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Abstract 

Product design decisions can result in unintended consequences that propagate 

across multiple life-phases such as manufacturing, use and disposal. If designers are 

to generate 'life-oriented' solutions, handling this phenomena is a necessity. Due to 

the sequence of life-phases, knowledge of such 'life-cycle consequences' (LCCs) is 

generated late, after decisions have been committed. Thus, designers have 

difficulties in foreseeing LCCs co-evolving with their solution. Further, a literature 

review established that, designers currently lack adequate support to foresee and 

explore LCCs during synthesis. To address this 'Design SyntheSiS for Multi-X (DsFLX)' 

problem, this thesis proposes, implements and evaluates a computational 'Knowledge 

of life-cycle Consequences (KC)' approach. 

The establishment of a phenomena model disclosing how LCCs are generated from 

two different conditions has highlighted the necessity of concurrent 'artefact' and 'Iife­

phase system' synthesis. This provided a foundation of how to model and timely 

utilize LCC knowledge for revealing LCCs co-evolving with a solution description. This 

resulted in a framework for the 'KC' approach consisting of: the 'LGG knowledge 

modelling frame' which presents a formalism of 'what' elements to acquire and model 

for an application domain, together with how to structure the established relationships 

into 'LCC inference' and 'LCC action' knowledge; an 'artefact life modelling' frame 

which provides a formalism for describing 'artefact life' compositional models that 

support the inference of LCCs; and the 'operational frame' which discloses principles 

of how a LCC knowledge model can be utilized to amplify the human designer'S 

capabilities. By identifying system requirements, an architecture and knowledge 

codification schemes, the framework was realized as a Knowledge Intensive GAD 

prototype, 'FORESEE', for the thermoplastic component domain. 

An evaluation of FORESEE established that the 'KC' approach integrates synthesis 

with foreseeing multiple LCCs. This is fundamentally different from first generating a 

candidate solution and afterwards analysing the solution for conflicts with artefact life 

issues. The 'KC' approach thus provides a step towards realizing pro-active DsFrX 

support. However, further work is required to the framework and FORESEE to 

practically exploit its utilization. 
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Chapter 1 

Introduction 

chapter 

11.0 Introduction 

Rising 
expectations 

Developing 
products that 
cater for total 
life issues 

Besides providing the market with products that fulfill their function 

[Roozenburg et al. 1995] to rising customer expectations [Farish 1992], 

manufacturing firms are increasingly expected to deliver 'life-oriented' products 

that incorporate various total life-cycle values [Ishii 1995]. For instance, 

artefacts are expected to be easy to produce [Lindbeck 1995], assemble 

[Boothroyd et al. 1991], test [Lawlor-Wright et al. 1995], service [Eubanks et 

al. 1993] and cater for end-of-life issues by facilitating automated dis-assembly 

[Boks et al. 1997] and recycling [Seliger et al. 1994]. In achieving all this, 

manufacturing firms are also expected to keep costs low, deliver products on 

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

1.1 Product Development Reality 

Coping with this complex product development reality has gradually changed 

the focus of industry to the product design process [Duffy et al. 1993; Blessing 

1994]. Of relevance is that as argued by Berliner & Brimson [Berliner et al. 

1988], investments made to generate good design concepts give higher 

returns than equivalent efforts made in other areas such as manufacturing 

methods. Thus, in today's industrial climate, "design is a tool for competition" 

[Stenros 1997]. However, whilst designers are being expected to consider a 

host of total life issues during design, there is enormous pressure to reduce the 

overall time and cost of product development [Rogers 1997; Swift et al. 1997]. 

As a result , the effort necessary to create total life oriented design solutions is 

resulting in additional complexity [Andreasen et al. 1997] during the product 

development task. This research is concerned with this role of the design 

process and how designers can be supported in the context of generating 

mechanical artefact conceptual solutions, that cater for a host of total life 

issues. To introduce the design problem motivating this research, this 

section proceeds with an outline of the realities involved in developing 'Iife­

oriented' design solutions. 

1 



Various 
definitions 

Winner's 
definition 

1.1.1 Concurrent Engineering Trends 

Chapter 1 

Introduction 

To deliver products that cater for a host of total life issues, industry 

increasingly raised an interest in concurrent engineering [Cleetus 1992; Jo et 

al. 1993; Parsaei et al. 1993], sometimes termed simultaneous engineering 

[Belson 1994; Ranky 1994; Molina et al. 1995; Wallace 1997]. 

Unfortunately, the term concurrent engineering has been used to mean a 

number of different things, both to practitioners and researchers, all this 

baffling potential users of such an approach. As a matter of fact , one can 

encounter several definitions having varying views. According to a 

practitioner [Dan 1992], concurrent engineering (C.E.) is focused on a team 

based, design approach. Others view it as related to a cultural change 

consisting of redefining organizational structures and breaking down barriers 

between disciplines that have previously worked in isolation from each other 

[Albano et al. 1994]. An alternative view focuses on 'what ' is being decided or 

learned, as opposed to 'who' is deciding or 'how' it is being done [Douglas et 

al. 1993], the argument being that the key issue in C.E. is the accumulation of 

knowledge. Winner's [Winner 1988] definition: 

"Concurrent Engineering is a systematic approach to the integrated, 
concurrent design of products and their processes, including manufacture 
and support. This approach is intended to cause the developers, from the 
outset, to consider all elements of the product life-cycle from concept 
through disposal , including quality, cost, schedule and user requirements." 

primarily focuses on the need of concurrently designing both product and 

process solutions and emphasizes the need of considering all product life 

issues, early in the design process. 

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

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

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

This highlights the role of team members taking a different perspective 

towards the artefact design solution. Also, it expl ici tly points out the role 

group decision making has in such an approach to bear on every issue being 

decided upon. In spite of the varying views taken by these definitions and 

many others found in [Prasad 1996a], they essentially reflect what this thesis 

considers as being two key elements of a C.E. approach, these schematically 

illustrated in Figure 1.1: 

2 



Concurrency 
elements 

Providence 

• 

Chapter 1 
Introduction 

the synergetic consideration of both functional and li fe-cycle issues, 

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

concurrency element is viewed as being related to the 'life-oriented' 

know/edge ('knowledge' being inclusive of data, information and 

experience) available and employed during the execution of a design 

activity; 

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

product development activities such as the design of a thermoplastic 

component and the design of its mould tool. This is viewed in this thesis 

as related to the time dimension between product development activities. 

Concurrent Consideration CC 

Artefact Desi n 

ASSemblY\{ 

ReCYClinY · prvice 

P d b~I' ; P 
ro uca Iity : Function 

• 
Machining of component 'B' ~-. 

Time Tim~ 

~Anactivity ~ A Life-cyle perspective ~ A candidate design solution 

Figure 1.1 - Concurrency elements 

These concurrency elements are reflected in various research efforts. Some 

relate to concurrent consideration (CC), examples being [Ishii 1991; 

MacCallum 1992; Olesen 1992; Molloy et al. 1993; Morup 1993; Chal et al. 

1997; Tichem 1997]. Others focus upon enhancing the collaboration 

between various product development actors so as to share and communicate 

information [Karinthi et al. 1992; Cleetus 1993; Park et al. 1994; Kiriyama et 

al. 1996; Maher et al. 1997; Prasad et al. 1997] thus permitting the concurrent 

execution (CX) of activities in a virtual enterprise [Gadient et al. 1997; 

Williams et al. 1998]. 

Collectively, these elements reflect that C.E. requires more than the 

concurrent execution (CX) of product development activities or, simply an 

approach that focuses on considering single artefact life-phase issues, like 

with for instance Design For Manufacture (DFM) [Boothroyd et al. 1991]. 

Rather as defined by Winner [Winner 1988], a C.E. approach is also 

concerned with the consideration of al/ product life-cycle issues as from the 

outset of the design process. Olesen [Olesen 1992] thus argues that besides 
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simultaneity i.e. the execution of interrelated tasks at the same time and the 

integration of relevant functional areas during the development process, an 

important element of concurrence is providence, i.e. foreseeing and taking into 

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

1.1.2 Shift Towards 'Design Synthesis For Multi-X' 

Life-oriented Due to the CC element, designers are being prescribed to adopt 'life-oriented' 
design synthesis 

Not only 
'function ' 

design approaches [Olesen 1995; Chal et al. 1997]. Such a prescription 

reflects the significance of an approach promoting the 'generation ' of a 

solution catering for a host of artefact life issues, termed in this research as 

'Design Synthesis for Multi-X' (DsFLX). 

'Function' was traditionally the prime consideration of designers in many types 

of industry [Duffy et al. 1993]. Focusing on 'function ' results in products that 

can be time consuming and costly to produce as they can involve a large 

number of parts and assembly operations [Lindbeck 1995]. Olesen [Olesen 

1995] argues that treating solution concepts from a functional point of view is 

only one aspect of one meeting [Mortensen et al. 1996] taking place during the 

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

'X-ability' values Focusing on function therefore leads to products that are "not being designed 

for ... " [Duffy et al. 1993] a number of 'X-abilities', where as stated by Prasad 

[Prasad 1996], X-abilities reflect a number of total life values: 

Multiple 'X' 

"X-ability ¢:::> {manufacturability, maintainability, assemblability, 
serviceability, ... }" 

Designing and delivering products that cater for a host of 'X-ability' values is 

thus the foundation of the competition game [Prasad 1996]. Hence, as 

reported in [Duffy et al. 1993], the early eighties emphasis in industry on shop 

floor automation, shifted in the nineties to the design process, dominated by 

"Design-For-Almost-Everything." Similarly, Brown [Brown 1996] reports "the 

number of 'ilities ' are growing." Further, Farbricius [Fabricius 1994] argues 

that a design solution must be found by using a wide angle focus by 

considering all the performance measures termed universal virtues [Olesen 

1992] - cost, lead time, quality, flexibility , risk, efficiency and environmental 

effects. As a result of this shift , there is an increasing interest in total life-cycle 

issues, as evident from examples of academic research thrusts [Bowen et al. 

1990; Alt ing et al. 1995; Spath et al. 1996; Vajna et al. 1997; Wallace 1997] 

and industrial practice [Franze 1997; Timperi 1997]. 
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The alternatives encountered in the solution space make the design process, 

decision intensive [Joshi 1991 ; Olesen 1992; Starvey 1992; Mistree et al. 

1993; Jeang et al. 1995; Willemse et al. 1995; Medland 1997]. Typical 

decisions concern, for instance, the selection of appropriate function means, 

type of materials to employ, configuration layout, and the connection 

technology to be employed between different parts. Clausing [Clausing 1994] 

even attempts to quantify the large number of decisions involved for large, 

complex products. The reality therefore is that as from the early design 

stages, decisions are being made on many aspects of the artefact being 

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

1.1.4 A Phenomena: Decisions Result in Life-Cycle Consequences 

Decisions which seem good for one life cycle requirement can lead to 

problems with other requirements. Thus, design decisions are associated 

with consequences [Andreasen et al. 1990; Duffy et al. 1993; Dym 1994; Swift 

et al. 1997; Tichem 1997] that can be intended/unintended and 

good/problematic [Borg et al. 1998]. Hubka & Eder [Hubka et al. 1988] argue 

that every design decision, including early design decisions, has an influence 

on the following life-phases. This natural phenomena of consequences is 

termed the concept of dispositions [Olesen 1992], where a disposition means 

that part of a decision taken within one functional area (i .e. product design) 

which effects the type, content , efficiency and progress of activities within 

other functional areas (e.g. assembly) . Design decisions thus influence the 

performance of other life-cycle phases in terms of measures such as cost and 

time. For example, a decision to use four screws for the assembly of a 

product, influences a host of product development areas - the design 

department, the purchasing department, stores, the production department, 

the quality control department and the sales department [Andreasen et al. 

1987]. Thus, as disclosed in Chapter 2, design phase decisions can have 

consequences that propagate across multiple artefact life phases. The reality 

therefore is that design decision making is integrated with the phenomena of 

such life-cycle consequences (LGGs) , irrespective of whether a consequence 

is intended or unintended from a designer's viewpoint. 

1.1.5 Limited DeSigner's Knowledge Of Life-Cycle Consequences 

Though Tomiyama [Tomiyama 1996] highlights the need of employing product 

life knowledge as from the early design stages, Olesen [Olesen 1995] argues 
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that designers have a lack of life-cycle phase knowledge . As argued in this 

thesis, due to the traditional formal training received and their personal 

experience of artefact life issues, designers do not generally possess a 

breadth and depth [MacCallum et al. 1987] of knowledge related to the 

different product life-cycle phases. As a result , designers lack knowledge 

about a host of LCCs resulting from design decisions. Thus, designers 

frequently engage in decision-making under ignorance of LCCs arising from 

their decisions. 

Technical information available during design is known to playa signif icant 

role in the quality of the design solution [Hubka 1985]. Therefore, a lack of 

appropriate LCC knowledge, can influence the quality of design decision 

making. For instance as argued in [Duffy et al. 1995] : 

"when carried out by individuals, decision making can be subject to 
individuals' limited knowledge, experience etc. Consequently such decision 
making can be based upon limited insight into the problem at hand and 
thus result in low quality decision making." 

Foreseeing consequences resulting in the different life phases has long been 

acknowledged as an important designer ability. For example Hubka & Eder 

[Hubka et al. 1988] state that : 

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

However, how these consequences can be foreseen and appropriately handled 

during early design is still a bottleneck, this evident from industrial examples 

encountered in this research and therefore a worthwhile research thrust. For 

example deciding on tolerances is one of the important tasks of the designer, 

but [Meerkamm 1997] 

"Very often he [the designer] cannot foresee the consequences of his 
choice in accordance to function , production process, inspection and cost. " 

Consequences impinging on artefact life phases frequently influence 

performance measures. For example, a mould tool maker [Smith 1997] argues 

that: 

"There are often times when simplifying the basis of the [artefact] design 
can save time in the creation of the tool and mouldings, drastically 
reducing costs." 
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Thus, the lack of relevant knowledge in the early design stages is a major 

cause of many downstream life-cycle problems [Salzberg et al. 1990]. These 

circumstances reflect that for the concurrent consideration element of C.E., 

there is great scope of amplifying the designers' knowledge during design 

decision making, with 'knowledge of LCCs' to help them generate early, life­

oriented design solutions. 

1.1.6 Inadequate Means Supporting 'Life-Oriented Design' 

The literature review in Chapter 4 reveals that designers lack adequate 

support during early design allowing them to foresee unintended 

consequences influencing multiple life phases. Awareness provided is narrow 

and segmented (single 'X'). Further, knowledge of LCCs is provided late, 

mostly during solution analysis rather than synthesis, thus not supporting 

'artefact life solution' exploration. That is, designers currently have inadequate 

means to handle the phenomena of LCCs solution synthesis. 

1.1.7 Design Problem Outline 

In summary, the reality with which this research is therefore concerned, is that: 

• designers are being expected to consider more issues concerning the total 

artefact life when generating design solutions. This transition to DsFI:X 

therefore increases the demands being made of designers; 

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

made can propagate consequences across multiple artefact life phases; 

• knowledge of such LCCs is thus distributed amongst various artefact life 

actors. At the same time, practice shows that life cycle actors are too busy 

to continuously and effectively form part of a design team; 

• due to a lack of 'life cycle consequence' knowledge, designers are 

frequently unaware of the many unintended life cycle consequences being 

generated when they commit design decisions. 

• current means are deficient in addressing this problem as they allow 

design decision making to take a narrow focus. Further, awareness of 

such LCCs, if any, is revealed too late, thus making 'life-oriented' solution 

generation and exploration difficult to achieve. 

Therefore, handling the phenomena of propagating life-cycle consequences as 

from early design is a necessity if designers are to generate solutions 

satisfying a host of total life issues. 
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Based on the design problem reality outlined in section 1.1, the overall 

motivation behind this research is to pro-actively support mechanical artefact 

designers in generating early, 'life-oriented' design solutions. To conduct 

Ph.D. research [Phillips et al. 1996] in a planned way, the research 

methodology employed in this Ph.D. (recently published in [Duffy et al. 1998]) 

is based on a mixture of theoretical foundations and experimental activities. 

This is discussed next and outlined in Figure 1.2. 

1.2.1 Research Methodology 

Case-studies encountered with product design and development practice in 

industry (1 a) together with a literature search (1 b) provided the foundation for 

characterizing the design problem (2) with which this thesis is concerned. 

A basic hypothesis (3) for a solution to the identified problem was generated, 

this giving rise to a research problem (4). On tackling the research problem, 

a solution (5) was arrived at, accompanied by the co-evolution of research 

sub-problems. To test the effectiveness of the solution, the research project 

embarked on experimentation. 

Product development 
practice 

Resource ) I Research phase I Informati~n flow 
»> 

Solution development 

~ 

Critical Solution 
Evaluation 

~ 

Figure 1.2 - Research methodology - modified from [Duffy et al. 1998J 

This provided a basis for critical evaluation (6) of the result , enabling the 

identification of both strengths and weaknesses of the solution and thus the 

identification of future research directions. During this project , information 

extracted from a number of student projects [Borg 1995; Portell i 1995; Grech 

1996; Bonello 1997; Cutajar 1997; Galea 1997] supervised by the author was 

also utilized as an additional input to different phases in the methodology 
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(Figure 1.2) . Finally, the elements in the methodology collect ively contributed 

to the generation of this Ph.D. document. 

Solution Hypothesis 

This research argues that for designers to generate life-oriented design 

solutions, they need to foresee during synthesis, unintended LCCs co-evolving 

with their early solution description. The argument being made here is that 

for 'concurrent consideration ', the decision making process will be better 

accomplished by reasoning with knowledge providing an insight into the 

associated life-cycle consequences. It is natural to expect that through the 

explicit awareness of possible LCCs arising from their design decisions, 

designers would at least be motivated to consider modifying/rejecting design 

decisions which are likely to generate unintended LCCs. This may mean that 

more design decision alternatives have to be considered but the hypothesis is 

that the quality of the committed decisions will be better for generating life­

oriented design solutions. Therefore, the hypothesis is that explicitly and 

systematically providing designers with knowledge of the LCCs co-evolving 

with a design solution, will : 

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

unintended LCCs influencing multiple artefact life-phases; 

• motivate and support designers in exploring, during synthesis, the co­

evolving artefact life solution and problem space; 

• guide designers to make decision commitments more consciously with 

respect to artefact life issues. 

High Level Research Problem 

The high-level research problem therefore concerns: 

How can designers be explicitly provided with knowledge of LGGs co­

evolving with their design solution description? 

The variety, complexity and interaction [Meerkamm 1994] of artefact life 

issues that have to be concurrently considered during design decision making, 

make the manual exploration of a design problem and solution space difficult. 

Given the human being's mental storage capacity and processing limitations 

[Ellis et al. 1989], Computer Aided Design (CAD) support , acting as a 
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'knowledge amplifier' [MacCallum 1992a] is seen as a suitable solution to how 

designers can be provided with knowledge of LCCs co-evolv ing with their 

solution description. Relevant research by Olesen [Olesen 1992] resulted in a 

design approach based on provident thinking so as to optimize the condit ions 

during production and the product's life. Olesen provides a theoret ical 

foundation for providence through the theory of dispositions. This initial 

theoretical foundation can therefore be exploited to develop a suitable 

computational DsFIX means to support designers in the generation and 

exploration of 'life-oriented' design solutions. 

Computational Means Development Framework 

A foundation upon which to develop computational design support systems is 

the framework (Figure 1.3) found in [Duffy & Andreasen 1995]. It is argued that 

for a computational means to make an impact on the design reality it is trying 

to support, it should be based on knowledge models derived from descriptive 

models of the reality, termed phenomena models. The specific phenomena 

concerned with in this research is that design decisions give rise to life cycle 

consequences, irrespective of whether the designer is aware or not. A 

phenomena model aims to explain through observations made, how the 

phenomena is caused in reality. 

FbI" Specific 

t~ ~fBS 1~ i~ 
Figure 1.3 - Computational means development framework - adopted from [Duffy & Andreasen 1995J 

The knowledge model is concerned with what elements should form part of the 

knowledge structure, and with how these elements should be related to each 

other and organized in order to result in codified [Tomiyama et al. 1995] 

knowledge. The computer model encompasses existing or new techniques 

to realize and manipulate the knowledge model for supporting the design 

reality. Thus key tasks in developing the required computational DsFLX 

means are LCC phenomena and knowledge modelling. 
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Based on the foregoing discussions, the research aim therefore is to: 

Develop and evaluate a computational approach to DsFLX as a means 

to pro-actively guide designers in generating 'life-oriented' solutions, by 

supporting them during synthesis, in foreseeing and exploring, 

unintended life-cycle consequences co-evolving with their solution 

description and propagating across multiple life-phases. 

Based on the overall research methodology and the computational means 

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

(a) to characterize the research problem, by: 

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

propagation effects associated with a mechanical artefact's life; 

• identifying the requirements for a 'life-oriented design' approach that can 

handle the phenomena of propagation effects; 

• identifying strengths and weaknesses of existing means supporting 'Iife­

oriented' design from the perspective of providence; 

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

• establishing a phenomena model that provides a formal explanation of 

how life-cycle consequences are generated; 

• exploiting the LCC phenomena model explanations to establish an 

approach framework describing how LCC knowledge can be modelled and 

explicitly utilized during synthesis to pro-actively support DsFLX; 

• establishing a formal LCC knowledge model for realizing the framework; 

• identifying CAD system requirements and architecture for realizing the 

framework in a computational form; 

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

• implementing the framework as a prototype CAD tool; 

• applying the CAD prototype to a design scenario; 

• analysing the CAD prototype evaluation results to establish the strengths 

and lim itations of the novel approach to DsFLX, this leading to the 

identification of future research avenues. 
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Founding chapter This chapter laid the foundations for th is thesis by introducing the basic 

problems facing designers as a motivation to the research aim and objectives 

presented. Building on this chapter, the rest of th is thesis is spli t up into three 

parts 'A', 'B' and 'C', as illustrated in Figure 1.4. 

Characterizing The Research Problem 
Chapter 2 - Mechanical Artefact Life Phenomena Characteri zation 
Chapter 3 - Characterizing 'Design Synthesis For Mu lti-X' 
Chapter 4 - A Review of Means Supporting 'Providence' 
Chapter 5 - Established Research Problem 

Development of a 'KC' Approach to DsFXX 
Chapter 6 - Life-Cycle Consequences Phenomena Model 
Chapter 7 - A 'Knowledge of LCCs' Approach Framework to DlLX 
Chapter 8 - Formalism of A LCC Knowledge Model 
Chapter 9 - FORESEE - A KICAD Prototype Implementation 

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

Figure 1.4 - Thesis structure 

As a foundation to what the design problem is, Chapter 2 discloses the phenomena of 
. 

propagation effects associated with a mechanical artefact's life and its implications on 

design. Chapter 3 focuses on the transformation taking place during the design phase so as 

to identifying characteristics required in a 'life-oriented design' approach, for handling the 

phenomena of propagation effects. Chapter 4 presents a critical review of different means 

by which 'life-oriented design' is supported from the perspective of providence. Chapter 5 

closes Part 'A' by presenting the established research problem and the Ph.D.' s research 

boundary. Part '8' presents the development of the 'KC' approach to DsFLX. Chapter 6 

presents a LCC phenomena model that formally describes how LCCs are generated. 

Exploiting this understanding, the concept of a 'Knowledge of life-cycle Consequences' (KG) 

approach framework to DsFLX is presented in Chapter 7. Chapter 8 presents a formalization 

of a LCC knowledge model for supporting DsFLX at the component level. It establishes 

what artefact life elements need to be modeled and how they should be related to be 

transformed into meaningful and computationally feasible knowledge. Chapter 9 identifies 

the system requirements and architecture of a Knowledge Intensive GAO (KIGAD) tool 

realizing the 'KC' approach framework. It presents implementation issues for a prototype, 

'FORESEE', realized for evaluation purposes. Part 'C' commences with Chapter 10 that 

presents an evaluation of FORESEE to supporting thermoplastic component DsFLX. 

Chapter 11 discloses the original contributions made, discusses the ir impl ications and 

validity, and proposes avenues for future research to develop the results further. Finally, 

Chapter 12 closes this thesis with conclusions resulting from the work presented. 
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12.0 Mechanical Artefact Life Phenomena Characterization 
Chapter Scope 

System view 

Multiple 
structural 
viewpoints 

The aim of this chapter is to disclose the phenomena of propagation effects 

associated with a mechanical artefact's life, this providing the foundation to 

what the design problem is that this research work has been embarked upon. 

For this purpose, section 2.1 provides a theoretical background to what 

comprises a mechanical artefact. Section 2.2 then presents a 

decomposable total artefact life model to characterize what is involved in a 

mechanical artefact life. A number of observations based on the established 

artefact life model and examples are then presented in section 2.3 in order to 

reveal the propagation effect phenomena that occurs during an artefact's life 

due to design phase decisions. Chapter conclusions highlighting design phase 

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

2.1 Mechanical Artefacts 

There are many artefact domains [Mills 1993] such as mechanical , electrical 

and electronic. This research focuses on industrially manufactured, 

mechanical artefacts in which, unlike with craft-based artefacts, the activity of 

designing is separate from the activity of making [Cross 1994]. Using the 

'Theory of Technical Systems' [Hubka et al. 1988], this research considers a 

mechanical artefact as a system that can be decomposed into systems of a 

finer resolution [van den Kroonenberg 1987; Roozenburg et al. 1995]. As 

Hubka & Eder [Hubka et al. 1988J explain, a system is a finite set of elements 

collected to form a whole under certain well-defined rules, whereby certain 

definite relationships exist between the elements and its environment. 

Treating a mechanical artefact as a decomposable system allows it to be 

studied at different levels of complexity [Hubka et al. 1988]. Many structural 

solutions are superimposed in an artefact [Andreasen et al. 1996]. Thus, an 

artefact structure can be viewed from different perspectives: synthesis 

oriented view, functional view, product life view and product assortment view 

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

Observing an artefact system from a constructional (parts) synthesis viewpoint 

gives rise to a product breakdown structure (PBS), typically termed a 

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

Product design elements 

Product 

Sub-Assembly 

snap-fit rib boss wall I ---. part_of 

Figure 2.2 - Product design elements present in an artefact structure 

In this structural view, an artefact system consists of a number of elements, 

termed in this research product design elements (POE), related to each other 

with 'part of' [Winston et al. 1987] relationships. In correlation with Blessing 

[Blessing 1994], a POE can be : 

• a sub-assembly i.e. an element composed of a set of other POEs. An 

example is a telephone's electronic circuitry enclosure, consisting of POEs 

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

assembly operations; e.g. telephone's bottom plast ic enclosure; 

component elements: these are elements that constitute a component e.g . 

for the bottom plastic enclosure, component elements include form 

features, material , snap-f its and rib features. 

Of relevance to this research is that from a synthesis oriented viewpoint, only the 

constructional artefact description will be complete [Andreasen 1991 a] at the end 

of the design phase and hence communicated to the other life-phases. During the 

design phase, the designer is thus gradually making definitions to the PBS with 

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

2.2 A Mechanical Artefact Life Model 

It is difficult to characterize the life of different mechanical artefacts in terms of 

a single model. For this reason , this section presents a number of models as a 

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

There are many terms related to 'artefact life' such as 'useful life ', 'Iaunch-to­

finish ' time [Prasad 1996] and commercial life cycle [Willemse 1997]. For this 

research , the artefact life is the total elapsed time it takes from when the need 

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

Phases An artefact life is composed of a number of phases during which there is a 

transformation of an operand (information, material or energy) [Hubka et al. 

1988] from an initial state, to another state. A phase is a time segment in the 

artefact's life. For instance, Hubka & Eder [Hubka et al. 1988] state that for 

technical systems the life-span can be divided into four phases: origination, 

distribution, operation and liquidation. Similarly, Ishii [Ishii 1995] distinguishes 

between a number of life-phases, product manufacture, assembly, consumer 

service and reuse/recycle/disposal. 

Tjalve 's Model As Tjalve [Tjalve 1979] explains, all artefacts are created, used and eventually 

discarded. By expanding and arranging these events in a sequence, Tjalve 

provided one of the first artefact life models, shown Figure 2.3. The first phase 

in this model is 'design ', during which Tjalve states that possible methods of 

satisfying the user needs are examined and the finally chosen product is 

completely specified. As acknowledged by Tjalve, the model is not intended 
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to detail every step in the life of the product - for example it omits the stage 

during which the production method is designed and chosen. The next phase 

is 'manufacturing' during wh ich the design solution is realized as a physical 

artefact. Following this, the product is sold in the 'Sale' phase, first to the 

dealer and then to the end customer. During the 'Using process' phase, the 

artefact functions according to its intended purpose. The artefact 's life ends 

with 'Destruction'. 

F~e.J-back lr,formotiol1 
~---- ' - -- --- ' - l - - -- ---- ------' 

I"formAt,on ______ --"-----, I I I I 
,.- I I 

o~ xud DESIGN I 
I 
I 

Sp~cLflc(Atiot1 I 
of {nt product I 

ObJ~d i H 
first st&lte 

DES TKUC TION 

Objl'ci in 

ucofld statl' -
Figure 2.3 - Tjalve's artefact life model - [Tjalve 1979] 

Tichem's model A more recent model by Tichem [Tichem 1997] characterizes the artefact life 

in terms of design, parts manufacture, assembly, distribution, use/service and 

retirement phases (Figure 2.4). Tichem explicitly includes 'parts manufacture' 

and assembly, which are activities that are significantly influenced by design 

phase decisions. 

, 
parts 

, \ \ use/ \ 
design J manufact' l 

assembly distribution} service retirement 
} J 

Figure 2.4 - Tichem's artefact life model - [Tic hem 1997] 

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

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

Roozenburg & 
Eekels ' model 

A model partially covering the artefact life is that found in [Roozenburg et al. 

1995], consisting of the product planning, strict development and realization 
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phases (Figure 2.6) . In these phases, a number of activities are executed e.g. 

an activity during strict development is production development. Th is model 

highlights that product development handles information, the outcome being a 

product design solution, marketing plan and production plan. 

Formulating 
goals & 

strategies 

Generating 
and 

selecting 
ideas 

Distribution 
and 
sale 

Use 

, , , , 
I 
I 
I 
I 

:< , 
:< 

Product planning 
I 
I 
I 

)!( ), 

I 
Realization 

Figure 2.6 . Partial artefact life model adopted from [Roozenburg et al. 1995) 
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Hales provides a model (Figure 2.7) characterizing the artefact life in terms of 

the artefact's state and corresponding life activities [Hales 1993]. For 

example, the initial state is information (idea/need/proposal/brief) , which is 

input into the market and problem analysis activities in the 'task clarification 

phase'. Later on this evolves into a 'working product' that is input to the use 

phase. This model also represents information feedback loops between 

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

The sample models presented reflect that an artefact life is composed of a 

number of phases during wh ich there is a transformation of an operand f rom 

an initial state, to another state. Of relevance is that Roozenbu rg & Eekels 
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[Roozenburg et al. 1995] state that the world around us is being cont inuously 

transformed from a state 8 1 through a natura l, autonomous course of events 

(Figure 2.8a) to a state 82. They explain that this autonomous course of 

events can be intervened by purposeful action to change the autonomous 

transformation to a new direction 8 '2 (Figure 2.8b). 
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(b) - Purposeful transformation 

Figure 2.8 - Autonomous & Purposeful Transformat ions - adopted from [Roozenburg et a!. 1995J 

The purposeful transformation from state 8 1 to 8 '2 does not always lead to just 

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

8 1 + purposeful action => 8 '2 = (desired effect + side-effects) . 

This reflects that resulting effects (consequences) of purposeful actions are not only those 

that are desired and hence intended but include unintended side-effects. For instance, the 

transformation of a blank piece of mild steel into a component of a specific form and 

dimension (desired effect) with a milling process (purposeful action) is accompanied by side­

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

Operand states 

Intra-phase 
states 

Inter-phase 
states 

2.2.2 Evolving Operand States 

80me models (e.g. Tjalve's) reflect that during the artefact's life, there is a 

flow of information, energy and material, this in accordance with the theory of 

teohnical systems [Hubka et al. 1988]. 

An artefact exists in different intra-phase states. For instance, during its 

realization phase, an artefact, (e .g. a fluid valve) , may be in the form of raw 

material , then cast to the required form , result ing in a rough surface and later, 

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

An artefact also exists in states during the interface between one phase and 

another, this termed an inter-phase state e.g. at the start of the use phase , the 

artefact is in a new condition , whilst at the end of the use phase , it is usually in 

a state in which its funct ional performance is lower. 
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The concept of a phase involving an autonomous or purposeful transformation 

process of some operand, enables a phase to be viewed as consisting of a set 

of transformation systems [Hubka et al. 1988] that deliver the transformation 

effects (Figure 2.9a). For instance, Figure 2.9b illustrates an example from 

[Olesen 1992] of a production phase, consisting of a fabrication and assembly 

system. The fabrication system is in turn composed of a milling machine. 
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Figure 2.9 - Life-phase composition 

2.2.4 A Decomposable Artefact Life Model 

Phase As with any system concept, a life-phase can therefore be decomposed into 
nomenclature 

different levels of resolution. As evident from the models presented, this 

results in a lack of correlation between the nomenclature and number of 

phases employed to describe the life of a mechanical artefact. To avoid 

confusion, this research considers a mechanical artefact life to consist of the 

design, realization, use and disposal phases, composed of systems (Figure 

2.10) that cause the relevant transformations. Figure 2.10 also shows the 

inter- and intra-phase states in which a mechanical artefact (as an operand) 

exists during its life. An outline of the transformations performed and typical 

systems involved in these different life-phases follows next. 
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Figure 2.10 - A decomposable artefact life model 
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The role of the design phase is that of transforming a design problem into a 

design solution description that satisfies the required needs. The solution, an 

'inter-phase' description, is used to initialize the transformation in the 

realization phase (Figure 2.10) . The form in which artefact solution 

descriptions (information) are mostly communicated with are drawings 

[Ullman et al. 1990], either paper based or, with CAD/CAM systems, in the 

form of computer based models [McMahon et al. 1993]. 

The human being, is a natural system [Hubka 1985] in the design phase that 

causes the transformation of a design problem (information) into a solution, 

through a number of purposeful activities such as decision making, sketching 

and synthesizing [Mills 1993; Thomson 1995]. Other systems may also be 

employed, such as a finite element analysis system [Cook 1995], purposely 

transforming a geometrical model into analysis results. 

Realization Phase 

This phase transforms a design solution into a physical artefact. It basically 

consists of fabrication and assembly systems for processing and assembly 

operations [Groover 1996] involved with realizing mechanical artefacts. 

Through a fabrication system, a technical process such as sand casting, 

transforms the input (raw material) into a different material state. The 

fabrication system itself may consist of sUb-systems such as a mould system, 

basically consisting a cavity, core, runners and gates. The realization phase 

can also consist of assembly systems to effect the transformation of a number 

of separate POEs into an assembly. This phase's composition is influenced 

by the quantity and variety of artefacts being realized as these influence the 

type of automation (rigid or flexible) that can be employed. Another influence 

is a shift from mass realization of artefacts to mass customization [Eastwood 

1995]. 

Use Phase 

This phase is concerned with the functioning of the artefact (normally) for the 

purpose it was intentionally designed. This research therefore views two 

transformations taking place during the use phase: 
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the artefact as an 'operator' transform ing an input operand into a new 

state; this purposeful transformation is that for which the artefact was 

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

phase; 

• the artefact as an 'operand' - a brand new artefact transformed into an 

artefact with a deteriorated functional performance - this ageing 

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

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

Operand Input state Artefact Operand output state 

A whole sheet of paper 

Plastic granules 

Scissors 

Extruder 

Sheet of paper cut into pieces 

Continuous length of plastic profile 

with the required cross-section. 

Person needing entertainment/ Television A person entertained and informed. 

information 

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

to cause the purposeful transformation for which it was designed and 

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

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

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

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

[Tichem 1997] thus delaying the ageing transformation. 

2.2.4.4 Disposal Phase 

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

Disposal 
systems 

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

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

• material disposal: eliminating the artefact without any material recovery; 

• material recovery - material is reused by either: recycling, re-manufacture 

or re-use of the artefact's PDEs; 

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

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

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

Based on the decomposable artefact life model and a number of examples, 

this section presents a number of observations leading to the disclosure of the 

artefact life phenomena causing the need for a OFIX approach. 

2.3.1 poe Life Sequence 

The artefact life model discloses an overall chronological sequence of 

phases through which an artefact passes during its life. This sequence 

applies to different POEs as reflected in the following examples: 

Product An aircraft cannot be realized and then used before all its elements are 

designed. Similarly, an aircraft does not meet a servicing system before the 

aircraft is used; 

Sub-assembly 

Component 

Component 
element 

Separate POE 
lives 

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

realized; 

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

A hole cannot by realized before its parameters (e.g. diameter) are specified 

in the design phase. Similarly the surface finish of a hole need not be 

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

2.3.2 Interleaved poe Lives 

As argued in section 2.1 , mechanical artefacts are composed of a number of 

different POEs. The existence of a POE in an artefact depends on the 

existence of the artefact itself. However, when for some reason or other, a 

POE reaches its disposal phase (e.g. a bearing) , it does not necessarily mean 

that the artefact (e.g. a car) it belongs to , also reached its disposal phase 

(Figure 2.11). Rather, the car in this case, still in its use phase, needs to 

interact with a service system to replace the bearing. 

Organization 'A Organization '8 r------------------------------

co 
- '- I o co I 
Q) <.> :s I 

I 

1 _____ -------------------------
Organization ' Organization ' 

= Relationship between POE lives 

I I • 
Time 

Figure 2.11 - Interleaved re lationship between diHerent POE lives 
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This thesis therefore argues that a POE can have a separate but related life to the artefact 

to which it contributes. Chal & Linde [Chal et al. 1997] prov ide similar arguments that by 

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

product lives'. This means that different POEs forming part of an artefact , can encounter 

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

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

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

Natural and 
artificial systems 

Interaction 
resolution 

2.3.3 Artefact and Life-phase System Interactions 

During the course of its life, an artefact meets [Mortensen et al . 1996] a 

number of life-phase systems [Andreasen 1992] such as a service system , 

transport system and disposal system. Based on observations made, this 

thesis extends this meeting concept , in that during the course of its life, an 

artefact interacts with natural and/or artificial systems [Hubka et al. 1988]. An 

electrochemical machining system (ECM) [Groover 1996] is an example of an 

artificial system which an artefact purposely interacts with in the realization 

phase to be transformed from the initial raw material form into a different, 

desired form . Sea water, is an example of a natural system which a 

mechanical artefact (e.g. ship propeller) can interact with during its use phase. 

An artefact can therefore be in different states, (Figure 2.12) when interacting 

with life-phase systems. 

r ---- - -- - ----~ ,-------------- -- ,--- ------ ------ --
: Artefact 1 : Artefact : : Artefact : 
1 in state 'i' : ! in state 'i+ l ' i ! in state 'i+j ' i '--rr --;;~l:J --:':": -/\ ,--;;---:, -J1--
~ ~ ... .. / ~ \ ,' ~/~ ~ 

Artificial system: ; ------- - .. -----~ - - Natural system: 
Time ~ e.g. ECM system .. e.g. ocean sea 

Figure 2.12 - Interactions between artefact and life-phase systems 

A POE meeting an assembly system is one level of resolution about the 

interaction with the realization life-phase. A more specific interaction level is 

that the assembly system being met by the POE consists of a robot assembly 

device with 3 degrees of freedom , rather than a manual assembly system. 

This interaction resolution reflects that it is not enough for designers to think of 

life-phases (e.g. realization) as simply a black box . Otherwise, how can 

designers consider, say, assembly issues if the composition of the specific 

assembly system eventually interacting with the artefact is not explicitly 

known? The decomposable artefact life model (Figure 2.10) allows artefact 

and life-phase system interactions to be v iewed at different resolut ions. 
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2.3.4 Interaction Consequences 

Derived from industrial visits carried out during this research and examples 

encountered in literature, this section will highlight typical consequences that 

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

• ,11~ 
.. : A / '# 
~/ (New) 

Figure 2.13 - Typical product level consequence - adopted from [Fabricius 1994J 

Product level 

Case 1 To improve the interaction between a clothes peg design solution and the 

realization phase systems, designers reduced the number of components in 

the artefact structure by eliminating the spring element (Figure 2.13) . 

However, this influenced the interaction of the peg and the use phase as the 

repetitive opening/closing of the new peg was less durable than the older one, 

this resulting in a shorter useful life [Fabricius 1994]. Hence, the peg 

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

Sub-assemblv level 

Case 2 A designer of a car dashboard switch sub-assembly, revealed that the 

specification of an ultrasonic bond as a means to join two thermoplastic 

components had a positive consequence on the assembly system used in the 

realization phase, Figure 2.14. Fasteners were eliminated and hence 

components kept to a minimum, this complying with a design for assembly 

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

reduced. 

fve Effec ... ,t •....... 
... -ve Effect 

r D;;ig~ --------Sin~ie -~e~-e~.-:: -~----- -- ---_--- ___ m _ _ """':- r."_1IIII.. _________ _______ _ 
, 

Assembly Dis-assembly 
for Maintenance -' ' ' . 
& Disposal ? ~ Less Parts 

~~ 

------------------------~ 
Figure 2.14 - Typical sub-assembly level consequences 

However, the resultant sub-assembly was difficult to separate without damage 

when it interacted with the inspection system in the realization phase or the 

maintenance system in the use phase. Thus, a fault to one of the 
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components requ ired the replacement of the whole switch sub-assembly. 

Also, separating the components made f rom different thermoplastic materials 

makes disposal phase recycli ng operations more time consuming and costly. 

In a design example concerning a printer sub-assembly, eliminating the steel 

insert (Figure 2.15) in the gear and the set screw, simplified the composition 

of the realization phase systems, as less parts had to be fab ricated and 

assembled [Bralla 1996]. However th is made the interaction with the service 

system more time consuming and costly. 

---

Shaft 

/ 

/ 

# ____ Set screw 

--~ 
I I 

Steel insert Nylon bevelled gear 
Figure 2.15 - Typical sub-assebly solu1ion influencing the artefact life - adopted from [Bralla 1996] 

Component level 

A component is composed of PDEs such as form features and assembly 

features. Typical influences on systems encountered during the component's 

life, due to these PDEs will be presented through the following cases. 

Case 4 Figure 2.16 illustrates alternative machine crank design solutions intended to 

serve the same function in the use phase. The material specified influences 

the type of fabrication process(es) that can be used. One alternative is to 

forge or cast a blank piece of material which then has holes generated by 

drilling, followed afterwards by reaming. The flats of the holes are milled to 

the required dimensions. The alternative design reduces the number of 

fabrication processes required in the realization phase as it is generated by 

powder metallurgy [Groover 1996]. Additionally, this process makes it 

possible to generate the component to tighter tolerances and with less 

material wastage. Further, the component 's use phase reliability is improved 

as powder metal parts have a porous structure that retains lubricants. Also 

different tooling costs associated with the real izat ion phase are inf luenced. 

Machi~ed forging @ @ 
or casting \8L~--~ 

~-O 
@-<---r_@ Powder metal 

DI'I!'. D~===~: 
Figure 2.16 - Typical component material consequences - adopted from [Bralla 1996] 

Case 5 Mould makers revealed examples of how thermoplastic component parameter 

values greatly influence interactions between the artefact and systems met 
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during the artefact life. For example , a sharp corner (i .e. radius = 0) gives rise 

to difficulties in the generation of the mould cavity as this has to be either 

generated through spark erosion (following the design and fabricat ion of an 

appropriately sized electrode) or through mould cavity construct ion (Figure 

2.17). The latter introduces flashing defects when interacting with the injection 

moulding system and requires longer assembly and mould part alignment 

when constructing the mould. An alternative, positive radius value, permits the 

use of a milling system for fabricating the mould cavity, giving large savings 

in time and costs. In addition , filleted corners are less easily chipped thus 

increasing the useful life of the component and implicitly conveying a superior 

quality image to the customer in the use phase. 

@ esign @ ealization 

_C~"_ ~,::~ru~~;~ 
Measures 

Sharp corner 

• Time ~:, ---~sP'" 
Wcast or Erosion 

Filleted 

-~"' 0 - Quality 

Figure 2.17 - Component parameter value consequences on arteact life 

Case 6 An example of the influence parameter values have on multiple life-phases is 

derived from a development scenario of a photographic camera's 

thermoplastic facia. 
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Figure 2.18· Component parameter value consequence propagation effect 

This facia had a circular hole (Figure 2.18) which the designer specified with a 

nominal diameter of 2.0mm. In practice, mould tool designers specify a 

diameter that takes into consideration the material 's shrinkage factor [Pye 

1989]. This required a non standard core-pin not available from mould tool 

part suppliers. Pinpointing this problem and re-specifying the hole diameter 

value to avoid this problem , resulted in time delays and extra development 

costs. Also such a mould system with core pins frequently generates weld line 

defects. These increase scrap during the realization phase and introduce 

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

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

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

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

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

ejection period thereby reducing the component's production rate during the 

realization phase. 

@ ealization 
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(b) Oblique Component Hole · Angle = 30 L--___ --l 

Figure 2.19 - Typical component parameter value influence on performance measures 

2.3.5 Design Phase Implications 

The design phase transformation involves decision-making. Correlating with 

arguments made in 2.2. 1, the case studies presented in 2.3.4 reflect that 

decisions purposely made during the design phase, also result in undesired 

consequences on the subsequent life-phases. Similar arguments are found 

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

The cases presented (e.g. case 7) reflect that design decisions influence a 

life-phase systems' composition and hence transformation performance in 

terms of measures like time, cost and quality, this illustrated for the realization 

phase in Figure 2.20. Thus, apart from the creation of the product, the design 

process has an influence on a number of life-phase performance measures 

termed universal virtues [Olesen 1992]. These are a number of measurable 

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

Transfonnation: 
Takes Time, Costs Money & Effects quality of result e ® .~ 
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iQ.. ._-----------------.-

Figure 2.20 . Life·phase transformation performance 
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For instance, using cost as a performance measure, it is known that decisions 

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

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

the production related costs [Andreasen et a!. 1987]. 

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

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

process. As argued in [Swift et a!. 1992; Morup 1993], both the qual ity (0) 

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

internal stakeholders is influenced by design. 

2.3.5.1 Life Cycle Consequences 

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

~lJTiriun 

Thermoplastic 
=> 
{Drilling? 

~~ing? 

Milling? 
... ? } 

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

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

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

behaviour e.g. defining the material of a component to be a kind of 

thermoplastic, results in the component not conducting electricity during 

the 'use' phase, unlike with say a copper component ; 

ii. life-phase system behaviour: design decisions influence performance 

measures such as cost , time and quality. For instance, case 5 shows that 

changing a component's radius parameter value influences the 

performance measures of the realization phase. Similarly specifying a 

diesel rather than a petrol engine to a car design, influences the service 

system employed, thereby influencing maintenance costs and time; 

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

instance the decision to specify aluminum as a material gives rise to a 

space of decisions that need to be made. For instance, 'who will supply 

aluminum? ' and 'what fabrication process to employ with aluminum?' 

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

definition of a thermoplastic material to a component design, restricts the 

set of assembly means and the fabrication processes that can be 

employed - the component cannot be fabricated with a spark erosion 

machine (EDM). Similarly, the dimensional tolerance that can be 

attained is restricted. 
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2.3.5.2 Propagation Effect Phenomena 

The examples presented show that a decision made during the design phase 

can be good (v-') for one life-phase, but problematic (X ) to other phases in 

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

Propagation effect 
- --- - ----- ~ ---- ----

.",. - -. - .... 
'" ... , , 

Assembly with Dis-assembly 
ultrasonic process for maintenance ? 

Figure 2.21 - Phenomena of propagation eHects 

... , 

Dis-assembly 
for recycling? 

Thus, a decision made during the design phase can propagate a number of 

consequences across multiple artefact life-phases, collectively giving rise to 

what is termed in this research as a propagation effect [Borg et al. 1996]: 

"A design decision made to achieve an intended effect gives rise to other 
decisions and influences on performance measures in other life-cycle 
phases. The cumulative consequence resulting from this design decision 
is termed the decision's propagation effect. " 

Influence on total Due to this propagation effect phenomena, design decisions influence multiple 
life behaviour 

Difficulty in 
acquiring 
consequence 
knowledge 
generated 

life-phases in terms of different measures. This correlates with Andreasen 

[Andreasen 1992] who states that to a high degree, the design solution 

determines its life-phases behaviour. This behaviour can therefore be 

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

Measures 

~ ~~==~---+~~+-~ 

~ ~~=====--+~~~~ 
..c: 
~ ~~~~---+~~~~ 

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

2.3.5.3 Designer Implications 

During an artefact's life, due to the interaction between the artefact and 

different life-phases, important LCC knowledge is therefore being generated. 

However, due to an artefact's life chronological order, this knowledge 

generation takes place after the design phase. Thus, designers do not 

generally acquire knowledge concerning LGGs resulting from artefacts 

interacting with life-phase systems, unless expl icitly provided with feedback. 
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By adopting a Design For X (DFX) approach [Bralla 1996], a solution with X-

ability can be generated. After al l, DFX is concerned with 'consequence 

fitting' [Andreasen 1992]. However, the examples presented in this Chapter 

show that due to the phenomena of propagation effects, a 'single-X'-ability 

approach can simultaneously result in a number of unintended LCCs. Thus, 

this research argues that the designer's responsibili ty covers all artefact life­

phases. Rather than a narrow DFX approach, designers therefore need to 

adopt a 'Design for Multi-X (DFLX)' approach if they are to generate a solution 

fitting a host of artefact life requirements. 

2.4 Chapter Conclusions 

A decomposable This chapter characterized a mechanical artefact's life through a 
artefact life 
model decomposable artefact life model composed of the design, realization, use 

Propagation 
effect 
phenomena 

and disposal phases. Different phases are concerned with the transformation 

of an operand from one state into another through a set of activities carried 

out by a number of systems. 

A significant characteristic occurring during the life of mechanical artefacts is 

the interaction taking place between the artefact and the various life-phase 

systems encountered. Examples presented reveal that such interactions are 

influenced by decisions made during the design phase. This reflects that, 

design phase decisions result in both desired and undesired consequences on 

the artefact's life. Moreover, as disclosed, such LCCs propagate across 

multiple life-phases. Therefore, due to an artefact's life chronological order, 

designers do not generally acquire experiential knowledge of such LCCs. 

A design problem As an implication of this propagation effect phenomena, the designer's 
- need to DFJ;X 

responsibility therefore covers all artefact life-phases. Design must therefore 

handle this phenomena during the design phase if they are generate life­

oriented design solutions. Designers therefore need to adopt a 'Design for 

Multi-X (DFLX)' approach in order to generate a solution fi tti ng a host of 

artefact life requirements. In order to identify what characteristics are required 

in a DFLX approach for handling th is propagation effects phenomena, the 

next chapter will therefore focus in more detail on the transformations taking 

place during the design phase. 
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chapter 

\3.0 Characterizing 'Design Synthesis for Multi-X' 
Scope The aim of this chapter is to disclose what characterizes a 'Design Synthesis 

for Multi-X' approach, which as argued in Chapter 2, is required to allow 

Design process 
models as a 
basis to 
understanding 
design 

designers to handle the phenomena of propagation effects. To provide a 

basis for characterizing DsFLX, section 3.1 presents design process 

characteristics. Section 3.2 then focuses on the significant role exploration 

plays in design, this leading to the disclosure of DsFLX characteristics in 

section 3.3. Chapter conclusions are made in section 3.4 

3.1 Design Process Characterization 

Understanding design requires the combined efforts of many different 

approaches [Smithers et al. 1990]. Design process models provide a means 

by which one can explain and perhaps even replicate certain aspects of design 

behaviour [Coyne et al. 1989]. Several researchers [Finger et al. 1989; 

Blessing 1994; Cross 1994] classify such models as essentially being either 

descriptive or prescriptive. Descriptive models reflect the way in which a 

design process actually occurs. They are therefore divided into protocol 

studies that describe observations of how designers work and cognitive models 

that attempt to describe the mental processes employed by a designer when 

designing. An example is [Smithers et al. 1990]. Prescriptive models 

provide a systematic or methodical sequence of stages or activities [Blessing 

1994], in an attempt to pursuade designers to adopt improved ways of working 

[Cross 1994]. An example is provided by Pahl & Beitz [Pahl et al. 1996]. An 

extensive review of diverse design process models can be found in [Finger et 

al. 1989; Blessing 1994]. Of relevance to this Ph.D. research is that 

collectively, both types of models reflect that the transformation taking place 

during the design phase, can be discussed from different perspectives. 

Design may be considered as a problem solving process, a stage based 

evolutionary process, a domain based process and a knowledge based 

process. 
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13.0 Characterizing 'Design Synthesis for Multi-X' 
Scope The aim of this chapter is to disclose what characterizes a 'Design Synthesis 

for Multi-X' approach, which as argued in Chapter 2, is requ ired to allow 

Design process 
models as a 
basis to 
understanding 
design 

designers to handle the phenomena of propagation effects. To prov ide a 

basis for characterizing DsFI.X, section 3.1 presents design process 

characteristics. Section 3.2 then focuses on the significant role exploration 

plays in design, this leading to the disclosure of DsFI.X characterist ics in 

section 3.3. Chapter conclusions are made in section 3.4 

3.1 Design Process Characterization 

Understanding design requires the combined efforts of many different 

approaches [Smithers et al. 1990]. Design process models provide a means 

by which one can explain and perhaps even replicate certain aspects of design 

behaviour [Coyne et al. 1989]. Several researchers [Finger et al. 1989; 

Blessing 1994; Cross 1994] classify such models as essentially being either 

descriptive or prescriptive. Descriptive models reflect the way in which a 

design process actually occurs. They are therefore divided into protocol 

studies that describe observations of how designers work and cognitive models 

that attempt to describe the mental processes employed by a designer when 

designing. An example is [Smithers et al. 1990]. Prescriptive models 

provide a systematic or methodical sequence of stages or activ ities [Blessing 

1994], in an attempt to pursuade designers to adopt improved ways of working 

[Cross 1994]. An example is provided by Pahl & Beitz [Pahl et al. 1996]. An 

extensive review of diverse design process models can be found in [Finger et 

al. 1989; Blessing 1994]. Of relevance to this Ph.D. research is that 

collectively, both types of models reflect that the transformation taking place 

during the design phase, can be discussed from diffe rent perspect ives. 

Design may be considered as a problem solving process, a stage based 

evolutionary process, a domain based process and a knowledge based 

process. 
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The word design, when treated as a verb in literature, means the 'process' 

[van den Kroonenberg 1987; Hales 1993; Blessing 1994; Roozenburg et al. 

1995] through which a problem is purposely transformed into an artefact 

solution. When, the term is used as a noun, design refers to 'the artefact' 

designed. This dissertation explicitly employs the term 'design' to refer to the 

process. Designing can be considered as a type of problem solving process 

[Andreasen 1991 ; Bahrami et al. 1993; Cross 1994; Roozenburg et al. 1995], 

where by a problem is understood [Roozenburg et al. 1995]: 

"We speak of 'a problem ' when someone wants to reach a goal and the 
means to do so are not immediately obvious." 

A well-defined problem, such as determining the volume of a cube, has clear 

goals, often one correct answer and associated procedures that generate an 

answer. On the other hand, a design problem is normally ill-defined [Dym 

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

The process of 'designing artefacts' can range from designing totally new 

concepts to re-designing [Bahrami et al. 1993] existing mechanical artefacts. 

Pahl & Beitz [Pahl et al. 1996] for instance distinguish between original , 

adaptive and variant design types. Original design involves the development 

of an idea that results in a totally new artefact solution. Adaptive design 

involves the adaptation of previous solutions to satisfy new design 

requirements. Adaptation requires some modifications to the previous design 

solution and thus the output is a combination of 'previous solution ideas' and 

'new solution ideas'. On the other hand, variant design involves varying the 

size and/or arrangement of certain aspects of the chosen system with the 

function and the solution principle remaining unchanged. The difference in 

design types is essentially related to (i) the initial problem state or the goal 

state of the product and (ii) the knowledge available and necessary to solve 

the problem [Blessing 1993; Dym 1994]. 

Hubka & Eder's Similar to many other researchers [French 1985; Pugh 1991; Blessing 1994; 
definition 

Pahl et al. 1996], Hubka & Eder [Hubka et al. 1988] consider design as 

essentially being: 

"A process performed by humans aided by technical means through which 
information in the form of requirements is converted into information in the 
form of descriptions of a technical system, such that th is technical system 
meets the requirements of mankind." 

33 



Basic design 
cycle 

Chapter 3 

Characterizing 'Design Synthesis For Multi-X' 

This definition outlines key features of the design process. As a problem 

solving process, design is concerned with the transformation (conversion) of 

an operand (requirements) into a description of an artefact system. This 

transformation terminates when the solution satisfies the identified artefact 

requirements. Such a solution description should ideally contain all 

information necessary for the subsequent life-cycle phases of the artefact 

[Blessing 1994]. Further, it is human designers who effect and control the 

conversion process. It is humans who are therefore responsible in generating 

a solution catering for a host of artefact life requirements. Also, it 

acknowledges that technical means such as a calculator, play an important 

role in this process as they aid humans. The definition outlines the input and 

output associated with a traditional design process, however, providing little 

insight as to what design problem solving activities are involved in this 

transformation. 

Problem Solving Activities 

The transformation of a problem into a design solution is achieved through a 

number of design activities [French 1985; Andreasen 1991; Pugh 1991; Pahl et 

al. 1996]. A design activity as defined in [Thomson 1995] is: 

"A physical action or cognitive process to achieve a state change in the 
design and/or its associated elements (e.g. product design specification, 
domain knowledge, past cases) ." 

