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Abstract

The subject of this Thesis is that of engineering design.,
The primary objective of the Thesis is to produce a model of the
engineering design process. This model represents the way engineering
design takes place regardless of the scale of the design project or the
type of object which is being designed.

The model is consensus based and has been produced through an
extensive review and analysis of literature, (the literature review
being completed in 1987) taken both from the field of engineering design
and from disciplines concerned with related issues, In addition to the
review and analysis of literature, a large number of interviews and
consultations were undertaken with design experts and designers.

The Thesis is divided into three main sections. The first
section is concerned with a discussion of the evidence gained through
the processes of literature review and interview/consultation. The
second with a description of the model and its origin. The third is
concerned with a description of the means by which design takes place.

The model 1s essentially sequential, but has also
incorporated the major elements of process type models of design. By
demonstrating that an accommodation is possible between these two design
theory approaches, an advance has been made into the understanding of
the way in which design takes place.

The model consists of sequential stages each of which
characterises a major type of activity within the process and which
describe the design process from the initial perception of need through
to the production of the finalised design configuration. Designs are
developed by passing iteratively through these stages., Solutions and
partial solutions, along with other design information are stored within
the Blackboard.

The means by which designs are developed is also examined in
terms of the type of aid they give the designer, and their informatic
relationship to the design process.



1. Introduction

Designers are faced with the challenges of ever increasing
complexity in planning and designing such items as integrated circuits,
mechanical systems, chemical compounds, production processes, control
and measurement systems and large buildings. Despite the demanding
nature of this type of design work, most designers still approach these
problems intuitively without rigorous methods for generating or
evaluating designs. It is the aim of this thesis to demonstrate that
there exists a fundamental structure common to all design and within
this to concentrate special attention on to one particular area, that of
generating design concepts. The specific aims and approach which will
be used in this study are dealt with in detail in another section,
(1.1.) at this point however it would appear useful to offer a very
brief introduction to the overall area of design and relate this to the

work undertaken in this study.

Design is the creative proceas by which one moves from
perceived need to realised solution. It is a process which moves from
the abstract to the concrete. It is as such also a dynamic process
which concerns i{tself with the collection, manipulation synthesis, and
representation of knowledge. It will be argued that all these elements
are present in all types of design, regardless of the form, scale and
complexity of that which is to be designed and regardless of the
formality with wh;ch the task is undertaken. Further to this it will be
argued that all engineering design is governed by a fundamental set of
principles and imperatives, A framework which is the basis for all

design activity will be put forward. From this framework one particular



area will be taken and examined in depth. The reasons for the adoption

of this approach are given in greater detail in section (3).

When one considers that all man-made articles must in some
sense be designed and that man has been making things for a quite
considerable length of time, the study of the process of design and the
area of designv in general have until comparatively recently been
neglected. Now however that the study of the design process has been
taken up, one of the main problems encountered has been that much of the
knowledge of the design process is embodied within human experts, who
are often unaware of their own cognitive processes. In addition to
this, traditionally, the massive complexity of real design problems have
been successfully dealt with by human experts using a heuristic
approach. Thus considerable.work has been needed to extract, organise

and apply this knowledge.

Advances in the study of the design process have however
taken place. These advances have occurred in part due to the
constraining and limiting of design space and in part due to a
convergence of ideals and methodologies that have given structure to
previously indifferent problems. Little work however has been done to
explore whether these advances are confined to a particular discipline
or whether they can be generalised through analogy to other fields. One
of the major aims of this thesis is an attempt to demonstrate, by
analysis and synthesis of existing design theories and methodologies,

that a model of engineering design is possible based upon fundamental

principles.



1.1. Aims

Within this section a description of the aims of the thesis

will be given. In outline these aims are,

to produce a model of engineering design
through a process of analysis and synthesis of
literature relevant to the field of engineering

design

to define and relate the use of design aids to

the design process

to demonstrate the relationship between design
theory, (the model), and means to design,

(design aids)

to explore in depth the methodologies and

problems of concept generation,

By the production of a model of the engineering design

process it will be demonstrated that fundamental principles exist which

are applicable to all forms of engineering design. It will be argued

that a structure exists which is applicable as a formalised methodology,

and thus a crucial element of designer support in large scale or complex

design, and that this structure will also serve as a vehicle for the

understanding of the cognitive elements which operate within the

designer, Thus the model 1is seen as providing support for the

structuring, organisation and control of design when design takes place



in any formalised manner and as a theoretical framework for the
comprehension of informal design. These statements raise certain
questions about the purpose and usefulness of both design models and
design methodologies, as well as the relationship between the two.
These issues are acknowledged and are discussed in detail within the

section related to model, (3).

A second purpose which the model is to serve is to allow for
an in depth analysis into the kernel of design, the generation of design
concepts. By this phrase what is meant is that the core of every design
is the idea or concept which it is hoped will prove the solution to the
design problem. The generation of such concepts is thé most essential
element to the entire design process. However before it is possible to
accurately discuss the methods, approaches and constraints which are
involved in this process it is extremely important to understand fully,

its relationship with the rest of the design process.

The definition of the relationship between design aids and
the engineering design process is important in two ways. Firstly, it is
only possible to fully comprehend the way in which finalised designs
come about by taking a holistic view of all the elements which
contribute to them. Secondly, by defining this relationship it becomes
possible to integrate and thus optimize the way in which they both

contribute to the process as a whole.

It would perhaps be wuseful at this stage to offer a
definition of what exactly is meant by design aids, and contrast this to

what is meant by design process. Design aids are the means to design.

- 10 -



They are those things which assist the designer to formulate, manipulate
and represent his ideas. Such a definition includes such physical items
as pencils, C.A.D. systems, graphs, literature etc., but it also
includes, or allows for the possibility of, methodologies and procedures

etc., which may well be considered non-physical aids.

The design process 1is the structured relationship of
information which exist separately to design aids but to which they
contribute by assisting with the supply of this information. Design
aids thus exist to help the designer to generate and manipulate
information, the process of design determines the flow of this

information.

The generation of-design concepts is the most central element
in the design process. The importance and place within the overall
process can only be fully understood when it is presented within the
context of that process, and this 1is gone into in considerable depth
later in thesis. However 1t 1is possible to highlight its major

characteristics and their relevance to design.

Design is a process which has as its initial starting point
this perception of need. Before however this need can be satisfied it
must to some extent be given definition. Once a need has been clearly
defined it is then possible to attempt to create possible solutions. It
is the generation of these possible solutions which requires the
generation of design concepts. Design concepts can fulfil either minor
elements of the design requirement or sub-functions and whole functions,

and in the case of some design méy well fulfil the entire need. It is

- 11 -



the way in which these concepts are generated that will occupy one of
the main subject areas of the thesis. Without the generation of design
concepts no design can take place and as such they occupy an extremely

important position within the process.

1.2, Purpose

In this section the overall motivation behind the subject
area will be explained. In the previous section what will be undertaken
within the thesis was explained, in this section I shall explain why
these aims were chosen. The purpose of this thesis 1s to demonstrate
through the production of a consensus based model of the design process
and an in depth analysis of the major element. Within that process, the
generation of design concepts, the way in which all design takes place.
Thus a model of the design process will be developed which outlines the
framework and main characteristic of design process, and which also
describes the way in which these elements inter-relate. As a result of
this it is hoped that a greater understanding of the process will be
achieved. This in turn it is hoped will lead to benefit in such areas
as,

- Design Education,
- The introduction and improvement of. design
automation,
. = -The optimu@ structuring of organisations
- The greater understanding of information flow

within design.




- The greater understanding of the problems

relating to concept generation

1.3, Method

The method by which the information contained in this thesis
has been gathered is through an extensive study of related literature,
(this study was completed in 1987) backed up by interviews and
consultations with experts in the field of design. Through this work a

consensus model of the design process has been built up.

The production of any consensus model does however raise
certain methodological probleTs. By attempting to concentrate on these
elements which are agreed upon within any broad area of literature one
must take a fairly broad view of that which is being said. Obviously
when one asserts that similar basic points are being made, but being put
forward in a differént manner, such assertiona are always open to the
criticisms of misinterpretation or nﬁsrépresent#tion. It is however
hoped that'when attempting to demonstrate basic similarities between
diffgrent ;literature, it. is ‘demonatrated that the essence of the
arguments put forward within the literature does notkcontradicf the
conclusions draﬁn from it, This problem is common to all forms of study
'which,basertheir aésertions on analysis of a wide variety of literéte
sources, _Ey careful argument and sénsitivé analysis it ié believéd ﬁhat-

these problems can to the greater part be overcome.

As,well}as;the above general,methddological,problems cdmhon.t




to all consensus based studies, there are in addition problems which

specifically relate to the area of design.

The purposes for which literature of design is written differ
quite considerably, these differences however can be broadly speaking
put under two headings, description and presc¢ription. Literature which
is written from a descriptive perspective seeks to state what in fact
does happen in the design process. Alternatively prescriptive
literature seeks to recommend what should happen in design. Though
these two approaches differ they are not mutual exclusive groups.
Literature in the former approach 1is usually contained in academic
works, where as the other approach tends to dominate works, which fall
under the category of educational literature. Any argument that these
two approaches are in some way incompatible and cannot be synthesised
into one c¢oherent consensus model of the design process 1is however
erroneous., First the two approaches share a great deal of common ground
in terms of beliefs about the structure Of"design and the relationships
ofkthe elements which comprise thekstructure. : Secondly although some
literature seeks to describe the~brooess and others;seek'to state .how
the process should be conducted, ‘a - majority of the  literature uses a
mixturs of both‘approaches.‘ In the majcrity of cases the differences
between the two'approaches are not about the fundamental characteristics
of the process, but rather the way in which it can be fine tuned to
produce better design,by two appliﬁation of more rigofouskproceduresAand
methodologies.,'This'point is argued in direct'referenég to the 11teréby

sourées within sections (2) and (3).

A second problem with regard to the use oflliterary*material:; ~x




which is particular to design is that the majority of literature is
based upon participant observation. By this what is meant is that the
authors of such literature base their assertions upon personal,
observation, experience and interpretations of the events around them;
The main criticism of this form of study is that it is subjectively
based, and because of this lacks the objective authority of
experimentally based studies. In response to this line of argument a
number of replies can however be made. Firstly the appropriating of the
use of experimentally based studies into the area of the design process
can be brought into question, The use of experimental methods in
relation to large scale human interactive activity and creative activity
in particular is extremely restricted in terms of the difficulty they
present in devising appropriate tests. Secondly it is important to
remember that one of the main aims of this thesis is the production of a
model of the design process. When producing a theoretical framework it
is not always a necessary pre-condition to draw upon experimental work.
Finally if one is to construct a framework based upon a consensus of
opinion one must as’such draw upon that opinion. The majority of work
in the area of design is of a participant observational nature and since
these tend to be the observations of ~experts with considerable
‘experience in fhe tackling of design problema it would appear to be a

methodological sound approach to attempt to draw upon their knowledge.

1.4, - Structure
“* " In this section an outline will be'given of the #EY‘iﬁthiGh L

| ~ff515¢f7; _ ¢




the topic areas of the thesis will be constructed in relation to one

another and a brief explanation given for the reasons for doing so.

The initial area which will be dealt with is that of the
model., This 1s seen as being both an important area in its own right as
well as providing the theoretical backdrop for the detailed discussions
for specific areas within the design process, The production of a
validated model of the design process is thus seen both as a means of
describing the process as whole and as a vehicle through which such
activities and sub-processes as, concept generation, the Blackboard
control mechanism and design aids, can be more fully discussed. The
model as such is thus seen as a key element in the construction of this

thesis.

»
L3

Having produced a model of the design process it is then
proposed to examine the means, through which design takes place, The
means to design is seen as those items and techniques through which the
designer produces design; These design aids cover such areas as C,A.D.
gsystems, the pencil, the symbolic -means of representing design, the
manipulation storage and transfer of information,,etc‘ : A'descfiption

and definition of these means will be undertaken,

These two elements of design, the theoretical and the actual
will then be integrated to produce a full description of the process and

its accompanying elements.

The control element (Blackboard Model) and the knewledgelafeat-.‘

can then be discussed, These two elements between~them*prévide»the-




informational resources essential to design. The control element
defines the relationships between the stages of the process, it also
ultimately controls the selection, manipulation and synthesis of

informational resources into finalised design.

The final area which will be discussed will be the generation
of design concepts. Design concepts are the key element in the entire
process. Without the creative generation of possible concepts capable
of fulfilling the requirements no design solution is possible. Ways in
which it is possible to assist this creative activity will be examined

and a psychological perspective taken in terms of the nature of the

process as a whole.




2. Literary Sources

This section deals with the literary sources which form the

basis upon which the model of design is formed.

2.1. Introduction

The model of the design process which is presented in this
thesis is a consensus model. It has been produced by a survey and
analysis of a wide variety of design related research. This section
deals with the sources which have been drawn upon and discusses the way

in which they have influenced the production of the model.

In the production of the model an attempt has been made to
identify the major areas of agreement within the majority of the
literature, these will be highlighted and discussed within the following
sections which deal with particular topic areas. As such a large number
of sources have been drawn upon, the discussion of them has been divided
up into topic areas. These areas contain literature which address
similar design topics and as such within each area a number of different
approaches can be identified. It will however be argued that there
exists sufficient areas of agreement to allow certain generalisations to

be made and common features identified.

Although there is a great deal of variety in the types of

approach used to characterise types of design activity it 1is
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non-the-less possible to divide the 1literature 1into two broad
classifications of approach. These consist of prescriptive design
literature and descriptive design literature. Prescriptive literature
attempts to state the way in which design should be undertaken.
Descriptive literature, though often no less judgemental, attempts to
state what in fact takes place during design. These two approaches are
often seen as being fundamentally opposed in that the differences are
such as to make the interchange of information between the two invalid.
The division of the two approaches is however often far from absolute.
Writers on the subject of design, it will be argued, often fail to make
a clear distinction between the two approaches and often move back and
forth between them during the course of their works. Also it will be
argued that the prescription literature is based upon the experience of
a designer, usually the author himself rather than an experimentally
collected empirical data. It will be argued that both prescriptive and
deseriptive approaches can be used to form a consensus model as the
differences between the two approaches are largely ones of detail.
Large areas of agreement exist in terms of what is perceived as actually

taking place with divergence taking place of how these things can be

best undertaken.

The above it is hoped will outline the major points which

will be looked at in relation to the literature discussed below.
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2.2. General Design Methodologies

The terms method and methodology are widely used in design
and will be used frequently in the discussions of design literature.
They apply to some extent to all design, in spite of this the terms

themselves are not in any real sense given a precise definition.

Every design process may be structured into a more or less
complex partial process, phase and design step with the help of a
general procedural model. The resulting procedural elements are also
processes within which information is exchanged. Each element has a
goal which may be jidentified within the overall process. If these
processes are to progress in a planned and methodical manner towards
their goals, rules of behaviour and methodical directions must exist.
These are either contained in specific methods, or in working
principles. At this point two issues must be addressed. The first is
that it is argued that not all design takes place within a methodology.
It is true that not all design takes place within a defined
methodological structure. However as this section will argue, meghod
will be present to some extent in all design, even if only in a fairly
informal manner. Secondly it 1is argued methodological constraints
hamper creativity. Within the arguments presented this possibility will
be acknowledged, but only when the methodology deals too rigorously with
the creative aspects of design. It will also be argued that the
creative aspects of design can be enhanced by the use of methodological
procedures. When c¢onsidering methods, the  relationship between
technical knowledge and methodical procedure must be emphasised. Even

the best method is not able to substitute for gaps in technical



knowledge and expertise. Methods are merely one dimension in design

activity.

The use of the term method to designate a particular path to
reach a desired goal is not uniform in science and especially not in
practical life. On the one hand, the term is applied to complicated
systems of procedure which deserve the name methodology, such as value
analysis or mathematical modelling. The term also applies to simple

rules of behaviour such as systematic search.

For the purpose of this thesis design method will be defined
as any system of methodical rules and directives that aim to determine
the designer's manner of proceeding to perrorm a particular design
activity and regulate the imteraction of the designer with available

technical means, or aids.

If a general method exists, then a particular procedural plan
can be set up to determine the designer conduct in a design activity for
a particular case, A method may be the starting point for a number of

procedural plans and these can be modified to suit different problems.

-2 -



2.3, Design Education

This section will be used to discuss research which has been
conducted into the area of design education. The majority of research
within this area has tended to firstly attempt to outline the design
process, whilst at the same time offer insight into ways in which the
design might better deal with the problems inherent within that process.
The general method used by researcher within this field is that of
participant observation, largely taking the form of introspection and

observation by experienced designers.

The foremost feature of research in this area which should be
noted is that there is total agreement that design is in fact a
structured process. Intuition and imagination though excepted as
elements contained within the process are not viewed as constituting the
process as a whole. Though the descriptions of the process that are put

forward differ in detail, all contain fundamentally similar traits.

