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Many authors have proposed theories, models and methods in their search
to explain or improve upon aspects of design practice. This field of literature,
commonly known as design methodology, is primarily concerned with:

...the study of how designers work and think; the establishment of appro-
priate structures for the design process; the development and application of
new design methods, techniques and procedures; and reflection on the nature
and extent of design knowledge and its application to design problems.
(Cross, 1984)
Despite the extensive research undertaken since the 1950s, there is no single
model which is agreed to provide a satisfactory description of the design
process (Bahrami and Dagli, 1993). Likewise, there is no ‘silver bullet’ method There is no ‘silver bullet’

which can be universally applied to achieve process improvement. Instead, method which can be
most methods have a well-defined and often relatively narrow focus, ranging universally applied to
from the generation of mechanism concepts (e.g. Pahl and Beitz, 1996) achieve process
through to the management of project risk (e.g. Baxter, 1995). Even so, improvement.

implementation and use of such methods is often problematic, as
experienced by Bucciarelli (1996).

In this chapter, some popular approaches to the design process are
presented and their practical relevance is discussed. Throughout the chapter,
a classification framework is developed to support the discussion and to
relate the diverse range of forms exhibited by these models.

Classifying models of designing

Design is well known as an ill-structured and pernicious problem (Rittel
and Webber, 1984); it is difficult to describe the design process satisfactorily,
and it is an equally challenging task to describe the relationships between
models concerned with its various aspects. Many classification schemes
have been used to frame discussions of such literature, including those

of discipline, nationality of origin, and the historical development of form.

Reflecting many other aspects of design research, however, such frameworks
seem as diverse and difficult to relate as the models they describe.

The following sections briefly discuss three classification schemes which
we believe are useful in highlighting issues of practical relevance. These
schemes are the interrelated dimensions of: stage vs activity-based models;
problem vs solution-oriented literature; and abstract vs analytical vs procedural
approaches. Preceding the discussion of the models themselves, these schemes
are described in greater depth in the following sections.

35

o



chapter_1.gxd 05/11/04 10:58 Page 36 $

David Wynn and John Clarkson

1
o 2
&
& 3
4
Stages
serial
1
3
s 2
o]
<
3
Activities
cyclic
Activities
12 3
1
o 2
[®)]
]
&H o3
4
Stages and activities
repetitive
Activities
1 2 3
1
o 2
[®)]
T
&H o3
4
Stages and activities
and solution space concentric
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Stage-based vs activity-based models

According to Blessing (1994), models of designing may be classified using
the four categories shown in Figure 1.1.This framework is based on the earlier
theorising of Hall (1962), who proposed a two-dimensional perspective of
project development in which the phase-based structure of the project lifecycle
lies orthogonal to the iterative problem-solving process which takes place
within every phase. Asimow (1962) further developed this theory, transferring
Hall’s ideas from the domain of systems engineering to that of design. Asimow
described the essentially linear, stage-based chronological structure of the
project as the morphological dimension of the design process, and the highly
cyclical, rework-intensive activities characteristic of the designer’s day-to-day
activities as the problem-solving dimension.

Blessing refers to those models concerned with Asimow’s morphological
and problem-solving dimensions as stage- and activity-based respectively
(Figure 1.1a and b). She also notes the existence of combined models
(Figure 1.1c) which prescribe well-structured, iterative activities within
each stage (e.g Hubka, 1982); by comparison, purely stage-based models
indicate only the possibility of rework using feedback loops between stages
(e.g French, 1999). Some combined models illustrate convergence on a
design solution (Figure 1.1d) by using progressively more concrete activities
in each stage (e.g Evans, 1959). It will be seen that models with a stage-
based component are more useful in practice than their purely activity-based
counterparts.

Solution-oriented vs problem-oriented literature

Another commonly used scheme places literature into either of the following

two categories, according to the strategy the author proposes is used to reach

the design goal (e.g. Lawson, 1980; Birmingham et al., 1997):

* Solution-oriented, in which an initial solution is proposed, analysed and
then repeatedly modified as the design space and requirements are
explored together

* Problem-oriented, in which the emphasis is placed upon abstraction and
thorough analysis of the problem structure before generating a range
of possible solutions.

