and module identification mechanisms. These evaluations
result in the identification of modular hierarchies that were not evident in the findings of the
original publications. In addition, both industrial implementations result in the identification
of potential improvements in the design. The evaluations illustrate the functionality of the
Methodology in identifying and maintaining modularity, structuring design knowledge,
supporting decision-making, learning, and improving design understanding. In addition, the
evaluators outlined further potential Methodology application fields such as team design,
manufacturing design and technology life-cycle management.

Further the strengths and weaknesses of the Methodology, the computational
implementation, and the research methodology utilised to facilitate the work presented in this
thesis, are discussed. Finally, future work required to enhance the capabilities of the Multi-
Viewpoint MD methodology and the functionality of the computational implementation have
been 1dentified, including; the development of more advanced modular clustering criterions,

the introduction of constraints and constraint management, and the development of module
costing mechanisms/metrics.

Vi
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1 Introduction

"Our society, like many advanced economies in the developed world, is experiencing deep
change as we move from an industrial age into what is often called the knowledge economy’
(Hargreaves 2001). Knowledge is increasingly viewed as a resource central to the success of
a company. For example, 80% of UK businesses said that knowledge was either one of their
most or their most important asset (Council 2000/2001). As such, knowledge capture,
maintenance and management techniques are becoming increasingly important to business
success. However, only 16% of businesses in the UK have any ‘knowledge sharing
initiatives’ 1n place within their company (Council 2000/2001).

Design can be considered a ‘knowledge intensive activity’ as during the activity of designing
knowledge 1s generated, utilised and evolved to further the product definition. Design is
often a gradual and iterative process (Andreasen 1991). Design knowledge is generated and
evolves both within and across a number of viewpoints of design (function, working
principle, and structure) (Andreasen 1991; Zhang 1998) to define a completed design model
that realises the specified design requirements. Engineering Design Re-use (EDR) is an
approach concerned with the utilisation of this generated design knowledge to support future
design. Engineering Design Re-use approaches can be applied prior, during and after the
design activity. Engineering Design Re-use is a total approach which encompasses the
processes of designing by re-use, i.e. the re-use of previously acquired concepts 1n a new
design situation, designing for re-use, i.e. the identification and extraction of potentially re-
usable knowledge fragments during a current design activity, and exploration of the domain,
i.e. the examination of the design domain to identify, rationalise and extract reusable
fragments ot knowledge.

A product can only be designed by re-use if re-usable sources of knowledge are available
through, for example, designing for re-use or exploration of the domain. Designing for re-
use requires that knowledge generated during the current design process, known as current
working knowledge (CWK), is supported. Based on the nature of the design process itself the
current working knowledge of a design evolves over time in a gradual and 1terative manner.
An evolved product model represents the embodiment of the current working knowledge at a
distinct moment in time. Domain Exploration is the process whereby the characteristics of a
domain are conceptualised from available sources of domain knowledge (DK), 1.e. past cases
and general knowledge. Figure 1.1 illustrates the processes of Engineering Design Re-use,
the design knowledge utilised within each process and the context of the work presented 1n

this thesis.
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Figure 1.1: The context of the work

Designing for re-use requires a conscious etfort to identify, extract, enhance and record

design knowledge throughout the evolution of the design. Thus, the evolutionary design
knowledge requires to be modelled, represented and analysed by some means to enhance its

knowledge content and provide a structured resource for potential re-use.
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Product Structuring (PS) concerns the activity whereby the characteristics of a design are
defined (Andreasen, Duffy et al. 1995; Erens and Verhulst 1995). Product Structuring,
applied to a current design process, can be utilised to support, maintain and enhance the
design knowledge resource and facilitate designing for re-use. Modular Design (MD) is a
product structuring principle that is synonymous with the design of distinct detachable
modules for rapid product development, efficient upgrades and potential long term re-use
(Gu, Hashemian et al. 1997). The benefits of modular design centre on a greater capacity for
structuring both physical parts and product knowledge to better manage the relation between
market requirements and the design product. Hence, modular design supports increased

utilisation of experiential knowledge for new product development and can thus provide an
approach on which to actively support re-use.

Modular design principles have been applied to the structure the designed product (Ishii, Lee
et al. 1995; Enxon 1996; Gershenson and Prasad 1997; Huang and Kusiak 1998; Muffato
1999; Salheih and Kamrani 1999; Gonzalez-Zugasti and Otto 2000; Jarventausta and
Pulkkinen 2001; Otto 2001) and its’ associated production system (Zhou and Irani; Rogers
and Bottaci 1997; He and Kusiak 1998; Miller 1999). Modular design approaches are
applied to explore and identify modularity within individual products (Ishii, Lee et al. 1995;
Enxon 1996; Gershenson and Prasad 1997; Huang and Kusiak 1998; Salheih and Kamrani
1999; Jarventausta and Pulkkinen 2001) or across a product family (or generations of a
product family) (Muffato 1999; Gonzalez-Zugasti and Otto 2000; Otto 2001). Modular
design applied across a product family is aimed at exploring the domain to identify common
characternistics 1n the product structures that can be realised as a common module. A set of
modules common to a product family is often referred to as a platform. New product tamily
members are generated through the selection and/or configuration of modules from the
module platform (Ouyang, Chenggang et al. 1996; Tseng and Jiao 1997; Juengst and
Heinrich 1998; O'Grady and Liang 1998; Siddique and Rosen 2001). However, the focus of
this work is on the development of a modular design methodology to support the process of
designing for re-use and is thus concerned with modularisation of current working
knowledge generated for an individual product. Thus, the work presented in this thesis
focuses on the modularisation of artefact design knowledge during the evolution of the

design activity.
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Figure 1.2: The focus of the work

In general modular design principles are applied to the components of a design and as suc‘h
supports only one viewpoint of design, referred to hereafter as the structure viewpoint. This
current limitation of the modular design principle results in a lack of support for the
evolution of the design knowledge and, consequently the modular solution. Further, research
has shown that unlike in the field of software design, where the re-use of chunks of code,

)
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adders and microprocessors has met with considerable success (Lubars 1991; Jones 1995),
the re-use of previous engineering designs in their entirety does not generally meet with the
comparable success (Sivaloganathan and Shanin 1998). Research has illustrated that
‘patching’ the engineering design ‘to fit’ can require such considerable effort that it cancels
out ‘so much of the advantage of reusing it that it may be easier to design from scratch’
(Mostow, Barley et al. 1993). This is attributed to the Engineering Design Domain dealing
with more abstract concepts (MacCallum, Duffy et al. 1995) and that the current formal
documentation is generally based on a low level of abstraction that does not represent this
abstract knowledge and its evolution through the design process (Finger 1998). It is
suggested that the current application of modular design principles to support the structure
viewpoint only, also fails to explicitly support the more abstract knowledge related to
function and working principle concepts and alternatives to these. As such, it is difficult to
facilitate the process of designing for re-use based on the utilisation of current modular
design principles. In addition, there are a number of barriers to the implementation of
modular design in practice (Chang and Ward 1995; Sosale, Hashemiam et al. 1997; Burke
and Miller 1998; Huang and Kusiak 1998; Juengst and Heinrich 1998; Miller and Elgard
1998; O'Grady and Liang 1998; Philippi 1998; Miller 1999), including;

— A gap 1n the research communities understanding of the core phenomenon of

modular design itself in relation to their understanding of the benefits it may
provide.

— The treatment of modularity in an abstract form in literature, i.e. a lack of
formalisation of the phenomena itself.

— Unsatistactory exploration of the principle in industry.

The above deficiencies have resulted in a lack of design theories and tools in the mechanical
world that serve as articulate procedures for modular design practitioners to follow. Due to
the lack of articulate modular design procedures and explicit knowledge related to the nature
of the designed artefact, there is little support to aid the designers in decision making to
define the modular design. Thus, ‘approaches are needed to determine modules, represent
modularity, optimise modular design and assess the impact of modularity on the design
process, manufacturing and management’ (Huang and Kusiak 1998). Theretore, 1n order to
facilitate designing for re-use based on the principles of modular there is a requirement to:

—  Provide formal support for the evolution of the current working knowledge
throughout the design process.

— Determine the knowledge requirements to support the exploration and representation
of modularity both with and across the differing viewpoints of the design, 1.e. the
evolution of the modular design.

— Model this evolutionary design knowledge in such a means so as to facilitate the
designer in exploring the modularity of the product structure and its impact on
various phases of the product lifecycle.

—  Formalise the core phenomena of modular design itself and utilise this formalisation
to support the designer in determining the modularity ot the product structure.

As such, the work presented in this thesis aims to establish an modular design methodology
to overcome the limitations of existing approaches to modular design and to satisty the
requirements of modular design for improved Engineering Design Re-use support.

o
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1.1 Motivation

The work presented in this thesis has been motivated by the aim of achieving the associated
benefits of a re-use approach to engineering design. The provision of formalised support for
the processes of re-use is seen as a key to successfully realising re-use benefits in terms of
cost, time, quality and performance. Motivated by the initial establishment of a relationship
between the principles of Modular Design (MD) and that of Engineering Design Re-use
(EDR) the work defines and develops a holistic modular design methodology.