Roozenburg & Eekels [Roozenburg et al. 1995] describe these activities 

through the basic design cycle model (Figure 3.1), consisting of the activities 

problem analysis, solution synthesis, simulation, evaluation and decision. 

~~~~!~~ I..----------t 
:,~pro"0s7;naJDesrgnl 
---------------------, 

Simulation (Solution analysis) 

!Expected propertie-sl ________ , 
'---------1 ------------,' , 

: Value of: I Evaluation H the ; 
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: design: , I 

,--------'" 

-----------, , 

i Approved l 
i design i 
,-----------, 

Figure 3.1 - Basic design cycle model - adopted from [Roozenburg et al. 1995] 
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Problem analysis Problem analysis refers to the analysis of information on a problem. This 

activity results in a list of design requirements. Broad statements on the goal 

must be made, otherwise the designer will not know what has to be designed. 

To be able to determine later whether a proposed solution is indeed a solution 

to the problem, the goal is formulated as concretely as possible in the form of 

a list of requirements, termed the design specif ication. 

Solution 
synthesis 

Synthesis is concerned with the generation of a provisional design proposal. 

This activity is often regarded as the mysterious, 'human' creative part of 

designing [Cross 1994; Roozenburg et a!. 1995], perhaps indicating why it is 

difficult to understand and model how it is carried out [Andreasen et a!. 1996; 

Tomiyama 1998]. Basically, the word 'synthesis' means combining separate 

things, ideas and elements, into a complete whole [Roozenburg et a!. 1995; 

Pahl et a!. 1996]. This Ph.D. research argues that this assumes that sub­

solutions have been found, before they can be combined into a whole. Thus, 

synthesis itself involves sub-activities [Olesen 1992] such as search and 

discovery together with the composition and combination of elements [Pahl et 

a!. 1996]. Similarly, Blessing [Blessing 1994] states that 'generate ' concerns 

creating or finding elements of the solution whilst 'synthesizing' concerns 

combining the elements into possible solutions by structuring, varying and 

arranging. Figure 3.2 provides a simple model, explaining the difference 

between some of these sub-activities, as seen in this project. 
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I D -----: E I .. 
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i ~ i----.~enera~ 0 de~gnpropos~ 
:';l-: D 
: .0 : 
I :::l I 
I (J) I 
1- __ _ I 

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

Synthesis is a knowledge intensive activity. Domain knowledge, as well as 

knowledge about the interactions between sub-problems, knowledge of how to 

map from a requirement to some sub-solution and knowledge of how 

combinations of partial solutions can be constructed is employed [Smithers et 

a!. 1990; Duffy et a!. 1996]. The result of the synthesis activity is a 

provisional design solution - it is not yet more than a possibility. SyntheSiS 

therefore expands the solution knowledge to a more concrete state [Smithers 

et a!. 1990]. 
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Solution analysis Simulation, termed by engineering designers as 'analysis'[Roozenburg et al. 

1995], is concerned with forming an image (artefact may not exist in reality) of 

the expected properties of the solution by deductive reasoning [Roozenburg et 

al. 1995] and/or testing models. Roozenburg & Eekels state a term used by 

engineering designers for this simulation activity is 'solution analysis. ' For 

simulation, a whole array of technological and behav ioral scientific theories, 

formulae, tables and experimental research methods is available to the 

designer. However, in practice, many simulations are based merely on 

generalizations from past experience [Roozenburg et al. 1995]. To avoid 

confusion with the terminology used to describe the activity by which the 

expected properties are estimated [Blessing 1994], this dissertation will use 

the term 'solution analysis'. 

Evaluation 

Decision 

Evolutionary 
cycle 

Four main design 
process stages 

Every solution, independent of the artefact state, has to be examined to 

determine whether it is worth pursuing [Blessing 1994]. This requires the 

comparison of the solution with the problem statement and requirements, and 

with alternative solutions. To do so, the expected properties derived with 

solution analysis, are compared with the design specification criteria (desired 

properties). As the two types of properties are likely to differ, a judgment as to 

whether those differences are acceptable or not is required. 

Evaluation provides knowledge to enable a decision about the design cycle to 

be made, on whether to approve the design solution, or whether to try again 

and generate a better design proposal. Usually, the first proposal is not 

considered acceptable, thus requiring the designer to return to the synthesis 

step, (now with knowledge of the current solution evaluation results) to 

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

The basic design cycle is thus iterative in nature [Roozenburg et al. 1995]. 

Each iteration incrementally refining the knowledge of both the design problem 

and the solution. However, it does not provide structure to the design process 

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

3.1.2 A Stage-based Evolutionary Process 

Due to the iterative nature of the basic design cycle, the design process 

consists of a number of stages, sometimes termed phases [Pahl et al. 1996]. 

Therefore, the principle mode of transformation taking place during each 

stage is still the same. A stage is a segment of the design process that 
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results in a more concrete artefact solution state, a function structure, a 

solution principle, an embodied design and eventually as a detailed design. 

In reality, each of these stages may cover a considerable period of time. A 

number of researchers segment design into such stages [French 1985; van 

den Kroonenberg 1987; Pugh 1991 ; Blessing 1994; Cross 1994; Pahl et al. 

1996]. Typical models by French, Pahl & Beitz and Pugh are partially 

illustrated in Figure 3.3a, 3.3b and 3.3c respectively. Although the terminology 

used differs slightly, the models collectively reflect that design consists of four 

main stages [Roozenburg et al. 1995]: task clarification, conceptual design, 

embodiment design and detail design. 

French's Model Pahl & Beitz's Model 

Pugh's Model 

Task Clarification 

Analysis of problem 
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Figure 3.3 - Stage-based design process models 

Task Clarification Stage 

(c) 

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

need [French 1985]. The purpose of the task clarification stage is that of 

transforming this need into a Product Design Specification (POS) [Pugh 1991]. 

A PDS has sufficient detail so as to define specific targets towards which one 
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can aim the design effort and against which one can , eventually, measure the 

success of a solution. This transformation is achieved through various 

activities such as questioning the client [French 1985], market sUNeys [Pugh 

1991] and the gathering of problem information [Pahl et al. 1996]. The output 

of the task clarification stage is a PDS that includes technical , social , 

economic and cultural requirements that the artefact should fulfil and 

constraints known at that time [Roozenburg et al. 1995]. The task 

clarification stage is important as the PDS generated directs the work carried 

out in the other stages. Work executed in the later stages may provide a new 

insight into the problem at hand, requiring a modification and refinement of 

the initial PDS as reflected by feedback loops in Figure 3.3. 

Conceptual Design Stage 

The PDS is the input to the stage known as conceptual design, during wh ich 

there is a search for a number of different solution concepts [Pahl et al. 1996] 

also termed schemes [French 1985], that can be used to solve the stated 

design problem. The transformation during the conceptual design stage is 

achieved by a number of activities [Pugh 1991; Pahl et al. 1996] identifying 

the most crucial or essential problems, establishing a function structure, 

formulating a solution procedure that can be applied to the design problem; 

preparing concepts and evaluating candidate conceptual solutions against the 

relevant criteria. The scheme generated, should represent the artefact in 

sufficient detail to enable certain desired properties such as weight and costs 

to be estimated. The conceptual design stage is the most open-ended part 

of design [Dym 1994]. Traditionally, in this stage, the designer's focus is 

mostly on the function of the artefact rather than its form [Dym 1994]. Of 

relevance to this research is that as argued by French, the conceptual design 

stage is where the most important decisions are taken. Hence, the final 

solution generated will have a trait of the solutions generated in the 

conceptual design stage [Pugh 1991]. Thus, it is the stage where there is the 

most scope for striking improvements [French 1985] because a weak concept 

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

Embodiment Design Stage 

Transforms a During the embodiment design stage, the relatively abstract descriptions of 
concept into a 
definitive layout the artefact (concepts) are made more concrete with the selection and sizing 

of major artefact subsystems. Embodiment design is essentially a process of 

continuously refining a concept, jumping from one subproblem to another, 
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anticipating decisions still to be taken and correcting earlier decisions in the 

light of the current state of the design proposal [Roozenburg et al. 1995]. The 

output of the embodiment stage is one selected scheme termed a definitive 

layout. This usually evolves from an intermediate solution termed a 

preliminary layout [Pahl et al. 1996]. The preliminary layout is obtained by a 

number of activities: refining the conceptual designs, evaluating and ranking 

them against the design specifications and than choosing the best. The 

definitive layout is obtained by optimizing the preliminary design and by 

preparing preliminary parts lists and fabrication specifications. The definitive 

design defines the layout of sub-assemblies and components as well as their 

geometrical shape, dimensions and materials [Roozenburg et al. 1995]. Pugh 

argues that embodiment takes part during the conceptual design stage. 

Detail Design Stage 

The scheme selected in the embodiment stage is worked out in greater detail 

during the detailing stage, resulting in documentation of the designed artefact, 

traditionally in the form of assembly drawings, detail drawings and parts lists, 

which are communicated to the realization phase [Roozenburg et al. 1995]. 

The transformation in this detail design stage is achieved by refining and 

optimizing the definitive layout [French 1985; Pahl et al. 1996]. This involves 

fully specifying and documenting the structure of the solution and the shapes, 

dimensions, tolerances, surface properties and materials of all the individual 

components into final fabrication and assembly documents. 

Observations on Stage based Models 

Stage based models portray the impression that complex problems can be 

split into sub-problems, for which solutions can be found and then combined 

into an overall solution. In reality, due to the relationships between the 

various output (e.g. PDS and principal solution structure) , there is no clear 

division between the stages. Nevertheless, stage models make design more 

transparent, thus providing intermediate results that can be aimed for during 

design [Roozenburg et al. 1995]. 

3.1.3 A Domain Based Process 

The artefact solution evolving and being handled during design can be viewed 

from different viewpoints which Andreasen [Andreasen 1991 a] defines as 

process, functional, organ and constructional domains (Figure 3.4) . Each 

domain describes a particular degree of abstraction and detail in the creation 
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of an artefact. Through the process domain perspective, an artefact is v iewed 

as a system that transforms energy, materials and information. The functional 

domain views the artefact as a system of functions that are necessary for 

realizing the effects the artefact must produce. The organ domain views the 

artefact as a system of organs, each organ being a set of material elements 

(e.g. a journal bearing) that realizes a desired function (e.g. rotational 

freedom) by exploiting physical effects. The constructional domain views the 

organs realized as components or elements to make up an artefact. 
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Figure 3.4 - Domain based design navigation - [Andreasen 1991 a] 
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Designing as Due to the causality between the domains, when designers create an artefact , 
manoeuvring in 
the domains they actually create four definitions of the artefact's structural relations, related 

to the four domains. Andreasen argues that in practice only the constructional 

structure is fully defined to specify the artefact. When handling solution 

models in one of the domains, design process steps are carried out (Figure 

3.4) resulting in the determination of one or more characteristics [Andreasen 

1991 a; Mortensen 1997] directly definable by the designer. These steps 

cause a progression from abstract to concrete (i.e. determination of parameter 

values), from undetailed to detailed and complete (determination of more 

elements) , or as a movement from one domain to another. Choices made in 

each domain, all contribute to determining the properties of the artefact 

[Olesen 1992]. These movements reflect the designer's navigational 

manoeuvres, achieved through activities such as specification decomposition, 

synthesis, analysis, optimisation, documentation [Mortensen et al. 1994]. 

Andreasen argues that ideally, design should follow the causal relationships 

mentioned earlier, but in practice, many other sequences are followed, 

depending upon the individual designer, experience and type of design task 

[Mortensen et al. 1994]. Thus, the explanation provided by the domain model 

differs from a stage based design process, where each domain, is basically 

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

Many models of design fa il to characteri ze the true nature of design as it is 

carried out by humans [Smithers et al. 1990]. Smithers et al. argue that the 

ability to design is a kind of intell igent behav iour wh ich explici tly makes use of 

knowledge. This section aims to disclose characteri stics of knowledge used 

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

Knowledge types Knowledge used in design involves operational and substantive knowledge 

[Roozenburg et al. 1995]. Operational knowledge includes design activity 

knowledge which is concerned with how to carry out particular design activ ities 

and design process knowledge concerned with how to organize design 

activities and how to execute the design process [Zhang 1998]. Zhang 

explains that substantive knowledge is 'design knowledge ' that concerns the 

nature of the artefact - for example, what is the intended use, how it works 

and how it is constructed. Zhang argues that design knowledge consists of 

current working knowledge (CWK) and domain knowledge (OK) . CWK is the 

knowledge of the artefact design solution on which the designer is currently 

working. OK is knowledge of past designs in a domain consisting of 

generalized know/edge and knowledge of specific past design cases. 

Knowledge 
sources 

Knowledge 
dimensions 

Knowledge in any specialty including design can be found in private and public 

sources [Walters et al. 1988]. Public knowledge, which is common to different 

organizations, includes published definitions, facts, and theories of which 

textbooks and references in the domain of study are typically composed . 

Private knowledge consists largely of rules of thumb frequently called 

heuristics. Human experts generally possess private knowledge that has not 

found its way into the published literature. Public and private knowledge 

sources can also be distributed. For instance, a thermoplastic component 

design guideline book is a different public source than a book dealing with 

ceramic components. 

Three distinct dimensions of knowledge are depth, breadth and extent 

[MacCallum et al. 1987]. The depth dimension is concerned with the range of 

knowledge in which generality increases with depth. The breadth dimension 

refers to the variety of different aspects that can be taken of a design concept. 

The extent dimension is concerned with knowledge about the object of the 

design process. It is concerned with the artefact model itself , but also with the 

variety of models that exist during design, the design problem and its 

specificat ion. 
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Knowledge employed during design varies in permanence and certainty 

[Walters et al. 1988; Tang et al. 1997]. Knowledge can be (i) permanent, it will 

not change with time e.g. knowledge of how to determine a sphere's volume; 

(ii) static, this does not change frequently but likely to change e.g. a safety 

factor; (iii) dynamic, this concerns knowledge that changes with time or 

context e.g. material costs. Also , in real ity, there is a great deal of uncertainty 

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

knowledge application . ~ 

DKS - domain knowledge base 
Kdm - domain knowledge 
Kdn - design knowledge 
Ri - initial design requirement 
Ed - design exploration process 
Hd - design history 
Rf - final design requirement 
Ds - final design specification 
DDD - design description document 

knowledge generation knowledge transfer 
~ -$---+-

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

To explain how knowledge is processed during design, Smithers et al. provide 

an exploration-based model of design (Figure 3.5). The design process (Ed) 

is considered as the exploration of a space of possible design solutions (SPO). 

This exploration activity is considered to be a search connected by intuitive 

leaps, analytical assessments, synthesis, simulations, prototypes, decisions, 

choices and expert judgements - these constituting a history (Hd) of the design 

process. Similar to other models, design starts from an initial design 

requirement (H), usually incomplete, inconsistent and ambiguous, which 

evolve as design proceeds. To facilitate the transformation from the H to the 

final design specification (Os) , a domain knowledge base (OKB) is employed. 

The OKB consists of domain knowledge (Kdm) and design knowledge (Kdn). In 

this model, Kdm partially defines the SPD to be explored whilst Kdn is 

knowledge about how the space can be explored. As design proceeds, 

designers acquire more knowledge of the nature of the design space, this 

allowing them to discover incompleteness and inconsistencies in the initial 

requirement (H). As a result , H evolves to a final design requirement 

description (Rf), which reflects the current state of the designer's knowledge 

about the problem. This exploration is continued until a solution in the SPO is 

found that satisfies the evolved Rf. This results in a final , complete and 

consistent, requirement description (Rf) and an associated design specification 
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(Os) which is consistent with it. Smithers et al. argue that Rf and Os are 

different statements about the same thing i.e. problem description terms and 

solution domain terms. Thus these two aspects of design are tightly interactive 

in terms of the knowledge used and generated. Therefore , they cannot be 

pursued either separately or sequentially due to the co-evolutionary nature of 

the problem and solution space. The design process ends with the generation 

of a design description document (DOD) consisting of Rf, Os and Hd, that 

collectively represent the knowledge used and generated during design. Th is 

model explicitly shows that design involves the generation, transfer and 

application of knowledge. Thus, carrying out design tasks does not just result 

in solutions to particular design problems but also in greater knowledge and 

understanding of the design problem and a more experienced designer. 

3.1.5 Design Process Characteristics 

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

discloses characteristics of a traditional design process. 

Integrated stages The transformation of a design problem into a solution and hence the 
and activities 

expansion of knowledge about the artefact from one state to another is 

achieved through a number of activities that re-occur [Blessing 1994; 

Roozenburg et al. 1995] during the different design stages (Figure 3.6) . 
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Figure 306 - Relation between design stages and design activit ies 

For instance, conceptual design involves problem def inition, synthesis of 

(partial) solutions, evaluation and problem redef inition [Chakrabarti et al. 

1991]. Blessing thus provides a problem-oriented, process-based model , 

which explicitly integrates design stages and design activ ities (Figure 3.7) . 

Activities 
Stages Generate Evaluate Select 

Problem 
defin~ ion s 
Conceptual ,'?,~ 

S 
design I 

Detail 
design 

000 
Figure 307 . Design matrix integrating stages and activities - adopted from [Bless ing 1994] 
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Design reoccurs What is not explicitly evident from the models presented earlier is that design 
for different 
system levels re-occurs for different artefact system levels [van den Kroonenberg 1987; 

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

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

solution concept selected, before being worked out in more detail. Thus, 

design re-occurs for different artefact system levels (Figure 3.8) . 
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Figure 3.8 - Reoccurrence of design process for different artefact system levels 

Process is driven The different models reflect that design ends with a final solution description, 
by use-phase 
requirements viewed from a constructional perspective, describing a means by which the 

Process explicitly 
evolves artefact 
knowledge 

Designers 
manipulate basic 
characteristics 
during synthesis 

artefact 's desired function in the use phase can be attained. In fact design can 

be considered as a transformation from function to form 1 [Andreasen 1991 a; 

Roozenburg et al. 1995]. This reflects that design is traditionally use-phase 

driven. Thus the end result in traditional design, is an artefact solution 

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

The artefact states evolving from abstract and undetailed to concrete and 

detailed during design reflect that there is a current working knowledge (CWK) 

expansion about the artefact system. In traditional design, this CWK 

expansion is not explicitly accompanied by an expansion in knowledge about 

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

Five basic properties (structure, form , material , dimensions, surface quality) 

distinguish themselves from other characteristics by the fact that together, 

they completely describe a mechanical artefact [Tjalve 1979]. These are 

therefore the characteristics that are manipulated by the designer [Olesen 

1992; Mortensen 1995] when generating a design solution that satisfies a set 

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

1 An artefact has 'geometrical' and 'physico-chemical ' form [Roozenburg et al. 1995] 
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1997], such as cost , weight, appearance, fabrication and ergonomics are 

determined when these basic characteristics have been defined [Olesen 

1992]. 

A large proportion of design work consists of the reuse and fitting of known 

solutions to new conditions [Andreasen 1992; Blessing 1994]. An observation 

of typical artefacts reveals PDEs in their structure (see Figure 2.2) . This 

research therefore argues that synthesis involves the manipulation of reusable 

PDEs. Such solution reuse re-occurs during synthesis which takes place at 

different artefact system levels and from different domain viewpoints. For 

instance, designing from a functional perspective involves reusing existing 

function means such as 'petrol engine' to provide power. Similarly, component 

synthesis would involve the reuse of component elements such as form 

features, assembly features and materials. 

Implicit reuse of A significance of reusing solutions is that designers can reuse associated 
consequence 
knowledge consequence knowledge, such as costs or risks [Andreasen 1992]: 

Space of 
alternative 
solutions 

"It is very important to control the design activity in such a way, that a 
maximum amount of the work becomes reuse in widest sense, because 
this leads to low cost, low risk, known quality, etc." 

However, based on examples presented in Chapter 2, this research argues 

that although solutions being reused implicitly have associated LCC 

knowledge, the designer mayor may not be explicitly processing knowledge 

about such consequences. 

During different stages and for different domains, alternative solutions may 

satisfy the design problem being tackled. For example, during detail design, 

alternative component materials and form can satisfy the problem. Such a 

solution space gives rise to 'Design Degrees of Freedom' [Andreasen 1991 a], 

as illustrated in Figure 3.9. 
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Figure 3.9 - Design freedom caused by solution space· [Andreasen 1991 a] 
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Alternatives exist when designing in different stages (e.g. different so lution 

concepts) and when designing from different domain perspectives (e.g. 

alternative function-means) . For design to progress, decisions between 

alternatives in the solution space therefore need to be made [Blessing 1994; 

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

A number of factors such as 'design engineer' and 'technical information' play 

a crucial role in design (Figure 3.1 O). This is due to their influence on design 

characteristics such as the 'quality of result' and 'cost of designing' [Hubka 

1985; Andreasen 1991; Blessing 1994]. Through the knowledge processing 

model of design [Smithers et al. 1990], it can be appreciated that besides the 

'design engineer', other humans can also influence design. For instance, 

other participants can be involved in design such as a customer who prov ides 

the 'need' and producers (that realize the artefact) that provide a valuable 

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

Unlike the impression portrayed by stage models, in reality, designers do not 

usually have a complete problem description before commencing conceptual 

solution synthesis [Maher et al. 1996]. Rather, during design, knowledge of 

the solution as well as the problem co-evolves [Smithers et al. 1990; 

Roozenburg et al. 1995]. Hence, as argued by Cross [Cross 1994], designers 

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

important activity not explicitly reflected in the basic design cycle is the 

exploration of the space of possible design solutions [Smithers et al. 1990] as 

this helps generate knowledge about the problem at hand. As in the context 

of DFLX, designers have to cater for artefact life problems co-evolv ing with 

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

The open-ended nature [Dym 1994; Roozenburg et al. 1995] of ill-def ined 

problems requires the proposal of solutions as a means of generating 

knowledge to help understand the problem. Exploring provisional solutions is 

a forceful aid to gaining insight into the true nature of the problem 

[Roozenburg et al. 1995]. Kerr [Kerr 1993] in fact argues that exploration is a 

significant activity in design. Kerr explains that exploration promotes the 

creation of knowledge potentially useful for synthesis and evaluation: 

"Designers can use this [exploration] activity to generate suitable 
knowledge to assist in the expansion or contraction of design solutions" 

Similar arguments are made in [Smithers et al. 1990], that the exploration 

activity results in the generation of knowledge that can be applied to evolve 

both the 'design requirement description' and the 'final design specification'. 

This section aims to demonstrate that exploring alternatives in the solution 

space generates Lee knowledge useful for reasoning taking place when 

PDEs are being selected from the space of options, both when designing from 

different domain viewpoints and at different artefact system levels. 

Domain viewpoint based exploration 

Figure 3.11 provides an example of three solution variants by which the sub­

process of 'uniting tea leaves and water' when designing a tea brewing 

machine, can be achieved [Hubka et al. 1988]. The different variants require 

a different sequence of operations, influencing differently the sub-process time 

in the use phase and the required structural configuration. 
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Figure 3.11 . Space of process solutions· [Hubka et al. 1988) 

Some alternative arrangements of the three main constructional elements 

(heating container, brewing container and serving container) of the tea brewing 

machine example found in [Hubka et al. 1988] are shown in Figure 3.12. For 

instance, variant '1' has problems with realizing the tubing, whilst variant '10' 

has a lower height than variant '2', this influencing differently the required 

packaging configuration and hence artefact handling costs during distribution. 
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Figure 3.12 - Space of constructional solu1ions - [Hubka et al. 1988] 

In an example concerning the design of a tumble dryer, [Hansen 1997] 

provides an example of the organ 'burner' used as a means by wh ich to 'heat 

air'. The tumble dryer exists in variants which employed different organs for 

the function 'heat air' (Table 3.1). These different organs have different Lees 

such as running costs, environmental influences and maintenance frequency. 

Table 3. 1 - Space of alternative organs 

Function Alternative Organs 

Heat air Gas fired burner Electric heater Steam heater 

System level based exploration 

The two excavators in Figure 3.13 have a driver cabin and bucket with 

different degrees of freedom. This influences the translational and rotational 

means required, together with their servicing frequency and costs. Also, the 

two excavators can be employed during the 'use phase', for different ground 

terrain environments. These are some of the associated Lees a designer can 

consider when exploring this product level solution space. 

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

The example in Figure 3.14 reflects some constructional structure variants for 

a sub-assembly forming part of an excavator [Tjalve 1979]. The different 

variants have different configurations and number of linkages, which 

influences differently assembly in terms of time and cost , during real ization , 

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

Figure 3.14 - Exploring the assembly level solution space - adopted from [Tjalve 1979] 

48 



Chapter 3 
Characterizing 'Design Synthesis For Multi-X' 

Component level Figure 3.15 displays a number of alternative form concepts for a fork-joint 
exploration 

component found in [Tjalve 1979]. The different solution variants have 

different LCCs associated. For instance, they withstand different stress levels 

in the use phase and require different fabricat ion processes, the latter 

influencing time and costs during the realizat ion phase. 

'm",~~~~ 

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

Exploration Observations 

The examples presented collectively reveal that the exploration activity is 

useful to explicitly generate and utilize LCC knowledge associated with the 

different solution options, during design taking place at either from different 

solution viewpoints or at different artefact system levels. 

3.3 DsFLX Characteristics 

Based on the traditional design process characteristics disclosed in section 3.1 

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

section argues that a DsFLX approach requires: 

i. knowledge of multiple life-phase requirements 

ii. coping with co-evolving artefact life solution & problem space 

iii. designers to foresee life problems co-evolving with synthesis 

iv. dynamic updating of life-phase requirements 

v. designers to foresee artefact life interactions 

vi. concurrent synthesis 

vii . designers to manipulate basic life-phase system characteristics 

viii. concurrent modelling 

ix . artefact life exploration 

x. the exploration of abstract & undetailed solutions 

xi. synthesis based provident thinking 

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

In the context of OFEX, a designer's aim is to generate a solution that not 

only functions as desired during the 'use phase' but that satisfies a host of 

artefact life requirements. Unlike traditional design, OFI,X therefore requ ires 

designers to be knowledgeable of multiple life-phase requirements [Andreasen 

et al. 1997]. 

(ij) Requires copinq with co-evolving artefact life solution & problem space 

The evolution of the artefact solution taking place during design co-evolves 

the artefact life problem space. For example, a typical sub-problem in the 

design of an artefact is that of finding and defining a suitable means (a POE) 

for joining two components together. There are a number of solution 

variants to how this can be achieved, such as, using 'fasteners' or a joint such 

as a 'weld'. Selecting for instance a fastener evolves the artefact solution 

and the problem - a hole with all its parameters now needs to be defined. In 

addition, this sub-solution concurrently evolves the realization phase problem 

- suitable 'hole generating' processes have to be identified, alternatives 

evaluated and eventually one selected. Therefore, a characteristic of OFI,X 

is that designers have to cope with a co-evolving artefact solution and artefact 

life problem space. 

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

The synthesis activity is associated with the externalization of a solution idea 

(from the designer's mind) whether a new or older one is being reused, this 

described in some form e.g. verbal, a sketch, or a model [Roozenburg et al. 

1995]. It is this synthesis output, frequently a POE, which if eventually 

selected, is passed onto the other design stages and eventually the remaining 

artefact life-phases. It is this output which therefore drives the co-evolution of 

the solution and problem space. 

OFI,X therefore requires designers to foresee the artefact's life problem space 

co-evolving with such a selected POE. As argued by Olesen [Olesen 1992], 

'foreseeing' which he terms provident thinking, is an important element of 

concurrence. As defined by Olesen, providence means: 

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

The co-evolutionary nature of the artefact solution and artefact life problem 

space makes the comparison of the expected behaviour of the proposed 

solution with the artefact life requirements, dynamic and thus difficult to 

handle. This is because the designer needs to know the currently known 

total life requirements and also how, due to the phenomena of propagation 

effects, the solution being evaluated is itself influencing multiple life-phase 

requirements. This requires the designers' knowledge of multiple life-phase 

requirements to be dynamically updated as the artefact solution evolves. 

Since human beings have a difficulty in coping with complexity [Kerr 1992], it 

is not difficult to visualize that in DFI,X, designers have a difficulty in making 

an evaluation judgment when the criteria are constantly changing. 

(v) Requires desiqners to foresee artefact life interactions 

As argued in Chapter 2, interactions of an artefact with different life-phase 

systems can give rise to a number of unintended LCCs. DFI,X therefore 

requires that designers foresee what life-phase systems will be met during the 

life of an artefact and that they also foresee the outcome (consequences) of 

such interactions during design. For example, the sub-solution to assemble 

two components together with fasteners requires the selection of an 'assembly 

system'. Possible alternatives are a 2 degree of freedom pick-and-place 

device or a 3 degree of freedom robot equipped with a vision system (Figure 

3.16). The assembly system eventually employed will have a number of 

specific requirements that need to be satisfied, knowledge of which would 

guide designers during artefact synthesis. If the assembly system (eg. 2 

d.o.f. pick and place device) to be used is not known, then, due to this 

'ignorance' the designer may position and/or orientate the fasteners in a non­

vertical way. The interaction of the resultant artefact with this assembly 

system would give rise to unnecessary assembly costs and time delays. 

Life phase system requirement 

--~-. 
:.. ....... ' . . l~ .... e.g. Assembly system 

Different artefact requirements : ' 
.,-. .. - ---0 .6 

--- . --

~ 
Assembly system solution variants 

-.-._. - ~ ParCof 

e;, Pick & Place device, 2 d.o.f. 
t} 3 d.o.f. robot with vision systerr 

Figure 3.16 - Foreseeing life-phase systems and their requirements 
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Thus DFL.X requires designers to harmonize their artefact solution to a 

number of life-phase systems forming part of an imagined life. Of relevance 

is that Andreasen et al. [Andreasen et al. 1996b] state that : 

"Designing is closely linked to foreseeing product life phases primarily the 
'use' phases, but also establishment, maintenance and liquidation. [ .. .. ]. 
But in any case the designer's task is to fit the product to an imagined life 
scenario." 

(vi) Requires concurrent synthesis 

An implication arising from the need to foresee artefact life interactions 

between an artefact and different life-phase systems, is that for DFL.X, 

designers need to concurrently synthesize the life-phase systems and the 

artefact. Concurrent synthesis would cause an expansion in knowledge about 

the artefact life, knowledge, which as demonstrated through the prev ious 

example, is essential in the context of DFL.X. 

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

An implication of (vi) is that DFL.X requires designers to manipulate basic life­

phase system characteristics in addition to basic artefact characteristics that 

completely describe an artefact. As argued in Chapter 2, a life-phase can be 

viewed as a transformation system decomposable into systems of a finer 

resolution. The life phases forming part of an artefact's life, involve the re-use 

of well-known technical systems that realize the relevant transformation 

effects, such as a milling system . These systems can be decomposed further 

into SUb-systems, such as the workpiece holding sub-system , giving rise to a 

life-phase compositional model (see Figure 2.9b) , consisting of what are 

termed in this thesis life cycle phase elements (LCPE). Life-phase solution 

synthesis thus requires LCPEs to be manipulated and defined. 

(viii) Requires concurrent modelling 

Concurrent synthesis results in the generation of both artefact and life-phase 

systems solution descriptions. In traditional design, designers evolve and 

manipulate artefact solution models. Modeling, allows designers to infer 

properties that cannot be defined directly by the designer [Mortensen 1995]. 

Thus, building and exploring artefact life models is beneficial to a DFL.X 

approach. Morup [Morup 1993] states: 

" .. . problems can be avoided by using total life models that show the 
interplay between the product, the customers, and company activities 
through the product's life. ., .total life models can reveal the 
dispositional relationships within the company that are often subtle an~ .go 
unrecognized, and the exploration of these can lead to competitive 
advantage." 
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A requirement of DFLX therefore is that designers cope with concurrently 

'evolving and manipulating an artefact model' and 'evolving and manipulating 

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

evaluate more than one solution model at a time. 

Ox) Requires artefact life exploration 

In DFLX, a solution selected from the many POE alternatives must satisfy a 

host of total life requirements. At the same time, as argued in (ii) , the 

selected POE may co-evolve its own 'life requirements' that can only become 

apparent and hence influential when the POE is defined. In th is context, 

exploring the use of alternative POEs generates knowledge relevant to 

assisting in the selection of solutions that cater for a host of total life 

requirements, this is useful when evaluating between feasible PDEs. As 

argued in [Roozenburg et a!. 1995], one characteristic of human designers is 

that they have a mind, in which mental processes taking place, can be more 

or less influenced. Artefact life exploration is therefore a significant and 

necessary activity in OFLX since Lee knowledge generated can influence the 

selection of solutions being defined. Further, the constraints of product 

development deadlines in the real world limit the search and exploration of the 

solution space. Time and resources for most projects do not permit the 

development of appropriate, quantitative information. As a result , important 

decisions are based on primarily qualitative information [Blessing 1994]. 

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

(x) Requires the exploration of abstract & undetailed solutions 

Chapter 2 has shown that Lees are generated by the final design solution 

emerging from the design phase. However, as explained in th is chapter, 

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

Abstract & Undetailed 
Concrete & Detailed 

... ---- ---,. -,--- .... 

Figure 3.17 . Concurrent exploration with abstract & undetailed solutions 

Then, the final solution will have a trait of the abstract solutions generated in 

the early conceptual design stage, this also reflected by Pugh [Pugh 1991]. 

At the same time, Olesen [Olesen 1995] argues that: 
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"A concept consists of a number of chosen conceptual solutions for both 
the product and the product life systems". 

Considering artefact life issues late in the design process is thus less 

receptive as even a simple change could lead to a major redesign [Ishii 1991]. 

Hence, bringing knowledge about the artefact life into an early design stage is 

critical [Tomiyama 1996]. Therefore, artefact life exploration needs to take 

place from the early design stages. However, exploring abstract and 

undetailed solutions, in order to reveal artefact LCCs that reflect 'details' of 

the real world, presents a difficulty - little is yet known about the solution and 

hence its impact on different life-phases. 

(xi) Reguires synthesis based provident thinking 

From the arguments made so far, DFLX can take place by designers, either 

foreseeing and catering for artefact life issues during the synthesis of a 

conceptual design solution, or, during the analysis of a candidate conceptual 

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

Legend 
DAFX = Design Analysis For Single X 

DAFLX = Design Analysis For Multi-X 

DsFX = Design Synthesis For Single X 

DsFLX = Design Synthesis For Multi-X 

DsFEX As argued by French [French 1985], the conceptual design stage is where 

most important design decisions are made and therefore the stage where there 

is most scope for making improvements. As final solutions have a trait of 

abstract solutions generated in the early stages, this research argues that to be 

beneficial, foreseeing LCCs should take place as early as possible in the 

design process. Therefore, the mode of DFIX approach should be 

'conceptual design synthesis for multi-x ' (DsFLX). Thus, DsFLX requires 

designers to engage in provident thinking during synthesis, when the solution 

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

(xii) Reguires a large amount of distributed Lee know/edge 

Whether a problem is considered as variant or original depends upon the 

designer's level of expertise [Mills 1993]. Therefore, designers are less 

knowledgeable about artefact LCCs when facing design scenarios having a 

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

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

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

interactions and hence possible LCCs. For instance, with respect to design 

for economic manufacture, it is argued that [Swift 1987]: 

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

This is even more the case with DFIX. However, due to the traditional 

formal training received, designers do not generally possess a wide breadth of 

public LCC knowledge. Further, as argued in Chapter 2, due to an artefact's 

life chronological order, designers do not generally acquire experiential 

knowledge concerning LCCs resulting from artefacts interacting with different 

life phase systems. The cost and time of dis-assembling a component with 

certain assembly features during the service activity in organization 'ABC', is 

private experiential LCe knowledge possessed by a service engineer. Thus, 

such experiential LCe knowledge is acquired and distributed (Figure 3.19) 

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

Life-cycle consequence knowledge 

:Legend ---------------1 
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Figure 3.19 - Distribution & possession of Lee knowledge 

Public and private LCC knowledge sources can be distributed, internally and 

externally to an organization making its explicit use during design even more 

difficult. Further, an individual 's limited knowledge base is known to result in 

low quality decision making [Duffy et al. 1995]. Thus, due to a lack of LeC 

knowledge, design decision making takes a narrow and segmented view, this 

affecting the quality of the solution result with respect to artefact life issues. 

Therefore a DsFIX approach requires a vast amount of distributed LCC 

knowledge to be acquired, readily available and easy to access in order for it 

to be explicitly utilized during design synthesis. 
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Design process As disclosed in this chapter, during design, a problem is transformed into a 
characteristics 

DsFLX 
characteristics 

solution description via a number of design stages, through the execut ion of 

re-occuring activities. Key activities are problem analysis, solution synthesis, 

solution analysis and solution evaluation. The expansion of knowledge about 

the artefact taking place during design is mainly driven from a 'use phase 

requirements' point of view. As discussed, knowledge of the solution as well 

as the problem co-evolve. Thus an equally important activity is that of 

exploring provisional solutions to gain an insight into the true nature of the 

problem. Design is thus knowledge intensive- knowledge is used, generated 

and acquired. The knowledge based, exploration model by Smithers & Troxel 

discloses how knowledge is processed whilst the basic design cycle by 

Roozenburg & Eekels describes why knowledge is processed. On the other 

hand, Andreasen's domain model discloses, from a generic point of view, what 

domain knowledge is processed. Further, irrespective of the design stage 

and domain, design is a decision intensive process. Artefact solution evolution 

requires making decisions about the basic characteristics manipulated by 

designers. A lack of appropriate knowledge is a reason why such design 

decisions can result in unintended LCCs. 

A distinguishing characteristic of DsFLX is that designers require knowledge of 

'multiple life-phase requirements', the latter as argued in this Chapter co­

evolving with the 'artefact solution'. DsFLX therefore requires that designers 

foresee 'what' life-phase systems the artefact will interact with during its life, to 

enable them to also foresee the consequences of such interactions. 

Foreseeing such interaction consequences requires designers to possess and 

utilize a vast amount of LCC knowledge that is distributed amongst various 

artefact life-actors. Moreover, to be beneficial, designers need to foresee 

LCCs from early in the design process, where decisions have a striking effect. 

Early artefact life exploration is therefore significant in DsFLX since LCC 

knowledge generated can be utilized to support the selection of solutions that 

are 'life-oriented'. Thus, DsFLX requires the concurrent synthesis, 

manipulation and exploration of both 'artefact' and 'artefact life-phase' models. 

As an implication, for DsFLX, designers also need to manipulate basic life­

phase system characteristics termed in this research as life-cycle phase 

elements (LCPEs). 
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Supporting designers in foreseeing artefact life interactions and their 

propagation during design, directly supports a DsFr.X approach - this however 

requires a vast amount of distributed Lee knowledge to be acquired, readily 

available and easy to access in order for it to be expl icitly utilized during 

design. This chapter therefore concludes that a key characteristic of DsFr.X 

is that designers should engage in artefact life synthesis and exploration to 

explicitly acquire knowledge of artefact life interactions. In order to identify the 

strengths and limitations of how designers currently acquire knowledge of 

artefact life interactions during design, the next chapter presents a review of 

available means supporting life-oriented design from the perspective of 

'providence' . 
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14.0 A Review of Means Supporting Providence 
Scope Arguments have been made in Chapter 3 that supporting providence, directly 

supports a DsFLX approach. For this purpose, this chapter will present a 

review of means supporting life-oriented design from the perspective of 

'providence', in order to identify how effectively designers are being supported 

in foreseeing artefact life interactions during design. Section 4.1 introduces 

the criteria used to critically review means by which providence is indirectly or 

directly supported, these discussed in sections 4.2 and 4.3 respectively . 

Section 4.4 discusses the current state of providence support . Using the 

identified limitations, the conclusion in section 4.5 establishes the need for a 

means providing improved support to DsFLX from the perspective of 

providence. 

Providence 
means 

Means 
classification 

4.1 Review Classification And Criteria 

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

methods, this evident from the work reported in [Araujo et al. 1996], a 

providence means is being defined for the purposes of this research as: 

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

consideration artefact life issues that are being fixed or influenced 

during design. " 

where, by a means is understood 'that by which a result is brought about' 

[Allen 1990]. There are a number of means by which providence is currently 

being supported in life-oriented design. This review distinguishes between 

means that support providence indirectly or directly: 

rr4b?i2;J 

~. 
tl~ 

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

motivate designers to consider revealing knowledge of relationships 

between an artefact and life-phase issues; 

~. 
th~l ruooOO 

means directly supporting providence are those, which explicitly provide 

designers with codified knowledge that relates an artefact solution and life­

phase issues. 
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Other reviews related to means supporting the consideration of artefact life 

issues can be found in the literature. For instance 'Design for Manufacturing 

and the Life-Cycle' are reviewed in [Finger et al. 1989a]. It concludes on the 

need of analysis tools supporting the early stages of design when critical 

decisions are made based on qualitative information . Ishii [Ishii 1995] 

identifies significant research issues related to developing an integrated life­

cycle design tool , namely design representation and life-cycle evaluation 

measures. A review of life cycle engineering from an 'environmental' point of 

view is found in [Alting et al. 1995]. This provides a comprehensive overv iew 

of life cycle assessment (LCA) tools and methods. Methods such as cross­

functional teams, good/bad examples and feature-based evaluation for 

assessing producibility are discussed in [Subramaniam et al. 1998]. A survey 

of 'Automated Manufacturability Analysis' is found in [Gupta et al. 1997]. This 

latter review concludes that such software tools vary significantly in terms of 

(a) their underlying approach which could be based on the identification of 

infeasible manufacturability attributes directly from the design description or 

indirectly from a manufacturing plan; (b) manufacturability measures used by 

the tools (e.g. abstract quantitative versus real 'time and cost' estimates) ; (c) 

level of automation: i.e. the amount of designer interaction involved and (d) the 

amount and type of feedback information provided such as redesign 

suggestions. Computer-aided simultaneous engineering systems are 

reviewed in [Molina et al. 1995]. This review discusses decision support 

systems developed to consider product life cycle concerns. As exposed by 

Molina et aI. , such systems can be either stand-alone tools that allow different 

aspects of the life cycle to be considered but do not support teamwork, or as 

'integrated environments' that support simultaneous engineering teamwork. 

The above reviews provide an excellent cross-section of research related to 

means supporting life-oriented design. However, it is essential for th is thesis 

to complement these with a review that utilizes key DsFIX characteristics 

disclosed in section 3.3, as a reference point from which to assess how 

designers are being supported from the perspective of providence. This 

chapter thus focuses on reviewing providence means in terms of : 

• timing: whether providence takes place during early design synthesis, with 

an incomplete and imprecise solution or whether providence is during 

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

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

awareness type: whether artefact life knowledge provided is 'generic' or 

'life specific' , since the same artefact solution can be exposed to different 

lives thus encountering different life-phase systems. 

4.2 Means Indirectly Supporting Providence 

Four major means, which are considered relevant to indirectly supporting 

providence as they allow knowledge of artefact Lees to be revealed and 

utlized during design, are Teams, Quality Function Deployment, Failure 

Modes & Effects Analysis and Rapid Pro to typing. 

4.2.1 Team Based Design Approach 

One way of revealing artefact life consequence knowledge to be utilized during 

design is through a team based design approach. A team provides the 

mechanism of bringing together the knowledge possessed by all the life cycle 

experts [Ishii 1991] (fabrication, assembly, servicing etc.) to the same place at 

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

Team based Approach Strengths 

Providing a candidate design solution to such a synergy of different experts 

allows potential life-cycle problems to be uncovered. This gives positive 

results because the relevant gain and victim areas are represented in the team 

[Olesen 1992]. This is the basis through which teams support and exploit 

providence during design, unlike with a traditional 'over-the-wall ' [Hird 1993] 

artefact development approach (see Figure 4.1) . 

Figure 4.1 . A traditional, over·the·wall product development approach · [Hird 1993] 
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It is possible to foresee multiple artefact life specific consequences during 

solution synthesis, but this depends on all team members being continuously 

present during design. Thus, with the right multifunctional team using a 

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

Design changes The resulting information exchange and group decision making with a team 
reduced with 
teams reduces the number of design changes needed, thus moving design changes 

Life-span 
awareness 
influenced by 
personality 

Life-span 
awareness 
depends on 
proximity 

Loss of valuable 
expertise 
influences 
providence 

Difficulty of 
teams to handle 
propagation 
effects 

Ineffective 
providence due 
to short & 
infrequent team 
meetings 

earlier in the process [Askin et al. 1994]. This substantially reduces costs and 

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

Team based Approach Limitations 

Dominating personalities [Edwards 1997] influence teamworking. Under such 

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

1997]. 

For effectiveness, communication between team members needs to be 

frequent , but this depends on the spatial proximity between them [Askin et al. 

1994]. However, teams present many logistic and management difficulties 

[O'Grady et al. 1991 ; Bowen 1995]. Frequently, team members are found on 

different sites and in the case of sub-contractors, in different companies [Allen 

et al. 1990]. Thus, in practice, it is not straightforward to ensure that team 

members can interact as often and easily as required . 

Team members change or retire causing a loss of expertise [Salzberg et al. 

1990]. Thus, there is no guarantee that knowledge acquired by team members 

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

Dispositional mechanisms [Olesen 1992] are so complex that they cannot be 

readily dealt with , even by a really interdepartmental teams [Andreasen et al. 

1990]. This means that the effectiveness of a team in handling propagation 

effects depends on the ability of the 'human' members to use their synergy to 

foresee such complex dispositional relationships at the right time. 

Literature reveals that in reality, few meetings [Dym 1994] are held. The result 

is that team members work individually for long periods of time without actual 

communication. Thus, a team is not making decisions and assessments about 

a candidate design solution continuously and collectively. Rather, indiv idual 

team members meet other team members during design review meetings, 

which are never frequent or long enough [Ishii 1991]. Th is problem has been 
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explicitly highlighted in discussions made during this research with pract icing 

designers 
1 

2 3 . For example, one practitioner reported that teams basically 

met with aI/ members present, only during the launch of the design project and 

towards the end, before a design is released for product ion. In between, 

individuals only approached other individual team members and informally. 

Review fvtJeting 'n' Review Weeting 'n + l ' 

" , 

• • ~·r • • 

Interim Pericxl 

-I .. 
Figure 4.2 . Interim isolat ion with a team based approach 

As a result, during the interim period (Figure 4.2) between meetings, designers 

work individually on the evolving candidate solution by making various 

decisions such as specifying function means, materials and parameter values. 

This 'interim isolation' violates the concept of a team , as the body of artefact 

life knowledge is not present at the same place and at time decisions are 

being made. This research argues that this influences the effectiveness of 

how a team can support providence. One way of overcoming this isolation 

problem is through a computer based teamwork approach termed, virtual 

teams [Cleetus 1993]. Such a co-location concept can take place at the same 

time or at different times [Maher et al. 1997]. Although with v irtual teams, the 

expertise of the different team members is being shared, this does not mean 

that it will be reused in subsequent virtual team sessions to support reveal ing 

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

As team members meet for design 'review' meetings, a team-based approach 

essentially employs providence to criticize the candidate design in an attempt 

to optimize it to the artefact life view they represent. Thus, unless truly, group 

participation is involved during solution synthesis, prov idence is not being 

exploited for the exploration of artefact life opportunit ies and problems. 

1 1995 - Design team member of a firm based in the Malta which designs and manufactures electro-mechanical devices for 
automobile companies such as BMW, Mazda, Ford and General Motors. 

2 1997 - Product design consultant with the Scottish Design Agency. 

3 1997, Engineering manager, Digital Equipment Scotland, Ltd. 
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Quality Function Deployment (QFD) [Roozenburg et al. 1995] is a method 

which is aimed at involving from the beginning, various artefact life aspects 

during decision making. It allows a great deal of information about a 

particular solution to be assimilated on a chart (Figure 4.3) to enable users to 

make important comparisons and decisions [Fox 1993; Sivaloganathan et al. 

1997]. Hence QFD is performed by interdisciplinary teams [Clausing 1993; 

Roozenburg et al. 1995; Sivaloganathan et al. 1997]. 

QFD explicitly focuses on the customer [Roozenburg et al. 1995]. The first 

task is thus to identify 'what ' the customer's requirements are - written in block 

'1' of Figure 4.3. From the identified requirements, the designer (or design 

team) engages in a brainstorming session to identify 'how' each individual 

requirement can be met (block '2'). The next QFD step is to identify 

relationships and strengths between the 'whats ' (e.g. durable) and the 'haws ' 

(e.g. suitable material). One 'what' can relate to more than one 'how' 

requirement. Through QFD, users are therefore systematically motivated to 

reveal such what-how relationships. Identified relationships, are ranked 

(weak, medium or strong dependency) [Sivaloganathan et al. 1997] and 

described in block 3. The rank allows designers to focus on areas having a 

strong dependency. 

6 
Interactions 

~ between 'HOWS'~ 
/vVVV-".L'-,. 
I I I I I I I 

2 
'How' . 

to meet requirements 
I I I I I I 
I I I I I 

3 
r- 1 - I- Relationship 

'What' . I- strength between -- -customer requirements 'Whats' & 'How' 

Figure 4.3 . Handling of Interactions With QFD 

The various 'hows' identified (block '2') can interact with each other in a 

reinforcing or interfering way. Known positive or negative interactions are 

assigned by the QFD users in block '6', termed the 'correlation matrix ' 

[Sivaloganathan et al. 1997]. 
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QFD motivates users to systematically consider a host of design issues as 

from the stage when the design requirements are being specified [Jacobs et 

al. 1994]. Thus, it motivates providence in order to support the generation of 

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

The QFD matrix provides a method of representing known interactions 

between the various requirements. Documenting interactions (block 6) among 

the evolving specifications enables users to explicitly focus and overcome 

inherent conflicts, which is better than rework [Clausing 1993]. For instance 

artefact requirements such as 'must be reliable ' and 'cheap' give rise to 

conflicts. Thus QFD provides guidance to 'where' engineering effort should 

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

OFO limitations 

QFD mainly supports designers in taking a 'use phase' view of their design 

problem [Roozenburg et al. 1995]. An extension is to employ cascading QFD 

matrices that cover the development process [Sivaloganathan et al. 1997]. In 

this way, QFD can handle interactions covering multiple product development 

stages. However, being sequential , changes to the product QFD chart have 

to be laboriously propagated to the other QFD charts (part , process and 

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

QFD requires profound knowledge from various fields such as marketing, 

design and production [Jacobs et al. 1994]. Thus limitations discussed earlier 

of a team-based approach such as 'interim isolation' are inherited by QFD. 

Also, for practical reasons, the number of team members involved in the use 

of QFD is often limited, thus restricting the amount of knowledge directly 

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

With QFD, it is the users who identify which design requirement interacts with 

artefact life issues. This ability is subject to the user's knowledge of the 

problem domain. QFD does not pro-actively support designers in revealing 

'what' these interactions are - it only assists in documenting those revealed. 

The number of 'whats' that can be handled with QFD is limited to about 20-35 

because if there are about 30 'hows', then there are about 600 items to fill in 

[Sivaloganathan et al. 1997]. This limits requirement exploration due to the 

difficulty in quickly returning to an earlier state [Jacobs et al. 1994]. 
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One way enabling designers to cater for artefact life consequences is through 

'Failure Mode and Effects Analysis' (FMEA) , this being a formalized analytical 

method for the systematic identification of possible failures and the estimation 

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

Strengths of FMEA 

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

Records artefact 
'life failure' 
knowledge for 
future reuse 

No pro·active 
support 

Segmented 
views 

wrong with the artefact or the process involved in creating the artefact? , How 

badly might it go wrong? and What needs to be done to prevent failures?" 

The result of an FMEA procedure is documented as an FMEA chart (e.g. see 

[Pahl et al. 1996]). This provides a concise format for formally documenting 

possible artefact failures, their consequence, their likely cause and possible 

remedial measures. Thus, FMEA charts support the retention of 'artefact life' 

failure knowledge for reuse in subsequent design sessions. 

Limitations of FMEA 

FMEA does not infer failures, their consequences, causes and remedies. 

FMEA only promotes designers to reveal potential failures. That is FMEA 

does not pro-actively support designers in providence. 

The awareness provided through the use of FMEA is mainly related to the 

'use' life-phase. FMEA can be applied to realization processes at the process 

planning stage for revealing fabrication or assembly artefact deficiencies 

[Healey 1994; Ranky 1994]. These FMEA variants are used independently, 

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

Late Awareness The FMEA tabular chart requires designers to list down the components 

making up the sub-assembly (or artefact) being assessed [Healey 1994; 

Ranky 1994; Pahl et al. 1996]. That is, FMEA provides a means of taking into 

consideration potential problems, late in the design process, before 'a design 

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

Requires a team 
effort 

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

providence with FMEA to be artefact specific . However, it makes FMEA 

subject to limitations associated with teams discussed earlier in this chapter 

subjective and sometimes bureaucratic [Norell 1993]. 
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can then be assessed by humans to reveal knowledge of how an artefact 

behaves during different life-phases. One such means is Rapid Pro to typing 

(RP), which commences with the generation of a 3-dimensional geometric 

model using a CAD system . Special software slices up the geometric model 

into layers, these then sequentially physically realized to eventually generate 

the physical model. Different technologies such stereolithography and 

laminated object manufacturing [McMahon et al. 1993] can be used to realize 

the physical model from liquid polymer, plastic powders or paper. Details of 

these technologies are found in [Ranky 1994]. 

Strengths of Rapid Prototvping 

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

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

RP allows development teams to realize several different physical models 

without the need of expensive tooling (e.g. moulds) to assess customer 

requirements, manufacturing, assembly, maintenance and other artefact life 

issues [Ranky 1994]. Rapid prototyping therefore enables a team to reveal 

knowledge of multiple artefact life issues before the real artefact's realization. 

Limitations of Rapid Prototvping 

The need of a geometric model before the physical model can be realized 

means that RP supports designers in considering artefact life issues very late 

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

Whereas the form and size of a physical model realized with RP may be very 

similar to the real artefact, the model 's material is normally not [Grote et al. 

1995]. Thus, a drawback with RP that the insight provided is not specific to 

the real artefact's material. Exploring different materials and their LCC is 

therefore not readily supported with RP. 

RP does not pro-actively support users in revealing artefact life problems 

and/or opportunities. Artefact life issues revealed depend on team members. 

Therefore, revealing any interactions between the different artefact life 

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

This section reviews four of the major means that are considered relevant to 

explicitly providing designers with artefact life knowledge. These are DFX 

guidelines, Numerical Analysis, Feature Based Design Tools and Artificial 

Intelligence (AI) [Rich et al. 1991] Based Tools . These means basically differ 

in how the knowledge is codified and processed. 

4.3.1 DFX Guidelines 

A class of means that allows captured relationships between an artefact and 

artefact life issues to be explicitly provided and utlized during design to predict 

'what-if' effects [Huang et al. 1997], are Design For X (DFX) guidelines. 

Examples are found in [Boothroyd et al. 1991 ; Bralla 1996; Pahl et al. 1996]. 

They are basically prescriptive design guidelines for creating artefact families, 

artefact structures and component geometry that address X-ability issues 

[Nowack 1997]. They guide designers in converging onto a design solution 

satisfying an X-ability. For example, a design for assembly (DFA) guideline is 

to 'minimize the number of parts in an artefact to reduce assembly 

operations'. 'X' has two meanings [Andreasen et al. 1993], a life-phase 

aspect, e.g. assembly (DFA) or a performance measure e.g. cost, (DFC) 

[Feng et al. 1996]. 

DFX Guideline strengths 

DFX guidelines explicitly provide designers with codified knowledge of areas 

with which they are not usually familiar [Olesen 1992]. Various organisations 

are aware of this benefit. For instance, DuPont [DuPont 1992] provide their 

customers with DFX guidelines that prescribe rules for building in producability 

when designing components made from their thermoplastic materials. 

DFX guidelines provide a means of formally capturing knowledge concerning 

relationships between artefact solution parameters and life-phase system 

behaviour. This makes it possible for such knowledge to be shared, 

distributed and reused during subsequent design sessions. 

DFX Guideline limitations 

The body of knowledge compiled in DFX guidelines tends to be segmented by 

artefact life aspect (Figure 4.4). Thus DFX guidelines essentially allow 

designers to foresee LeCs with respect to a single 'X', (e.g. assembly, with 
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DFA) thereby guiding designers in generat ing solutions that satisfy a single 

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

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

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

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

Thus, DFX guidelines aid in the generation of solutions satisfying an X-ability 

for a specific domain [Shankar et al. 1993]. 
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Figure 4.4 - Life-aspect and domain specific segmentation of DFX guidelines 

This domain specific segmentation hinders designers from rapidly exploring 

alternative domains and foreseeing associated total life opportunities and 

problems. For instance die-cast components made of aluminium and zinc 

alloys can be equally made from GRIVORY GV [EMS 1996]. Choosing 

GRIVORY results in a number of consequences including a 4-5 times longer 

mould tool service life and a significant component weight reduction . 

Provide generic DFX guidelines tend to be generic in the sense that they do not cater for an 
awareness 

Providence is 
late 

artefact's life specific scenario. For instance, DFM guidelines do not reflect 

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

In principle, DFX guidelines can be employed during synthesis so as to build 

in X-ability into the solution, or during solution analysis to estimate the 

solution's behaviour from an X-ability point of view [Tichem 1993]. DFX 

guidelines are numerous. Deciding which one is applicable to the solution in 

hand is difficult and confusing [Huang et al. 1997]. This depends upon the 

designer's ability to relate specific guides and the current solution . Thus, due 

to the effort this requires, DFX guidelines tend to be used separate from the 

synthesis activity. Further, due to the information required for their use (e.g. 

engineering drawings), DFX guidel ines tend to be used for candidate solution 

analysis. Although th is ensures that a solution released for realization caters 

for artefact life issues, it means that DFX is taking place late during detailed 
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design, 'when the game is over' [Gardner et al. 1993], namely for 'corrective 

re-design ' [Nowack 1997]_ Thus, DFX benefits are lost [Dalgleish et al. 1998] 

as providence is not being exploited during early design, when the DFX 

knowledge can be effectively utilized for generating life-oriented solut ions_ 

4.3.1.2 DFX Meta-Methodology 

For life-oriented design, a solution has to satisfy multiple 'X's [Watson et al. 

1996; Tichem 1997]_ The use of multiple DFX guidelines, besides being 

impractical [Huang et al. 1997], can result in conflicting recommendations 

[Andreasen et al. 1997]_ For this purpose, a 'meta-methodology for the 

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

OFX Meta-methodologv Strengths 

Similar to QFD, the DFX meta-methodology makes use of a weighted matrix 

approach, in this case to enable different DFX guidelines to be compared and 

any competing or reinforcing interactions between them to be revealed. 

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

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

OFX Meta-Methodologv Limitations 

The meta-methodology requires that the user first specifies which DFX 

guidelines are to be compared for any interactions. Secondly, it is the 

methodology user who has to identify any interaction between the guidelines 

selected for comparison. Therefore, whilst directly supporting designers with 

DFX knowledge, designers are not pro-actively supported in revealing 

knowledge of interactions between the different DFX guidelines. 

The process of determining each relationship can become tedious for a large 

number of guidelines [Watson et al. 1996]. Generally not more than three DFX 

tools can be handled at anyone time. This thus restricts the methodology's 

effectiveness of handling the phenomena of propagation effects. 

Late providence The meta-methodology is essentially employed for analysis, "after technically 

feasible solutions have been developed" [Watson et al. 1996]. 
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A computer-based class of means allowing designers to explicitly acqu ire 

knowledge of an artefact's life performance is numerical analysis (N .A.) . 

With computer based N.A., the user can build up a mathematical model of a 

component or assembly for analysis by appropriate N.A. software. These 

tools are based on different types of methods such as finite difference (FO) 

[Tizzard 1994], finite elements (FEM) [Cook 1995] or boundary elements 

(BEM) [Tizzard 1994]. Basically , a 2-dimensional or 3-dimensional geometric 

component model is prepared during a pre-processing stage (Figure 4.5) and 

divided into a number of elements by discretization [McMahon et al. 1993; 

Cook 1995]. The physical properties of each element are then defined e.g. 

partial differential equations describing the behaviour of the function (e.g. 

temperature) to be predicted. The resultant system of equations, when 

solved yields a value for the function for each element making up the 

component. Boundary conditions describing how the component will be 

loaded during its use phase and restrained from moving are then defined. 

The resultant physical model is then input to the N.A. solver for processing, 

during which knowledge of the input model's life performance is explicitly 

generated. During the post-processing stage, the results are analyzed by the 

user, this providing knowledge of any areas of the original model that need to 

be modified to improve the component's behaviour. 

---- ----- ----- ----- ------ ---- ------ ----- ----- ---- -. ---- ----- . 
Definition of Geometric Model +-----i'----"1 

.~ .. 
(J) Model Discretized into Elements 
~ .. 
a. Definition of Element Properties 
~ .. 

CL Specification of Boundary Conditions , 
............... . ....... . ..... .......... ...... . . . ....... . ..... , 

Physical Model Processed by N.A. Solver : .. g, ..........................•.............................. ~ 
i .~ Display of Solver Results i 
, Q) I ' 
: g .. : , ~ 

i ~ Results Analyzed By User 
' 0 
: CL 

~···· F·ig·ure·4~ 5·:·p;.iric·ipie· oi· Numerical"l\riaiysis· Appr·oaches 

Strengths of Numerical Analvsis 

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

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

N.A. approaches allow users to predict various artefact behavioural properties 

such as stress, vibrations, fluid flow and heat transfer [Tezuka 1992; Balendra 

et al. 1995; Cook 1995]. The FEM has also been applied to predict the 
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behaviour of life-phase systems. Appl ications include predicting the influence 

of punch tool dimensions on a blanking process [Choy et al. 1995], or the heat 

transfer of an injection mould tool [Tizzard 1994; Jiafu et al. 1995] in order to 

foresee realization problems such as component warping and shrinkage. 

As the N.A. procedure (Figure 4.5) involves the definition of life specific 

boundary conditions, these approaches support designers with 'life specific ' 

providence. 

Limitations of Numerical Analysis 

Numerical analysis require a geometric model [McMahon et al. 1993; Tizzard 

1994; Cook 1995] of the candidate solution before discretization (Figure 4.5) . 

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

Provide a narrow N.A. is mainly employed to foresee the behaviour of artefacts during the 'use 
life-span view 

phase', or separately, to predict a life-phase system's performance e.g . a 

Artefact life 
exploration is 
difficult 

Feature based 
design & 
recognition 

mould tool [Jiafu et al. 1995]. Thus as currently applied, N.A. does not 

support designers in concurrently foreseeing multiple life-phase issues. Thus, 

providence is with a narrow and segmented view. 

Using an alternative component form or material requires the user to go 

through the pre-processing steps, before the new model can be re-submitted 

to the numerical solver and new insights obtained (Figure 4.5). Thus, with 

N.A. , artefact exploration is laborious. Also, as currently employed, N.A. limits 

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

4.3.3 Feature Based Design Tools 

DeSigners can foresee artefact life issues during design through a feature 

based design approach [Salomons et al. 1993]. As described by Weber 

[Weber 1996], a feature is an information unit (element) representing a region 

of interest within an artefact. Examples are a slot or snap-f it. Such features 

explicitly capture knowledge relating [Andreasen et al. 1996] an artefact region 

to artefact life issues such as process planning [Wierda 1991 ; Shah et al. 

1995] , manufacturability [Molloy et al. 1993], assembly [Jared et al. 1994], 

production cost [Feng et al. 1996] and compatible realization systems 

[Terpenny et al. 1993]. This concept of features is employed in computer 

based life-oriented design tools [Vajna et al. 1997] (see Appendix B ) either for 

solution synthesis or for solution analysis. Synthesis tools provide a set of 

71 



Providence 
supported with 
synthesis in 
different 
viewpoints 

Providence is 
late 

Provide a generic 
insight as life­
phase models 
are not being 
modelled 

Mainly used for 
component 
design 

Chapter 4 

A Review of Means Supporting Providence 

features that enable designers to generate descriptions of the sol utions - an 

approach termed feature based design (fbd). Once the description is 

complete, it is then submitted to an analysis module which explicitly reveals 

knowledge about the artefact li fe issues as in [Changchien et al. 1996]. With 

analysis tools a given geometric solution is first subm itted to a feature 

recognition [Bartholomew et a!. 1991] module to identify 'featu res' in order to 

generate a feature based description of the input solution . Again , this 

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

Strengths of Feature Based Design Tools 

Features are applicable to artefact solutions being described from different 

synthesis viewpoints, as they do not necessarily relate to geometry [Vajna et 

a!. 1997]. For instance, functional features [Schulte et a!. 1993] can be used 

during functional domain synthesis and form features [Feng et a!. 1996] during 

constructional domain synthesis. This allows artefact life issues to be related 

[Andreasen et a!. 1996a] to viewpoint-specific 'regions', thereby supporting 

providence during artefact synthesis taking place from different perspectives. 

Limitations of Feature Based Design Tools 

With current synthesis and analysis feature based tools, a description of the 

candidate design is required before artefact life issues can be revealed. Thus 

providence takes place after the candidate solution has been generated. 

As features concern artefact regions, they can be considered to be Product 

Design Elements (PDEs) (see section 2.1). Literature indicates that the 

concept of features is not being applied to reusable Life Cycle Phase 

Elements (LCPE) (see section 3.3). Thus, with a feature-based approach , 

designers can model artefact solutions and hence foresee consequences of 

their solution interacting with an assumed (fixed) life-phase model , the latter 

not necessarily reflecting the artefact's specific life scenario. 

Feature based design tends to be employed for component level design, 

normally with form features. In this sense, synthesis results in a geometric 

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

AI based means that are being used to explicitly prov ide designers with 

knowledge of artefact life issues are constraint networks, knowledge based 

systems and case-based reasoning tools. This class of providence means is 

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

4.3.4.1 Constraint Networks 

A constraint network provides a computer based approach that can be utili zed 

to support life-oriented design [Bahler et al. 1994; O'Sullivan 1997] by 

allowing users to explicitly acquire knowledge of the consequences of a 

designer's decision on life-phase issues [Bowen et al. 1990; Oh et al. 1995]. 

A constraint network (CN) is a collection of objects (parameters) and a set of 

constraints which must be satisfied by the values that are assumed by the 

objects [Bowen et al. 1990; Oh et al. 1995]. A constraint is some 

relationship which must be satisfied by some subset of the parameters in the 

network [O'Sullivan 1997]. These constraining relationships allow, for 

instance, the effect of a deSigner's decision on manufacturing options [Bowen 

et al. 1990] to be foreseen. 

Pre-defined network of 
Parameters and Constraints 

cG) 

I C(J1~.LA 1 

o Parameters 

c:=J Constraints (a) 
Network with Values Assigned to 
Parameters Satisfying Constraints (b) 

Figure 4.6 - Constraint processing techniques 

.~ 'W:' Constraint Monitoring 
Processor 

Engineer 

Selecting and testing parameter 'values' in a eN can be done by a 

combination of computers and humans [Bowen 1991]. If done by a computer, 

the process is termed a constraint satisfaction problem (CSP), this analogous 

to automatic design [Bowen et al. 1990] as illustrated in Figure 4.6a. If 

performed by a combination of humans and computer, then it is termed 

constraint monitoring [O'Grady et al. 1991] (Figure 4.6b). In const raint 

monitoring, the designer interacts with the network assert ing values to one or 

more parameters. The constraint monitoring processor than infers values for 

other objects attached to the network (where possible) . analyzes the new state 
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in the network, report ing back any constra int violations caused by the user s 

decisions or by the inferred consequences of these assertions. 

Strengths of Constraint Networks 

Constrains can express the restriction exerted on objects in a design problem 

by, for instance, the functionality , material propert ies and life-cycle issues. 

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

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

assigned (or acquired) by any of the objects in the network, values can be 

inferred for other objects forming part of the network. 

Non-directional inference allows CN to be employed for monitoring 

assertions/retractions in co-operative design, where many experts from 

various disciplines can view the candidate design from their perspective 

[Bahler et al. 1994; Tang 1996]. For example KLAUS3 [Bowen 1995] 

supports the interaction between several design team members concerned 

with making decisions on printed wiring board (PWB) design. KLAUS3 reports 

back any violations detected to the appropriate team members. 

Useful for During design, decisions may be made under certain assumptions. Decisions 
parameter value 
exploration made may therefore need to be revised in the light of new information. 

Providence is 
late 

Problem with 
multiple DFX 

No pro-active 
providence 
support 

Constraint monitoring can thus help foresee any violations when exploring 

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

Limitations of Constraint Networks 

As argued in Chapter 3, during design, both the solution and the artefact life 

problem space co-evolve. As a CN monitors a constraint-based artefact 

model [O'Sullivan 1997], CN do not readily support prov idence during solution 

synthesis, when new parameters are being added. Rather, CN support 

artefact life providence after solution synthesis. 

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

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

Although "at run-time users can declare additional parameters and 

constraints ... " [Bowen 1995] forming part of the network, this actually requ ires 

that designers themselves add new constrains between these new parameters 
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and the previously defined parameters. Thus with CN , designers are not pro­

actively supported in foreseeing artefact life issues and new decision spaces 

co-evolving with their newly added parameters. 

The powerful non-directional inference provided by CN provides a 'model ing 

world ' that allows designers to for example 'determine the impact of cost 

decisions on functionality ' [Bowen 1995]. However, as argued in Chapter 3, a 

distinction needs to be made between characteristics that can in reality be 

defined by designers and others that are only derived [Mortensen 1995]. This 

thesis argues that designers can assume a target value (goal) for derivable 

properties but they can only define the basic characteristics of the artefact and 

of the life-phase systems. 

design assistance 

-----+~@ 

(a) \ 

I@~der;veable ®~ba5;c (b) :, __ @ ___ /J 

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

Thus, inferring derivable properties (di) from basic properties (bj) provides 

design assistance (Figure 4.7a) but inferring values for a set of basic 

parameters (bj) for a specified value to a derivable property (e.g. cost) is 

design automation. This is because in reality , it may be possible to have 

different sets of (bj) for a given (di) (Figure 4.7b) . Thus, inferring (bj) from (di) 

is possible with CN but only for pre-defined relationships. This therefore 

hinders design solution exploration. 

With CN, designers can build a constraint based description of an artefact 

model [O'Sullivan 1997]. Thus, the resulting CN represents a mixture of the 

domain knowledge (e.g. constraining relationships between different design 

parameters) and the current working knowledge about the candidate solution . 

This mixture makes it difficult to reuse domain knowledge in new design 

scenarios. This also makes domain knowledge maintenance difficult to 

achieve with CN [Molloy et al. 1994], an issue that cannot be ignored with 

design support tools [Duffy 1997]. 
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The amount and variety of knowledge [Tomiyama et a!. 1995] that has to be 

processed in order to generate life-oriented design solutions has attracted the 

application of Knowledge-Based Systems (KBS). Knowledge in these tools is 

either expertise [Rychener 1988] or public knowledge found in sources like 

textbooks [Giarratano et a!. 1994]. As a result , the terms KBS or expert 

system are often used synonymously [Giarratano et a!. 1994] to describe these 

type of tools. Their utility in supporting life-oriented deign from the perspective 

of providence is evident from various applications such as those in [Ishii 1991 ; 

Levitt et a!. 1991 ; MacCallum 1991; Molloy et a!. 1993; Victor et al . 1993; Swift 

et a!. 1994; Changchien et a!. 1996; Su et al . 1997]. 

Principles of KBS A KBS [Rychener 1988; Giarratano et al. 1994] consists of a knowledge base, 

an inference engine and a user-interface. The knowledge base is the main 

repository of the knowledge employed by the system to address the specific 

problem for which it has been developed. It is common for the knowledge base 

to consist of a combination of knowledge in the form of concepts, rules, 

models and strategies [Rychener 1988]. Concepts are a declarative 

representation of domain objects. For instance 'ABS' is a thermoplastic 

material, it has a set of properties with certain values. Rules are relationships 

linking 'causes and effects', 'evidence and likely hypothesis', 'situations and 

desirable actions to perform' [Eubanks et a!. 1993; Changchien et a!. 1996]. 

Models are collections of interrelated rules, usually associated with a particular 

problem. These can for example represent a SUb-system of a complex 

mechanical structure [Walters et a!. 1988]. Strategies are rules and 

procedures used to aid in the utilization of the rest of the knowledge base , by 

for instance resolving conflicts when rules are equally applicable for a given 

situation. The inference engine provides the problem solving strategy applied 

by the KBS. Two common methods are forward chaining and backward 

chaining [Giarratano et a!. 1994]. 

Support 
knowledge 
retention and 
amplification 

Strengths of Knowledge-Based Systems 

A characteristic of KBS relevant to life-oriented providence is that they provide 

a means by which the breadth of expertise possessed by different artefact life 

actors can be retained, distributed and explicitly re-used even after their 

retirement as reflected in typical implementations [Ishii 1991 ; Meerkamm 

1994]. Thus, a KBS allows the pooling of expertise of a number of specialists, 
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to provide a 'knowledge amplifier' [MacCallum 1992] to a designer attempting 

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

:----___ : ~ .-t: K B~;;~~~~~~~~~;;;;;;;;;;;~----i:::::::: :::: :::::i --- -------- ------------1 
i E i ., : c : : : r--~: -----' 

ijti @ f -H i+/® h:® I¥@ j4 
: ______ _ : : en : 

,---- ---, 

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

Predictive power KBS are useful for supporting providence due to the inference engine's 
useful for 

providence predictive power. In essence, given a description i.e. facts about a candidate 

Providence is 
exploited late 

Not exploited for 
concurrent life­
phase synthesis 

Artefact life 
exploration is 
difficult 

solution, a KBS can predict consequences using knowledge embedded in the 

knowledge base [Hague et a!. 1995]. For example, the Design Critique 

System [Changchien et a!. 1996] predicts manufacturing and assembly issues 

associated for a given rotational part . Appendix B provides details of a number 

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

Limitations of Knowledge-Based Systems 

The predictive power offered by KBS IS generally being employed for 

candidate solution analysis. For instance, both the MIDAS system [Bonfield et 

al. 1997] and the 'Design For Service' tool [Eubanks et al. 1993] require a 

candidate solution as an input before revealing artefact life issues (see 

Appendix B). 

As argued in Chapter 2, during an artefact life, various life-phase systems 

interact with the artefact. The concept of using KBS to support the synthesis 

of an artefact model has been taken e.g. the NODES system [Duffy et a!. 

1996]. Some work is reported concerning supporting the synthesis of life­

phase models [Young 1996]. However, the KBS reviewed do not support the 

concurrent synthesis of artefact and life-phase models making it difficult to 

foresee life-specific interactions. 

KBS tend to employ chunks of heuristic knowledge with no underlying model 

of the solution being described [MacCallum 1991]. This thesis argues that 

such a knowledge-centred rather than a model centred design approach limits 

design exploration. For instance, a heuristic found in the thermoplastic domain 

is that if a component has a rib, then a consequence is that a sink mark is 

likely to form [DuPont 1992] during the realization phase. Such a knowledge 

chunk can be employed within a KBS, as in the rule found in [Huh et al. 1991], 

reproduced here: 
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IF: The Material is GE NORYL N190 

and The Wall Thickness is [t] 

and The Input Root Thickness [T b] is bigger than 0.8 [t] 

THEN The Possibility of Bad Sink mark = 9/10 

and The Possibility of Warpage = 8/10 

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

This example assumes that the realization phase process is injection 

mOUlding. Therefore, using such domain specific knowledge with no 

underlying life-phase models does not readily allow designers to explore 

alternative processes and see the resulting artefact Lees or to explore 

alternative process parameters (e.g. injection pressure) in an attempt to avoid 

the formation of sink marks. 

With no underlying life-phase models, a KBS can only provide multiple but 

segmented views of a candidate solution (e.g. mfk [Meerkamm 1994]). A 

KBS aimed at providing multiple views of a printed circuit board solution is 

MIDAS [Bonfield et al. 1997]. This provides users with a process model 

containing information about the available production facilities. However it 

has no underlying life-phase system models. 

A problem with KBS, which is more intense in life-oriented design due to the 

breadth of knowledge involved, is that of know/edge maintenance. Unless 

the knowledge is properly structured, maintenance will be difficult, making the 

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

4.3.4.3 Case Based Reasoning Tools 

Case-based reasoning (CBR) tools apply human experience, stored in a 

computerised form termed a 'case ', in an attempt to assist solving similar 

problems, in slightly altered contexts. In a case-based, life-oriented design 

approach, captured artefact life knowledge stored in cases, is explicitly used 

to augment designer experience in solving a design problem. Examples are 

found in [Wood III et al. 1996; Kim 1997] (See Appendix B). The process of 

eBR involves recalling a relevant case from the case base and then adapting 

this case for the solution of a new problem (Figure 4.9) . eBR design tools vary 

in the way the case base is organized, the procedures for recalling relevant 

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

1995]. 

78 



New problem , 
Recall I Index 

I Retneve 

I Select , 
Adapt I 

Modify 

I Evaluate 

I 
I 
I 

I 
I 

Chapter 4 