A large amount of the research in this area emphasises the
morphology of the process. Glegg (1969) describes the process as moving
from reality to abstract symbolic and then as the design is formed
returning once more to reality. Asimov (1962) also puts forward this
theme of design moving from initial perception of need, to an
abstraction of the problem as a search for potential solutions is made
and then the process returning to the 'real' or physical as actual
finalised design solutions are formed. For Asimov (1962) this
morphology of design is determined by logical steps, each predeterming

the next. This last point 1is one which will be returned to as the

-22-



sequential nature of the process is more fully examined. It is however
important to note that even from the simplest and most generalised
statements put fofward by the researchers in this area there exists the
notion of sequential movement through a process. French (1985)
reiterates the theme in a more defined manner by stating that design
consists of clearly identifiable stages. These stages are characterised
by the activities which take place within them and consist of generation
of specification, generation of design concepts, the evaluation of these
concepts and finally the production of the finalised design. Alger and
Hays (1964) though placing greater emphasis on the roles of experience
and reflection by the designer in the design process than other
researchers in the area, also stress that design is a process that moves
from need, through a phase mainly characterised by abstraction, towards
the final realisation and imglementation of design. Indeed they state
that a design process does exist, Jjust as a work-flow process seems to
exist for many kinds of works, (pp 10). Again Alger and Hays also see
these phases which constitute the process as being definable into stages
each of which fulfils a particular purpose within the over-all process

and which follow each other in a sequential manner,

Though there is general agreemeht that design is a process
and that it does have a definable sequential structure, there are
considerable differences in the way “in which this structure opebates;
its componentvparts and the degree of définition which is épplicable té |
these parts. Glegg (1969) for example 6ffers a set of broad phases as a
description of the process, stating the géneration'of what will take’
place within. each.  Pahl and Beitz (1984) . in contrast  détail -thé

sub-components or sub-activities withinkclearly defined phases stating




the way in which design progresses within each of the phases and stating
the way in which they interact with each other and the overall process.
The work of these last two authors can be used to highlight a problem
which exists when attempting to discuss the sequential stages which
constitute the design process. When describing the design process the
description of the activity often becomes blended with prescriptive
advice, on how best to improve designer performance. The distinction
between what does happen and what should happen is thus not always
totally clear. Cain (1969) recognizes this problem and firstly offers a
generalised description of the process and then ‘'advocates from
experience' (pp 7) the use of methodology as a way of clarifying the
process and increasing the likelihood of a successful design. Cain
(1969) argues similarly to Asimov that design is a logical process, and
from this point of view goes on to assert that for the best design
results the process should be formalised into a method. Pahl and
Bietz(1984) take this theme slightly further by expressing the design
process through formalised decomposition, offering a systematic method
to help the design over come the problems which present themselves at
each stage and sub-stage. Asimov similarly though to a lesser extent
blends description and methodological advice, as does Gosling (1959).
Beakley and Chilton (1974) also offer description and advice. For these
two authors design is a sequential process which is described as one
which moves from the general to the specific and which proceeds through
the stages of, feasibility study, preliminary design and detéil design.

the 1attervré5ulting in the final design configurétion.

What is apparent from studies of the research in this area is

that in the main the basic conclusions about the‘néture‘df the»design
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process are extremely similar. Before moving on to examine in more
detail the way in which the descriptions and methods presented in this

area differ in their detail a number of points can be made.

Design is a process consisting of identifiable stages. The
stages exist in a sequential relationship. These stages can be
decomposed in such a manner so as to allow for the implementation of
some form of method. The use of methodologies is seen as assisting with
the production of a successful final design. The design process can be
typically described as starting from the point at which a need is
perceived and actions are undertaken to try to fulfil that need. The
design process moves from the initial perception of need through a phase
or set of phases which can be characterised by abstraction and search,

Fhom the activities which take place within this phase a final design

configuration emerges.

-Though the research overwhelmingly agrees with the above
points there is éubstantial divergence in the actual detail as to how
the actual process is constructed. J. C. Jones (1963) for instance
though,agrée’ing‘with the basic components of the process as outlined
above, pklac’ers great_emphasis uypori the degree of complexity in the
design.  Complexity in design for Jdnes 13 not purely a technical
consideratioh bﬁt_rather gains the greater part of this characteristic’ o

by its relationship with the external environment within which 5_; is°to

exist, Jones states, (and this is reiterated by Stevenson (1973)), thatf‘_g

there are four levels to the complexity of a design. These can be

categories by the designs relationship with, . component Product, ; Syatem,:g

and Community. For Jones 1t is the relationahip betwaen the design and




each of these four different levels which creates the degree of

complexity of a design.

Bunl (1960) and French (1985) alternatively are amongst those
for whom the creative aspects of design constitute the major element in
design as a whole. Though arguing that design is a sequential process
with identifiable stages, these authors concentrate upon what is
basically the core of the design process, the generation of candidate
designs. Though most authors offer some guidance as to possible methods
through which greater success in this stage may be obtained few do so in
such detail. Pitts (1973) for example though emphasising technique as
being an essential aspect of design, deals comparatively briefly with
methods of generating partial or whole solutions in a systematic manner.
Krick (1965) similarly though explaining both the design process and
methods which can be used to advantage within it, all be it in a
simplified manner again emphasises the importance of both the creative
stage in the désign process and the use of techniques to improve results
at this stage. The aim of this particu;ar area within the discussion of
the literature is to make general similarities in the findings and
conclusions drawn by the examined authors. For the purpose therefore of
this discussion it is not felt necessary to fully outline the types of
method and techniques advocated by the author. This conclusion is based
firstly on the need for clarity and secondly as these techniques are
fully discussed within their own séction which deéls specifically with
the types of method which can be used ﬁo aid creativity during concept

generation, within the section on design aids. -

Much of the work in the area is: quitei similar -and many



authors appear to build on the work of previous authors., Woodson (1966)
for example appears to draw heavily upon the work of Asimov (1962), Due
to this fact I now propose, as it 1is impossible to give detailed
accounts of all the authors in this area to discuss in somewhat more

detail a number of authors who represent broadly similar sets of work.

A great deal of the work in the area of design education were
written as introductory texts. Asimov (1962) who is one of the earliest
advocates of design method and who appears to have greatly influenced
many latter authors, offers a fairly structured view of the design
process. For Asimov the first division which can be made in design is
that of the type of design which is taking place. These types of design
are classified in terms of whether a design is an evolution of a
. previous design solution, ?r whether it requires innovation. Within
these two types of design Asimov asserts that the same factors will
determine the outcome of the process. These factors are considered to
be, available money, possible profit, time allowed, laws and standards
which set the parameters of the design envelope and social feature, such
as pollution, noise etc. Within the;e parameters however all designs

follow a set of basic rules which it is claimed are determined by a

natural logic.

The process of design 1s viewed as sequential consisting of
two phases which can be sub-divided into a to;al of seven Sub-stage, It
is noted that the use of defined phases composed of sub-div1sion is |
common technique used in most de:ign literature which though a useful
device for the explanation of phenomena within the design process does

not always reflect the reality of the process. When diacuésing these



stages the precise division used may not actually occur within the

process and overlap may be the case,

Asimov's two phases consist of primary design, which is the
initial phase and the production/consumption phase which is the
implementation of the first. It is Asimov's initjial phase which I
propose to discuss as though important, the production phase with its
emphasis on marketing, production and distribution, does not deal with

the generative aspects of design which are the primary interest within

the context of this thesis,

The initial phase is sub-divided into three sequential
stages. These stages consist of the feasibility study, the preliminary
design and the detailed design. The feasibility study consists of the
definition of the design need, the identification of design problems in
fulfilling this need and a study of possible ideas and concepts which
could bg combined to fulfil these needs. The results of the feasibility
study determine the course of action within the second sub-stage, that
of the preliminary design. The preliminary design concepts. These are
concepts which are prdduced as possible solutions to each of the aspects
which constitufe the design requirement. The concepts are then
constructed into archetypes. The archetypé stage consists baasically of
forming groupé of design concepts 'into possible design solutions.
Analysis is the next 'stége during which the archetypesi,are testea
against the pfeQiously defined requireménts.f Finally optimization takes
place - during which désigns are hodified and ./their vafious

characteristics are enhanced or negated,
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The final stage consists of the Detail design phases. During
this stage the design 1is embodied and given exactly defined
characteristics. Firstly sub-systems are constructed. This is done
through the decomposition of the preliminary designs into sub-units
usually defined by function. The subsystems are then produced and
constructed into components. These components are then brought together
to form whole assembled systems and finally the complete design is
realized. Finally analysis 1is once again undertaken to assess
performance and enable the designer to predict likely areas which will

require modification in the finished product.

The above description of Asimov's ideas on design have been
produced for a number of reasons. Firstly as previously stated the
author is highly representaﬁive both of the general ideas put forward by
a number of authors and of the general approach to design by the
majority of the authors in this area. Secondly the description provides
a useful point of reference in terms of other works in this field. Pahl
and Bietz (1984) for instance though writing nearly twenty years after
Asimov have striking similarities -in their approach, Though offering
greater detail in the way in which they advocate the use of systematic
method in their approach, the sequential division used in their
definition of design stages and the sub-phases within those appear to

coincide with Asimov's thoughts in this area.

For Pahl and Bietz the design process commences with the
clarification of the task. Similarly to Asimov (1962) Pahl and'Bietz’
view the initial problem of design being that ofJ the correct

clarification of the actual problem, Thé actual réquirémentS'which arekf

- 29 -




produced from this stage will ultimately determine the design and though
it is always possible to modify requirements the importance of having a
clearly defined and accurate specification requirement is emphasised.
The next stage of the process is that of the conceptual design., Here
design concepts are generated which could possibly fulfil the
requirements. The process of concept generation is viewed as being
greatly enhanced by the use of systematic method. Methods of
decomposition search, synthesis and recomposition are advocated and
described in some detail. Like Asimovs Preliminary design stage,
Concept Generation is viewed as being the key aspect of design. However
unlike Asimov's second stage Pahl and Bietz do not view embodiment as
taking place within this stage. The point could be made that through
using the same phrase, that of embodiment Asimov and Pahl and Bieti
refer to slightly different aspect of the process., For Pahl and Bietz
embodiment consists of the process which follows that of concept
generation when the initial conceptual solutions are given a lose form,
Asimov however sees this process as taking'part within the product of
archetypes, a. phase whieh roughly corresponds with that of the
production of candidate designs., In the Pahl and Bietz model however

the production of candidate designs comes as the end of the conceptual

design phase.

The detail design phase is Pahl and Bietz's final etage where
precise detail is given fto the previously developed systems and

subsystems. Interestingly the Pahl and Bietz model incorporates the:,

analysis element within each of the final threa stages rather ‘than as'

; many models do, having it exist as a separate stage within the model




produced from this stage will ultimately determine the design and though
it is always possible to modify requirements the importance of having a
clearly defined and accurate specification requirement is emphasised.
The next stage of the process is that of the conceptual design. Here
design concepts are generated which could possibly fulfil the
requirements. The process of concept generation is viewed as being
greatly enhanced by the use of systematic method, Methods of
decomposition search, synthesis and recomposition are advocated and
described in some detail. Like Asimovs Preliminary design stage,
vConcept Generation is viewed as being the key aspect of design. However
unlike Asimov's second stage Pahl and Bietz do not view embodiment as
taking place within this stage. The point could be made that through
using the same phrase, that of embodiment Asimov and Pahl and Bieti
refer to slightly different aspect of the process. For Pahl and Bietz
embodiment consists of the process which follows that of concept
generation when the initial conceptual solutions are given a lose form.
Asimov however sees this process as taking part within the product of
archetypes, a phase which roughly corresponds with that of the
production of candidate designs. In the Pahl and Bietz model however
the production of candidate designs comes as the end of the conceptual

design phase.

The detail design phase is Pahl and Bietz's final stage where
precise detail is given to the previously developed,_systems and
subsystems. Interestingly the Pahl and Bietz ﬁodel incorporaﬁes‘the
anaiysis element within each’or the final three stages raiher than as

many models do, having it exist as a separate stage within the model.



The notable difference between these two models would appear
to be in the emphasis placed upon the use of method, rather than any

fundamental difference in main characteristics of the design model.
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2.4 Systems Science and Systems Engineering

Systems science and systems engineering have had a ma jor
influence upon design thinking and the way in which the entire design
process 1s perceived. As such the literature rélating systems thecry to
design is very considerable. In this section it is proposed therefore
to discuss both systems theory in general and specifically the way in

which it has contributed to the understanding of design as a whole.

There is no precise date at which it is possible to state
that systems theories first appeared, though there appears to be general
agreement that it is a comparatively recent paradigm. The Radio
Co-operation of America, (amongst others) recognised in the 1930's the
need for 'a ' systems apprqach in the development of a television
broadcasting service. During and since the Second World War many
Operations Research groups contributed both philosophy and techniques,
The Rand Cérpofation created in 1946 by the U.S.A.F., developed an
importani set of techniques which it ycalled, 'systems analysis'.
Schlager (1956) found that 'the Bell Telephone Laboratories, Inc., were
probabiy the first organisation to use the term systems engineering',
If this is true, the use of the term with roughly the present meaning“
began in the early 19“0'3. The meaning of systems engineering though
probably not amenable to a clear, sharp, one sentence definition,can
best be charactébised by listing its faqets. These broadly generaied |

caret=

- A holistic approach, viewing the problem in its

totality and -within its correct context.~

L



- The decomposition of the problem into its basic

functional characteristics.

- The expression of the relationship between the
various decomposed elements in a formalised

manner.

The above stated general characteristics could in fact be
made of most of the types of systems theory. Where approaches tend to
differ is in the types of techniques which might be brought to bear upon
a specific problem area rather than any fundamental difference in
general approach. All the areas which together form the systems
approach or systems theory consist of sets of concepts and techniques
which provide the means by which complex events or items can be
described and analysed and from which it is believed useful information
about the true relationship between the constituent parts of that item
or event may be gained. By this means it is possible to model
situations or mechanical problems and predict the effects of changes and
detect the significancs of areas within a system which may previously

have gone unnoticed.

The essence of systems theofy lies in its ability to describe
in abstract a situation, event or item and ffom this description analyse
and producé possible scenarios. It is types of techniques which can be.

used to achieve this that basically characterise the systems approach.
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A system is decomposed and abstracted to its most basic
functioned units and sub-units. The relationship between these
functional entities may then be described in terms of inputs and outputs
of such items as signals, materials, force and information. The
Input-Ouput principle forms much of what might be considered to be at
the centre of a systems approach. This principle removes the
limitations of a problem defined in purely technical terms and extends
the definition of input, output and constraints, to include the whole
situation, men, money, materials, machines and methods. It thereby
provides an overall view and allows the designer to arrive at a more
comprehensive, unified and long - lasting solution than any approach

which considers each of the components of a system individually and in

isolation from the system as a whole.

Thus, in applying a systems approach, say to a problem
involving the manufacture of a chemical, the designer would not be
limited to the technicality of the process, choice of materials of
construction, - design and 'performahce of mechanical and electrical
equipment and methods of measurement and control. The designer would in

addition be concerned with,

- The problems of processing and handling of raw

materials.

- The methods of transport.,

- The use and disposal of finished products..




- The recruitment, training requirement and
working conditions of the management and

workers needed to run the plant,

« The effects of the product and its manufacture
on the local environment - the noise, smell,

smoke and residual pollution produced.

The more complex a design problem and the greater its
potential impact on people, the more appropriate a systems approach

becomes,

Though there is a very large amount of literature concerned
- with the systems approach most of the fundamental development of the
discipline has been carried out by a comparatively small number of
authors. It is to these authors that I shall now turn. Most authors
agree on a number of basic issues. Firstly the general characteristics
of the approach described above and secondly that the approach is a
sequential one, whereby a problem is dealt a stage at a time, though the
degree to which these stages are divided is an issue about which there
are diffepeﬁces. ~ Jenkins (1969) suggests that there are four maiﬁ
stages iﬁ the“sysﬁems approach: analysis, synthesis, implementation and
operation. |

“Analysis

- What is the problem and how should it be tackled?




Synthesis

What is the nature of the primary system in which the

problem is embedded and the wider environment in which it,

in turn is contained?

What are the objectives of these respective levels in the
systems hierarchy? Are they stated clearly and are they

consistent with each other?

Has all relevant information been collected?
Have all constraints been identified (and all ‘false

constraints eliminated)?

What are the expected changes in the system under

consideration?
How accurate are the forecasts likely to be?

What models csn be built of part or .the whole of the

situation describing behaviour, processes, operating

conditions etc.?

What can be done to ensure that the best system 15

~ realised in‘practice?




Implementation

- Is the final design fully understood?

- Is its 1implementation adequately planned and its

integration into the wider system properly organised?