1.2 Research scope

The work covered in this thesis aims to establish a modular design methodology to support
engineering design that overcomes the limitations of existing modular design approaches and

satisties the requirements of Engineering Design Re-use support. The scope of the research
with respect to the Engineering Design Process is as follows:

* Product lifecycle

The design activity phase of the product lifecycle is the main focus of the work, in
particular, the evolution of the product definition from the requirement to the
solution structure. At this stage of the research the work focuses on supporting the
evolution of a modular design and its associated design knowledge. However, the
utilisation of the design activity phase to facilitate other product lifecycle objectives

(ease of manufacture, assembly, maintenance, refit) is considered as part of this
research.

* Application area

TI'he work 1s concerned with the development of a generic approach to support the
activity of design within the engineering design domain and concerns the modular
design of individual product instances. As such, the rationalisation of product
families and/or generations of these are not considered as part of this work. Further,
the work is concerned with the identification, exploration and maintenance of
modularity within the product structure of the evolving design to enhance its
knowledge content. The selection and/or configuration of predefined modules are not
considered as part of the work presented in this thesis.

In addition, despite the consideration of lifecycle objectives, the work does not
directly support the modular design of the associated production systems.

* Design Domain

The work focuses on the Engineering Design Domain with the evaluation being
carried on two products from that domain: an ‘Integrated Technology Mast’ of a
naval ship, and a ‘Battle Group Thermal Imager’ mounted in a battle vehicle.
Though evaluated on military products the methodology and supporting tool defined
throughout this thesis are developed such that they are generic in nature and

applicable across the spectrum of the Engineering Design Domain. Other design
domains, such as software, industrial or chemical, are not covered by this work.

1.3 Research Methodology

An adaptation of the research methodology developed in the CAD Centre, University of
Strathclyde, UK (Duffy and O'Donnell 1998) was utilised to undertake the work presented in
this thesis. This methodology was chosen as the basis for conducting the research presented
in this thesis for a number of reasons, including;
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— It was founded on the requirement to conduct effective research into the Intelligent

Design Assistant (IDA) philosophy (MacCallum, Duffy et al. 1987). The Intelligent

Design Assistant philosophy refers to the over-riding focus of the research centre
where this research was undertaken.

- It was d?veIOped to map the specific requirements of conducting research in the
engineering design field with an emphasis on industry based design practice.

-~ Its .succ_essful application to a number of previous research studies in the
engineering design field (Manfaat, Duffy et al. 1998; Zhang 1998) has verified the

methodology as a valid and appropriate approach on which to facilitate research in
this area.

L
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Figure 1.3 illustrates the main flow of the methodology.
Specification T~|
L:xisting Approaches olution Definiti
|

Notations:

Phasec Research Aim Resource Resecarch Outcome Information Flow

Figure 1.3: Research Methodology (adapted from (Duffy and O Donnell 1998))

The Design Problem Identification phase is conducted, based on literature resources, to
identify the overall aim of the research. This overall aim 1s utilised as the basis to conduct
the remaining three phase; Research Problem Formalisation, Solution Development and
Embodiment, and Solution Evaluation. Based on the overall aim of the research the Research
Problem Formalisation considers both literature based research and design practice to
identify a Requirements Specification and to identify the Inadequacies of Existing
Approaches based on these defined requirements. The Solution Definition and Embodiment
phase details an approach aimed at overcoming the Inadequacies of Existing Approaches and
addressing the requirements defined in the Specification whilst considering the resulting
solutions application to design practice. The resulting Solution undergoes an Evaluation
phase where its capabilities with respect to the Requirements Specification are veritied based

on its application to facilitate design practice. Throughout the entire research process the
outcomes of the research phases are documented and utilised to produce Published Work to

aid in the dissemination of the research finding to engineering design research fields and
industries at large. Similar to the process of design, research is an iterative process in nature,
however, this is not illustrated in Figure 1.3.
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1.4 Aims and objectives

The overall aim of this research is to establish a modular design methodology to support

multi-viewpoint modularisation of designs within the engineering design environment.
Adopting the methodology described in Figure 1.3 the following objectives are identified:

To disclose the characteristics of Engineering Design Re-use including;

o the relation of Engineering Design Re-use to the process of design and the
knowledge generated during design,

o the potential of Engineering Design Re-use to support different phases of the
design process and different types of design,

O the potential benefits of Engineering Design Re-use and the impact of the
differing characteristics of Engineering Design Re-use on these, and

o the Iimitations of existing Engineering Design Re-use supporting
approaches.

To disclose the charactenstics of Modular Design (MD), including;
o the relation of modular design to the process of Engineering Design Re-use,
o the relation of modular design to the engineering design process, and

o the lmitations of current modular design approaches with respect to
engineering design process and Engineering Design Re-use.

To 1dentity the requirements for an improved Engineering Design Re-use support
mechanism based on the characteristics of modular design and considering the
current limitations associated with modular design support for Engineering Design
Re-use.

To develop and define a Modular Design Methodology for Engineering Design Re-
use support. The methodology intends to overcome the limitations of existing
modular design approaches and satisfy the identified requirements.

To evaluate the functionality of the developed approach. The approach will be
evaluated through its partial realisation within a computational support tool and its
implementation within two industry based engineering design processes.

To analyse the strengths and weaknesses of the developed approach, based on the
evaluation results, and considering the requirements for improved modular design
support for Engineering Design Re-use.

To identify avenues of future research based on the current research findings.

1.5 Thesis structure

The remainder of the thesis is structured into three parts, as follows.

PART 1. Research Problem Definition (Chapters 2, 3, 4)

Chapter 2 discloses the characteristics of Engineering Design Re-use with respect to

the activity of engineering design. Engineering Design Re-use 1s
discussed with respect to its potential benefits, the knowledge issues
which arise from formalising an approach to Engineering Design Re-use,
and the applicability of Engineering Design Re-use within the engineering
design activity. The gaps in current Engineering Design Re-use support
are disclosed and their effect on the potential to achieve Engineering
Design Re-use related benefits is highlighted.
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Chapter 3 discloses the characteristics of the field of Product Structuring with
specific emphasis on Modular Design as it is shown to readily map to the
requirements of improved Engineering Design Re-use support. The basic

requirements for a modular design methodology to support improved
Engineering Design Re-use are outlined.

Chapter 4  critically reviews existing modular design methodologies in order to
identify the strengths and weaknesses of current support. Areas for further

research are i1dentified based on the highlighted deficiencies of existing
methodologies.

PART 2. Solution Definition and Embodiment (Chapters 5, 6)

Chapter 5 outlines the declarative and procedural knowledge that defined the novel
Multi-Viewpoint Modular Design Methodology developed as part of the
work presented in this thesis. The chapter provides an overview of the
main elements, which constitute the modular design methodology, and the
envisaged procedure for its application during design.

Chapter 6 details the formalisms and mechanisms embodied within each of the
elements of the Multi-Viewpoint Modular Design Methodology.

PART 3. Evaluation, Discussion, Conclusion (Chapters 7, 8, 9, 10)

Chapter 7 details the computational realisation of the main elements of the
methodology. The computational implementation is developed to support
the evaluation of the proposed methodology.

Chapter 8 details the evaluation of the methodology based on the findings of four
studies, two studies are extracted from literature and two industry
applications. The two literature-based studies illustrate the methodologies
additional functionality with respect to current MD approaches whilst the
two industry implementation studies: an Integrated Technology Mast
(ITM) for a naval ship, and a Battle Group Thermal Imager (BGTI) for a
combat vehicle) evaluate the capabilities of the methodology as a whole.

Chapter 9 discusses the strengths and weaknesses of the proposed methodology
based on the evaluation results obtained in Chapter 8 and the observations

obtained during the research process. Future work to enhance the
capabilities of the proposed methodology and the functionality of the

computational support tool is highlighted.

Chapter  concludes the thesis outlining the main findings and outcomes of the work
10 presented in this thesis.
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2 Engineering Design Re-use

Chapter 1 introduced the concept of EDR and outlined its applicability in the ‘knowledge’
driven environment in which companies currently operate. The main aim of the following
chapter 1s to disclose the characteristics of EDR and its relation to the process of design and
knowledge generated during design. The identified characteristics will be used to highlight
the potential of EDR to support different design phases, and types, and the potential benefits

of EDR and its processes. Finally, the current gaps in support for EDR will be highlighted to
provide a context for the remainder of the work documented within this thesis.

2.1 Background

Gao et al, (Gao, Zeid et al. 1998) estimated that ‘90% of industrial design activity is based
on variant design’ and in such a redesign case ‘70% of the information is re-used from
previous solutions’ (Khadilkar and Stauffer 1996). Thus, when a new design problem arises,
it is frequently solved through modifying an existing design rather than creating a completely
new design. Characteristically designers do not ‘re-invent the wheel’ every time a new
design 1nstance calls for one, their natural response is to glean from past experience and
re-use previously acquired knowledge. The concept of re-using is inherent within the natural
process of design. However, this re-use process is ad-hoc and relies on the natural inclination
of the individual designer. The origins of formal design re-use practices are found in the
realms of software engineering where designers, ‘faced with increasing complexity and
time-to-market pressures, began to consider re-use as a realistic solution to their problems’
(Jones 1995). Similarly, the engineening design domain was faced with increasing product
complexity and ‘a design process itself constrained by requirements of cost and time’
(Ormerod, Mariani et al. 1997). This resulted in an increased focus on the applicability of re-
use in the engineering design domain. In the software engineering domain the re-use of large
chunks of code became commonplace and re-use libraries holding proven building blocks
such as ‘low-complexity’ adders, to ‘high level’ microprocessors and customisable cores,
were conceived (Lubars 1991; Jones 1995). Taking its lead from the software engineering
domain, the initial focus of EDR centred on specific and/or standard parts. However, the
engineering design domain deals ‘with more abstract concepts’ (MacCallum, Duffy et al.
1995) and consequently it is not always possible to re-use a previous engineering design in
its entirety (Smith and Duffy 2001). Thus, standard components began to be developed ‘to
enable both the re-use of the part and the experience associated with that part” (Culley 1998).
This concept of re-use in the context of engineering design was further extended by Finger
(Finger 1998) who stated that ‘designers may re-use a prior design in its entirety, ...may
re-use an existing shape for a different function, or may re-use a feature from another
design’. Within this work, EDR is taken to its natural conclusion and defined as the:

‘ total approach which supports the utilisation of any knowledge gained from a
design activity’.