A Review of Means Supporting Providence 

Case -- Base -
II 

_. New solution -
Figure 4.9 - CSR design approach - [Maher et al. 1995] 

To allow CBR systems to quickly and accurately search for relevant cases, 

cases need to be organized in a structured way_ Recalling relevant cases is 

a pattern-matching problem. This can be broken down into (Figure 4.9) 

indexing the pattern input by the designer then retrieving suitable cases by 

searching the case-base for individual cases that match the indexed pattern . 

An appropriate case is selected from those retrieved, with a rank to indicate 

how close the match is. The selected case is usually modified, through case 

adaption, to become applicable to the current design situation_ This employs 

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

Strenghts of CBR 

A case integrates A case can represent artefact and related artefact life knowledge such as on 
artefact and life-
phase knowledge assembly issues [Kim 1997] in various forms including multimedia [Wood III 

Difficulty to 
reveal multi-X 
interactions 

Providence is 
separate from 
synthesis 

et al. 1996]. CBR thus provides a means for storing artefact and related life­

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

Limitations of CBR 

A single retrieved case can explicitly provide designers with knowledge of 

relationships between an artefact and related life-phase issues [Wood III et al. 

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

stored in different cases is left up to the user. 

As the retrieval of a relevant case is initiated by designer input (Figure 4.9) , 

then when a case is retrieved and adapted, any problems inherent in the 

resultant solution are not automatically re-submitted CBR. It is the user who 

has to foresee co-evolving problems and then input these to the tool as a 

suitable new query. Thus, CBR does not readily support designers in 

foreseeing artefact life problems co-evolving with their solution during 

synthesis. 
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Cases provide knowledge about similar artefacts and related life issues_ 

Such a knowledge chunk supports designers in harmonizing an artefact 

solution to life-phase systems' requirements, which are however assumed 

fixed in the case retrieved (Figure 4_10)_ Therefore, without an underlying 

explorable life-phase model , CBR does not support designers in foreseeing 

life-specific interactions between artefact and life-phase system solutions_ 
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I 
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Artefact being designed 
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~ 

I 
I 
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Case 
,---,----- .... , 

; Life-Phase System/ 
\ , 
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" 
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I 

Figure 4.10 - Case retrieves 'fi xed' knowledge on life-phase system 

Expanding the design focus to a multiple of artefact life phase requirements 

presents unique problems for a case based approach [Wood III et aL 1996]_ 

This is because design information must be considered at many levels of 

abstraction and from many viewpoints. Thus, a limitation to life providence is 

that the cases need to be large due to the storage of multiple life issues. An 

important issue in case based providence design is the organization and 

searching of relevant cases. Such large case bases introduce indexing 

problems to ensure the retrieval of relevant cases. One way used to 

overcome this issue is through an intelligent thesaurus [Wood III et aL 1996]. 

Cases retrieved are rarely a perfect fit to the current solution , meaning that 

case adaption is required to foresee artefact life issues specific to the current 

solution. With the current state-of-the-art , designers employing such CBR 

tools have to assist, or even entirely perform the case adaption process 

[Maher et al. 1995]. This is a drawback to pro-actively aiding providence, as 

designers require additional artefact life knowledge for successful case 

adaption . A promising avenue for addressing this problem is the use of hybrid 

case-based design systems [Maher et al. 1995], where multiple reasoning 

methods are incorporated within the CBR paradigm. 

Knowledge about an artefact and related life-ssues are stored in a single case . 

Thus, similar artefact life knowledge may unnecessarily be duplicated in 

different cases. This makes artefact life knowledge maintenance difficult. 
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Means Solutions generated: 

(N)one, (A)rtefact, (L)ife-phase 

INDIRECT SUPPORT 

Teams Normally (A) but IT is possible to 
generate (L) solutions; 

---- - ----- -- --- -------------- - - - -------
QFO Early (A) solution, in the form of 

ex> 'how' individual customer 
requirements can be met; currently 
also used for selecting the crITical 
'manufacturing processes' and 
'process parameters' 

-- -------- _l~iy~199?!l?~h_a.n_ ~t_ ~I~ ~ ~~~L ______ 
FMEA (N) - solution is input to FMEA 

_.-------- - -- -- --- --- - -------- -- ----- --
Rapid (A) ; sometimes it can be used to 
Prototyping generate (L) e.g. 'rapid tooling'; (A) 

model generated is normally of a 
different material from the real 
artefact; 

Table 4.1a - Comparative Matrix of Providence Means 

Artefact Life Knowledge Other Comments 
Revealed during View ~ .. fype 
(s)nthesis or (a}naJysis Single (X) = 1 (X) (G)erteric or life 

+ strengths / - limitations 

M1J/tiple (X) = 1:(X) • (S)pecif1c 

(s) - if all team members r(X) (S) if the team 
+ life specific LCCs can be foreseen if all members are present during synthesis 
+ the right munifunctional team provides a synergy of life-cycle knowledge: 

are present physically or members - it is difficult to assembly a team with all adequate life-cycle expertise [O'Grady et al. 
virtually [Cleetus 1993] represent 1991]; 
during synthesis ; 'solution specific' - team meetings tend to be short & infrequent [Ishii 1991 ; Dym 1994] 
otherwise mainly during artefact life actors - decisions with potential LCC can be made in the interim period between meetings: 
(a) in review meetings - expertise is lost with retirement/change of members [Salzberg et al. 1990]; 

- difficulties in recognizing complex dispositional effects [Andreasen et al. 1990]; 

- ----- ------ -- - ------ ------ -------- ---- --- ----- --- -------- ___ I~gi~!i~ _ f!l~!l?g~r.n_e_n! 9!f!i~~I!i~~ l~.o_~!?~ _~ ~~~l !n!l_u~!l~~ F!~~i~~~~~ ; ____________ 
(s) 1 (X)-mainly use phase; (S) only if a + motivates provident thinking as from the task clarification design stage: 

currently also used for 'product specific' + supports the systematic handling of trade-offs between requirements ; 
considering design team is - being a team-based approach, it suffers limitations associated with teams ; 
'manufacturing employed - which interactions between specifications and artefact life issues are revealed, 
processes' [Sivaloganathan depends on the user's domain knowledge and solution interpretation; 
[Sivaloganathan et al. et al. 1997] - solution exploration is difficult ; 

------ - -- -- - - - ------- _ ~ ~~~L ____________ ___ --- ----- - ---- - - - ---------------- -- -- --- ------ ----- ------- --- -----------------------
(a) Can be r(X) but (S) + promotes provident thinking of possible use phase failures ; 

segmented; mostly used + provides a means of documenting potential failure modes for future reuse; 
for 'use' phase - being a team-based approach , it suffers limitations associated with teams ; 
providence - failure modes are revealed late [Norell 1993 1 during detail design : 

- not pro- active i.e. providence depends on the user's solution interpretation: 

---- - - --- -- - - - - -- ---- --- -- - -- - - -- -- ------- -- -- ---------- - - ___ sJ~gl~_'~~~~?! ~ _t~~~ l · ~: ~9~~ !l9! ~?~~I~_ ~r9P~g~~~~ ~~~~t_s~ __________________ 
(a) r(X) but segmented; (G) + can rapidly generate physical artefact prototype models ; 

mostly used for 'use' + realized prototype model can be viewed from multiple life-phase perspectives ; 
phase providence - artefact life issues & interactions revealed depend on team members knowledge; 

- providence late - requires a geometric model as an Input ; 
- awareness not specific - the prototype's material is different from that of the artefact; 
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Means Solutions generated: 

(N)one, (A)rtefact, (L)ife-phase 

DIRECT SUPPORT 
OFX 
guidelines 

OFX Meta­
Methodology 
[Watson et 

_ 9-l· _ ~ ~~~l __ _ 
Numerical 
Analysis 

Feature 
based 
des ign tools 

(N) they support the generation 
of an (A) solution, but they are 
used separately from solution 
modelling 

(N) Methodology supports the 
generation of an (A) solution, but 
is used separately from solution 

_ cn_o~~!I~n~l. _____________ __ __ _ 
(N) - solution is input to the 
Numerical Analysis solver 

(A) models; most models are 
geometric, some include other 
characteristics such as materials 
and tolerances ; 

Table 4.1 b - Comparative Matrix of Providence Means 

Artefact Life Knowledge 
Rev$sJed durfng 
(s)nthesis or(a)naJysis. 

Mainly during (a) - as 
guidelines are numerous, 
they tend to be used 
separate from synthesis 
[Huang et al. 1997]. 

(a) of feasible solutions 

(a) - geometric model of 
the candidate solution 
required as an input 

(a) - feature based 
description of the 
candidate solution is 
required before artefact 
life issues can be 
revealed 

Vi9W . Type 
Single (X) = 1 (X) " . {G)eneric or lite 
Multiple (X) = ~ (S}peciflC 

Each guideline provides 
1 (X) e.g. DFA, or DFM 

I(X) but limited to 3 

1 (X) but segmented; 
mainly for Use phase; 
some for Realization 
phase 

can be I(X) but 
segmented ; 

(G) - as they do 
not consider the 
user's actual 
resources 
[Molloy et al. 

_ ~ ~~_3J ________ _ 
(G) 

(8) 

(G) as there is no 
underlying life­
phase models to 
reveal 'Iife­
specific' 
interactions 

Other Comments 

+ strengths / - limitations 

+ provide a means of capturing & sharing useful relationships between artefact 
solution parameters and life-phase system characteristics: 
- narrow, segmented views i.e. difficult to handle propagation effect phenomena; 
- being segmented, multi-material domain exploration is not supported; 
- as guidelines are numerous, deciding which is applicable is difficult & confusing 
J~_u~~g_e_t _aJ._ ~~~~L ___________ ____ ___ ___________________ ___ _____ _____ _ 
+ helps handle conflicting DFX guidelines 
- interactions between different DFX guidelines need to be revealed by user 

+ prevents the need of physical models; 
+ can be used to foresee various artefact behavioural properties; sometimes used to 
predict the behaviour of life-phase systems e.g. mould tool cooling; 
- tool provides a narrow, segmented view - normally artefact use phase behaviour; 

___ a.rt.e.f~~t_ ~~~I~~a~i?!1_i~ J~~0.r~0_U_S2 ?!1~!~c.t _Ii!~ ~~~I?!~t!~n_ ~~~ ~ ~~~~rt.e.d_; ___________ _ 
+ can be used to support synthesis taking place from different viewpoints; 
+ features provide a formal artefact representation scheme that supports the 
integration of product life activities [Changchien et al. 1996] ; 
- features are the result of a user's interpretation of an artefact 's region [Jared et al. 
1994] 
- features are related to artefact regions and are thus used for artefact synthesis ie. 
currently no 'life-phase' oriented features ; 
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Table 4.1 c - Comparative Matrix of Providence Means 

Means Artefact Life Knowledge Other Comments 
Solutions generated: Revealed during . View Type 
(N)one, (A)rtefact, (L)ife-phase (s)nthesis or (a)naJysis Single (X) = r(X) (G)eneric or life 

+ strengths / - limitations 

Multiple (X) = I(X) . (S)peciflC 
DIRECT SUPPORT - Art ific ial Intelligence Based Means (see Appendix B for a review of a representative sample) 
Constraint (A) (a) of candidate solution :E(X) & interacting - (S) - when used + support the representation of various types of knowledge: 
Networks - solution has to be first assumes the for co-operative + support 'non-directional' inference; 

represented as a network relationships between design between + useful for parameter value optimization; 
of parameter the different perspectives 'solution specific' - they treat design as a search to 'satisfy constraints' i.e. assumes constraints are 
relationships [Bowen are known & represented artefact life actors known in advance and not co-evolving with the solution ; 
1995]; e.g. for post- in the network; - providence used for improving a solution rather than for guiding solution synthesis; 
design DFA analysis [Oh - handling multiple objectives as in DFX not readily achieved (O'Sullivan 1997]; 
et al. 1995] - mixture of definable & derivable properties hinders exploration; 

-- - --------- ------------- ------ -------- -- - - - - -- ---------- - -- - --------- -- - -- - - ---- ---------------- _-_ 9~ffJ~~I~ ~o_ ~_a!~t~~_ ~~~~1~99~ _a_s_ t~~y J~~x_ ~~'!'~~_ ~ _c?09~d_a~~ ~9~u~i90_ k_n_o_~I~gg~ ; __ 
Knowledge Currently, can be used for Currently used for (a) - a Can be :E(X), but (G) as there is no + support the retention of distributed artefact life knowledge; 
based design generating (A) or (L), but candidate solution is segmented underlying life- + they have a predictive power due to the inference engine, suitable for providence; 
tools separately i.e. not concurrently required as an input phase models to - currently not used for the concurrent synthesis of artefact and multiple life-phase 

reveal 'Iife- systems; 
specific' - with no underlying life-phase models, artefact life exploration is difficult ; 
interactions - knowledge is not organized in terms of resources which have to be coordinated 

[MacCallum 199 11 ; 

- ----------- -------------- --- ---------- --------.--- ---- ----- - ---- - - - ----- - ------- -- - - ---------- -- _-_I~~i!~~ ~n_ ~~~~li..n~ti~!eJ~~t!~9. ~~I~~~~s.h_ies. J ~~ ~C_~L~ IJ ~ r:n. J ?? _I J ~ _______ __ _______ 
Case based (N) - they support solution During (s) but separate Can be :E(X) but, (G) as there is no + cases can conveniently integrate artefact and related life-phase knowledge; 
reasoning synthesis but they are used from solution modelling segmented underlying life- + represents knowledge in a variety of formats e.g. multimedia (Wood II I et al. 1996]: 

tools separately from solution phase models to - knowledge captured in the retrieved case has to be adapted to the current problem, 
modelling reveal 'Iife- frequently by the user (Maher et al. 1995]; 

specific' - case adapt ion may introduce inconsistencies (Maher et al. 1995]: 
interactions - interactions between the different views is le ft up to the user reveal unless this IS 

explicrtly stored as part of the case; 
- cases enable designers to optimize the candidate design solution, without supporting 
the exploration of 'artefact life' commitments ; 
- similar artefact life knowledge may be captured in different cases, making knowledge 
maintenance difficult : 
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A Review of Means Supporting Providence 

4.4 Current State Of Providence Support 

The characteristics of the means reviewed are summarized in Table 4.1. 

Based on the review criteria , the following key observations can be made to 

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

Providence Is Too Late - Separate from Solution Synthesis 

As argued in section 3.3, delaying the consideration of artefact life issues 

leads to a series of lengthy and costly design iterations. Table 4.1 reflects 

that both indirect (e.g. FMEA) and direct (e .g. DFX) means support 

providence allowing designers to generate life-oriented design solutions. 

However, providence is supported late in the design process, as most means 

make artefact life knowledge available after candidate solution synthesis. An 

exception is a team based approach, but this requires all members to be 

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

Providence Life-Span View is Narrow & Segmented 

Lack of support As argued in [Bonfield et a!. 1997], work on means providing multiple 
to foreseeing 
interactions perspectives is limited. Table 4.1 indicates that current means either provide 
across multiple 
life.phases a narrow view by focusing on one life-phase at a time (e.g. DFX guidelines) , 

Lack of support 
to concurrent 
synthesis results 
in generic 
providence 

or multiple, but segmented views (e.g. mfk system [Meerkamm 1994]). Thus 

individual designers lack means supporting them during early design to 

foresee artefact life issues across multiple life-phase issues in an integrated 

way. Constraint networks go some way towards this issue but they mostly 

support designers to monitor the impact of their decisions on multiple life­

phase issues rather than to foresee the impact. This is because constraint 

networks require that parameters of a solution and parameters of life-phase 

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

Providence Is Mostlv Generic - No Explorable Artefact Life Model 

As argued in Chapter 3, foreseeing life-specific interactions between an 

artefact and life-phase systems is a necessity for DsFIX. As Table 4.1 

indicates, with current means, designers are not generally supported in 

concurrently generating an artefact and a number of associated life-phase 

models. For instance, DFM guidelines do not reflect the actual manufacturing 

concerns of the user [Molloy et a!. 1993] that the artefact will encounter. A 

tool which attempts to address this issue is MIDAS [Bonfield et a!. 1997] (See 
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Appendix B). MIDAS allows designers to specify available production 

facilities. However providing knowledge about such life-phase systems with a 

'fixed perspective' [Kerr 1993] is not enough. For example, it is misleading to 

assume that Lees associated with a standard mould part (e.g. a core-pin) will 

be the same when purchased from different suppliers. Thus, current means 

lack to support 'artefact life specific' providence - rather they provide generic 

knowledge on artefact life issues. 

Inadequate Providence Due to Lack of Exploration Support 

Current means (e.g. DFX guidelines and KBS) tend to be material domain 

specific. This makes it difficult for designers to explore alternative domains 

during synthesis. Also, current means focus on supporting the generation of 

an artefact solution to fit an assumed life-phase system . Hence designers 

lack tools that support 'artefact life exploration '. Since, as argued in section 

3.2, exploration generates useful LeC knowledge, then with current means, 

providence is not being adequately exploited to support DsFIX. 

Providence Not Exploited For Life-Oriented Design Guidance 

Current means exploit providence to provide artefact life knowledge for 

improving a candidate design solution (see for example [Oh et al. 1995; 

Changchien et al. 1996; Kim 1997] in Appendix B) . They do not adequately 

exploit providence to provide knowledge for guiding artefact solution 

synthesis. For example, when defining the use of fasteners as part of a 

candidate solution (Figure 4.11) , current means do not generally support 

designers in foreseeing feasible assembly system alternatives and their 

associated requirements. Ideally, when selecting say a robot assembly 

system from the alternatives 'foreseen ', support tools should provide relevant 

guidance knowledge (e.g. to introduce counter-sunk holes to facilitate 

fasteners' insertion [Willemse 1997] by the robot's gripper) to aid harmonizing 

the evolving artefact solution and the assembly system . 

part of 
~ 

---
Figure 4.11 . Tools lack to exploit providence to reveal life-oriented design guidance knowledge 

85 



Providence Difficult To Achieve 

Chapter 4 

A Review of Means Supporting Providence 

Lack o( pro- Means indirectly supporting providence, such as FMEA and rapid prototyping 
active providence 
support contribute to the generation of life-oriented design solutions by motivating 

Computers help 
overcome 
limitations o( the 
human brain 

Current state o( 

Indirect and 
direct means 
support to 
providence 

designers to consider revealing life issues associated to the artefact solution . 

However, the major drawback of these type of providence means is that the 

ability of revealing artefact life issues depends on the users of these means. 

Further as outlined in Table 4.1, these means require a team based approach. 

On the other hand, means directly supporting providence can provide access 

to a large volume of captured artefact life knowledge, in various forms such 

as different DFX guidelines [Fabricius 1994; Seliger et al. 1994], or a number 

of knowledge based systems e.g. [Victor et al. 1993; Meerkamm 1994]. 

However, utilizing knowledge embedded in these means to foresee artefact 

life issues requires user interaction to decide which guideline or tool is 

applicable for a given deSign scenario. That is, designers lack pro-active 

support enabling them to utilize the right artefact life knowledge at the right 

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

Manual versus Computer Based Means To Providence 

Teams have a number of drawbacks such as that of 'interim isolation ' and the 

'loss of valuable expertise' that influences the effectiveness of indirect, 

manual means such as QFD and FMEA. At the same time, designers have 

high demands placed on their thinking ability [Pahl et al. 1996] and the human 

brain has knowledge processing limitations [Ellis et al. 1989; Kerr 1992]. 

Thus, as argued by Ishii [Ishii 1991], any computer environment that helps 

engineers to incorporate life-cycle values plays an important role. In this 

sense, a suitable avenue to supporting life-oriented design from the 

perspective of foreseeing artefact life interactions during design, are computer 

based means that directly support providence. 

4.5 Chapter Conclusions 

This chapter has presented a review of a number of the main means that are 

currently used to indirectly or directly support 'providence' - foreseeing artefact 

life issues during design. The review reflects that different means have 

different strengths and weaknesses to supporting providence. In this sense , a 

hybrid of these means could amplify the effectiveness of support to life-

oriented providence. Table 4.1 reflects that the means reviewed contribute 
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to supporting designers in having an insight into artefact life issues during the 

design phase, before the design solution is released for realization . However, 

the review has established that individually, the means reviewed exhibit one 

or more of the following limitations. Providence: 

• takes place late during candidate solution analysis, not during synthesis; 

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

span (Multi-X) view 

• is generic and not 'life-specific', as life-phase solution modelling is not 

supported; 

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

is not supported. 

This chapter therefore concludes that for DsFIX, there is a need for a means 

that collectively (Figure 4.12) supports designers to foresee and explore 

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

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

Figure 4.12 - Gap in providence means supporting DsF2:X 

87 



Chapter 5 
Established Research Problem 

chapter 

15.0 Established Research Problem 
Scope This chapter discloses the research problem established from the preceding 

chapters. For this purpose, section 5.1 presents the main outcomes of 

Chapters 2, 3 and 4. Based on these outcomes, section 5.2 presents the 

established research problem and the research questions arising from this 

problem. Section 5.3 then presents the Ph.D. research boundary, with the 

dissertation's Part A conclusions made in section 5.4 

Chapter 2 -

Designers need 
to DsFLX 

Chapter 3 - For 
DsFLX, 
designers need 
to foresee /ife­
cycle 
consequences 

Chapter 4-
Designers lack 
adequate 
providence 
means 

5.1 Research Problem Foundation 

Chapter 2 established that during the life of mechanical artefacts, the interaction 

between an artefact and different life-phase systems results in a number of 

consequences. Thus, knowledge of such consequences is generated during 

such interactions. Due to the chronological order of an artefact 's life, such 

knowledge is however not readily acquired by designers. Decisions made during 

the design phase can thus influence these interactions. As examples presented 

reflect, design decisions can result in intended and unintended consequences 

that can propagate across multiple-life phases, these termed life-cycle 

consequences (LCCs). As an implication of this propagation effect phenomena, 

this research argues that the designers' responsibility covers aI/life-phases. To 

generate 'life-oriented' design solutions, handling this phenomena is a necessity. 

Thus, designers need to adopt a DsFLX approach. 

As argued in Chapter 3, in order to be guided in generating life-oriented 

solutions, a 'Design Synthesis for Multi-X' approach requires that designers 

engage in provident thinking as from early design, in order to foresee LCCs co­

evolving with the artefact solution. This however requires that a large amount of 

distributed LCC knowledge is acquired, is readily available and easy to access 

to permit it to be explicitly utilized during design. 

Chapter 4 disclosed that distributed artefact life actors are too busy to 

continuously form part of a design team to support life-oriented providence. 

Thus due to the lack different team members and hence the knowledge they , 
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possess, design decision making takes a narrow focus, with designers 

frequently unaware of a number of unintended LCCs being generated. At the 

same time, the review in Chapter 4 established that designers lack appropriate 

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

5.2 Research Problem 

Thus, in order to adequately handle the phenomena of propagation effects at the 

right time, this Ph.D. argues that there is a need of a LCC knowledge intensive 

means that allows designers to foresee during synthesis, mutliple, artefact 'Iife­

specific' interactions, in order to guide them in generating life-oriented design 

solutions. Given that human beings have mental, knowledge processing 

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

• Developing a computational framework that collectively allows 

designers to interact with a LCC knowledge model, when generating 

and describing mechanical artefact solutions, in order to explicitly 

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

Using segmented DFX knowledge 'as-is' during tool implementation, can result 

in conflicts between a guideline in one X-area and another in a different X'-area. 

This is as 'design for' guidelines do not cross-correlate [Pugh 1991]. Thus, to 

develop such a computational means, one needs to distinguish between the 

integration of different DFX knowledge i.e. I(DFX) and knowledge that explicitly 

models interactions between different 'X' i.e. DFIX. As literature reflects, there 

is indeed an abundance of DFX type knowledge for various domains, but an 

apparent lack of DFIX knowledge. 

Need to identify In developing knowledge intensive computational tools, there is a need to 
'what ' to model 

distinguish between 'what' needs to be modelled versus 'how' it is represented 

[Tomiyama 1996]. For example, the review in Chapter 4 reflects that KBS have 

various characteristics that make them suitable for supporting life-oriented 

design. They also provide different formalisms to 'how' knowledge can be 

represented. However, their application to effectively support life-oriented 

providence, depends on 'what' knowledge is actually embedded and how readily 

this knowledge can be utilized at the right time during synthesis. Thus, a key 

issue in developing such a computational means, is that of LCC knowledge 

modelling in order to support the utilization of the right knowledge at the right 

time during solution synthesis. 
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The fast pace of technological changes require knowledge to be updated 

regularly [Gupta et al. 1997]. Most computational means supporting providence 

fail to adequately support knowledge maintenance, which is more than being 

able to add/modify rules. This is an issue that needs to be addressed if 

knowledge intensive tools are to remain useful [Duffy 1997]. Some tools like 

MIDAS [Bonfield et al. 1997], go some way towards addressing this problem but 

most tools focus on supporting designers at the expense of knowledge 

maintenance. 

As disclosed in Chapter 4, current means supporting providence basically 

require a candidate solution prior to providing an insight into LCCs. Further, 

knowledge revealed tends to be generic, narrow and segmented. This research 

considers this state of providence support as reflecting a lack of understanding 

of the phenomena by which LCCs are generated and propagated across 

multiple life-phases. Therefore, in correlation with the computational means 

development framework illustrated in Figure 1.3, developing a computational 

LCC knowledge intensive means to DsFIX, requires first an understanding of 

the phenomena of how LCCs are generated. 

Research Questions 

Therefore, the research problem presented above introduces a number of 

research questions that have to be addressed in this research: 

• how are LCCs generated and propagated from design decisions? 

• what artefact and life-phase elements are relevant for a knowledge model 

whose purpose is to infer artefact LCCs? 

• how are the relevant elements and LCCs related? 

• how can such relationships be transformed into meaningful knowledge? 

• how can this knowledge be operated upon by designers, to allow them to 

infer at the right time, LCCs co-evolving with their solution description? 

• how can this knowledge be organized and codified into computable form, 

to cater for maintenance difficulties? 
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5.3 Ph.D. Research Boundary 

In order to bound the established research problem, this thesis focuses on 

developing a computational framework providing designer support to DsFLX 

within the following context: 

• during synthesis at the component level. A mechanical component is 

composed from a single material. This reduces the number of elements and 

relationships that need to be established. However, component design is 

still decision intensive and therefore an area where (component) life 

exploration is beneficial. The relevance of supporting component DsFLX is 

also evident from arguments made by others, such as " .. . qualities and 

problems of production are related (caused by) to the components .... " 

[Andreasen et al. 1993a] and "Component designers can contribute 

significantly to the serviceability of the products that use their components" 

[Bralla 1996]; 

• during adaptive and variant (see section 3.1.1) mechanical component 

design scenarios; 

• during component conceptual design (see section 3.1.2), when the 

component solution is abstract , undetailed and still evolving; 

• during synthesis taking place mainly from a constructional domain (see 

section 3.1.3) viewpoint ; 

• to 'individual' designers in foreseeing and exploring LCCs when generating 

mechanical component design solutions. 

5.4 'Part A' Conclusions 

This chapter, which concludes 'Part A' of this dissertation, has presented the 

research problem and boundary. The research problem concerns modelling 

LCC knowledge in such a way to allow it to be utilized during synthesis when the 

artefact solution is still being described, for pro-actively guiding designers in 

generating life-oriented design solutions. The boundary of this thesis is to 

supporting synthesis at the component level from a constructional point of view. 

This thesis will now proceed to Part 'B', during which the approach framework 

developed as a means for supporting component DsFIX is presented. As a 

solution foundation to the established research problem, the next chapter 

presents a phenomena model formally explaining how LCCs are generated from 

design decisions. 
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\6.0 'Life-Cycle Consequences' Phenomena Model 
Scope 

Decisions 
concern 
alternatives in a 
domain 

To address a question arising from the research problem establ ished in 

Chapter 5, this chapter presents a phenomena model explaining how LCes 

are generated from design decisions in two distinct ways during component 

life synthesis. For this purpose, section 6.1 provides a theoretical background 

to decision-making. Section 6.2 introduces the concept of artefact and life­

phase synthesis decision commitments to describe a synthesis decision 

commitment model. Section 6.3 presents the LCe generation phenomena 

model established whilst section 6.4 discusses the significance of this model 

for developing a knowledge intensive approach framework for DsFLX. 

Chapter conclusions are made in section 6.5. 

6.1 Decision-Making Background 

As a foundation to explaining how LeCs are generated, this section presents 

relevant theoretical background to decision making. As argued in Chapter 3, 

the space of alternatives available in the solution space, make design, 

decision intensive irrespective of the design stage or synthesis viewpoint. 

Alternatives are known to be an essential feature of any decision - strictly 

speaking, without alternatives, there would be no decision [Holtzman 1988]. 

This is also the case with design decision-making [Mistree et al. 1993; 

Roozenburg et al. 1995]. In this Ph.D. research, a decision is therefore 

assumed to exist due to a selection between a number of alternatives related 

to some domain [Holtzman 1988]. Deciding on what material to use for a 

component is a decision in a different domain than say, deciding what 

assembly system to specify in the realization phase. In the case of 

components, the designer encounters alternatives due to degrees of freedom 

with respect to the manipulable characteristics [Tjalve 1979]. These include 

reusable PDEs such as form features [Nnaji et al. 1991], assembly features 

[Salomons et al. 1993], material and surface textures, a few of which are 

schematically illustrated in Figure 6.1. The alternative selected, a result of the 

decision-making process, is said to be the decision commitment. 
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Alternatives 
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Figure 6.1 - Typical alternative component PDEs 

A decision commitment is subject to a corresponding outcome [Holtzman 

1988]_ That is, decision making is consequential in the sense that selecting an 

alternative (the commitment action) depends on anticipation of the future 

effects of alternatives being considered. A decision is made to intentionally 

achieve a desired consequence, termed the decision goal [Roozenburg et al. 

1995]. Different decision commitments result in different consequences. 

Thus, alternatives are interpreted by the decision-maker, in terms of their 

expected consequences [March 1994]. 

Decision making theory assumes that decision-makers have perfect 

knowledge of alternatives and their expected consequences [March 1994]. 

However, studies of decision making in the real world suggest that decision­

makers do not always know all the consequences of their alternatives [March 

1994]. That is decision commitments also result in unintended consequences. 

In pure theories of choice, decision-makers are assumed to choose among 

alternatives on the basis of their expected consequences, but such 

consequences are not known with certainty [March 1994]. In some 

situations, the consequences depend not only on the chosen alternative, but 

also on factors outside the control of the decision-maker or on decisions of 

others [Roozenburg et al. 1995]. Some uncertainty therefore always exists in 

decision situations including design [Joshi 1991]. 

Increasing knowledge 

Certainty - Complete 1-
Knowledge. Risk J 

Total Uncertainty -
_ Ignorance 

Decreasing knowledge 
Figure 6.2 - Decision making zones - adopted from [Turban 1993] 
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Hence, the amount of knowledge concerning decision consequences available 

during decision-making, wh ich ranges from complete knowledge to ignorance 

(Figure 6.2), results in [Turban 1993; March 1994]: 

• 

• 

decision-making under certainty - the (intended) consequence for each 

alternative is known, resulting in a deterministic situation; 

decision-making under risk - several possible consequences need to be 

considered for each alternative. The probability of such outcomes can be 

estimated, resulting in a probabilistic situation - a calculated risk; 

• decision-making under uncertainty - insufficient information makes it 

difficult to estimate the probability for consequences of different 

alternatives. 

Decision-makers take into consideration specific circumstances (e.g. 

constraints which restrict the possible set of alternatives) and preferences 

(e.g. designer's risk attitude) [Holtzman 1988]. Thus in decision-making, 

alternatives are compared in terms of how much their expected consequences 

serve the circumstances and preferences of the decision maker [March 1994]. 

To compare alternatives, one may consider either single or multiple criteria. 

In artefact design, the latter is always the case [Roozenburg et al. 1995; Sen 

et al. 1995], even more so in life-oriented design. For instance, the selection 

of an assembly feature needs to consider consequences of alternatives, such 

as ease of its realization, ease of artefact assembly, ease of dis-assembly 

during service and disposal. Multiple criteria decision-making techniques, 

which can be quantitative or qualitative, assume that criteria are known in 

advance of their use [Roozenburg et al. 1995]. However, due to the 

phenomena of propagation effects, different alternatives can co-evolve 

different requirements. Using these co-evolved requirements as criteria 

when selecting between alternatives is beneficial in DFIX but poses a 

difficulty - knowledge of such co-evolved criteria needs to be revealed in 

order to be considered during decision making. 

The foregoing arguments explain why the people (and number of) involved in 

decision-making can influence which alternative is chosen , due to possibly 

conflicting goals [Roozenburg et al. 1995], their body of knowledge and their 

risk attitude [Holtzman 1988]. 
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In the context of design, many decisions made by a designer are choices that 

'feel right' in the absence of evidence to the contrary [Bowen 1991]. As 

argued in Chapter 4, in the interim period between design review meetings, 

designers work in isolation. At the same time, as human beings, designers 

have limitations concerning knowledge possession and processing [Ellis et al. 

1989; Kerr 1992]. This, highlights why explicitly prov iding designers with 

knowledge of unintended LCCs resulting with their commitments, is benef icial 

to supporting them in selecting life-oriented alternatives. 

6.2 Synthesis Decision Commitments 

Based on the decision-making background provided, it can be seen that every 

decision has a consequence - even selecting a designer who will execute the 

design process, or, say a design support tool (e.g. calculator) . 

Commitments However, this Ph.D. research focuses on consequences arising from decisions 
reflected in 
evolving solution concerning alternatives about the design solution. These commitments, made 

,-- --- -, , , 
, E 2 
~ ~ 
.D E e Q) 
0.'­

I 'S 
.Do-
~ ~ 

during synthesis to an evolving solution, are termed in this thesis as synthesis 

decision commitments [Borg et al. 1998]. Thus, unlike other commitments 

(e.g. about the design process), synthesis decision commitments are reflected 

in the evolving artefact's solution model (Figure 6.3) . As synthesis decision 

commitments are the result of decision-making taking place during design, 

they form a link between the 'design process' and the 'artefact solution model '. 

Synthesis Decision Making 

I ~ ' , I 
\ I , / 

'.. , Current working -. , 

Options knowledge 

Concretization Commitments 

openv; 

~~ 
t:: 
Q) 

§ 
'E 
E 
o 
(.) 
,§_ diameter 

I depth 
!!l 
Q) 

a 

Prismatic 
base 

Figure 6.3 - Solution evolution with synthesis decision commitments 

circUI~hole 

Figure 6.4 - Type of synthesis decision commitments 

Concretization & As the theory of domains (section 3.1.3) explains, during design, various 
detailing 
commitments navigations take place. Thus, as reflected in Figure 6.4, these commitments 

result in a more concrete solution if they are concretization commitments (e.g. 

committing an opening form featu re) or a more detailed solution if they are 

detailing commitments (e.g. committing a value for the diameter). Th is 
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reflects that an expansion in the artefact's current working know/edge [Zhang 

1998] is caused by synthesis decision commitments. 

The same synthesis decision commitment can be made for different 

intentions. For example, intention 'a' (Figure 6.5) is to select a hole to perm it 

a wire to pass through during the use phase, wh ilst intention 'b' is to select a 

hole for allowing a fastener to be inserted during the realization phase. That 

is, one alternative (a hole) in the option set, can be used for 'n ' (n ~ 1) 

different intended consequences. Since synthesis decision commitments 

become part of the artefact solution, then designers should be also concerned 

with unintended LGGs ariSing from such decision commitments. 

r -- - ---- --- -- ---~ r- - -- -----------~ 

~
Intention "a' ~~ Intention 'b' : 

. , I 
, , I , , , 
, , I 

I I I I 
I I I I 

, " ::~ : 
- - - - - - - - - - - - - - - _I , __ __ ______ _ _____ , 

I - ------ - -- - ----------~ 

: Component model 

-©, I 

I 

C~) ~ I I c: .... - :l __ £~r:,~rl---~- --- l 
legend Part of results Commitment adion -.;;;..-.... ==> +-Lft 

Figure 6.5 - Different intentions achieved with same synthesis decision commitments 

6.2.1 Synthesis Decision Commitment Consequences 

As argued in Chapter 2, the purposeful transformation brought about in a 

phase can cause both desired and undesired effects. One can thus visualize 

a number of scenarios resulting from synthesis decision commitments 

purposely made during the design phase. Consider Figure 6.6, where it is not 

shown how the set {} of solution alternatives is generated. Figure 6.6a depicts 

the case when given a set of alternative solutions, a designer makes a 

synthesis decision commitment to purposely achieve an intended good (.I) 

consequence. An example is when the designer selects a thermoplastic 

material for a component to ensure that it does not conduct electrici ty during 

its use phase. A different scenario is when a designer purposely makes a 

decision commitment to result in a problematic (X) consequence (Figure 6.6b) . 

This is a scenario which although possible, professional and ethical engineers 

should not resort to. Figure 6.6c demonstrates a scenario in which a designer 

purposely makes a decision commitment to achieve an intended, good 

consequence, but which also results in an unintended problematic 
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consequence. An example is the commitment to define an ultrasonic weld to 

join two thermoplastic components made from different materials. The good 

and intended consequence is to keep the number of parts in the sub-assembly 

to a minimum, thus abiding with a OFA guideline. The unintended (to this 

designer), problematic consequence is that the components will be 

permanently bonded, making dis-assembly difficult for maintenance and 

recycling purposes. A designer can also make a decision commitment to 

purposely achieve an intended, good consequence, but which simultaneously 

results in an additional, unintended good consequence (Figure 6.6d). An 

example is selecting a snap-fit for joining two thermoplastic components, 

making dis-assembly possible. This also results in a good, unintended (to this 

designer) consequence - the number of parts are kept to a minimum thereby 

abiding with a OFA guideline. Another possible scenario not illustrated in 

Figure 6.6 is a hybrid of (c) and (d). 

-L Good& 
~ <-1I--J Intended Consequence 

~ ~ Intended, Problematic 
~ Consequence 

~ <Ib Intended Consequence 

~--j ~ Unintended Consequence 

~ ~ Intended Consequence 

~ d Unintended Consequence 

<rb 
Good 

q 
Problematic 

". 

f ~ 
Intended Unintended 

A GJ 
C ~ 

Legend Commitment Action Intentionally results Unintentionally results 

~ ~ -~ 

Figure 6.6 - Synthesis commitment consequences 
Figure 6.7 - Synthesis commrtment, consequence dimensions 

Significance of 
revealing 
unintended 
consequences 

As these scenarios highlight, whether a consequence is intended or 

unintended depends on the designer's intention and knowledge of 

consequences associated with the different alternatives. Also, whether a 

consequence is considered good or problematic is subject to the criteria used 

by the designer. 

Consequence Dimensions 

The foregoing arguments mean that consequences arising from synthesis 

decision commitments can be classified in the dimensions shown in Figure 

6.7. The unintended consequences ('8 ' and '0 ') are those consequences of 

which the designer is not explicitly aware when making synthesis decision 
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commitments. Commitments intentionally made to the solution model, may 

thus result in unintended LCCs. Thus, it is such unintended LCCs, wh ich a 

designer needs to be made aware. This is because, if an unintended LCC is 

explicitly made known to the designer and is then considered: 

• 

• 

good: it provides additional knowledge that may assist a designer to 

reinforce the commitment being made; 

problematic: it provides additional knowledge that may motivate a 

designer to explore other alternatives to avoid or relax LCCs revealed. 

6.2.2 Artefact Synthesis Decision Commitments 

As a basis for the phenomena model being introduced later in this chapter, 

this section presents a model of synthesis decision-making (Figure 6.8) . This 

model, on which the 'KC' approach to DsFLX developed in this research is 

based, is founded upon decision-making theory [Holtzman 1988; March 1994] 

and the basic design cycle [Roozenburg et al. 1995]. The notation (e.g. D{O}) 

used for explanation purposes is defined in Appendix C. 
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I 'S 
..0 
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& unintended consequences 
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consequences~ 
-behaviour of artefact ==> 'behaviour of li fe· phases 
'new decision spaces 
'new life·cycle constraints 

~~Oj I 
I _____________________ J 

Commitment action results 

+-CJ+ ===> 
[dJE(O) 

synthesis 
decision com mitment 

Figure 6.8 . Synthesis decis ion commitment model 

During synthesis, the designer generates a set {OJ of possible solution options 

to the sub-problem being tackled. This set gives rise to a decision proposal 

D{O}. Based on arguments made in Chapter 3, the set of options {OJ consists 

of reusable PDEs. For variant and adaptive design, solution space options 

generated are known at the time of synthesis decision making. Thus, they are 

included in the set of the decision proposal D{O}. For original design, new 

alternatives (e.g. a new material) , must be first generated and then included 

with the decision proposal D{O}. Nevertheless, the designer needs to select 

an alternative from the set of options available. Thus, the designer engages in 

a decision-making process (DMP) to make a selection. During the DMP, the 
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designer considers intentions, preferences and known specific circumstances. 

Following these considerat ions, the designer selects an alternative by making 

a synthesis decision commitment [d]E{O} to the evolv ing solution model. 

Artefact minimum During early component design, due to a lack of complete information, the 
synthesis 

commitments designer may only be in a position to make a minimum commitment [Guan et 

Exploratory 
synthesis 
commitments 

al. 1995]. For instance, the designer might not be sure or concerned with 

whether to select a snap-fit or screw as an assembly feature. Rather the 

designer may prefer to make a minimum commitment by specifying a 'non­

permanent bond' to the artefact model. In this case, the decision commitment 

[d]E{O} is a minimum commitment rather than a specif ic comm itment. For 

example, in defining a form feature, a typical scenario is: 

0= which form feature type? 

with ([F)} = (LOpening) v LProtruding) } 

and 0 ([F)} resulting in say [d) d[F]} = LOpening) Then, 

S= {OJ = {which type of opening feature?} 

This will eventually result in the need for a more specific commitment such as: 

0' = which type of opening feature? 

with {[F1 } = {[hole] v [rectangular_hole] v [poly_hole]} 

and O'{ [F1} resulting in say [d) d[F1} = [hole). Then 

S' = { what [hole]radius? /\ what [hole]dePth? /\ what [hole]angle ? /\ ... what 

fabrication process to generate hole?} 

This example demonstrates how a minimum synthesis decision commitment 

can result in 'a new decision space' . A different synthesis commitment , say 

[d]d[F)) = LProtrudingJ, would eventually result in different consequences 

including a different new decision space. 

Artefact Synthesis Commitment Exploration 

If the co-evolving LCC knowledge is expl icitly revealed and utilized during 

synthesis decision-making (Figure 6.8) , it prov ides additional knowledge that 

can be employed for comparing alternatives in terms of their LGGs. If made 

aware of unintended consequences, the designer may retract the synthesis 
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commitment to explore others. Thus, solution generation and exploration 

inherently involve the commitment and retraction of synthesis commitments. 

During exploration, an alternative is only partially removed from the set of 

options forming part of the decision proposal D{O}. This is because it may be 

found , after exploring the LCCs associated with other alternatives that it is 

after all the most feasible option. This means that it will be re-committed to 

the evolving solution . 

6.2.3 Life-phase Synthesis Decision Commitments 

Life·phase 
commitments 

Life·phase 
solution 
exploration 

D 

Component 

material? 

Fabrication 

Process? 

As argued in Chapter 3, DsFIX requires that designers, concurrently generate 

and model the artefact solution and life-phase system solutions. These models 

collectively form an artefact life model. During concurrent synthesis, 

synthesis decision commitments therefore concern both the artefact model 

and the different life-phase models such as those for realization and disposal. 

Life-phase synthesis decisions concern for instance the selection of technical 

processes (e.g. milling) and technical process parameters (e.g. feedrate) . 

Life-phase synthesis decision commitments can also result in both intended 

and unintended, good and problematic consequences. For example, 

selecting an ultrasonic bonding system for the realization phase, keeps the 

number of components in the artefact structure to a minimum, but makes the 

permanently bonded components difficult to separate during disposal. 

The synthesis decision commitment model presented in Figure 6.8 is thus 

applicable to life-phase system synthesis and exploration. In this case, the 

model being generated and explored is that of a life-phase system and the 

decision proposal D{O} concerns alternative LCPEs. 

Table 6.1 - T~eical Mini~um Synthesis Commitments 

o {O} dE {O} Typical Constraints CN{O} 
............... ---............. ~ .... -. 
D {[M]} = D{LFerrousJ v LNon- CN{O}= LNon-MagneticJ => 

LNon-FerrousJ v FerrousJ {O} = { LNon-FerrousJ v 

L ThermoplasticJ } L ThermoplasticJ } 

o {[P]} = 0 {LNetshapeJ v LNetshapeJ CN{O} = 3-dimensional 

LFormingJ v LProfilingJ v process only => {O} = 

LMaterial RemovalJ } 
{LNetshapeJ v LFormingJ v 

LMaterial RemovalJ } 
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The principle of minimum commitments also applies to early life-phase 

solution synthesis. Typical examples of commitments made to the artefact 

model and the fabrication process forming part of the realization phase model 

are given in Table 6.1. As illustrated, constraints CN{O} can restrict the set of 

options {O} that can be considered in the respective decision proposal D{O} . 

6.3 Life-Cycle Consequences Generation Model 

As argued in Chapter 5, understanding how LCCs are generated and 

propagated during synthesis is essential for developing support to DsFLX 

from the perspective of providence. This is because synthesis decision 

commitments introduce LCGs, some of which reflect new unintended artefact 

life specific circumstances that have to be taken into consideration during 

synthesis decision making. As acknowledged in literature [Nowack 1997; 

Tichem 1997] decisions made during design result in consequences. Nowack 

explains that a consequence is produced by an action chosen by a designer 

when trying to resolve an issue (Figure 6.9). The resulting consequence is 

then used to check if it fulfils the issue being addressed. In this sense, the 

consequence referred to by Nowack is an intended consequence. Unintended 

consequences are referred to as collateral consequences and new issues. 

~action 

/"motivates 

issue 

related 
issues 

fulfils? 

supporting issues 

consequence 

1~~I~~r:~ 
ti~pact 

collateral 
consequences 

produces 

~ 
new 
issues 

Figure 6.9 - Action-Centred Design Model- [Nowack 1997] 

Tichem states that during DFLX, all relevant life-cycle specifications should 

be taken into account. This is reflected in his structure of a design decision 

(Figure 6.10). Although in such work it is acknowledged that consequences 

arise from (Le. related to) decisions, there seems to be a lack of an explicit 

explanation as to how life-cycle consequences are generated from synthesis 

decision commitments. 
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(functional demands) 

solution, new design parameters 

life-cycle specifications (constraints 
and optimization directions) and 
design parameters to evaluate the 
life-cycle specifications 

Figure 6.10 - Tichem's structure of a decision · [Tichem 1997] 

Consequence Therefore, based on the theory of dispositions [Olesen 1992], research case-
generation model 

Generated from 
Individual 
synthesis 
decision 
commitments 

(6.1) 

(6.2) 

study observations (mainly from the domain of thermoplastic components) 

and building on synthesis decision commitment model presented in section 

6.2, a phenomena model [Borg et al. 1998] describing how LCCs are 

generated, is now being introduced. As this model reveals, LCCs are 

generated from two fundamentally different conditions: 

• individual , non-interacting synthesis decision commitments and 

• multiple and interacting synthesis decision commitments. 

6.3.1 Non-interacting Consequences 

Non-interacting consequences can result during the component 's life due to 

the presence of individual elements (POEs or LCPEs) in the artefact life 

model, introduced by synthesis decision commitments made independent of 

other elements (POE or LCPEs) present in the artefact life model. That is, a 

LCC of this type is generated by one specific element commitment. 

Considering Figure 6.11 , this means that given the set of elements {ad, the 

option selected by the designer in this case, 0 1
1
, introduces its associated 

consequence 'x ' of the non-interacting type (LCCni). Formally, this is: 

A typical example is when a snap-fit (01
1
) is selected from a set of assembly 

features {ad. This results in the consequence ('x') that the resulting bond will 

be weak: 

([d]E {[snap-fit] v .. . [screw] v [adhesive]} = [snap-fit]) => (LCCni = 'weak bond') 
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+LJ+ 
Figure 6.11 - Phenomena model for non-interacting consequences 

Individual elements committed can also have other associated LCCni. For 

instance, for the snap-fit (6.2), another LCCni is 'not good for frequent, 

repetitive assembly and dis-assembly'. Independent of other synthesis 

decision commitments (e.g. a rib feature) made to the component, these 

LCCniS will be generated by a snap-fit. Due to the provision of such important 

life cycle knowledge, a designer can consider exploring alternative synthesis 

commitments. Typical examples of different LCCni are given in Table 6.2. 

Table 6.2 - Examples of LCCs resulting from non-interacting commitments 

Consequence type Example 

Artefact behaviour 

Life-phase system 

behaviour 

New decision space 

New life-phase 

constraints 

([ d]E {[M]} = 
L ThermoplasticJ) 

([d]E {[Fa]} = [bolt] ) 

([ d]E {[F]} = [hole] ) 

([ d]E {[M]} = 

L ThermoplasticJ) 

6.3.2 Interacting Consequences 

LCCni 

Component does not conduct 

electricity in the use phase 

Little time & cost to dis-assemble 

components during e.g. disposal; 

{"What value for the feature 

parameters?" /\ "what fabrication 

process to generate the hole?"} 

Spark erosion (EDM) E 

{Fabrication processes} 

Generated from a 
set of interacting 
synthesis 
decision 
commitments 

Consequences can also result from the interaction between a number of 

specific synthesis commitments. In this case, LCCs depend on a set of 'n ' life 

synthesis commitments, where n >1. As design proceeds, besides the 

element 01
1

, the designer makes another decision commitment (Figure 6.12) 

concerning a different set of elements {02}. Assume that in this case, the 

designer selects 0 2
2

, this introducing its associated LCCni 'y': 
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( [d] E {02} = 02
2

) => (LCCni = 'y') 

Interacting elements 

Artefact 
Life 

Model 

Consequences 
~ 
~ 
c::t. 

Legend C=> Non·interacting consequences Part of results Commitment action Interaction 

c::::::::::. Interacting consequences - ~ ~ +iJ+ 
Figure 6.12 . Phenomena model for interacting consequences 

An example concerning a set {02} of Life Cycle Phase Elements (LCPE) is 

the commitment to opt for an injection moulding process (02\ This 

individually results in the LCCni (y) that a 'mould is required ' : 

([d]E {[P]} = [Moulding] ) => (LCCni = 'mould is required') 

The elements committed i.e. 01
1 and 0 2

2 can sometimes interact to give rise to 

a consequence 'z', this termed an interacting consequence (LCCi), formally : 

A typical example is the interaction between the following set of component 

life synthesis commitments, which as illustrated in Figure 6.13, gives rise to a 

sink mark [Groover 1996] defect during the realization phase: 

( [d]E { [Fa]} = [snap-fit] ) /\ ([d]E { [M]} = [ASS] ) /\ ([d]E { [PH = [Moulding]) 

=> ( LCCi = 'sink mark defect' ) 
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Figure 6.13 - Typical interacting life synthesis comm~ments 
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This phenomena of LCCi resulting from interacting life synthesis 

commitments, highlights why concurrent synthesis of the artefact and li fe­

phase systems is a necessity if designers are to take into considerat ion a host 

of total life issues. LCCi knowledge revealed allows them to explore the 

avoidance/relaxation of such consequences during solution synthesis. For 

example, retracting any of the elements ([M], [Fa] or [P]) committed in 6.6 will 

avoid this specific sink mark. Typical examples of LCCi are given in Table 6.3. 

Table 6.3 - Examples of Lees result ing from interactin9 commitments 

Consequence type Example 

Interacting ddO} 

Artefact behaviour ( [d]E { [F]} = [hole] ) 1\ ([d]E 

{ [M]} = L ThermoplasticJ ) 1\ 

([d]E {[P]) = [Moulding]) 

Weak component structure 

due to weld line defects 

Life-phase system 

behaviour 

( [d]E { [F]} = [under-cut)) 1\ 

([d]E { [M]} = [Zinc]) 1\ ([d]E 

{[P]) = [die_casting)) 

Die ejection difficult to achieve 

New decision space ( [d]E { [F]} = [slot)) 1\ ([d]E 

{[M]} = L ThermoplasticJ ) 1\ 

([ d]E {[P]) = [Moulding)) 

{What mould core parameter 

values due to material 

shrinkage factor? 1\ what slot 

draft angles?} 

New life-phase constraints ( [d]E {[Base]radiuS}=Omm) 1\ 

([ d]E {[M]} = 
LThermoplasticJ) 1\ ([d]E 

{[P]) = [Moulding] ) 

Milling ~ {Fabrication 

processes for mould cavity 

construction} 

Propagation 
mechanism 
example 

6.3.3 LCC Propagation Mechanism 

Once generated through either non-interacting or interacting commitments, 

certain Lees can propagate other consequences in the same or a different 

phase, as the examples presented in Chapter 2 reflect. Understanding how 

such propagations occur is necessary for generating a Lee knowledge model 

whose purpose is to infer LCes propagating across multiple life-phases. The 

following simple example is being presented to explain how LCes can 

propagate new consequences. Consider the case when during thermoplastic 

artefact solution synthesis, given a set of alternative assembly features 

{[external thread] v [snap-fit] v [screw] v [adhesive_bond]} a designer selects 

a [screw). This commitment results in a number of LCCnis (Figure 6.14a): 

106 



(6.7a) 

(6.7b) 

(6.7c) 

(6.7d) 

Chapter 6 
'Life-Cycle Consequences ' Phenomena Model 

([d]E {[Fa]} = [screw]) => (LCCni = 'Assembly slow') 

1\ (LCCni = 'hole required ') 

1\ (LCCni = 'more parts') 

1\ (LCCni = 'dis-assembly ok') 
i(-bY --------- -- -------- ---- --- ---- -- ----

(a) -- -- --- -------- -- ------------ ------- ---- -- --
i ~I Sub-assembly I 

(c) 

Realization i Quid required 

, 
~ - - - - - - - - - - - - - - - - - - - - - - - - - - _ I 

Figure 6.14 - Typical Lee propagation example 

(e) 
LCC 

I 

'Core-pin required 
' S{core-pin parameters) 

These LCCniS themselves propagate an influence across multiple life­

phases/life-phase systems as reflected in Table 6.4. 

Table 6.4 - Typical Propagation effects For A Screw 

Propagated Consequences 

Consequence Life-phase/systems effected Influence 

Assembly slow Assembly, Service Time, cost , quality of service 

Hole required Design, Fabrication Time, cost 

More parts Assembly, Service, Disposal Time, cost, quality of service 

Dis-assembly ok Service, Disposal Time, cost, quality of service 

Typical As a result of relation 6. lb, a new POE (a hole) , a kind ofform feature [F], is 
propagations 

added to the component model. Also, due to 6. lc , a sub-assembly model 

evolves (Figure 6.14b). Assuming that the realizaiton process selected is 

injection moulding, then during concurrent synthesis, the designer commits an 

injection moulding system to the realization phase model (Figure 6.14c) . 

From relationship 6.4, injection moulding introduces its own LCCni , that a 

'mould is required'. This LCCni results in the commitment of a new LCPE (a 

mould tool) to form part of the injection moulding system (Figure 6.14d) . Now, 

the mould tool introduces its own set of LCCniS ('v '): 
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(dE{[LCPE]}=[mould tool)) => (LCCni= 'mould tool needs to be designed') 1\ 

(LCCni= 'mould tool needs to be constructed') 1\ 

(LCCni= 'form features require draft angle') 1\ 

(LCCni= 'component can have parting line defect"). 

Now, the hole (a POE) forming part of the component, interacts with this 

mould tool (a LCPE), to propagate a new LCCi (Figure 6.14e): 

(dE{[LCPE]}=[mould tool))l\( dE{[F]}=[hole)) 

=>(LCCi= 'core-pin required ' ) 

Not shown in Figure 6.14 are other propagations. For instance, the core-pin 

introduced in 6.9 will introduce a new decision space S = {what [core­

pin]diameter? 1\ what [core-pin]length? 1\... which supplier etc. ?}. Also, the 

thermoplastic material interacts with the hole and the injection moulding 

system to propagate a new LCCi influencing the component's behaviour - a 

weld line defect is generated during the realization phase. 

As the propagation effect mechanism demonstrates, exploring alternative 

commitments will result in different LCCs and hence propagation effects. If 

such decision outcomes are unintended, making knowledge of such LCCs and 

their source commitments explicit, can help guide designers to which 

alternative to select in order to generate a life-oriented design solution. For 

example, committing an alternative fabrication process such as drilling to 

generate the hole, avoids the interaction in 6.9 and hence eliminates the core­

pin and the LCCs this propagates, such as weld line defects. However drilling 

introduces different consequences - it is a secondary process and will 

therefore influence the realization phase's time and cost. 

6.4 Significance of The LCC Phenomena Model 

The phenomena model (collectively shown in Figure 6.15) established is 

significant for developing a computational, LCC knowledge intensive 

approach framework to supporting OsFLX, as it: 

• contributes an explanation of how LCCs are generated under two 

fundamentally different conditions - by non-interacting and interacting 

component life synthesis decision commitments; 
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Figure 6.15 - LCC generation Phenomena Model 

highlights the necessity of concurrent synthesis - for generating a 'Ii fe­

oriented design' solution, the design phase is where component life 

commitments should be made. Otherwise, it will be difficult to reveal and 

hence cater for LCCi during component synthesis; 

• explains how designers can be explicitly made aware of LCCs during 

synthesis. LCCni can be revealed with commitments made to an evolv ing 

solution. LCCi can be revealed when all commitments of the relevant set 

of interacting commitments have been made to the still evolving solution. 

The phenomena model is thus significant for LCC knowledge modelling as it: 

" • provides a basis as to what should be captured to generate a LCC 

knowledge model - the source of LCCs are synthesis decision 

commitments. In the case of component concurrent synthesis, these 

concern PDEs and LCPEs; 

• provides a basis for modelling causal relationships between synthesis 

decision commitments concerning PDEs or LCPEs and LCCs; 

Further, it reflects how such a LCC knowledge model can then be utilized as a 

means for: 

a) Lee awareness: depending on commitments made, LCCs (including 

those unintended) can be causally revealed during synthesis; 

b) solution synthesis guidance: designers can utilize the knowledge 

model to identify which elements can be committed in order to result 

in intended consequences e.g for easy dis-assembly during the 

artefact's life, which assembly feature can be selected? 

c) avoiding/relaxing the formation of unintended Lees: designers can be 

guided to which LCC-specific commitments (interacting or non­

interacting) can be retracted and explored to avoid/relax a LCC. 
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Chapter 6 

'Life-Cycle Consequences' Phenomena Model 

A phenomena This Chapter presented a phenomena model explaining how Lees are 
model explaining 
LGGs generation generated from two fundamentally different conditions - either from non-

Significance of 
phenomena 
model 

Exploiting the 
phenomena 
model to support 
DsFLX 

interacting or, from interacting synthesis decision commitments. By focusing 

on synthesis decision making, this chapter explained how both artefact and 

life-phase models become more concrete or detailed with synthesis decision 

commitments. Knowledge of the consequences associated with different 

alternatives, plays an important role in in selecting between alternatives. As 

in reality, not all the consequences associated with an alternative are known 

during decision making, synthesis decision commitments, result in both 

intended and unintended consequences. This explains why supporting 

designers in explicitly becoming knowledgeable of the co-evolving LCes and 

their propagation during synthesis decision making is beneficial for DsFrX. 

The phenomena model highlights why concurrent artefact and life-phase 

synthesis is necessary if, LCCs of the interacting type, are to be taken into 

consideration during synthesis. Thus it provides a foundation to what should 

be modelled and related to generate a LeC knowledge model. In the case of 

components, concurrent synthesis decision commitments concern PDEs and 

LCPEs used in generating artefact and life-phase solutions respectively. 

Further, the mechanism explaining how LCes are generated, provides a 

foundation to how co-evolving LeCs can be explicitly revealed when designers 

employ such a LCC knowledge model during synthesiS decision making. 

Therefore, as a means of supporting DsFrX from the perspective of 

providence, the next chapter exploits these explanations to develop the 

concept of an approach aimed at making designers explicitly aware of LCCs 

co-evolving and propagating with their synthesis decision commitments. 
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chapter 

17.0 A 'Knowledge of LCC' Approach Framework To DsFLX 
Scope The aim of this chapter is to disclose the foundation of how to model and 

utilize LCC knowledge for supporting Os FIX. For this purpose, this chapter 

proposes a 'Knowledge of life-cycle Consequences (KC) ' based approach to 

OsFIX. To outline why a LCC knowledge intensive approach is being 

proposed, section 7.1 discusses the role of timely utilizing LCC knowledge co­

evolving during synthesis decision making. Further, section 7.2 discusses why 

due to human mental processing limitations, designers have difficulties in the 

utilization of the co-evolving LCC knowledge. Using this background, section 

7.3 presents the frames that collectively describe the 'KC' approach framework 

to OsFIX. Section 7.4 discloses how the realization of the framework can be 

used for OsFIX. Arguments as to why the framework needs to be realized as 

a Knowledge Intensive CAD tool so as to overcome designer limitations are 

presented in section 7.5. Chapter conclusions are made in section 7.6. 

Current working 
knowledge in 
concurrent 
synthesis 

7.1 Timely Utilization of Co-evolving LCC Knowledge 

Co-evolving Nature of LCC Knowledge 

As disclosed by the phenomena model, LCC knowledge is implicitly co­

evolving with concretization and detailing synthesis decision commitments 

being made to the artefact life solution (Figure 6.8). Also, it was argued that 

concurrent synthesis is a necessity if LCCi are to be revealed during synthesis. 

Hence, based on arguments made in section 3.1.4, then in the context of 

concurrent synthesis, the Current Working Knowledge (CWK) concerns 

knowledge being generated of both the artefact and the life-phase systems 

solutions. This concurrent synthesis CWK (Figure 7.1) would for example 

include descriptions of life-phase system composition . Hence, based on the 

phenomena of LCCni (section 6.3.1) , implicitly co-evolv ing with this concurrent 

synthesis CWK is knowledge of solution specific LCCni (Figure 7.1) . 

Similarly, based on the phenomena of LCCi (section 6.3.2), implicitly co­

evolving is solution specific LCCi knowledge. 
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Figure 7.1 - Implicit LCC knowledge co-evolution - modified from [Zhang 1998J 

Lee know/edge The term knowledge has been used in this research without an explicit 

definition. The difficulty of defining it stems from the fact that knowledge 

exists in many ways [Reich 1992], resulting in many meanings [Giarratano et 

al. 1994]. It is not the scope of this thesis to investigate the philosophical 

aspects of knowledge by reference to epistemology - the study of 

philosophical problems surrounding knowledge. However, for the purpose of 

the approach being proposed in this chapter, the term LCC knowledge means 

information in any kind that makes explicit , solution related, unintended or 

intended Lees. Based on discussions in section 3.1.4, as knowledge 

processed in design can vary in type, source and characteristics, Table 7.1 

discloses from an artefact domain independent point of view, the nature of 

LeG knowledge. 

Table 7.1 - Nature of LCC knowled~e 

Issue Comment 
. . . . . ....................... ~.· •• ~ .. . ...... .. . · •••• n ••••• · • • n ...... .. . .. . ~._~. ~ •• •• • • •• •• · ··~·· •• ••· •• ••••• ·•••• • .• • •• • • • • •••••••• • •• •••• _ • ••• • •••.•••.• • • ••••• • •• • • •• • • •••••• • • • ••••••••••••• - ............... . . ...... . .. _ ....... ... ................................................... _ .......... .. ..... . .... ...... . ................ . ............ . . . 

Type 

Source 

Characteristics 

• implicit within concurrent synthesis CWK; 

• private & public (see Figure 3.19) 

• distributed internally & externally to an organization (Figure 3.19) ; 

• wide breadth dimension - distributed amongst artefact life actors 

• subject to uncertainty - there is no certainty that commitments 

made will definitely result in certain LeGs during the artefact life. 

Rather, they are assumed to be true, under normal conditions. 

• varies in permanence - an example of permanent Lee knowledge 

is that fasteners require a hole to be generated in the real ization 

phase; an example of static Lee knowledge is the production 

quantities above which automation is feasible ; a piece of dynamic 

Lee knowledge is that of Lee arising from a material util ized in 

different temperature env ironments. 
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Role of Timely Lee Knowledge Utilization 

It is human designers that are involved In making synthesis decision 

commitments. Much of the design process is a mental process [F inger et al. 

1989]. One characteristic of human designers is that they have a mind, in 

which mental processes taking place , can be more or less influenced 

[Roozenburg et al. 1995]. As discussed in section 3.1 .5, knowledge is a 

factor that has a key influence on design, as it can guide design reason ing 

[Mohd-Hashim et al. 1994]. Further, as disclosed in section 6.1, during 

decision making, alternatives are interpreted by the decision maker in terms 

of their expected consequences. Hence, knowledge of the consequences 

associated with different alternatives plays an important role during the 

selection of alternatives. However, as the next section reflects, a number of 

human mental processing limitations influence the effective utilization of Lee 

knowledge at the right time during solution synthesis decision-making. As a 

result, in reality, not all the consequences associated with an alternative are 

known during decision making, this resulting in unintended Lees. 

7.2 Difficulties In Utilizing LCC Knowledge 

To appreciate the difficulties designers have in utilizing Lee knowledge , 

section 7.2.1 provides an explanation of human mental processing operations 

this leading to the disclosure of designer Lee knowledge utilization difficulties 

in section 7.2.2. 

7.2.1 Human Mental Processing Limitations 

In the case of the human brain, so little is known that the researchers ideas 

about what might be going on are based on models [Klatzky 1980; Ellis et al. 

1989; Bjork et al. 1996]. As illustrated by the model in Figure 7.2 adopted 

from [Ellis et al. 1989], human memory processing fundamentals can be 

explained from an information processing perspective. This model is 

divided into three processing components: input processing, storage and 

output described below: 

Input processing 

Information from the external real world is received by receptor cells - these 

are the eye, ear, nose, tongue and skin. For example, during synthesis, the 

visual input would include information represented on say a paper or 

computer screen of the evolving artefact life solut ion . 
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, 
Figure 7.2 - Information processing cognitive model - adopted from [Ellis et al. 1989] 

Meaningless The information received by receptor cell is stored in the sensory register. 
information in 

sensory register This information, at this stage having no meaning, remains on the sensory 

Pattern 
recognition for 
deriving meaning 

Attention on a 
'portion ' of the 
information 

register only for a brief time as information in the sensory register decays very 

rapidly. Thus, much of what is available, as input will not reach meaningful 

processing. Hence, at anyone time, a portion of the information available in 

the real world, external to the human brain , will be lost (Figure 7.2). 

The meaningless information in the sensory register is then given meaning 

through a pattern recognition (PRJ process. Deriving the meaning of sensory 

information involves matching that information with a representation in long­

term memory. Human beings also have difficulties in organizing, summarizing 

and using information to form inferences about the causal connections of 

events and about relevant features of the world [March 1994]. Thus although 

they often receive relevant information, they may fail to see its relevance. 

Since the time and capabilities for attention of the human being are limited, 

not all information reaching the sensory register can be processed in PRo 

Attention is the process which determines which information will be selected to 

be processed in situations where not all the available information can be 

processed. Thus, the decision to select particular information for pattern 

recognition is critical. In the context of this research , this means that the 

designer's attention needs to be rapidly attracted to causal and interacting 

patterns reflecting LCCs not being attended to by designers, if they are to 

cater for a host of total life issues during synthesis. 
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processes but at the same time, many other facts are also known but not 

thought about. This distinguishes between working memory and inactive 

memory. In this cognition model , working memory is ascribed to short-term 

memory (STM) and inactive memory to long-term memory (L TM). The human 

being's short-term memory capacity generally ranges from five to nine items 

[Ellis et al. 1989; Kerr 1993; Pahl et al. 1996]. Similar to a computer's random 

access memory (RAM) , information in STM is retained for a very short time 

interval. On the other hand, like a computer's hard disk, L TM allows the 

permanent retention of knowledge acquired formally and through experience 

by the individual over a long period [Ellis et al. 1989; Boston et al. 1996]. 

Output 

Once information is accessed in memory, it may be used in a variety of ways 

such as for problem solving, concept generation, reasoning and language 

processing (Figure 7.2). For instance, in forming the concept of 'dog', young 

children learn to classify a variety of specific instances as members of a set. 

They learn that the label 'dog' may be appl ied to specific instances but more 

importantly they learn that 'dog' represents a class of instances which have 

certain properties in common. When used for reasoning, information 

retrieved is used to derive a conclusion from a given set of facts. 

7.2.2 Designer Difficulties 

Due to the profound distribution of Lee knowledge, it is difficult for such 

knowledge to be possessed by designers. At the same time, as argued in 

section 4.2.1 , for most of the time, design team members work in isolation. 

Hence, little if any, such LCC knowledge is therefore acquired and stored in 

the designer's long term memory for supporting them to foresee during 

synthesis, unintended Lees co-evolving with their decision commitments. 

As information in the sensory register decays, a portion of the information 

input is lost. At the same time, the working memory (STM) is limited to 

handling an average of 7 items at anyone time. Thus, even if designers 

possess Lee knowledge, these limitations hinder their ability to detect within 

their mental world , the many causal and interacting patterns between the 

commitments made to the artefact life model in the real world (Figure 7.2) . 
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As argued in section 3.3, to be effective, DsFIX requires artefact life 

exploration to be rapid. The human being's mental processing speed is 

known to be slower than a computer's [Sharples et al. 1989]. With missing 

LCC knowledge and a difficulty in revealing LCC patterns, the designer's 

attention is not rapidly attracted to unintended LCCs co-evolving with the 

solution, at the right time, during synthesis decision making. 

These deSigner LCC knowledge processing limitations highlight the scope of : 

• 

• 

capturing distributed LCC knowledge and storing it for future reuse; 

supporting deSigners in utilizing the stored LCC knowledge to attract their 

attention at the right time to patterns of unintended LCCs co-evolving with 

their solution description. 

7.3 'Knowledge of LCCs' Approach Framework 

To support deSigners, human mental processing limitations have to be taken 

into account in engineering design so that procedures and methods 

recommended match the way humans think [Pahl et al. 1996]. This section 

presents the 'Knowledge of life-cycle Consequences (KC)' approach 

framework to DsFLX that takes into consideration the difficulties designers 

have in handling co-evolving current LCC knowledge (Figure 7.1). 

Considering the By exploiting the explanations provided by the phenomena model , the 
right things at the 
right time concept of the 'KC' approach is to explicitly reveal the current LCCs co-

Approach 
framework 

evolving with the concurrent synthesis CWK, so that the designers foresee 

unintended multiple artefact life issues during synthesis. The argument is 

that for solution specific DsFLX, the synthesis decision making process will be 

better accomplished by reasoning with current LCC knowledge because the 

designers' attention can be timely attracted to consider and explore 

unintended LCCs. By revealing solution specific problematic LCCs, designers 

can be motivated to explore alternative commitments, thereby being guided in 

the generation of life-oriented design solutions. 

In order to adopt this approach, there is a need to describe what needs to be 

captured and modelled to generate a suitable LCC knowledge base. Also, to 

timely support the designer's thinking process, designers need principles 

disclosing how to describe evolving artefact life solutions from which current 

LCGs can be inferred. For this purpose, the 'KC ' approach to DsFIX is based 
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on three frames (Figure 7.3) , an Artefact life modelling frame, a Knowledge 

Modelling frame and an Operational frame, that collect ively form the 'KC ' 

approach framework. 

Operational Frame 
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Figure 7.3 - The 'KC' Approach Framework 

7.3.1 Operational Frame 

Interacting 

By exploiting the LCC phenomena model explanations, the Operational Frame 

provides : 

I. a model of the DsFXX working environment and 

ii. a description of the designer's DsFI,X mode of operation so that 

designers can systematically utilize modelled LCC to infer, at the right 

time, co-evolving Lees. 

DsFEX working The DsFXX working environment is composed of: 
environment 

• the human designer, who is engaged in synthesis decision making; 

• a set of reusable domain specific , well developed solution elements 

(PDEs) and well known life cycle phase elements (LCPEs); 

• an LCC knowledge model for the domain specific elements in the S.E.L; 

• a means by which the designer can search for synthesis elements 

resulting in an intended consequence; 

• a means by which a designer can interact with and evolve an artefact life 

solution model ; 

• a communication medium providing designers with : 

• awareness of Lees co-evolving with their solution description; 

• guidance to the avoidance/relaxat ion of detected LCCs. 
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The DsFEX mode of operation is that: 

• 

• 

• 

synthesis decision making takes place by designers as in the model of 

Figure 6.8; commitments can be made in any order and at a least or 

specific level; 

the designer is engaged in concurrent synthesis - the artefact model and 

the life-phase models are what the designer generates; 

during synthesis, designers interact with a synthesis elements library 

(PDEs and LCPEs) , the latter formally described through LCC knowledge 

model (Figure 7.3). 

As described later in section 7.4, through this DsFEX working environment and 

mode of operation, the designer can search for synthesis elements, 

commit/retract elements to evolve/modify the artefact life model , specialize 

elements, utilize LCC knowledge and explore alternative commitments based 

on design guidance provided by the knowledge model. 

7.3.2 LCC Knowledge Modelling Frame 

As outlined in section 5.2, a problem in modelling LCC knowledge for use by 

designers is concerned with what to capture and model , rather than how to 

represent knowledge. The knowledge modelling frame (Figure 7.3) is like an 

instrument to the 'KC' approach as it discloses what to acquire, model and 

relate for an application domain, together with how to transform and structure 

the established relationships into meaningful LCC knowledge to support the 

inference of both LCCni and LCCi relevant to the application domain. 

The phenomena model presented in Chapter 6, reveals that concretization or 

detailing synthesis decision commitments generate LCCs (e.g. a sink mark 

defect) that can in turn influence the behaviour of multiple life-cycle phases 

with respect to performance measures e.g. cost , time and quality (Figure 7.4). 

Modelling LCC knowledge is therefore concerned with the description of Lee 

inference knowledge (Figure 7.4) , this concerning causal relationships between 

the evolving artefact life model and the resulting Lees. It also concerns 

modelling Lee action knowledge. This knowledge describes actions that arise 

from the generated LCCs such as fluctuations in life-phase performance 

measures. Thus, this frame (Figure 7.3) , detailed in Chapter 8 for the 

mechanical component domain, provides a formalism for: 
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Figure 7.4 . Relationships embodying Lee knowledge 

i. a life synthesis element library: this consists of a structured library of 

various models of synthesis elements (POEs and LCPEs) frequently 

reused within the design and life of an artefact 's domain. These 

elements are used to generate the artefact life model. In the case of 

components, these include models of form features, assembly features, 

materials and LCPEs such as fabrication systems and assembly 

systems. Elements in the library can be generic (e.g. a hole form 

feature) or domain specific (e.g. mould core-pin). This library amplifies 

the designer's knowledge base with synthesis elements that can be 

reused to generate domain artefact life solutions. 

ii. relationships between POEs/LCPEs and LCCs describing how to 

model: 

(a) Lee inference know/edge: these are descriptions logically relating 

artefact domain synthesis elements to LCCni and LCCi (Figure 7.3) . 

Based on the phenomena model , in the case of LCCi, interacting 

relationships can be between different POEs, different LCPEs or 

between POEs and LCPEs. 

(b) Lee action know/edge this describing: 

• mappings between Lees and performance measures - a LCC 

(e.g. sink mark) can cause a change (8) to a performance 

measure (PM) e.g. cost, of a technical process [P], forming part 

of that phase (e.g. time of moulding) ; 
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• concurrent synthesis patterns: in some cases, the Lee is a 

decision space 'S' with a set of decision proposals D{O} hav ing 

a set of options {O}. Sometimes, the option set {O} has 

associated default commitments. Describing such situations 

provides a pattern allowing commitments to be automatically 

made to evolve a specific <model> ; 

• explanations of specific Lee and providing guidance to their 

avoidance/relaxation: having inferred a Lee (e.g. a sink mark), 

designers need explanation of what the Lee means and what it 

effects together with guidance to its avoidance/relaxation . 

Through the Lee phenomena model , knowledge of which 

commitment(s) give rise to a detected Lee can be made 

explicit, thus guiding designers to a list of commitments that 

can be explored. 

7.3.3 Artefact Life Modelling Frame 

As discussed in section 2.1, the synthesis of mechanical artefacts can take 

place from different viewpoints (e.g. functional or constructional) and for 

different system levels (e.g. component or sub-assembly). Irrespective of the 

synthesis viewpoint or system level , as argued in section 3.2.1 , exploring 

alternatives generates Lee knowledge that is useful for reasoning taking 

place during the selection of elements. Thus, depending on the artefact 

system level and the synthesis viewpoint DsFIX is concerned with , designers 

need relevant life synthesis elements (e .g. functional elements versus 

constructional elements). In this sense, the Artefact Life Modelling Frame is 

like an instrument for the framework. It provides for a specific synthesis 

viewpoint, a formalism for describing an evolving 'artefact life ' model that 

allows relevant Lees to be inferred. 
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Synthesis The models described by the artefact life-modelling frame are the artefact 
elements & their 

relationships model and life-phase system models (Figure 7.5) . For a construct ional 

Search for 
synthesis 
elements 

Decision 
proposal 
concerning 
alternative 
elements 

Lee inference 

Pro-active 
exploration 

viewpoint, the elements describing the artefact life solution are POEs (e.g . a 

hole form feature) and LCPEs (e.g . a mould core-pin). From a construct ional 

viewpoint perspective, these elements are linked with part_of ( ~ ) 

relationships to form an evolving conceptual artefact model and evolv ing 

conceptual life-phase system models. These collectively form the evolv ing 

conceptual artefact life compositional model (Figure 7.5). 

7.4 DsFLX Through The IKe l Approach Framework 

By realizing the 3 frames presented making up the 'KC' approach framework, 

OsFL.X can take place as described in this section . 

As illustrated in Figure 7.3, when encountering a sub-problem (step 1), the 

designer interacts (step 2) with a life synthesis elements library to search for a 

feasible set of elements {O}. For example, designers can search for assembly 

elements that result in non-permanent bonds. 

Due to the set of alternative synthesis elements retrieved, the designer 

reaches a decision proposal point D{O} (step 3). As the synthesis decision 

commitment model (Figure 6.8) explains, by taking into consideration 

intentions, preferences and circumstances known at that time, the designer 

commits (step 4) the chosen element to evolve the artefact life model. 

Through monitoring (step 5) taking place with captured LCC knowledge, 

relevant LCCni and LCCi are inferred (step 6) independent of the designer's 

cognitive capacity. 

The inferred Lee knowledge is explicitly provided to the designer (step 7) . 

This makes it possible for the designer's attention to be attracted during 

synthesis decision making, to LCCs co-evolving with their solution. This 

inferred Lee knowledge gives rise to a new state of circumstances that are 

now known by the designer. As LeC knowledge is based on the explanations 

provided by the phenomena model , designers can be also provided with 

knowledge of which commitments give rise to the inferred LCCs. The aim of 

providing this knowledge is to rapidly and pro-actively guide the designer's 

reasoning to which synthesis commitments could be explored in order to avoid 

or relax the detected LeCs. 
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As reflected by the operational frame (Figure 7.3), the approach is designer 

process controlled. It is the designer who is responsible fo r making synthesis 

commitments; for judging if the Lees revealed are acceptable or not for the 

given situation ; for deciding whether to explore or not; for deciding whether to 

accept the recommendations being provided by the knowledge model or not; 

for deciding when to terminate (step 8) the synthesis and exploration 

Need for 
computational 
approach 
realization 

'KC' Approach 
framework 

activ ities. In this sense, the Lee knowledge model prov ides design 

assistance by 'amplification ' of the designer's mental processing capababili ty 

without hindering the designer's control of the design process. 

7.5 KICAD Based Framework Realization 

Adopting the established 'KG' approach to DsFLX is however impeded due to 

designers' memory storage capacity and knowledge processing lim itat ions 

discussed in section 7.2. Then, based on arguments made in section 4.4, a 

computer based means offers a better avenue to providing direct support to 

life-oriented design from the perspective of providence. As discussed in 

Chapter 4, a strength of knowledge based systems (KBS) is their ability to 

retain and rapdily process captured, traditionally distributed knowledge, so that 

it can be explicitly reused in new design situations. Also, due to their 

inference engine, KBSs have a predictive power that makes them suitable as 

a means to infer LCCs. A sensible avenue is to therefore realize the 'Ke' 

approach framework in computational form as a Knowledge Intensive GAO 

(KIGAO) tool [Tomiyama et al. 1995; Mantyla et al. 1996]. A KICAD tool does 

not only support designers in building up solution models but also exploits 

KBS technology to provide a means of how captured knowledge can be 

retained and processed at fast processing speeds, to be reused in new design 

situations at the right time. 

7.6 Chapter Conclusions 

By exploiting the LCC phenomena model explanations and disclosing 

designer mental processing limitations, this Chapter proposed the concept of 

a 'KC' approach to DsFIX in order to timely attract the designers attention to 

unintended current LGGs co-evolving with synthesis decision commitments. 

As argued, making this LCC knowledge expl icit during synthesis can motivate 

and guide designers to explore alternative synthesis commitments so as to 

generate life-oriented design solutions. To develop this 'Ke' approach, this 
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chapter presented three frames, an Artefact life modelling frame, a LGG 

Knowledge modelling frame and an Operational frame. The result ing 'KC' 

approach framework collective ly describes how to model LCC knowledge and 

the principles of how to timely reuse the captured knowledge to proactively 

guide designers in DsFLX. 

Due to the designers' mental processing limitations, it has been argued that a 

sensible avenue is to realize the 'KC' approach framework as a KIGAO tool. 

To develop such a KICAD tool , an application oriented LCC knowledge model 

is required. In such a model , the structure and the behav iour of the world for 

an artefact domain, is stored as a collect ion of concepts, their 

interconnections, and their mutual causality. This chapter did not specifica ll y 

present what concepts should form part of such a LCC knowledge model for 

mechanical component DsFLX . In addition, no formal explanat ion has been 

provided as to how LCC knowledge can be structured to infer LCC knowledge 

specifically relevant to the evolving artefact life solution at the right time during 

solution synthesis. These LCC knowledge modelling issues will be specif ical ly 

addressed in the next chapter. 
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chapter 

la.o Formalism of A LCC Knowledge Model 
Scope To codify LCC knowledge in a KICAD tool , an application domain LCC 

knowledge model is required. The scope of this chapter is to present a 

formalism of a LCC knowledge model by disclosing what synthesis elements and 

generic relationships describe LCC knowledge. For this purpose, section 8.1 

first provides a background to knowledge modelling. Section 8.2 then presents 

the established generic LCC knowledge modelling formalism. Given the 

specified research boundary, section 8.3 discloses a number of relationships 

established for the mechanical component domain. To enable relevant LCC 

knowledge modelled to be reused at the right time during DsFIX, section 8.4 

discloses LCC knowledge structuring concepts, this as discussed also suitable 

for addressing knowledge management issues. Chapter conclusions are made 

in section 8.5. 

8.1 Knowledge Modelling Background 

Recognized and Knowledge can be recognized and unrecognized [Tomiyama et al. 1995] (Figure 
computable 
knowledge 8.1). Further, knowledge can be codified in a form that is described in any 

human-recognizable form, this ranging from being non-computable (e.g. textbook 

knowledge) to computable (e.g. a database). A pre-requisite to codifying LCe 

knowledge in a KICAD tool is that it is therefore made recognizable and 

computable. This chapter exploits the explanations provided by the phenomena 

model (Chapter 6) to advance a further step in this codification process by 

generating a Lee knowledge model that can be then codified into computable 

form (Figure 8.1). 

LCC knowledge computer LCC Knowledge 
model (Chapter 9) model (Chapter 8) 