Observing graduate students of architecture and science asked to solve a simple

problem, Lawson (1980) concluded that the strategy chosen in practice is

determined by training and background; designers preferred the more creative

'try it and see' solution-oriented approach, while the scientifically trained
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focused on unravelling the problem before attempting to synthesise solutions.
Lawson went on to describe the interlinked and subjective nature of problem
specifications and design solutions, a persuasive argument supported by

many other authors (e.g. Jones, 1970; Cross, 1994), and concluded that real
design problems cannot be solved in a purely problem-oriented fashion. In
fact, it is generally recognised that completing a design requires application
of both of these strategies at one point or another, according to the individual
nature of each problem the designer encounters (Frost, 1992). In conclusion,

NERCERRNS

it may be seen that stage-based models typically adopt a problem-oriented
strategy, whereas activity-based models may be either problem- or solution-

oriented in nature.

Abstract vs procedural vs analytical approaches
The focus of this chapter is on the relevance or applicability of literature to
the problem of improving the effectiveness of a design project. With this in

mind, a third set of categories is proposed here to form the framework used

in this chapter (Figure 1.2): Problem-oriented

*  Abstract approaches, which are proposed to describe the design process at
a high level of abstraction. Such literature is often relevant to a broad
range of situations, but does not offer specific guidance useful for process
improvement.

*  Procedural approaches, which are more concrete in nature and focused on a
specific aspect of the design project. They are less general than abstract
approaches, but more relevant to practical situations.

* Andlytical approaches, which are used to describe particular instances of
design projects. Such approaches consist of two parts: a representation
used to describe aspects of a design project, such as the design structure
matrix or DSM (Steward, 1981); and techniques, procedures or computer
tools, which make use of the representation to understand better or
improve the process of design; see Browning (2001).

To relate this new typology to the previous discussion, abstract models
are usually activity-based in nature — although this is by no means clear
in many cases — and thus may adopt either a problem- or solution-oriented

strategy. Conversely, procedural models are problem-oriented in nature and
always contain a stage-based component. Analytical models of designing 1.2 A classification of design process
are fundamentally different and are described in Chapter 2; the remainder ~ iterature
of this chapter further develops the framework depicted in Figure 1.2 via

a more detailed discussion of abstract and procedural approaches.
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v Abstract approaches
A commonly held theory of designing is that designers can and should resist
Generator bringing their own preconceptions to bear on a problem. In opposition to this
Y problem-oriented perspective, Hillier et al. (1972) proposed the conjecture-
analysis theory to reflect the belief that a designer would pre-structure a
Conjecture problem in order to solve it; that is, that existing knowledge and previous
experiences would be used to influence the nature of the solution. This concept
V forms the basis of the solution-oriented models of design, which are usually
Analysis considered to be more realistic descriptions of the designer's thought process
than their problem-oriented counterparts.
\ One example of a solution-oriented model is that given by Darke (1979)
1.3 Darke’s model of the problem- following observations of architectural design practice (Figure 1.3). Darke
solving process in architectural . . c a1
design argues that the designer does not start by studying an explicit list of problem
Reprinted with permission from Elsevier factors and objectives to be met by the design, but rather tries to reduce the

set of possible solutions to a smaller class which is more manageable. To
achieve this, a subset of the objectives is chosen, based on prior experience
of similar problems and subjective judgement. Darke terms this subset the
primary generator, consideration of which leads to a possible solution or
conjecture being produced. This enables further clarification of the design

requirements, against which the solution is tested and further improvements
are made.
March (1984) proposed a particularly interesting solution-oriented

model of reasoning in design, termed the production—deduction—induction

1.4 March’s PD?e:]l:;znof reasoning (PDI) model. Drawing on the philosophy of Peirce (1923), March argued
in design (March, 1984) that the two conventionally understood forms of reasoning, i.e. deduction
© 1984 John Wiley and Sons Limited and induction, are only able to describe the evaluative and analytical aspects
* of design respectively. He proposed that Peirce’s third type of reasoning,
Analysis termed abductive or productive, is responsible for the essential creative

activities. From this he developed the triple activity model shown in Figure

Y 1.4.

In the first phase, of productive reasoning, the designer draws on the

Synthesis
vague problem statement and his or her existing knowledge to conceive a

V candidate solution. In the second phase, deduction, based on understanding
of key physical principles, is used to analyse or predict the system behaviour.