Operation
- Have operation and maintenance procedures been prepared
and put into use?
- Is there a continuing feedback of operating experience to
designers and are worthwhile improvements introduced?
- Is ultimate obsolescence and replacement catered for?
Techniques of use in such a comprehensive approach are
numerous, Moore (1966) 1lists over thirty, including Critical

Examination, to get the problem right, Critical Path scheduling to plan
and time the project, Management by objectives to define the aims of the
entire venture and Modelling and Simulation, Risk Analysis, Reliability

Studies and Control systems to aid design.

H. Chestnut (1965, 1967), one of the mdst‘reférred'to authors




in the area, emphasises that all design should be viewed as taking place
within its social context. Within this social context it is the
sub-area of socio-economic relationships which Chestnut sees as exerting
the greatest influence. The socio-economic area is that which concerns
itself with the effects upon design of such items as marketing,
distribution, sales, national and international standards and relevant
legislation ete. The above mentioned factors all combine together to
set limitations upon the possible design solutions prior to the design
initiating the first steps. .The design preliminary activities are seen
as being extremely important by Chestnut. In forming an initial design
specification Chestnut argues that the first areas of concern should be
those of wvalue and need. These factors are determined by the
socio-economic context within which a design is to take place., The aim
of this activity is the formulation of a value model, A value model is
an abstract construct designed to express the degree of desirability
that any of the characteristics of a design might have. In almost all
design an exact matching of a design to the value model will not be
either possible or alternatively will not feasible. Because of this the
value model will need to be both flexible and open to modification. It
is often the case that the differing values placed upon the elements
which together constitute a design will have to be placed off against
one another. See fig (1). The way in which such decisions are
undertaken is covered at some depth in the section dealing with decision
theory (2.7.).  Chestnut, as do many other systems orientated design
theorists sees désign as cdmprising'of a four stage sequential proceés.
These stages basically con;ist of, Formulation, Production of structurs,
Testing and production of Finalised solution, Churchman et al (1957)

though actually listing six phases for the design process demonstrates

RS



more similarities than differences to Chestnuts view. Churchman's
phases are as follows:-

1. Formulating the problem

2. Constructing a mathematical model

3. Deriving a solution from the model

4, Testing the model and the solution derived from it.

5. Establishing controls over the model

6. Implementation: Putting the solution to work.
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Fig. 1.

Value

Strength

’ The value of a particular quality (in the above example
strength) may well, beyond a certain point, decrease, thus necessitating

the need for a measurement of the value beyond that point relative to

its value prior to that point.

{(From Syétemé Science and Systems'Enq.i



In the Chestnut process model it is the structure phase during which the
greatest part of the design activity takes place. During this stage the
structure of the problem is outlined. Goals, sub-goals and objectives
form the basis by which the design problem is to be dealt with.
Chestnut (1965) sees the main concern of the designer being that of the
construction of valid models firstly of the design problem and then of
the possible ways in which a solution can be achieved. He asserts that
all design models will consist of variables and that it is these
variables which will determine the outcome of the designer activity. A
major feature of this work by Chestnut is the emphasis that he places
upon both optimisation and probability as methods by which the designer

can determine the relative values and needs of all the design problems

constituent variables.

Wymore (1967), another leading researcher in the area, also
places great emphasis upon the construction of systems models as a means
to successfully accomplish a design. Wymores major concern is with ways
in which a system can be described. Basically he views all systems as
belonging to one of two types, the Input-Output type of system described
earlier in this section and the Homomorphous. The difference between
the two ﬁypes of system, some;imes also referred to as hard and soft
systems, as that one can be adequately described by reference to the
interaction of components in terms of mathematical models and the other,
soft systems cannot.  The latter consist predominantly df human activity
systems and éll systems where there exist difriculties of description
and measurement. Though homomorphous systems effect ;he design process
and the system within which the design will take place they exercise

their influence upon the process from the periphery with the substance
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of the design process still remaining amenable to Input-Output type
systems description. Wymore describes ways in which is possible to
couple together both different systems and different types of system,
Wymores approach is typical of the systems approach in general towards
the production of design. Systems should be decomposed into sub-system
components and these sub-systems should in turn be further sub-divided
into groups and sub-groups until the system is completely defined.
Finally to complete this definition discreet systems which may exist
within the system should be looked for. Discreet systems are those
systems whose relationships between system elements are not always
obvious, as in their effect upon a system. Beyond the difference in
treatment and an emphasise upon the use of mathematical modelling
techniques, in theory and approach Wymore differs little from the other

leading researchers in this field.

Gosling another prominent and frequently referred to
researcher in the area of systems also states that design will be best
performed when it takes place in a structured sequential manner,
(Gosling 1962, 1959). For Gosling the process of sequential design
fundamentally has three major phases. These consist of generating the
specification, conducting studies of feasibility and finally realisation
of the completed design. Similarily to the majority of research in this
area Gosling places  great importance onn the way in which the
description of the system and its components takes place. Importance ié
‘attached to the methods of representation which can be used and'the,‘
general production of a systems model. Methods of generating design
solutions are also examined. Firstly for specification GQsling

advocates a desoription of the basic systemjwhich will be required,
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followed by the establishment of a value model and finally a description
of the systems inputs and outputs. In addition to this an examination
and statement of the general parameter within which the system will have
to be made. This basically comprises of an examination of the way in
which the environment within which the system will have to operate will
effect that system. The generation of specification completed the
feasibility phase is now undertaken. This phase is characterised by the
construction of possible design solutions as systems models and
comparing their performance against the requirement specification.
Again, much importance can be attached to the methods and techniques

which are available to the designer to assist him when making difficult

evaluatory decisions.

Goode and Machol are ‘also influential researchers who have
their work frequently referred to. Goode and Machol (1957) emphasis the
way in which systems descriptions often appear to be idealised and how
important it is that redundancy, congestion and overloads be identified
both within actual systems and ‘in the design of systems pbior to
implementations. ' The holistic approach . towards deaign- is again put
forward by these researchers as a main aspect of the systems approach
which can assist ﬁhe designer, Hall (1962) though writing predominantly
as an education rather than purely a. theoretision, is none-the—les§ a
respected and often réferred to author in this area, For Hall design is
a structured process which requires the decomposition of ‘thé'~design
problem before any attempt can be made towards the ‘genetation, of &
design solution. = Typically the emphasis of his work :liéég»in;wthey,u

description of - the _system through decomposition, identificatibnrgof

relationships, search for possible solutions and finaliy re—composifion .""
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into a total system once again.

Systems theory as a whole contributes to the discipline of
design directly by both providing its own approach and by offering
supportive elements which can be incorporated into a complimentary
design model. Holism which is an essential feature of systems theory
specifically assists design theory by providing a method by which all
possible elements which are part of and which impinge upon a system are
taken into consideration, By this means both a greater understanding of
the design problem can be obtained and a design produced with its

parameters more fully understood prior to final implementation.

A second specific contribution is that of the understanding
of the importance of decomposition of a design problem and its possible
solutions. By the decompoqition of complex systems or entities into
simpler sub-components, simpler descriptions of function are possible
and thus solutions can be drawn from a greater potential area, widening
design choice ete., and making the system easier to deal with, prior to
re-composition. Finally isomorphism in terms of function, structure and
behaviour, is also a concept which contributes greatly towards design
theory's list of potential aids and techniques. Basically what is meant
by this term is thét koften the decomposed systems description of a
particular system may also often be valid for an alternative system, for}
instance, electrical and mechanical systems and as such can often supply~
a rich source of analogous material. Systems~ science provides “the
theoreticali basis upon ‘which ‘Systems engineering has been built,

Systems engineering is a discipline highly relevant tc design and dasign :

theory as it possesses as 1ts main characteristics, ¢the,udesign, «Qk

implementation and operation of ccmplex systems.~ The main ébniributiéns




to design theory provided by systems science are a systematic
sequential approach, a holistic approach, the use of decomposition as a
method of definition, identification and generation in terms of design
problems and their solutions and finally further emphasis on the

exploitation of analogous areas as a source of potential solutions.




2.5. Creativity

The process of design is above all a creative process.
Creativity is the essential part of all types of design, from those
which are minor adaptations, to those which are totally innovative.
This section will discuss the areas within the design process where
creativity is at its most evident and the ways in which creative

performance can be enhanced. The discussion will be divided into three

main parts;
1. Creativity in problem identification

2. Innovative thinking

3. The creative design environment

The above three areas of discussion have been chosen because
between thém they represent the major areas of interest identified by
researchers within this area. The word creativity when used in the
context of deéign refers to those activities which require the designer
tc,use his skills imaginatively so as to produce, or breate new concepts

and associations.

1. " Creativity in problem identification

Problem’identification forms a major part,in;a number of‘;né

design stages; most4notably thpse of the generation'6r>spéciriéatioh ahd
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the generation of design concepts. Seeking the correct problem to solve
is an essential prelude to successful design innovation or adaption.
Problem identific¢ation must start with a search for discrepancies
between what is and what might be and end with a clear statement of this
mismatch, Writing on the subject of originality Mackworth (1965) went

so far as to suggest that problem identification is more important than

problem solving.

A designer may be able to identify a problem either
intuitively or by drawing upon his experience. When however this is not
possible, a number of methods are available to him. One of the most
powerful, and simplest methods for identifying a problem is to gather
all available facts and information concerning the problem together and
subject them to critical examination. This method basically takes the

form of,

What? (is at present achieved/is proposed/is needed)
How? " , " "
When? " " "

Where? " ; " "

and then asking therduestioh, why?, to all of the ahswers gained, tThisA
1s not the only way of twisting the problem around to gain a new
perspectlve. Osborn (1963) gives a whole checklist to enable the
designer to expand his view in order to see the problem in a dlfferent

way:
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Adapt?
Modify?
Magnify?
Minify?
Substitute?
Rearrange?
Reverse?

Combine?

The analytical approach of critical examination may thus help
the designer to strip away irrelevancies and false assumptions and
present the problem in its essence. It may also however be necessary to
diverge and look around the problem again in an open ended manner so as
to discover appropriate bpenings leading to a better description of the
problem. In describing the synectics method Gordon (1961, 1964) uses
the phrase ;making the strange familiar' by which he means that when the
problem is reduced down to its essential features, it may be in such a
form that it can be identified by analogy in a number of quite

unconnected areas.

The above mentipned techniques are all aimed at enhancing thé
designers creativity when attempting to correctly identify the essential
problems which he may encounter either when generating'specificaticn or
generating deSign conCepts;' These techn1Ques 'howevér do *dctE‘applylt
solely to- problems “of identification and ‘as such are not greatly?
kelaborated upon in this section, but rather in the following section

where their 1nfluence is substantially greater.




2. Innovative Thinking

The process by which innovative thought occurs spontaneously
is one which is still little understood. Psychological explanations of
the phenomena are generally vague and at best unhelpful. Indeed Jung
(1910) stated that he thought that the whole area of creativity was not
one to which psychological explanation could be given and advised those
interested in the area to talk to artists. However though spontaneous
creative thought is not well understood theoretically, the means by
which creative thought can be encouraged have received considerable
attention. The majority of work in the area of creativity deals in one
way or another with inducing or enhancing the process, There are
basically four main sets of methodology in the area of creativity:
Synectics, Fundamental design method, Lateral thinking and

Brainstorming. Thcugh other individual methods exist each is reliant at

some stage on one of the above.

Sznectics

Synectics comes from a Greek word meaning the joining
’together of apparently unconnected elements, and is one of the oldest\
systems for stimulating creative thought. It is basically a simple
method, though it covers most of the problem solving sequence.,:iine
particular characteristic ef this method is an. enfonced withdrawal from~j
the problem and an exercise in free association which provides new ideasi
for solving the problem when attention is returned to it. Gcrdon (1961)/”

discusses the method in some detail. Other descripticns, Prince (1968;',f
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and 1969) and Raudsepp (1969), for instance, differ in detail but not in
essence,

Synectics is generally advocated as a team approach. The
first step in the Synectics method is to agree on the problem. It is
suggested that this process of problem clarification and identification
will often result in several possible solutions being produced. Once
the problem has been identified it is then ignored. By this what is
meant is that the group or individual should then proceed to explore a
totally unconnected subject area. This new area however should not be
chosen completely at random. Though distant from the problem area the
new area should at least appear to be capable of providing useful
analogies. Conceptional distance is however important as areas that are
too closely related, for instance, civil engineering and mechanical
engineering, may have too much over-lapping convention or knowledge for

a new viewpoint to be generated.

Gordon (1961) observes that biology is the richest source of

analogous problems and solutions for most types of problem.

-Having discussed the original problem in the context of the
new area (the analogous area) the discussion should be returned to the
original problem context and new solution ideas should be forth coming.
In the group situation all the researchers emphasize that the group
should be as supportive to each other as possible.” Criticisms are'not |
excluded but emphasis on positive aspects of any suggestions afe seen as

‘helpful.
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The Fundamental Design Method

Though the title, The Fundamental Design Method, was
originally given to the group of methodologies by Matchett (1968) it is
basically not just referring to Matchetts method but also to a number of
similar methods and techniques. Similar ideas were put forward as early
as 1958 (Barron 1958), Hudson (1968) at approximately the same time and
Carrol and Thomas (1975) some years later. Many other authors have also
said similar things about this creative method, though usually in a less
defined manner. The Fundamental Design Method, as defined by Matchett
(1968) is a highly disciplined form of thinking whereby the designer
critically examines the controls and restraints which he already imposes
upon himself as he starts to approach a design problem. It is a highly
introspective technique. Advocates of this method argue that designers
are normally bound by force of habit to a particular set of approaches
to any problem. When a design problem arises which has in it some
aspect that the designer recognizes, it is argued that the reSponse to
that problem will be governed to the greater extent by the approach
which was previously used. The designer will in this case lose
flexibility of thought and self impose  controls on his approach, which
he may not be aware he 1is doing. Unless the designer can locate and
identify thesé restraints  then he will limit and bias the ‘range of
~ possible design sglupiohs he can produce.  Carrol and Thomas (1975)
argue that to uncoyenvthese‘controls‘the de;igner,needs_co—cpegge,a
model with which to describe his basic thdughtﬂppogesges,“‘Thiskmbdei
should‘be his th persbnal_one and‘will bebmeaningful’probably cn1y1£o .

him.




Some exercises are put forward as being helpful to the

designer in exploring his mental processes. These are best used and

adapted according to the person, the situation and the specific problem.

Jones (1970) summaries five of these techniques as:

1.

Thinking with outline strategies - sketching the broad

picture before getting down to detail; standing back to

get the wider view.

Thinking in parallel planes - taking a detached view of
the separate parts of a total situation - problem,
people, methods, instructions etec - and at different

levels of abstraction.,
Thinking from several view points - seeing a problem from

different angles, opening it out by the use of

checklists, diagrams charts, matracies.

Thinking with concepts - representing in some symbolic

- way the problem, solution and interlinking thought

processes.

Thinking with basic elements - analysing mental ppo¢esses

- into identifiable elements - (recognize need, = imagine

decisions, weigh and compare, predict, back check, scan

. assess risk, remove obstacles, ete.),
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The method is not designed to provide a standard way of
tackling problems and arriving at creative solutions. Nevertheless the
exercise and téchniques used have been assembled by others into
systematic approaches to problems. PABLA (Problem Analysis by Logical
Approach System), developed by the U.K. Atomic Energy Authority and

P.A.M.,(Provide a Means Diagram), developed by the Fleet Work Study Team

are such systems.

These types of methodology assist designers to approach
problems in a rigorous way, questioning each part in turn and displaying
the logical progression of the design. Both emphasise the mental
attitude needed to apply the system successfully; discipline,

flexibility and awareness of the reasoning processes employed.,

Lateral Thinking

This approach provides a simple method to the approach of
creativity as a mental skill. It is suggested that there are two sorts
of thinking. The firét sort is the most easily recognised when it leads
to ideas that are obvibus only after they have been thought of. This is
calledklateral thinkingvand is considered quite distinctVfrom thersecond
and more: usual logical or ‘vertical thinking. Lateral thinkingr is
-especially useful in generating new ideas. In. vertical thinking,
progress is made by one logical step following another and at any one
’point in the process there is a logical pathway back to the” startlng_ 
point, Lateral thinkins, in contrast, follows a path which is uncommon,

not dictated by logic alone and which by moving away from the logical f’
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pathway can often lead to new and innovative ideas. De Bono (1967,
1969, 1971) who first used the phrase and is the main advocate of this
form of creative method, compares vertical thinking with the flow of
water along well-defined channels: the more it flows the more likely it
is to continue to do so along the same channel. Lateral thinking he
claims is analogous to damming up the old channel and cutting new ones

to see where the water will flow.