~~~-------------4~---------------~ 
'" S 
a. 
E 
o 
o 

LCC Phenomena 
model (Chapter 6) 

Tacit 

Unrecognized 

'database textbook :commonsense 
Figure 8.1 . Knowledge codification class~ication . modified from [Tomiyama et al. 1995] 
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To discuss LCe knowledge modelling, it is necessary at this stage to provide 

some generic background to modelling, derived from [Schut et al. 1996]. 

Models refer to something i.e. a referent. For example a map refers to some 

area in the world. Models adopt a perspective to match their purpose. For 

example a map does not refer to biological processes in an area but to 

topographical issues. The purpose of a model thus determines which aspects 

are relevant for modelling purposes and which can be neglected [Xia et al. 

1996]. Certain aspects are input to a model whilst others are output. Models are 

therefore useful to infer information. For instance, maps may be used to infer 

distances between cities. However, due to the perspective adopted a road map 

cannot be used to infer how many trees are in a particular street. 

Lce knowledge In the case of LeC knowledge modelling, the referent is the phenomena of 
modelling 

Formalism 
motivation 

LCCs. The purpose of a Lee knowledge model is to support knowledge 

engineers in capturing and codifying relevant knowledge for inferring Lees from 

the model 's input - an evolving artefact life model . For the purpose of this 

research, the knowledge model perspective adopted is one focusing on 

supporting mechanical artefact design at the component level. Therefore, the 

aspects considered relevant are component life-synthesis elements and 

relationships between them that describe component Lee inference knowledge 

and Lee action knowledge. It neglects focusing on detailing the internal 

structure of component life-synthesis elements. 

Highly Semi- Rigorously Increasing 
Informal informal formal degree 

of formality 

Restricted & Artificially, 
Defined with formal 

Loose, semantics,theorems 
natural structured form formally defined Method 

language of natural language 
and proofs of of 
soundness & expression language 
completenes 

Figure 8.2 - Degree of ontological formalizat ion 

To promote a shared understanding of a Lee knowledge model , to the design 

research community made up of people with different backgrounds, viewpoints 

and different research thrusts, some form of ontology is required. An ontology 

[Uschold et al. 1996] embodies some sort of world view with respect to a given 

domain (e.g. mechanical components). The world view is often conceived as a 

set of concepts (e.g. PDEs), their definitions and their inter-relationships. An 

ontology thus includes a vocabulary of terms and some specification of their 

meaning. The degree of formality by which the vocabulary is created and 
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meaning specified varies considerably [Uschold et al. 1996] (Figure 8.2). As 

LCC knowledge is very domain specific and covers multiple artefact life-phases, 

no claim is being made that the model presented in this dissertation is rigorously 

formal. Rather, the model is presented in a semi-formal way using the notation 

in Appendix C. Nevertheless, it provides a basis by which LCC knowledge 

modelling can be explained. 

8.2 LCC Knowledge Modelling Concept 

From material presented in section 7.3.2 concerning the LCC knowledge 

modelling frame, the required model concerns formalizing relationships between 

elements in the life synthesis elements library and LCCs. Section 8.2.1 

therefore presents generic relationships describing LCC knowledge whilst 

section 8.2.2 presents a formalism related to mechanical component life 

synthesis elements 

8.2.1 Generic Relationships Describing LCC Knowledge 

This section presents generic relationships between different POE, LCPEs and 

LCCs describing LCC inference knowledge in section 8.2.1.1 whilst section 

8.2.1.2 presents descriptions of LCC action knowledge. 

8.2.1.1 LCC Inference Knowledge 

Non-interacting Consequence Knowledge 

Based on the LCC phenomena model, the basic causal relationship between 

synthesis decision commitments being made to an artefact life model and 

LCCnis is given from (6.1), reproduced below: 

(6.1) ( [d]E{01} = 01
1 

) => (LCCni = 'x' 

Generic LCCni Causal relationship (6.1) reflects that consequence 'x ' can be associated with 

knowledge model the committed option 01
1
. That is, knowledge of LCCnis can be modelled as: 

(8.1) ( [d]E{O} ) ¢={ LCCnd 

read as: 

A synthesis commitment {dldO} has (~) an associated set {LCCn;} of non-

interacting life-cycle consequences. 

The synthesis commitment can be a LclassJ, a specific [POE] or [LCPE] if it is a 

concretization commitment, or a parameter val ue if it is a detailing commitment 

(section 6.2). Set {LCCni} can have one or more members of LCC, the latter 

defined in section 2.3.5.1. 
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The basic causal relationships between synthesis decision commitments and 

interacting LCCi is given by the phenomena relationship (6.5) reproduced below: 

Causal relationship (6.5) depicts that it is the interacting relationship between 

elements 01
1 

and 02
2 

(i.e. the synthesis decision commitments) which causes the 

interacting LCC 'z'. An interacting relationship (IR)j between a set of synthesis 

elements is a consequence-specific conjunctive set of [d]E{O}j (j 2 2) synthesis 

commitments formally: 

(IR)j = { [d]E {O}l 1\ [d]E {Oh 1\ .. . [d]E {O}j } 

An (IR)j can exist between commitments made to the same model (e.g. 

component) or between commitments made to the different models forming part 

of the artefact life model. 

Generic LGG; Then from the above, LCCi knowledge can be modelled by causally relating a 
knowledge model 

(8.3) 

LCCi to an interacting relationship (IR}j, formally: 

read as 

An interacting consequence (LCCj)i is associated with an interacting relationship 

(IR)j describing a LCC-specific conjunctive set of synthesis commitments. 

LGG; knowledge A specific example is the piece of knowledge concerning the formation of sink 
modelling 
example mark defects in thermoplastic components: 

(8.4) {([d]E{[F]}=[rib]) 1\ ([d]E{[M]}=[ABS]) 1\ (([d]E{[P]}=[moulding])~<phase>realization)}~ 

{ (LCCi = 'sink mark defect'~ <model>component ) }. 

8.2.1.2 LCC Action Knowledge 

As disclosed through the LCC knowledge modelling frame (section 7.3.2) , LCC 

action knowledge concerns performance measure mapping, concurrent 

synthesis patterns and LCC explanations/guidance. 

Performance Measure Mapping 

An LeC can cause a change (D) to a performance measure (PM) of a technical 

process [P], formally: 
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Relation (B.5) allows a change (8) caused in the respective performance 

measure to be causally related to the respective LCC. Using relative values for 

changes in performance measures on a scale -10 to + 10, the performance 

measure mapping for the LCCni= 'assembly slow' of a screw commitment (6.7a) 

can for instance be modelled using (B.5) as follows: 

( LCCni='assembly slow')=>(Quality=-3)([P]=[Assembly)) 1\ 

(Time=+6)([P]=[assembly)) 1\ (Cost=+5)([P]=[Assembly] ) 

Changes in performance measures propagate to life-cycle phases involving that 

[P). For instance, 'assembly slow' will influence any phase involv ing an 

assembly process. This propagation can be explained through the following 

example. Assume that the following current knowledge on the artefact life 

composition is modelled: 

( [P] = [Assembly] ) ~ <Phase>Realization 

( ( [P] = [Dis-Assembly] 1\ ( [P] = [Assembly)) ) ~ ( [P]=[Service)) 

( [P]= [Service)) ~ <Phase>use 

Therefore the fluctuations in the performance measures for LCCni= 'assembly 

slow' given in (B.6) , will through (B.7) , (B.B) and (B.9) be propagated onto 

<Phase>Realization and <Phase>use since ([P] = [Assembly] ) is part_of (7 ) these 

phases. The sensitivity of this propagation mechanism therefore depends on 

the resolution of the respective life-phase compositional model. An assembly 

process can for instance be decomposed into sub-processes such as gripping 

bonding, orienting and inserting (Willemse and Storm 1995). Therefore, if say a 

snap-fit influences the bonding time, then through such a detailed assembly 

process compositional model, the overall assembly process is influenced. Thus 

from 8.7, 8.8 and B.9, this propagates onto the realization and the use phases. 

Due to performance propagation, a LCC can cause fluctuations in multiple life­

phases. Mapping these fluctuations provides a means of estimating the relative 

artefact life behaviour resulting with a synthesis decision commitment. As 

discussed in section 2.2.3, the transformation in a <Phase>i is the result of a set 

process {[P]j} effects delivered by a number of systems forming part of that 

phase. Then, assuming technical processes [P] are executed sequentially 

within a life-phase, an estimate of a specific performance measure (PM)x of that 
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phase is given by the summation (r) of the current value of that performance 

measure, for the different processes [P]j involved in that life-phase, formally: 

Since (UP] j } -7 <Phase>i) then (PM)x<Phase>i = r (PM)x[P] j 

Relationships (8.5) and (8.10) collectively allow relative performance measures 

for different life-phases to be estimated to generate a DFrX matrix (see section 

2.3.5.2). This matrix provides a means by which a designer can foresee and 

monitor the virtual behaviour of the artefact's life due to co-evolving LCCs and 

their propagations across multiple life-phases. 

Concurrent Synthesis Patterns 

As discussed in section 7.3.2, a concurrent synthesis pattern describes 

situations where a Lee gives rise to some decision proposal 0 {OJ concerning 

elements that need to be committed to some <model>k which however has a 

default commitment ( [d]E{O} = 0' ). This pattern is formally described as: 

If (Lee => 0 {O}) and 0 {OJ has a default commitment 0 ', 

then ( [d]E{O} = 0 ' )-7 <model>k. 

For example, Figure 8.3a schematically describes a concurrent synthesis 

pattern arising from the screw commitment example in (6.7) : 

(LCCni='hole required ') => ([d]E{[F])= [hole] )-7 <model>component· 

Further, due to the new state arising from 8.12, the LCCi = 'core-pin required' in 

(6.9) gives rise to the following concurrent synthesis pattern (Figure 8.3b): 

(LCG='core-pin required ') => ([d]E{[LCPE])= [core-pin])-7 <model>mould tool 

---------------------- -----------, 
r--- -·---------- ------- ---- ----- ---- ---. . ...... . 

..... '. I .' . . ' . 
•••• t •• 

~::::-p...+-=Xl·· Hole required ) 

'----.:...:".-__..L. .. ••• >;~.\' ...... . 

(a) Solution evolution fC~hM;;;i'sy;;theSi;p~itn·l 
• •• • ,;. •••• ii ••• • "Ii .............. · ... .. ......... • 

Significance of 
modelling 
concurrent 
synthesis 
patterns 

Figure 8.3 . A typical concurrent synthesis pattern 

By explicitly utilizing modelled concurrent synthesis patterns such as (8.12) and 

(8 .13) , new commitments automatically made to the artefact life model due to 

these patterns can therefore propagate their own LCCni and LCC, across multiple 

life-phases. 
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As discussed in section 7.3.2, a type of LCC action knowledge is the provision of 

designer guidance and explanations of detected LCCs. 

Lee guidance knowledge describes: 

(a) which commitments, from possibly many others already made to the 

evolving artefact life model, should be explicitly explored to avoid a detected 

Lee. This guidance knowledge is derived from (8.1 ), (8.2) and (8.3). For 

instance, the source commitments resulting in the sink mark defect example 

in (8.4), are the [rib] form feature, the [ABS] material and the injection 

[moulding] process. 

(b) specific action that can be taken beyond the design phase (e.g. changing 

the injection moulding pressure in the realization phase) to relax a 

consequence (e.g. sink mark) if the source commitments cannot be avoided. 

LCC explanation Lee explanation knowledge is highly informal. It is a description of a detected 
knowledge 

consequence e.g. describes what a sink mark is, how it looks, why it is 

considered problematic etc. 

8.2.2 Mechanical Component Synthesis Element Formalism 

Detailing the internal structure of synthesis elements is not within the scope of 

this research - this can be found elsewhere e.g. in STEP (STandard for 

Exchange of Product data) for say form features [Shah et a!. 1995]. However, 

Lee inference and Lee action knowledge depends on domain specific life 

synthesis elements (POEs and LCPEs) having certain structure. This section 

therefore discloses a basic formalism of component POEs and LCPEs for 

supporting the inference of LCCs from artefact life models described with these 

elements. 

8.2.2.1 POE Models 

Component level Based on discussions made in section 3.1.5, for design at the component level, 
POEs 

the basic properties manipulable by the designer are form, material, surface 

finish dimensions and tolerances. Further, of relevance to mechanical , 

component synthesis are assembly features e.g. a snap-fit. A POE does not 

necessarily have geometriC shape (e.g. material). In this sense, the definition of 

a feature found in [Weber 1996] fits in with the way POEs are treated for 

component synthesis in this research - "A feature is an information unit 
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(element) representing a region of interest within a product". Therefore, PDEs 

relevant for a synthesis elements library for designing mechanical components 

are form features, assembly features, material , surface finish , dimensions and 

tolerances (Figure 8.4). These are discussed next. 

Curved wall [F] 

Plate/rounded IF] 

[F) Boss with hole 

Thermoplastic [M) 

[F) Straight wall 

Figure 8.4 - POEs used in mechanical component synthesis -modified from [Shah et al. 1995] 

Form features 

A component can be described from a constructional viewpoint in terms of form 

features [FJ [Salomons et al. 1993; Shah et al. 1995] (Figure 8.4) . A form 

feature e.g. a 'boss', allows commonly used geometric shapes to be associated 

with a set of properties relevant to an application. Of relevance to this research 

is that form has an influence on other life-phases e.g. a gear tooth profile 

influences the use phase or the form of an opening (circular versus prismatic) 

influences the fabrication process in the realization phase. 

For this research, a form feature model [F] is considered to consists of a set of 

feature parameters: 

(8.14) [F] ¢= { [F]p} 

Influence 

e.g. [hole] ¢= { [hole]centre_point 1\ [hole] radius 1\ [hole]depth 1\ [hole]angle } 

A feature is related to a component model with a part_of (-7) relationship . One 

component can have n (n ~ 1) features (Figure 8.4) . 

Dimensions 

Dimensions are feature parameter values [F]pv (Figure 8.4) . Dimensions can 

influence different phases (e.g. case 7, chapter 2) as argued in [Hubka et al. 