Evaluation . . . L . . .
In the third phase, inductive reasoning is used to identify possible means

v of improving performance by altering certain aspects of the design, leading

. . to the production of a better solution. In common with other solution-
1.5 Jones’ model of the design

process oriented models, the highly cyclic nature of design is given primary emphasis.
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In contrast, the problem-oriented models are essentially linear, as typified

by the description given by Jones (1963), in which the design process com- Problem

prises the three stages of analysis, synthesis and evaluation (Figure 1.5).The
initial analysis stage involves consideration of the problem and its structuring

Clarification
of the problem

Search for
hypotheses

Selection of
hypotheses

Solution

into a set of objectives. Synthesis involves the generation of a range of solutions,

and evaluation involves the critical appraisal of the solutions against the
objectives. A similar model is proposed by Ehrlenspiel (1995) for the domain

of problem solving in systems analysis, illustrating the divergence of the

design space as solutions are generated, and convergence during evaluation

and selection of concepts (Figure 1.6).
Cross (1994) proposed a four-stage variant (Figure 1.7), in which the
designer first explores the ill-defined problem space before generating a

concept solution. This is then evaluated against the goals, constraints and criteria
of the design brief. The final step is to communicate the design specification

either for manufacture or integration into a more complex product. Since
generation does not always result in a satisfactory solution, Cross includes a 1 g The procedural cycle for systems
feedback loop between the evaluation and generation stages. analysis (Reproduced with

These problem-oriented models are based on the premise that the engineer permission - Ehrlenspiel, 1995)
is capable of formulating a solution-neutral problem statement, and propose
that the final design should be more dependent upon logical deduction than
prior experience. This assumption, common to all problem-oriented literature,

forms the basis of the procedural design models introduced below.

Y

Discussion Exploration
All the theories and models discussed above provide high-level, generic
descriptions of design practice; as such, abstract approaches do not explain Y
the process of designing in detail. Th haracterised b all b
p : ‘1‘g g in detail. They .are charac erhlse y a sm n@ er Generation
of stages or activities and do not describe the specific steps or techniques
which might be used to reach a solution. The practical applicability of such Y
approaches is described rather colourfully by Lawson as:
Evaluation
...about as much belp in navigating a designer through bis task as a 7
diagram showing how to walk would be to a one year old child...
Communication

...Knowing that design consists of analysis, synthesis and evaluation will no 7

more enable you to design than knowing the movements of breaststroke )
1.7 Cross’s model of the design
process (Cross, 1994)

(Lawson, 1980) © 1994 John Wiley and Sons Limited

will prevent you from sinking in a swimming pool.
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Procedural approaches

Procedural approaches are more concrete in nature than the abstract theories

and models discussed above, typically incorporating a larger number of phases

and focusing on a specific audience and/or industry sector. Such literature is

commonly categorised as follows (Finger and Dixon, 1989):

* Descriptive, resulting from investigation into actual design practice. Processes
and procedures observed in industry form the basis of texts which are used
primarily for teaching, training and research purposes. The abstract theories
and models introduced in the previous section are descriptive in nature.

* Prescriptive, which are distillations of best practice intended to improve
effectiveness or efficiency in some aspect of the design project. Such
procedures are usually targeted towards a particular audience (for example,
student, design engineer or manager) and domain (for example, industrial
or mechanical design).

Prescriptive approaches recommend or prescribe guidelines, stages or tech-

niques which, if implemented correctly, are thought to improve performance

in specific aspects of the product or project. To illustrate, a procedure may be
intended to improve product reliability; or to improve visibility of the design
process to its participants.

Hubka (1982) expresses a commonly held view by recommending such
procedures when searching for solution concepts in order to cover a wider
search space, and also suggests that following a systematic approach can be
particularly beneficial in all review and revision activities.

Archer (1965) proposes that systematic approaches are particularly useful
under one or more of three conditions: when the consequences of being
wrong are grave; when the probability of being wrong is high (for example,
due to lack of prior experience); and/or when the problem is complex,
characterised by many interacting variables.

Although widespread, the classification of approaches as descriptive or
prescriptive is of limited practical use, since both descriptive and prescriptive
aspects may be found in most literature. To illustrate, consider the following
distinction of scope in procedural approaches:

* Models, which refer to a description or prescription of the morphological
form of the design process.

* Methods, which prescribe systematic procedures to support the stages
within a model.