The key features of this definition are that EDR is:

— considered to be a total approach, i.e. it embodies all processes required to utilise
generated design knowledge from all phases of the design lifecycle.

Y
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— concerned with knowledge gained from the design activity, i.e. not just past designs
or artefacts’ as in work by (Culley 1998)

- concerns the utilisation of knowledge, 1.e. it 1s concerned with its application to
design, as opposed to its regurgitation in design.

2.2 The advantages and disadvantages of supporting EDR

The following section covers the potential advantages and disadvantages of supporting EDR.

2.2.1 Advantages

It 1s interesting, initially, to consider the current re-use benefits achieved in the field of
software design, where formalised re-use originated, as a relatively more mature re-use
research area. For instance, a cost model developed for the software industry by Synopsis
Inc. Figure 2.1 highlights the increasing costs of chip design and the widening gap between
design costs utilising ‘formal’ re-use and current practice. The chart shows that chip
designers who fail to take advantage of ‘formal design re-use’ practices face ‘unsustainable
cost increases, of up to 64 times higher’ (Inc 1999).
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Figure 2.1: Who can afford a $193 million chip? (Inc 1999)

Similarly cost was amongst the main re-use benefits analysed in a study in the engineering
design sector (Duffy and Ferns 1999). The study also considered benefits in the areas of
performance, quality, and time. The study concluded that the potential benefits to an
industrial company, of applying an overall re-use approach, far exceeded the benetits they
currently received from relying on designers’ natural inclination to re-use. Figure 2.2

summarises the benefits analysis finding.

0% —— —
25% |
20%
155 1
10%
5% |-
0%

0 Current practice
& Re-use approach

quality  performance

Figure 2.2: Current and foreseen overall Re-use benefits (Duffy and Ferns 1999).

L A product in the context of this work defines an artefact or system that represents the output from the
activity of engineering design.
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It can be seen that the first column in each category (time, cost, quality and performance),
shows the benefits received from current ‘ad-hoc’ re-use practices. These provide greatest
benetit to time and performance whilst the costs benefits are almost half at only 6%. The
second column in each category indicates the foreseen benefits of a formal approach to
‘design re-use’ which can be expected to provide overall benefits to time, cost, quality and
performance in the region of 20% to 28%. For instance, this can be translated into an
improvement in terms of cost benefits, over current practice, of around 360%. The study

substantiates that formalised EDR approaches, methodologies and systems can achieve
considerable potential benefits.

2.2.2 Disadvantages

Despite the evidence as to the benefits of EDR, ‘design organisations seem to find reuse
surprisingly difficult’ (Busby 1999). The reason for the lack of re-use in the engineering
design domain is difficult to ascertain, because as stated by (Busby 1999) ‘it 1s hard to find
studies of reuse that investigate it in the organisational environment in which most design is
done’. Thus, again the software design re-use experiences are considered as a starting point
to examine the re-use adoption prohibitions. For example in a study on software design re-

use (Trauter 1998) states that there are four main reasons why companies do not adopt a re-
use strategy:

— Reuse 1s not the best choice in all situations
— Reuse 1s a technologically demanding undertaking which implies a risk of failure!
— Reuse requires considerable investment of money and time!

— Arehable quantification of the benefits that can be achieved is almost impossible!

This highlights the dilemma faced by design managers in adopting re-use in terms of the
benefits versus the risks. The design manager is faced with the knowledge that re-use can
yield significant benefits but that it not always appropriate and that it is technologically
demanding. Further, the design manager has no reliable quantification as to benefits within
their design field. In addition ‘producing designs suitable for re-use slows down the design
process, 1ncreases costs’ (Jones 1995) as ‘obviously the performance, cost and quality of the
parts must be good enough to make design reuse successful’ (Girczyc and Carlson 1993). By
their nature the benefits of design re-use are often not realised until a later generation of the
product. Thus, 1t could be argued that the design manager may not want to take responsibility
for adopting re-use, regardless of the potential benefits to future design projects, due to
increased risk of failure to that current project. As a rough guide ‘if it takes 30% more effort
to make a design re-usable, most designers and design managers will not want to incur the

added costs on critical products’ (Girczyc and Carlson 1993)

The design practitioners point of view differs considerably from that of the manager, for
example, in a study of the problems with EDR adoption, most recorded problems ‘were
cases of reuse not taking place: informants believing that reuse was desirable, but had not
been practised’ (Busby 1999). Thus, there is an inconsistency between the design managers’
willingness to adopt re-use and the design practitioners’ perception of its utility in design.

In cases where a re-use strategy has been adopted a number of barriers to its implementation
have been encountered (Ormerod, Mariani et al. 1997; Lloyd, Busby et al. 1998; Trauter

1998; Busby 1999), including;:

]
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— Process discontinuities

Discontinuities in the organisation’s design information systems has resulted in
disproportionate levels of effort having to be devoted to reuse

- Knowledge issues

knowledge sharing

There are considerable discrepancies between the number of design documents
available and their usefulness to the re-use process. In addition, differences in how
people learn from their experience, and the context of the experience itself, results in

expert designer holding different opinions about optimal solutions and the process of
achieving these.

design fixation and lack of innovation

Design fixation, termed ‘overusing’ by Lloyd, occurs when designers continually re-
use an existing design without revisiting the problem. This can lead to the same
problems occurring over and over again when design faults are not documented. In
addition, the re-use phenomena where part or all of a solution to a previous design
problem is used to develop a solution to a current problem this is often seen by

designers as at odds with efforts to introduce innovative ideas into the design
process.

Thus, 1t can be argued that within the engineering design field there can be significant value
in re-using knowledge and experience related to existing designs to support future design.
However, to overcome many of the problems associated with re-use adoption and
implementation it is suggested that a greater understanding of the process and knowledge
1ssues related to re-use at the organisational level is required. In addition, there is a need to
formalise EDR approaches, methodologies and systems to support the achievement of the
considerable potential benefits attributed to this approach. Thus, providing greater
knowledge and formal approaches to support the identification of appropriate re-use
application fields and allowing the design manager to undertake re-use implementation with
minimised risks.

2.3 Knowledge issues in providing ‘formal support’

Based on the previous definmition of EDR given in Section 2.1 we consider the issues
involved 1n utilising sources of design knowledge for re-use. Gao (Gao, Zeid et al. 1998)
states that because of the ‘complexity and the rich knowledge involved, there is significant
value 1n re-using an existing design’. Weighted against the potential benefits (Section 2.2) 1s
the principle that a stored design ‘99% right for a given task, often takes much more than 1%
of the effort needed to create the design in the first place to patch it to fit, cancelling so much
of the advantage of reusing it that it may be easier to design from scratch’ (Mostow, Barley
et al. 1993). Thus, we identify fundamental issues in providing support for a re-use
approach: (i) modelling and managing, even for a relatively simple product, the complex and
rich design related knowledge, and (i1) providing solutions to the problems of partially
re-using previous design solutions and their associated knowledge to effectively satisty new
design requirements. Accordingly, to obtain the maximum benefits of formal re-use requires
that we optimise support for this rich and complex knowledge resource, appreciate the
source, nature, and growth of design knowledge, and successtully manage knowledge
acquisition, maintenance and utilisation for re-use. Thus, supporting re-use requires that we

{2
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can gsceﬁain: what knowledge can be re-used; how it can be maintained to maximise its
applicability; and where and when it can be utilised in new design.

2.3.1 Design knowledge in EDR

Design knowledge is often referred to as complex (Gao, Zeid et al. 1998). The notion of
complexity i1s one topic that has received great attention, from mathematicians, scientists.
and engineers alike, due to a lack of common definition and concrete theories (Suh 1999)’
Firstly, we must consider the factors contributing to design knowledge complexity and
secondly how these effect its” ability to be re-used. Duffy defines the factors influencing

complexity, and their associated issues, through the ‘design complexity map’ (Duffy 1995).
A simplified version of this map is shown in Figure 2.3.’

knowledge
& sources

Design .~~~ FACTORS

Complexity [-="

-

decision
making

Figure 2.3: Design Complexity Map (Dufty 1995)

We can view complexity in design in such diverse factors as the product being designed, the
design activity itself, the actors involved, the decision making process, the aspects impinging
on the design, and knowledge and sources used and generated. Moreover, the issues
affecting each of these factors further compound complexity. Even the simplest product may
be associated with a complex array of factors, which shape the activity of design and
consequently the final product definition, and result in a vast accumulation of related design
knowledge. The final product definition is dependent on: amongst others, the company
organisation; the type of design; the chosen design process, designers, and tools; and external
factors out-with the designers control (Duffy 1995). Thus, modelling knowledge for re-use 1s
a complex issue in that there are a number of factors, and their associated issues, to take into
consideration during this process. A problem further amplified by the differences in terms of
characteristics, types, sources, forms and origins of design related knowledge. To tfurther
complicate matters, design related knowledge can be considered from many viewpoints such
as: functional, structural, and behavioural (Gero and Maher 1990; Bhatta and Goel 1992).