Lateral thinking is at its most useful when there is no
previous solution to draw on, when present solutions are inadequate, or
when a new view of an old problem is required. It is a mechanism for
freeing the mind from habit and pre-conception and allowing an
opportunity for wider exploration of solution areas. De Bono states
that whereas in vertical thinking logic is in control of the thought
processes, in lateral thinking the thought processes are in control of

ldgic. Lateral thinking is for generating ideas. Vertical thinking is

for developing, selecting and using such ideas.

- The techhiques for developing lateral thinking include:

1. The Intermediate Impossible. To break the constraining
effect of logic an intermediate impossible is introduced
to act as a conduit between the limits of knowledge

~ surrounding the problem and the desired solution.

24 Random Juxtaposition. Similarly to “the intermediate,

impossible this acts a conduit between limited knowledge S

‘and desired solution. In this case however a randamr
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concept is introduced in the hope that some association
will be made from it. This method is similar in many

ways to that of synectics.

3. Searching for different ways of looking at things.
Closely analogous to Critical Examination and the use of
a systematic approach, this method aims to provide a new

view point on the problem.

Brainstorming

This method was designed as a group activity., The method
consists basically of people contributing ideas for solving a problem in
a spontaneous manner. This technique was first explored by Osborn
(1953) as long ago as 1938. For the method to be at its most supportive

of creative innovations Taylor (1958) states that:

1. No criticism of any 1ldea should be allowed.  Judgement

- must be withheld until the end of the session.
2. All ideas should be welcomed.

3. The production of the greatest number of ideas should be

encouraged.

4, Building on ideas to create a group'chain reaction should =

be encouraged.




These guidelines aim to ensure that there is a relaxed
environment where people can think freely and adventurously. The
problem to be tackled must be stated clearly and simply, multiple
problems will lead to too great a diversity of themes being persued and
probably confusion. The group should be carefully balanced with as
little as possible hierarchical structure., The session itself should be

as informal as possible but with the rules firmly applied.

Brainstorming is useful for generating a lot of ideas for
later developments into a solution. It has little or nothing to offer
if the number of alternatives is restricted. To provide a supportive
environment for the expression of ideas, all analysis and judgements of
theme value should be suppressed during the session, Later the ideas
produced can be analysed and the best chosen for possible development

into solutions.

Brainstorming is one éf the most widely known techniques for
generating ideas. It can be used for producing information, or a list
of unknowns, or further question to be asked. It requires very little
training to\use and can be. made to be apblicable to mdst innovation

requibing problems.

The above four methodologies form the basis of the creative -
methods available to assist the designer. Other techniques. do exist,
Delphi and 653, for example, however most of them are in essence similar

to one or other of the above.
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3. The Creative Design Environment

The environment within which design takes place can affect
creativity in a large number of ways. The design environment for the
purposes of this discussion will be considered to be not just the
immediate surroundings but all factors external to the designer which

might in some way influence him.

The importance of immediate colleagues who provide both
support and challenge, is discussed by Pelz (1967), who suggests that a
stimulating tension is created between sources of stability or security
on the one hand and sources of disruption or challenge on the other.
Conditions of security include the opportunity for self-reliance and for
the pursuit of the innovation ideas. Challenge is found in discussion
and disagreement with colleagues, who may have different values and use
different strategies, by periodically re-grouping teams; and by
1nvolving a person in a diversity of jobs which require new skills.,
Also important is what Lasswell (1959) calls a resonant relationship
between the innovation and a person of similar skill and enlightenment,
McPherson (1965) develops the idea of a productive partnership between
the 'ideator' who produces the ideas and a 'sifter' who picks out the
best of them, gets them developed and protects the ideator from
¢riticism, Such partnerships, McPherson says, are based on ‘mutual
respect and trust,lthe creative partner benefiting particdlarly from the -
stimulation provided by the other and -the cpportunity given him to
discuss his ~ideas with someone who though understanding them wxll notd

steal them.




Though interpersonal relations are very important to
stimulate creativity, the dynamics of a design group as a whole are also
extremely importaﬁt. McPherson (1967) states that personal qualities
that should exist within a design group should consist of those capable
of, creative thinking, analytical thinking and judicial thinking. All
are necessary in the innovation sequence and should all be available in
the group in sufficient strength at any time. The innovative group must
therefore be considered from the point of view of its intellectual
composition as well as its professional and personal make-up, Creative
thinking, analysers and those with balanced judgement must be mixed in
such proportions that the essential optimum, risk-taking and technical
exploration of the creative component is countered by the risk avoiding,
backward-looking analytical component and -both are assessed and a

réalistic judgement is made by the judicial component.

In addition to the types of character traits which should be
present within a design group if inncvation is to flourish, the
orienﬁation and structure of the group are also important, Likert
(1961) and Pelz and Andrews (1966), who havevmade indepth studies into
the w0rk1ng and make-up of effective innovative groups, all seem to be

in agreemeht on what makes an effective group.

1, Members have a clear idea of what they are trying to

achieve and are not easily diverted from that objective.
‘2. Individual members have a real interest in the problem

and the solution. Their = personal objectives are

consistent with carrying it thrcugh to success.'

i



3. Members make a full contribution according to their
ability and assist each other in drawing out ideas.
Co-operation and support is accepted as the way to

achieving the best result.

4, Though personal competition 1is small, intellectual

challenge is high.

5. Short-term leadership tends to rotate according to the

immediate needs of the job.

6. Decisions are made by the best informed not necessarily

by the most senior.

Confirmation of the validity of these general statements is
provided by several investigators. Hitt (1965) proposes an environment
which gives the individual freedom to explore and freedom to make
mistakes, but‘whichvmakes‘him personally responsible for his actions.
Eyring (19595 speaks of the imporﬁancekof a stimulating environment énd
includes freedom from distracting influences which qeflect the designers

attention away from the design issue,

The characteristics of the actual work environment in terms
of respect, status, appreciation and other‘psycholbgiéal'éohsidebatiéné
is also extremely important to maintain design-creativel?g‘ McGregbr_

(1960), Herzbergk(1959) and Maslow (1954) all'stfesthhAt*thére'is‘mbie N
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to work than its physical and intellectual content and more to reward
that just money. Attention to the content of the job, enriching it by
creating opportunities for taking on more demanding work and by giving
greater personal control, has a beneficial effect on performance and the

satisfaction of doing it, according to Herzberg (1959), Paul, Robertson

and Herzberg (1969) and Smith (1969).

The policies of the company with regard to innovation are
also a factor which affects creative performance. Low (1968) points out
that when a company is making a major effort to become market leader
with a product, or within a product area, designers appear to make a

greater innovative effort.

Finally the designer education and educational environment
will affect:his innovative performance. Whitfield (1972) contrasts the
design risk-taking culture fostered by U.S. Universities with the
steadier approach used by U.K. Universities, though these differences
and the géneral effect of early design education may be overcome by
later design training by companies etc., or by a combination of any of

the factors mentioned in this section.

Creativity has been discussed within this section fpo@ the
point of view of its effect upon, problem identification, innovative

thought and the way in which the design environment effects creativity,
. The role of creativity in the identification of design

problems, that is, of accurately defining them, is a vital one., The

generation of the specification requiremeﬁt and the deéign‘candidates,
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requires the designer to act in a creative manner and within this part
of the section the techniques and methodological supports which exist to
aid him in these activities have been discussed. The importance of the
need to decompose and abstract problems to allow the designer to tackle
the essence of the problem is recognised by researchers in this area and

a discussion of the methodologies put forward has been undertaken.

The part of the section dealing with creativity with regard
to its influences upon innovative thought and its importance throughout
the design process, discusses the theories and methodologies available
to the designer. Synectics, Fundamental design method, Lateral thinking
and Brainstorming, are all discussed as possible aids to the creative
aspects of design. It is noted that again the importance of the
decomposition of a design®, problem into its functional units and
sub-units to allowvfor analogous search for possible design solutions or

solution areas, is stressed within the examined methodologies.

The relationship between design environment and creativity
was'also examined. From the discussion of the literature concerned with
this area it can be seen that the major areas of importance are those

of, maintaining the. correct personnel mix, of. emphasizing and

maintaining challenging company aims and objectives and that the; .

training of personnel should emphasise a degree of design,risk taking;

Creativity is the vital ingredient in the design pnccecs. It

1mpinges on all forms of generative thought connected with the process Vf

but particularly upon tne generation or specification and design f ok

concepts. ThOugh the cognitive processes which ccnstitute the baais ofk,vf




creativity are as yet not fully understood, ways in which the process
can be encouraged and enhanced do exist, are advocated by researchers in
this area and appear to be quite successful, Creativity thus is
affected both positively and negatively by both method and environment

and in turn is itself a force upon the design process.




2.6, Management and Organisation

The management and organisation of design has, as designers
face design problems of ever increasing complexity and cost, become an
aspect of design which is of increasing importance., A great amount of
the design activity which today takes place does so within the context
of design teams operating within organisations. Because of this the
ability to successfully co-ordinate the efforts of the designer so as to
maximise the efficiency of the process is an area of ever increasing
significance. There is also an awareness of the way in which managerial
policies and organisational environment both affect the design process.
In this section a discussion will be undertaken of the ways in which the
management of design and its organisational context affect design in

both positive and adverse ways.

Perhaps the most obvious way in which management affects the

process of design is through what is known as Project Management.

Over the course of the last 20 to 30 years, specialised
management techniques have become more sophisticated in order to manage
'deSign activities within organisations.  These ‘design activities,

typically defined as projects, consist of a combination of hﬁman and

material resources combined to achieve a specific. p&rpose kwithin an. .

organisation. Today project management is practised in a wide variety:
‘of design environments. Whiie‘the'practicewof'prdjéCi méha3ehé“t may

well have its roots in antiquity, the ”deveidpmehtfforJ“akJéénééptuaifv

framework of project management received much of its present character

from the work conducted in this area within the aerospace and




construction industries, (Clough 1972). In its earliest applications,
project management took the form of an organisational arrangement
consisting of integral teams of managers and designers working on a
common organisational objective. Such teams provided a focal point to
pull together the organisational resources to be applied to a particular

project, (Cleland and King 1975).

To complement the organisational aspects of project
management, specialised techniques and methodologies have been developed
to facilitate the scheduling and budgetary activities of a project.
Programme evaluation review techniques, progress performance reporting,
project planning, network analysis and milestone charting are a few of
the techniques and methodologies that have been developed to facilitate

the planning and control of projects.

In addition to the above aspects of project management
another area which can considerably affect the efficiency of a design
project is that of determining the relationships of authority vand
responsibility; When design is taking place within the context of a
design team or organisation the human felational aspects can occupy a
position’ almosﬁ ‘equal . to ‘that‘ of the Vtechnical” and conceptional
difficnltiesv Tne precise derinition of responsibilities‘and‘areae of
authority can as such often lead to an easing of difficulties within a
‘design project, (Bazil and Cook 1974).  However itkis also,notede(Baiil :

' and‘Cook'197H) ehat sensitivity should be‘used:byrnrojeotnmanagersvwhen./'
making such"decisions.' firstly so as not to. prevent. a stirling of'fo
inventiveness and secondly so as to prevent interpersonal difficulties.ﬂk.

This second point also bears relevance to another aspect or project4ﬁ'
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management, that being of the maintenance personal commitment. The
point is made in a number of works in this area, (Cleveland and Kocaoglu
1981, Low 1968, Whitfield 1972, Herzberg 1959) that the interest and
commitment of the designer is essential for a design project to be

successful and that this commitment should not be taken for granted,

The main way in which project management attempts to deal
with the problems of authority, responsibility and personal commitment
is through the use of carefully devised work packages. A work package
grows out of a work=-breakdown analysis that is performed on the design
project. When the work-breakdown analysis is completed and the work
package areas are identified, a work breakdown structure comes into
existence. Stated in an alternative manner, the work breakdown
structure represents the breakdown of the project objectives (Ackoff
1971). As such the design and implementation of work packages affects
considerably the way in which a design process is structured in terms of
informational flow and the way in which that particular design will
progress, - To be able to do this however the management needs to
co-ordinate its activities with those related to the production of those
objéctives'and this means that-they have an important role to play in
the;genefaﬁion bf the Qpecificgtional requirements, This role wili
consist of’ defining the initial need statement upon which the
specification will be developed, possibly‘ an order, or a 'pépceived
market requirement, -or 1£he~ need to improve an existingf,product or -
system. This need statement will gradually become rurtnep"defined'asfit,‘
evolves to become the specification by such"manageméht 1dritériaVfaS

costs, ease of production, speed of development, marketability etc{




‘In addition to this such project management skills as technical planning
and forecasting will be drawn upon and affect the way in which the
specification is formulated. At the specificaticnal stage
organisational considerations such as policy and recommended technical

practices will also have an effect.

The practices of management and organisation also affect the
design process in terms of their effect upon communications both within
the process and externally to it. A model of communications has been
developed by theorists in the field of communications. Though this
model ~was not -developed specifically to describe the communications
activitives within the design process it is widely held that this theory
is applicable to all forms of organisational communication and as such
it is believed that it is applicable in a broad manner to the design
process and its operating environment. Perhaps the most widely known
model 1is described by Shannon and Weaver (1948) who were early
»researchers in this field but whose work is still widely held as
theoretically valid.  The basic ingredients of this model include a
source,  an encoder, a message, &  channel, a receiver, feedback and
noiSe. Other models‘of'the communicationskprocess have been described

’inrmuéh the same wéy.4 Gibson et al (1973) have developed a model of
this process, (See fig 2). Tﬁe relevance of this to desién'is that it
underlines the basic hannér in which communication @akeé place and as

,design éctivity requifesha great deal of communication, in many’céses
largely in the form of informational transference, the understanding andk
smooth running of the communications within and externally to the design;

'process is essential for good design to take place, The structure and

management of communication paths in many ways will affect the manﬂer in‘l{k
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which the designer will progress and ultimately the final designs.

The communication system within design, though not
exclusively so, deals largely with the transference of information from
one aspect of the process to another. Such 1informational systems
however, no matter how carefully planned, will be open to a number of
external influences. An information system does not operate in
isolation. It will usually exist as system or sub-system operating
within the context of a larger, usually organisational system, (Ackoff
1971). This means that as well as designed systems of communication,
there will wusually exist undersigned systems, (Checkland 1981).
Informal structures within an organisation may thus affect the way in
which the design process works. The development of these informal
systems will in turn be a by product of the organisational policies and

the environment around the design process which they create.

The importance of the organisation within which designers
work and the way in which it affects the environment within which a
design takes place, affecting its progress and final results must be
stressed. Woodward (i965, 1980) has done work in this area and ﬁhough
not dealing solely with the effects of organisation upon design but
rather placing it within the context of an entire organisations
activities, notices that: the way an ‘organisation is structured 'will
affect the process and progress of design. The’atresses and,euphasis
laid on different factors which 'lead' the design: prooess will: nat only,
affect the way in which the design specification is generated but will’
also exert various pulls upon the operational stages of the process by:

promoting some and reducing the significance or effects of othera.'::



Available or preferred systems of production, attitudes towards
technical complexity, innovation and change will all affect the way in
which a design process proceeds, (Leech 1972). There is however a
complex interplay between organisational attitudes and policies and the
effects of management techniques and abilities. The ability to predict
and structure the possible outcome of all organisational activity will
affect the above mentioned factors. This means that increasing
importance is laid upon the skills and techniques of technical planning

and forecasting.

Technological forecasting is the activity which deals with
the assessment of future technologies and their development within the
design team, department or organisation., Technical planning is the
structuring of the necessary process by which this may be achieved.
This aspect of design management, the basic principles of which have
existed for approximately 30 years, (Koopman 1956) is based largely on

0.R. techniques and systems based disciplines, (Murdick 1961).

‘The final and one of the most kimportant areas in which
management and organisation affectrthe process of design is that of
decision,‘ Theraspect of designbis viewed as being of such‘significance
that it is discussed ip greater detail and with mdre reference to its‘

technical‘details in the next section.

7 Though many design decisions would -« appear to be salely |
technical and thus purely the responsibility of the designer, in manyf
ways this is not the case. Organisational factors will affect even the

designers. technical decisions. The objectives of the organiaationfand{*




the criteria which they place upon such things as technical change,
cost, time, all affect design, often in addition to those factors taken
into consideration at the time of the initial formulation of the
specification. Similarly changes within the organisation either in
structure or attitude (Murdick 1961) will again impinge upon the design
processors. The divisions made by the allocation of work-packages as
well as the allocation of responsibility and authority, are also

managerial and organisational aspects which have an impact upon the

production of design.

The management and organisation of design can be seen to have
an effect upon the way in which the process takes place as well as
shaping the possible outcomes of the project. Being largely responsible
for the work divisions and official paths - of communication and
information flow, the way in which a design will evolvé is determined by
managerial and organisational policies. In addition to these
environmental factors and their I1mpact upon the process, management
practices take an active bart in forming the actuali design. - The
organisational input at the specification generation stage fokrms the
basis of the deéigri and will determine the final design. Similarly
design decisions are not burely determined in terms of their technical
merit but ‘are the product of managerial decisions and pblicies based

upon organisational objectives.