Most procedural literature combines collections of prescriptive methods, such

as brain-storming, synectics, functional analysis or morphological combination,
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with a problem-oriented model to illustrate the context of each method.
Furthermore, it will be seen in the following section that models and methods
are often intertwined, with the stages of each model being dependent upon
the methods from which it is composed. The pernicious classification problem
of prescriptive vs descriptive and model vs method will not be discussed
further in this chapter; instead, approaches are classified by focus, with
literature falling between the following two extremes:

* Design-focused, which supports the generation of better products by the
application of prescriptive models and methods to the design process
(e.g Pahl and Beitz, 1996).

*  Project-focused, which advocates approaches to support or improve
management of the design project, project portfolio or company (e.g.
Hales, 2004).

A summary of the emerging classification for procedural approaches is given

in Figure 1.8, which shows the dimensions of descriptive vs prescriptive,

design-focused vs project-focused and model vs method. The following
sections introduce some well-known procedural models and methods,
beginning with models focused on the process of design.

Design-focused literature

Most procedural models present design as a series of stages, each of which is
visited only once by the ideal process. A different perspective is offered by Evans
(1959), who proposes a combined stage and activity model concentrating
on the iterative nature of the design process. Noting that one of the most
fundamental problems of design lies in making trade-offs between many
interdependent factors and variables, Evans’ model argues that design cannot
be achieved by following a linear process. He demonstrates this using the
example of bridge design, where the structure must be chosen to support
the dead weight of the material, but the weight is not known until the
structure has been defined. According to Evans, such interdependencies are
characteristic of design, a view later supported by Eppinger et al. (1994)
and many others.

To solve these issues, an iterative procedure is adopted; early estimates are
made and repeatedly refined as the design progresses, until such time as the
mutually dependent variables are in accord. Based upon this principle, Evans
proposes a prescriptive model for ship design, shown in Figure 1.9.The radial
lines show the aspects of the ship — the interdependent variables — which
must be chosen for the design to be complete. As the project progresses,
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1.9 The design spiral (adapted from
Evans, 1959)

Reprinted by permission from the
American Society of Naval Engineers
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these variables are gradually refined by repeated attention until the ultimate,
balanced solution is reached. At each iteration the manoeuvring room for each
variable decreases as the interdependencies are gradually resolved, smaller
modifications are required, and different methods may be applied to each
problem. Evans notes that the effort required to improve the design increases
as the solution converges, and that more and more resources may be applied
as the project moves towards completion.

A typical example of the more common stage-based models was proposed
by French. The model, shown in Figure 1.10, is based on design practice
observed in industry. It consists of four stages (French, 1999):

* The process begins with the observation of a market need, which is then
analysed, leading to an unambiguous problem statement. This takes the
form of a list of requirements which the product must fulfil.

* During the conceptual design phase several concepts are generated, each
representing a set of physical principles for solving the problem. These
schemes are transformed into a more concrete representation to allow
assessment and comparison. The resulting concepts are evaluated and one
or more are chosen to form the basis of the final solution.

* The chosen architecture is then solidified in the embodiment phase, where
the abstract concept is transformed into a definitive layout.

* Finally, the remaining details are added to remove all ambiguity from the
solution, allowing the release of instructions for manufacture.

French accounts for the non-linear activity sequences highlighted by Evans by

describing his model as hierarchical in nature; in other words, a project may

encompass several stages of the model according to the varying completeness
of each aspect of the design.

Perhaps the most well known of the stage-based models was proposed by
Pahl and Beitz (1996) for mechanical design (Figure 1.11). Each of the four
prescribed phases consists of a list of working steps which they consider to
be the most useful strategic guidelines for design. They propose that following
their prescribed steps ensures nothing essential is overlooked, leading to more
accurate scheduling and resulting in design solutions which may be more
easily reused.

Although many more design-focused models may be found in the
literature, Cross and Roozenburg (1992) describe how most have converged
upon the general form proposed by authors such as Pahl and Beitz and French.
Other examples may be found in the work of Dym and Litte (2000), Ullman
(2003), Pugh (1991) and Roozenburg and Eekels (1995).
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< Concept (principle solution)

Develop the construction structure:

Preliminary form design, material selection and calculation
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7
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design process (reproduced from
Pahl and Beitz, 1996)
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1.12 Product model or chromosome
derived from the theory of domains
(Reproduced from Andreasen, 1992)
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In common with many other authors, Pahl and Beitz (1996) believe that
the most challenging problem in design — or the most resistant to solution
by systematic methods — lies in making the creative leap between problem
definition and solution concept. In the mechanical design literature, a common
feature of methods attempting to support this step is an emphasis placed on
understanding the relationship between the function and form of physical
structures and mechanisms.