1988]. For instance, the thickness dimension influences a component 's 
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stiffness and the ease of assembly of mating components in the realization 

phase. Each feature parameter [F]p has an associated feature parameter value 

[F]pv, formally as: 

(8.15) [F]p ¢= [F]pv e.g. [hole]radius ¢= 5.0, written as [hole]radius=5.o. 

During early component design, designers may prefer to make minimum 

commitments, this meaning that form features [F] can be specified vague or nil 

parameter values for the feature parameters [F]p. 

Material 

As case examples in Chapter 2 reflect, a material [M] can have consequences 

on different component life-phases. From the definition in section 2.1, one 

component has exactly one material. A material [M] constitutes a set {m} of 

mechanical and physical properties [Groover 1996] such as conductivity, 

magnetism and Young's modulus. Properties can be qualitative (e.g. non­

magnetic) or quantitative (e.g. density = 0.25Kg/m:.J). Therefore for the purpose 

of this research, a material POE model [M] is : 

(8.16) [M] ¢= {m} e.g. [ASS] ¢= { non-conductivel\ ... non-magnetic } 

Assemblv Features 

An assembly feature [Fa] e.g. a snap-fit (Figure 8.4), is a POE by which a 

component can be physically connected to another component. One 

component can have n (n ~ 1) assembly features. They are intentionally used to 

allow a component to be assembled/dis-assembled during the realization and 

use (service system) phases. For this reason, assembly features are treated 

separately from form features. This research identified a number of assembly 

feature characteristics that generate LCCni. as follows: 

Joint strength • Different assembly features result in different tensile, transversal and fatigue 

strengths [Seitz 1993] for the joint. For example, a snap-fit has an average 

tensile strength whilst a bolt/nut has a good tensile strength. 

Joint dynamism • An assembly feature influences the degrees of freedom between 

Integrity • 

components joined, resulting in either a static or dynamic joint. For 

example a bolt/nut results in a static joint and a hinge in a dynamic joint. 

Some assembly features are physically an integral part of the component 

(e.g. snap-fit) whilst others are not (e.g. fasteners) the latter thus increasing 

the number of parts in a sub-assembly. 
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Assembly features have both a joining and detaching behaviour [Beitz 

1993]. This can result in a permanent, non-permanent or semi-permanent 

joint e.g. a weld feature, a snap-fit and a pop-rivet respectively. 

Non-permanent assembly features have different assembly repetition 

characteristics. For example, a self-tapping screw is not suitable for 

applications where assembly and dis-assembly repetition is high. 

Thus, an assembly feature model [Fa] has an associated set { [Fa]e} of assembly 

characteristics, formally: 

(8.17) [F a] <= { [F a]e} 

(8.18) 

Influence 

(8.19) 

where {strength, repetitivity, dynamism, integrity, permanence} E {[Fa]e} 

e.g. [bolt] <= {'assembly slow' 1\ 'requires hole' 1\ 'dis-assembly easy' 1\ .. .. 'non­

permanent bond'} 

Surface Finish 

The 'use' failure of a component can be attributed to its surface [Robinson et al. 

1993]. The designer can commit a specific surface finish [SF] to a form feature. 

A surface finish can have a qualitative (e.g. smooth, rough, textured) or 

quantitative (in terms of Ra [Haslehurst 1985]) value. That is, [SF] is associated 

with a form feature [F], formally : 

[F] <= [SF] e.g. [hole] <= ( [SF]=smooth ) 

A surface finish [SF] value can influence a number of component life-phases. 

For example, it influences the fabrication processes that can be employed in the 

realization phase, the aesthetic appeal , strength and component wear in the use 

phase [Hubka et al. 1988; Galea 1997]. 

Tolerances 

To achieve component interchangeability, designers specify both linear and 

geometric feature tolerances [Haslehurst 1985]. Tolerances [T] are restrictions 

on the range, a feature parameter value [F]pv can posses once the feature is 

realized. Tolerances can have consequences on different life-phases e.g. they 

can influence the ease of assembly in the realization phase or ease of servicing 

in the use phase. Tolerance values are associated with feature parameter 

values (Figure 8.4) , formally: 

[F]pv <= [T] e.g. [hole] radius=5.o <= ( [T] = ± 0.01 mm ) 
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As disclosed by the artefact life solution modelling frame (Figure 7.5) , LCPEs 

are employed for life-phase system compositional modelling. An LCPE model 

describes reusable, well-known transformation systems (e.g. milling system) that 

are encountered in an artefact's life. Life-phase systems can be viewed from 

different perspectives, this giving rise to different life-phase system models such 

as a 'mode of action model' [Mortensen et a!. 1996], a 'process sequence 

model' [Andreasen et a!. 1996b] and a 'system's physical structure model ' 

[Mortensen et a!. 1996]. Hence as with artefacts, the synthesis of a life-phase 

system can take place from different viewpoints. For example, Olesen [Olesen 

1993] argues that the theory of domains used for describing an artefact solution 

is applicable for describing production systems. He states that the systems 

represented by the domains are: the process system i.e. those processes which 

transform materials, energy and information. The function system i.e. those 

functions which are necessary in order to realize the processes. The organ 

system i.e. the overall solutions and solution principles which realize the 

functions by exploitation of physical effects. The constructional system i.e. the 

equipment and the machines which form the physical fabrication system. This 

demonstrates that during life-phase synthesis, designers employ 'viewpoint­

specific' system characteristics to describe different life-phase system models. 

As discussed in section 2.3.3, during its life, a mechanical artefact interacts with 

life-phase systems. These systems are the units (e.g. moulding machine) and 

elements (e.g. mould tool) that make up a physical (i.e. constructional) system 

delivering the processing effects that transform the artefact from one state to 

another during this interaction. Hence, as argued in Chapter 2, a life-phase 

<Phase>i is composed of a set of transformation systems delivering 

transformation process [Pi effects. Thus, in this thesis, the concurrent 

synthesis of a life-phase system takes place from the process and constructional 

viewpoint. Hence, for life-phase system modelling, designers are concerned 

with manipulating process and constructional viewpoint design characteristics. 

The LCPE model developed in this research is based on Hubka & Eder's 

[Hubka et al. 1988] system model of a transformation process as this involves 

both process and constructional viewpoint characteristics. In this model (Figure 

8.5), the input operand od receives effects based on a process technology [Pit 

(e.g. erosion by sparks) to be transformed into operand state oel. These 

transformation effects are delivered through human beings (e.g. machining 

operators) and technical systems [TS}, the latter basically decomposable into 
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executing systems (e.g. tooling) and control systems. As reflected by non-

exhaustive examples in Table 8 1 derived from [Bonello 1997 Ct ' . ; u ajar 1997; 

Galea 1997], Hubka & Eder's model applies to processes encountered in 

different mechanical artefact life-phases. 

8 
Operand 
Od' r--_....::::..a.~---~~----, Operand 

OcP --.- Tech . Process: Spark Erosion 

Technology [Plt : Erosion by Sparks 

Figure 8.5 - Technical process model- [Hubka et al. 1988J 

Table 8.1 T~~icallife-~hase transformation ~rocesses 

[P~ Od1 Od2 Technological properties {t} 

Spark Erosion Material erosion Initial Different Electrical conductor; low 

(fabrication) by electric sparks component component form melting poi nt; low hardness; 

form 

Sand casting Material Raw material Cast component Achievable melting point; low 

(fabrication) solidification molten flu idity; 

Arc welding Electric power Separate Bonded Electrical conductor; 

(assembly) material fusion components components achievable melting point; 

Grit blasting Chip formation by Dirty artefact Clean artefact Operand hardness < abrasive 

(maintenance) material abrasion surface surface hardness 

Magnetic Magnetic Mixed Separated Magnetic material 

separation attraction components components 

This section proceeds by presenting the characteristics used in declaring a Life­

Cycle Phase Element (LCPE) model that supports the inference of LCCs from an 

evolving component life model (this inference is described later in section 8.2.3). 

Due to the boundary of this research, certain characteristics are omitted from this 

LCPE model e.g. the material of the elements making up a [TS], the human 

operator (e.g. a novice versus an experienced machining operator) , the 

assembly features of elements making up the [TS], the control system of a [TS] 

and the environment in which the [TS] operates. LCPE characteristics that are 

considered sufficient in this thesis for support ing the inference of LCCs from the 

interaction of a conceptual mechanical component solution and a life-phase 

system conceptual solution are: process technology, technological properties 

process parameters, process parameter values, process minimum economic 

quantity, process technical (physical) system, and technical system parameters. 

135 



Process Technology 

Chapter 8 
Formalism of A LCC Knowledge model 

Based on Hubka & Eder's model , we can say that a technical process [P] has 

(<=) an associated process technology ([P]t by which an input operand is 

transformed, formally : 

(8.20) [P] <= [P] t 

(8.21 ) 

(8.22) 

e.g. ([P] = [Spark Erosion]) <= ( [P] t = Erosion by electric sparks) 

Technological Properties 

To deliver transformation effects, a process technology ([P]t) requires «>---) an 

operand (component) to have a compatible set of technological properties {t} : 

[P]t <>--- {t} 

e.g. ([P]t = Erosion by electric sparks)<>---{conductive 1\ ... 1\ low hardness }. 

Process Parameters 

A transformation process [P] has an associated set of process parameters [P]p: 

[P] <= { [P]p } 

e.g. ([P]=[milling]) <= { [milling] feed rate 1\ ... [milling]spindle speed }. 

Process Parameter Values 

Each process parameter [P]p will eventually have a parameter value [P]pv 

specified, formally: 

(8.23) V [P]p E { [P]p} => [P]p<= [P]pv. 

e .g. [milling]feed rate <= [milling] feed rate=100· 

Process Minimum Economic Quantity 

A transformation process [P] is economically feasible for transforming a minimum 

quantity (O)e of operands. Thus, in addition to Hubka's model we can say that a 

process [P] has an associated minimum economic quantity (O)e: 

(8.24) [P] <= (O)e 

e.g. ([P]=[milling]) <= ( (O)e~1) whereas due to the cost and time of preparing 

CNC part programs, for ([P]=[CNC_milling]) <= ( (O)e~ 50 ). 

Process Technical System 

As reflected in Figure 8.5, the transformation effects of a process [P] are realized 

by a physical technical system [TS] , the latter being a description of the 

transformation system from a constructional viewpoint: 
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e.g.([P] = [moulding]) <>--- { [moulding machine] 1\ . .. 1\ [mould tool] ] } 

e.g.([P] = [automated assembly]) <>--- { [3-axis robot] 1\ .. . 1\ [gripper] }. 

Technical systems [TS] (e.g. moulding machine) can be decomposed into n (n ;? 

1) finer constructional systems some of which have to be specifically designed & 

realized (e.g. a mould tool) for the operand being transformed by the process. 

Process Technical System Parameters 

Process [TS]s have their own set of parameters {[TS]p}: 

(8.26a) [TS] ¢::: { [TS]p} 

(8. 26b) 

e.g. [mould tool] ¢::: { [mould tool]length 1\ .. . [mould tOOI]breadth}. 

Process Technical System Parameter Values 

Each [TS]p requires during concurrent synthesis, the definition of a parameter 

value [TS]pv, formally: 

'\j [TS]p E { [TS]p} => ( [TS]p ¢::: [TS]pv ) 

e.g. [mould tool]length ¢::: [mould tool]length =100· 
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8.2.3 Component Life Model Based Reasoning 

As this section now explains, through the established generic LCC knowledge 

models, an evolving component life model described by the component POE 

and life-phase system formalism presented, supports the inference of co­

evolving LCGnis and LGGis. 

Building on the foundation provided by the artefact life modelling frame (section 

7.3.3) , the component PDEs (section 8.2.2.1) can be related as in Figure 8.6a to 

describe a component compositional model. Figure 8.6b illustrates an example. 

r----------------------------- ____ , r- ---- --- --------- _______________________________ ___ ________ _ _ , , 

(a) 
, 
---------------------------------- (b) 

'--------------------------------------------------------------
Legend 

Life-phase 
system modelling 
formalism 

'a' -4 'b' 1 + , , /-- 'b' , , 'b' 'a' --. 'b' a '.---- a <>---
Exactly one 'a' forms parCof 'b' One or more 'a' form parCo' 'b' 'a' has 'b' 'a' requires 'b' 

Figure 8.6 - Component compositional modelling formalism 

Similarly, using the foundation provided by the artefact life modelling frame 

(section 7.3.3), transformation processes forming part of a life-phase system 

compositional model can be described through the LCPE formalism presented in 

section 8.2.2.2 as in Figure 8.7a. Figure 8.7b illustrates an example. 

------------------------------------------------------I 
-I [Pl, = material solidification <>-- ({t) =(conductlve ... }) I: (b) 

,-------------------------------- [Moulding] ~ ([Moulding]pr~ure <== ( [Moulding]fJ8ssure= 3 bar) 1 

-I (Q)e~ 10,000 I 
, , 

[P] 
- { [TSlt= [TS1JNJ 

_--_-_- - - - --I 

, ([core-pin]ang,~ [core-pin]ang,e=:U') I __________________ _ 

1 ______ -------------------------------------

1 + 'a' /- 'b' 'a' <>-- 'b' 'a' -4 'b' 'a' --. 'b' 'r-

, ' I rt f 'b' 'a' has 'b' 'a' reqlires 'b' Exactly one 'a' forms part_of 'b' One or more a form pa _ 0 . . . 

Figure 8.7 - Formalism of a transformation process for life-phase composnlonal modelling 

Legend 
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By modelling LCCni knowledge as in (8.1), LCCni can be explicitly inferred 

through formal relationship (6.1) , when a synthesis decision commitment is 

made to the evolving artefact life model. The following are a few examples. 

Inferring artefact From (8.16) for a component made from ABS, it can be inferred that it will not 
behaviour 

Inferring life­
phase system 
behaviour 

conduct electricity in any life-phase since from (8.1) 

([ d]E{[M]}=[ ABS])-7 <model>component 

=> ([ABS] ~ {non-conductive 1\ .. . non-magnetic })-7 <model>co~onent 

From (8.17), an artefact with a bolt assembly feature influences the behaviour of 

the realization phase since a hole generating process is required:: 

([d]E{[Fa]) = [bolt]) -7 <model>artefact => ([bolt] ~ {assembly slow 1\ requires hole 

1\ dis-assembly easy 1\ .. .. non-permanent bond} ) -7 <model>artefact 

Inferring new From (8.14), the minimum commitment of a circular hole will give rise to a 
decision spaces 

Inferring new life­
phase 
constraints 

decision space S= {what [hole]centre_point? 1\ what [hole]radius? 1\ what [hole]depth? 1\ 

what [hole]angle?} since: 

([d]E{[F]}=[hole])-7<model>component => ([hole]~ {[hole]centreJlOint 1\ [hole]radius 1\ 

[hole]depth 1\ [hole]angle} )-7 <model>component 

From (8.24) , if ([P] = [moulding] )~ (Qe > 10,000), then the commitment of a 

moulding process to the realization phase co-evolves a restriction on the 

quantities [Q] that can be economically realized, to be over 10,000 since: 

([d]E{[P]}=[moulding]) -7 <phase>realization => ([moulding] ~ (Qe >10,000)) -7 

<phase>realization. 

Inferring LGG! 

Assuming that the LGG; knowledge model described by (8.3) is deterministic , 

then if at any time during solution synthesis, 

(8.27) ( (IR)jc <life model> ) => (LGG) ; 

read as: 

If the interacting relationship (IR}j between a set of synthesis commitments 

exists as a sub-set of the evolving artefact life compositional model <life mode!>, 

then the interacting LGG (LGGj) ; co-evolves. 
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Assume (IR)j = { [d]E{O}F[A] 1\ [d]E {Oh=[S] l\[d]E {Oh=[c]}. This (I R)j does not 

exist in state 1 (Figure 8.8) but, when [C] is committed in state 2, based on 

relationship 8.27, (LCCj) ; will co-evolve. Relationship (8.27) therefore prov ides 

the basis for inferring a LCCi during synthesis decision making. 

State 1 State 2 

Artefact Life Model Artefact Life Model 
1------------- ----- ,------------ -------------
1 1 
1 1 
, : L---...,...._~~----l 

1 

, 
1 
I 
1 
1 

I. 1 __________________ """I IL _________________________ _ 

legend 
'a' ==>'b' 'a' causally results in 'b' ~ Interacting consequence 

'a'O 'b' 'a' interacts with 'b' 'a'-. 'b' 'a' part_of in 'b' 

Figure 8.8 . Concept of inferring LCC; during synthesis 

For instance, from the example in (8.4), it can be inferred that for a still evolving 

component model, currently consisting of an ASS material and a rib form 

feature, together with a realization phase model currently consisting of an 

injection moulding process, the formation of a sink mark defect will occur. 

8.3 Established Mechanical Component Domain Relationships 

Based on design decision commitment examples and the generiC LCC 

knowledge models disclosed in section 8.2.1, this research has identified a 

number of relationships concerning mechanical component POEs and LCPEs, 

which describe domain LCCni and LCCi knowledge. These relationships, 

presented next, provide patterns that can be customized for specific mechanical 

component domains. 

8.3.1 Form Feature Commitment Consequences 

Decision space Based on (6.1) , a LCCni resulting from a form feature synthesis commitment is a 

decision space S, formally: 

(8.28) ( [d]E{ [F] } -7 <model>cornponent ) => ( LCCni = ( S= O{ [F]p } ) ) 

read as: 

A synthesis commitment concerning a form feature i.e. [dJE [FJ made to the 

component model, gives rise to a decision space (5) concerning feature 

parameters [FJp. 
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e.g.([d]E{[F]}=[hole])=> ( LCCni= (S={ D {[hole]radius?} " D{[hole]depth?} " 

D{[hole]angle?} " D{[hole]centre-point?} }) ) 

Further, each feature parameter [F]p (e.g. [hole]angle) can be assigned a value 

from a set of possible values (e.g. {O to 360°} ). Therefore, a LCCni is that each 

feature parameter in the decision space S propagates a decision proposal 

concerning the selection of a specific value, formally: 

(8.29) '\j [F]p E (S= D{ [F]p } ) => D{ [F]pv } 

read as: 

For each feature parameter [F}p in the decision space S of feature parameters, 

there exists a decision proposal O{[F}pv} with a set of options for the va lue [F]pv. 

8.3.2 Material Commitment Consequences 

From (8.16), a material [M] has an associated set of properties {m}. A designer 

commits a specific material [M] due to a number of intended properties {mk}, with 

{mk} a subset {m}. However, the material commitment also results in a set {mil 

of unintended properties (Figure 8.9). An example is the commitment of a 

thermoplastic material due to its low-density and non-conductive properties. 

However, the component will however also be non-magnetic. 

{r1\} 

E.g. Low density & 
non-conduct ive 

{m} 

Figure 8.9 - Intended & unintended material propert ies 

Further, a LCC propagating from this unintended property is that it will be diff icul t 

to explicitly separate the component with a magnetic separation process in the 

disposal phase. That is {m} is a LCCni introduced by a material commitment: 

(8.30) ( [d]E{ [M] ~ <model>component ) => LCCnF ( ({mk} + {mi}) ~ <model>component ) 

read as: 

A non-interacting consequence (LCCni) resulting with a material commitment 

{did (Mi) is the set of intended (m,J and the set of unintended {mj} material 

properties. 
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8.3.3 Material: Technical Process Interaction 

The commitment of a material [M] influences the set of technical processes (e.g. 

spark erosion, arc-welding, magnetic separation) that a component can interact 

with during its life. Therefore, from (6.1), a LCCni of a material commitment is a 

decision proposal concerning a set of compatible processes {[P]}, formally: 

(8.31) ( [d]E {[M]} ~ <model>component ) => (LCCni = 0 {[P] } ) 

read as: 

The synthesis commitment of a material [diE {[M]} to a component gives rise to a 

decision proposal 0 {[Pi } concerning compatible technical processes. 

(8.32) e.g. ([d]E {[M] =[mild_steel]} ~ <model>component ) => (LCCni = O{ [mill ing] v 

[turning] v [arc_welding] v [magnetic separation] } ) 

Thus relationship (8.31) results in a restriction on the members in the set of {[PJ} 

options to those that are only compatible. This provides guidance to the space 

of feasible options that can be explored during concurrent synthesis. However, 

utilizing relationship (8.31) as in (8.32) for each material available on the market 

is not computationally practical e.g. (8.32) will have to be updated to cater for 

compatibility of a [mild_steel} material with say a [spark erosion] process. 

Rather, the material POE formalism of (8.16) and the technical process model 

formalism (Figure 8.7) , collectively allow compatible life-synthesis elements to 

be inferred for an evolving artefact life model through a relationship establ ished 

in this research: 

(8.33) ({t} c {m}) => ([P] >---- [M]) 

read as: 

if the set {t} of process technological properties is a sub-set of the component's 

material properties {m}, then the process [Pi is suitable for material [Mj. 

Without the need to explicitly model relationships between specific material 

instances and specific technical process instances, relationship (8.33) allows 

compatible processes [P] to be inferred when a material [M] is committed. This 

material:process compatibility relationship applies to different processes 

employed during the component li fe such as 'arc welding' for the realization 

phase and 'magnetic separation ' for the disposal phase. The following example 

explains how this works. 
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Based on (8.16), assume that the following material POE model is known: 

([mild_steell)<= ( {m}={magnetic/\ (melting_point=1600oC) /\ conductive /\ ductile 

/\ low_hardness} ). 

From relation (8.21) , it is also known that: 

([P], = Erosion by electric sparks)<>---( {t}={conductive /\ .. . /\ low hardness}) . 

Then from the above and relationship (8.33) we see that: 

( {t}={conductive /\ .. . /\ low hardness}) c {m}. 

That is, ([P]= [Spark Erosion]) is compatible with [mild_steel], this being a 

consequence revealed with the material commitment in (8.31) . Similarly, other 

compatible processes are revealed. 

Non-compatibility Assume now that a new different material [M '], a kind of thermoplastic is 
example 

introduced on the market, modelled as: 

[M'] <= ( {m'} = {non-magnetic /\ (melting_point=400oC) /\ non-conductive /\ 

ductile /\ loW_hardness} ). 

Then, from relationship (8.33) we see that: 

( {t}= {conductive /\ ... /\ low hardness}) c:t {m'}. 

In this case, spark erosion is not compatible with the [M '] thermoplastic , since: 

(8.34) {t} c:t {m'} => --, ( [P] >---- [M']) 

read as: 

If the process technological properties {tJ are not a subset of the material 

properties (m'j, it implies that technical process [PJ is not (--,) compatible with 

material [M'j. 

Since artefact life commitments interact, from relationships (8.28) and (8.31 ) we 

can collectively say that: 

(8.35) ([d]E{ [F]}7<model>component /\ ([d]E {[M] }7<model>component)=>O'{[P]}/\ (S= O{[F]p}) 

read as: 

A form feature commitment [dJd[FJJ interacts with a material commitment 

[dJd[M}}, giving rise to a decision proposal o '{[P}J concerning feature-material 

compatible technical processes together with a feature parameter decision 

space (S = o{ [FJpJ ). 
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It should therefore be noted that 0 ' ([P}) , which is a type of LCCi, is a sub-set of 

O([P)) in (8.31). For example for a mild steel material , (8 .31 ) can result in O{[Pj} 

= 0 ( [drilling) v [milling} v [spark erosion)) but for a rectangular slot in mild steel , 

the option set is restricted, 0 ' ([P)) 0 ( [milling) v [spark erosion]}, this illustrated 

in Figure 8.10. Relationship (8.35) is thus important as exploring alternative form 

features may result in a drastic change of compatible processes. 

[P] 

Figure 8.10 - Restricted space of compatible technical processes 

8.3.4 Technical Process Commitment Consequences 

Once a technical process [P] is committed to a life-phase model , a number of 

consequences can result, formally: 

(8.36) ( [d]E{[P]) -7 <phase>i ) => { LCC } 

New decision 
space 

(8.37) 

New decision 
proposal 

read as 

A technical process commitment [d}d[P)) results in a number of possible life 

cycle consequences. 

For example, from relationship (8.36) and (8.22), an example of LCCni is the 

decision space concerning process parameters, formally : 

( [d]E{[P]) -7 <phase>i ) =>( S= O{ [P]p } ) 

Now, each process parameter [P]p can be assigned a value from a set of 

alternative values. For instance, the parameter [milling],eed rate has a range of 

possible values. That is, each parameter in the decision space S eventually 

requires the commitment of a specific value, formally: 

(8.38) V [P]p E (S= O{ [P]p } ) => O{ [P]pv } 

New constraints Since from (8.25) , [P] <>---[TS], a specific technical system [TS] introduces 

process restrictions. For example, using (8.36) , different circular hole 

generating processes can result in different restrictions on [hole}diameter ranges: 
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i. (([d]E{ [P]) = [twist_drilling])-7 <phase>realizat ion ) => (LCCni ) = { 5mm < 

[holebameter <55 mm} 

ii . (([d]E{[P])= [laser_drilling]) -7 <phase>realization ) => (LCCni) = {O.05mm< 

[hole]diameter <25mm} 

From (8.24), a technical process has an associated economic quantity (O)e. 

Therefore, from (8.36), the commitment of a process results in a restriction: 

( [d]E{[P]) -7 <phase>i ) => (LCCni = (dE{[O]) > (O)e ) ) 

read as 

The commitment of a technical process [d}d[Pj} restricts the commitment of 

use-phase quantity [O} to be greater than the process' economic quantity (O)e. 

Otherwise, the commitment by the designer of a smaller number of components 

[0] required in the use phase, results in a non-economically feasible process: 

=> -, [d]E[P] 

read as: 

If the component quantity commitment [d}d [O) } is less than the process' 

economic quantity (O)e, then a consequence is that the commitment [dlE[P) of 

that technical process is not (--.) feasible. 

Also, from (8.25), the commitment of a technical process introduces a technical 

system formally: 

(8.40) ( [d]E{[P]) -7 <phase>i ) => (LCCni = ([P]<>---{[TS]})-7 <phase>i ) 

read as 

The commitment of a technical process [dlE{[Pj} to a life-phase <phase>; is 

associated with the commitment of a technical system [TS} to the same life-

phase. 

(8.41) e.g. ( [d]E{[moulding]) -7 <phase>i ) => (LCCni = ([moulding]<>---{[mould 

tool]})-7 <phase>i ) 

8.3.5 Assembly Feature Commitment Consequences 

From (8.17) , an assembly feature introduces a number of LCCn" formally: 

(8.42) ([d]E {[Fa]-7 <model>artefact ) => (LCCni E {Joint strength, repetitivity, dynamism, 

integretiy, permanence}) 
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The commitment of a specific assembly feature ({djE ([Fal}) results in a set of 

non-interacting consequences concerning the jOint strength, repetitivity, 

dynamism, integrity and permanence. 

e.g. ([d]EUFa] } = [bolt]) ~ <model>artefact => (LCCni = ([bolt] ~ {assembly slow 1\ 

requires hole 1\ dis-assembly easy 1\ .. .. non-permanent bond} ) ~ <model>artefact) 

Also, the commitment of an assembly feature gives rise to a LCCni concerning 

compatible assembly process, resulting in a decision proposal , formally: 

(8.43) ([d]E UFa])~ <model>artefact ) => ( LCCni = O{[P]) ) 

read as: 

The commitment of an assembly feature ([djE ([Fal}) results in a decision 

proposal concerning assembly process [Pj for use during the realization phase. 

Some examples, derived from [Bonello 1997] are provided in Table 8.2. The set 

of assembly processes {[P]) frequently has only one option, this being a 

concurrent synthesis pattern thereby making the commitment automatic . 

Table 8.2 - Assembly features and reguired assembly processes 

Assembly Feature [F]a Required assembly process [P] 

Weld Welding 

Rivet Rivetting 

Snap-fit Insertion 

Screw Fastening 

Since an assembly feature also has form, its commitment results in a LCCni 

concerning a decision space of form feature parameters, formally : 

(8.44) ([d]d[Fa])~ <model>artefact ) => ( LCCni = ( S=O{ [F]p}) ) 

read as: 

The commitment of an assembly feature ({diE ([Fal}) gives rise to a decision 

space 'S ' concerning assembly feature form parameters [Fjp. 

(8.45) e.g. ([d]E{[Fa] = [screw] }~ <model>artefact ) => 

(LCCni =( S= { O{[screw]diameter?} 1\ 0 { [screw]length ?} .. . 1\ 0 { [screw]pIlCh? } } ) ) 
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A LCCni with some assembly features is the commitment of form features into 

the artefact model , this described through the concurrent synthesis pattern: 

(8.46) ([ d]E{[F a]) -7 <model>artefact ) => ([ d]E{[F]}-7 <model>artefact) 

e.g. (([d]E{[Fa]) = [rivet] )-7 <model>artefact ) => (([d]E{[F]}=[hole)) -7 <model>artefact ). 

8.3.6 Surface Finish Commitment Consequences 

The commitments of a surface finish and a material interact to rest rict the set of 

possible fabrication processes, formally: 

(8.47) ([d]E{[SF]}-7 <model>component )1\( [d]E{ [M] }-7<model>component) =>(LCCi=D{ [P]) ) 

read as 

The commitment of a surface finish [d]d[SF]J together with the material 

commitment [did [M] J give rise to a decision proposal O{[P]J of feasible 

technical processes. 

Alternatively, depending on the sequence of commitments made: 

(8.48) ([d]E{[P]}-7<phase>reali zation) 1\ ([d]E{M]}-7 <model>component) => 

(LCCi=([SF] -7 <model>component )) 

read as: 

The component material commitment [diE (M] interacts with the fabrication 

process [diE ([Pj) to restrict a component surface finish [SF]. 

Examples based on public knowledge found in [Groover 1996] illustrate how 

during concurrent synthesis, different processes [P] can be explored to reveal 

the [SF] range for a component made from a material [M): 

([d]E { [P]}=[green_sand_casting)) 1\ ([d]E {[M]}=[Aluminium] ) 

=> (LCCi= ([SF]= [6 - 251lmJ) -7 <model>component ) 

whereas: 

([d]E { [P]}=[investment_casting]) 1\ ([d]E {[M]}=[Aluminium]) 

=> (LCCi= ([SF]= [0.75 - 2.5Ilm]) -7 <model>component). 
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8.3.7 Tolerance Commitment Consequences 

The commitments of a tolerance and a material interact to restrict the set of 

possible fabrication processes, formally : 

(8.49) [d]E {[T] } 1\ ([ d]E {[ M] } ~ <model>component ) => (LCCi = O{ [P] } ) 

read as: 

The commitment of a tolerance [dlE {[T] } of some feature parameter value for a 

component with material commitment [dJE{ [M)) gives rise to a decision proposal 

of tolerance feasible fabrication processes O{[PJ }. 

A tight tolerance value can for instance restrict the set of feasible processes UP]} 

to finishing processes such as grinding and honing. Alternatively, based on 

8.19, depending on the sequence of commitments made: 

(8.50) ([d]E {[P] }~<phase>real ization) 1\ ([d]E {[M]} ~ <model>component ) 

=> (LCCi = ( [F]pv<=[T] ) ) 

read as: 

The component material commitment ([dlE{[M))) interacts with the process 

commitment ([dJE ([P))) to restrict tolerances [T] for feature parameter values. 

Examples of (8.50) based on public knowledge in [Groover 1996] are: 

([d]E{[P]}=[green_sand_casting]~<phase> realization ) 1\ ([d]E{[M]}=[CasC lron] ~ 

<model>component) => (LCCi = ([F]pv <= ([T]=± 1.0mm ) ) ) 

whereas 

([ d]E{[P]}= [i nvestment_casting]~ <phase>realization)l\([ d]EUM]}=[Cast_1 ron] 

~<model>component ) => (LCCi = ([F]pv <= ([T]=± 0.25mm ) ) ). 

8.3.8 Parameter Value Commitment Consequences 

The commitment of parameter values to an artefact or life-phase system model 

can interact with other life-phase commitments, th is giv ing rise to LCCiS. Typical 

examples encountered in th is research concern interactions with technical 

processes, formally : 

(8.51) [d]E{[F]pv} 1\ ([dk {[P]}~ <phase>reaJizat ion) => LCCi 
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The detailing synthesis commitment ([d]d [F]pv}) of a form feature parameter 

value can interact with the commitment of a technical process ([d]d[P]}), to give 

rise to an interacting L Cc. 

The case example in Figure (2.19) and formally illustrated in Figure (8.11 ) shows 

how a value (;t 0) of the parameter [hole]angle in a thermoplastic component 

influences the parameter value of a core-pin, this an LCPE part of the mould 

tool system, formally : 

(8.52) ([d]E {[hole]angle} = 30° ) /\ ([d]E UP]} = [moulding] ~ <phaSe>realization ) => 

Relevance of 
structuring 

LCCi = ([d]E {[core-pin]angle} = 30° ) 

where from figure 8.11, [core-pin]~ [mould tool]. 

Further, this [core-pin]angle propagates affects to various performance measures 

(see case 7 in section 2.3.4.3). From (8.5) , this can be modelled as: 

LCCi = ([d]E {[core-pin]angle} = 30° ) 

=> ( (Cost)<phase>(mOUld) design = +8 

/\ (time)<phase>(mould) realization =+5 /\ (time)<phase>(component) realization = +3) 

<= {gn~ 
1'-----' ~ .. } 

[TS] =[rmJdrgrm:hrej - {~ ~} 0 

8.4 LCC Knowledge Structuring Concept 

o 
o 
o 

The generic LCC knowledge models presented in (8.1) and (8.3) are useful to 

capture and model LCC knowledge as demonstrated in section 8.3. However 

for a relevant piece of LCe knowledge to be utilized at the right time during 

synthesis, a LCe knowledge base for a domain specific synthesis elements 
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library needs to be appropriately structured. LCC knowledge structuring is thus 

important to support providence with both least and specific synthesis decision 

commitments and also to address LCC knowledge management issues. Since 

a number of different synthesis elements can result in a similar LCC for wh ich 

action knowledge is the same, knowledge structuring is concerned with LCC 

inference knowledge, as discussed next. 

8.4.1 Structuring of LCCni Inference Knowledge 

Rationalization mechanisms [Kerr 1993a] can be employed to organize different 

PDEs and LCPEs stored in a synthesis elements library (Figure 7.3) into sets of 

elements having similar characteristics. For example, Figure 8.12a 

demonstrates a non-exhaustive set of assembly features organized into sub­

sets by the type of their permanence characteristic. These sets can be clustered 

into further sub-sets. Thus, such a class rationalisation process enables 

synthesis elements to be organized into kind_of taxonomies (Figure 8.12b). 

Asse Features 

(b) 

Kind_of Taxonomy 
Alternatives 

LEGEND 
~ kindo! I Class I ~ 'a'· - . 'b' 

Figure 8.12 - Concept of organizing synthesis elements into Kind_of taxonomies 

A kind_of taxonomy allows synthesis elements at the top of the hierarchy to be 

more abstract than those lower down. For instance, we can say instance [M8] 

.-+ LNuts&BoltsJ. A class is a generalized set of elements. For instance the 

class LFastenersJ is a generalization of the set {lNuts&boltsJ, LScrewsJ}. 

Similarly, the class LNon-PermanentJ is the generalization of the set 

{LFastenersJ, LSnap-FitsJ}. This also means that reusable elements can be 

organized into classes and sub-classes. Sub-classes are different from a 
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mathematical sub-classes - they represent a specialization of the concepts but 

also an expansion of the information about the element [Walters et al. 1988]. 

Through kind_of taxonomies (Figure 8.12b), designers can explore alternative 

synthesis elements (e.g. pop-rivet versus M8 bolt) and make commitments at 

the desired level of commitment (e.g. M8 bolt versus LFastenersJ) . 

Inferential Structure 

The significance of these kind_of taxonomies is that the generic LCCni 

knowledge model in (8.1) allows LCCni knowledge to be associated to different 

abstraction levels in the taxonomy (Figure 8.13). For instance, 

(8.53) LNon-PermanentJ <= ( LCCni = 'dis-assembly easy' ). 

At a more specific level in the taxonomy, more specific LCCni knowledge can be 

associated, as in the following examples: 

(8.54) LFastenersJ <= (LCCni = 'assembly slow' 1\ 'requires hole' 1\ 'more parts' ) 

(8.55) LSnap-FitsJ <=(LCCni = 'weak bond' 1\ 'assembly fast' 1\ 'poor repetitiveness') 

LCCni knowledge This concept of associating LCCni knowledge with relevant classes reduces 
inheritance 

(8.56) 

POE taxonomies 

knowledge duplication, making it attractive from a knowledge management point 

of view. For example, there is no need to explicitly associate 'requires hole ' 

with instance [M8], as this will be inherited from (8.54) since from Figure 8.13: 

[M8] .~LFastenersJ 

o Adhesive 
Pop nvet 

2 C t~' 1 an I ever 

Figure 8.13 - Assembly features Kind_of taxonomy 

LEGEND 

I Class I 

<:§onsequencel 

kind of 
'a'. - . 'b' 

Thus kind of taxonomies provide a suitable way of how PDEs and LCPEs can , -

be organized to result in a structure with LCCni inferential capabilities. This 

concept of structuring PDEs with relevant LCCni knowledge is illustrated for form 

features and engineering materials in Figure 8.14a and 8.14b respectively. 
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I Class I 
~sslnst~ 

kind of 
'ae - ,. 'b' 

LCPE 
taxonomies 

LEGEND 

I Class I 
~sslns~ 

kind of 
'a- - .. 'b' 

(8.57) 

(8.58) 

(8.59) 

Figure 8.14 - Non-exhaustive form feature & engineering material taxonomies 

LCPEs and relevant LCCni knowledge can be similarly associated to kind_of 

taxonomies. For example, Figure 8.15a and Figure 8.15b provide non­

exhaustive taxonomies for fabrication LCPEs and disposal LCPEs respectively. 

Figure 8.15 - Non-exhaustive fabrication and disposal process taxonomies 

Union Inheritance 

In situations where a class or instance has more than one-parent class 

belonging to either the same or a different taxonomy, Kind_of taxonomies can 

exploit union inheritance [Walters et al. 1988] (Figure 8.16). An example of a 

class having parent classes in different taxonomies is LSnap-fitsj in Figure 8.16, 

(LSnap-fitsj.-+LNon-PermanentJ) /\ (LSnap-fitsj.-+LProtrudingJ) 

Now from Figure 8.16, 

LProtrudingJ ¢= (LCCni = 'more volume' ) 

Thus, from (8.57) , the class LCantileverJ, a sub-class of LSnap-fitsj (Figure 

8.16), will inherit from the assembly features' taxonomy the knowledge as 

described in (8.53) and (8.55) together with 'more volume' from (8.58). Lpop 

rivetJ in Figure 8.16 is an example of a class having two parents within the same 

taxonomy, that is: 

( Lpop rivetJ .-+ LSemi-PermanentJ ) /\ ( Lpop rived·-+ LFastenersJ. 
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Ex,-Threads 

Adhesive 

Figure 8.16 - Exploiting the concept of union inheritance 

Whilst taxonomies and union inheritance reduce knowledge duplication, they 

require careful use and the validation [Rich et al. 1991] of inherited LCCni 

knowledge. For example, Lpop rivetJ inherits LCCnis as described in (8.54), and 

'dis-assembly easy' as described in (8.53). However, the latter contradicts 'dis­

assembly difficult' inherited from LSemi-PermanentJ (Figure 8.16). 

8.4.2 Structuring of LCCj Inference knowledge 

Relationship (8.3) reflects that Lee; knowledge can be modelled by the causality 

between an interacting relationship and a LCCi. From section 8.4.1, an 

interacting relationship therefore concerns commitments about PDEs or LCPEs 

that belong to different classes in kind_of taxonomies. Thus LeG; knowledge 

can be generalized by defining interacting relationships (IR)j for sets of class­

based decision commitments, rather than specific commitments, formally : 

(IR)j = { ([d]E{O}1 e-+ LclassJ1 ) 1\ . .. ( [d]E {O}j e-+ LclassJ j ) 

Utilizing the interaction relationship structure of (8.60) with (8.3) allows 

interaction relationships forming between commitments of sub-classes and 

instances to also be a valid (IR)j. For instance, the sink mark example in (8.4) 

can be generalized as in Figure 8.17, formally: 

(LProtrudingJ 1\ L ThermoplasticsJ 1\ LSolidification_basedJ )¢::= 

{ (LCCi= 'sink mark defect' -7<model>component ) } 

Thus, the LCCi knowledge in (8.61) is equally applicable to a component made 

from Styron (a kind of L Thermoplastics) material) having a snap-fit assembly 

feature (from 8.57, this also a kind of Lprotruding) form feature) that is going to 

be injection moulded (a kind of LSolidification_based) fabrication process). 
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Figure 8.17 - Concept of LCCi knowledge structuring 

Thus such a LCCi knowledge structure reduces LCCi knowledge duplication. 

Further, from (8.27), it allows designers to be supported in foreseeing and 

exploring LCCi with either specific or least commitments. However, for 

generalizing an IR, classes selected can have an influence on the LCCi 

knowledge inherited. For instance, if the relationship in 8.61 is modelled as 

stated on LSolidfication BasedJ, then even blow moulding instances can give rise 

to sink mark defects which in reality is not the case. Thus, as with LCCni 

knowledge structuring, validation is required to ensure that the LCCi knowledge 

has not been modelled at a too general level. 

8.4.3 Towards A Customizable LCC Knowledge Structure 

The organization of elements into kind_of taxonomies is implicitly based on 

some perspective (Kerr et al. 1992). The work presented in this research does 

not employ the concept of customized perspectives - rather kind_of taxonomies 

used are based on a fixed perspective. This is sufficient to explore the 'KC' 

approach concept in this research , because at anyone time, the designer only 

uses one perspective. However, in practice, a 'fixed perspective' kind_of 

taxonomy is insufficient, if artefact life specific LCCs are to be foreseen, explored 

and catered for during design. For example, different suppliers can provide 

elements (e.g. fasteners, end-mill cutters or standard mould parts) in different 

size ranges and material compositions. Further, performance measures (e.g. 

delivery time, cost, quality) associated with an element will differ from one 

supplier to another [Swift et al. 1994]. Thus, a customizable structure is 

required if designers are to explore LCCs associated with such bought out items. 
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Figure 8.18 - Concept of Customizable LCC knowledge Structure 

The concept of a customized LGG knowledge structure is demonstrated in 

Figure 8.18. A designer can for instance explore committing assembly features, 

provided by different suppliers, by first selecting a supplier perspective (e.g. 

supplier 'A' or '8' or 'G'). This perspective provides a supplier-specific library of 

elements, the latter modelled and structured as discussed in this chapter. 

Similarly, perspectives on other elements (e.g. materials and LGPEs) could be 

specified. For the perspectives selected, an assembly feature will therefore 

introduce its specific LGGnj and specific LGGj• 

8.5 Chapter Conclusions 

The purpose of this chapter was to disclose in non-computational form the 

elements and relationships that make up a mechanical component domain LGe 

knowledge model. The chapter did not discuss how to represent Lee 

knowledge in computational form. Section 8.2.1 thus presented generic formal 

relationships that model: 

a) LGG inference knowledge for 

• non-interacting consequences (relationship B. 1); 

• for interacting consequences (relationship B.3); 

b) LGG action knowledge for 

• consequence to performance measure mapping (relationship B.5); 

• concurrent synthesiS patterns (relationship B. 11); 

• explanation/guidance. 

Section 8.2.2 than presented a basic formalism of relevant synthesiS elements to 

specifically generate a Lee knowledge model for the mechanical component 

domain. The vocabulary in this formalism consists of form features, assembly 
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features, materials, dimensions, tolerances and surface finish. In addition, a 

formalism for LCPEs has been presented to allow life-phase systems to be 

concurrently synthesized. The vocabulary presented can be tailored for specific 

applications where specific elements are employed. For example, through the 

LCPE formalism, company specific technical processes can be modelled. 

As shown in section 8.2.3, the resultant element formalism can be employed to 

generate component life models that can be reasoned upon through modelled 

LCC knowledge, to infer co-evolving LCCs. To demonstrate the utility of the 

generic formal relationships in modelling LCC knowledge, section 8.3 presented 

a number of mechanical component domain relationships. 

LCC knowledge To support the retrieval of relevant LCC knowledge at the right time, with both 
structuring 
concepts least and/or specific commitments, LCC knowledge structuring concepts have 

Computational 
model in 
FORESEE 
prototype 

been presented in section 8.4. As discussed, this structure also reduces LCC 

knowledge duplication. However, further work is required to provide a 

knowledge structure with a customizable perspective. 

The issue of how to codify into computational form, LCC knowledge utilizing the 

established knowledge modelling and structuring concepts, will be disclosed in 

the next chapter where an implementation of the 'KC' approach framework is 

realized as a KICAD prototype named FORESEE. 
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This chapter presents how the 'KC' approach framework can be implemented 

into computational form as a KICAD prototype system . For this purpose , 

section 9.1 presents a set of relevant system requirements for realizing the 

framework as a KICAD tool. Implementation issues including LCC knowledge 

representation and application domain selection are discussed in section 9.2 . 

The architecture of the implemented prototype, FORESEE, is then presented 

and discussed in section 9.3. Chapter conclusions are made in section 9.4. 

9.1 KICAD Tool Requirements 

Based on the frames making up the 'KC' approach framework presented in 

section 7.3 together with the LCC knowledge modelling and structuring 

concepts presented in Chapter 8, this section discloses with reasons, the 

general requirements of a KICAD tool for supporting DsFLX. 

The KICAD system should not restrict the order in which a designer works 

since observations made in this research correlate with arguments by [Nilsson 

1997] that there is no definite answer to the sequence to which comes first in 

component design: form synthesis, material selection or process selection. 

The tool should provide designers the freedom to design in any order. 

Due to the operational frame principles, the tool should support designers in 

the concurrent generation of the artefact and life-phase compositional models. 

Based on the 'artefact life modelling frame', the artefact and life-phase system 

models should not only be generated concurrently, but , the co-evolving 

models should be integrated (Figure 9.1) to enable LCCi to be revealed. 
1--------------------------------------

Component Life Compositional Model 

r--------------------

, PD~ , ' 
-------------- ______ 1 ~ _ _____________________ ~ ------------- --I 

(a) Concurrently evolving, separate models (b) Concurrently. evolving, Integrated models 
Figure 9.1 - Separate versus integrated concurrent modelling 
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Based on the operational frame principles, the KICAD system should allow 

designers to make least commitments (e.g. material [M] is a kind_of 

Thermoplastic) or specific commitment (e.g. [M] = ABS) to both the artefact 

and life-phase system models. This is necessary if the tool is to continuously 

support component life synthesis and exploration from the earl y design 

stages. Thus, it should support evolutionary solution modelling (Figure 9.2) 

due to both concretization and detailing commitments (section 6.2) be ing 

made during synthesis. 

Concretization commitments 

[F]= [hole], [hole]dlamele<= 20mm 
[hole1ePlh = Smm 

Figure 9.2 - Support for evolutionary solution modelling 

To overcome a limitation of existing means (section 4.4) , the KICAD tool 

should support synthesis based providence by inferring LCCs from an 

inaccurate solution model (e.g. component has a 'hole' without parameter 

values) and also with an incomplete solution model (e.g. component consists 

of a hole only). This is applicable to both artefact and life-phase models. 

To overcome a limitation of current means that provide a narrow and 

segmented insight into LCCs (section 4.4) , it is necessary that the behaviour 

of multiple life-phases in terms of performance measures be continuously and 

concurrently estimated. Further, the estimates should be presented to the 

designer for multi-X behaviour monitoring purposes. 

As with current means, foreseeing artefact life interactions is diff icult to 

achieve (section 4.4) and due to human LCC knowledge processing 

limitations (section 7.2.1), the KICAD tool needs to take a significant role in 

component DsFIX. The tool should therefore prov ide: 

• guidance in the retrieval of relevant and feas ible option sets: e.g. the tool 

should help designers retrieve relevant assembly features that result in a 

non-permanent bond; 
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timely awareness of co-evolving Lees: during synthesis the tool should 

work independently from the designer, to check for complex interactions 

between the numerous life commitments made to the model , reporting 

back any solution specific LCCs co-evolving with the decisions committed ' , 

explanation of Lees revealed: suitable and relevant explanations need to 

be provided if a designer is to be motivated in avoiding/relaxing detected 

LCC that relate to artefact life issues about which a designer may not be 

knowledgeable. For example, simply informing a designer that due to 

some commitment made to a thermoplastic component, a 'side-core' will 

need to be used in a mould tool , may not allow a designer to appreciate 

the severity this has in terms of design or construction, time and costs; 

• Lee avoidance support: designers should be guided to those 

commitments which could be explored in order to avoid or relax a specific 

LCC. Thus, the distinction between Leen; and Lee; should be exploited. 

• concurrent synthesis support: by exploiting captured concurrent synthesis 

patterns, the KICAD tool should work in the background, independently 

from the designer, to evolve relevant solution models and where 

necessary propagate co-evolving LCCs. 

Due to the operational frame's reuse principle, the KICAD tool should provide 

designers with an application domain library of well-developed synthesis 

element models. Due to concurrent synthesis, the library should therefore 

consist of application specific PDEs (e .g. form features) and LCPEs (e.g. 

assembly systems, mould tools). 

Certain elements do not change in behaviour with a change in time or 

environmental conditions e.g. a model of a circular hole form feature. 

However, some elements do change and thus need to be modelled to reflect 

their dynamic nature e.g. a material, whose properties like stiffness change 

with exposure to different temperatures. If artefact life-specific aspects are to 

be catered for, such changes with PDEs/LCPEs need to be foreseen. 

To support company specific DsFLX, the tool must posses public and also 

private LCC knowledge concerning company-specific : 

• synthesis elements: e.g. a model of a specific milling machine, MILL_01 ; 

• Lee inference knowledge: e.g. knowledge that milling more than 20 cast-

iron components per day on machine MILL_01 causes a significant 

dimensional inaccuracy due to machine vibration unlike with milling the 

components on machine MILL_02; 
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• Lee action knowledge - e,g, life-phase system performance measures 

will vary from one company to another, Designers need this specific 

knowledge to foresee company specif ic mutli-X behaviour in order to 

generate a 'company life-oriented' artefact solution , 

Since LCC knowledge has a dynamic nature (secti on 7,1) then to avoid 

obsolescence of captured knowledge, this a weaknesses of KBS means 

(section 4,3.4), the KICAD tool should provide management fac ili ties allowing 

users to update and/or tailor captured LCC knowledge, 

As discussed in section 8.4,3, different synthesis elements (e,g, materials) 

can be acquired from different suppliers. To support life-spec ific synthesis 

and exploration, the KICAD tool should allow users to select a perspective 

(e.g. knowledge about materials acquired from supplier 'A'). 

As reflected by the operational frame (section 7,3.1) both decision 

commitment and retraction are involved. Therefore, if designers are to 

explore qualitatively as many alternatives as possible within a given project 

time frame, the KICAD tool should take care of maintaining/updating 

dependencies when a designer commits or retracts synthesis decision 

commitments. The KICAD system should therefore support the truth 

maintenance of causal relationships rYan et al. 1995] for: 

• consequences - retracting a synthesis decision commitment should be 

associated with the retraction of a causally related LCCni (Figure 9.3); 

Individual elements 
~~ 

Interacting elements 
.. _--- --------- ------------ --- --- -- -------- j 

Part of reSUIZS> 
~ 

Interaction 
'a '~. 'b' ,,~'>}. 

R traction 

• 

Artefact 
Life 

Model 

Figure 9,3 - Lee truth maintenance 

Artefac 
Life 

Model 

component and life-phase system models: a change to a component 

model (e.g. different thermoplastic material) may requ ire a li fe-phase 

system model to be updated e.g. mould's core-pin diameter (Figure 9.4), 

Component Model I Mould Tool System Model 

~ Mutualdepend~ncy B m 
!:~ Th~:OPlastic~ core-p~ EJ ~ 

diameter 
Figure 9.4 - Maintenance of dependent solution models 
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performance measures - the retraction of a Lee should result in an 

'inverse' update of relevant performance measures influenced by that 

LeC as illustrated in Figure 9.5; 

Legend Multi-X Behaviour Multi-X Behav iour 

I LCCni> I LCg • 

~f resu~ i LGGs >---r-_ 
I nteraction I---=:l-'-\:-+=--+~I 

'a'O'b' 
5 

Re)(:n 

Maintains a 
design session 
history 

A DsFLX user 
interface 

Before maintenance After maintenance 
Figure 9.5 . Performance measure value truth maintenance 

Maintaining a history of synthesis decision commitments made and/or 

retracted with the related fluctuations in life-phase behaviour is relevant for 

design review meetings, for recording the solution alternatives explored, for 

learning and for communicating the concurrent synthesis intent. Automating 

this record keeping task avoids wasting a designer's time and effort. 

To provide a DsFrX environment that creates a partnership with the designer 

the KICAD tool 's user interface is critical. In essence, the interface should 

facilitate the acquisition of information 'from the designer' and the presentation 

of information inferred by the tool 'to the designer'. For DsFrX, the interface 

therefore needs to allow designers to : 

• define/manipulate compositional solution models at the required level of 

synthesiS decision commitment; 

• 

• 

• 

• 

• 

• 

• 

view the co-evolving 'artefact' and 'life-phase system' models; 

specify search queries to the 'reuse' synthesiS elements library; 

view the results of queries made to the re-use library; 

continuously view changes in the artefact's 'virtual ' behaviour during 

solution synthesis; 

view relevant information providing explanations about Lees detected; 

view the design session history; 

update/manage the Lee knowledge base. 
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9.2 Prototype Implementation Issues 

The identified system requirements were used to realize a KICAD prototype 

system named FORESEE (alias 4C - 'C'onsciousness of life-'C'ycle 

'C'onsequences 'C'ommitments) . In realiz ing this prototype, a number of 

implementation issues had to be decided upon, namely level of 

implementation, component domain, knowledge representa tion together with 

development software and hardware. These are discussed next. 

Table 9.1 - KICAD system requirements and level of implementation 
~eguire~ent __. .--;-:-:-:--__ -:---:-__ ~ __________ ~FO:::.:RESEE 
Allows designers to adopt a flexible synthesis sequence ./ ./ ./ 
Supports concurrent artefact and life-phase system synthesis ././ 
Supports concurrent & integrated solution modelling ./ ././ 
Supports the reuse of artefact life solutions e.g. POEs, LCPEs with 

• static models 
• dynamic models 

Supports both least/specific and concretization/detailing commitments 
Supports the evolution of the design solution model 

The system should provide pro-active support through 
• guidance in the retrieval of relevant option sets {O} 
• timely awareness of LCCs related to synthesis commitments 
• rapid exploration 
• explanation of co-evolving LCCs 
• LCC avoidance support 
• concurrent synthesis 

Supports company-specific knowledge re-use 
Proviqes on-line knowledge maintenance support for LCCni knowledge 
Provides on-line knowledge maintenance support for LCCi knowledge 
Supports a customizable Knowledge Perspective 

Provides a suitable user interface ././ 
Supports truth maintenance of LCCs, solution models, performance measures ./ ./ 
Supports the monitoring of fluctuations in multiple life-phase performance ././ ./ 
Automatically maintains a synthesis decision commitment & LCC history ./ ./ ./ 

../../../ =Supported ../../ =Partially Supported ../ =Limited Support X= Not Supported 

Prototype level of 
implementation 

9.2.1 Level of Implementation 

Within the scope and time frame of this research , there was a need to 

prioritize, which of the identified KICAD requirements (Table 9.1) were 

essential , which were less requ ired and wh ich could be safely omitted . 

Features that have been omitted as they are considered essential from a 

practical point of view but not necessary for this research purposes are 
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dynamic synthesis element models, on-line LCCi knowledge maintenance 

and a customizable knowledge perspective. Other KICAD requirements have 

been implemented to different levels as outlined in Table 9.1 

9.2.2 Component Domain 

For the following reasons, the domain selected for prototype implementation 

concerns thermoplastic components: 

• plastic component design provides a suitable case for exploration due to 

alternative PDEs e.g. assembly features and materials; 

• plastic component design solutions can influence a number of total life 

activities e.g. mould design & construction, fabrication , assembly systems 

and disposal systems; 

• public, domain knowledge is easily available e.g. in text books [Pye 1989] 

and material supplier guidelines [DuPont 1992]; 

• various thermoplastic component designers and artefact life-actors were 

easily accessible for consultation, this making it possible to acquire 

private Lee knowledge e.g. mould tool construction difficulties, artefact 

assembly difficulties etc.; 

• it covers a large range of practical applications (e.g. computer 

enclosures, hi-fi enclosures, domestic appliances, make-up cases) . 

9.2.3 Knowledge Representation Issues 

Reasoning with For a KICAD tool to take a pro-active role in DsFIX, it must reason about the 
codified 
knowledge current solution state with the LCC knowledge stored in the knowledge base to 

infer LCCs co-evolving with the current solution state. Reasoning is 

concerned with [Smith 1990; Popovic et al. 1994] 'The drawing of inferences 

or conclusions from known or assumed facts '. Different knowledge 

representation schemes (see Appendix D) commonly supported by AI 

development tools support reasoning in different ways. For a KICAO system , 

the way the knowledge acquired can be represented is therefore a key issue. 

To disclose FORESEE's knowledge representation scheme, th is section 

therefore presents first a non-exhaustive background to how frames and 

production rules support reasoning. 
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As explaned in Appendix 0 , frames allow a chunk of declarat ive knowledge 

about an object/concept to be conveniently structured and represented (e.g. 

the frame Fastener in Figure 9.6). Further, they can be organized into kind_of 

taxonomies (see Appendix 0 ). Frames at lower levels of a kind_of taxonomy 

can obtain knowledge from frames at higher levels in the taxonomy. This 

mechanism of passing such knowledge from one frame to lower frames in a 

taxonomy, from general to specific, is known as inheritance [Walters et al. 

1988]. Besides allowing new knowledge about an object to be inferred, 

inheritance allows a lot of repetition in a knowledge base to be avoided thus 

enhancing the storage efficiency [Rychener 1988]. Both slot attribute (e.g. 

Name) and values (e.g. Fastener) can be inherited by lower frames. 