, Oakely (1981&) :Ls one of the many authors wr"iting 1n this area
who stress the need to clearly define design objectives f‘r'om the veryv
“beginning of the design process. To achieve the best possible atatement

of design specification requirements, car-e will need to bevtaken tc k




correctly organise and fully comprehend the resources available to the
design activity. The management of an organisation will ultimately bear
the responsibility for initiating any given design process. Because of
this, it is essential that the managerial input to the specification,
drawn from such areas as marketing, sales, production engineering etc.,
are correctly gathered and considered when taking their place as

influences upon a requirement.

The integration of managerial considerations as part of a
design specification requires that the design process, and this in
general means the design team, should be thoughtfully situated within
the structure of the company or organisation, By this what is meant is
that care should be taken so as to ensure that all departmental areas
within an organisation which  have an influence upon a design project are’
included and so as to allow the fullest information flow possible

between these different departments.

The organisational needs which initiate a design process may
come from a wide variety of sources both internal and external to an
organisation; These needs will determine such things as whether a
design will be a new or innovative one or whether a developmental or
variant design is required. The areas within an organisation which will
determine such factors often come from the perceptions of the sales or
marketing departments. The finalised resources which are available for
a project are yeﬁ .another factor. It becomes appareht  fr6m ‘the
literature written concerning the field thét what’iskfequired’if thé
design process is to be’best served, is the use of syatematié managerial

methods. Oakely (1984) indicates from his research into product design



that unless management makes use of methods and procedures available so
as to ensure that all departments within an organisation are able to
assist in the formulation of both the initial specification and any
possible future modification, which may need to be undertaken as a
design progresses, then specification produced may well have serious

flaws.

The two main points which can be drawn from the literature on
management and organisation which are of use in the building of a design
model are, the need to use systematic methods to help the designer to
ensure that all influences upon the designs development  and
implementation are considered and the importance of generating the
clearest and most accurate specification requirement. By the use of
systematic methods the designer is assisted by being able to conduct his
activities in a manner which ensures that no important considerations
are. oVerlookedv and  which should help him to structure both the‘
information availablé to him and also more easily define his own

informational requirements.




2.7. Decision Theory

All design requires the continuous making of decisions. This
requirement exists regardless of the scale or complexity of a design.
Design decisions are made both intuitively by the designer and by the

use of formal methods and techniques.

The technical decisions which are made by a designer will
seldom be made purely on the bases of technical merit alone. Factors
such as available resources, economic considerations and the need to
meet deadlines will in most cases all play a part in determining a
designers technical decisions. Decision in design consists of
reconciling a complex set of often competing factors. To accomplish
this ‘the accurate assignment of value to the variable factors is
extremely important. The formulation of what 1is called the value

criteria is the key element to design decision.

Once a designer has been able to conceptualize the basic
specification of a design he must then move on to examine ways in which
he can obtain the optimum design to fulfil these specifications. To do
this decisions will: élways have to be made to decide between ‘the
possible options open to him. At this pointkthe value hé attacheé to
each of the specifications‘eiements will be the deciding.facfor, the aim
‘being to maximise the overall value and as such tQ produceithe éptimum'
type éf design to fulfil the requirements. Thus the cbncept of'valﬁe isf

fundamental to the decision process.

. When assigning values to each “element; .Specifiéatibn or




variable, the designer is making a statement about the importance of
that particular facet of the design in relation to the overall design
aims, Thus something with a high level of value would be important to
the design whilst something with a low (or possibly even negative) value
would not be particularly of importance, or even possibly detrimental to
the design aims. When assigning value to a variable the designer
however has not only to look at the value of that item in terms of its
importance to the final design aims, but also in relation to the
relative values of other variables. The assignment of values to design
variables can be done either intuitively or with the use of formal
methods. The designer then must decide the relative value of each
variable if he is to optimize his design. The value of an element of
the specification in relétion to other elements 1is often variable

changing throughout the iterative process.

The concept of value is thus essential to the decision
process as it enables the success of a design to be judged and the
relationship between the elements of a design to be defined. . Broas
(1953) has argued that these relationships are determined by the
characteristics of~the possible courses of action, or strategieé that
are open ;o' the desigheb.k . By the predictioﬁ of vthe outcome' o: a
particular course Qf action and the des?fability or'valuérpiécéd‘up§n‘
that outéoﬁe, the values placed upon the‘éQmp¢nent qualities originally
defined as desirable will vary.  Sanoff (1968) similarly argueé that the
‘value placed upon the predicted outcomekof a particular course ofkactibﬁ‘
will alter the relative values given to the:»elelment’s‘ bf‘:thé " initiél”"
specification. VValue which is the criteria by;which decié;oﬁskare ﬁade

is thus determined‘by available course of action and predidtédkautéCme; ?“
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The prediction of outcome thus becomes a major element in the
way design decisions are made. To predict the outcome of a particular
course of design action, it is necessary to produce the most accurate
description or model possible of that particular option. Cram (1971)
argues that the system model should be as detailed as feasible for

effective decisions to be made.

Bross (1953) suggest several methods by which predictions are
made, as‘does Mack (1971) and Keeney and Raiffe (1976). These roughly
can be summarised as prediction of outcome by initiative means, by the
use of analogy, by drawing upon experience, by the assumption that all
elements likely to effect the outcome are known and will remain
constant, that any changing factors are known and can be predicted and
that some faétors will be unknown or uncertain. Depending upon under
which of these conditions the prediction of outcome is made the relative
values within the criteria will vary and thus the design decision will

alter.

Decision Theory consists of the assignment of values to the
various qualities -and quantities = which constitute the  design
specification, the determination of the relationships of these values
with regard to possible outcomes and the meﬁhodological_techniques or
means by which.these'can be determined. It is to these methodological

techniques or meahs that the discussion will now turn.,
The selection and implementation of any technological product

or system is determined mainiy by - the balance,between its performahce'

against the specification in technical terms'énd itsvperformance against
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the specification in economic terms. The most common method of
assessing this is by determining the ratio of technical effectiveness to
cost, LE/CY, or by the difference between the two [E-CY., Another method
used is that of Quadratic cost, [(I-E?)+C?), where [I-E?)} can be
regarded as the penalty paid as the technical performance deviates from
the ideal or optimum and C is the cost of getting the systems

performance back to that ideal, (English 1968),.

An important element in the means to design decision is cost
analysis, which is a part of the broader area of value analysis (Falcon
1964). This method determines the cost of a function within the system
by the assignment of function carriers to the various sub-functions, (to
measure their technological worth) and weighs this against their
manufacturing cost, . There are however a large number of problems with
these economically based methods of decision, They pfe—suppose the
inability of the designs system structure to this form of investigation
and there is the possibility that even if it is; that by using solely
cost based assessment, important technical criteria will be overlooked.
Decision proceduresk which incqrporate the concepts of costebenefit
analysis, such as the German guideline VDI 2275, (Pahl and Bietz 1984)
allow for a more comprehensive evaluation of a design to take place.
These methods are orientated towards providing a more broadly ‘based
decision taking into account both the quantities and  the qualitive

aspects of a candidate design. .
A number of varieties of this method exist, there basic

structure however is similar. A candidate Ci, has a set‘—éf ~design.

characteristics which'are those attributes which are relevant to the




design objectives. There 1is generally a large number of separate
criteria, K, by which design must be evaulated, In this form of
decision method the criteria should be formulated as utility funciions
of the form UiK=UiK (eci. ... ci,n), which assigns a value, UiK to a set
of design characteristics. A set of utility values is thus determined

for each of the candidate designs.

It is important to stress that although the above techniques
deal with partly formed or completed designs, this is not the only stage
during the design process when decisions are taken. Asimow (1968)
defined design as being an interactive decision making process. For
Asimow the design process is interactively performed, with the design
definition and detail with each repetition of the process. During this
process at each stage decisions will have to be made entirely in terms
of function and eventually detail. Pahl and Bietz (1980) similarly view
decision as being something which takes place constantly through the
process and the process being repeated, further defining the design each

time.

Within the functiocnally decomposed design the decisions made
will be lafgely based upon technical consideratipn operating wiﬁhin the
parameters of the specification., However wheﬁ the decomposed functions
have been realized and it is necessary to’combine the components‘into4a
total system, decision techniques may again be requi&ed to determine the -

optimum variant.

Decisions are taken constantly throughout the design process

and will during the initial stage of iteration be based upon technical



considerations, physical principles ete., or even heuristically. As a
design solution begins to become more defined it becomes possible to
apply the collection of methods which together constitute decision
theory to enable the design to determine the most advantageous

combination of system components.
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2.8. Summary of Chapter Two

This chapter has primarily concerned itself with a discussion
of the literature written on the subject of design. Divisions have been
made within the literature based upon the concerns and approaches within
and towards the subject of design. Within each of the areas a
discussion of the literature has taken place and an attempt has been
made to analyse the main points and from this to synthesis a consensus
view of the design process as a whole. Within this section a brief
summary will be given of the discussion within each of the subject areas
and the way in which each of the areas has contributed towards a

consensus based model of design will be highlighted.

A great deal of the literature was found to be concerned with
design education. This literature varied in scope quite widely from
general introductions to the design process, to dealing with specific
areas of interest within that process. Similarly the orientation of the
literature also’ véfied ~considerably from literature which aimed at
providing undergraduates with an insight to the process, to literature
aimed at updating the knowledge of the professional‘practising designer.
Finally, the literature also varied in terms of’the discipline within
which design was to take place, for ihstance; hechanical engiheerihg,
electrical engihéering and civil 'enginéebing; Ihspite of LtheSe
differing ~approaches ' and orientations however, - a large number lof
similarities wereffoﬁnd to éiist in terms'of.descriptions‘bf~the'bbccessv
and general practicés’édVQCatéd. Before moyihé Onlﬁc‘dé8cribe'th636
similarities the point should be made thaﬁ within‘the_li#efatufe of this

area a further similarity exists, that beihS‘thé'basis‘froﬁfwhiéh'aﬁGV*




upon which the literature was written. The literature as a whole tended
to be based upon the authors own design experience rather than upon
empirical study and further, the majority of the 1literature both
described what it viewed as the design process and prescribed ways in
which the process and the the work of the designer in conjunction with

this, could be improved.

The first feature of the design process which the consensus
of opinion in this area agreed upon was that design is a sequential
process characterised by a number of design stages, which by passing
through a design gained form and definition, Eeckels (1987) description
of the process is highly typical of the type of opinion put forward in
this area, in the way that he states that by passing through the design
process, a design moves from the abstract to the concrete. Descriptions
of design in this area typically view the process as starting with a
perception of need, which becomes more defined as a specification
requirement is drawh> ub and which graduallyv gains specific form to
realise these requirements and the process progressively becomes more

concerned with actual specific detail,

The descriptioh given of the adtivities Which‘typicaliy take
place w1thin each of the design stages is also widely agreed upon. The
initial stage of ‘the process is that of the generation of the

specification requirement.‘,,Differences of opinion exist as to the

amount of detail which is required in the forming of the specification,_ o

but again there 1s' wide- agreement that the specification should be openf’

to- modification and change which will nearly always be required. This, ,

last point is‘ one ‘whlch applies 'hot only_ to“the speciricatlan
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requirement but also to the process as a whole. It is stressed again
and again within the literature that though the design process is seen
as a set of sequential stages, a design does not simply move from the
initial stage to a finalized design configuration in one go and then
stop. Rather the process is seen as being iterative in nature returning
many times to a previous stage to modify or update the work done during
that stage. This is seen as taking place in terms of all the design
stages, but particularly of relevance to the specification stage which
may have to be modified many times depending upon the feedback received

from later stages.

After the initial generation of a specification has taken
place the next stage or phase which was identified was that of the
generation of possible des%gn solutions. The discussion within the
literature concerning this stage tended to differ not on the description
of the fundamental qharactgristics of the stage, but rather,in terms of
the ways in which the activities are best undertaken. = However even
within the differences of prescription as to the best means by which the
activities associated with this stage should be undertaken, there exists
a large body of like mindedkopinion.~ The need to decompose the problem
into abstract functions isbphe practice widely édvocated, 50 as'to allow
| for the widest poésible area of solutions possible. The differences
which exist with regard to this are not of basickprinciple:but rather on

the best methods and degree to which these should bendéns.
The final stages of the design process are égain,vbroadly/

agreed upon in terms of function and the types of 1aqtivities  whiéh

characterise thém. - These are the analysis of the possible 'design '
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solution and the taking of decisions as to whether or not implementation
of the design should take place. Again the iterative nature of the
process is stressed. Though in terms of the sequential structure of the
process these two stages, which for some authors are seen as
constituting only one stage (Cain 1969, Krick 1965), appear at the end
of the process, the way in which they affect the development of a design
is continuous as the development of a design takes place interatively by

passing again and again through the stages of the process.

In terms of its contribution to the development of a model of
the design process, the literature on design education provides a number
of important features. Firstly, it identifies the nature of the process
as being a sequential and iterative one consisting of a number of
identifiable design stages which are characterised by both function and
their relationship towards the other design stages.' The design process
is initiated by the perception of need and gradually moves towards a
detailed finalised>design solution by interatively proceeding through
the design stages and the corresponding activities which characterise

them,

The contribution of systems science‘and'systemskengineering
to the development of a model of the désign process'differs to that of
design education‘ih,é‘number of ways; "Firstly the‘baSic‘orientation
‘within this area is basically similar for all the literature.  The
differences which do e’"xist”ténd to take the form of’r divyersity?m/ the
degfee of detail and selection of particular aspects ¢fbthé'pfo§ess for
the greatest discussion.  Systems theory is éhara¢téri$sdk'by ’i#s

approach towérds>prdb1emé'ahd as sqéh much'of'the contribution‘madé by

_ -fggu;;’,f .



this area to the model can be drawn not only from works written directly

concerning design but also from works outlining the general approach.

The literature written from this perspective on the subject
of design recognises that design consists of sequential and interactive
stages. Where however systems theory makes its major contributions
towards a model of the proceeds of design i1s in terms of offering
techniques and theoretic validity to the decomposition of design
problems. By allowing .for the description of entities in terms of
abstract functions systems theory allows the designer a greater solution
search area as well providing him with techniques by which to more
accurately describe an abstract system. JSystems theory however does not
only prove to be of relevance in terms of the generation of possible
design  solutions. The holistic approach of systems theory also
contributes to a fuller understanding of the factors which affect the
production of the initial requirement specification. By encouraging the
designer to look for all factors which can have an influence upon a
design a greater:understanding of factors which should be considered
when formulating the specification can be obtained. ~Similarly»systems
models can providekinformaiion to assist in the analysis and decision
stages., Overall - systems theor'y' reinforces the inotion of design as
consisting of sequential stages which are gone throﬁgh in an ihteradtivev'
manner and hightens‘the‘awareness that  for -the best’péssible design
solution to - be obtaihed it is necessary to decompose. the désigﬁ problem

into its basic functional units and sub-units.

. The . literature which concerns itself vwith -the tcbeatiVe'.

.aspedtsfof‘deSign concentrates its efforts in a ﬁumber»df areas, ' These
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could be broadly described as the ways in which creatively within the
process can be enhanced and ways in which the design environment can be
modified to offer the greatest degree of support for those activities.
The literature concentrates largely upon ways in which new or innovative
design takes place. The need to decompose a design problem down to an
abstract form is again recognised and emphasised as a necessity if good
design is to take place. The 1literature largely concentrates upon
methods of achieving innovative thought advocating many practices which
have this as their primary objectives., Though much of the literature
concentrates upon the area of the generation of possible design
solutions, emphasis is aléo placed upon the creative aspects of the
generation of the specification requirement, The majority of the
literature which concerns itself with this aspect of design, ( a notable
exception being French 1971, 1985) concerns itself only briefly with
notions'of the'process'as a whole, cbncentrating most of its concern in

the specification and concept generation stages.

The literature drawn from the area of the management and
organisation of design contributes towards the model of the désign
process in two main Qays.‘vFirstly it embhasises the importance of the
; specificétion stage which gives d;rection' to all future activities
within the process.  Secondly it highlights the ‘advantages of
approaching desigﬁ throﬁgh the use of systematic methods. B§th these
points aim to’ create the greatest possible eéonomy in‘terms,ofidesign
effort by attempting ‘to ‘structure the agtivity* as rigorously “as
possible. = Because of this the'\viewv'géneréllﬁ"eﬁpresséd ;ﬁiﬁhin‘ the
literature is that'the‘process of design»is a‘sequential_bne‘cénsiéting

of various stages each characterised by specific 'ﬁypésvfof”féétivity;  :



Oakely (1984) is in many ways typical of the literature to be found in
this area. The importance of management in the formulation of the
specification requirement is greatly emphasised and the use of method
advocated 50 as to ensure that the activity is best co-ordinated with
all the other areas within an organisation which are likely to either
affect or be affected by the design process and the final design which
this produces. In addition to this organisational factors are also
considered, stressing the importance of the positioning of a design team
within an organisation so as to create the best mix of information flow

to and from the team.