> A comprehensive review of complexity theories is beyond the scope of this work, however the
reader is referred to Suh, N. P. (1999). "A Theory of Complexity, Periodicity and the Design

Axioms." Research in Engineering Design 11: 116-131..
3 For the full map and a detailed explanation it and its relevance to engineering design knowledge the

reader is referred to Duffy, S. M. (1995). The Design Coordination Framework and the Design
Complexity Map. Integrated Production Systems, IPS Research Seminar. Fuglsocentret, Fuglso,
Institute for Engineering Design, Technical University of Denmark, Lyngby, Denmark..
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Brice and Johns (Brice and Johns 1998), Finger (Finger 1998), and Mostow (Mostow, Barley
et al. 1993), also emphasise the importance of knowledge related to the ‘why’ and ‘when’ of
decision making, known as the rationale and history. Brice and Johns (Brice and Johns

1998) conclude that “‘constructive use of design rationale will become an integral part of the
design process’.

Figure 2.4 1illustrates a knowledge model for re-use in which there is a bi-directional flow
between the design activity and the differing knowledge sources (as depicted in Figure 2.3).
The bi-directional flow indicates that the designer can both utilise knowledge sources to
evolve the design activity and generate new knowledge sources as part of that design
activity. The designer may consider design knowledge from different viewpoints throughout
the evolution of the design activity and consequently may utilise and generate knowledge
sources within these viewpoints. As shown, the evolution of the activity of design may be
represented by the activity of ‘mapping’* between design viewpoints (Zhang 1998).
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Figure 2.4: A model of design knowledge for re-use

Thus, it can be argued that to adequately support future re-use of generated design
knowledge a formal modelling mechanism is required to support know!edge genefated
during the design activity itself. Such a modelling mechanism would provide the designer

* The mapping activity finds a design concept in one viewpoint say, the structural viewpoint, as the
realisation of a concept in another viewpoint, for example, functional i.e. ‘mapping” a concept evolves
the working design from one viewpoint to another.
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with a greater knowledge resource to utilise to explore the domain and support further
designing by re-use.

Despite our increasing understanding of the utility of consistent capture of design knowledge
throughout the design activity, ‘typically the only formal documentation is the final set of
drawings’ (Finger 1998). Additionally, current design tools have the effect, on the practice of
engineering design, of emphasising ‘those parts of the process that were well understood
and/or easily systematised (e.g. detailed design, analysis, machine path planning), while
minimising those parts that were less well understood (e.g., problem definition, synthesis and
conceptual design)’(Finger 1998). Consequently, the earlier design phases, where more
general, abstract knowledge 1s generated, are not adequately supported. The importance of
supporting earlier phases is illustrated when we consider that at the end of the conceptual
phase approximately 80% of the lifecycle costs are already committed. Thus, non-capture
would negate many of the potential cost benefits of re-use. The requirement for a cultural as
well as technical shift when implementing re-use practices has also been noted in the
software field (Jones 1995). For example, Jones (Jones 1995) noted a requirement to focus
on first-class documentation of not only the design product itself but on the verification
process and ‘in-use’ phase of a design. Similarly, the Engineering Design domain requires a
shift 1n working practice and culture to facilitate consistent knowledge capture and
consequently support re-use. Furthermore, documentation generated in current practice is
generally based on a low level of abstraction e.g. geometry, tolerance, surface finish,
manufacturing requirements. Such formal documentation leaves little or no scope for
representing knowledge related to the rationale, history, or product knowledge relating to
concept principles and dynamic process knowledge learnt through experience. This
contributes to the difficulty of managing the complexity of product knowledge in that a vast
proportion of the quantity of generated knowledge related to other complexity factors are not
captured explicitly and thus cannot be re-used. The designer has no understanding of the
solution concepts (Tjalve 1979; Hubka and Eder 1988; Pahl and Beitz 1996) realised by the
products components and/or possible alternatives to these. The result of this 1n a re-use
scenario is to force designers to think in terms of specifics and restricts re-use principally to
support detailed design (standardised parts, manufacturing processes). Thus, the potential
benefits of re-use (see Section 2.2) cannot be fully realised due to the incomplete knowledge
content of the available sources, which in turn, restricts its re-use capabilities.

It can be argued, therefore, that knowledge from the earlier, more abstract, stages of design
(function, working principle and solution concepts) and the ‘how’ and ‘why’ (rationale) of a
designed product are key elements of a re-use approach. Capturing such high level
knowledge can facilitate a re-use approach applicable far earlier in the design process.
Therefore to adequately support re-use, based on the factors that contribute to design
knowledge complexity, a suitable modelling mechanism is required to define design
knowledge elements, capture the relations between these, and represent both, within and
across different sources and viewpoints, whilst modelling the behaviour of these as the

product definition evolves.

2.3.2 Utilising knowledge in design re-use

Mostow, et al (Mostow, Barley et al. 1993) debate whether re-using a previous design can be
justified in terms of the additional effort required to make it “fit’. However, they concede that
despite the difficulties of partial re-use, human designers do ‘modify the structure of a design
to fit a new application’ but maintain that ‘this process tends to require considerable
expertise’. Evidently, it is not always possible to re-use a previous design in its entirety and
modifying a design to fit can involve expertise beyond the scope of explicitly available
design knowledge. However, as the utilisation of previously acquired design knowledge 1n

13
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new design is central to the success of a re-use approach there is a need to overcome such
probl_erps by-sup;.)o-rtmg and maintaining knowledge acquired through design experience
(explicit and implicit) to support its application to, as opposed to its regurgitation in design.

As th§ designer 1s seen to adapt previous solutions to solve a new problem by learning from
experience, an effective re-use approach must encompass elements of this ‘learning’ process

to exﬁtend the approach’s ability to utilise design knowledge and support re-use of partial
solutions (Mostow, Barley et al. 1993). Within this work, (as shown 1n Figure 2.5) learning

s considered to be the process of acquiring new knowledge, the modification of existing
knowledge and the generation of new knowledge.

ACQUISITION
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Figure 2.5: The learning activities (Duffy 1997)

Dufty (Dufty 1997) states that ‘learning helps to maintain experiential knowledge’.
Experiential knowledge represents one of the most powerful resources a designer possesses
(Kerr 1993). Activities such as ‘abstraction and generalisation’ help to maintain knowledge
(Manfaat, Duffy et al. 1998). They promote the flexibility of experiences by removing highly
specific details and generating more generally applicable knowledge. Such maintenance of
experiential design knowledge, through abstraction from the specific to general, supports the
dynamic nature of knowledge and prevents knowledge related to design experiences from
becoming static and obsolete. Thus, the learning activity extends the utilisation capabilities
of knowledge for ‘designing by re-use’. Thus, the process of learning: the acquisition,
generation and modification of knowledge, alleviates some of the difficulties associated with
the application of knowledge from ‘a design that is not 100% ‘right’ to a new situation’.

2.3.3 The applicability of knowledge re-use

EDR has been established as an approach concerned with the provision of support for the
capture, management and subsequent utilisation of design knowledge, gained from previous
experience, to further new design (Sivaloganathan and Shanin 1998). However, what
applicability does such an approach have within the field of design itselt?

In the design process

Re-use models or paradigms such as (Fothergill, Lacunza et al. 1994; Henninger 1996;
Altmeyer and Noll 1998; Gao, Zeid et al. 1998; Deneux and Wang 2000) consider re-use as
an approach solely concerned with aiding new design by re-using past design solutions.
However, the concept can be further extended to include not only this phenomena of
designing by re-using but also that of designing for re-using, whereby the design process and
product solutions are specifically managed and created to promote their future re-use. Indeed
an industry based brainstorming program (Shanin, Andrews et al. 1998) highlighted the need
for capturing design information into the design re-use system whilst a design is being
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cam?d out. The definition of EDR posited within this work addresses this need as it
considers re-use as a total approach which, with the support of well developed tools and
methods, can encompass all phases of the design life cycle. Thus, a comprehensive EDR

approach should emphasise support, management and utilisation of design knowledge prior,
during and after the completion of a design activity.

In different design types

Research (Duffy, Duffy et al. 1995; Sivaloganathan 1998; Busby 1999; Smith 2000) into
why designers’ re-use experiential knowledge has highlighted the main issues as:

- an avoidance of previous design faults and unnecessary re-invention;
— duphication of design success; and

— the use of known and proven characteristics

This may suggest that re-use is relevant only to variant (repeat order) or adaptive
(evolutionary) design as these issues are readily equated to the repetition, improvement and
enhancement of an already existing design.

At first glance, the application of re-use to variant and evolutionary design is far more
apparent than to that of original (innovative) design. However, ‘competitive advantage is
now obtained by innovation and creation of knowledge rather than access to financial or
material capital’ (Preiss 1999). Thus, it is important to determine the capabilities of re-use in
the “onginal’ design environment in a bid to optimise the impact of re-use benefits in design.