(a) - Frare declCI'ative kroWedge 

r--M'e: flbn-RJrmrert 

ParEJ'lt : AsserrtJIy Feature 

ParCol: 

([Fa~t: Os ,assef11:jyeCEY 

Parent flbn-Permne1t 

([Fat) 1 f\xPresjd3 
FasEr'er 

(b) -Sid value replaceliBlt 

r- - - - - - - La3er:d -------: 
'a' kirctol 'b' 
'a '~ 'b' 

I 

c-I~-~-' -1oroMed)e-----..1 i 

(c) - Sid value occllT1Jlation I 

Slot attribute 
inheritance 

Slot value 
replacement 
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Figure 9.6 ' Replacement versus cumlative slot value inheritance mechanism 

In slot attribute inheritance, the slot attribute itself is inherited. For example, 

consider three assembly features whose initial declarative knowledge is 

represented by the frames in Figure 9.6a. As reflected by Figure 9.6b, as 

Fastener is defined as a kind_of Non-permanent, it inherits the slot 'Part_of" 

from its parent. 

In slot value replacement, a slot can inherit a default value f rom a parent 

frame. For example, the slot concerning assembly characteristic {[Fa]c} values 

for a Screw fastener in Figure 9.6b, inherits the default value 'Requires_hole', 

W ith this mechanism , if a class has a speci fic value declared for a slot , then 
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that specific value replaces the inherited value. e.g. the frame Fastener in 

Figure 9.6b has a specific {[Fa]c} value declared i.e. 'Requires_hole ' wh ich 

replaces the value 'Dis-assembly easy' inherited from the parent Non­

Permanent frame. 

Cumulative value inheritance allows values inherited from a parent frame to be 

appended to values specifically declared to that frame. For example, the 

frame Fastener in Figure 9.6c has a specific {[Fa]c} value declared i.e. 

'Requires_hole' which is appended to the slot value 'Dis-assembly easy' 

inherited from the parent Non-Permanent frame. Thus, through cumulative 

value inheritance, the sub-class Screw will inherit both values (Figure 9.6c) . 

Reasoning with Production rules 

As explained in Appendix 0 , a production rule represents procedural 

knowledge with a conditional part and related actional part. Reasoning with 

production rules requires the matching of the conditional part of a rule stored in 

a knowledge base with a similar pattern in the contents of the system 's 

working memory. If a rule is matched, its actional part is executed, thus 

adding or removing new items contained within the working memory. Such 

inference can be approached in two different ways [Walters et al. 1988; 

Popovic et al. 1994]: 

• forward chaining: in this strategy, the initial state is defined by the data 
available (facts) at the beginning and the goal is determined; 

• backward chaining. in this strategy, the goal is guessed and the search 
from the goal to the initial state, defined by the given data, carried out in 
order to justify the goal postulation. 

Frame-based Production Rules 

Production rules can also reason about the characteristic of a frame by 

referring to its attribute or slot value, this termed frame-based reasoning 

[Walters et al. 1988]. Consider for instance, that a frame about engineering 

materials contains a slot for the material name attribute [MJ and a slot for 

storing a set of the material property values {m}. Then , a production rule can 

have its conditional part referring to the material 's property value as in (9.1) : 

IF (non-magnetic E {m}) THEN using a magnetic separation process in the 

disposal phase is difficult for components realized from material [M] . 
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Thus with such a frame-based production rule a piece of procedural 

knowledge represented by one rule can be applicable to a number of objects 

(e.g. POEs) represented by frames. Hence, rule 9.1 avoids the need of 

defining different rules e.g. (9.2) for specific non-magnetic materials such as 

ASS, wood and rubber. 

IF [M]=[ABS] THEN using a magnetic separation process in the disposal 

phase is difficult for material [ABS]. 

The conditional part of a production rule can also refer to a class of frames (or 

a pattern of classes) , this resulting in what is termed hierarchical reasoning 

[Walters et al. 1988]. An example is rule 9.3: 

IF object is a kind_ofLFastenerJ THEN add a [hole] to <model>component 

As the conditional part of rule 9.3 refers to the class LFastenerJ, it is equally 

applicable to sub-classes of a taxonomy such as LScrewsJ and LPop-rivetsJ. 

Another advantage of representing knowledge as in rule 9.3 is that the same 

piece of knowledge is applicable to classes belonging to different abstraction 

levels in a kind_of taxonomy. For example rule 9.3 is equally appl icable to a 

bolt and a more specific commitment e.g. an M6 bolt instance. 

Representation in FORESEE - A hybrid scheme 

Many applications cannot have their knowledge easily represented by a single 

representation scheme, so a hybrid representation [Walters et al. 1988; 

McMahon et al. 1993] scheme is adopted . This allows associated knowledge 

to be divided into sections that can be represented and reasoned upon by 

different representation schemes. Given the LCC knowledge modell ing and 

structuring formalism presented in Chapter 8 and the representat ion schemes 

commonly available with commercial AI development tools, it was decided to 

employ a hybrid representation scheme (see Figure 9.9) for codif iying a 

synthesis elements library, Lee inference knowledge and Lee action 

knowledge as described next. 

9.2.3.1 Synthesis Elements Library Representation 

Models of different synthesis elements captured in a Synthesis Elements 

Library (S.E.L) are stored in FORESEE with a frame [Walters et al. 1988] 

representation , as these allow a chunk of declarative knowledge about an 

element to be conven iently structured and represented. Each frame 

representing a synthesis element will have a number of slots with attributes 
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and values particular to the element 's formalism presented in Chapter 8. For 

example, from relationship (8.17), an assembly feature model (Figure 9.7) 

will, in addition to an attribute storing the element's name, have a slot attribute 

for storing a set of different assembly characteristics {[Fa]c} . 
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LCCn; knowledge 
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Figure 9.7 - Typical synthesis element, frame-based taxonomic representation 

By including a slot named Parent (Figure 9.7) , frames can be related to other 

frames (as explained in Appendix D) to allow the elements to be organized in 

the S.E.L. into kind_of taxonomies, with an inferential structure as discussed 

in section 8.4. To facilitate this structure, FORESEE employs slot attribute 

and slot value cumulative inheritance mechanisms. A partial representation 

of the taxonomy of Figure 8.13 is illustrated in Figure 9.7 with the slot 'Parent' 

storing the value of the frame's parent class. 

Similarly synthesis element frames also have a 'parLor slot (Figure 9.7) 

whose value is specified during synthesis, when frame instances are created 

and related to other frames. In this way, related frames form a semantic 

network (see Appendix D) representing an evolving compositional model , 

based on the arefact life modelling frame (section 7.3.3) concept. 

9.2.3.2 Representing LCC Inference Knowledge 

This LCC knowledge derived from both public and private (e.g. company 

specific) sources, concerns synthesis elements captured in the S.E.L. As 

reflected by the formalism in (8.1) and the structuring of LCCni knowledge 

presented in Chapter 8, a LCCni can be associated with a class of elements. 

Thus, a fact describing a LCCni is stored in slots of frames representing 

synthesis elements. For example, the LFastenerJ frame in Figure 9.7 has 

'Requires_hole' stored as part of its declarative knowledge model. This is 

then inherited by the LScrewJ and LSelC Tap_ScrewJ sub-class frames. 
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Based on the formalism in (8.27) , a LCCi can be infe rred once an interact ing 

relationship (IR) is present in the evolv ing artefact life model, the latter 

described as a semantic network between frames. Thus, LCCi knowledge is 

represented by a production rule scheme of the form : 

IF (IR)c <life model> THEN LCCi 

To reduce knowledge duplication , the interacting relat ionship (IR) should be 

modelled on the most general class as explained by (8.60). For th is reason, 

LCCi knowledge is represented in FORESEE with a frame-based production 

rule to exploit frame-based reasoning and hierarchical reasoning for 

supporting the structure disclosed in section 8.4. Rule (9.5) is a 

representation of example of (8.61) , this expressed in system code as in 

Appendix J: 

IF ( ([M] .~ L ThermoplasticJ ) ~ <model>componet ) 

AND (( [F] .~ LProtrudingJ) ~ <model>componet ) 

AND (([P].~ LSolidification_basedJ ) ~ <phase>realization) 

THEN (LCCi = 'sink mark defect' ~ <model>componet ) 

9.2.3.3 Representing LCC Action Knowledge 

Based on the LCC knowledge modelling concepts presented in section 

8.2.1.2, the representation of Lee action knowledge concerns the 

representation of performance mapping knowledge, concurrent synthesis 

patterns and guidance/explanation knowledge as discussed next. 

Performance mapping knowledge (8.5) is represented in FORESEE as a 

performance measure function (see Appendix G) which is executed when a 

LCC-specific production rule is triggered. The function stored in the actional 

part of a production rule will cause a specific relative change (e.g. +5) in a 

specific performance measure (e.g. time) of a specif ic process (e.g. 

assembly) or phase (e.g. realization) . An example of such a representation is 

in (9.6) (expressed in system code in Appendix J): 

IF (LCCi = 'sink mark defect' ~ <model>componet 

THEN ((Quality)<phase>use = -9 ) 

AND ((Time)<phase>realization = +5 ) 

AND ( (Cost)<phase>realization = +4 ). 
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Concurrent synthesis patterns are represented in FORESEE as functions in 

the actional part or a production rule. When a LCC-specific production rul e is 

triggered, the functions cause the necessary manipulation (add/delete/modify) 

of a specific model forming part of the artefact life model. An example of th is 

representation is given in (9.7)with typical system code as in Append ix J: 

IF (LCCni ='hole required ') 

THEN ([d]E{[F])= [hole] )~ <model>componet . 

Guidance/explanation knowledge does not manipulate the facts stored in the 

working memory. The guidance/explanations are thus represented in 

hypermedia [Woodhead 1990] format as this provides a means of prov iding 

textual, graphical and animation based descriptions of a consequence and 

guidance to its avoidance. The explanations are displayed in a hypermedia 

based consequence browser. Through purposely defined functions the 

actional part of a production rule (see Appendix J for an example) triggers 

the relevant hypermedia based explanation/guidance once a LCC is detected. 

9.2.4 Development Software & Hardware 

FORESEE has been implemented in wxCLIPS which is a Windows 

environment of CLIPS [Giarratano et al. 1994]. The implementation employs 

COOL (CLIPS Object-Oriented Langauge) [CLIPS 1997]. wxCLIPS is readily 

and freely available on the internet, making it attractive from a cost and 

availability point of view. A major reason for selecting CLIPS is that it 

provides multiple knowledge representation schemes thus supporting the 

hybrid representation scheme introduced in section 9.2.3. In this respect , 

wxCLIPS provides a complete environment for the construction of rule and/or 

object based expert systems through three different programming paradigms: 

• 

• 

• 

object-oriented, this essentially being a frame representation scheme; 

rule-based which allows user defined classes/instances to be pattern 

matched to support frame-based and hierarchical reasoning; 

procedural similar to languages such as C, Pascal and LISP, usefu l 

for specifying a number of system functions. 

wxCLIPS runs on different hardware platforms including PCs and Macintosh . 

FORESEE has been implemented on the PC platform using a Pentium 

100MHz computer with 32 Mbytes RAM and 1 Gbyte hard disk running the 

Windows95 operating system . 
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Based on the identified system requirements (outlined in Table 9.1) and the 

implementation issues discussed in 9.2, the architecture of FORESEE is as 

shown in Figure 9.8. It consists of a Knowledge based system integrated with 

a number of components: Library access module, Knowledge manager, 

Solution model manipulator, Solution model viewer, Consequence browser, 

Multi-X behaviour module, Session history module and a User interface that 

will be described in this section . Appendix E lists implementation filenames. 

Knowledge Based System 

Inference Engine with TMS 

Knowledge Base 

LCC Infe1nce Knowledge 

No~.inleracting Intera~ting 

LCC Action Knowledge 
of'ertormance Measure Mapping 
<;oncurrent Synthesis Pattems 

-Explanat ion/Guidance 

Re-usable synthesis elements 

Solution Model 
viewer 

Solution Model 
manipulator 

Consequence 
browser 

Session 
History Module 

Muni-X 
Behaviour 

Module 

... +-~ Library Access 
Module 

Knowledge 
Manager 

Figure 9.8 - FORESEE system architecture 

9.3.1 Knowledge Based System 
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The knowledge-based system (Figure 9.8) employed in FORESEE comprises 

a relevant Knowledge base, a Working memory handling 'current working 

knowledge' and an Inference engine, these described next. 

The knowledge base 

The knowledge base represents a Lee knowledge model and thus consists of 

a synthesis elements library and related captured Lee knowledge, which 

following the arguments made in section 9.2.3, are codified in computational 

form as in Figure 9.9. 
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Figure 9.9 - Hybnd knowledge representation scheme employed in FORESEE 

Working Memory 

During system execution , the working memory stores the concurrent synthesis 

current working knowledge (section 7.1) consisting of : 

• an evolving artefact life compositional model, represented as a semantic 

network, where relevant PDEs/LCPEs have their part_of slot defined. An 

example is illustrated in Figure 9_10. 
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Figure 9.10 - Frame-based representation of compositional models within KBS' working memory 

• the current LGGs, as a set of facts. Figure 9.11 shows an example. 
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This is a domain knowledge- independent software program containing 

instructions to reason with the informat ion contained in the knowledge base 

[Popovic et al. 1994]. In the case of FORESEE it can select and interpret the 

LCC inference knowledge stored in the knowledge base to draw conclusions 

or to generate new knowledge (facts) out of concurrent synthesis CWK stored 

in the working memory. 

Due to the need to foresee LCCs associated with the evolv ing solution , the 

inference method employed in FORESEE is forward chaining. With this 

inference, the state of the evolving solution is used to infer LCCs and take 

necessary actions through LCC action knowledge. 

To cope with both an evolving and a changing artefact life model stored within 

the working memory, FORESEE employs truth maintenance [Popovic et al. 

1994] to maintain LCC inferred, performance measures, the LCC list in the 

browser and causal dependencies between component and life-phase models. 

A truth maintenance system (TMS) is a knowledge base management system 

that is activated each time the reasoning system generates a new truth-value. 

It keeps track of interrelations between assertions and conclusions drawn. It is 

not within the scope of this research to discuss how different TMSs operate. 

Such information is detailed in [Walters et al. 1988]. As LCCni inference 

knowledge is represented as a slot within a frame describing a synthesis 

element, then retracting that element automatically retracts the related LCCni. 

As LCCi inference knowledge is represented with frame based production 

rules, the maintenance of LCCi is more complex as a non-valid interacting 

relationship has to be detected after the retraction of a synthesis decision 

commitment. To cope with this situation , logical dependency provided by 

wxCLIPS has been employed as explained in Append ix H. However, logical 

dependency is not suitable for undoing actions performed by LCC action 

knowledge. For this purpose, a mechanism was specifically developed, 

based on the principle of segmenting LeC knowledge into three parts - a rule 

for detecting the existence of a LCC, a rule performing necessary actions and 

a rule undoing actions due to the retraction of a LCC. This mechanism is 

explained in Appendix H with examples given in Appendix J. Similarly, to 

maintain a valid list of LCe in the hypermedia based browser, a special 

function (see Appendix I) was developed to dynamically generate HTML 

[Bacon et al. 1997] code for the current LCCs stored in the working memory. 
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To address the KICAD tool requirements, FORESEE's user interface provides 

a number of pull-down menus by which information is acquired from the 

designer. To present information to the designer, the user-interface employs 

a number of windows for different purposes as indicated in Figure 9.12. 
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Figure 9.12 - FORESEE's user interface 

9.3.3 Library Access Module 

This module provides functions that allow a designer to qualitatively query the 

synthesis elements library for elements that result in intended consequences 

e.g. search for assembly features that make dis-assembly easy (Figure 9.13) . 
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Figure 9.13 - Library access module 
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This provides a set of functions, which allows a designer to add or remove 

synthesis elements from the models being concurrently synthesized. The 

manipulator allows elements to be added to the evolving model at a least or 

specific commitment level. Through pull-down menus (Figure 9.14), the 

manipulator also allows detailing and modifications to elements already 

committed, such as changing a feature parameter value. 
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Figure 9.14 - Solution model manipulation functions 
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This system architecture module is responsible for externalizing the various, 

evolving compositional models stored within the working memory (Figure 

9.10) as a textual part_of hierarchy displayed in different windows of the user 

interface (Figure 9.12). 
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Figure 9.15 - Consequence browser 

9.3.6 Consequence Browser 

This is a hypermedia-based browser (Figure 9.15) used for external izing the 

Lee facts stored within the working memory (Figure 9.11). The browser has 
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been implemented in HTML, the latter also supported by wxCLIPS. It allows a 

specific LCC to be browsed, this providing the designer with explanations of a 

consequence, its source commitment(s) and guidance to its avoidance. As 

reflected by Figure 9.8, the TMS ensures that LCCs abandoned due to 

decision retractions are not displayed in the browser. 

9.3.7 Multi-X Behaviour Module 

This module utilizes the values of the performance measures estimated 

through performance mapping knowledge to display the state of relative 

performance measures for the different artefact life-phases in matrix form . To 

display a finer resolution of fluctuations in the Multi-X behaviour window, it has 

been implemented to display the realization phase decomposed into 

manufacturing and assembly system (Figure 9.12). 

9.3.8 Knowledge Manager 

This module permits knowledge in the knowledge base to be managed by 

providing utilities (Figure 9.16) that allow: 

• 

• 

• 

• 

• 

knowledge concerning synthesis elements to be viewed; 

new classes to be added to a taxonomy during execution e.g. add a sub­

class LCNC_MillingJ of the class LMillingJ processes; 

new synthesis elements to be added during execution - e.g. a company 

specific 'CNC_milling_01 ' can be defined; 

knowledge of synthesis elements to be modified during execution - e.g. 

change the economic quantity value for 'CNC_mill ing_01 '; 

(some) synthesis elements to be accessed from a particular perspective 

(e.g. particular bought-out item supplier) . 

As implemented, only LCCni can be added/modified during execution. 
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Figure 9.16 - Functions oHered by the Knowledge Manager 

175 



Automates 
design session 
recording 

Implementation 
issues 

FORESEE 
system 
architecture 

Utility of 
FORESEE to 
DsFEX 

9.3.9 Session History Module 

Chapter 9 
FORESEE - A KICAD Prototype Implementation 

This module provides functions that automatically and sequentially record the 

different commitments/retractions made, the result ing multi-x behaviour at 

each state, new classes/instances created etc. The designer can browse 

and/or print the recorded design session history. 

9.4 Chapter Conclusions 

This chapter, the last one in Part '8 ' of this dissertation has presented how the 

'Ke' approach framework to DsFIX, can be realized into computational form , 

as a KICAD prototype system named FORESEE. For this purpose, section 

9.1 presented a set of requirements (summarized in Table 9.1) for such a 

KICAD tool realizing the 'KC' approach framework. As discussed in section 

9.2, to codify the LCC knowledge model into computable form , a hybrid 

knowledge representation scheme (summarized in Figure 9.9) has been 

employed. Due to this hybrid scheme, the development software employed 

was wxCLIPS whilst the hardware used for realizing the FORESEE prototype 

was a Pentium 100MHz PC. The domain selected for prototype 

implementation is that of thermoplastic components. 

Section 9.3 presented the architecture of the FORESEE prototype, this 

derived from the identified system requirements and the implementation 

issues decided. FORESEE is composed of a Knowledge based system 

integrated with a number of components: Library access module, Knowledge 

manager, Solution model manipulator, Solution model viewer, Consequence 

browser, Multi-X behaviour module, Session history module and a User 

interface. 

The next chapter, which commences Part 'C' of this dissertation, presents a 

scenario of employing the prototype FORESEE for thermoplastic component 

design, this providing a basis for evaluating the 'KC' approach to DsFI X. 
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110.0 Evaluation of FORESEE To Supporting DsFLX 

Scope 

Evaluation 
perspective 

This chapter presents an evaluation of utilizing FORESEE to support a 

component conceptual design scenario as basis for discussing the 

effectiveness of the 'KC' approach to DsFLX. Section 10.1 presents issues 

related to the evaluation approach adopted. Section 10.2 than presents a 

component DsFLX scenario via FORESEE. Evaluation results and a critical 

discussion on their interpretation are disclosed in section 10.3. Chapter 

conclusions are made in section 10.4. 

10.1 Evaluation Approach 

Logical arguments have been made throughout the dissertation to 

demonstrate that there is a connection between the initial research state (the 

real problems, existing theories and models) the hypothesis and the 

established research solution. 

However, the main approach considered suitable for critically evaluating the 

result with respect to a number of established criteria is that of 

experimentation with the FORESEE prototype (this a realization of the 'KC' 

approach framework), in its effectiveness to supporting component DsFLX. 

The evaluation has been conducted within the thermoplastic domain. 

Evaluation Criteria 

An evaluation related to this research can be performed from mainly two 

different viewpoints: the effectiveness of the support to DsFLX as considered 

by designers, or, the KICAD system's performance (e.g. speed of retrieving 

relevant knowledge). Although both are relevant to research of this type, the 

hypothesis of this Ph.D. (Chapter 1) together with the outcome of the critical 

review of existing providence means (Chapter 4) indicate that the evaluation 

exercise via FORESEE should mainly focus on the designer's viewpoint. 
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Thus, a number of key evaluation criteria were identif ied, these being: 

i. 

ii. 

iii. 

iv. 

Are designers supported in becoming aware of unintended Lees co­

evolving during component solution synthesis? 

Are designers assisted in becoming aware of multiple and interacting 

LGGs? 

Are designers made aware of component life-specific or generic Lees? 

Are designers motivated and supported in exploring alternative decision 

commitments? 

v. Are designers guided to make decision commitments consciously with 

respect to artefact life issues? 

FORESEE based component DsFLX scenario 

To assess the KIGAD based 'KC' approach to component DsFIX, a number of 

formal demonstrations via FORESEE were therefore carried out in the U.K. 

with a total of 23 participants, purposely having a different background: 

• 7 consulting and practicing designers from Scottish Design, Forth Product 

Design, Integrated Technologies, Digital Equipment Corporation (Ayr) and 

Glasgow Development Agency. These had practical experience of DFX, 

how early design is executed in industry and of the various problems 

encountered during the development activities of various types of 

commercial mechanical artefacts, including thermoplastic components; 

• 9 academic researchers from the CAD Centre, University of Strathclyde, 

Glasgow. These had a thorough understanding of design activities and 

were familiar with various early design and CAD research issues; 

• 7 Computer Aided Engineering Design M.Sc. students from the University 

of Strathclyde, Glasgow, who had formal training in design process 

activities and current research issues concerning design and CAD. 

Evaluation Procedure 

Individuals who participated in the evaluation were handed introductory 

information (Appendix K) concern ing the objective of the demonstration, 

reasons why participants would not be using FORESEE itself and issues they 

would be asked to comment upon after the demonstration. Following 
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sufficient time for the participants to read this background information, they 

were given explanations and definitions to certain terms (e.g. LCCs) that were 

to be encountered during the design scenario involving FORESEE. 

The evaluators were then given a demonstration of the utility of FORESEE 

concerning the early design of a thermoplastic component (see section 10.2). 

During the demonstration, evaluators were encouraged to ask questions to 

help them clarify any issue. 

To avoid evaluators from influencing each other, at the end of the 

demonstration, evaluators were individually taken through a structured 

interview. This involved the demonstrator asking and, where necessary, 

explaining a set of pre-defined questions based on the identified evaluation 

criteria (see Appendix L) aimed at developing a coherent interpretation of the 

evaluators' assessment concerning FORESEE's strengths and limitations of 

the support it provides to DsFLX. Comments made by the evaluators were 

recorded on paper. 

Evaluation Difficulties 

Oegree of proof The objective of the OsFIX scenario demonstration exercise is not to prove 

the solution, as this is difficult to achieve since: 

i. comparing the respective influence on multiple life-phases of alternative 

component design solutions (one generated via FORESEE in a real design 

office environment and another withou0 during their 'real life' involves a 

substantial period of time. Whilst acknowledging that this would provide a 

more realistic basis for evaluating the effectiveness of FORESEE to 

supporting Os FIX, embarking on this empirical exercise is difficult if not 

impossible to achieve within the timeframe for Ph.D. research; 

ii. only a limited amount of knowledge, was codified in FORESEE. Although 

this enables evaluators to indicate the strengths and limitations of the 'KC' 

approach to DsFIX, it is not extensive enough to support an exhaustive 

exploration activity; 

iii. as stated in Chapter 9, FORESEE lacks some functional ity, that can have 

an influence on the effectiveness of the 'KC' approach to OsFIX; 

iv. the range of evaluators was not extensive, both in terms of the number of 

people involved and also their technical background. 
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These difficulties correlate with arguments that in the 'AI in design ' research 

field, there are problems in carrying out effective evaluation exercises [Duffy 

et al. 1998]. Hence, with awareness of these difficulties, the purpose of 

demonstrating the appl ication of FORESEE to a component DsFLX scenario, 

was to reveal indications of its strengths and limitations in supporting DsFLX. 

10.2 A Component DsFLX Scenario 

Although a specific scenario is being presented, the concept of the 'KG' 

approach to DsFLX presented in this thesis is relevant to other domains, where 

concurrent synthesis can be performed with the reuse of life synthesis 

elements and where related LGG knowledge could be captured and reused. 

The scenario is based on the integration of a number of real artefact LCCs 

collected from industry and literature. It concerns the conceptual life design of 

a component intended to act as a cover for electronic circuitry housed in a 

separate enclosure (Figure 10.1). 

The requirements, mostly qualitative, known at this early design stage are that 

the cover needs to be non-corrosive, light-weight, easy to dis-assemble to 

allow servicing of the electronic circuitry, to be used in normal ambient 

temperatures and that a minimum of 9000 covers are required. 

Required Cover 

Electronic circuitry 

Enclosure 

Figure 10.1 - Scenario component - a cover 

To help the reader, part_of (7) relationships being established through 

decision commitments, are shown in scenario diagrams with an associated 

alphabetical symbol e.g. (a) in Figure 10.3, that will be referred to in the 

scenario text. Also, the scenario diagrams employ a mixture of FORESEE 

screen dumps (portraying the external view) and PDEILGPE frame models I 

. . . I ntatl'on of the evolving solution I taxonomIes portraYing an Interna represe 

synthesis elements library respectively (see Figure 10.2) . 
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When FORESEE is initialized, it contains a number of default synthesis 

elements organized into default taxonomies (see Appendix F). Also, the 

default value of all performance measures is 100 e.g. (Time)<phase>use=100. 

Company and domain specific synthesis elements can be added to the S.E.L 

in FORESEE. As an example, assume that the firm involved in this scenario 

has acquired a new injection moulding machine '/njection_20'. Through 

FORESEE's know/edge manager, the user adds this new LCPE as an instance 

of lInjectionJ in the fabrication taxonomy. Through inheritance, a model of this 

new LCPE is generated (Figure 10.2a) . 

As this new LCPE has a company specific minimum economic quantity (O)e, 

the default slot value inherited i.e. 9,500 is modified by the designer via the 

know/edge manager to 10,000 (Figure 10.2b) . 

Kind_ ofT axonomy 

(LCC). Mould required 

(a) Default model (b) Model after knowledge mod~ication 

Figure 10.2 - Adding a new synthesis element and modifying ~s knowledge content 

Component Design 

At the beginning of the design session, FORESEE recommends that the user 

inputs the quantity [0] required in the use phase, in this case [0]=9,000, in 

order for FORESEE to be able to reveal solution and problem specif ic Lees. 

I Component .J Base 
a Parent: Protruding 

... Part of: Component 

Length 

Deoth : 
Anale: 
X centre: 

Y _centre: 

(LCe)"; 

Model Manipulator 
Figure 10.3 - Base form feature comm~ment 
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By using FORESEE's solution model manipulator, the designer commits a 

[base] form feature (Figure 10.3), to become part_of (a) the evolving 

component model. At this early stage, the designer makes a minimum 

commitment and thus the [base] parameter values are not specified. 

To address the servicing requirements, the designer uses FORESEE's library 

access module to qualitatively search for POEs that intentionally result in a 

non-permanent bond i.e. dis-assembly_easy (Figure 10.4a). This gives rise to 

a decision proposal O{[Fa]} with a set of feasible options (Figure 10.4b). 

(a) Search query 

II 
Hi Assembly feature s that match: 
; dis-assembly _easy 

II [FASTENER) 
[NON-PERMANENT) 

, [SNAP-FIT) 
. [FORMED_THREAD) 

[BOLT_B) 
[SELF_TAP_SCREWJ 
[SCREWJ 
[SCREW_TYPE_A) 
[SCREW_TYPE_B) 
[CANTILEVER_ SNAp) 
[ANNULAR_SNAp) 
[INTERNAL_THREAD) 
[EXTERNAL_THREAD) 

. ",end of search , 

(b) Result showing feasible options 
Figure 10.4 - Qualijative search for feasible assembly features 

From the set revealed, the designer selects and commits a [screw] to become 

part_of (b) the evolving solution (Figure 10.5), The [screw] which is a kind_of 

LFastenerJ (see the taxonomy in Figure 8.13), co-evolves a set of LCCni given 

from (8.54), these displayed to the user as in Figure 10.6a. The LCCni 'more 

parts', which 'violates a OFA guideline', results in the component becoming 

part_of (c) a sub-assembly (Figure 10.5). 

Form Feature~ 

/ 

\ \..ess \l o\\}~e 
\ 

I I Protruding] i Openings J 

~ I pn2~J I ~ular.lc. 
Ribs jf n~ 
~ 

Int reads 

Current LCCs list 
-Hole required 
·VloIates DFA rule 
.SIoW assembly process 
-Easy dis-assembly 
·S=DOFp(} 

S [ Sub·assemb~ I crew 

Parent: Fastener Iy ~ 
ParCol: Sub,assemb~ r C t I 

omponen 
u.~ Requires_hole ~~ I'--------' 
~ Fair bonding I ci Base 
~ - ~~~----~ 
~ More parts @ I\Parent: Protruding 

~ Asse C· I Hoi ~a rt 01: Component 
u r-- Ircuar e -

~lQ.om , ength 
.s::; rw-arent: Circular 
o pepth' 

Part 01: ComponentFl=.::.:''------j 
- Ie: 

Diameter: ill centre: 

Deoth: ~. centre: 
~ Anole: 

X centre: 

Y _centre: 

(LCC~I Less Volume 

Figure 10,5 - Hole comm~ment resu~ing from screw comm~ment 
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Through performance mapping knowledge, these LCCni influence the 

behaviour of different life-phases e.g. from 8.7, 8.8 and 8.9, 'assembly slow' 

influences the assembly process in the 'realization phase' and the service 

process in the 'use phase' (these shown decomposed in Figure 10.6b) . 

•••••..•• •••• »-h»Wj,;: •••.••• ,;; •••• .;;;,;;;;.. ••• •••••••• ·······;r.······0iVfir ............ ~ 

; ConseQ - HOLE_REQUIRED 

. ConseQ - CREATION_OF _SUB-ASSEMBLY 

: ConseQ - Slow_Assembly_Process 

! ConseQ - EASY _DIS-ASSEMBLY 

(a) (b) 
Figure 10.6 - Screw comm~ment Lees and resuHing performance measures 

Due to the LCCni 'hole_required' introduced by the [screw], based on the 

concurrent synthesis pattern in (8.12), FORESEE adds a [circular_hole] to 

become part_of (d) the component model (Figure 10.5). The [circular_hole] 

gives rise to a decision space 'S' concerning hole parameters as formally 

given by (8.28). At this stage, the designer prefers to make a minimum 

commitment and thus proceeds without specifying the hole parameter values. 

Sub-assembly , 
, Form Features, Screw 

r- ! Engineering Materials I 
Y~ / \ \jo\\}~e Parent: Fastener "N"" Co""",~ 

\.esS Part_of: Sub-assembly 'Non-magnetic Conductive J 
Component , '\ t.) It 'Non-corrosive .... Requires hole 
rt~ Base ! Protruding! 1 Openings! ~ , Polymers Ferrous I Fair_bonding 

(j) 

~ I pris!uc II ~Ulau 
u More parts @j \Parent: Protruding 1 Co~N ~ -c 

Assembly slow ~ J <1 ~art_of : Component 
~ThermoPlastics J -7 u 

t! 1 STYRON I Cast-Iron Alloys I Circular_Hole 
Ribs / n~' 
~ • Parent: Circular I arent: Thermoplastic' '---"- r-

Part_of: Compondnt :tart_of: Component 
Multi-X Behaviour 

InCT reads r- TIME COST QUAliTY 

Current Lees List Diameter: Non-magnetic r- Design 104 100 100 
OOitficiJHies With in8gnetic separation Depth: E Low_density r- ManUfac. 112 110 100 

oO{[PM, DUf'J} . ~ Non-conductive 
Assemb_ 109 100 100 

Anole: (j) r- 100 ., 
<1> Use 100 100 +tole required .. ~ 

t 
'Violates DFA iUle 

X_centre: <1> Shrinkage=O.Ol §ervlce 106 99 100 c-
'Slow asserribly process Y _centre : e Low_melt.point Disposal 97 99 97 

a.. 
Total 628 608 597 ''Easy dls·assembly (LCC)ri Less Volume Ductile 

'S::DHF)p) :.~: -::. 

Figure 10.7 - Matenal and screw commitments 

Search for 
suitable material 

To address the given requirements, the designer uses FORESEE's library 

access module to qualitatively search for materials that have a low_density 

and are non-corrosive. This search results in a decision proposal : 

(10,1) DUM] = {LThermosplasticJ v [STYRON] v [ASS] v [Sakalite] v [Aluminium]} . 
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In this case, the designer explores committ ing STYRON (part_of (e) the 

component model - Figure 10.7) . Th is material PDE introduces a set of 

properties {m} inherited from L ThermoplasticJ including the unintended 

property 'Non-magnetic'. With the component still incompletely and 

imprecisely defined, FORESEE works independently from the deSigner and 

through Lee inference knowledge, reveals difficulties in the component's 

disposal phase - specifically separating the component with magnetic 

separation is not possible. This is explained via the Lee consequence 

browser (Figure 10.8). Relevant performance mapping knowledge updates the 

multi-X behaviour due to this Lee. 

INFLUENCE ON DISPOSAl PHASE 

Since the material defined is (STYRON] 
is no~magnetic, then the use of tIl_a.1I a mangebc-separabon technique dUring 

It the component is to be assembled with more than 
another non-magnebc matenal, than try to consider 
changing the material or this component or It not 
possible, then consider the use ot magnebc matenals 
tor the other components to be assembled with 
RADIO_COVER 

the DISPOSAl phase resu~s In the separation 
01 mBgnebc and non-magnetJc matenals , 8UT 
the component RADIO COVER"';II remain ----...of I WI th other parts made trom non-magnebc 

Foreseeing 
compatible 
processes 

this requiring FURTHER separatIon 
at e)dra cost and hme Influencing the oerfol'TTlanc:411 

Figure 10.8 . Disposal phase consequence due to material commrtment 

Based on (8.31), a LCCni of this material commitment is the decision proposal 

D{[P]}. The set {[P]} compatible with the STYRON material is inferred by 

FORESEE via relationships (8.33), with the results shown as in Figure 10.9. 

Due to the mechanism of (8.33), even Injection_20, newly added by the user to 

the S.E.L., is matched and included in {[P]}. 

First Material committed Is STYRON 
i.e. (d)e{(M)} = STYRON 

Identifying set of compatible processes ([P)} 
, The more 't' matched, the more (PI Is compatible 

"Alii AUA" A;liA AA A A it iii A iii A Alii A A iii A A A ... A A iliA A AA A A iii ... A A .. A 

= BLOW 01) .. a Kind of .. BLOW_MOULDING - 't' matched = low_flu idity 
= fBLOW- 01) .. a Kind- of .. BLOW_MOULDING - 't' matched = low_~emperature 
= [BLOW- 01). . a Klnd=:of .. BLOW_MOULDING - 't' matc.hed = solldlflC1ltlon 
= (BORE -011 .. a Kind_of .. BORING - 't' matched = ductile 
= (BORE- 01).. a Kind_of .. BORING - 't' matched = soft . .. . 
= (DIE 01) .. a Kind_of .. DIE_CASTING - 't' matched = sohdl~l callon 
= (EDt~( a Kind of .. SPARK_EROSION - 't' matched = ductile 

- .. S - 't' matched = soft 

Figure 10,9 . Revealing set of compatible fabrication processes 
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From the set revealed (Figure 10.9), the designer explores committing 

Injection_20 to become part_of (f) the manufacturing system (Figure 10.10). 

From relationship (8.41) this introduces the LCC 'mould ' . d' , ni = IS require . 

FORESEE thus adds a mould as part_of (h) Injection_20 (Figure 10.10). From 

(6.8), the mould tool co-evolves its own LCCnis influencing multiple life-phases . 

.!rtefact Life Model k.. -r '7 Realization Phasy 
L 

Screw .-Sub-assembly I -~ 
Parent: Fastener b .~ Manufacturing System 
Part_of: Sub-assembly 

Component I 2> 
'" Requires_hole 

r~ .~ 
f 

~ Fair_bonding Base Mould Tool 
In Injection_20 .... ~ .~ More parts 

~ [\parent: Protruding Parent: Moulding iii 
~ .;:: Parent: Injection rf'art_of: Injection_20 ~ Assembly slow "art_Of: , Component u Part_of: Manufacturing C13 

Circular_Hole I _ Form features require n; 
STYRON Props. {t) :solidification ... .s= c 

draft angles ...Q... Circular I 0' 
Parent: arent: Thermoplastics u 

- Inj. pressure: =- Component can have 
ComponJnt Part_of: Jart_of: Component r-- Inl. speed: parting line defect 

Diameter: Non-magnetic r- Temperature : 

~ Depth: I Low_density r- Min.Oty. (a ). : 10,000 
~ 
~ Anole: In Non-conductive - (LCC)nl Mould required - Q) 

X centre: t: 
Q) Shrinkage=O.Ol a. CUrrent LCCs List V_centre: 0 Low_melt.point a:: oQifficulties wkh magnetic 'VlOIates DFA rule ot«ln-feastJle quantties 

(LCC)nl Ductile separailoo -Slow assembly process oMoukl tool required 
t{){iPJJ. Dnp.» 'Easy dls-assembly 'Parting line defeel 
+!ole required 'SjFpJ 'Features require !taft a~es 

Figure 10.10 - Realization phase concurrent syntheSIS 

Pro-active 
guidance on 
bought out items 

The realization of mould tools involves the use of standard mould parts [Pye 

1989] that can be purchased from different suppliers. Using embedded Lee 
guidance knowledge, FORESEE therefore recommends the selection of an 

appropriate supplier if it is to reveal , during synthesis, artefact 'life specific' 

LGGs. The designer accepts this recommendation and from the known 

standard mould part supplier options (Figure 10.11), selects supplier DME. 

~wx[lIPS 

• , Klf-AO Sysl"", 
file Buies ~llliCi.!lia1 !.isl tlelp 

~I~I --J--L--.I Yiew ure M cdel Providence Re;ul13 !:Ie~ 

Mould tool 
concurrent 
synthesIs 

l.,isl D~led Oass8$ 
~ddNer< a_ 

bi!ll A ... .,jL,ble Synthesi. Elemenls 

Y:ie", S}tllh~$is [Ie"'~nt Knowled!;Je 
8dd Ner; Synlhes~ E lernenl 
Mocify Synlhesis Element KnO\I\~edge 

~ Re:lel 

Known Standard Mould Tool Suppliers 

Hasco supply STANDARD_CORE-PINS 
DME supply STANDARD _ CORE-PINS 

Contact Mould maker for selectlng the right supplier 

Figure 10.11 - Selection of a specific mould tool supplier 

Due to interacting commitments in the current artefact life solution model , the 

LeGi = 'core-pin required' given by (6.9) co-evolves. Thus, based on the 

concurrent synthesis pattern in (8.13), FORESEE adds a [core-pin] to become 
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part_of (i) the mould tool LGPE (Figure 10.12). Similarly, due to an 

interacting relationship between the [base] form feature and the [mould tool]. 

FORESEE adds a [cavity] to become part_of (j) the mould tool (Figure 10.12). 

.'" CUrrent 
'Dil1!ctllfl!~W!iline9Mtit .violates OFA rule < 'No' .,' .... t~ ' . ,... . " n- ea$l",e quan "Ies 
~l!flIrati6n.,>, ", ." 'Slow a~sembo/ prooess 'MOuld 1001 i'il ired 

'oorels a core-pln 
' mould requires calilty 
'weld line defect 

'D{~.j D([P Jl . 'Easy dls.assembly ....... f" .. ~ ..... ,. ~ • , 'rulllOg lOe 11.""", 
'Hole reqUred 'S(Fp! -Features reqtJre dral1 angles 

;sink mai1t defect 

Mould design 
guidance 

(10.2) 

MUffiple life­
phase 
consequences 

'Mould ' COIl! 

Figure 10.12 - Example of mould tool concurrent synthesis 

Based on embedded Lee guidance knowledge, the introduction of the core-pin 

allows FORESEE to work independently from the designer and reveal a range 

of standard diameter core-pins available from the selected supplier (OME), 

that can be employed for mould tool design: 

D{[core-pin]diameter} = {1.5 v 2.5v 3.0v 3.5v 4.0v 4.5v 5.0v 5.05v 5.1 v 5.5) 

Design Name: RADIO_COVER 
Date: 919/1998 
Designer: Ing.J.Borg 

: l1-HOlE REQUIRED 
12-RESULTS IN SLe-ASSEhB.. V2 

· 13-ytolo!es DFA RIlle 
· '4-S!ow A",ombly Procoss 
· 15-EAS V DIS-ASSEIoIBL V 
; 16·DlFfICIJ_TIES V'I1TH MAQt,QIC SEPARATION 
: 17 -NON-FEASIBLE QUANDTIES 
, IS-MOULD TOOL REOORED 
; IS-PARTING LINE DEFECT 
· II O-MOllLD REQUflES CORE3 
; 111 ·CORE3 IS A CORE -Pt>! 
; 112-I\IIOUlD REQt.IRES C,a. VlTVl 
, 113-V'oaD Llr-E DEFECT 
i 11~SN( MARK DEFECTS 

QUALITY 
Design 100 
Manufac. B7 
Assemb. 100 
Use 76 
Service 100 
Disposal 97 
================================== 

. • ,., Fig'ure' l 0.'13' -updaie of consequence list &. performance measures due to Leel 

Due to a number of interacting relationships present in the incomplete artefact 

life model shown in Figure 10.12, a number of other LGGiS (Figure 10.13) are 

inferred. For example, from (8.61) the component can have a sink mark 
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defect, this propagating a number of LGGs across multiple life-phases e.g. 

more manufacturing time in the real ization phase and a weak component 

structure resulting in a lower use phase qual ity. Similarly, due to the 

interaction between STYRON, the [circular_hole] and the Injection_20 process, 

the current solution state will result in a weld line defect [Borg et al. 1998J. 

These new Lees influence different performance measures (Figure 10.13). 

The LePE model of Injection_20 includes knowledge of the minimum feasible 

economic quantity (o)e, this being 10,000. This (o)e value interacts with the 

specified use-phase quantity [a] = 9,000, which through relationship (8.39) 

results in a Lee that Injection_20 is not suitable due to 'non-feasible 

quantities'. To relax this LeG, the designer increases [a] to 10,100 justified by 

catering for spare covers. 

TIME COST QUALITY 
Design 117 113 100 
Manufac. la9 130 tl( 

Assemb. 110 111 100 
Use 84 100 76 
Service 106 99 100 
Disposal 118 120 97 
Total 674 673 560 

.................. ~;~~ ;~1~.1 ~- A~se~bIY system concurrent synthesis 

The new quantity ([0]=10,100) triggers a piece of company specific Lee 

guidance knowledge that recommends assembly automation when [0]>9 ,500. 

The designer accepts this recommendation, which through the concurrent 

synthesis pattern in (10.3) introduces an assembly system as part_of (k) the 

realization phase model (Figure 10.14). 

IF [0]>9,500 

THEN ([d]E{[LCPE]) = [automated_assembly_system] ) ~ <phase>realizat ion. 
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AND 

THEN 

([Fa] .~ LFastenersJ) -7 <model> component 

([automated_assembly system] -7 <phase> . . ) - realizatIOn 

([bowl_feeders] 1\ [assembly_robot] ) 

-7 [automated_assembly_system] . 

'core Is a core-pin 
'mould requires cavity 
'weld lIile defect 

.parting nne defect -sink mark defect 
;f$atli'tiS require draft angles 
!Mould requres cOre -assembly syslem using robots 

'COmplex alJ!QmatiOll 

Design 
Manufac. 
Asserro. 
Use 
Service 
Disposal 
Total 

Figure 10.15 - Propagation of hole's orientation angle to core-pin angle 

TIME 
126 
157 
110 
84 
106 
l1B 
701 

COST QUALITY 
122 100 
148 B7 
111 100 
100 76 
99 100 
120 97 
700 560 

To explore the use of side-mounted screws, the designer specifies the 

[circular_holelangle to be 90°. Through embedded mould tool design knowledge 

(similar to 8.52), this value is propagated to the [core-pin]angle (Figure 10.15). 

As explained via the Lee browser (Figure 10.16), due to this [core-pin]angle, a 

complex ejection mechanism is required. Further, from the example in (8.52) , 

this Lee influences performance measures (Figure 10.15). Using Lee 
guidance know/edge, FORESEE therefore makes a suggestion (Figure 10.16) 

to avoid this Lee, which however the designer ignores at this stage. 
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'~~,~an~~~o~n""""""""""""lili~~i 
================--------
PROVIDENCE 1121 MOULDREO=~~~~=~~~~~===== 
================================---
Since the component being designed Ie RADIO COVER 
has the feature (CIRCUlAR HOLE]3 - The mOUld tool elec on mechantsm "". be Slmoh ad 

If the feature S onenta on angle IS not Oblique which IS a type 01 opening depr'3sslon 
and the orien\ab on angle IS 90 0 
then the mould tool must Incorporate 
the design of an 'obliQue core' 
Thus 

FORESEE suggests that you conSider c angong the angle 

An obfique core has an Influence on the DeSIgn 
and Manufactunng phases 

(a) An oblique core for (CIRCUlAR_HOLE]3must be designed 
(b) The angle for CORE 3 IS set to 90 0 ============================================ 
(c) The oblique core must Include an appropnate dran angle 
(d) The cavity and core mould sides have to be 
carefully aligned for correct mould eJecbon 
(e) Ejection mechanism will be complex due to oblique onentabon 

Figure 10.16 - Providence & Guidance due to Complex mould design 

At this stage, the deSigner also details the [circular_hole]diameter by committing a 

value of 4.9 mm. FORESEE detects this new [circular_hole] state and 

through embedded knowledge uses STYRON's shrinkage factor (0.01) to 

estimate the [core-pin]diameter value as 4.949. As this [core-pin]diameter value is 

not available from the standard range in (10.2) of supplier DME, FORESEE 

reports that as a consequence, more time and cost is required to construct the 

mould tool (Figure 10.17). 

Design Name: RADIO 
Date: 1219/1998 
Designer: Ing.J.Borg 

#1-DIFFICUL TIES VII1TH MAGNETIC SEPARATION 
13-MOULD TOOL REQUIRED 
U.PARTINCl IINF f)FFFr.T 

II' I O-IYIVULU r\C~Ulfl.C':' ':'IUC I..VfI.C-> 

~/anatlon 

================================================= 
PROVIDENCE #21 CORE-PIN NOT AVAILABLE FROM SUPPLIER 3 

================================================= 
FORESEE checked core-pin diameter and supplier range 

• Form feature [CIRCUlAR_HOLE_3]3 
• Form feature diameter 4 9 
• Core-Pin dla due to shnnkage 4 949000000000001 
• Ole range offered by DME IS (1 5253035 4 0 4 5505055 1 55) 

which means lt1at DME do not have 4 94900000000000 1 In lt1eir range 
Thi s means a specific core-pin has to be machined 
at extra cost and bme. 

Figure 10.17 - Core-pin diameter awareness 

At this early component design stage, the different compositional models that 

have been partially and concurrently generated are illustrated in FORESEE's 

user interface as in Figure 10.18. Also shown are the associated multi-X 

performance measures and the list of current LGGs. 

By investigating the source of the currently generated Lees, the designer 

decides to retract the [screw] forming part_of (b) this incomplete component 

life solution (Figure 10.15) and to explore the use of an alternative assembly 

feature. Due to this retraction, FORESEE makes the necessary maintenance 

of the performance measures, the Lee list in the browser and the evolving 

models (e.g. [circular_hole] is retracted, [core-pin] is removed). 

190 



Chapter 10 
Evaluation of FORESEE To Supporting DsFLX 

SUB-ASSEMBLY 
1-<- (COMPONENl] 
I-<-(SCREW _2) 

Design Name: RADIO 
Date: 1219/1998 -

COMPONENT 
( 
1-<-ICIRCULAR_HOLE_3) 

I 
1-<-(BASE_l) 

I 
I-<-(STYRON) 

Design 
Mllnufllc. 
Assemb _ 
Use 
Service 
Disposal 

MANUFACTURE 

I 
1-<-(INJECTlON_201 

Part_of Model for : INJECTION_20 

Part_of Model for: MOULD 

MOULD 
( 
1-< -(CAVITY _ 1) 

I 

Designer: Ing.J_Borg 

#l -DIFFIClA. TIES V'Y1 TH MAGNETlC SEPARATION 
#3-MOlA..D TOOL REOORfp 
14-PARTING LNE DEFECT 
IS-MOULD REQUIRES CAVITVl 
IS-SINK MARK DEFECTS 

: #7 -HOLE REQUIRED 
'B-IM:LD LIlIE DEFECT 
19-MOlA..D REQUIRES CORE3 

. 1l 0-CORE-PIII3 DIAMETER AWARENESS 

. 111 -CORE3 IS A CORE-PIN 
1l2-RESUL TS IN SlEl-ASSEMBLV2 
# 1 3-Violet es OF A Rule 
1l4-Slow Assembly Process 
1l5-EASY DIS-ASSEMBLY 

rr;~~;=::::=====f;1 11 S-ASSEMBL Y SYSTEM USING ROBOTS2 I i " . .. #17 -Complex Automation 
Pllrt_of Model for : ASSEMBLY 'lB-MOULD REQUIRES SIDE CORE3 

1-<-(CORE_3) 

ASSEMBLY 

I 
I-<-(ASSEMBL Y _ROBOT 21 
I -
1-<-(BOWL_FEEDERS_21 

1l9-MOULD REQUIRES OBlIQUE CORE3 
120-CORE-PIII3 SIZE ESTIMATE 
nl -C0RE-P!N ~K)T .n.VAI!.ASlE FR0M SI)PPLIER 3 

Figure 10.18 - Screw based partial artefact life solution & associated life-phase behaviour 
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solution 
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f--
I----Q) Temperature: Costly mould design 

:e c e 
Q) Shrinkage=O.Ol U 
a. Min.Oty. (0).: 10,000: 
0 Low_melt.point 

u I--

It (LCC)nI Mould required 
2- More design time 

Ductile 

Current LCCs Ust 'IllOU1d requires cavity TIME COST QUAUTY 
t~iiDl_ eEl tide ""aR leassls IllliiA1i1ies .\l!ll~ liRe eofeel DesiQn 110 110 100 
!SIoiIt asseclb~ ptDCiIss -Mould 1001 required 
>Easy dis-assembly <Partilg line defect 

<sInk mark defect Manufac. 125 124 91 

'S{Fp) 'Features require draft angle -assembly system usi1g robots A""Amh 10 H\e:; 100 
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oweakbond Disposal 111 113 97 
'ITlOUkI requireS spll-awly Total 639 649 563 

Figure 10.19 - Altematlve, snap-fit based partial solution & assOCiated hfe-phase behaviour 

From the set of alternative assembly features (Figure 10A) , the designer now 

decides to commit a [snap-fit] to form part_of (n) the alternative solution 

(Figure 10.1 9) . As from 8.57, this is also a LProtrudingJ form feature , it 

introduces its own LeGs, such as from 8.61 , the formation of a 'sink mark 

defect'. This alternative, partial component solution, avoids certain LGGs (e.g. 

violates DFA rule, hole required, mould requires core, vibratory bowl required, 
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weld line defect) but as illustrated in Figure 10.19 co-evolves other Lees (e.g. 

snap-fit bad for repetitive assembly, weak-bond, mould requires split-cavity) . 

Using the multi-X behaviour values, the designer can compare the screw­

based partial solution (Figure 10.18) with the alternative snap-fit based partial 

solution (Figure 10.20). In this case, the total performance of the snap-fit 

partial solution is considered relatively more life-oriented. The decision as to 

which alternative partial solution to select and proceed with during synthesis is 

still determined by the designer. It is also the designer who decides when to 

terminate the component's life conceptual design process 

Design process The component's conceptual DsFLX process proceeds as illustrated in the 
continuation 

above typical scenario, with the designer interacting with FORESEE to build 

the artefact model, life-phase models and explore alternative commitments 

(e.g. materials). Although the scenario has been presented in a specific 

sequence, in reality, the designer can make synthesis decision commitments 

in the order desired. As demonstrated, by using the embedded domain Lee 

knowledge model, FORESEE can work in the background independently from 

the designer to reveal Lees co-evolving with the solution, update 

performance measures, maintain models and provide design 

guidance/explanation knowledge. Further, where appropriate, through 

captured concurrent synthesis patterns, FORESEE automatically makes 

commitments to co-evolve solution models. 

DsFLX session At the end of such a design session, FORESEE provides : 
output 

Structured 
interview results 

• 

• 

• 

• 

• 

an early artefact compositional model ; 

a number of early life-phase system compositional models; 

a list of LCCniS and LeeiS associated with the artefact life model state; 

an associated set of multi-X, relative performance measure values; 

a history of the decision commitments made during the design session 

and the associated fluctuations in performance measures. 

10.3 Critical Evaluation Results 

The collective results of the structured interviews made at the end of the 

design scenario demonstrations are expressed in graphical form in Appendix 

M and are discussed next. For reference to a specific graph, the interview 

t· mber e g 05 will be referred to in the text. Due to the evaluation ques Ion nu .., 
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criteria and the evaluation's aim the review results d . , are presente In terms of 
FORESEE's support to: 

• providence 

• life-oriented synthesis decision making 

Further, other results revealed are then presented to disclose: 

• 

• 

the practical acceptance of the developed means to DsFLX 

strengths & limitations of FORESEE's functionality. 

10.3.1 Providence Support 

As 02 indicates, 96% of the evaluators reported that they were made aware of 

LCCs during component definition. Further, as indicated by the result of 03, 

74% were made aware of LCes when the solution was still imprecise whilst 04 

reflects that 96% were made aware of Lees when the solution was still 

incomplete. Collectively, these three results indicated that designing v ia 

FORESEE effectively allows designers to foresee LGGs during synthesis. This 

has been explicitly stated by one participant: 

'the approach integrates the activity of designing components with the 
activity of taking into consideration product life issues, which is 
fundamentally different from first designing, and then at a penalty of extra 
time, analysing the solution for conflicts with product life issues'. 

The results of 05 indicate that designers become simultaneously aware of 

multiple life-phase consequences - 64% of the evaluators indicated that 

awareness concerned 'multiple and interacting' LGGs. One industrial 

participant in fact stated that: 

'this knowledge intensive approach allows me to consider 6 times as many 
life aspects as I normally do.' 

The results of 06 indicate that 24% of the evaluators considered the LGGs 

revealed to be generiC. The rest considered LGGs revealed to be solution 

(31 %) and/or company (45%) specific. 

10.3.2 Life-oriented Synthesis Decision Making 

87% reported (see result of 08a) that the awareness of LCGs motivated them 

to explore alternative decision commitments. A reason provided is that due to 

LCC awareness, evaluators were motivated to try and avoid LeGs revealed so 

as make the currently evolving solution more life-oriented. Further, the result 

of 08b indicates that only 26% of the evaluators felt that this awareness would 
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hinder their design freedom. As the results of 0 9 indicate, 65% considered 

the use of running cost, time and quality performance measure values as 

suitable for monitoring, during synthesis, the impact of decision consequences 

on the different life-phases. As some evaluators commented, this supports 

them in rapidly exploring alternative commitments. In this sense, as stated by 
one practicing designer: 

'the to~1 make~ it possible for designers to engage in "what-if?" artefact life 
scenario exercIses'. 

However, evaluators reported that there may be other measures of interest 

(e.g. environmental) or that some metrics (e.g. cost) might be more important 

than others. Further, some evaluators stated that the magnitude of the 

fluctuations might be debatable. For example, is a unit of time in the design 

phase, equivalent to a unit of time in the use phase? Also, one evaluator 

argued whether certain measures e.g. quality, could be assigned a value. 

Nevertheless, 83% of the evaluators (08c) reported that awareness of Lees 

co-evolving with their solution, assists them in committing synthesis decisions 

more consciously. A reason given is that a decision-maker is guided to take 

into consideration a wider range of issues than originally considered. 

10.3.3 Practical Acceptance of Developed Means to DsFLX 

83% of the evaluators (see 013 results) appreciated how captured Lee 

knowledge could be timely reused in new component design situations. In this 

sense as stated by some evaluators, FORESEE addresses a practical 

problem they encounter - the loss of valuable expertise associated with the 

change of designers and other artefact life actors within an organization . 

Some evaluators also reported that the detection and reporting of Lees during 

synthesis via FORESEE, allows designers not familiar with the Lees detected, 

to acquire LCC knowledge. As stated by one of the industrial evaluators: 

'it is an excellent tool for relatively inexperienced designers and also for 
designers such as electrical engineers who are now expected to do 
mechanical design'. 

Thus as the result of 015 explicitly indicates, provided that more knowledge is , 

embedded within FORESEE, 91 % of the evaluators considered the 'Ke' 

approach useful in practice. Actually, 100% of the evaluators who were 

. . ( A endix M 2) agreed to this. practicing or consulting deSIgners see pp . 
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However, two separate product development consultants were concerned with 

whether designers would want to design in that ('KG' approach) way. They 

argued that deSigners tend to be unwilling to adopt new approaches/tools as 

they wrongly believe that they already take artefact life issues into 

consideration and feel that using a tool such as FORESEE will add more time 

to their design process. 

Although evaluators were briefed beforehand that FORESEE focuses on 

component design, some evaluators considered this a weakness, due to the 

varying size and complexity of artefacts deSigned in industry. They argued 

that the 'Ke approach' concept would be enhanced if FORESEE could be 

equally applied to other artefact system levels (see section 2.1). 