The literature which concerns itself with decision theory is
predominantly concerned with techniques and methods of support the
designer when decisions are required. These decisions are asserted to
take place both throughout the design processes as a whole, often taken
in an informedkor heuristic¢ manner and formally at a particular stage at
the end of the desién sequénce. In addition to this the literature from
this area also makes another important contributionkto the model of the
design process by emphasising the need to‘create a value model or value
criteria. The value model or criteria assists ﬁhe désigner’by allowing
him to make judgement about a proposed design against the speéification
requiremeht, By this means a designer ‘may- determine’:the' relative
'importance of any oﬁé, or group, of . features within the specifiéatién
either against its own ind1vidua1 merits or against other aspects of the
requirement. The major contribution then of literature from this arear
to'the model of the design process is that for the designer to be able
to correctly make any decisions during the design process, iﬁ is

bessential for him to have a value criteria against which these decisionS;VV
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can be made,

The model of the design process which becomes apparent from
the analysis of the literature is one which can be described as follows.
The design process is sequential in nature consisting of a number of
stages. The design is formed by passing through these stages in an
interactive manner gradually gaining form until a suitable finalised
design has been realised. The stages of the design process consist of,
the formulation of a value criteria or model, the generation of the
specification requirement, the generation of candidate solutions, the
analysis of the performance of the candidate solutions, the evaluation
of the candidate solutions performance against the specification
requirement and the taking of decisions as to whether to continue or

terminate the process.
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3. The Model

Introduction

The model of the engineering design process which is
described in this section has been created by analysing the literature
on design and from this producing a consensus as to how the design
process takes place. An outline of the model which is to be discussed

is given in figure 2a.

Any brief description of the model will be necessity leave
many aspects of the model not fully explained, however before going into

a more detailed accounts, a brief description would be of use.

The model attempts to synthesise a number of factorsg, and as
such is’both sequential and interactive. It is described in terms of
functional stages within an informational process., The initiation of
the processvas a whole starts off with a perception of need of some kind
and then: within each of - the sﬁbsequent intefaétive stages’forms'the
requlrement specificatlon acqulred from the previous design stage. The
basic sequential stages take place both as a whole throughout the entiré

design activity and in terms of each of the actual»de51gnbactivxtles.
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The sequential stages themselves are those of the formulation of the
specification requirement, the generation of candidate designs, the
analysis of candidate designs, theme evaluation and finally decision.
The above terms and their meaning and significance are discussed in full
a little later and presented at this time as a means of providing terms
of reference., In parallel with these stages there exist two other
elements. These consist of the knowledge base and the Blackboard Model.
The first consists of available knowledge to which the designer has
access at any given time within the design process. The second element
is that of the Blackboard, or Blackboard Model. This is a mechanism by
which design information about partially formed or whole design
solutions are stored and added to or combined. The Blackboard concept
is a major part of the design model and as such a more indepth
discussion of its function and relevance is given within a separate
sub-section, Befofe however beginning the discussion as to the
actualities of the model a number of points should be addressed as to

the nature of the views and perceptions of design models.

‘Within the field "of design theory there exists two basic
views as to the character of the design process. kThese'two basic views.
on design can be described as design being'a sequénce, énd design being .
a process. ittwill be argued that both these views have validity and

~that they are not in essence incompatible.

_ - The notioh of 'design as ‘a sequence is typified by “such
writers as Pahl and Beitz (1982) who see design as takingéplace’throughf :
~ the progression of a number of stages each characterised by a particular

type of design activity each following on from tha completion of the‘
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last in a linear manner from the initiation of the process to its final
completion as a fully detailed set of design drawings. The above
description of the sequential view of design is necessarily something of
an over simplification, it does however capture the main points of this
view. In something of a contrast to this those theorists who view
design as a process, (Lawson 1979, Hayes-Roth 1980, Alger and Hays 1968)
take the view that design 1is a continuous cyclic process, almost
entirely, or indeed entirely, interactive in nature, where the design
solution search is virtually unstructured and possible and partial
solution are continuously drawn upon, modified and combined. It is
important to note that this view does not in the main see the design
process as being a predominantly interactive ac;ivity, rather it argues
that the majority of design takes place without the use of systematic

methods.

In many ways the two viewe of design reflect not only the
differences ih‘types of design practices based upon the~size,’complexity
and organisetional'structure of the design project itself but also upon
the empirical base from ‘which the model ‘has been drawn. ~ The vast
majority of design 1i£erature is besed upon participant~ebservatien,
usually ah experienced designer drawingebothvupon4thaﬁ experience eﬁd'
‘also making suggeeﬁiohs as to metheds ofbimprbvemeht.  ThlB in turn has

lead to an unclear division’ withln the literature concerning what is

,being described by - the author as a model of -how. design actually takes :

~place and what is being prescribed as a model: of how design should take .

place. Often withln individual works in this area this division is fav:

; from exp1ici:.




There are however within the literature some works which do
make this division clear and it would appear that there is in fact a
basis for this division in terms of the method of approach towards the
study of the design process, Lawson (1979) through a process of
interview, observation and experimentation concluded that what designers
actually did fitted the process view of design rather than that of the
sequence, In a continuation of this line of research Lera (1983)
similarly asserted that designers often even when believing themselves
to be using a systematic design method, in fact did not. Rather the
designers tended to move rapidly from one area of the design to another
as possibleyor partiel design sclutions became apparent., This type of
activity often meant the leaving of a particular course of design
solution search, often before it had been completed and moving to
another aspect ofvthe design, either returning to this later, or often
not at all. Hayes - Roth (1977, 1983) further developed this notion of
the design process by attempting to incorporate it into a theoretical
framework, that of the Blackboard Model. As preViously mentioned a more
detailed discussion of this model 1is undertaken later within this

chapter along'with the work undertaken within this area.

The view that design is sequential in: nature is heavily
represented within the literature. Before moving on to discuss this
however it should be mentioned that the literature which~represeuts the
view does not exclude the notion of interaction as an aspect of design,
but rather tends to stress the need to operate in a systematio manner
returning to a previous design stage once ‘a’ particular oourse ‘of ‘
activity has been seen to be unsatisfactory. Asimow (196&) asserts thatu x

'design does not exist in terms of a sequence of activity stages but doesi¥'




not exclude the returning to previous design stages to modify or change
the course of a design and sees it as an important element within the
process. Oakely (1984) though advocating that design benefits from
structured sequences each of clearly defined objectives similarly
acknowledges that a key element within design is interactive, though
equally asserting that by the use of vigorous systematic method
throughout. the process this necessity may be minimised, which he states
is desirable as 1t prevents wastage of time, design effort and
resources. Often within the literature it is acknowledged that design
combines both of the views of design. Eeckles (1986) both discusses the
design process as a sequential event and in terms of a continuous
interactive process, noting that any sequential divisions made within
the process are never totally rigid and that exceptions to the stage

order can and often do occur.

The debate amongst design theorists as to whether design
oceurs sequentially’or as a process represents not sokmuch a fundamental
division within this area, but rather a reflection as to the way in
which the theorists have chosen to study the subject and the empirical
basiskupon which they have chosen to base their studies. Those authors
who base their work upon experience and participant observation tend to
préscribe to a greater'extént than auﬁhors who base their works upon
more formaliséd embirical studies, In;additioh to this thosé authérs
whb tend towards -préscriptioﬁ almost ehtirely :view design  as being'

;Sequentia; in nature. These sequentialbdescribtiqn rénge.frqm,geheral,’
'acknowledgements thatvdesign takesvplace in this partioﬁlah manner tarf
cdmparatiVe1y~ rigid descriptipns"typifiéd by the 'adVOCating( ofi

systematic methods.
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Authors who assert that design should be viewed as a process
have tended to base this assertion upon research, (studies and
interviews) directed towards the description of how designers actually
operate. It should be noted however that though designers may not
always adhere to a systematic method, or conduct thelr activities in an
entirely sequential manner the actual design itself does develop through
a progressive number of stages as it approaches its final realisation.
For Eekles (1985) this development was best described as a movement from
the abstract to the concrete by way of gaining greater and greater

definition through constant interactions.

The above discussed division within the literature having
however been noted I shall now move on to describe the model in greater
depth. The form this will t.ake is to discuss each of the aspects of the
model in turn, explaining in detail their main characteristics, and

offering justificationskf’or the form they have been given.




3.1. The Initiation of Design Activity

The precise point at which design activity commences is one
which in many ways is not absolutely clear. This 1is because the
division between initial design activity and its precursors is not one
which can be easily made. The perception of need is often cited as
being the initial part of the design process and though this may be
correct it also, unfortunately, 1is rather vague, It is possible to
argue that the generation of the design specification is the initial
stage of the design process, and indeed this view is probably correct,
however the problem still remains as to what has caused this activity to
take place. Dixon (1966) asserts that the origins of a design activity
are embedded within the social, economic‘and'techndlogical context of
the society within which a design takes place. By this what i1s meant is
that at certain points in time societal demands will be made through the
various agencies and organisation of that eociety andkdependant upon the
economic and technological conditions, these demands will gain-form and
oriehtation. The wider society will make various types of demands for
items and the way these turn out will depend upon the skills and
resources available at that time.i Similarly Asimqw (1964) views design/

as beingbinitiated byvenvibonment. - For -Asimow the-enviroement’Wifh
regard to - design ‘consists of» socib-economic; and eocio-ecological
factorsi, From these factors will come the initial needs which then
require to be more- fully identified and formulated during what he termsfl

the initial Feasibility phase.v The point at whioh a need suitable forf"

the initiating of a particular design activity takes place is one which»;"

is generally ‘not clearly defined or given any vigorous theoretieal"‘




explanation or framework. An exception to this, though dealing
specifically with the initiation of engineering design activity, is
Penny (1970). For Penny (see page 95a) the design sequence is initiated
at a point when economic and technological factors converge. Economic
factors provide the impetus and technological factors channel this
impetus into the type of need which is perceived which it is then the
Job of the specification requirement to define, clarify and quantify.
Qakely (1984) takes what is essentially a very similar view to that of
Penny (1970) though for Oakley a greater stress should be laid on the
effects of economics when considering the factors which initiate the
design process. Though Oakely i1s primarily concerned with the factors
which affect product design much of his argument can be generalised to
the whole field of design. Available resources play a critical part not
only in détermihing the final item which is to be designed but also
affect the manner in which ’initial need perdeptibﬁs are defined.
Although emphaéising the way in which economics determiﬁe ﬁerceptions
about design needs Oakely also stressesbthat design is very much a
product of chénge. For ‘Oakely these changes are brought about through
competition, changes in fashion; tastes, styles and the law, along with
political factors, diminishing natural resources and the need to gain
’profit. The notion of design being brought about bybchénge or the need
to éhange; or‘eveﬁ merely a perceived need to chénge, is one which is
.central to ﬁhé comprehension of what_ actually initiates the ‘design
activity., Lawson (1980) though acknowledging such'factérs'as geﬁerai
change and its foundations in society, the écohbmy‘and th§fstaté,6f
technoiogy etc.,’;akéé the view ﬁhat it is pbésibie only;tq‘ackncwledge
suchifactors,rather than,tovproduce,any §heore§icalVframework?ph&pugh

which to more fully comprehend there workings. Lawson asserts that thé i
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range of factors and the complexity of their relationship defies a more
precise understanding. This view though not always asserted appears to
be the predominant view within the literature on design as in many works
a number of factors are acknowledged as exerting an influence upon the
decision to start design activity but few offer any explanation as to

how this influence might in fact operate.

What becomes clear from the discussion of the literature is
that there is a necessity to evoke a boundary of consideration when
dealihg with this area. Society and the broader economic and
technological conditions no doubt do exert an influence upon the
initiation of design. However it becomes necessary to limit the scope
of investigation when considering this matter if an indepth sociological
and'economic’study is to be’avoidéd. Such an investigation though no
doubt of“Value in terms of ycompréhending more fully the context of
design is however beyond the scope of this thesis.. For the purposes of
this discussion in génebal the initiation of the design process will be
seen as‘commencing at the point at which there can be found a clearly
articulatéd need, Rather than pursuing‘the line of»cauéality to the
ultimaté ends the start of the design'prqcess will\be seen as taking
place‘atvthe’pbint at_which‘a heed arises to which’an attempt>;s:made to
satisfy'it; This boundary of cbnéidérationyserveska humberibf»impoftaﬁt .
functions.  The first is praéticalkih‘that it,limiﬁs theysphéfé of;

. discussion and thus‘makés the~abea more émenable to discussion. Alse;
such a boundary 'ﬁllows the relationshipr bétWeen' the ';niﬁiaﬁob?*of: a

design and alljsubseqﬁeht activities to,be'mdre fu1l§'éxp1éihéd.'“ :

o By‘statihg that the design proceés.is'initiated7wheﬁ‘a nééd,5“




is clearly articulated what is meant 1is that the design process
commences at a point at which a statement can be produced as to the
desired outcome of a design sequence. In other words a rough ldea as to
what is required has been formed, It is taken as read that when
discussing this area the term need also implies the desire to fulfil
that need, or at least attempt to satisfy it in some way. The way in
which the attempt to satisfy this articulated need is undertaken is the
design process. Indeed in many ways the design process consists of
clarifying and articulating through ever increasing definition of the
original need. ' The initial step however in this process consists of
producing a qualitative and quantitative definition of that initial
need. This is done through the generation of the designs specification

requirements.
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3.2. Requirement Specification

The requirement specification is the final product of the
initial stage of the design process. The purpose of the requirement
specification is to offer a statement about what actually it is that
should  be designed. The way in which this is defined may vary
considerably from an imprecise statement of general function, to a
precise set of performance characteristics., It is‘ from the
specification that the direction of the design activity is determined
and it. is against it that the success or failure of the finalized design
will be measured. The specification however 1s rarely a static set of
characteristics which are required to be possessed by the final design,
but rather it is usually open to modifications and change as either
requirements are found to be difficult or expensive to achieve, or when
greater definition is required to determine the precise nature of what
it 1is that is to be designed. Because of this the requirement
specification is an'integral part of the decision making process which
takes place throughout¢the,design‘process. itvis this aspect of the
requirement specificatioh which has led to a division within the
literature as to the ekact nature ofvé specification;< This division is
based upon the emphasis which it is felt should be placed upon the role
of é specification ahd iis effect upon deéision. . Aﬁthdrs ‘SQéhv as
Gosling’(1959;,19_62), Asimow (1964) andi Cain (1969) assert t’hkat’ the
purpose of the requirement;épecification;is thatlof_task clarif{@étiég.
This means that a designervzshould be able  to ‘commence his dssign
activities with a clear idea as to that 'which he wishes to 'px?éducfé,
Panl and Bietz tern this approach solution - orientated. Othep writers

on this subject however state that the‘SPeCification‘shou1d~be'mofé than




this, Both Chestnut (1967) and Churchman (1986) assert that the
specification should take the form of a value model or value criteria.
By this what is meant is that the specification should be put in terms
which make explicit the value placed upon each of the required
characteristics of the design, both with regard to the final design and
in terms of their relationship to each other. Implicit to this view is
the notion that within any design activity trade-offs will have to be

made between the possible characteristics and functional attributes of
the design. To do this it is claimed the value, or importance of a

particular requirement will have to be known.

The specification is the product of the 'initial design
activity. To more fully explain its source, function and relationship
to following design stages it is important to comprehend the factors

which have affected the generation of the réquirement specification.

The initial phase of the specificatiﬁn Stage is that whereby
information is gathered concerning the defined need. ' This information
and the scope of the search undertaken tdkgain it, is itself dependent
upon a number of factors,  The knowledge and'expériehge of “the design
team -will obviously éffect the drientation and often:the>scalé'of the
initial search,-as’willysuch_ﬁhings as'time and“fesources'avéiléble.
Also and of equal’importaﬁcé, decisions made early in the'phdcess‘Wiilvﬁ
affect thé.generation of the specification requirement.*“‘The‘initial‘
decisions made as to the 1ikelihcod and possible consequences of*héving
to modify a specification will greatly'affect the mahher;ihiwhibbjitfiéf
formulated. The;pérceived ease of making aﬁ altetation atiékla;e:;stage -

'in' the overall process, usually in terms df'the ¢onsequencés"upohianyﬂ-"




progress made within the design, will affect the vigorousness with which
the generation of a specification is pursued. The main point being
argued here is that the rigidity and detail of the initial specification
is dependent upon early design decisions or often perceptions about the
possible outcomes of the overall course of a design activity. This in
turn is a product of designer knowledge and experience, as this will
affect’information gathering activities, or if indeed they will take

place at all.