Innovation i1s deemed to have occurred when either tacit (the collection of data, rules, which
lie beyond the realms of explicit knowledge) or explicit knowledge (that which is readily
accessible, written down, in computers, etc.) is converted to gain additional explicit
knowledge, not previously available (Preiss 1999). Innovation in the design process can be
considered as instances where ‘new variables are introduced into the design process’ and ‘the
state space 1s expanded’ (Gero and Maher 1990). Thus, the conflict between re-use and
innovation arises from the perception of re-use as merely an approach to support and
maintain previously existing knowledge where innovation requires that new knowledge be
created and/or added to the design process. For example; the perception of re-use as a
facilitator of negative design fixation (a phenomena whereby designers re-use features to
which they are regularly exposed), 1.e. complacency, re-use of ‘bad’ design solutions, lack of

technology transfer (Smith 2000).

The applicability of re-use to original (innovative) design is better appreciated when, as here,
re-use 1S considered as a process capable of supporting existing knowledge while permitting
abstraction and generalisation of this knowledge to generate or modify knowledge. Thus, the
processes 18 synonymous with knowledge maintenance and learning can not only prevent its

stagnation or obsolescence, increase its applicability to new design, but also support the
re-use of design knowledge in original design environments. Further effective generalisation

of design knowledge can increase applicability for design not only within a single domain
but due to the removal of ‘case and domain specific’ knowledge it can also be utilised to

effectively support the re-use of knowledge across distinct domains.

2.4 Models of Engineering Design Re-use

EDR has been established as a total approach to the activity of design which;

e is concerned with the utilisation of any knowledge gained from a design activity and
not just past designs of products.
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* concerns the provision of support for the acquisition, management and utilisation of
sources of design knowledge, to further new design.

* 1s applicable prior, during and after the design activity.

Based on the above characteristics, the research community requires the formalisation of
tools and methods to successfully achieve the associated benefits of EDR. To develop EDR
tools requires that we limit the complexity involved in understanding it (Logan 1988). Thus,
there 1s a need for a general model of EDR to clarify and define the approach from a
theoretical point of view, similar to that noted by (Takeda, Veerkamp et al. 1990), with
respect to models of design. A ‘model’ is perceived as the ‘natural link between the physical
world and our interpretation of it” and constitutes a ‘representation of concepts that are based
on the notion of typicality’ (Donaldson and MacCallum 1994), or similarly ‘an abstraction of
reality’ (Logan 1988). It is important to note that, models are dynamic in that they can only
reflect our current understanding and hence, they may evolve based on increasing knowledge
of the subject area. Thus, a general model of EDR should 1dentify and formally represent
generic re-use elements and determine the overall structure of an EDR approach based on
our current understanding. The purpose of such a model is to ‘direct our attention to those
parts of the problem which together constitute a single conceptual piece’ (Logan 1988) and
allow researchers to reduce the complexity of providing support for these parts (Lee 1999).

Having established the need and purpose of a formal model of ‘EDR’, the following section
considers existing re-use models and the extent to which they explicate the elements and

relations within a contemporary ‘EDR’ approach as identified in the previous sections (2.1 to
2.3).

Relative to the field of design, where research into appropriate and adequate models is still
ongoing, formalisation of EDR is at a relatively early stage. Thus, re-use models can be
deemed to possess a relative immaturity that increases the difficulty associated with their
analysis and categorisation. With this in mind the following presents a review of a
representative sample of re-use models, which typify those presented by the re-use research
community, and not an exhaustive evaluation of all models. A number of research works
have modelled different aspects of re-use (Taleb-Bendiab 1992; Fothergill, Lacunza et al.
1994; Dutty, Dufty et al. 1995; Altmeyer and Schurmann 1996; Henninger 1996; Gao, Zeid
et al. 1998; Perera and Watson 1998; Deneux and Wang 2000). The following reviews these
with respect to their ability to fulfil the requirements of a general model of re-use as

discussed 1n the opening paragraphs of section 2.4.

Case-Based Reasoning (CBR)

Paradigms of case-based reasoning (CBR) (Riesbeck and Shank 1989; Kolonder 1993)
feature prominently in re-use models (Taleb-Bendiab 1992; Henninger 1996; Gao, Zeid et al.
1998; Perera and Watson 1998). The CBR approach ‘formalises a computational model of
problem solving based on memory organisation and reminding’ and implements ‘computer
support for designers by applying recall processes to reuse the experience’ (Maher and Garza
1997). The CBR paradigm assumes the availability of a large base of past design cases and
predominantly considers issues related to computational representation of past design cases,
recall and their direct reuse in a new design activity. Thus CBR lacks focus on issues such as
knowledge acquisition during the design activity and utilisation as opposed to regurgitation
of design knowledge, which devalues its capacity as a general model of re-use.

Gao et al (Henninger 1996; Gao, Zeid et al. 1998) attempt to overcome the limitations of
CBR as a comprehensive model of re-use by combining the case paradigm with that of
design plans (Gao, Zeid et al. 1998) and domain models (Henninger 1996). Gao et al (Gao,
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Zeid et al. 1998) maintains that the addition of a plan supports the need to ‘model both the

whole design process including design procedure (steps of design) and design rationale
(intent of design)’. The focus of the realisation of this model is predominantly memory
organisation, case recall and retrieval. Individually, each gives greater consideration to the
inclusion of design rationale and modelling aspects of the design domain. However, neither
explicitly models issues related to knowledge acquisition, supporting generated knowledge
throughout the evolution of a design, nor further utilisation in new design.

Deneux’s re-use model (Deneux and Wang 2000), again, concentrates solely on the retrieval
process and is based on the requirements of a re-design process. The model formally
represents designers’ knowledge (experience) as a link between the product and process
knowledge that can aid 1n the retrieval of potential solutions. The approach concentrates less
on the underlying processes of re-use retrieval and more on the knowledge requirements for
retrieval. Similarly, Altmeyer’s re-use model (Altmeyer and Schurmann 1996), focuses on
the retrieval and re-use of existing design cases, by formalising a generic design model and
an indexing model for past cases. However, unlike many of the above approaches that
consider elements of individual case selection and less frequently adaptation, this model

focuses on the first step of case retrieval: finding a set of good cases as a starting point for
case selection.

Each model represents an aspect of re-use (generally case representation and/or retrieval)
from different viewpoints; Henninger has taken a cognitive approach (modelling designer’s
behaviour), Deneux’s has modelled the knowledge based requirements, Altmeyer’s
prescribes a specific approach to the more generic re-use process (retrieval), and Gao’s
model focuses on the computational aspects of the retrieval process.

No individual CBR based model represents all the significant aspects of re-use, with most
concentrating on a particular viewpoint of the organisation, recall and retrieval related
aspects. The above models were developed to support the specific aspect of re-using past
cases and, due to their tendency to be defined within the context of a particular approach or
domain, they fall short as comprehensive models of re-use.

Holistic models

Duffy (Duffy, Duffy et al. 1995) and Fothergill (Fothergill, Lacunza et al. 1994) have
modelled rather more holistic views of design re-use. Fothergill’s model (Fothergill,
Lacunza et al. 1994), further realised within the DEKLARE system (Fothergill, Lacunza et
al. 1994: Saucier, Vargas et al. 1994; Vargas, Saucier et al. 1994; Vargas, Saucier et al.
1995), includes 3-stages: design analysis, design description and design advisory. The model
considers such elements as function, product and process models, company and product
history, design libraries and instantiation, and query of design knowledge. The DEKLARE
model exhibits a more overall approach to re-use in comparison with the CBR based models.
It considers re-use from acquisition to recall and retrieval, and supports modelling of design
rationale and a variety of aspects related to the exploration and definition of the domain.
Again, the approach relies on the availability of a number of past cases and the model 1s
prescriptive in that it relates to a specific [re-use] tool and hence fails to explicitly represent

the generic underlying re-use processes.

Duffy et al. (Duffy, Duffy et al. 1995) present a model of EDR which draws upon the
foundations of a model from software engineering (Hall 1992) while tailoring it to EDR
through the ‘identification of existing design practices and through previous research into the
use of experience in design’ (Duffy, Duffy et al. 1995).
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Figure 2.6: Design Re-use Process Model (Duffy, Dufty et al. 1995)

The model includes three processes that relate to the requirement for acquiring, managing
and utilisation of knowledge prior, during and after design:

Design by Re-use - The re-use of previously acquired concepts in a new design
situation. The process, in which previously acquired knowledge is identified,
retrieved and applied to the new design problem. Design by Re-use can only occur 1t
re-usable resources are available through, for example, Domain Exploration and
Design for Re-use. The retrieval and adaptation aspects of CBR are particular

instantiations of Design by Re-use.

Domain Exploration - The examination of a design domain from which re-usable
fragments of knowledge can be identified, rationalised (structured), extracted, stored
and subsequently used to develop new designs. The process through which
characteristics of a domain are conceptualised, from which re-usable fragments of
knowledge can be identified, extracted and stored for subsequent use in design.

- Design for Re-use - This process is carried out during design itself. Design For
Re-use requires a conscious effort towards the identification, extraction and

recording of possible reusable knowledge fragments of a current design and the
enhancement of their knowledge content, including developed design alternatives,
modifications and associated reasoning behind design decisions, for re-use.

In addition, the model includes the interaction (see Figure 2.6) of these processes with six
knowledge components generated and/or utilised as part of the design activity itselt:

— Design Requirements — A statement of design need that is used as a basis to
stimulate design.

_  Domain Knowledge - Knowledge pertaining to a design domain, e.g. existing
product information, past design alternatives, potential solution alternatives. This

- 20
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component signifies the diverse and scattered items of knowledge or information
that a designer can employ when designing.