Process domain
- process
- operation
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needs —_—
these functions
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is realised by —mm©
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this organ
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Most authors advocate the establishment of a function structure, in which
various physical principles such as ‘friction’ or ‘leverage’ are combined to
solve the design problem (develop principle solution, in Pahl and Beitz’s
terminology). These functions are an abstract formulation of the solution,
independent of possible realisations such as ‘roller bearing’. Defining the
interactions of functions in terms of transformations of energy, material and
signal flows provides an intermediate step between problem and concept
solution. Once a function structure is in place, many authors recommend
the systematic consideration of a number of possible means of realising each
function, using morphological matrices and other combinatorial methods
to ensure that a wide range of possible design concepts is covered.

Hubka (1982) further developed this functional decomposition method

by proposing the consideration of ‘organs’ as a part of the mechanical design
Abstract

process. Organs, by analogy to biological systems, describe the complex

relationship between functions and their realising components. Hubka Process -

Simple

describes organs as the groups of physical components that perform collections — T
unction -

of functions, where the essential features of each organ are those spaces,

surfaces or lines which represent the localities where the necessary effects Organ -
take place. Andreasen and co-workers take a similar approach in their theory

of domains (Andreasen et al., 1997), in which technological artefacts are Constructional
represented from the four structural perspectives of technological principle
(process domain), functions, organs, and physical parts (Figure 1.12)

Concrete

(Andreasen, 1992). Further rationalising the step between the product Total

requirements and synthesis of the physical form, Andreasen (1980) proposes ~ 1.13 Design of a mechanical system
involves gradually building up

models and determining data in four
functions and physical principles (Figure 1.13). domains (Reproduced with
permission — Andreasen, 1980)

that parts may be derived from organs, which in turn are derived from

Many proponents of systematic methods agree that design problems
require a creative and intuitive step which cannot be made by following
prescribed activities. Their methods reflect this belief by supporting but
never prescribing the creative leap itself, which remains the preserve of the
human designer. Pahl and Beitz (1996), for example, stress that their methods
are intended to “encourage creativity, and at the same time drive home the
need for objective evaluation of the results”. Other authors, such as Kusiak,
(1999) take an alternative approach based on the systems theory derived
from the work of authors such as Simon (1996), who argue that the complex
behaviour of systems such as mechanical products is not a holistic property,
but rather arises from the rational interactions between subsystems. Further-
more, Simon argues that such systems are nearly decomposable — in other

45
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words, may be treated as essentially hierarchical in nature. Applying this
reductionist perspective to machine systems, Hubka (1982; Hubka and Eder,
1988) proposes that they may be generated by following a sequence of entirely
rational operations. His method describes the product to be one element
interacting with several others, such as users and operators, which together
form a technical process which is designed to solve the identified need.

Discussion

The design-focused models introduced above are strongly focused on the
technical aspects of solving design problems, describing or prescribing
the steps thought necessary to progress from problem to solution. Some
such authors propose models which are general in nature and have been
applied to many design disciplines — the general form of Evans’ spiral model,
for example, is still in use after more than four decades in diverse fields
from ship design (Rawson and Tupper, 1994) to computer software design
(O’Donovan, 2004). Others are more strongly focused on product structure
and are thus less relevant outside the target discipline.

The methods accompanying each model are intended for use by engineers
and designers to support the execution of individual design steps. They typically
concentrate on the early stages of the design process — Roozenburg and Cross
(1991) went so far as to question the existence of detailed procedures for
the embodiment and detail design stages. As with models, methods may be
dependent or independent of discipline; whereas morphological combination
is of limited use in the design of non-mechanical products such as micro-
processors, brainstorming and requirements analysis are applicable in most
situations. According to Pugh (1991), successful product design is subject to
the integration of such general design methods with traditional engineering
expertise.