As the approach is LGG knowledge intensive, some evaluators were also 

concerned with the following knowledge related issues: 

• Where does a" this Lee knowledge come from? 

• Who wi" maintain the ever-expanding knowledge base? 

• How true (certain) is a detected consequence? 

Designer ethical Some ethical concerns were also raised by the industrial evaluators: 
concerns 

Are Lees 
reported 
adequately in 
FORESEE? 

• 

• 

• 

Wi" a tool such as FORESEE 'downgrade' designers? i.e. will deSigners 

feel they have little to offer from their own skills? 

Will designers rely less on themselves and more on the support provided 

by a tool such as FORESEE? 

Who is responsible for the design solution, the designer or the KIGAD 

system supporting the designer? Does this mean that the knowledge 

engineer is now responsible for the design solution? 

10.3.4 FORESEE System's Functionality 

Handling of LGGs 

Results of Q10a indicate that only 57% of the evaluators consider Lees as 

. ddt Iy by FORESEE The simultaneous reporting of being reporte a equa e . 
. I'f h s was seen by some as a Lees propagating across multiple I e-p ase 

disturbance to their ability to focus on individual issues. Also, comments were 

made that with FORESEE, users are not supported in distinguishing between 

, I ade commitments and the last Lees that were generated from prevIous y m 
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commitment. Also, no indication is provided as to wh ich Lee is most severe. 

Further, 010b indicates that 50% of the evaluators considered that locating 

and browsing information via FORESEE on specific Lees was easy. 

Inadequate Although evaluators considered the concept of monitoring fluctuat ions in 
presentation of 

mufti-X behaviour performance measures good, a few commented that as implemented in 

Lack of clear 
presentation of 
exploration 
advice 

Useful decision 
commitment 
history format 

Solution reuse 
and concurrent 
modelling 

Only one 
'artefact life ' 
solution 

Non-traditional 
solution display 

LGG; knowledge 
management not 
supported 

FORESEE, displaying fluctuations in numbers, that quickly and frequently 

change, is probably worse than using any monitoring of life-phase behav iour at 

all. A better means to display the life behaviour was thus demanded. 

011 indicates that 45% of the evaluators found the advice and guidance to be 

explicitly clear. Further, an industrial evaluator commented that FORESEE 

does not indicate what new value a parameter should have. 

66% of the evaluators (see 012) found that FORESEE's capability to 

automatically retain a history of the decision commitments made and their 

resulting Lee influence on mulltiple performance measures, to be useful. 

However, some commented that the way history information is presented to 

the user needs to be improved. 

Solution Modelling Capabilitv 

87% of the evaluators (see 01 results) considered FORESEE to support the 

generation of solution compositional models by the reuse of PDEs. Further, 

07 results indicate that 66% considered FORESEE to support designers in 

concurrent synthesis - generating early artefact and life-phase system 

compositional models. 

However, since FORESEE only handles one evolving artefact life model at 

anyone time, some evaluators argued that this makes it difficult to rapidly 

compare Lees associated with alternative evolving artefact life solutions. 

Some evaluators commented that an evolving compositional model 

expressed as a text based hierarchy is not the traditional manner in which 

designers visualize early design solution concepts. 

LCC Know/edge Management Capabilitv 

91 % of the evaluators (see Q14 results) appreciated that FORESEE allowed 

new synthesis elements to be added and their knowledge content, including 

LCCni knowledge, changed. However, some commented that the practical 

success of the 'KC' approach depends on the continuous addition of new 
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knowledge, as and when it becomes available. FORESEE does not allow new 

LCCi knowledge to be added or modified on-line by the user. 

User Interface 

In order to avoid syntax errors, FORESEE requires its user to learn its 

'language' (e.g. valid names for synthesis elements) thus demanding 

unnecessary user effort and time. Further, some commented that the user­

interface employs too many clustered window panels. Also, user-defined 

synthesis elements are not automatically included in pull-down menu options. 

10.4 Chapter Conclusions 

As concluded in Chapter 4, existing means do not adequately support DsFLX 

from the perspective of providence. To address this situation, Part '8 ' of this 

dissertation presented the development of a computational 'KC' approach 

framework. The realization of this framework, the prototype FORESEE, has 

been utilized to evaluate its effectivenss to supporting component DsFLX, with 

respect to a number of evaluation criteria presented in section 10.2. For this 

purpose, 23 evaluators, having a mixture of industrial and academic 

backgrounds, were given a demonstration of utilizing FORESEE during a 

DsFLX scenario. This demonstration was followed by a structured interview. 

The evaluation results, presented and critically discussed in section 10.3, are 

summarized in Table 10.1. Globally, these results provide evidence that the 

realized 'KC' approach framework - FORESEE, allows designers to: 

• foresee multiple and interacting LCCs co-evolving with an incomplete and 

imprecise component solution during the synthesis activity; 

• be provided with a solution life-specific insight rather than a generic one; 

• be motivated and guided in 'artefact' and 'life-phase system' exploration, 

to avoid/relax detected LCCs, this leading to a more 'li fe-oriented' 

conscious commitment of decisions. 

Moreover, 91 % of the evaluators consider the concept of the realized means 

to supporting DsFLX as being useful in practice. However, the evaluation has 

also revealed that before FORESEE can be practically applied to support 

DsFLX, a number of improvements are required to FORESEE's functionality 

and to the underlying 'KC' approach framework. These are discussed in the 

next chapter. 
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Table 10.1 - Summary of Evaluation Results 
( + Strengths - Limitations ) 

Providence Support 

+ Gomponent synthesis integrated with the activity of foreseeing component LGGs. 

+ Designers become simultaneously aware of multiple and interacting LGGs during 
component synthesis. 

+ Designers made aware of company and/or life-oriented LGGs during synthesis. 

Life-Oriented Synthesis Decision Making Support 

+ Designers motivated and guided to consider exploring a wider range of issues than 
originally conceived. 

+ Monitoring the virtual artefact life-behaviour supports early artefact life exploration. 

+ Awareness of LGG does not hinder the designer's freedom. 

- To indicate the influence of a decision commitment only a 'specific number' of 
performance measures are employed. 

- The magnitude of performance measures is only useful for relative comparisons. 

Practical Acceptance of Developed Means to Supporting DsFl:X 

+ The 'KG' approach concept as demonstrated by FORESEE has been rated as useful for 
practical applications by 91% of the evaluators. 

+ A practical benefit is that it integrates synthesis with 'on-the-job' LGG training. 

- Focuses on design at the component level. 

- It may be difficult to employ the 'KG' approach concept due to the lack of willingness by 
designers to adopt new approaches/tools. 

- The effectiveness of the approach depends on the availability and maintenance of a vast 
amount of LGG knowledge. 

- Raises a number of ethical issues concerning the role of human designers. 

FORESEE System's Functionality 

+ It supports solution 'reuse' 

+ It supports LGG knowledge retention and reuse. 

+ Supports early 'artefact life' solution modelling. 

+ Maintains the session's decision commitment history in a useful format. 

_ LGGs are reported in an inadequate way: limited ease to locate & browse specific LGG 

information. 

- Artefact life-behaviour monitoring is inadequately displayed. 

- Tool lacks to present clear exploration and design guidance advice. 

- Early solution is displayed in a non-traditional way. 

- Handles only one 'artefact life ' solution at a time; 

- Does not provide on-line LGG; knowledge management support 

_ Gurrent user-interface demands unnecessary effort & time from its users. 
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\11.0 Discussion 
Scope The underlying theme of the research reported in this dissertation has been 

the development of a OsFIX approach to support mechanical artefact 

designers in generating 'life-oriented' conceptual design solutions. The scope 

of this chapter is to review the work carried out and discuss some of the 

general implications of the established computational 'Knowledge of life cycle 

Consequences' approach framework to Os FIX. For this purpose, section 11 .1 

presents the research carried out to disclose the original contributions made. 

Section 11.2 assesses the implications of these research results. The validity 

of the results is discussed in Section 11 .3. Section 11.4 discusses avenues 

for future research work. Chapter conclusions are presented in section 11 .5. 

11.1 Research Results 

Main contribution As a result of the research carried out, the following original contributions have 

been made: 

An incremental 
understanding to 
the problem 
reality 

i. the establishment of a framework for a 'Knowledge of life-cycle 

Consequence' (KG) approach to support OsFIX (Chapters 7-9) ; 

ii. a phenomena model explaining LGG generation (Chapter 6); 

iii. a DsFEX computational model (Chapter 9) and 

iv. an incremental understanding of the DsFEX problem (Chapters 2-4) . 

The 'KC' approach framework is the main contribution arising from this Ph.D. 

This contribution and the other results arising from this research work are 

related as illustrated in Figure 11.1 . They are discussed here in the order of 

the computational means development framework (Figure 1.3) . 

An Incremental Understanding Of The DsFEX Problem 

Based on the work in Chapters 2 and 3, it can be concluded that: 

• decisions made during the design phase can influence the interaction that 

takes place between an artefact and the different life-phase systems 

encountered. This results in decision consequences propagating across 

multiple life-phases - termed life-cycle consequences (LCCs) ; 
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Figure 11 .1 - Summary of P~D . research work 

in general, these Lees are (i) an influence on the artefact's behaviour (ii) 

an influence on the life-phase systems' behaviour; (iii) creation of a new 

decision space in the same or different life-phase and (iv) the introduction 

of new artefact life-phase constraints; 

due to this Lee propagation effect phenomena, the designers' 

responsibility covers all artefact life-phases. For 'life-oriented' design 

solutions, designers should therefore adopt DFIX, which is fundamentally 

different from an approach in which designers employ multiple but 

segmented DFX approaches i.e. not LDFX. Further, designers need to 

adopt a 'Design Synthesis for Multi-X' (DsFLX) approach if they are to 

generate 'life-oriented' design solutions (see Figure 3.18); 

• during an artefact's life, Lee knowledge about 'artefact and life-phase 

system' interactions is being generated. As this takes place after the 

design phase, designers do not generally acquire such Lee knowledge. 

Thus they require access to a large amount of distributed Lee knowledge; 
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distributed life cycle actors are too busy to t' I f con Inuous y orm part of a 

design team. Thus, during synthesis, individual designers are frequently 

unaware of a number of unintended LCCs. 

Based on this understanding, this research contributed (see section 3.3) a 

number of general requirements for a DsFIX approach. Key requ irements 

established are that designers need to collectively : 

• 

• 

• 

engage in provident thinking during the early design stages in order to 

foresee artefact life interactions and their propagations; 

engage in 'artefact life ' solution exploration in order to foresee such 

interactions and their co-evolving LCCs; 

engage in the concurrent synthesis of artefact and life-phase systems. 

However, a review of current providence means (Chapter 4) revealed that 

designers are not adequately supported in DsFIX from the perspective of 

providence. Individually, the support means reviewed exhibit one or more of 

the following limitations. Providence: 

• takes place late during candidate solution analysis, not during synthesis; 

• covers a narrow and segmented rather than multiple, life-span view and 

• is generic and not 'life-specific', as life-phase modelling is not supported. 

This review helped establish the scope of providing designers with a 'LCC 

knowledge' intensive means to pro-actively support them in foreseeing and 

exploring LCCs co-evolving with an early design solution description. Given 

that designers have knowledge processing limitations, the research problem 

therefore essentially concerned how LCC knowledge can be model/ed and be 

explicitly utilized through a computational framework, during synthesis. 

A Phenomena Model Explaining Lee Generation 

t t· I 'LCC knowledge' based As a foundation for developing a compu a lona 

approach, a Lee phenomena model (see Chapter 6, Figure 6.15) was 

established. This model contributes an explanation of how LCCs are 

generated in two fundamentally different ways: 

i. by individual (i.e. non-interacting) synthesis decision commitments. 

Such a LCC is generated by one specific synthesis decision commitment 

made to the artefact life model , independent of other commitments 

made. Such a non-interacting type consequence, is denoted by LCCni. 
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ii. by interacting, synthesis decision commitments. A LCC in this case is 

generated from the interaction between a set of "n' (n >1) specific 

synthesis decision commitments made to the artefact life model. Such 

an interacting type consequence is denoted by LCCj. 

Highlights 'need' This explanation highlights that the concurrent synthesis of 'artefact' and 'Iife­
of concurrent 
synthesis phase system' solutions is necessary if LCCjs resulting from the interaction of 

Discloses 'what' 
to model and 
'how' to relate 

decision commitments are to be revealed and catered for during synthesis. 

Further, the phenomena model discloses that the source of LCCs are 

synthesis decision commitments. In the case of component concurrent 

synthesis, these commitments concern PDEs and LCPEs. The phenomena 

model thus provides a general foundation for modelling causal relationships 

between synthesis decision commitments concerning PDEs or LCPEs and 

LGGs to develop a domain specific 'LCC knowledge model'. 

Explains how The explanations provided by the phenomena model therefore reflect how a 
Lee know/edge 
can be utilized 'LGG knowledge model' can be utilized as a means for: 

a) LGG awareness: depending on commitments made, LCGs (including 

those unintended) can be causally revealed during synthesis; 

b) solution synthesis guidance: designers can identify which elements 

can be committed in order to generate an intended LCC; 

c) avoiding/relaxing the formation of unintended LGGs: designers can be 

guided to which specific commitments (interacting or non-interacting) 

can be retracted in order to explore avoiding/relaxing a LCC. 

IKG' Approach Framework For Supporting O§FLX 

The framework (Chapter 7) of the 'KG' approach to DsFI:X is based on the 

explanations provided by the phenomena model. The approach concept is to 

guide designers in generating life-oriented conceptual solutions, by explicitly 

making them aware of the current LGGs co-evolving with their synthesis 

decision commitments and propagating across multiple life-phases. For this 

purpose, the 'KG' approach framework developed consists of three frames 

. t' f how to model LCC knowledge (Figure 7.3) providing a general descnp Ion 0 

and disclose the general principles of how to reuse the modelled LCC 

during the synthesis and exploration of a 
knowledge in a timely manner 

solution description. 
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The Lee Knowledge Modelling Frame provides a formal explanation of what 

to acquire, model and relate for an application domain, together with how to 

transform and structure the established relationships into meaningful Lee 
inference and action knowledge (Figure 7.4). This frame, detailed in Chapter 

8 for the mechanical component domain, provides a formalism of : 

i. a synthesis element library, consisting of various models of POEs and 

LCPEs reused during the design and life of a mechanical artefact 

domain. In the case of components, these include models of form 

features, assembly features, materials and LCPEs such as fabrication 

systems and assembly systems; 

ii. relationships between POEs, LGPEs and LGGs describing how to model : 

(a) Lee inference knowledge for revealing both LCGniS and LCGis; 

(b) Lee action knowledge for 

• 
• 
• 

LCC to performance measure mapping; 

concurrent synthesis patterns; 

guidance and explanation of LGG avoidance/relaxation. 

The Operational Frame presents: 

i. a model of the DsFLX working environment composed of the human 

designer; a set of domain specific POEs and LGPEs; an LGG knowledge 

model for the domain specific elements; a means by which the designer 

can search for synthesis elements resulting in intended consequences; a 

means by which a designer can interact with and evolve an artefact life 

solution model; a communications medium providing designers with 

awareness of co-evolving LGGs and guidance to their 

avoidance/relaxation; 

ii. a description of the DsFLX mode of operation, this being: designers 

interact with a synthesis elements library (pOEs and LGPEs) ; synthesis 

decision making takes place as in the model of Figure 6.8; commitments 

can be made in any order and at a least or specific level; the designer is 

engaged in concurrent artefact and life-phase systems' synthesis. 

As explained in section 7.4, through this DsFEX working environment and 

DsFLX mode of operation, the designer can search for synthesis elements 

(i.e. PDEs or LCPEs) , commit/retract elements to evolve or modify the 

artefact life model , specialize elements, take into consideration co-evolving 

Lees revealed, and explore alternative commitments based on design 

guidance provided through the available LGe knowledge model. 
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The Artefact Life Modelling Frame (Figure 7.5) , is concerned with providing a 

formalism for describing an evolv ing 'artefact life ' compositional model, for a 

domain application , artefact system level (e.g. sub-assembly) and for a 

synthesis viewpoint (e.g. functional). Th is formalism is required to support 

'artefact life model ' based LCC inference. In this research , the formalism 

established (see section 8.2.3) concerns component life solutions described 

from a constructional viewpoint, consisting of an evolving conceptual 

component model and evolving life-phase system models. These models are 

composed of a set of component domain specific PDEs and LCPEs linked 

with part_of relationships. 

A DsFLX Computational Model 

Chapter 9 disclosed how the established 'KC' approach framework can be 

realized in computational form as a KICAD tool. As highl ighted in Figure 11 .1, 

How to codify this contributes: 
Lee knowledge 
into computable • a set of requirements (section 9.1) for a DsFrX KICAD tool ; 
form 

• a relevant KICAD tool architecture (section 9.3) ; 

• how through the utilization of a hybrid of existing knowledge 

representation schemes, the established LCC knowledge model formalism 

can be codified into computable form (see Figure 9.9) . 

A prototype, FORESEE, was realized for the thermoplastic component 

domain (Chapter 9) . As implemented, FORESEE provides designers with: an 

early artefact compositional model , a number of early life-phase system 

compositional models, a list of LCCni and LCCi associated with the current 

solution state, an associated set of mUlti-X, relative performance measure 

values, explanations (via a hypermedia browser) of LCCs and guidance to 

their avoidance, a history of decision commitments made during the design 

session and their associated fluctuations in performance measures. 

11.2 Research Result Assessment 

FORESEE was utilized as explained in Chapter 10, to provide a basis for 

assessing the strengths and limitations of the 'KC' approach framework. This 

assessment is discussed in this section . 
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Based on an empirical evaluation of FORESEE (Chapter 10), it has been 

established that the 'KG' framework allows designers to: 

i. become explicitly aware during synthesis of co-evolving LCCni and LCCi, 

propagating across multiple life-phases; 

ii. be made aware of LCCs co-evolving with both least and specific 

synthesis decision commitments; 

iii. foresee and handle multiple life-specific interactions together with the 

resulting interaction consequences - this is possible as through 

concurrent synthesis, designers generate and handle both conceptual 

artefact and life-phase system models. 

iv. be pro-actively guided to which artefact life decision commitments can 

be explored to achieve intended LCCs or to avoid/relax unintended 

LCCs; 

v. assess the impact of both single and interacting synthesis decision 

commitments on the artefact's virtual life, by monitoring the relative 

fluctuations in performance measures of multiple life-phases; 

vi. have design process freedom - they are still in control of the process 

and with its termination; 

vii. learn about artefact LCCs during design, this considered beneficial 

especially to non-experienced designers. 

Practical novelity From the above, a key feature of the 'KC' approach is that the activity of 

foreseeing multiple LCCs is integrated with the activity of solution synthesis, 

which is fundamentally different from first generating a solution and then, at a 

penalty of extra time, analysing the candidate solution to reveal conflicts with 

artefact life issues. This allows designers to make explicit investigations of 

unintended artefact LCCs during synthesis, thus promoting a 'look ahead' 

approach, which as argued in [Andreasen et al. 1997a], is significant for 

developing methods to handle the DFrX problem. In this way, designers are 

supported in handling the phenomena of propagation effects at the right time 

during synthesis. Thus, by addressing a limitation with current means 

supporting DsFLX from the perspective of providence, the 'KC' approach 

framework promotes a novel means to DsFLX. Further, of relevance to the 

arguments being made here is that 91 % of the evaluators considered the 

approach useful in practice to supporting DsFLX. 
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Knowing what to model is a major issue for the engineering design research 

community [Tomiyama 1996]. Therefore, the LCC knowledge modelling 

frame is beneficial for developing LCC knowledge bases for implementation in 

tools aimed at supporting DsFI:X. 

As revealed from experimentation with FORESEE, the established LCC 

knowledge structuring concept (section 8.4) provides an incremental step 

towards the systematization of LCC knowledge by supporting a reduction in 

LCC knowledge duplication. This is achieved by organizing the different 

synthesis elements (PDE/LCPE) into kind_of taxonomies, with known LCCni 

associated to the relevant abstraction levels in the taxonomy. This permits 

more specific elements lower down in the taxonomy, to inherit the LCCni 

knowledge associated with more general elements, thus reducing the 

duplication of common knowledge. When new knowledge of LCCs is 

captured, it can be associated to the relevant taxonomic abstraction level, 

thereby becoming available through inheritance to elements lower down. 

Similarly, LCCi inference knowledge can be structured by modelling 

interacting relationships between classes of synthesis elements, allowing it to 

be inherited by PDE/LCPEs lower down in the taxonomies. 

Commitment L __ ~_~~~~~~~~~~"" Evolving Artefact Solution 

Integrates 
'synthesis 
elements' and 
'Lee knowledge' 
reuse 

E . t kind of taxonomies supports Further, the structuring of PDEs/LCP SinO - , 

domain 'past artefact life solution' reuse combined with 'LCC knowledge 

reuse. As revealed via FORESEE, this supports: 

I t specific synthesis decision 
i. LCC detection to take place with both eas or . . 

f d of making deCISions at 
commitments. This gives designers the ree om 

(F' 11 2) and in any order; the desired level of commitment Igure . 
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Supporting such 'artefact life scenario reuse' is significant to research 

concerning for instance concurrent engineering [Tomiyama 1996], the 

designer's workbench [Olesen 1992] and the Design Coordination framework 

[Andreasen et al. 1996b; O'Donnell 1997]. 

Significance To CAD~FEX Tool Development 

A computational As reflected from the evaluation via FORESEE, the framework provides a 
means to D,FIX 

means of how the theory of dispositions [Olesen 1992] can be taken up for 

developing CAD tools that support the integration of solution synthesis with 

provident thklking i.e. CADsFI:X tools. In this sense, FORESEE: 

• explains how to model and operate a DFI:X approach for conceptual 

synthesis i.e. DsFI:X, rather than employing DFI:X later for candidate 

solution analysis; 

• demonstrates that KICAD tools based on the developed 'KC' approach 

framework potentially provide a suitable means to support the retention, 

processing and explicit reuse of LCC knowledge for proactively guiding 

designers in generating 'life-oriented' solutions; 

• reflects that the general KICAD tool requirements (section 9.1) on which 

its architecture is based, are significant for the development of the 

designer's workbench concept [Andreasen 1992] and a design 

coordination system [Duffy et al. 1993] - in this case, for supporting the 

generation of life-oriented mechanical component design solutions; 

• reflects that a set of reusable synthesis elements (PDEs) to describe 

artefact models and also a set of reusable elements (LCPEs) for 

describing life-phase system models are required when developing 

domain specific CADsFI:X tools. In this sense, the reuse of PDEs and 

LCPEs extends the concept of a feature based 'artefact' design approach 

to early 'artefact life' solution design. 
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As LCC knowledge is dynamic in nature, the 'KC' approach requires the 

regular acquisition and validation of LCC knowledge. However, as LCC is 

distributed, its acquisition is difficult - practitioners in industry need to capture 

and manage LCC knowledge possessed by distributed artefact life actors. 

Only in this way, can valuable Lee knowledge be codified, shared and 

explicitly reused during solution synthesis in new design situations. 

Inheritance through kind_of taxonomies as employed in the established LCC 

knowledge structure contributes to a reduction in knowledge duplication. 

However, as revealed through experimentation with FORESEE, it requires the 

manual validation of the codified knowledge because inherited LCC can be 

conflicting. Currently the Lee knowledge modelling frame provides no 

mechanism for validating knowledge captured and inherited. This can 

sometimes result in conflicting knowledge. 

Synthesis is currently limited to the component level and from a constructional 

viewpoint. To employ the 'Ke' approach to DsFIX in industrial environments, 

the framework needs to be extended beyond the research boundary to support 

synthesis at different artefact system levels and from different viewpoints. 

Evaluators raised concerns as to whether it is the designer or the KICAD 

system that is responsible for a design solution. As indicated by the 

operational frame principles, it is the designer who should assume 

responsibility. As with other design tools (e.g. FEA) responsibility would be 

problematic only if a designer accepts the Lee awareness being provided by 

without any questioning of its relevance or accuracy. 

11.3 Research Result Validation 

Due to the research boundary, this research focused on addressing the 

objectives from the perspective of mechanical component DsFIX and from a 

. , . Th the research result is valid in constructional synthesIs viewpoint. us, 
. f h ' al components that involve general for the life-oriented synthesIs 0 mec amc 

. d f which distributed LCC a high degree of synthesIs element reuse an or 
. LeC 's very domain specific, the 

knowledge can be captured. Also, Since I 
. d ' Ch ter 8 lacks soundness and 

Lee knowledge model formalism disclose In ap 

completeness. 
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For reasons given in chapter 10, proving the solution is difficult within a 

project of this type. To have a sounder basis on which to claim the 

effectiveness of the developed 'KC' approach framework to supporting DsFI.X, 

the sample of evaluators needs to be larger, the case example demonstrated 

needs to cover the synthesis of a more complex artefact. Also, the evaluation 

questions need to be re-structured to reveal potentially contradicting answers. 

Thus, applying the result in practice and beyond the research boundary 

requires further development work (see section 11.4) and further evaluation. 

Validation Nevertheless, the implementation of FORESEE (Ghapter 9) and the 

evaluation of its effectiveness to supporting mechanical component DsFI.X 

(Chapter 10) provided: 

• a degree of evidence of the hypothesis made. Explicitly providing 

designers with knowledge of LCGs co-evolving with their solution, can 

assist them in becoming aware of a host of unintended LGGs influencing 

multiple artefact life-phases. Also, it can motivate them to explore during 

synthesis, the co-evolving artefact life solution and problem space and it 

can guide them to make decision commitments consciously with respect 

to artefact life issues. 

• first hand experience of the possibility of implementing the established 

'KG' approach framework in a computational environment; 

• a degree of evidence that the concept of the 'KG' approach makes a 

positive contribution to the proactive support of DsFI.X, as identified by 

91 % of FORESEE's evaluators. 

11.4 Future Research Directions 

The research result assessment presented indicates that further work is 

required before the 'KC' approach can be practically employed. Given 

therefore the broadly positive evaluation, there is considerable scope for 

future research. Section 11.4.1 therefore proposes further research work 

extend the 'KG approach' framework beyond the 
required to improve and 

Sect"lon 11.4.2 proposes future work to improve 
current research boundary. 

" a 0 F1:X tool. Finally, a future 
the practical functionality of FORESEE as s " 

" rt' researchers is a refinement to the 
direction of relevance to 'deSign suppo ' 

sed in section 11.4.3. 
research approach adopted, as propo 

209 



Synthesis 
elements beyond 
the research 
boundary 

Modelling of 
dynamic 
elements 

Knowledge 
scaling 

A customizable 
knowledge 
structure 

11.4.1 'KC' Approach Framework Improvements 

Know/edge Modelling Frame 

Chapter 11 
Discussion 

Research on LCC knowledge modelling and f I" orma Izatlon should be extended 
to support the reuse of synthesis elements from th ". o er syntheSIS viewpoints 
(e.g. organ) and at different artefact systems levels ( b . e.g. su -assembly level) . 
For Instance, LCCni knowledge associated with t fl ' . a se 0 a ternatlve organs that 

provide power, can be structured into a kind_of taxonomy (Figure 11 .3) . 

.. ~ .. 
'ro ""' .. ~ 
.0 · 
'0 

engine 

Figure 11 .3 - Example of structuring LCCni related to organ viewpoint PDEs 

The resultant extended set of synthesis elements would perhaps require 

research into the use of alternative rationalization mechanisms and not solely 

kind_of relationships. 

To address an identified KICAD tool requirement (section 9.1), research into 

how LCC knowledge associated with synthesis elements of a dynamic nature 

can be modelled needs to be carried out. 

Research needs to be carried out to establish how Lee knowledge will scale 

up with the population of a large number of synthesis elements in order to 

cater for synthesis beyond the research boundary. Employing the current 

LCC knowledge structure for practical applications therefore requires further 

research concerning the maintenance of the integrity of a very large 

knowledge base. This would also involve capturing, codifying and validating 

for the extended set of synthesis elements, relevant Lee inference knowledge 

and Lee action know/edge. 

Further research is required to generate a structure with a customizable 

knowledge perspective for supporting say the exploration of Lees associated 

with bought-in items (e.g. fasteners) furnished by different suppl iers. 

210 



Integration with 
established 
representation 
standards 

Performance 
measure 
research 

Modelling Lee 
certainty 

Group concurrent 
synthesis 
decision making 

Chapter 11 

Discussion 

The LCC knowledge modelling concepts could be exploited to structure LCC 

knowledge as an integral part of supplier catalogues [Culley 1998; Dagger 

1998] of synthesis elements (e.g. materials, standard mould parts) commonly 

available in electronic form. Such 'reuse' catalogues could then be used as an 

add-on to a KICAD tool such as FORESEE. However, to embed LCC 

knowledge in such electronic catalogues requires research into integrating the 

LCC knowledge structure, with those of existing computer representation 

standards (e.g. ISO 13584) of such parts1 library data. 

Research to benchmark the relative fluctuations in the performance measures 

is required. For example on a scale of 10, should the formation of a weld line 

result in a fabrication cost increase of say 3 units or 8 units? Similarly, what 

influence in user perceived quality would such a weld line have? Also, as no 

distinction is currently made between say, one unit of time in the realization 

phase and one unit of time in the use phase, research is required concerning 

the normalization of performance metrics (e.g. time) for different life-phases. 

Further, the virtual artefact life behaviour is currently modelled (Chapter 8) by 

summing the different values of a metric (e.g. time) for each life-phase. 

Although suitable for comparing the relative scores of alternative conceptual 

solutions, it assumes that processes [P] forming part of a phase are executed 

sequentially, which in reality is not always the case. For calculating absolute 

estimates, further research to improve the modelling of artefact life behaviour 

is thus necessary. 

As LCCs are currently modelled, the commitment of the relevant synthesis 

decision(s) results in the occurrence of the LCC with 100% certainty. In 

reality, such an occurrence has an associated probability. Research is 

therefore required to establish and model LCC certainty factors. 

Operational Frame 

Due to the specified research boundary, the operational frame was developed 

for individual designers working on a component. If the concept of the 'KC' 

approach framework is to be extended to team based, 'product level ' 

synthesis, further research is required into the operating principles supporting 

group concurrent synthesiS decision making (Figure 11.4). 

1 In 18013584, a 'part' is a collection of material or fu~ctio~~1 elements that are equivalent, at a defined level of abstraction 
and which is capable of being characterised by an Identifier 
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Figure 11 .4 - Operational frame extended to group, syntheSis decision commitments 
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Applying the 'KC approach' to artefact domains beyond the research boundary 

(e.g. electronic) requires further research to establish how to describe such 

early artefact life models. Also, further work is required to extend artefact life 

solution modelling to other artefact system levels (e.g. sub-assembly) and 

from other viewpoints (e.g. functional) as compositional solution modelling 

may not be suitable. Similarly, life-phase system solution modelling needs to 

be extended to for example handle the transformation of artefact structures 

involving components made from different materials. 

Components can encounter In ' (n > 1) technical processes during a life-phase. 

To enable designers to explore the influence on performance measures of 

alternative technical process sequence plans, research is required to extend 

artefact life modelling for describing such process sequence plans. 

11.4.2 FORESEE Improvements 

FORESEE needs to cater for improvements to the 'KG' approach framework 

proposed in section 11.4.1. Further, for utilization in an industrial context, its 

functionality needs to be enhanced through the implementation of a" the 

system requirements identified in Chapter 9 and to cater for feedback 

provided by the evaluators. The following research is thus proposed. 

To support designers in rapidly comparing performance measures of 

alternative evolving solutions, FORESEE needs to be extended to support the 

simultaneous manipulation of two or more evolving models (Figure 11 .5) . 
. ' h . hl'ch the evolving artefact 

Research is also reqUired to Improve t e way In w 

life solution is displayed. A possibility is a hierarchy of graphical symbols, 

with symbols that also reflect the level of commitment (e.g. an opening). 
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Figure 11 .5 - Simultaneous manipulation • QS;p 0 RHacn ~ LIJl • ~ 
of alternative models Figure 11 .6 - Graphical display of fluctuations in performance measures 
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Besides guidance as to which commitments can be explored in order to 

avoid/relax a detected Lee, evaluators stated that ideally designers should be 

guided to what alternative concretization or detailing commitments can be 

made. The way in which Lee are reported also needs to be improved. 

Suggestions made by evaluators include: the automatic opening of the 

consequence browser when Lees are detected; using a different colour for 

Lee entries in the browser resulting from the latest decision commitment; 

sorting Lees in a reverse order, showing the latest Lee first in the list. In 

addition, the display of multi-x behaviour monitoring needs to be improved e.g. 

using a graphical display (Figure 11.6). Another improvement suggested by 

some evaluators, is the inclusion of a mechanism allowing designers to specify 

the minimum amount of a percentage change (%) in performance measures 

for which they would want to be informed. Although possible, this suggestion 

needs to be taken up carefully since a Lee causing a minor fluctuation could 

propagate Lees that result in major influences. 

To utilize FORESEE in practice, further work is required to extend the truth 

maintenance mechanism developed to cater for situations where more than 

one similar Lee exists. As implemented for evaluation purposes, FORESEE's 

maintenance mechanism functions for multiple, different Lees. However, it 

currently only maintains one Lee (e.g. a weld li ne) if n (n > 1) similar Lee are 

present at anyone time. 

For practical purposes, FORESEE's knowledge manager needs to be 

extended to support distributed life-actors inputting any new Lee knowledge 

they encounter in the right modelling format and in va lida ting the input 

knowledge (Figure 11 .7). The Lee knowledge manager also needs to be 

improved to allow users to simply click on a graphical symbol representing say 

a class or instance (Figure 11 .8), to acquire details of the current content and 

to make modifications on-line without the need of system developers. 
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Figure 11 .7 - Concept of distribu1ed LCC knowledge management Figure 11 .8 - A graphical based knowledge 
management interface 
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Research into supporting on-line LCCi knowledge management will contribute 

a significant step towards the practical application of FORESEE. Users should 

be able to dynamically relate synthesis elements with LCC and to define 

interacting relationships without the need of resorting to system developers. 

As wxCLIPS is not intended for dynamic constructs, FORESEE employs a 

temporary measure by which rules are re-Ioaded after the knowledge manager 

adds new classes or instances. With this measure, rule pattern matching 

works but it is computationally expensive. An alternative programming 

environment supporting the dynamic creation of constructs should therefore 

be considered for future implementation work. 

FORESEE's user interface should be improved by utilizing graphical icons to 

provide faster command input and the avoidance of typing errors. Another 

improvement is to provide a means by which user-defined synthesiS elements 

are automatically added to the pull-down menu_ FORESEE does not support 

all design activities and stages. Thus, a significant improvement would be the 

inclusion of a facility to export the solution into a neutral format (e.g. STEP) to 

allow other computer based tools to read the 'artefact life' solution model. 

11.4.3 'Design Support' Research Approach Refinement 

Based on the outcome of this Ph.D. research, it can be stated that the 

research methodology and the computational means development framework 

adopted (see Chapter 1), collectively provide a suitable planned research 

approach to executing 'design support' research. As the work in this 

dissertation reflects, this results in an increased understanding, through 

phenomena modelling, of a design problem encountered in reality. By 

exploiting the explanations provided, a knowledge model can be generated 
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and utilized for developing a computer based tool to address the relevant 

design problem. However, for future research, the computational means 

development framework (Figure 1.3) can be refined by replacing the 

knowledge model with a framework (see Figure 11.9) made up of: (i) a 

knowledge modelling frame; (ii) an operational frame consisting of a model of 

the 'working environment' and a description of the 'mode of operation' a 

designer should adopt for utilizing the established knowledge model and (iii) a 

solution modelling frame explaining what solution descriptions it can be used 

for. It is such a framework that collectively contributes a formal explanation 

of how a design phenomena-specific knowledge model can be generated and 

operated to support the problem reality encountered during design, this 

allowing relevant computer-based design support tools to be developed. 

(WIlal soMon roodels can be 
described and how 10 describe 101 a 
spedned syn/hesls viewpoinl 1 ) 

Framework 

(Consists 01 a /rode! 
01 /he 'worl<ing 
envilOllmerr/' and 
a descriplion aI/he 
'mode of operation ' 01 

the des~el..tJen usi"i} 
the knowledge model ) 

Figure 11.9 - Refined computational means development framework 

11.5 Chapter Conclusions 

This chapter disclosed in section 11 .1, the results obtained during this 

research, these being: 

• a 'KG' approach framework to support DsFLX; 

• a phenomena model explaining 'how' LGGs are generated; 

• a DsFLX computational model and 

• an incremental understanding to the DsFLX problem. 

Section 11.2 discussed the strengths and weaknesses of what has been 

achieved, this outlining the significance of the overall 'KG' approach 

framework to: supporting DsFLX; domain knowledge modelling and reuse 

and GADsFLX tool development. The validation of the research result has 

been discussed in section 11 .3. Section 11.4 discussed avenues for future 

research work concerning both the 'KG' approach framework and the 

functionality of FORESEE, in order to improve and extend the 'KG' approach 

to DsFIX. The next and final chapter presents a number of conclusions 

arising from this research. 
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chapter 

\12.0 Conclusions 
Scope Based on the research work carried out, the following conclusions can be 

made about the problem of DsFLX, the developed 'Knowledge of life-cycle 

Consequences ('KC~ approach framework to DsFLX and future research work 

required to develop the results further. 

A phenomena -
consequences 
propagate across 
multiple life­
phases 

General 
requirements for 
a DsFLX 
approach 

D§.FLX 

Mechanical artefact synthesis decision commitments can influence the 

interaction that takes place between an artefact and life-phase systems 

encountered. This interaction results in unintended consequences that 

propagate across multiple life-phases i.e. life-cycle consequences (LGGs). A 

problem is that due to the sequence of life-phases, knowledge of such LGGs is 

(i) generated late, after decisions have been committed and (ii) distributed 

amongst different artefact life actors. Nevertheless, due to this propagation 

effect phenomena, the designers' responsibility covers all life-phases. Thus 

designers cannot take a narrow and segmented view to their evolving design -

rather they need to adopt a DsFLX approach. 

Key requirements for a DsFLX approach are that designers need to collectively 

engage in: (i) provident thinking during early design in order to acquire 

knowledge of artefact life interactions and their propagations; (ii) 'artefact life ' 

solution exploration in order to foresee such interactions and their co-evolving 

LCCs; (iii) the concurrent synthesis of artefact and life-phase system models. 

Current state of Current means supporting life-oriented design lack to pro-actively aid 
'providence ' 
means 

designers in handling the phenomena of LGGs during synthesis as they 

exhibit one or more of the following limitations. Prov idence: 

(i) takes place late during candidate solution analysis; 

(ii) covers a narrow and segmented rather than multiple, life-span view and 

(iii) is generic and not 'life-specific', as 'life-phase' modelling is not supported. 

Due to this state of current means and human mental processing limitations, 

designers have a diff iculty in considering LGGs co-evolving with their solution . 

Th is highlights that designers can benefit from computational , LCG knowledge 

intensive means supporting them in foreseeing LGGs during synthesis. 
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The developed computational 'KC' approach framework to DsFLX 

An LCC phenomena model has established that LCCs are generated in two 

fundamentally different ways i.e. by individual or interacting synthesis decision 

commitments. This model highlights that concurrent 'artefact ' and 'life-phase 

system' synthesis is a necessity if interacting LCCs are to be taken into 

consideration during design. It also provides a foundation of what to model 

and how to utilize LCC knowledge for supporting DsFLX. Based on these 

understandings, a novel framework for a 'Knowledge of life-cycle 

Consequences ('KC~ approach to DsFLX was developed, consisting of : a 'LCC 

knowledge modelling frame ' which presents a formalism of 'what' elements to 

acquire and model for an application domain, together with how to structure 

the established relationships into LCC inference and LCC action knowledge; 

an 'artefact life modelling' frame which provides a formalism for describing 

'artefact life' compositional models that support the inference of LCCs; and the 

'operational frame' which discloses a model of the 'DsFLX working 

environment' and a description of the deSigner's 'mode of operation' so that 

they can systematically utilize modelled LCC to reveal LCCs co-evolving 

during synthesis, in order to promote 'artefact life' exploration and hence the 

generation of a life-oriented solution. 

Through the establishment of an LCC knowledge model for the mechanical 

component domain and the identification of (i) a set of general system 

requirements (ii) an architecture and (iii) knowledge codification schemes, the 

framework was realized as a KICAD prototype, 'FORESEE', for the 

thermoplastic component domain. This implementation demonstrates that the 

'KG' approach framework can be realized using existing computer technology 

and that KIGAD tools provide a suitable means for retaining and explicitly 

reusing captured LGC knowledge. FORESEE allows designers to generate 

(i) an early component compositional mode and (ii) a number of early life­

phase system compositional models. It also provides a list of LCCs . 

associated with the current solution state, an associated set of multi-X relative 

performance measure values, explanations of LCGs and guidance to their 

avoidance, a history of decision commitments made and their associated 

impact on performance measures. 

The analysis of FORESEE's evaluation provides evidence that a KICAD tool 

based upon the 'KG approach' framework enhances the designers' capabil ities 

in generating 'life-oriented' mechanical component solutions, since designers: 
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a) become explicitly aware of co-evolv ing Lees, propagating across multiple 

life-phases; 

b) can foresee and handle multiple life-specific interactions together with the 

resulting interaction consequences; 

c) are pro-actively guided to which artefact life decision commitments to 

explore to achieve intended Lees or to avoid/relax unintended Lees and 

d) can assess the impact of decision commitments on the artefact 's life . 

It can be therefore concluded that the 'Ke' approach integrates synthesis with 

the activity of foreseeing multiple artefact life issues. This is fundamentally 

different from first generating a solution and then , with a penalty of extra time, 

analysing a candidate solution for conflicts with artefact life issues. 

Future Research Work 

Due to the positive evaluation results and the fact that 91 % of the evaluators 

considered the approach to be useful in practice, further research is merited to 

address weaknesses of both the 'KG' approach framework and FORESEE. 

Key areas of useful research work were identified as: 

a) extending the 'Ke approach' framework to support DsFrX: 

• at different artefact system levels; 

• from different synthesis viewpoints and 

• for non-mechanical artefact domains; 

b) investigating the scaling up of Lee knowledge arising from a very large 

knowledge base; 

c) improving the functionality of FORESEE by completing the 

implementation of the identified system requirements (Table 9.1) and 

addressing the recommendations made in section 11.4.2 so as to ampl ify 

the effectiveness of the 'Ke approach' to DsFrX. 

II 
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IAppendix A - Glossary of Terms 

Term 
Abstraction 

AI 
Artefact 
Artefact life 

Artefact life actors 

Artefact life model 

CADsFI:X 
Cavity 
CC 
Class 
Component 

Concept 

Consequence 
Constraint 
Core 

Core-pin 

CWK 
CX 

Decision commitment 
Design characteristic 
DFI:X 
DFA 
DFC 
DFE 
DFM 
Draft angle 

DsFI:X 
Feature 

Generalization 

HTML 

Inference 

Inheritance 

Instance 

KC 
KICAD 
Knowledge 

Definition 
A process by which individual items of knowledge (concepts) are organized 
into a 'super-concept' having less detail than the original [Kerr 1993]. 
Artificial Intelligence, a field in computer science - see [Rich et al. 1991 ] 
The product i.e. a man-made, physically real ized, material object. 
This is total elapsed time from when the need of an artefact was established to 
when the artefact is removed from existence - see section 2.2 for details. 
Human beings involved during an artefact's life e.g. designers, tool makers, 
production engineers, inspectors, users and service eng ineers. 
A model collectively reflecting the artefact solution and solutions of life-phase 
systems that the artefact will interact with during its life . 
'Computer Aided Design Synthesis For Multi-X' system - a design tool ; 
The female portion of a mould which gives the component its external form 
Concurrent consideration of total life-cycle issues - see section 1.1.1. 
A collection of elements with common characteristics 
A single material element realized without any assembly operations (see 
section 2.1 ) 
A chunk of related information about some entity or object (e.g. the concept of 
a car). 
An outcome resulting from a decision commitment 
A restriction on a set of possible options 
The male portion of a mould tool which forms the internal shape of the 
moulded component 
A pin placed in a mould tool for forming a hole or opening in a plastic moulded 
component 
Current (design) working knowledge (see Figure 7.1) - see [Zhang 1998]. 
Concurrent execution of independent/semi-independent product development 
activities - see section 1.1.1. 
The option selected from the given alternatives 
Design solution attributes e.g. material = cast iron 
Design for Multi-X 
Design For Assembly 
Design For Cost 
Design For the Environment 
Design For Manufacture ., . 
A taper angle of form features in components that are to be injection moulded, 
required to facilitate the removal of the moulded component from the mould; 
Design Synthesis for Multi-X . . 
An information unit (element) representing a 'region of interest' within a 
product [Weber 1996]. . 
The process of deriving information about a class of obJects/elements/ 
concepts that also pertains to members of that class [Coyne et al. 1989]. 
HyperText Markup Language, used for generating Wold Wide Web 
Documents - see [Bacon et al. 1997] . . . 
The process of reaching a conclusion from ~n initial set of propositions, the 
truths of which are known are assumed [Smith 1990]. . 
The mechanism of passing information from one level of abstraction of 
organized objects/elements/concepts to a lower level [Walters et al. 1988]. 
A specific concept of a class of concepts e.g. Suzuki Swift is an instance of 

the concept 'car'. 
Knowledge of life-cycle Consequences . 
A 'Knowledge Intensive CAD' system - see [ Brow~ 1996; Mantyla et al. 19961. 
Data, information and experience that support the Inference of new facts from 

given facts; 
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LCC 

LCCi 
LCCni 
LCPE 

Life-oriented design 

Life-phase 

Life-phase model 

Life-phase system 

Means 

Non-directional inference 

Parting surface 

POE 

Premise 
Product development 

Providence 

Reasoning 

S.E.L. 
Shrinkage allowance 

Sink mark defect 

Split cavity 

Sub-class 

Synthesis decision 
commitment 

System 

Taxonomy 
Weld line defect 

Appendix A 
Glossary of Terms 

Life-Cycle Consequence - a consequence influencing artefact life-phases -
for details see section 2.3.5; 
An interacting type LCC (see 6.3.2) 
A non-interacting type LCC (see 6.3.1) 
Life Cycle Phase Element - an element (e.g. mould tool) that forms part of a 
life-phase system (see 3.3). LCPEs can be used to synthesize life-phase 
system models (see 7.3.3); 
A design process concerned with the generation of a solution that 
simultaneously caters for a host of multiple artefact life-phase requirements; 
A time segment in the artefact's life, during which there occurs a change in the 
state of the artefact. This work considers main four phases involved in a 
mechanical artefact's life : design, realization, use and disposal - see 2.2.4; 
A decomposable model consisting of life-phase systems with which the 
artefact interacts during that particular life-phase; 
A system that delivers effects to transform an operand in state 1 to an operand 
in state 2. For instance a lathe is fabrication system employed in the 
realization life-phase; 
'That by which a result is brought about' In the case of design, 'means' can be 
techniques, methods or tools [Duffy et al. 1998]; 
Inference that can take place both from an initial set of propositions to 
reaching a conclusion and vice-versa, from a given conclusion to a set of 
propositions. Also known as multi-directional inference - (see [Bowen 1995]). 
The part of both mould plates, adjacent to the impression, which butt together 
to form a seal and prevent loss of plastic material from the impression; 
Product design element - an element that forms part of a mechanical artefact 
system. Different system levels (e.g. component) have different PDEs (see 
2.1 ); 
Observations collected, given information; 
A segment in an artefact's life during which a production plan, an artefact 
solution and a marketing plan are generated to enable the realization phase to 
commence (see Figure 2.6; [Roozenburg et al. 1995]); 
To foresee and take into account aspects of the total life that are fixed during 
design - see [Olesen 1992J; 
The drawing of inferences or conclusions from known or assumed facts - see 
[Popovic et al. 1994J for details; 
Synthesis Elements Library - a library of PDEs and LCPEs. See section 7.3.2 
The additional dimensions that must be added to a mould tool to compensate 
for shrinkage of the plastic moulding material on cooling; 
A depression (defect) on the surface of moulded plastic component caused by 
internal shrinkage; 
A general term for a part of a mould tool cavity which can be withdrawn at right 
angles to the mould's axis. A split cavity permits the moulding of certain 
component form features which have a projection below the parting surface; 
A collection of elements with common characteristics, that are a sub-set of an 
existing class of elements e.g. 'sedan cars' is a sub-class of the class 'cars'. 
Decision commitments that are reflected in the artefact's solution model. 
These cause a change in the concretization or detailing of a solution; see 
section 6.2; 
A finite set of elements collected to form a whole under certain well-defined 
rules, whereby certain definite relationships exist between the elements, and 
to its environment [Hubka et al. 1988J; 
A hierarchical classification of objects/concepts/elements [Smith 1990J. 
A mark (surface defect) formed by the incomplete fusion of two or more 
streams of plastiC flowing together inside a mould tool; 
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Appendix B 

Representative Computer-Based Providence Means 

IAppendix B - Representative Computer-Based Providence Means 

This appendix provides a review of representative computer-based means that 

directly support providence. This review is not intended to provide an 

exhaustive enumeration of systems. Rather, it aims to disclose the 

characteristics of selected computer-based systems with respect to the criteria 

established in Chapter 4, in order to provide a basis for establishing the 

strengths and limitations of different class of means supporting providence. 

Table B.1 provides representative AI-based support means, whilst Table B.2 

provides representative feature-based means. 
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I\) 

c.u ... 

Too/I 

Author(s) 

Solutions generated: 

(N)one, (A)rtefact, (L)ife­

phase 

Constraint Networks 
Klaus3 I (A) 
(Bowen 
1995J 

Larry 
{O'Gradyet 
al. 1991J 

OFA system 
{Oh et al. 
1995J 

(A) 

(A) 

Case-Based Reasoning Design Tools 
CO/S [Wood I (A) 
III et al. 
1996J 

REV-ENGE 
{Kim 1997J 

(A) 

Table B.1a - Comparative Matrix for AI Based Providence Means 
Artelict;lUfal<nQWIedQe.:L::s;' '1 Other Comments 

ReveaJeddUrihg>,;.· " Y18w \·>i·i .....•.. ~ f}1>9 . '.' 
I ,'(S)nJ/fEJsi$ Or!~~l: : :=5il':" ,i' =:m ~" 1 (Domain, support for artefact life exploration, techni",es) 

During (s) but requires co­
operation from other team 
members 

During (a) - constraining 
influences between the 
functional design solution 
and manufacturing have 
to be first captured as a 
networ1< ---------- -----------
During (a) - key design 
evaluation factors and 
constraints have to be first 
identified by the user and 
then expressed as a 
constraint networ1< 

(a) - providence separate 
from synthesis decision 
making 

(a) - the input to a tool is 
a candidate solution 

L(X) but segmented 
views (different 
perspectives of the 
networ1<) 

1 (X) - manufacturing 
issues 

1 (X) - assembly issues 

L(X) but segmented 
views 

1 (X) - assembly issues 

(G)-no 
underlying artefact 
life-phase models 

(S) but is based 
on manufacturing 
knowledge rather 
than models of the 
manufacturing 

_ ~~S!~f!1 _________ _ 
(S) but user needs 
to declare 
relationships 
between the 
artefact & life 
issues 

(G) 

(G) 

• Domain: printer wire board 
• requires a number of team members wor1<ing together 
• the constraint networ1< can be divided into different fields of view to reflect the 

different perspectives of various members of a concurrent engineering team 
_. ____ ~_s~~ _t~~ ~aJi~e_o_2_1~~g~~~~ ______ ________ ___ ________ _______________ _ 
• Printed wiring boards 
• Constraining influences between the functional design solution and manufacturing 

have to be first captured as a networ1< 
• designers can explore the 'artefact solution' to f~ the manufacturing process 

• Domain: generic and applicable to different artefact system levels; 
• Employs the constraint modelling system SPARK; 
• exploration is lim~ed to exploring different values of parameters in the existing 

constraint networ1<; 

• Domain: generic 
• employs hybrid case-based reasoning system wnh Sal database 
• case indexing aided by an intelligent thesaurus to retrieve cases from different 
_____ §I~~!a_C! yi!3~F_olf!l~ ~!1~ _a~ _d_if!e!~~_I~y~~ _o! §I~t!~~~o_n ________ ___ __________ _ 
• Domain: mechanical artefacts 
• designers can explore the 'artefact solution' to Itt the assembly process 
• tool focuses on reviewing assembly issues to support 'artefact redesign' 
• artefact life exploration is not supported - only artefat solution can be explored 
• rather than storing 'final design solutions' as cases, REV-ENGE stores cases of 

DFA re-des.!.9.n methods 
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I\.) 

w 
(}l 

Tool/ 

Author(s) 
Solutions generated: 

(N)one, (A)rtefact. (L)ife­

phase 

Knowledge Based Systems 

DFS 
{Eubanks et 
al. 1993J 

DAISIE {Ishii 
1991J 

130 {Victor et 
al. 1993J 

DESIGN 
CRITIQUE 
SYSTEM 
{Changchien 

_ ~! !1!._ ! ~fJ_6J. __ 
mfk 
{Meerkamm 

_ } fJ_9.4.J _______ _ 
MIDAS System 
{Bonfie ld et 
al. 199 7J 

Knowledge­
based CAD 
system (Huh 
et al. 199 1J 

(A) 

(A) 

(A) 

(A) 

(A) 

(A) 

(A) 

Table B.1 b - Comparative Matrix for AI Based Providence Means 
Artefact Lite Knowledge 

Revealed dLJnng , -View . " I Type 
(s)nthesis or (a)nalysis . .' Sing~ (X) = 1(X) ... (G)e~ or fife 

MUltiple (X)::: L(X) ....... (S}pecffic 

During (a) - requires 
a description of the 
candidate solution. 

During (a) - requires 
a description of the 
candidate artefact 
solution. 

During component 
concept (a) 

During (a) - tool 
requires first a 
description of the 
candidate solution 

During candidate 
component solution 

_ (~t ___________ __ ___ _ 
During solution (a) -
requi res a CAD data 
as input 

During conceptual 
solution (a) - reqiures 
artefact's primary 
geometry as input 

1 (X) -life-cycle 
service costs 

L(X) but segmented 
views - assembly, 
manufacture use 
(serviceability) 

v." 

- -- -- ------- --- -- ----
L(X) but segmented 
views - manufacture, 
inspection, cost & 
reliability 

L(X) views - manufacture 
& assembly 

L(X) but segmented 
views 

L(X) but segmented 
views (manufacture, 
testing, servicing) 

L(X) but segmented 
views - manufacturing 
(moudability), use 
(mechanical behaviour) 

(G) 

(S) to the solution 
generated, but 
artefact life-phase 
knowledge is fixed 

-- - --- --- - ------
(G) 

(G) 

(G) 

(S) to the 
realization phase 
(has a company 
specific process 
information) 

(S) to the artefact 
solution but not to 
the life-phase 
systems that will 
be encountered 

Other Comments 

(Domain, support for artefact life exploration, techniques) 

• Domain: Mechanical systems; 
• Commitments conceming the service process can be explored by the user- however, 

there are no underlying service system models; 
_ ~ ___ _ q~~<!i~~t~_s_ol~t~o_n.r~p~~_e_n!~?~ 9_s_e~~~t~c_~e_~9~k_s! ___ __ ___ __ __________ _ _ 
• Domain: Injection moulded or forged components 
• only artefact solution can be explored 
• artefact life actor's design knowledge is stored as a Compatability Knowledge Base 

_ ~ ____ n_o_ ~~<!~rtyl~g_ ~~~~h_~~ _r1}~~~ l · ~~ ?~~f~0_ llf~ _e_xp~o!~tl~~ ~ _~~t ~~p[X.!~~<! __ __ ___ _ 
• Domain: ceramic componetns 
• only artefact solution commitments can be explored 
• employs intelligent agents (expert systems) with different artefact life roles 

_ ~ ____ sy~_e_~ ~!S_o_ ~r9yi~~ ~r_e:~~sJg~ ?~yi~~' ________ ____ ____ _____ ____ _________ _ 
• Domain: rotational machined parts 
• no underlying life-phase models i.e. artefact life exploration is not supported 
• rotational parts topologically represented by features and relat ionships 
• provides the designer with suggestions of correct ion 

• Domain: mechanical components 
• no underlying life-phase models, thus no artefact life exploration 

-- -- -- - --- ---------- - - -- - - -- - - -- -- --- - -- - ---- - - -- ---- - -- - ----- --- ----
• Domain: printed circuit board assemblies 
• some artefact life exploration - designer can acquire information on production 

facilities available, but there is no underlying models of production systems 
• Implemented in Poplog & uses HiPWo!1<s to provide multi-media rule explanation 
• Object-Oriented representation of PCB solution 
• Provides rule explanation and redesign suggestions 
• Domain: thermoplastic components 
• no life-phase system modelling is supported 
• provides recommendations for appropriate rib and boss parameters 
• employs an expert system (RIBBER) loaded w~h relevant production rules and a 

geometric modeller (PRO/ENGINEER) 
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Table B.2 - Com~arative Matrix for Feature Based Providence Means 
Tool/ 

Author(s) 
Solutions generated: 

(N)one, (A)rtefact, (L)ife­

phase 

Artefact Life Knowledge I Other Comments 

Feature-Based Des; n Tools 
Sheet Metal (A) 
Design System 
(Terpennyet 
al. 1993J 

Revealed during 
(s)nthesls or (ajnalysis 

(a) - during sheet metal 
solution analysis 

View 
Single (X) = 1(X) 
Muhiple (X) = I(X) 

1 (X) - realization phase 
issues- compatible 
machine tools 

Type 
(G)enerlc or Ute 
(S}pecifit 

I (G) 

-iFuh ;"-,i i996{ 1-iA)----------- ---- ---1-iaf~ during candidat,- ---r i ix)~ ;eal~at~n phase --TiGi ---- --------
solution analysis; a 3D issues: process plan, I \ \ model oftre part " fi~ure plao 
required as input 

{Lee et a/. 1998J (A) (s) - machining 1 (X) - realization phase (G) - no 
operations revealed issues: machining under1ying 
during the evolut ion of operations required, ease realizarton phase 
component solution of machining, tolerance model 

[Gupta et al. (A) (a) - requires a solid 1 (X) - realization phase (G) 
1995J model of solution (manufacturabilrty in terms 
(a system of cost & quality) 
approach ) 

-~~~; :; ~/.- ----1-CA) --- -- ---- ----- -- -- , -\:~~~~~~:j~~~~f of a -r ;~X1~~i~~~~~ation phase - -T -~ld~~o- life:p-hase -
1995J 

- (1~~~er e; a{ ---,-CA) - -- -- --- -- ------ --1-~~I~i~~ri:~~t~s~i~ate - - --1-~~i~ -= realization phase - -T -;!r lf~-~:i~~ -p~~~~ - -

feature based solution 
description is required 

(Domain, support for artefact life exploration, techniques) 

• Domain: Sheet metal components 
• no under1ying I~e-phase models, thus no artefact I~e exploration 
• Tool also support process planning 
_ ~ ____ ~~e.s_ ~~j~~~r!e.n!~ !e.c_h!1?!o.gy _____ __ __ ____ _________________ _________ _ 
• Domain: mechanical components 
• no under1ying I~e-phase models, thus no artefact I~e exploration 
• Tool generates a process plan and a fixturing plan 

• Domain: mechanical components 
• no under1ying I~e-phase models, thus no artefact I~e exploration 
• tool provides rapid feedback on manufacturing implications during solution evolution 

_ ~ ____ ~ ~oJ ~~pJ~Ys_ t_h~_c_o_ns:~p~ ~f_ ~x.t~a_c!i~g _~a.c_hJ~i~g !~a.t~~e_s_f~~f!1 J~~ !~a.t ~~e:> ______ _ 
• Domain: machined parts 
• assumes information about machining operation is fixed i. e. no under1ying life-phase 

models 

_ ~ __ __ e_r1]eI9Y~ !~e. ~~~c_eF~ ?! ~~a.c:h_i~i~g !~a.t~~e.' !~o.9.nJt~o_n~ ______ _______ ____ ___ __ _ 
• Domain: machined components 
• Employs Object-Oriented technology for features & production rules for 'machining 

constraints" 
- - .- - - - - - - - - -- - - - - - -- - - - - - - - - -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
• Domain: mechanical components 
• no undertying I~e -phase models, thus no artefact I~e exploration - but plant 

manufacturing data is used to determine component 's process plan & costs 
• Tool generates a process plan and a fixturing plan 
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Appendix C 
Notation 

/Appendix C - Notation 
Scope For formal explanation of the phenomena model (Chapter 6) and the LCC 

knowledge model (Chapter 8) established in this research, the following notation 

is employed. Some notation (e.g. connectives) is based on the 'alphabet' of 

predicate logic [Popovic et al. 1994J for describing elements and relationships 

between them. However, to specifically explain synthesis decision making 

concerning artefact and life-phase models, further notation established for the 

purpose of this research is employed, as defined in this appendix. Section C.1 

concerns symbolic notation, section C.2 concerns logical relationships, section 

C.3 concerns component modelling, section C.4 concerns life-phase modell ing 

and C.S concerns decision-making notation. 