In addition to factors such as designer knowledge and
experience and the way in which these affect the initial information
gathering phase, organisation factors play an important part in the
generation of the specification requirement. It is important to
remember that design does not exist solely in isolation and as such
though technological and techno-theoretical fectors will very greatly

affect the outcome of this stage, they will not do this entirely.

The organisational factors which set the context within which
design takes place have a very substantial influencekupon the way in
which a specification is generated. - The organisation:within which a -
design activity is to take place sets the parameters which determine how
a deeign soiution is‘sought.' These organisational considerations often

form a large input into any specification.» This happens in a number of

‘ways.  Firstly it ‘isk;through the organieational structure that the .

initial need'is articulated. The structural make—up of organisations
vary considerably and it is dependent upon the emphasis of the many o
divisions and sub-diVisions which take part in the snaping of the ,

defined need, which will alternately determine the‘ form of : h o
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specification. Elements such as, production engineering, marketing,
accounts and the technical design team will between them define the
design need, and as such the influence of each group relative to the
others plays a part in determining that perception. The organisation
will also influence the specification by determining the resources,
human, technical and monetary which are available to a particular
project. Another equally important factor which 1is defined by the
organisation within which a design is to take place is that of time.
The organisaticn will define for the design team the time scale through
which the design process will be operated. This will affect the manner
in which tne search for possible design solution will take place, will
often be incorporated in the initial design brief and can become part of
the actual specification. Similarly the allocation of resources will
greatly determine technological factors. Finally the compatibility of a
finalized design with existing production methods will also form part of

a specification.

It is not within the“sccpe' of ‘tne“preSent ‘discussion to
explorekall the external factors which exert an influence'upon‘deeign,
however certain,external'factors wili always impose themselves upon’the
specification.rpThe effecte’of laws fcf inétance cannot be ignored and"
though to ail intents:and punposes theyyere‘beyond the design‘activities
direct influence and aszsucn‘external to it they efe automaticali§ part
of the specification. Similably codes of practice and‘cnaticncl and
often international standards exert an influence upon the way in which a
specification requirement is generated. Industrial standards set 1evels
of minimum acceptance and as such 1ay down specifications to which a

design must confcrm right at the start of this generative process.f
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Codes of practice though often not legally enforced will often non - the
-~ less exert an influence upon the generation of the specification which
is external to organisational context within which the design activity
is to take place. Finally non-enforced factors which exert an influence
upon the generation of the specification such as environmental impact

will also affect a specification,

All the above mentioned factors will determine, often prior
to technological design considerations, certain aspects of the
requirement specification. Before embarking upon a discussion of the
ways in which technical aspects will influence the generation of the
requirement specification I shall briefly recap on the points made so
far. . The generation of the specification requirement is influenced by
perceptions of the design problem and the way in which these influence
initial decisions about possible outcomes of that activity. The degree
of flexibility and - detail incorporated in the specification will be
determined by -this. The organisational context of -the design activity
will greatly deﬁermine‘ the generation of the  specification by the
allocation of resources and by the articulation of the design problenm,
Finaliy a number of’factors which could be considered to be external to
the overall design activity will automatically be incorporated into the

specification, i.e. appropriate legislation.

In: addition v;o. the above jmehtioned ‘aspects,‘ fr £he
specificatien there also exerts a component part of this stage which
could be termed the production specification.n :-Essentially »the :
production specification can be characterised as comprising of thek 

technical requirement of the overall specification.' The produetion“
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specification is basically a statement of the technical problem which is
to be solved. The form and content of the problem statement will
largely be determined by the method of formulation used. However though
differing in style and structure most methods will produce a statement
containing the same basic components. A statement of overall function
will be included within this to provide the basic orientation for the
activity and a preliminary outline of the main features the design must
possess. In addition to this a degree of definition will also usually
be given to the sub~functional structures of the design. In most cases
this will consist of identifying the sub-functional areas and indicating
their relationship to one another and the overall function. Again the
form the sub~functional structure takes will be largely determined by
the method of formulation chosen; and this choice will be in turn
determined by the complexity and scale of the problem and by the
evolutionary stage of development of any particular design. A further
level of struc;ural decomposition may take place with the definition of
elements within each of the sub-functions. Between them these levels of
functional identification will form an abstract description of the basic

operational structure of the item to be designed.

The form thelpréduction specification takes will u1timatély
be determined by the method of formulation chosen. - Asv‘sﬁghn the
sub-fgnctionalvteléﬁionshipkwill gain:theirvform from the_degrée of
abstraction, and form ,of syntheéis used. by, or’,ihherehﬁ' within the
formu;ation method. Ihe initialfprpbiém statement however, which forms
the basis of all further activiﬁiesﬂwithin the prqeess of{Séneraﬁiné
spec;ficatiqn,_thpugh again differiné iﬁrpfecige dgtéii of_férm@lation'

will essentially be a product of the interplayldf‘afhumberfof1basic1
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components.

The most dominant of these components in terms of influencing
the outcome of the formulation process is the value criteria. The term
value criteria when used in this context refers to the way in which the
required qualities and quantities are weighted in terms of desirability.
Value is used in its broadest sense, to indicate not only the economic,
but also the technical value of a characteristic. A value criteria will
exist within all design processes for without one no form of decision is
possible, and the orientation of the process so range as to be almost
useless. The clarity and definition of the elements within any given
value criteria are dependent upon the wide range of factors which
influence its formulation, and the vigourousness within whic¢h they are

pursued.

As the perceived need is initially analysed probléms will
start to be identified and a preliminary statement of goals and even
possibly intermediate objects, will be formed. At this early sﬁage the
relationship between the‘criteria, the identifiqétion’Qf problems and
the stat;ng of goals, is a fluid one. Where some form of methddology is
used the relaﬁiénship may become ﬁore rigid. Hdweyer aé Matousek‘(1963)
points out in his examination of the morphology 0f’specifiéatibn, there
exisﬁs'a 'ripple effect' which he states may;ndt alwéys be able to be
. eradicatéd until the latter stages of a designsfevolution'When°goals;k
probabilities and types of systems behaviour ‘have received greater
attention, In other words it is not until ;hé" criteria is ‘definfgd,;ftnat_,
~accurate and informed decisiénskcan be attémpted,fiihe infqrmatioq;whiéh;

is required for the formulation of the criteria is however derived from,




the defining of the designs parameters, the defining at even the most
abstract levels of the systems inputs and outputs, and some form of
projection of the types of behaviour the system is likely to exhibit.
The definitions and projections are themselves in part formed by the
criteria used within the process and decisions which are dependent upon
it. Thus a tautology of sorts exists which 1is overcome by the element
which receives either the greatest design effort, or strongest

methodological technique becoming the driver of the formulation process.

The precise weighting given to each of the elements which
influence and contribute towards the generation of the requirement
specification, differs within the literature from author to author.
Dieter (1983) takes the view that the generation of specification is
driven primarily by the definition of the problem, which itself 1is
generated by a rigorous examination of need. For Dieter the gathering
of information as an aspect of specification generation is an activity
ultimately driven by problem definition rather than a process which has
a major influence upon problem definition.  The definition of the
problem is - for Dieter derived from the formulation of  the problem
statement, and the analysis of the problem. These two processes, may be
formally or informaily undertaken‘,(Dieter recommends the use,,ef va
. systematic méthodoiégy’to proVide definition to the probleﬁkby forcing
the designer‘to‘exa@ine the need and re-stateiit_wiﬁh'greaterlclarityt
The-. point.  that the"requirement\-spegifiéation, is ‘essenﬁiallyv;about
clarificétion of problem is'one which is also noted by'Métousek (1963);

For Matousek (who is again working from a systematic view of design) the

two elements ‘which contribute to this clarification are a listing of the ’ N

problems, or more usually types of problems, which are to be solved, and &
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the production of some form of value model. For Matousek the value
model, or criteria can only be fully defined after further knowledge
about the parameters of the activity, and likely types of system
behaviour are known. This he believes can only take place as a design
is developed. This is not however to state that he takes the view that
it is impossible to form a criteria of value in the early stages of
design activity. 1In the early stages of the activity Matousek sees the
value criteria being formed through an interplay between the perceived
need and the problem statements. By the evaluation of the latter
against the former an initial criteria of value is formed which 1is then
built upon and gradually formed as greater knowledge becomes available,

into a precisely defined statement of idealised value requirement.

Ostrofsky (1977) who looks indepth at this area within the
design process, essentially views the whole process of generating the
requirement specification, as one of producing sets of goals for the
design activity; preferably with as much detail as possible. . Ostrofsky
views the requirement specification as being generated within what he
terms the feasibility stage. This stage'encompasses all the preliminary
design activities7fr6m need analysis to lists of'bossible solutions,
(candidate designs). For Ostrofsky the requirement~ speéificaﬁion is
‘generated through a'three stage process cénsisting of need anélysié, the
identificétion and'statement'ofkproblémé;iand finaliy‘ak'statémént of
goals‘and sub~goals. - Within this preiiminary»stage“the'sub-prccéss;df-
the production of a value criteria takes place'dhying'nééd aﬁélysis.
VThrough,ﬁhe analysis‘of need Ostrofsky vier it éa beihgfboSsible to

identify the primary aspects within that need, which assert a:dominant

influence upon the other areés within the'need.l If is'tﬁésQ whi¢h wil1 -
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formulate the initial criteria.

The term feasibility study is also used by Asimow (1962) with
a similar meaning to that of Ostrofsky, but with different emphasis
within it. Asimow makes the point that the need is perceived through
economic realities and that for a need to become established as
potential area for design activity it must in some way establish its
economic existence. Asimow returns to this theme constantly within his
work stressing the point that the economic is as important as the
technical, (and ultimately more so), in determining the specification of

a design.

The generation of the requirement specification is the
culmination of the initial .activities of the - design sequence. | The
“preliminary activities of any particular design will produce an initial
specification, it is however through its interaction with the other
stages of the design process during the early interaction development of
a design that a fully developed requirement specification‘emerges; The
generative process itself, though in‘terms of preciseer;ail,’taking
differing forms, is essentially composed of a number of common elements.
The relationship bétwéen these is4determined bylthe’degrée of,emphasis
placedb upon .thém. ‘However' it is widely acknowledged within’,the
literatube that it is the value criteria, or moaelkwhich will ultimately |
determine the,fqrm of .the output . from this éctivity and -this ultimately

the finalised design.



3.3. The Generation of Candidate Designs

Introduction

The second major area of specific design activity within the
model is that concerned with the generation of candidate designs.,
Candidate designs can be defined as possible design solutions which
appear to fulfil the specification requirement. This area of activity
can be broadly defined as that which takes place between the input of
the specification requirement and the output of a candidate design or
designs., The generation of candidate designs is the central area of the
design process and is the activity most commonly associated with

design.

The way' in which the generative activity takes place within
this area is dictated ~by a number - of design 'princibles.~ These
principles are derived from a number of sources. Primarily théy have
beén génebated4through ankanalysis and'synthesis of literature concerned
with the problems of d931gn. As such they are primarily consensus based‘
and consist of a combination of both- prescriptive and: descriptive
material. These two types of approacb tend to support each others view,
with the prescfipti?e approach moVing tbwards.bécoming‘a méthodcibgicalv
aid - by attempting to “structure ‘the‘iagreedr]upon: fraﬁework  which

represents the model of the design process.

In addition to the general type of activity undertaken within ,>~

this stage of the design model it . is also characterised by a number of;V 
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specific types of activity which guide the generative process. These
sub-activities are viewed as taking place within all design regardless

of size or complexity.

The sub-activities which form the structure of the generative
stage have been derived from the design literature of a number of areas.
Systems science and systems engineering strongly advocate that design
problems are described in terms of function, and that these functional
descriptions should be abstracted to the greatest degree possible.
Design theorists working from a systems approach also advocate the
decomposition of the problem to the greatest degree possible before
attempting to formulate possible solutions. This type of approach 1is
similarly advocated by researchers investigating the problems of
creativity. "Notions such as the abstraction and decomposition of design
problems prior to attempting to produce design solutions are also much
in evidence within the design literature in general and especially so
within literature concerned with systématic method., - The precise way in
which such literature and it accompanying conceptional models have
influenced the subostructureb which ‘will be argued for within this
section is discussed within each 'of the appropriate ,gub-sections.
Before arguing the:theoretiéal soundness of this aspect ofrthevmodel

however a brief outline of what is to'be discussed will be given.

Initially the design problem " should be ' abstracted 'and
described in terms of function. The abstraction of the'problém'shoﬁld,’
always take place to the greatest degree possible so as to allow for the

broadest view of: the,'design problem{;to}'takef,placg.; ] Funct;onal ‘

description serves a s;ﬁilar purpoSe by attempting to:negotiaté ényjppé Sl
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conceptions which may otherwise adversely influence the formulation of a
design solution. The problem should then be decomposed to its most
basic sub-components. This process serves a number of purposes the most
important of which is to allow for a fully defined problem. Once a
design problem has been abstracted and decomposed the generation of
design concepts may take place. By the composition of the component

concepts the candidate design is formed.

The above description it should be noted offers only a very
basic description of the process which takes place within the generative
stage of the design process. It will however be argued that this is in
fact what does take place both within formal and informal design and is
not, as 1s often argued, merely a systematic methodological aid which
may on occasions assist the designer, Neither is it a . systematic
constraint upon the designer, The above described process it will be
argued is not a systematic method which restrains design creativity, but
rather is a description of what in fact takes place when design activity

is undertaken within this stage of design,

3.3.1 Abstraction and functional description’\

The genergtion’of;candidate designs,takesfplape thr¢Qghia
sequentiai procéss‘ which _contains‘ a .number; of stages" orr‘afeas~;cf
activity each of which have their own par;;gﬁlar;characterist;cs,M'Tbe‘
first cf these has as its'main activities thé‘abstraciion,and f@nétionall
describtioﬁ of Lthe design problem.f( By this whatv‘is>;meahty is that

specification is moved for any specific formulation éthbboadened”in:?f
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context through the process of abstraction. Functional description
forms part of this process again as a means of both clarifying the
actual need, and also broadening the scope for the recognition of
possible solutions. It is asserted that this process takes place within

all design processes.

The evidence to support this claim comes from a number of
sources, Psychologists working in the areas of both general creativity
and creativity as an aspect of design, provide evidence which supports
this claim. De Bono (1972, 1974, 1976, 1977, 1980) asserts that the
primary activity within all generative thinking is that of abstraction.
For De Bono the greater the ability to abstract and to recognise the
relationships between abstracted ideas, then the greater the potential
of an individual to synthesise possible solutions. SimilarlykGuilford
(1950) asserts that all creative thought will require synthesis and that
'all synthesis of ideas and concepts requires as its very first step,
abstraction. Osborn (1963) asserts that the recognition of similarities
between any ideals will require some degree of abstractibn. From a
psychological point of view it can bé séen that initially in all forms
of generative thought ébstraction will be required as a necessity for

the recoghiticn of similarities and the synthesis of ideas.;

Systems science also advocates the use‘of abstréction through
.the use of functional . descripticn; : For systems thinkers (Checkland -

1981) before an attempt can be made to solve any glven problem the first

step should be the functional description of that system or problem., ~

The primary objective of this procedure is to produce a view of the T

,pr'oblem which is not solution biased and thus give a more accurate"_
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understanding of the problem, (M'Pherson 1980). The benefits of such an
approach are reiterated within the sub-sections which follow this.
These basically consist of broadening the scope of the designer to
produce better design by allowing him to view what is essential to a
design system and what is not. By this method the designer is able to
identify the essential elements of a system and to gain a broader view
of the relationships within that system. The functional description of

a design problem is the first step in allowing this to take place.

Many design theorists also advocate the - abstraction and
functional description of design problems as a preliminary stage in the
generation of possible design solutions. Dixon (1966) asserts that the
broadest possible view of a design problem should be taken prior to the
commencement vof any  search ,for a design solution. To do this he
advocates looking fér the 'essential characteristics' of the problem.
Design theorists working from the perspective of systematic  design
theoryvare mofe expliéit in their view of the imporﬁance of abstraction
and functionél decompésition as thebstarting point of candidate design
generation. Pahl and Bietz (1984) embhasisé,this §raétice as the start
of a sub-process within the generative stage which ensures that the best
design solutions are obtained. ~ This view is substantiated by Machett
(1981) Qho drawingrupon ‘the findings of a review he had undertaken
asserted that abstraction‘was the essential initial point féom which the
generative stage concerned with the production of candidate deSigﬁs'

should commence.

From an analysis of the litefatﬁre'discussed]above it;beécmésii

‘evident that the term abstractioh is used_ tb, convey; a number:fbf‘-




differing meanings. These meanings however can all be said to fall
within one of the following categories; 1) ~Isolation, 2)
Generalisation, 3) Idealisation. By the term isolation what 1is
described in this context is the way in which it is possible to abstract
an item or type of knowledge by attempting to identify its basic
elements or characteristics by isolating these away from other more
incidental features. Generalisation in the context of types of
abstraction simply means that the statement, item or type of information
is expressed in the broadest terms. Idealisation refers to the
abstraction of an item or system by stating it in its most simplified

form.