In practice, the applicability of such models and methods is limited by
their product-focused perspective, which implies that the key difficulty in a
design project lies in finding solutions to the technical problems. In reality,
however, even the simplest design process is a highly complex socio-technical
activity requiring a much broader range of skills, from marketing to human
resource management. This is highlighted by Ulrich and Eppinger (2003),
who describe how bringing a screwdriver to market takes six individuals
and a period of 12 months; more complex products, such as passenger
aircraft, require the organisation of tens of thousands of man-years’ effort.
Furthermore, many authors describe how most complex design projects
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place strong limitations on early concept design, with constraints such as

existing product platforms and legislative requirements often predetermining

the form of the solution (Pugh, 1991; see Figure 1.14). In such circum-

stances many concept design methods are of limited use, and the primary

difficulty design companies face lies in the integration of diverse methods,
disciplines, tools and personnel (e.g. Andreasen and Hein, 1987).

Concept desig®

SO ::32__

---------

Manufacture

Sell

Original design Adaptive design

Project-focused literature

The project-focused literature discussed in the remainder of this chapter
places emphasis on understanding the context of the design process, including
such cost-related activities as product planning, marketing and risk man-
agement (e.g. Baxter, 1995). In other words, project-focused literature
concentrates on product development as opposed to product design, de-
fined by Roozenberg and Eekels (1995) as the development of a new
business activity around a new product, where understanding the inter-

action between developing new products and new business is considered

the key to success.
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1.14 Original vs adaptive design
process (adapted from Total design
by Pugh, 1991)

Pearson Education Ltd.

© Addison-Wesley Publishers Ltd.

© Addison-Wesley Publishing Company
Inc.
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Manufacturing issues
need to be considered in
early decision making.
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Integration of personnel and disciplines

Focusing on concept development, Ulrich and Eppinger (2003) propose

methods intended to facilitate problem solving and decision making by

integrating personnel from a variety of backgrounds and perspectives. They
include the following as key challenges in new product development:

* Recognising, understanding and managing product related trade-offs,
such as weight vs manufacturing cost.

* Working in an environment of constant change. As technologies and
customer demands evolve and competitors introduce new products, there
is a constant time pressure on all design and development activities.

* Understanding the economics of product development from marketing
through to manufacture and sales, so that a return can be made on initial
investments.

Taking a similar viewpoint, Pugh writes that industry is concerned with ‘total

design’, i.e.:

“the systematic activity necessary, from the identification of the market/user

need, to the selling of the successful product to satisfy that need—an

activity that encompasses product, process, people and organisation.”

(Pugh, 1991)

In other words, the development of any product requires the input of
personnel familiar with many different disciplines, including those of technical
engineering, engineering design, and many other non-technical fields. This
integraton of disciplines requires that all participants have a common view of
the total design activity and can, therefore, subscribe to a common objective
with a minimum of misconceptions. Pugh believes that visibility of operational
structure is key to this common understanding, so that “everyone can find
out what people are doing and why”. He proposes that a disciplined and
structured approach is necessary to achieve this.

Consideration of manufacturing constraints

A special emphasis is often placed on the importance of early analytical work
to clarify design requirements — efficient design processes are of little use
if the wrong product is being developed — but many early design models make
litle mention of manufacturing issues. Recognising that the manufacturability
and the cost of the product are intimately tied to all design decisions, especially
in the early phases where the concept is chosen, most modern methods
highlight consideration of manufacturing concerns as an essential component
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of the successful design project. For example, Ullman (2003) proposes a stage-
based method broadly similar to that of Pahl and Beitz, but includes design for
manufacture and design for assembly as explicit steps at the end of the
process.

Many other authors represent manufacturability as an influence which
affects all stages of the project lifecycle. Andreasen and Hein (1987), for
example, describe product development as the simultaneous development
of market, product and production (Figure 1.15).

) Determining . Market .
. User inves- . Preparation
the basic . inves- Sales
tigation o for sales
need tigation
E Determini Product Prelimi Modificati
9 etermining roduc reliminary odification |1 o 1t
< the type of principle product for )
) ) ) adaptation
,'E product design design manufacture
Consideration| | Determining Determining Preparation
of process type of production for Production
__J| type production principles production
0 1 2 3 4 5 1.15 Integrated product development
Recognition Investigation  Product Product Production Execution (reproduced from Andreasen and
of need of need principle design preparation phase Hein, 1987)
phase phase phase phase phase IFS Publications Ltd.