Re-use Library - An organised collection and store of knowledge. An important
distinction 1s that a ‘re-use library’ represents an organised store not a ‘bin’.

— Domain Model - A representation of the designers’ conceptualisation of the current
design problem domain.

- Evolved Design Model - A statement of an evolved design, which may be at any
level ot abstraction, of an incomplete design or a final completed design.

~ Completed Design Model - A completed statement fully defining a finished design
solution that meets all the design requirements.

The model takes a holistic view of EDR and represents both the overriding processes of
re-use and its knowledge requirements. Unlike many of the above models the re-use process
Is portrayed as ongoing and cyclic. The ‘design re-use process model’ presents a high level
overview of EDR emphasising the processes, knowledge components and models’.
However, due to its emphasis on the phenomena of re-use as opposed to a specific aspect of
reusing knowledge, such as recall (Maher, Garza et al. 1997; Gao, Zeid et al. 1998), and/or a
specific approach, such as computational support (Gao, Zeid et al. 1998), the ‘design re-use

process model’ 1s deemed by the author to most adequately reflect the EDR characteristics as
defined through sections 2.1 to 2.3.

The “design re-use process model’ represents the most holistic model of EDR phenomena
presented to the research community to date. As such, it posited that such a formalisation as
the “design re-use process model’ provides a cohesive framework within which to ascertain

the capabilities and issues in current EDR support.

2.5 Support issues

The tocus of the work presented in this thesis is on the development of improved support for
EDR. As such, the following section identifies the discrepancies and gaps between current
EDR support and the elements outlined 1n the ‘design re-use process model’ with the aim of
providing a context for the remainder of the work presented in this thesis. The ‘design re-use
process model’ (outlined 1n Section 2.4) is utilised, as a holistic model of re-use, as the basis
for a number of reviews of current support for EDR (Duffy, Smith et al. 1998; Smith and
Duffy 2001; Smith 2002). The following section discusses the reviews main findings.
Elements, of the EDR approach, that currently lack support are identified and the
significance of such findings in relation to potential EDR benefits 1s determined.

2.5.1 Existing support

Critical reviews of support for EDR have been carried out as part of this research work. The
scope, content and volume of the combined reviews are too great for them to be included in
their entirety as part of this thesis. As such the following section presents their main findings.
For a more detailed examination of the aim, scope and findings of the reviews the reader is

directed to (Duffy, Smith et al. 1998; Smith and Dufty 2001; Smith 2002).

> For a more detailed description of the generation and significance of the ‘design re-use process
model’ the reader 1s directed to Duffy, S. M., A. H. B. Dufty, et al. (1995). A Design Reuse Model.
International Conference On Engineering Design, Praha, Duffy, A. H. B. and S. M. Duffy (1996).
"Learning for Design Reuse." Artificial Intelligence in Engineering Design, Analysis and

Manufacturing 10: 139-142..
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The reviews covered the following areas: computational support, engineering design
research; and product structuring. In all cases the research was mapped to the ‘design re-use
process model” shown in Figure 2.6. The aim of each review was the exploration of how
current research 1n the particular field of investigation met the requirements of a re-use
approach to engineering design. Though each review resulted in conclusions specific to the
area of ivestigation, the general finding resulted in the identification of an overriding trend
in EDR support. All three reviews concluded that the main contribution of current research
and computational support was to the process of Design by Re-use and in consequence the
Re-use Library knowledge component. The remaining two processes of Design for Re-use
and Domain Exploration were shown to be lacking support in all three areas. The knowledge
component Evolved Design Model also exhibited low levels of support in all three reviews.
This is not altogether surprising due to its intrinsic link to the Design for Re-use process.

The main finding of the reviews was that despite a profusion of approaches with design,
which claimed to support re-use, the research community appears to exhibit a significant
lack of understanding of the overall process of re-use resulting in a compartmentalisation of
research efforts. The significance of such compartmentalisation of re-use research is only
fully appreciated when we consider this finding in relation to the potential benefits of re-use.

2.5.2 Lack of support and EDR benefits

A study by Dufty and Ferns (Duffy and Ferns 1999) utilised the ‘design re-use process
model’ (Figure 2.6) as a basis to ascertain the potential benefits of EDR. The study analysed
seven areas of engineering design within a naval shipbuilders; electrical, structural, heating
and ventilation, weight assessment, resistance and propulsion, platform and forward design
(innovation and future development). Each area was analysed with respect to the processes
and components of the ‘design re-use process model’ to ascertain the associated benefits of
applicable current and potential future re-use activities. The findings substantiated that the
greatest foreseeable benefits were attributable to the process of Design for Re-use as shown
in Figure 2.7.
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Figure 2.7: Overall Design Re-use process benefits (Duffy and Ferns 1999)

Figure 2.7 illustrates the overall benefits in terms of cost, performance, quality and time of
current ad-hoc re-use practice (the first column) versus the foreseen overall benefits of
formal re-use practices (the second column) for each re-use process. We can see from the
first column in each set that the current benefits from all three re-use processes are similar at
around 11% - 12%. However, the analysis highlighted that the greatest potential overall
benefits of supporting re-use were from Design for Re-use at 40%.
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The analysis also verified the requirement to improve research support for particular re-use
processes and knowledge components. Figure 2.8 indicates the foreseen potential for
improvement i.e. the relation between current and formalised re-use practices for each of the
components and processes of a re-use approach to engineering design. No significant
foreseen improvement was found for the component domain knowledge and as such it is not
included 1n Figure 2.8.
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Figure 2.8: Foreseen improvements
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The greatest single potential for improvement of support is for the knowledge component
Evolved Design Model at 760% and, of the three re-use processes, Design for Re-use at
269%. Both are elements of the part of the re-use approach that focuses on support of the
ongoing design activity and as shown in Figure 2.6 there is a process dependency from the
knowledge component, Evolved Design Model, to the re-use process, Design for Re-use. As
such, an alteration or improvement in support for one has a direct impact on the other.

2.6 Chapter summary

The aim of this chapter was to introduce the concept of EDR and establish its characteristics
with respect to the activity of engineering design. In addition, a comprehensive model of
EDR was acknowledged. Further, the chapter aimed to highlight the main gaps in EDR
support to provide a context for the remainder of the work.

In fulfilment of these aims Engineering Design Re-use (EDR) was:

e Established as an approach with its origins in the realms of software engineering.
However, the practices of software re-use were shown to be insufficient for
engineering design as the domain deals with more abstract concepts.
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* Detined as the total approach that supports the utilisation of any knowledge gained
from a design activity.

* Shown to have significant potential benefits to an engineering design activity with
respect to cost, pertormance, quality and time.

* Shown to require tools and methods to successfully manage design knowledge
acquisition, maintenance and utilisation prior, during and after the design activity.

An analysis of the requirement for and potential of current re-use models to fulfil these was
undertaken with the following results:

* The design re-use process model was shown to represent the most comprehensive
model of EDR presented to the research community to date.

* EDR is modelled as the interaction between three re-use processes (Design by
Re-use, Design for Re-use, and Domain Exploration) and six knowledge components
(completed design model, design requirements, domain knowledge, domain model,
evolved design model and re-use library).

Current EDR support was shown to have the following characteristics:

* Compartmentalisation of research effort concentrating on the process of Design by
Re-use and the knowledge component Re-use Library.

* Lack of support for the processes of Design for Re-use and Domain Exploration and
the knowledge component Evolved Design Model.

* The greatest potential benefits obtainable from re-use support can be attributable to
Design for Re-use and the Evolved Design Model.

Based on the established characteristics of EDR, the potential for improvement in its support,
and the level of potential achievable benefits, the main conclusion is that there is a
requirement to develop improved support for the Evolved Design Model and Design for
Re-use process. The Evolved Design Model represents knowledge of an evolving design
whilst the Design for Re-use process 1s defined as a conscious etfort to 1dentify, extract and
enhance knowledge elements during design itself. As such, an approach to improve EDR
support requires that the knowledge generated during the design activity be captured and
supported in some form which supports enhancement of i1ts knowledge content to promote its

future re-use.
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3 Modular Design and Engineering Design Re-use

Chapter 2 outlined the characteristics of EDR and defined the requirements for improved
EDR support through the mapping of current EDR practices to elements of the ‘Design Re-
use Process Model’. Chapter 3 aims to highlight the correlation between the principles of
Modular Design (MD) and improved support for EDR. The field of product structuring
((WDK) 1995; (WDK) 1996; (WDK) 1997; (WDK) 1998; Riitahuhta and Pulkkinen 2001),
which underpins MD, and its application in a re-use approach, is introduced in section 3.1.
Having established the main characteristics of the product structuring ideology section 3.2
defines the features of MD and their relation to the engineering design activity®. Section 3.3
outlines the advantages, disadvantages and issues related to the application of MD principles.
Section 3.4 defines the support afforded by MD to the EDR processes whilst section. Section
3.5 defines the terminology that will be utilised throughout the remainder of this work to:
define requirements (Section 3.6), critically analyse existing approaches (Chapter 4) and
define the declarative and procedural knowledge related to the proposed novel MD
methodology (Chapter 5).