Symbol 

Connectives 

Set 

C.1 Symbolic Notation 

Notation 

[a] 

LaJ 

[a-b] 

o(x) 

a 1\ b 

a v b 

-, 

{ .. .. } 

{a} c {a,b} 

Meaning 

= summation 

= for all 

= an element that can be defined by the designer; for concurrent 

synthesis these include PDEs, LCPEs; 

= 'a' is a class; e.g. Lferrous materialsJ 

= ranging from 'a' to 'b' i.e. constrained from 'a' to 'b' 

= a change in the value of 'x' 

= 'a' and 'b' (conjunction) 

= 'a' or 'b' (disjunction) 

= 'not' e.g. -, b = not 'b' 

= a set of some elements e.g. { [aJ } ; 

= 'a' is a subset of {a, b} 
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Structural 

Form features 

Assembly 
features 

Material 

a E {b} 

a ~ {b} 

= 'a' member of set {b} 

= 'a' not a member of set {b} 

Appendix C 
Notation 

C.2 Logical Relationship Notation 

a => b = 'a' implies 'b', i.e. If 'a' then 'b' 

a <>---b = 'a' is attained by 'b' i.e. 'a' requires 'b' 

a >-- b = 'a' is suitable for 'b' 

a<=b = 'a' has 'b' 

a.-+ b = 'a' is a kind_of 'b', i.e. 'a' inherits from 'b' 

a ~ b = 'a' is part_of the structure of 'b' [Winston et a!. 1987] 

C.3 Component Modelling Notation 

<model>component A compositional model of the component made up of [F] , [Fa] 

and [M] related with part_of (~) relationships. 

[F] 

[F]p 

= form feature e.g. [Fj = [holej 

= a parameter associated with [F] e.g.[holejdePth is the parameter 

'depth' associated with form feature [hole], 

[F]pv = is a feature parameter value e.g. [FjpV= [holejdePth=20mm; 

[SF]ile = a suface finish value (i = internal; e = externa~ associated with 

a form feature 

[T] 

[Fa] 

= Tolerance on feature parameter value e.g.[holejdepth <= ( [Tj=± 

O.01mm) is the tolerance for the hole 's depth parameter 

= assembly feature e.g [Fa] = [snap-fit} 

{[Fa]c} = a set of assembly feature characteristics e.g. {[snap-ntjc} = 

{non-permanent, ..... , weak-bond} 

[M] = component material e.g. [Mj =[a/uminum], 
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Technical 
processes 

Process 
technical 
systems 

Life-phase 
modelling 

{m} 

Appendix C 
Notation 

= set of material [M] properties e.g. {ductile, ... , conductive} 

C.4 Life-phase Modelling Notation 

[P] 

[P]p 

[P] 
pv 

{t} 

(Q)e 

[TS] 

= a life-cycle process e.g. [Pi = [milling}; subscript 1 if primary; 

subscript 2 if secondary: e.g. [P}1 = [sand casting}; [Ph = 

[drilling}; 

= a parameter associated with [P] e.g. [moulding}temperature; 

= is a parameter value for [P]p e.g [moulding}temperature=1ooooc 

= life-cycle process technology, based on the model of a 

technical process by [Hubka et al. 1988]; e.g. for [Pi = Spark 

Erosion, [Pit = Material erosion by electric sparks 

= set of process technological properties e.g. for [Pit = Material 

erosion by electric sparks, {t} = {conductive /\ ... /\ low hardness 

values} 

= an integer range [a - b] indicating the process economic 

quantity - e.g. ([P)=[Sand_casting}) ~ (Q)e ~ 1 

= a physical , technical system [Hubka et al. 1988] that realizes the 

transformation effects of process [P] e.g. for ([P}=[injection 

moulding)), ([TS]=[injection moulding machine)); 

[TS]p = a parameter associated with [TS] e.g . [core-pin]diameter; 

[TS]pv = is a parameter value for [TS]p e.g. [core-pin]diameter = 12mm 

<Phase>i 

[Q] 

<life model> 

= a compositional model for life-phase 'i' e.g. <Phase>Realization. 

This consists of [P] and [TS]p, related with part_of relations. 

Embedded in this model are ]P[t ' [P]p, [P]pv, { t } and [TS]pv 

= quantity of components required in the 'use' phase 

= artefact's life compositional model , consisting of 

<model>component and <phase>i models. 
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Performance 
measures 

(PM) 

Appendix C 
Notation 

= Performance Measure e.g. cost, throughput time, quality, 

efficiency, flexibility and risk [Olesen 1992]. 

(PM)<Phase>i = PM is a performance measures for life-phase ' i '. 

e.g. (Cost)<Phase>oisPosaJ. 

(PM)[P] = PM is a performance measure of [P] e.g. (Time)([P]=[milling]) ; 

8(PM) = a change in PM, value being relative and between -10 to + 10 

c.s Synthesis Decision-Making Notation 

Decision making 0 = a decision query arising due to a set of alternatives e.g. 0 = 

which form feature? 

{OJ 

O{O} 

[dl {OJ 
E 

= a set of decisoin query (0) options ; the set includes reusable 

POEs and LCPEs; e.g. {O} = {[hole] v [rectangular_hole] v 

[triangular_hole] } 

(i) the set {OJ can be continuous over a range {[a - b]} e.g. 

orientation angle values range from {[2cP - 180 oj} or 

(ii) the set {OJ can be discrete of the type {a v b v c} e.g. 

material options are: {[mild steelj v [copper] v [cast iron] } 

= decision proposal : a query (0) being operated on a set of 

options {OJ; e.g. what value for the angle?{[2~-180 0]} 

= a synthesis decision commitment i.e. the alternative selected 

from the proposal O{O}; 

e.g. O=what value for the orientation angle? 

with {O} = {[20° - 18eP]} and e.g. [d]dO} =4SJ 

[dl {O}-7 <model>x = a synthesis decision commitment made to <model>x 
E 

eN {OJ = a constraint (i.e. a restriction) on the members of set {OJ 

forming part of the decision proposal O{O}. 

e.g. the set of unconstrained values for the parameter angle (Y) 

is ([0° - 360 0JJ but due to some constraint CN(Y) = ( (Y ;? 4SJ) 

;\ (Y ~ 180°)), the valid set being { [4SJ - 180
0
J}; 
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S = {O} 

LCCj = 'x' 

Appendix C 
Notation 

e.g. For a discrete set of options {O} of the type (a v b v c) a 

typical constraint is CN{O} = -, b ; 

= decision space i.e. a set of decision queries {O} i.e. S={O} = { 

0 1 /\ 02 /\ 0 3 } that have to be all considered and eventually 

committed i.e. not optional; 

For instance, if {[F]} = {[hole}v [rectangular_hole} v 

[triangular_hole]} and 0 {[F]} results in [d}E{[F}} = [hole}, then, 

S={D'} = { what [hole}radius? /\ what [hole}depth? /\ what [hole}angle ? 

/\ what [hole}centre_poinl? } 

'x' is a LeC of type 'j' resulting from a synthesis decision 

commitment. If j='ni ', then it is a non-interacting Lee; If j='i', 

then it is an interacting LCe. 
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Appendix D 
Knowledge Representation Schemes 

I Appendix D - Knowledge Representation Schemes 
Scope 

Network 
representation 

This appendix provides a non-exhaustive background to different knowledge 

representation schemes commonly supported by Artificial Intelligence (AI) 

development tools. This understanding provides a foundation as to why a hybrid 

representation scheme was employed in FORESEE. Extensive details on 

representation schemes can be found in [Walters et al. 1988; Coyne et al. 1989; 

Rich et al. 1991; Giarratano et al. 1994; Popovic et al. 1994]. From an AI point 

of view, recognized knowledge is viewed as a collection of facts about the world 

to be formally represented in a computer. It forms the knowledge base of an AI 

system such as a KICAD tool. Facts are fragments of knowledge defining 

something about the objects (e.g. PDEs and LCPEs) in the world we would like 

to represent in the computer. They usually express the state of the objects in the 

selected domain and the relationships between them [Coyne et al. 1989]. 

Knowledge representation is concerned with how recognized knowledge (Figure 

8.1) can be formally codified into some computable syntax [Rychener 1988; 

Popovic et al. 1994; T omiyama et al. 1995]. Due to the basic types of 

knowledge categories [Popovic et al. 1994], AI development tools provide two 

classes of knowledge representation schemes: declarative and procedural, these 

disclosed next. 

D.1 Declarative Schemes 
These schemes emphasize the representation of facts concerning objects, which 

can be static (do not change with time) or dynamic [Popovic et al. 1994]. 

Common schemes are semantic nets, scripts and frames. 

Semantic nets 

These rely on graph theory and use nodes and labelled links for descriptions of 

objects and the interrelationships between them. A typical example representing 

facts about a 'dog' (an object) is: 

• 'the dog' is an 'animal' • 'the dog' is a 1emale' 

• 'the dog' is 'my dog' • 'the dog' has a 'short tail ' 

• 'my dog' is a 'dachshund' • 'the dog' has 'black hair' 

As reflected, 'the dog' object has a number of binary relations e.g. 'is a', 'has a' 

with other objects. Semantic nets are useful for the graphical representations of 

such interrelationships. Such a network is represented in computer form using 

predicate logic of the type: 
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• isa (my dog, dachshund) . 

As argued in [Popovic et al. 1994], semantic networks are suitable for the 

representation of a taxonomy between different objects. 

Reasoning with A common reasoning technique with semantic networks is based on matching semantic 

networks network structures i.e. on constructing a network fragment containing both the 

nodes and specific values and those whose values are to be inferred as 

variables [Popovic et al. 1994]. 

Scripts 

These are specialized structures primarily used in representing typical 

sequences of events or causal chains of events. They store the knowledge 

about what basically happens when for example, a person goes to the cinema or 

to a restaurant. A non-exhaustive script of the sequence of events for a person 

going to a cinema is: 

Script representation • First event Select restaurant 

Reasoning with 
Scripts 

• Second event Enter selected restaurant 

• Third event Take a seat in the restaurant 

• Fourth event Chose and order food 

• Fifth event ... 

Consequently, a script does not contain knowledge about an object (e.g. the 

person) but rather about the behaviour of the object in a given situation. Scripts 

are useful for representing situations in which a fixed sequence of events is 

known before hand unlike with synthesis where decisions (events) are rarely 

carried out in a fixed sequence. 

Reasoning with scripts requires first selecting an appropriate script - one which 

best matches the given specific conditions. Once a feasible script is matched, it 

can be used for the prediction of occurrences of non-explicitly specified events. 

For example, if we know that somebody has taken a seat in restaurant, we can 

infer that the person has selected and entered a restaurant and that later on 

he/she will choose and order food. 
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These are basically a structure (see Figure 9.6, Chapter 9) for holding various 

types of knowledge about a class of similar objects/concepts. In this sense, a 

class describes a prototypical object [McMahon et al. 1993]. As stated by 

[Walters et al. 1988] some authors refer to frame-like structures as units, objects, 

concepts, schema or entities. Frames are given names, with the presumption 

that the knowledge contained within the frame is interrelated. Thus frames can 

represent a relatively large chunk of knowledge about a particular real world 

object (e.g. a car) describing it in the required detail (e.g. has four wheels, doors, 

an engine etc.). 

In frames 'slots' are used for knowledge storage. Slots describe some attribute 

such as name of car, manufacturer, model etc. which can have a value of 

different types e.g. symbolic or numeric. Consequently, two frames can 

represent different objects e.g. a sedan car or a lorry. Mechanisms are available 

for restricting the content type of a slot (e.g. numeric integer values only) or the 

range (minimum and maximum). 

Relationships Slots can also represent relationships between frames. One such relationship is 
between frames 

that of refinement, with related frames being more specific or general. This 

makes it possible to arrange frames into classes, sub-classes and instances i.e. 

frames can be structured into kind_of taxonomies. A specific frame stores 

knowledge describing a specific class of object (e.g. fuel bowsers). A general 

frame stores knowledge common to a class of objects (e.g. the class vehicles) . 

An instance exists when no further subdivisions are possible without loosing the 

concept of a class that represents multiple objects - it is a specific case. Such a 

network of interconnected frames can be considered as a semantic network 

[Rychener 1988]. Most frame systems allow for slot attributes and values to be 

filled in by inheritance rather than by specifically declaring attributes or values 

[Rychener 1988]. Relating frames with 'parLof' relationships makes frames also 

useful for representing a compositional solution model. 

Static knowledge Frames enable knowledge about an object to be stored at a fixed state, or what 

is known as a perspective. For example, a frame about a material would 

contain slots storing knowledge about the material 's properties. However, in the 

real world, such properties can change with for example a change in the 

environmental temperature in which the material is being employed. Thus 

frames are useful for representing static, declarative knowledge [Rychener 

1988]. A relationship between different frames is similarly represented in a 
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static way. Thus as argued by (Kerr et al. 1992), the process of organizing 

concepts into kind_of taxonomies is implicitly based on some perspective. From 

this Ph.D. research point of view, this limitation is acceptable because at anyone 

time, the designer would be making use of one type of perspective. 

Certain tools allow slots to also contain functions this permitting procedural type 

knowledge to be incorporated within the frame representation [Walters et al. 

1988]. This is the case with the use of a frame representation employed in a 

style of programming termed Object-Oriented Programming (OOP) [Rychener 

1988]. As argued in [Walters et al. 1988], OOP is inextricably intertwined with a 

frame-based representation. In OOP systems, objects have associated with 

them knowledge about how they behave. Rather than a function, such 

procedural type knowledge associated with objects is termed a method in OOP 

[Walters et al. 1988; Coyne et al. 1989]. 

0.2 Procedural Schemes 

Procedural knowledge about the world concerns knowledge about what to do, 

when and how. The most common way or representing procedural knowledge in 

a computer is through programming languages such as PASCAL, LISP and C. 

Unfortunately, this way of representing procedural knowledge gets low scores 

with respect to the properties of inferential and knowledge management 

adequacy [Rich et al. 1991]. Because of these difficulties in representing 

procedural knowledge, attempts have been made to find other ways of 

representation. The most commonly used technique for doing this is the use of 

production rules [Coyne et al. 1989; McMahon et al. 1993]. 

Production rules 

These provide knowledge representation scheme for building a set of 

transformations. The rules have essentially two parts [Popovic et al. 1994]: 

• A conditional part on the left-hand side (LHS) showing when the rule should 

be applied; 

• a transformational or actional part on the right hand side (RHS) showing the 

actions to be taken whenever the conditional part of the rule is applicable. 

Thus, each production rule can be seen as a statement of the form in (0.1) : 

IF < a given condition is true> 

THEN < an action(s) has to be undertaken> 
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The action-part of a rule is generally a list of actions to be performed to the 

objects/facts stored in the working memory of the knowledge-based system. 

Such actions could include addition, deletion and/or modification of objects/facts 

stored in the working memory. 

Some inference engines permit the use of a certainty factor (eF) to be 

associated with each rule [Walters et al. 1988], of the form: 

IF < a given condition is true> 

THEN < an action(s) has to be undertaken> CF 

meaning that if the conditional part is true, the actional part is usually true for 

CF% of the time e.g. 60%. 
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Appendix E - FORESEE Implementation Files 
Scope 

Filename 

main.clp 

master.htm 

FORESEE.clp 

General.clp 

Filename 

cI_form.clp 

cl_manuf.clp 

The name and content of the different FORESEE implementation files are 

outlined in Tables E.1, E.2, E.3 and EA. The scope of providing information 

about these files is to support other researchers interested in reusing the 

FORESEE prototype system as a test-bed for further research. 

Table E.1 FORESEE system files 

Content description 

a batch file that loads other CLIPS code files; 

this file is loaded if the design session is new; 

this file loads any classes and instances created in a previous session; 

this contains HTLM master code for initializing the LCC browser; 

this contains the clips code for the user interface 

this defines system variables and a set of functions for the Consequence 

browser, Performance Measures, Library access module, Session history 

module, MUlti-X behaviour module, Solution model viewer, Solution model 

manipulator, Solution filing functions. 

Table E.2 - Synthesis element models & Kind of taxonomy definition files 

Content Description 

Contains the definition of assembly feature models and taxonomy 

Contains the definition of form feature models and taxonomy 

Contains the definition of manufacturing process models and taxonomy 

Contains the definition of engineering material models and taxonomy 

Definition of various PDE/LCPE specific to the implemented case-study 

Table E.3 - Files defining default instances available with FORESEE prototype 

Filename Content Description 

Definition of default assembly feature instances 

Definition of default fabrication process instances 

Definition of default engineering material instances 

in pdo.clp Definition of a set of default PDElLCPEs e.g. standard mould parts 
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Table E.4- Knowledge base filenames 

Content Description 

Consequence inference and action rules concerning assembly feat ures 

Consequence inference and action rules concerning form features 

Consequence inference and action rules concerning material PDEs 

Consequence inference and action rules concerning mould design & 

construction 

Consequence inference and action rules concerning concurrent synthesis 

Consequence inference and action rules concerning requirements (PDS) 

Consequence inference and action rules concerning fabrication processes 

Consequence inference and action rules concerning surface finish 
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I Appendix F - Typical Synthesis Element Representation 

Scope This section provides an example of how a synthesis element model is 

represented with frames in the FORESEE prototype. The 

representation uses the COOL
1 

syntax. As demonstrated, the 

relationship of a synthesis element to other elements in the respective 

kind_of taxonomy is defined by the ' is-a ' element of the defclass 

construct provided by COOL. Figure F.1 discloses the default classes 

defined in FORESEE, used in declaring synthesis element models as 

those enclosed in this Appendix. 

Definition oftop-most class in (defclass FORESEE (is-a USER) 
the synthesis element library (role concrete) 

(pattern-match reactive) 

Frame representation for 
class 'FASTENER' 

Taxonomy sub-classes 
definition 

Definition of sub-class 
specific LCCni 

(slot part_of (create-accessor read-write) 
(type SYMBOL) (visibility public) ) 

) 

Oefinition of Fasteners 

(defclass FASTENER (is-a NON-PERMANENT)) 
(defmessage-handler FASTENER init after 0 
(slot-insert$ ?self consequences 1 requires_hole 

assembly_slow 
increases_number_oCcomponents 
bonds_ dis-similar _materials 
complex_ assembly _ automation) 

(slot-insert$ ?self tech_properties 1 ductile) 
(if (next-handlerp) then (call-next-handler)) 

(defclass SCREW (is-a FASTENER)) 
(defclass SELF _TAP _SCREW (is-a SCREW)) 

(defmessage-handler SELF _TAP _SCREW init after O .. 
(slot-insert$ ?self consequences bad_for_repetltlve_ass) 
(if (next-handlerp) then (call-next-handler)) 

h th I t 'part_of' Note that the frame for a FASTENER does not ave e so 

defined as part of its model , as this is inherited from the top-most class 

FORESEE in the synthesis elements library, quoted above. 

1 COOL: CLIPS Object Oriented Language - see [Giarratano et al. 1994; CLIPS 1997]. 
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Definition of A Circular Opening 
--------

Sample CLIPS code (defclass OPEN_FORM (is-a FORM) 
representation (role concrete) 

(pattern-match reactive) 
(slot depth (create-accessor read-write) (visibility public) ) 
(slot shape (create-accessor read-write) (visibility public) ) 
(slot angle (create-accessor read-write) (visibility publ ic)(type 

NUMBER) ) 
(slot x_centre (create-accessor read-write) (visibility public) ) 
(slot y_centre (create-accessor read-write) (visibility public) ) 

) 

Consequence accumulation (defmessage-handler OPEN_FORM init after 0 
(slot-insert$ ?self consequences 1 less_volume) 
(if (next-handlerp) then (call-next-handler)) 

Sub-class definition 

) 

(defclass CIRCULAR_OPEN (is-a OPEN_FORM) 
(role concrete) 

) 

(pattern-match reactive) 
(slot depth (create-accessor read-write) (visibility public) ) 
(slot diameter (create-accessor read-write) 

(visibility public) 
(type NUMBER) 
(default 0_00) 

(slot angle (create-accessor read-write) (visibility public)(type 

NUMBER) ) 
(slot x_centre (create-accessor read-write) (visibility public) ) 
(slot y _centre (create-accessor read-write) (visibility public) ) 
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Appendix G - Performance Measure Functions 

(8.5) 

As outlined in relationship (8.5), this reproduced below, a LCC can influence a 

performance measure of a life-phase technical process: 

(LCG) => (8PM)[P] 

Relationship 8.5 has been implemented in FORESEE as part of the 'actional 

part' of a production rule, this principle explained in G.1 . 

(G. 1) IF (LCC)j THEN pm_function j (x) 

where pm_function j (x) causes a relative change of value (x) in a performance 

measure (stored as a variable in the computer's memory) of a life-phase 

process due to (LCC)j. A number of such pm_functionj (x) functions2 have been 

implemented for design, assembly, manufacturing, use, service and disposal. 

Examples of assembly (ass_) related functions are listed in Table G.1 

Table G.1 - Typical Performance Measure Functions 

pm_function j (x) Function's action 

Increases the value of the assembly time by 'x' units 

Decreases the value of the assembly time by 'x' units 

Increases the value of the assembly cost by 'x' units 

ass_coscminus(x) Decreases the value of the assembly cost by 'x' units 

Increases the value of the assembly quality by 'x' units 

ass_quaLminus(x) Decreases the value of the assembly qual ity by 'x' units 

2 A function in CLIPS is a set of instructions defined with a procedural programming paradigm similar to that found in 

languages such as C, Pascal and LISP. 
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~ppendix H - LCC Truth Maintenance Mechanism 

Scope Due to some synthesis decision commitment retraction, a LCC will not be true 

anymore. In such situations, the KICAD tool should automatically update the list 

of LGGs associated with the current solution state. This appendix describes the 

mechanism of how LCG knowledge has been represented to address this truth 

maintenance requirement. 

Production rules Basically a production rule (see Appendix D) representing LCC inference 

knowledge has conditional elements on the left-hand side (LHS) of the rule and 

a list of actions to be performed on the right hand side (RHS). Using IF ... THE~ 

syntax, this is formally: 

(H. 1) IF <conditional elements> THEN <list of actions>. 

Based on the formalism in Chapter 8, in the case of a LCCni, the conditional 

element is a synthesis commitment. In the case of LCCi, a conditional element is 

an interacting relationship (IR). The list of actions will be the co-evolution of a 

new fact i.e. the LCCni or LCCi respectively. Consider the simple LCCi example 

in (H.2): 

(H.2) IF (A t\ B t\ C) THEN new fact is (LCC='z') 

If at any time, the interacting relationship (A t\ B t\ C) exists, then the fact 

(LGG='z') is added to the fact list. Then excluding other facts that may be 

present in the working memory, the current facts list will be: 

(H. 3) [facts list: A, B, G, (LCC='z') ] 

Assuming that for some reason, the synthesis element 'A' is retracted , by the 

designer, than the new current fact list will be: 

(H.4) [facts list: B, G, (LCG='z') ] 

Now the facts list state in (HA) contradicts the piece of LCC inference 

knowledge in (H.2) as the LHS of the rule is not true anymore. To cater for such 

truth maintenance, wxCLIPS supports logical dependency in production rules, of 

the form: 

(H. 5) IF <logical> <conditional elements> THEN <list of actions> 

. Ires For wxCLIPS represen a ion 
3 The IF. .. THEN syntax is not wxCLIPS syntax· this is being used for exp ana Ion purpos . 

syntax, see Appendix J. 
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By the use of the additional condition </ogical>, the resulting new facts 

generated by the <list of actions> become logically dependent on the pattern of 

the <conditional elements> i.e. if the pattern is not true anymore, than the facts 

introduced by the <list of actions> will be retracted. Building up on (H.2), we can 
say: 

IF <logical>(A 1\ B 1\ C) THEN new fact is (LCC='z') 

If at any time, the interacting relationship (A 1\ B 1\ C) exists, then the fact 

(LCC='z') is added to the fact list, this now being logically dependent on the 

elements forming the interacting relationship on the LHS of rule (H .6). Then, 

excluding other facts that may be present in the working memory, the current 

facts list will be as in (H.3). If this time element 'A' is retracted, then due to 

logical dependence, fact (LCC='z') will also be retracted, with the fact list 

becoming now as an (H.7) : 

[facts list: B, C, ] 

However logical dependency support provided by CLIPS limits the truth 

maintenance capability required with FORESEE. This is because as 

discussed in Chapter 9, LCC knowledge embedded in FORESEE includes 

consequence action knowledge that cause fluctuations in performance 

measures, evolves models through concurrent synthesis, updates the 

consequence list in the hypermedia browser etc. Actions executed are not facts 

stored in the working memory. Thus, retracting a logically dependent 

consequence fact is not enough if actions executed are to be maintained. A 

mechanism is required that takes care to undo the actions performed when a 

consequence fact is retracted. The problem is that this truth maintenance 

mechanism will need to execute when the consequence fact is not present 

anymore, this causing a difficulty with production rule pattern matching. 

This section demonstrates the mechanism of how knowledge was represented 

in FORESEE to maintain the truth of such Lee action knowledge. The 

mechanism developed is based on segmenting LCC knowledge into three 

parts: 

i. a rule detecting the existence of a co-evolving Lee - this similar in 

structure to that in (H.6); 

ii. a rule performing actions due to the existence of a LeC, this similar in 

structure to that in (H.8); 

iii. a rule undoing actions due to the retraction of a LeC i.e. performing truth 

maintenance this similar in structure to that in (H.9) ; 
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IF fact is (LCC='z') 

THEN 

• 

• 

• 

display relevant message to attract designer's attention; 

create a LCC entry in the consequence browser with detail s about the 

consequence including meaning, source commitments and guidance to 

its avoidance/relaxation ' , 

record consequence & details in session history file; 

• make the relevant fluctuations to 

ass_time_plus (5); 

performance measures e.g. 

• make consequence specific actions (e.g. evolve a model) 

• add a fact of the type retract (LCC=z) for action truth maintenance. 

IF fact (LCC='z') is not present in the facts list 

maintenance rule AND fact retracL(LCC=z) is present in the facts list 

THEN 

• delete relevant LCC entry from the consequence browser, 

• record retraction of consequence in session history file ; 

• undo the relevant fluctuations to relevant performance measures e.g. 

ass_time_plus (5); 

• undo consequence specific actions (e.g. delete an element from a 

model); 

• remove the fact retract (LCC=z) from the working memory. 

Mechanism Operation 

When all elements forming part of an interacting relationship are present in the 

evolving artefact life model , detection rule H. 7 is fired , generating facts as in HA. 

This new state of facts causes action rule H. 11 to fire, resulting besides a 

number of actions in the state of the facts list as: 

(H. 10) [facts list: A, B, C, (LCC='z'), retract_(LCC='z')] 

If for some exploratory reason, retracts the commitment 'A' due to logical 

dependency in H.6, the fact (LCC='z') is retracted from (H.10), with the current 

facts list now becoming: 
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This new state in (H .11) causes the action truth maintenance rule (H.9) to fire 

this undoing the actions performed with action rule (H.B). As structured, the 

truth maintenance rule (H.9) will only fire when (LCC= 'z') is not present but on 

the condition that fact retracL(LCC= 'z') is present. In rule (H.B) the fact 

retracL(LCC= 'z') is purposely not logically dependent on the fact (LCC= 'z'). If 

this were the case, then the retraction of fact (LCC='z') will be accompanied by 

the retraction of fact retracL(LCC= 'z') in which case the truth maintenance rule 

(H.9) would never fire. 
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[Appendix I - LCC Browser Maintenance 

Problem The Lee browser plays an important role in the FORESEE architecture. For 

appropriate support , the designer needs to be provided with Lees only relevant 

to the current solution state, meaning that if any synthesis decision commitments 

are retracted, related Lees should be retracted and deleted from the list 

displayed in the Lee browser. 

Implemented 
solution 

(1.1 ) 

Maintaining the truth of the Lee list in the Lee browser required the 

implementation of a function termed html_tms (?csq) described in the flowchart 

in Figure 1.1. Basically, a Lee action rule (see rule H.S) introduces a truth 

maintenance fact with a unique number #NO, of the form: 

retract (LCC-z) #NO 

When an action truth maintenance rule (see H.9 in Appendix H) executes, the 

function htmLtms (?csq) is executed with the argument ?csq being #NO, this 

causing the Lee list to be appropriately maintained. Typical examples are listed 

in Appendix J . 

Truth Maintenance 
'--~ rule detects retraction 1--­

of consequence #No. 

Open current HTML 
list, File_1 

Write line (L) to 
new HTML File_2 

.. 

Yes 

Replace File_1 by File_2 

No 

Input line (L) from 
File_1 

Does (L) 
contain 

consequence 
#No.? 

Display File_1 
in Consequence 
Browser 

Figure 1.1 - The concept of the LCC list maintenance funct ion htmUms (?csq) 
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I Appendix J - LCC Knowledge Representation 

Scope This Appendix presents examples of how LCC knowledge employing the truth 

maintenance mechanisms discussed in Appendices H and I, are actually 

represented in FORESEE with the COOL syntax (CLIPS Object-Oriented 

Langauge - see [Giarratano et al. 1994; CLIPS 1997]). 

Example 

RULE J.1 

Description 

Rule name 

Dependency 

Interacting 
commitments 

Inferred LGG, 

The first example quoted is that of a sink mark defect, this based on the LCC, 

knowledge structuring concept presented in relationship (8.61). 

Consequence Inference (Detection) Rule 

CLIPS code 

(logical 

(object (is-a THERMOPLASTIC) (name ?mname) ) 
(material-used (name ?matname) ) 

=> 

) 

(test (eq ?mname (symbol-to-instance-name ?matname) ) ) 

(object (is-a PROTRUDE FORM)(name ?fname) ) 
(formjeatureused ?fname2 ?feaUd ) 

(test (eq ?fname (symbol-to-instance-name . 
(string-to-symbol (str-cat ?fname2 "_" ?feaUd)) )) 

) 
(process-used (name ?NAME1) ) 
(object (is-a INJ MOULDING) (name ?pname) ) 
(test (eq ?pname (symbol-to-instance-name ?NAME1) ) ) 

(assert (consequence ?fname ?feaUd ?mname ?pname 
sink mark defect)) 

(record_consq "SINK_MARK_DEFECT") 

RULE J.2 Consequence Action Rule 

Description 

Rule name 

LGG, detected 

CLIPS code 

( defrule sink_mark_defecUormation 

(consequence $?anything sink mark defect) 

=> 
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(begin_warning "SINK MARK DEFECTS") 
(printout consq" Because ot the interacting commitments, " crlt) 
(printout consq" "$?anything crlt) 
(printout consq" then Sink Marks can form. This will depend" crlf) 
(printout consq " on the rib-height:component_waIUhickness" crlt) 
(printout consq" ratio. The greater the rib-height, the" crlf) 
(printout consq" more chances of sink marks forming." crlf) 
(printout consq " [Dow Plastics Design Guideline]" crlf) 
(printout consq " " crlf) 
(printout consq" This can have an influence on the: " crlf) 
(printout consq" "crlf) 

(printout consq " USE " crlf) 
(printout consq " Reason: " ) 
(printout consq " If component needs to have a cosmetic tinish " crlf) 
(printout consq " or a good structural performance .. . " crlf) 
(printout consq" " crlf) 

(printout consq " MANUFACTURE " crlf) 
(printout consq " Reason: " ) 
(printout consq " It the component " (upcase ?*isem_disinn*) " requires a good finish," crlt) 
(printout consq " then more components need to be produced and the defective " crlf) 
(printout consq " ones scrapped .... . " crlf) 
(printout consq" "crlt) 

(printout consq " DISPOSAL " crlf) 
(printout consq " Reason: " ) 
(printout consq " More defective parts to be disposed/recycled ... " crlf) 
(printout consq" "crlf) 
(end_warning sinkmark.gif 400300) 

(use_qual_minus 9) 
(use_time_minus 6) 
(manuf_time_plus 5) 
(manutcosCplus 4) 
(manutqual_minus 4) 
(disp_cosCplus 7) 
(disp_time_plus 7) 

(assert (retract sink mark defect # ?*consq_no*)) 

(show-pm) 
) 
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RULE J.3 

Description 

Rule name 

Pattern detecting 

LCC, retraction 

LCC fact 
maintenance 

Consequence list 
maintenance 

Maintenance of 
performance 

measures 

Display updated 
fluctuations in 

Mult-X behaviour 
window 

Example 
background 

RULE J.4 

Description 

Rule name 

Truth Maintenance Rule 

(defrule truth sink_mark_defect 
(declare (salience 5000)) 

C Appendix J 
onsequence Knowledge Representation 

CLIPS code 

(not (consequence $?anything sink mark defect)) 
?f1 <- (retract sink mark defect # ?csq ) 

=> 

(retractfact SINK_MARK_DEFECT) 

(htmUms ?csq) 

(use_qual_minus -9) 
(use_time_minus -6) 
(manuttime_plus -5) 
(manutcost_plus -4) 
(manutqual_minus -4) 
(disp_costplus -7) 
(disp_time_plus -7) 

(show_pm) 
(retract ?f1) 

Tvpical Concurrent Synthesis Knowledge Representation 

Rules J.4, J.S and J.6 demonstrate a typical representation of concurrent 

synthesis knowledge. It concerns the addition of a core-pin once a form feature, 

a kind_of CIRCULAR_OPEN is added to a thermoplastic component that is 

going to be injection moulded. 

Consequence Inference (Detection) Rule 

CLIPS code 

; Due to mould required and circular opening form feature 
; a Core-pin is Required in the mould tool 
. ** ******.*****. ******* •••••••••••••••••• **** ••••••••••••••••••••••• 
, 
(defrule sense_mouldJool_requires_core_pin 
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Dependency 

Pattern detecting 

concurrent 
synthesis 

New Lee fact 

Keep a record in 
the Session 

History 

RULEJ.5 

Description 

Rule name 

Detection of 

C Appendix J 
onsequence Knowledge Representation 

(logical (consequence ?anything mould required) 

=> 

(object (is-a CIRCULAR OPEN)(name ?fname) ) 
(or (formjeatureused ?fname2 ?feaUd ) 
) (assjeatureused (name ?fname2) (pdojd ?feaUd) ) 

(test (eq ?fname (symbol-to-instance-name 
(string-to-symbol (str-cat ?fname2 "_" ?feaUd) ))) 

(assert (consequence mould_required ?fname ?feaUd core-pin required )) 

(record_consq "CORE-PIN REQUIRED") 
;;; Check available suppliers & their diameter ranges 
(assert (check_ core-pin_suppliers)) 
(run) 

Consequence Action Rule 
CLIPS code 

(defrule action_mould_requires_core-pin 

concurrent (consequence mould required ?fname ?feaUd core-pin required ) 
synthesis fact 

Reporting of 
'concurrent 
synthesis ' 

consequence 
state and related 

information into 
consequence 

browser 

=> 
(begin_warning (str-cat "CORE" ?feaUd " IS A CORE-PIN ") ) 
(printout consq " Since the feature" ?fname " added," crlt) 
(printout consq " has a circular cross-section, then" crlf) 
(printout consq" the core required is a core-pin." crlf) 
(printout consq " " crlf) 
(printout consq" HH.HH •• HHHH .. H .. " crlf) 
(printout consq" Design Guidance" crlf) 
(printout consq" .HHH.HH .. *H ........ " crlf) 
(printout consq" Core-pins are available in standard sizes" crlf) 
(printout consq " sizes from suppliers such as HASCO and" crlf) 
(printout consq" DME. It makes sense to use a standard core-pin" crlf) 
(printout consq" as it avoids machining." crlf) 
(printout consq " " crlf) 
(printout consq" As a result, FORESEE suggests the definition of" crlt) 
(printout consq" a hole diameter value in the component that" crlt) 
(printout consq " when material shrinkage factor is taken into" crlt) 
(printout consq" consideration yields a standard core-pin diameter." crlt) 
(printout consq" "crlf) 
(end_warning kcm.bmp 100100) 
(run) 
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Fact for PM truth 
maintenance 

Action that adds 
a 'core-pin' 

object to the 
'mould' model 

Updates the 
display of the 

mould tool model 

RULE J.6 

Description 

Rule name 

PaNem detecting 

LCC retraction 

Records 
maintenance in 
Session History 

Consequence list 
maintenance 

Maintenance of 
mould tool model 

Updates the 
display of the 

mould tool model 

Appendix J 
Consequence Knowledge Representation 

(assert (retract core-pin required ?feaU d # ?*consq_no*)) 
(run) 

;; remove CORE object from mould tool 
;;; and replace with CORE-PIN object 
(delete_pdo "CORE" ?feaUd ) 
(add copy core ?feaUd core-pin mould) 
(run) 

;;; show evolving mould design 
(consists_of mould FORESEE) 

Truth Maintenance Rule 

CLIPS code 

(defrule truth_core-pin_required 

=> 

(not (consequence $?anything core-pin required)) 
?f1 <-(retract core-pin_required ?feaUd # ?csq) 

(htmUms ?csq) 

(delete pdo "CORE" ?feaUd ) 
(retract ?f1) 

;;; show evolving mould design 
(consists_of mould FORESEE) 
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Appendix K 
Evaluation Background Information 

\Appendix K - Evaluation Background Information 
This appendix provides a copy of the background information submitted to the 

evaluators prior to the evaluation via the FORESEE prototype. 

FORESEE System Demo 
Jonathan Borg 
CAD Centre 

Department of Design, Manufacture & Engineering Management 
University of Strathclyde 

Glasgow G1 1XJ 
email: jonathan@cad.strath.ac. uk 

Background 
The purpose of this demonstration is to evaluate a prototype implementation of a 
proposed 'knowledge intensive approach' as a means by which to effectively allow 
designers to engage in provident 1 thinking so as to 'optimize the conditions during 
production and product life'. The knowledge intensive approach, implemented here in 
a Knowledge Intensive CAD (KICAD) prototype nicknamed FORESEE is proposed as 
a means allowing designers to: 

• explore life commitments and their interactions; 
• take a multiple-life phase view (rather than a narrow view) ; 
• do all this during candidate solution synthesis and not later during candidate 
design analysis. 

Knowledge Application 
Thermoplastic component design has been chosen to demonstrate the utility of 
employing the proposed knowledge intensive approach as a means supporting life 
design providence and exploration, as from the early design stages. It is however 
possible, with the population of more knowledge from other domains, to apply the 
proposed knowledge approach for component life design providence & exploration. 

Feedback on Demonstration 
During this demonstration, you will not be asked to use the FORESEE system 
yourself, as (i) it lacks a number of user-friendly functionalities and (ii) training is 
required in using the system. Rather, based on your impressions of the case-study 
and specific examples you might want to be performed, you will then be kindly asked 

to provide feedback on: 
• the effectiveness of the knowledge intensive approach and 
• the KICAD prototype implementation. 

For this purpose, a few questions on the above, will be explained and discussed with 

yourself at the end of this demonstration. 

1 Providence IS defined as "to foresee and take into account aspects which are fixated or determined at the deslg'l staC}3' 
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Appendix L 
Evaluation Questionnaire 

IAppendix L - Evaluation Questionnaire 
This appendix provides a sample of a fil led-up questionnaire discussed during a 

structured interview with on of the evaluators. 

Structured Interview Questionnaire 
Please tick where appropriate & feel free to add reasons to your answers 

1. Does the FORESEE demonstrate how a designer can build up an abstract component 
compositional (partot) model from Product Design Objects (PDOl)? 

yes! No 

2. Did FORESEE make you aware of life-cycle consequences dunngcomponent model 
definition? 

No 

3. Were you made aware of life-cycle consequences when the artefact model was sti ll 
imprecise? (e.g. ope7' is less precise than a 'slolopening') 

Yes_ _ No 

4. Were you made aware of life-cycle consequences when the artefact model was still 
Incomplete? (e.g. a 'slot opemng' without parameters (Ixbxh) defined is Incompletely defined) 

Yes~ No 

5. Were you made aware of consequences : 

• for one Itfe-phase/system only 

• for multiple but segmented Itfe-phases 

• for mUlb'ple & Interacbng life-phases 

6. Do you consider the life-cycle consequences awareness provided to be: 

• only genen'c 

• company on'ented (l e. also takes Into conslderabon 
company resources, policies etc.) 

• candidate design solution on'ented 
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7. Do you consider that the concept of concurrent synthesis of the 'artefact' and 'different life­
phase models' is demonstrated by the support provided by the system? 

Yes J No 

8. Would you consider the awareness of life-cycle consequences: 
• to motivate you exp/on"ng alternative commitments? 

yesi 

• to hinderyour design freedom? 

Yes_ 

No 

No 

• to make you eventually confirm decision commitments more conscious/I? 

Yes~ No 

9. Do you find that the use of Cost. Time & Quality performance measures as a suitable means 
for comparing the re/ab've influence of a consequence on the djfferent life-phases? 

/.EJ"?'i ~ ~ 
j h~ ~\ 
- ~v\\. 

Yes_ No 

10. Do you find consequences detected : 
• to be reportedin an adequate way? 

Yes ·j No 

• easily to locate and browse upon? 

Yes ~ No 

11 . Do you consider the system provided advice to the aVOIdance, or relaxation (i .e. reduction) of 

consequences? 

yesJJ<i / No 

12 Do you think that keeping track of the fluctuations in performance me~sure.s for th.e di~erent 
life phases with different decision commitments is a useful way of formatting He deSIgn hlstor/? . I 

Yes_ No 
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Evaluation Questionnaire 

4C 
13. 'Does designing with FORESEE demonstrate the approach of how "know/edge of 

consequences" can be employed dudng component design synthesis? 

yes.! No 

14. Does FORESEE demonstrate how new objects can be added and knowledge content 

manually changed (i.e. not by machine learning techniques), dudngthe use of the system: 

yes! No 

15. Assuming more know/edge was embedded within such system, would you consider the 

proposed 'knowledge of consequences' approach to life design, to be useful in practice? 

yes! 

16. Do you have any recommendations to: 

• the 'knowledge of consequences' design approach: 
,\J l2Q...d 10 'p~lli c~~ , 

• the FORESEE prototype system: 
~\;)U2. l <- ~.~~ A~ ~~ 
~v~ .. 0.) iJrb Ie. . \ J 
D-blR. W Gu:u..zu t-~ ~l.L.-.('r-
bu,J1\ ~~r-~LG . 

• the demonstration/case-study: 

No 

~L" v\'" 
J 

17. If in your opinion, the demonstration highlights other issues not mentioned above, what are 

these: 
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ABOUT YOUR DESIGN EXPERIENCE 

Appendix L 

Evaluation Questionnaire 

4C 

18. Your current role: _M~rz.::,::::.........;;cL.u....;;;"..=...:......:~:.-.-_·~..:=::...-=---<"_· (:::rJ 1.A.:........:.... __ C_</IA2> __ t.-..../_~_' _J---=-­
) 

19. Type of Product Design Experience: (e.g. mechanical parts, thermoplastic components etc.) 

.J ' 
-

CUS""'-',1 :>, (~"* CV>~!t \) Q.c.L~ L-~1.J1S::'::, I d~ A6 
~~ ' 'r~---\'JU ~~~ 6eu\. , 

20. Number of years working in design: 

<2 years 2< years < 5 years> 5 / 

21. Do/did you form part of a Product Design Team? 

yesAJ11 No 

22. On average, how frequenUy are/were Product Design Team meetings held, in which all team 

members were present? 

Daily Weekly Monthly Other (Specify) 

Thank you for your time in discussing and answen'ng this questionnaire. 
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Evaluation Results 

IAppendix M - Evaluation Results 

This appendix contains the demonstration evaluation results. In section M.1 , 

results are presented globally for all the evaluation participants. Section M.2 

presents separate results for the three different categories of participants 

involved in the exercise i.e. for designers, researchers and students. The 

results, presented in graphical form, relate to the questions (shown in full in 

Appendix L) raised during the structured interview following the FORESEE 

demonstration. 

M.1 - Global Evaluation Results 

01- Do you consider F~ to Sl.ppor1 
Corrpositional Model building via PDEs? 

t'-b 0% 

So&So 13% 

03 - Awareness of Lee With 
Imprecise Model 

So&So 

Yes 
87% 

02- Have you been made Aware 
of LCC during Component 
definition? 

4% 

t'-b 
0% 

04 - Awareness of LCe with 
Incomplete Model 

Yes 

No 96% 

Yes 

96% 

So&So 

4% 

9% No 

05 - Lee Across No. of Life Phases 

Multiple & 

hteracting 
Single 

4% 

32% 
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06 - Type of LCC Awareness 

Corrpany 

Only 

Generic 

24% 

0% 

Solution 

Oriented 



07 - Support For Concurrent Synthesis 

~ 

4% 

Yes 

66% 

oab - Does Awareness of LCCs Hinder 
Design Freedom? 

80&80 

30 % 

26 % 

No 
44 % 

09 - Are Perf. Measures Suitable 
Metrics For Comparing the Relative 
I nfl ue nce of LCCs? 

Yes 

65% 

9% 

80&80 
26% 

010b - Is it easy to locate & browse 
information on detected LCCs? 

No 
9% Yes 
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Oaa - Does Awareness of LCC 
Motivate Exploration? 

Yes 

87% 

80&So 
13% 

No 
0% 

oac - Does Awareness of LCCs Assist 
in Committing Decisions Consciously? 

Yes 
83% 

80&80 
17% 

~ 

0% 

010a - Are Lees reported adequately? 

Yes 

57% 

80&80 

17% 

011 - Were you provided with advice 
on avoiding/relaxing LCes? 

No 
13% 

Yes 

45% 



Q12 - Is life design history formatted 
ina use fu I way? 

So&So 
30% 

No 
4% 

Yes 
66% 

014 - Ability of adding new objects 
and modifying their knowledge 
content during use of FORESEE 

No 
0% 

50&50 

Appendix M 
Evaluation Results 

013 - Does FORESEE demonstrate how 
Knowledge of Lees can be employed 
during component design synthesis? 

Yes 
83% 

50&50 

13% 

No 
4% 

015 - Assuming more knowledge is 
embedded, is the knowledge of Lees 
design approach useful in practice? 

Yes 

No 
0% 

50&50 

M.2 - Results by Evaluator Category 

Q1. Does FORESEE demonstrate how a designer can build up an abstract 
component compositional (part_of) model from Product Design Elements (PDEs)? 

Designers 

No 
0% 

50&50 
0% 

Yes 
100% 

50&50 
33% 

Researchers 

No 
0% 

Yes 
67% 

So&So 

0% 

Students 

No 
0% 

Yes 
100% 

02. Did FORESEE make you aware of life cycle consequences during component 
model definition? 

No 
0% 

Designers 

So&50 
0% 

Yes 
100% 

So&So 
0% 

Researchers 
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100% 

So&So 
14% 

0% 

Students 

Yes 
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03. Were you made aware of life-cycle consequences when the artefact model 

was still imprecise? 

Yes 
57% 

Designers 

No 
14% 

So&So 
29% 

So&So 
0% 

No 
0% 

Researchers 

Yes 
100% 

Students 

No 
14% 

Yes 
57% 

04. Were you made aware of life-cycle consequences when the artefact model was still 
incomplete? 

No 
0% 

So&So 
14% 

Designers 

Yes 
86% 

No 
0% 

So&So 
0% 

Researchers 

Yes 
100% 

So&So 
0% 

as. For how many phases were you made aware of consequences? 
(M-S = Multiple but Segmented, M&I = Multiple & Interacting) 

M-S 

One 
11% 

Designers 

M&I 

67% 

M-S 

0% 

Researchers 

M&I 

M-S 
57% 

One 

0% 

Students 

Yes 
100% 

Students 

M&I 

43% 

06. Type of lifEH:Ycle consequence awareness provided: 
(G€r7 = Only generic, Corrp. = Corrpany O1ented. Sol. = Solution Oriented) 

Designers Researchers Students 

Corrp. 
33% 

Gen. 
45% 

$d. 

22% 

Coop. 

18% 
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67% 
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22% 

Gen. 
11 % 
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Q7. Do you consider the concept of 'concurrent synthesis' is demonstrated by the 
provided by the system? 

So&So 
29% 

No 
0% 

Designers 

Yes 
71 % 

SO&So 
22% 

Researchers 

Yes 
67% 

So&So 
43% 

No 
0% 

Students 

Yes 
57% 

Q8a. Would awareness of Lee motivate you to 'explore' alternative commitments? 

No 
0% 

Designers 

Yes 
100% 

So&So 
0% 

No 
0% 

Yes 
78% 

Researchers 

So&So 
22% 

Yes 
86% 

Students 

No So&So 
0% 14% 

Q8b. Would awareness of Lee 'hinder' your design freedom? 

Designers 

80&80 
57% 

No 
0% 

Yes 

43% 

Researchers 

No 
67% 

So&So 
0% 

Yes 
80&So 

43% 

0% 

Students 

Q8c. Would awareness of Lee make you confirm commitments more 

consciously? 
Designers 

No 
0% 

80&80 
14% 

Yes 

86% 

No 
0% 

Researchers 

So&So 
22% 
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Yes 

78% 

No 
0% 

Students 

So&So 
14% 

No 

Yes 

86% 
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Q9. Do you find the use of Cost, Time & Quality performance measures as a suitable 
means for comparing the relative influence of a consequence on the different 
life-phases? 

No 
0% 

Designers 

So&So 
43% 

4h/y/////.r.,,;, 
, ".«i1 »~/~ ~ '{:::' ~;.-, ':;',f 

.. w~~~*j~~1;~;;:, f;'>' ~~' ~ 
Yes 

57% 

No 
0% 

Researchers 

So&So 
33% 

Yes 
67% 

Students 

So&So 
0% 

No 

Q10a. Do you find consequences detected to be reported in an adequate way? 

Designers 

No 
14% 

So&So 
29% 

Yes 
57% 

Researchers 

SO&So 
0% 

SO&So 
57% 

Students 

No 
14% 

Yes 
29% 

Q10b. Do you find consequences detected easily to 'locate' and 'browse' upon? 

Designers 

SO&SO 
57% 

No 
0% 

Yes 
43% 

Researchers 

So&So 
33% 

No 
0% 

Yes 
67% 

Students 

No 
33% 

SO&So 
33% 

Yes 
34% 

Q11. Do you consider the system provided advice to the avoidance, or relaxation 

of consequences? 
Designers 

So&So 
57% 

No 
14% 

Yes 
29% 

Researchers 

SO&So 
20% 
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No 
10% 

Yes 
70% 

SO&So 
57% 

Students 

No 
14% Yes 

29% 



Appendix M 
Evaluation Results 

Q9. Do you find the use of Cost, Time & Quality performance measures as a suitable 
means for comparing the relative influence of a consequence on the different 
life-phases? 

Designers Researchers Students 

No 
0% 

80&80 
43% 

Yes 
57% 

No 
0% 

80&80 
33% 

Yes 

67% 

80&80 
0% 

No 
29% 

Q10a. Do you find consequences detected to be reported in an adequate way? 

Designers 

No 
14% 

80&80 
29% 

Yes 
57% 

Researchers 

No 

80&80 
0% 

Yes 

Students 

No 
14% 

Yes 
29% 

Q10b. Do you find consequences detected easily to 'locate' and 'browse' upon? 

Designers 

80&80 
57% 

No 
0% 

Yes 
43% 

Researchers 

So&80 
33% 

No 
0% 

Yes 
67% 

No 

80&80 
33% 

Students 

Yes 

Q11. Do you consider the system provided advice to the avoidance, or relaxation 
of consequences? 
Designers 

80&80 
57% 

No 
14% 

Yes 
29% 

Researchers 

80&80 
20% 
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No 
10% 

Yes 

70% 

80&80 
57% 

Students 

No 
14% Yes 

29% 
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Q12. Do you think that keeping track of the fluctuations in performance measures for the 
different life phases, with different decision commitments is a useful way of formatting 
life design history? 

Designers Researchers Students 

80&80 
29% 

No 
0% 

Yes 
71 % 

80&80 
33% 

No 
11 % 

Yes 
56% 

No 
0% 

Yes 
71 % 

80&80 
29% 

013. Does designing with FORESEE demonstrate the approach of how 'knowledge 
of consequences' can be employed during component design synthesis? 

80&80 
14% 

No 
0% 

Designers 

Yes 
86% 80&80 

22% 

Researchers 

No 
11 % 

Yes 
67% 

80&80 
0% 

No 
0% 

Students 

Yes 
100% 

Q14. Does FORESEE demonstrate how new objects can be added and knowledge content 
manually changed during the use of the system? 

80&80 
0% 

No 
0% 

Designers Researchers Students 

Yes 
100% 

80&80 
0% 

No 
0% 

Yes 
100% 80&80 

29% 

No 
0% 

Yes 
71 % 

015. Assuming more knowledge was embedded within such a system, would you consider 
the proposed 'knowledge of consequences' approach to life design, to be useful in practice? 

Designers Researchers Students 

So&So 
0% 

No 
0% 

Yes 
100% 

No 
0% 

So&So 
22% 
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So&So 
Yes 
100% 
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IAppendix N - Ph.D. Research Publications 

This appendix provides a list of research publications concerning original work carried out 

during this Ph.D. 

Year Publication 

1. Sep. 1996 Borg J. and K.J., MacCallum. (1996). "Structuring Knowledge of LCCs for 

Supporting Concurrent Design Exploration ': Proceedings of the 2nd 

International Knowledge Intensive CAD workshop organized by IFIP WG5.2 

at Carnegie Mellon University, Pittsburgh, USA, 16-18 September 1996. 

Published by Chapmann & Hall, ISBN 0-412-81450-1, pg.208-223. 

2. Aug. 1997 Borg J. and MacCallum K.J. (1997). '~Life-cycle consequences Model 

Approach To The Design For Multi-X of Components': in Proceedings of 

the 11th International Conference on Engineering Design (lCED97). Vol. 2, 

edited by Riitahuhta A. Published by Tampere University of Technology. 

pg. 647-652. 

3. April 1998 Borg J.C. and X.T. Van. "Design Decision Consequences: Key to Support 

for 'Design for Multi-X' ': Proceedings of the 2
nd 

International Symposium 

on 'Tools & Methods for Concurrent Engineering', held in Manchester, UK, 

21-23 April , 1998, pg. 169-184. 

4. Dec. 1998 Borg J.C, X.T. Van and N.P.Juster. '~ KICAD Tool For Pro-Active 

Exploration Support To 'Design Synthesis for Multi-X' ", Proceedings of the 

3rd International Knowledge Intensive CAD workshop organized by IFIP 

WG5.2, held at Tokyo University, Tokyo, Japan, 1-4 December 1998, pg. 

274-295. 

5. Aug. 1999 Borg J.C, X.T. Van and N.P.Juster. "Exploiting Decision Consequences to 

6. 1999 

Support 'Design for Multi-X' - An Evaluation ': accepted for publication in the 

Proceedings of the 12th International Conference on Engineering Design 

(ICED99), being held in Munich, Germany, August 1999. 

Borg J.C, X.T. Van and N.P.Juster. "Guiding Component Form Design 

Using Decision Consequence Knowledge Support', accepted for publication 

in the Journal of Artificial Intelligence in Engineering Design and 

Manufacture. Vol.13 (5). 
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