Verification and validation

In a number of safety-critical industry sectors, such as aerospace, healthcare
and power generation, formal demonstration of a product’s ‘fitness for
purpose’ is required before it can be released on the market. Good software
development practice also places an emphasis on the provision of systematic
proof of fimess of function. However, this aspect of design is not explicit in
many of the models presented thus far in this chapter. Whilst ‘evaluation’ and
‘iteration’ are mentioned, their presence is more a reflection of observed
practice than a formal description of the steps necessary to ensure fitness
for purpose.

A particularly useful model of the design process, which highlights
the role of evaluation, is the ‘waterfall model’ used by the US Food and
Drug Administration’s (FDA) Center for Devices and Radiological Health
to promote good design practice (FDA, 1997).This model, whilst it says
very little about design, illustrates the important and complementary roles
of verification, validation and review in medical device development (Figure
1.16).
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The waterfall model has at its core a five-stage design process supported
by three evaluation processes, namely:
* verification, which establishes whether the device design described by the
design output conforms to the requirements described by the design inpu;
* validation, which establishes whether the medical device, produced in
accordance to the design output, actually satisfies the users’ needs;
* review, an activity undertaken regularly to ensure that good practice is
followed at all times.
Validation is evidently a more involved process than verification and is usually
understood to be the cumulative sum of all the verification efforts.
The overall philosophy of validation is the same whether it is applied to
a device or its manufacturing process (Alexander et dl., 2001). For a device,
validation is ultimately achieved by showing that the final device meets the
original user needs and intended uses. For a process, validation is achieved by
showing that the process equipment meets its original needs and intended
uses, reviewing both the process equipment design and the corresponding
production development (Figure 1.17).
The key to successful verification and validation lies in the early definition
of the validation requirements. This helps to ensure that a design emerges
that is not only fit for purpose, but may be proven to be so. Problems arising
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\ 1.17 The medical device V-model
- (Alexander and Clarkson, 2000b)
Medical Reproduced with permission of Taylor &
device Francis Ltd.

during validation inevitably result in some level of design iteration and
further validation. Figure 1.17 may be further expanded to include device
and process verification activities (Alexander and Clarkson, 2000a, b). Such
models are applicable to all products and their associated manufacturing
processes. However, the extent to which formal proof of validation must be
presented will depend on the regulations governing a particular industry sector.

More recently, the FDA released a further model of the design process as
part of their strategic plan (FDA, 2001). The total product life-cycle model
(Figure 1.18) is a bold departure from the waterfall model (Figure 1.16)
and is intended to highlight the iterative nature of device development and
the connectivity between all stages of development. It alludes to issues such
as Design for X, verification (preclinical), validation (clinical), quality, risk
management, and so on. While it does not advise how to design a device,
it does highlight many of the key issues.

Managing influences on the project

Projects are always influenced by a large number of factors which often have

very little to do with the design process itself. Influences vary from project

to project, ensuring that each is unique. This poses a management challenge,
which Hales (2004) believes is best resolved by promoting awareness of
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1.18 The total product life-cycle
model for medical device design
(adapted from FDA, 2001)
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the influencing factors and their possible impacts on the project. He provides
a comprehensive list of such influences at several different levels, including
the macro-economic, micro-economic and corporate scales, summarised in
diagram form in Figure 1.19. His method advocates the explicit consideration
of each item on these checklists so that design managers can gain a broader

perspective and make more informed decisions. The figure shows the now

familiar stage-based view of the design process, placed into context within

the project, company and market.

Individual projects must often compete for limited resources within the
company. Furthermore, the development of complex products typically
requires the coordination of many organisations, of which the individual
companies may have responsibilities ranging from subsystem design to
component manufacture; in either situation, successful integration of inter-
organisational processes is critical to prevent delays to the project. For example,
specification errors can be extremely costly for an externally designed, long
lead-time component. Other influencing factors are further removed from
the project and cannot be directly managed or influenced. For example,
changes in organisational structure, government legislation or available
manufacturing technology may cause a project to fail or to be cancelled.
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1.20 ‘The third-generation process'
(Cooper, 1994)

Reproduce with permission of Blackwell
Publishing Ltd.
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Process control and evaluation

The problem-oriented perspective of the design process as a linear progression
through a series of stages is popular in industry and has been adopted in
a variety of forms by many successful companies, including DuPont, 3M,
Hewlett-Packard, Proctor and Gamble, ICI-UK, IBM, Polaroid, Black and
Decker and Exxon Chemicals (Cooper, 1994).The ‘gates’ between stages,
through which each project must pass to continue, are a dual-purpose
structure used both for rationalising decisions and for planning. The well-
defined deliverables from each stage are convenient documents with which to
assess whether a project is likely to succeed, and the timing of these milestones
anchors the schedule of the overall development project.