3.1 Product Structuring

Chapter 2 summarised that to improve EDR support required an approach to support the
generated knowledge during the design activity and the enhancement of its knowledge to
address the lack of support for the Evolved Design Model and Design for Re-use process.
Product Structuring (PS) concerns the activity whereby the structure characteristics of a
design or product are detfined. Where structure is defined as ‘the elements of a system
1dentified by their type and relations between these elements’ (Andreasen, Duffy et al. 1995).
Not purely limited to physical parts and components, the structuring activity can also be
utilised at a far more abstract level where design knowledge is restricted to high level
knowledge describing energy transformation, functions, and behaviours. In addition
‘structuring’ can enhance the content of individual fragments by ‘formalising the product
information to provide a framework for product information data during its lifecycle’
(MacCallum 1995; Yu and MacCallum 1995). Thus, the relationship between this and other
knowledge fragments generated during the design lifecycle can be explicitly defined through
the PS. As such, the PS can provide a framework to support further knowledge enhancement
based on an analysis of say, the similarities and/or dependencies between these knowledge
fragments. Due the PS fields’ emphasis on support and management of design knowledge, it
is investigated as a basis on which actively support improved EDR.

3.1.1 Product Structuring Theories

The basis of product structuring is to define the elements and relations of a product with
respect to a chosen viewpoint. A number of theories dominate structuring methodology
including Andreasen’s theory of domains (Andreasen, Dufty et al. 1995; Andreasen, Hansen
et al. 1996) and the model-based theory subscribed to by Erens (Erens and Verhulst 1995).
Andreasen’s structuring principle centres on the synthesis process as a progression from
transformation structure (energy, material), through functions (required effects) and organs
(function carriers) to the definition of part structures. The basis of structuring principles,

6 For a history of Modularity the reader is referred to Miller and Elgard Miller, T. and P. Elgard
(1998). Defining Modules, Modularity and Modularisation - evolution of the concept in a_hj,stogical
perspective. Design for Integration in Manufacturing. Proceedings of the 13th IPS Research Seminar,
Aalborg University, Fugsloe..
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pere, involve the definition of structures within each domain and understanding the
Interactions between domains (as shown in Figure 3.1).
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Figure 3.1: Andreasen’s Domain Theory (Andreasen 1991)

Erens’ (Erens and Verhulst 1995) product model-based theory involves the transformation of
a design from a functional model to a technology model towards the definition and
construction of a physical model (see Figure 3.2).

__M anuf_acturirl_u_,
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O Technology Domain

- = Functional Domain

Figure 3.2: Eren’s Product Models (Erens and Verhulst 1995)

Both theories structure products 1n various domains but it 1s the scope, role and definition of
each domain that differ. In general the structuring principles utilised within each theory are
the same: decomposition, configuration and rationalisation (see Section 3.1.2).

3.1.2 Categories of Product Structuring

Structuring tends to fall into the categories ot decomposition (Hansen 1995; Liedholm 1998),
configuration (Hansen 1995; Yu and MacCallum 1995; Andreasen, Hansen et al. 1996)
(occasionally referred to as composition (Tichem and Storm 1996), and rationalisation

(Herbertsson 1995; Erens and Verhulst 1996).

A product’s primary effect, primary function, or technology can be decomposed into its

constituent elements. This decreases associated design complexity because the integral
complexity of each individual element is lower than that of the whole (Hansen 1995). Thus,

teams of designers can work in parallel and reduce product development time (Hansen
1995). Decomposition is often related with the functional domain (Andreasen, Hansen et al.
1996; Erens and Verhulst 1996) or effects domain (Andreasen, Hansen et al. 1996) where the
main function is decomposed into sub functions (Tichem and Storm 1996). Liedholm
(Liedholm 1998) states that the decomposition activity 1s utilised to clarity what the product
should do and establish the functions of the product.

The decomposition activity primarily supports Design by Re-use in that it allows designers to
breakdown the low-level design requirements into more manageable, less complex
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constituents. Applied to the re-use library, the decomposition activity can breakdown past
design solutions into their high level solution concepts providing the potential of utilising
both experiential knowledge and design specification goals. Thus, designers can decompose

current requirements with a view to map between current and past designs to enhance Design
by Reuse capabilities.

The elements of a product and the way in which they are built together determine the overall
behaviour or function of that product (Andreasen, Hansen et al. 1996). Where a design need
is decomposed into low complexity elements, often at an abstracted level, we must proceed
to allocate possible solution concepts to each element and configure these elements to meet
this need. Thus, configuration creates an arrangement, from a given set of elements, by
defining the relationships between selected elements that satisty the requirements and
constraints of a design (Hansen 1995; Yu and MacCallum 1995; Andreasen and Riitahuhta
1998; Tiihonen, Lehtonen et al. 1998). The process of configuration design involves the
creation or identification of relations between the elements to ensure that the subsystem
realises its function and contributes to the overall purposeful function, in the right manner

(Hansen 1995).

Design by Re-use is a form of configuration as it re-uses previously defined elements to meet
a current design need. Configuration as with Design by Reuse requires that rationalised
(structured) sources of past design knowledge be available.

Rationalisation in product structuring involves the systematic organisation of knowledge
related to the products domain to form a rational conception of a model that is free from
radical or specific quantities. Rationalisation can take a number of forms including the
definition of product architectures (Herbertsson 1995; Erens and Verhulst 1996), plattorms
(Elgard 1998). Generic product architectures are defined to form a ‘stable structure and
provide a consistent environment for new component development (Erens and Verhulst
1996). Such product architectures arise from rationalisation over a number of products, are a
more stable model of design than the physical models and can be re-used to create new
versions of the product (Erens and Verhulst 1996). Where physical models consist of
components that are liable to change, generic product architectures facilitate mapping of a
more consistent functional arrangement to physical components and the interactions between
these (Herbertsson 1995). Rationalisation can also occur when components within a number
of products are redefined to produce a platform of products. This platform forms a ‘common
structure from which a stream of derivative products can be efficiently developed and
produced’ (Elgard 1998). Platforms form a re-usable ‘foundation of product clements,
technologies, knowledge as means of supporting product variety and increasing re-use of

engineering knowledge’ (Elgard 1998).

Rationalisation in structuring promotes the process of Domain Exploration by exploring
completed design models and their associated domain knowledge. Such exploration results
in a deeper understanding of the elements and relationships that combine to facilitate
effective design in the domain. Successful rationalisation of design knowledge can promote
the Re-use Library, of parts, concepts and knowledge and a generic product architecture

model that can subsequently be utilised through the Design by Re-use process.

3.1.3 Organisational Product Structuring

It is argued that successful EDR relies not only on an understanding of the theories and
methodologies behind it but also how it fits within the design process, the product

development strategy and the overall company strategy (see Figure 3.3). For a strategy
geared towards continued enhancement and re-use of a company’s knowledge resources, the
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role of product structuring is that of supporting, maintaining and promoting these resources
for re-use.
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Figure 3.3: Organisational Product Structuring and Re-use (Smith and Duffy 2001)

Figure 3.3 illustrates the roles of product structuring (P.S) and re-use within a design
organisation. It shows how the overall organisational and product development strategies
constrain the design team throughout any design project. The diagram depicts both structured
and unstructured re-use. There is a need to develop tools, techniques and methodologies to
support currently unstructured re-use. Such support includes rationalisation from past design
cases and structuring of current design knowledge to facilitate a structured approach to re-
use and learning. As discussed in Both the structuring and re-use principles must also
develop to satisfy organisational goals whilst meeting the knowledge requirements of the

design team in both current and future design projects.

The design team are ‘pulled’ by the overall company and product development strategy and

in turn ‘push’ the individual design project by carrying out a number of processes and
activities. The design team are also subject to a number of influences including their own

knowledge and experience. Thus, a design team draws from past design experience and re-
uses experiential knowledge to further the current design project within the overall design

requirements.
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Product Structuring is essential to a re-use approach in that over a period design generally
produces a considerable amount of knowledge, information and data (K.I.D) ’, which without
structure remains a mass of vague elements whose significance and relations are difficult to
define and understand. With structure however, this K.I.D can aid designers in finding
specific knowledge elements useful in a new design i.e. Design by Re-use. Such K.I1.D from

past designs can be structured using a number of different principles from viewpoints to
families and inter-linked with a series of networks or indexes.

It product structuring is then employed during current or new design processes for products,
parts, assemblies and families the K.I.LD generated during this evolving process can be
structured and stored 1n a formal manner, and approprnately structured to promote its use in
future design, 1.e. Design for Re-use. As shown in the diagram we would thus have a bi-
directional flow between past and current design which would result in structuring principles
to support learning from design knowledge and its subsequent re-use.

Figure 3.3 illustrates that product structuring is indeed an essential element in the re-use
approach as it can facilitate the organisation of K.I.D. However, current re-use in design
organisations is predominantly unstructured (Duffy and Ferns 1999), with a deficiency of
tools, techniques and methodologies to support the overriding product structuring theornes
(Duffy, Smith et al. 1998; Smith 2002). Hence an increased understanding of the processes
of product structuring is required to enable this K.I.D to be structured in design organisations
for re-use. For instance, Duffy and Legler’s work (Duffy and Legler 1998) addresses this
need by proposing a methodology to structure (rationalise) past designs. This rationalisation
provides a basis upon which to efficiently retrieve specific cases tor re-use and presents a
means upon which to generalise, enhance and re-use past experiential knowledge.