The artificial division of the process provides management with a quality
control structure in which each gate represents an opportunity to recognise
and halt a failing project; if the criteria for passing each gate are chosen wisely,
following a prescribed process is one way of assuring the quality of the
resulting product (Ulrich and Eppinger, 2003). Implementing such proce-
dures allows a company to comply with quality standards such as ISO9000
(1994) or APQP (1995). This is obligatory for large engineering firms, as
most European companies require their suppliers to gain such accreditation.

However, Cooper (1994) argues that there are many practical weaknesses
to this form of gated process control. The system can be inefficient, in that
projects must wait at a gate until all necessary activities have been completed.
The overlapping of stages is impossible in most cases, although it is often
desirable in the above situation. There can be high bureaucratic overheads at
each gate, and the individual project perspective means there is little provision
for managing the division of resources across a portfolio (Figure 1.20).

Preliminary Build Development Test and
investigation  business case validate
’ Stage N O 3 Stage )O} Stage Stage etc.
1 2 3 4 > <> >
Gate 1 Gate 2 Gate 3 Gate 4 Gate 5

Today's stage-gate process

| stage1 Stage 2 Stage 4 etc.
@ KR Prelim\ S8 Test \S>
investigation Business case || Development || and validate
Gate 1 Gate 2 Gate 3 Gate 4 Gate 5

Tomorrow's 'third-generation process' with overlapping, fluid stages and
'"fuzzy' or conditional go decisions at gates
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Cooper proposes that these systems should be made more fluid and
adaptable, should incorporate ‘fuzzy gates” which are situational and cond-
itional, should provide for sharper focus of resources and better management
of the portfolio of products under development, and should be generally
more flexible than the current stage-gate model.

Discussion

Many authors have proposed models and methods to support design project
management. However, for each situation which may be improved by the
application of such methods, there are many more which cannot; those
problems highly dependent on human factors have proved particularly
resistant. Another common difficulty lies in the balancing of activities and
resources across a portfolio of projects under development; many methods
are strongly focused on individual projects and offer little useful guidance
in such a situation.

A key weakness of all the literature reviewed here is the difficulty of
application to real design problems. Such methods range from the broad
but abstract through to the concrete but limited in scope, and each design
project represents a unique combination of a wide range of factors. Maffin
et al. (1995) argue that although most process models are too general in
scope and prescriptive in nature for easy application they can be interpreted
for use in each design company (Table 1.21).

Company structure Manufacturing process Suppliers
Establishment size Process complexity Rationalisation
Independence Process flexibility Degree of control
Centralisation Process constraint Collaboration
Production volume Locality

Internal span of process

Market/customer Product Local environment
Market type Product type Local labour market
Market size and share Product variety/range Skills
Market complexity Product complexity Training
Market infrastructure Product structure Local support infrastructure 1.21 Company classification
Exports Product status Financing and grants dimensions and key factors (Maffin,
Number of competitors Innovation rate 1995)
Competitive criteria Design capability Taylor & Francis Ltd. at

http:/Avww.tandf.co.uk/journals/
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It is clearly important to make informed decisions about the nature of
the models to adopt in the context of a particular situation. Maffin proposes
that a set of critical factors which define the organisation and the product
are influential upon the product development process, and that classifying
companies according to this framework could form the basis for guiding
the application of models in industry. Within a company, and for a particular
line of products, many of these factors may be considered fairly constant.

Conclusions

To conclude, the theories, models and methods found in the literature
span a diverse range of design problems and disciplines. To gain a balanced
perspective it is necessary to study many such texts. Only by attempting to
understand the design process from all points of view, from the individual
designer’s problem-solving process through to the need for continual business
development, is it possible to begin to effect process improvement.

However, while these models all offer insight into the nature of the design
project, they are far too general to help with project planning activities or to
guide the daily decisions which must be made by design managers.We
believe that recent advances in analytical techniques offer great potential
in this area; such techniques are discussed in Chapter 2.
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