3.2 Modular Design characteristics

Modular Design (MD) is a ‘natural extension of product structuring principles’ (Knox 1984).
For example, one of the ‘basic requirements for the building of product families based on
product platforms is a modularised product architecture’ (Hofer and Gruenenfelder 2001).
MD is a methodology for executing the activity of design. It has gained increasing
prominence, as a design methodology to meet market demands to ‘quickly and globally
deliver a high variety of customised products’ (O'Grady and Liang 1998). According to
Smith and Reinertsen (Smith and Reinertsen 1997), modular product design can facilitate
this as ‘economies of scope are gained by using the modular components over and over in
different products; and customisation is gained by the myriad of products that can be
configured’. Hofer and Gruenenfelder (Hofer and Gruenenfelder 2001) noted that this call
for greater product variances ‘lead often to a disadvantageous cost position due to the etforts
for individualised solutions and make it more difficult to profitably put products to the
market’. Existing design methodologies that focussed on the creation of individualised
products for, in extreme cases, individual customers, are no longer appropriate to maintain
competitiveness and profit margins. Thus, methodologies that supported product
customisation whilst achieving the cost benefits of mass production were sought, leading to
the term mass customisation. Modular Design is a design methodology often associated with
this drive for mass customisation due to its focus on the development of products with
distinct detachable modules for rapid product development, possible re-use of long-lasting

7 Data is taken here to be the most basic symbolic elements such as numerical numbers of words e.g.
5. length, metre, gap, false, true, and safe. Information provides a meaning to data such as ler{gth iS
equal to 5, the gap is 2, and safety can be true or false. Knowledge provides added meaning to
. formation and allows inferences to be deduced or abducted e.g. if the length is greater than the gap

then safe 1s true.
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modules, efficient upgrading, reconfiguration and other lifecycle engineering objectives (Gu,
Hashemian et al. 1997). As a result research into the theory and application of MD has
increased. For example, principles of MD have been applied to many areas including ship
systems (Blade, Klinge et al. 1998), process plants (Humphries and Radclitfe 2001), power
products (Sosale, Hashemiam et al. 1997) and air-conditioning systems (Chang and Ward
1995). As a premise to support platform design it has also been applied to products such as
light rail vehicles (Lashin and Doblies 2001), automobiles (Hofer and Gruenentelder 2001),
industrial products (Berti, Germani et al. 2001), and power tools (Otto 2001).

3.2.1 A Module

A module is commonly described as a group of ‘functionally’ or ‘structurally’ independent
components clustered such that ‘interactions are localized within each module and
interactions between modules are minimised’ (Sosale, Hashemiam et al. 1997). However,
according to Miller and Elgard (Miller and Elgard 1998) ‘the meaning of the term module
has changed from being defined by physical presence into being defined by structure and
functionality’. This is illustrated by considering a software module. The module has no
physical presence and is thus defined purely by its functional characteristics. Thus, a module
can no longer be defined from a purely geometric perspective such as one might view a
LEGO™ block. In addition a module may also be defined in terms of the abstract design
knowledge for which a physical realisation will evolve through the design activity. The
importance of this abstract knowledge from earlier in the design activity to EDR has been
discussed throughout Chapter 2. Miller and Elgard (Miller and Elgard 1998) have posited the
term knowledge module to broaden the definition of a module to support both the immaterial
and physical. This is an essential aspect of MD for its application in EDR as the knowledge
module ‘is the preliminary stage to the physical module’ (Miller and Elgard 1998) and
provides a mechanism through which to capture re-usable fragments of knowledge. Miller
(Miller and Elgard 1998) states that ‘intellectual re-use of earlier stages..... blurs the
boundaries between knowledge management and conventional modularisation’. Accepting
the existence of a knowledge module, and moving away from expressing modularity 1n terms
of physical components, a module within this work is defined as a group of concepts whose

interdependencies are;

e maximised internally within a group of concepts (module) and

e minimised externally between groups of concepts (modules).

Where, a concept is defined as an element of the product being designed expressed from a
particular design viewpoint.

3.2.2 Modularity

Modularity is as a property of the product structure. One of the key attributes of modularty
‘s that it is not an absolute value of the product structure; it exists in more than one form and
at more than one level. In the first instance, a modular architecture can take on a number of

types as illustrated in Figure 3.4 including;

a) Component swapping modularity — different components paired with the same basic
product (modules) .

b) Component sharing modularity — a core module (or modules) used across different
products to provide economies of scope.

c¢) Cut-to-fit modularity — one or more components or modules is continually variable
within preset or practical limits.
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d) Bus modularity — a standard structure or interface which can accept a number of
different components or modules.

e) Sectional modularity — allows the configuration of any number of different types of

components 1n an arbitrary way, as long as each component is connected to another
at a standard interface.

f)

BISERSIAYE

a) Component Swapping Modularity b) Component Sharing Modularity

Mix modularity - a combination of the above types.

@ E A &
I v VAS

C) Cut-to-Fit Modularity d) Bus Modularity e) Sectional Modularity

Figure 3.4: Types of modularity (Ulrich and Tung 1991)

These types of modularity can be used to support product variance over a product family or
generations of these.

Secondly, due to the ‘complexity of real life systems more sophisticated modularisation
techniques are needed’ (Philippi 1998) as it is not always possible to define ‘neatly
packaged’ modules with clear boundaries. Thus, the modularity of a product can be equated
to a relative value on a scale, which runs between integral and modular, where (Smith and

Reinertsen 1997):

 an integrated product is one where the product functions are broadly distributed
throughout the system, and,

 a modular product is one where the components are grouped 1nto distinct detachable
modules that fulfil a specific product function(s).

Thirdly the modularity of a product may depend on the viewpoint that 1s taken of 1it.
Accordingly, the classification of a product as ‘modular or integral 1s also not a constant
property of a structure, but depends on the point of view [viewpoint] we have when we
observe it’ (Elgard and Miller 1998). Recognising this Jiao and Tseng (Jiao and Tseng 1999)
state ‘that the main challenge for today’s design methodologies 1s to support these multiple
viewpoints to accommodate different modelling paradigms within a single coherent
framework.” This is an important aspect when considering MD as a support mechanism for
re-use as design related knowledge has been shown to exist with a variety of viewpoints and
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that the activity of mapping between these evolves the design activity (Section 2.3.1). Thus,
an EDR centred MD methodology would need to support design knowledge across
viewpoints and facilitate mapping between these.

Ulrich et al (Ulrich and Tung 1991) state that though the understanding of modularity has
become more abstract and more related to functionality than geometry, a module is
fundamentally defined as a physical unit. However, based on Miller et al (Miller and Elgard
1998) expression of the need to explore the concept of modules in relation to ‘knowledge
management and modules seen as knowledge carriers’ we develop the concept of Knowledge
Modularity (KM). The work presented in this thesis explores this KM concept in relation to
its applicability to support design knowledge modelling and enhancement. Such exploration
1s essential to facilitate the development of an approach on which to facilitate MD for
improved EDR, termed here, Knowledge Modularisation (KMn)°.

3.2.3 A modular product

Due to the need for that individual module functions and/or structures to eventually combine
to realise the overall function and/or structure of the product, the modules can never truly be
independent and must be defined together with the product to which they belong. Further
‘Detween module’ or ‘interface’ constraints must be considered for modules to be
successfully configured to meet overall product requirements. A comprehensive knowledge
of the dependencies within the product is required to define the boundaries of, and the
interfaces between, modules. This requirement in noted by, amongst others, Galvin (Galvin
1999), Gu et al (Gu, Hashemian et al. 1997), Knox (Knox 1984) and O’Grady and Liang
(O'Grady and Liang 1998). This dependency knowledge between these concepts 1n
viewpoints can be a viewed from a number of perspectives, for example, energy,
information, and material; and/or spatial relations (Knox 1984).

Similar to that of the definition of modules, the definition of a modular product has evolved
from its traditional historic perspective. Traditionally, a modular product would have been
defined as a product that fulfils various functions through the combination of distinct
building blocks (Blackenfelt 2001). However, more recently this has evolved into a more
generic definition whereby a product is composed of building blocks chosen for company
specific reasons (Blackenfelt 2001). Thus, a modular product is no longer necessarily
defined based on its functional objective, but on a specific lifecycle objective(s) that are
aligned with product or company strategy. Typical examples of such lifecycle objectives are
ease of; assembly, maintenance, re-cycling, and disposal. Thus, the dependency knowledge

of a product may also be considered from the perspective of specitic lifecycle objectives.
Obviously, it would be ideal if one modular product configuration could fulfil all the

requirements of each lifecycle objective. However, similar to the case with viewpoints
(Section 3.2.2) a modular product configuration that achieves one /ifecycle objective may not
achieve another. Sosale et al (Sosale, Hashemiam et al. 1997) states that ‘it is the designers’
responsibility to make trade-off decisions’ such as these. However, research undertaken as
part of this work (Smith, Robb et al. 2001) identified that the designer required some
evidence of the relative modularity of differing product configurations and the impact of

lifecycle objectives on this to support such decision-making.

3.2.4 Modular Design research

Modular Design (MD) research can generally be grouped into 3 categories; those associated
with: the identification of modules, the design of modules, and designing with modules

8 Knowledge Modularisation (KMn) can be considered the activity of defining the knowledge
modularity of design related knowledge
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(O'Grady and Liang 1998). Again, taking the case of product platform design and utilisation
we can see this distinction in the application of MD research to this area, as shown in Figure
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Figure 3.5: Architecting a product family

Figure 3.5 depicts the process of ‘architecting’ a product family utilising a product platform.
We see, at the bottom of Figure 3.5, that we hav<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>