Thefe is, as has been shown, general agreement that the
processés of ébstraction énd functionél decomposition should and in fact
do form _the initial phasé of a search for candidate designs.
Psychological research indicated that abstraction is a = necessary
pfe—requisite fof gehebatiﬁé thought to take place, . and ﬁhese aséertions
are réinforced by literature from the areas of systems science, systems
engineébing;‘desigh théofy and syétématié design methbd. LIt shall be
hoted that the éuthoré ciiéd, though nb£ exhauétive, aré'believed to be

highly representatiVe of the areas from which they were drawn.

'3;3.2. | ‘Deéohposition o

.By‘the processes of abstractioh,and‘funct;bnal descriptign; ~

the design ‘problém will have ’becbme described in ;generalised terms,
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Before however a search can be undertaken to attempt to find design
solutions the decomposition of the problem should be undertaken. The
term decomposition is used here to describe the reduction of the design
problem to its most basic sub-functional units. In some instances this
may have taken place as part of the process of abstraction and
functional description. If however this is not the case decomposition
should be undertaken. This activity serves a number of purposes, By
the process of decomposition the design problem will gain greater
definition which will allow the designer to view the problem with
greater accuracy. It will allow the relationships between the various
aspects_of the probiem to be more clearly understood. The abstracted
and decomposéd design problem should reveal the precise nature of the
task which has to be undertaken, as well as allowing the designer to
remove any,preconceived notions as to the exact nature of the design
proﬁlem. The last point is one about which there has been some debate.

Some design théorists (Lawson 1982, Whitefield 1985) have asserted that
'desighers are solutidh orientated and as such take a holistic approach
towérds the generation ofydesigh solutions. -In reply,;o ﬁhis it can be
asserted that the précess Qf decomposing .design problems~vdoes "not
necessarily mean that deSigners ,cénnot ~draw - upon . brevious ‘design'
experiences, (for a more ¢épailed diséussibn of these ;ssuésrseé:sectioﬁ‘

. 5;1.).}‘ For ‘desiéﬁers té ‘récogﬁise the Sihilarities between desigh :
sipuations some fof@ iéf deccmposition,‘ofi a 1designk probiem wi;l béfl
béquired.‘kTherprocegsygf décompositioh;not only;bénefits designers who :

wishkto findrinnovative~de51gn solutions, but also is an essential5part*
of'varied‘design in that‘througﬁrthis procsés'eléhehtsof_a deéigﬁ whiéb‘

are'redundént‘br which can be modified are revealed.
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The view that decomposition is an important part of the
generation of design concepts is supported by a large number of design

theorists, as well as by evidence drawn from other areas.

French (1971, 1985) dealing specifically with the area of
concept generation, has advocated the designer should always attempt to
decompose a design problem in some formal manner. He bases this
assertion upon the fact that he believes that all designers will do
this, to some degree, naturally, and that as this is the case it is
beneficial to the design if he is fully aware of what he is doing so as
to avoid only partially implementing this process. Similarly Pahl and
Bietz also advocate the use of formal methods to undertake this process,
stressing the benefits to the design of decomposition, and the benefits
to the designer of the use of a systematic procedure, Eeckels (1981) in
his' description of the morphology of design, views decomposition of

design problems as being an essential aspect of the way design develop.

The notion of reducing a problem to its most basic functional
sub-units can be seen to be highly compatible'with work conducted inrthe
area of systems theory, The'decémpositidn of problemé ahd tﬁe'benefits
from doing so;_(outlined abdve), are emphasised by,s&stems‘ﬁheorists.
(Chestnut 1965, 1967, Checkland 1981, Churchmén 5966); » Simiiariy
researchérs ihto kdesign lobking at the pbobiems of oréaniéiﬁg thé_
process from thevﬁoint of view of management‘ﬁave alsoirecommended the - -
decomposition of design problems. Clough (1972) and'Oakely”(198u)‘both
reach the conclusion’that to fullyiunderstand’akdeéign:probiem it isg'

necessary to decompose it into basic units.




Simon (1969) in his work The Sciences of the Artificial
devotes considerable attention to the importance of decomposition. For
Simon decomposition 1is an essential aspect of all forms of human
understanding and reason. By the synthesis of ideas from a number of
disciplines, (notably, systems theory, linguistics and cognitive
psychology), Simon Shows that a system of any type needs to be reduced
into manageable sets and category groupings. By this means it becomes
possible to understand the whole by comprehending the constituent parts
and their relationships. Simon extends this argument to encompass the
area of human reason. For Simon problems need to be disassembled and

categorised for them to be correctly identified and understood.

The degree to which decomposition should take place, and the
amount of formal method that is required (if at all), will be dependent
upon the nature of the design being undertaken. It will however always,

in some form be required.




3.3.3. The Generation of Primitive concepts

Primitive concepts ére the possible solutions which are
generated to fulfil the requirements of the abstracted and decomposed
design problem. As such primitive concepts are the central element in
the generation of design concepts, candidate designs, and ultimately the
finalised design. The term primitive concept is used in this context to
indicate that in their initial form the component parts of a design are
often generated as abstractions, generalised principles, or physical
laws., = As designs are developed through the combination of primitive
concepts and the continuous iteration of the design process, the design
concept will be formed and gradually gain detail, until eventually a
fully detailed design 1is produced. Eeckels (1981) recognises this
pfocess when he refers to design as being the.mo?ing from 'the abstract
to the concrete'. The aim of this section is to establish the way in
which primitive concepts are generated and to disCuss thebway in which

they contribute to the’development of a finalised design.

The way in which primitive conceptS’are genebated gan vary
considerably, in vboth ;the formaliﬁy ’of ~the. procéss aﬁd the type of
generative method which is used. These factors will vary depebding upon
the type‘of design‘whichvis being undertaken.V"I£ is asserted howevér'
that Qithin‘ all 7primiﬁive concept generation there ekist‘ibaSic
similarities. ‘: These similarities ‘ekiSt,’inf'téfmSilor;yth§7 types jdff
épproach which can bé USed tovgenerate.a design primiﬁiVe.‘vRegabﬁleSSi
of the type of desigﬁ, which - is ‘being undertaken or"thei"degréé of
formality with’which a concept has been géhebated;»it‘wili‘hévé5héd*tb"

have been done _through . one, or a combination of, Athe4«f61lowihg“>j‘
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generative processes:-

- Convergent concept generation
- Divergent concept generation

- The systematic variation of a concept.

The above classification of types of methods by which it is
possible to generate design primitives, has been ‘produoed from an
analysis of the literature both from within the field of design and from
that of psychology. A general discussion as to the validity and wide
scale recognition of the types of search strategies mentioned above will
be undertaken in this section. Here an examination will be made as to
what is meant by each of the classifications and a description given of

the types of activity undertaken within them.

Convergent Generation of primitive concepts.

The generation‘of primitiﬁe‘cohcepts'by the use of convergent
search methods is widely advocated throughout the literatufe dn désign.
The term convergent generation is however seldom used to describe these
types of methods. Types 6£ search strategies that‘are beferred'tb heré 
are those which could be described as starting from afwidé'fiéld bf;
possible solutions and which then‘étfémpt'td'beduce'fhis*551u£idhiaréai
and cdnvergé upon ah~appropria£e‘solﬁtian.“\Typicaysbf ﬁhis tyéeiof;
apbroach is the séarch‘bf tybes~of informatién which’éréflikély*tofhaVé"
embedded ‘within them design concepts whiéhf'wiilf:bef dfﬁfuséf,gb'Tﬁhé‘i 

desigher in the production of primitive conéépts;ﬁ‘°
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From an analysis of the literature concerned with design it
became apparent that the informational sources which are used by this

type of generative method can be categorised as follows:

- Literature
- Patents
. = Catalogues of design concepts

- The study of existing equipment

The use of literature as a method of generating design
primitives 1is widely recommended by design theorists, (for example,
Asimow 1962, Alger and Hayes 1964, Pahl and Beitz 1984)., Within this
category are included, text books, treatise, monographs, periodicals and
conference - literature, The aim of this approach is to provide the
designer with a broad area of information from which it will be possible
for him to either, recognise solutiqns,,fo similar.’types‘ of‘ problems
which may be used or adapted to fglfil hiS present desigh need, or to
recogniée instances where differing,typgﬁ,of basic‘yapphgacb have.been
-used, . From this 1ﬁformation it is possiblé_fofthgdesignenfto‘either
~adapt existing design solutions or tQ use §he_fgndamentaI prinpiples;ask
a means of devising a,néw solution. A search 6? patents‘will provide
infbrmation‘in,a/Similar manner, add‘is;alsq reéommended,by;g Jarge

~number of writers, (typical of these are, wGodsén 1966,fand'Dixonw1969)g .

As mentioned above it is’possible for. designérs to obtain

information useful to them in generating primitive concepts by . locating‘ i

.solutions to similar design problems and examining the fundamental :




principles by which they operate. The examination of catalogues
containing design concepts will assist the designer in a similar manner.
The degree of abstraction with which such catalogues present design
concepts varies considerably depending upon the particular area of
design and the type of search method advocated for the use of the
catalogue. These range from lists of physical principles and laws, for
the type of catalogue recommended by Wilde (1964) and Hix and Alley
(1958), to catalogues which contain listings of simple components and
sub=-components such as those referred to by Krick (1965). and Potts
(1973). = The manner in which the type of search method can affect the
appropriate choice of catalogue 1s discussed later within this
sub-section, within a general discussion of types of methodologies
available to the designer. |

The study of existing equipmént is referred to by Pahl and
Beitz (1984) as being the most common method of primitive concept
generatioh. An anélysis 6f the literature confirmé thét in almost all
cases where a discussion of thé generative stagerof design concepts
takes place, this type of search is mentioned. Thére,appears to be no
main advocate of this type of approach above others, though some authors

give it greater precedence, (for example*Johnson‘1971).f  “

The searches of the above mentioned types of material are
primarily carried out by means of convergenEVStrategiés.' The Strategiés
may take the form of broad appraisal of appropriate material from which

an attempt is made to converge towards a suitable*primitive concept, or

they ,mayk-take"a;‘more" methodologiéal"appbaachlzpf%‘Thef'tY§e?>bf7‘ .

methodological approach which will be appropriate will depend upon ~the =




type of material which is being considered. The search of literature,
patents and the less abstracted forms of design concept catalogues can
be assisted by the use of morphological type techniques, Examples of
these are morphological analysis (see Arnold 1959) and morphological
matrices (see Ostrofsky 1977). Both these methods are fundamentally
similar, providing an ordered and systematic means of cross checking
concepts both against the design need, and against each other. By this
means it is possible to collect all suitable ideas, and to recognise
ideas which are similar but which may not initially appear to be so.
Both these examples require the decomposition and functional expression

of the design need.

The search of catalogues of design concepts where c¢oncepts
are expressed in an abstract, form may also be undertaken with the use of
methodology. Such methodologies are put forward by Hix and Alley (1958)
and Wilde (1964) amongst others, Primarily these types of methodologies
consist of the systematic listing of physical laws and properties- to
determine - an apbropriaté' set of ‘principlés, and the systematic
examination of a ‘physical iaw to deri&e' a~.désign concept, . The
morphological‘types of methods previously’mehtionéd‘can also be of dse
with regard to this type of abstracted catalogue, (Eekels 1985), In
additidn ‘to  this Encarnoco and Krause (1981) ,suggést 'that the
computerised  use of catalogues can bek of use, provided’ apprcpfigte"

storage and search strategies are used.

The study of existing types of equipment can provide the =
designer with useful primitive concepts. The way in‘which;this,éan‘bé;f'

done is either through recognition of similarities between the item and,ui~




the design problem, which can be assisted by either attempting to
recognise similar basic operating principles through abstraction or
through the variation of certain aspects of the item i.e. reversal or
negation of components and functions. 4s this method 1s dealt with

within this section, no further elaboration will be undertaken here,

Divergent Generation of Primitive Concepts

Divergent methods of generating primitive concepts are
characterised by attempting to release the designers search for possible
solutions from as many restraints as possible and thus broadening the
area from wbich such solutions might be found. In addition to this
divergent methods are also characterised by the designer making maximum
use of his powers of abstraction and his abilities to make connections
~between analogous material. - The divergent generation of primitive
copcepts takes ;placév either informally .relying -upon . the designers
natural skills and abilities, or thrbugh’ the use of divergent
techniques./ Although there are a greatv mahy 'chh techniques,k the
majority‘can be described as being one,_orié variation of one, df;the

following_typeskof approachj

= Synectics
- Fundamental Design method =
. = Lateral Thinking '

.= Brainstorming

»{-Jzzf;?f;ff;rqﬁlé7”




Synectics

Synectics comes from the Greek word meaning the joining
together of apparently unconnected elements., The methods described by
this term are essentially concerned with creating the conditions from
which this may take place. The main characteristics of this method are
basically, first to encourage the designer to withdraw his concentration
from the problem, then secondly, to encourage the designer to undertake
an exercise in free association, and then finally the designer returns
to the original problem and hopefully will have managed to generate some
new ideas. It should be noted that the term designer is used here
mainly for convenience, thé synectics approach  towards the creative
generation of ideas is in the main put forward as a teamb activity

(Raudsepp 1969).

The methodology used 1is essentially similar regardless of
which of the authors in’this area is e#amined. The process commences
with an in‘depth anaiysisfbf the design prﬁbiém; 'What is sought here is
a clarification of the bproblem so that its major features may be
identified,'and'tho$¢ikhich'aré only,incidéhtél ignored. 'vA point to
note here is that nearly all the writérS'in this area assert that the
process of problem clarification will itself éfted prévidé useful
potential solutions.  Hdwéver once a problem has been fully C1arified it
is thenApht‘éside for a”whilé:éﬁd 1gnbbed. The term 1gnored is however"
k&sed édvisedly, for though having clarified the problem ‘one shouldk

explore subject areas which appear "to- be unconneoted to that of the

problem, they should at least appear to be the sort of area wh;ah cou1d11;7~

provide a solution.‘ Gordon (1961) for 1nstanceanotes,that,biologyais, .§




the richest source of analogous material for both problems and potential
solutions. Wherever the search for possible solutions takes place it is
important at this stage of the process not to become too focused upon
the problem, though of course it will be borne in mind, The important
aspect of this part of the method is to allow the broadest analogous
search to take place. This having been done the design problem is once

again considered and it is hoped new solution ideas will be forthcoming.

Fundamental Design Method

Fundamental design method is the generic term given to a
number of methodological approaches to the problem of concept generaticn
all of which have in common certain fundamental similarities, The title
Fundamental Design Method was first put forward by Matchett (1968) who
though not the first person to conduct research in this area, was the
first to recognise the similarities between the Qarious groups described
by this method. The principal characteristick which the methods and
techniques describéd by this term have in common_is introspection., The
designer through the process of‘introspection critiCaily‘examines_the}
controls and,bestraining influences which he himself has imposed upon
his imagination's seérch for possible solutiods.~ By the identification
of these controls and_restfaints ihe designer is able to largely negate
their influence and thus broaden the areas’of solutionvééarch." ThiS_‘
type of approach is édvodated as a éystématic"methodélbgy;lrpyf;the
adherénée to which the designer will bé ensured~the.greatestidegree;cf

success in recognising thékrestraints~he 13~imposihg_upoﬁ,himself,g:;,,




Lateral Thinking

This technique starts from the premise that there exists two
modes of thinking. These are termed lateral and vertical thinking. The
first type is most easily recognised when it leads to ideas which are
obvious only after they have been thought of. The second type, vertical
thinking, follows a more logical pathway, through which it is possible
to follow the development of an idea. An additional notion put forward
by DeBono (1971) is that with vertical thinking it is possible to return
along the logic pathway to the starting point of the process, where as

with lateral thinking it is not.

Lateral thinking is at its most wuseful when new and
innovative ideas ‘are required, or when a new perspective of all old
problems is required. De Bono (1967, 1969, 1971, 1976) states that
where as -in vertical thinking logic is in control of the thought
proceSses, in lateral thinking the thought processes are in control of
logic., He further aSsertsv that lateral».thinking»kis for  generating
ideas, where ;és verﬁicél ﬁhinking,vis ’forb developing, selecting and
implementing such ideas. A diécussibn of the typesrof'techniquesbwhich

assist with this method are given in DeBono (1976)..

Brainstorming

Brainstorming was originally conceived as a group activity
for the generation of pqésible solution‘ideasfinja’sbontaaebuS'mahﬁef;;f:" 

Though this techniquékmay‘have been used for aféqnsiderablefléngth~Of:;u12




time, it did not receive its famous title until the 1950's (Osborn
1953). The technique has been widely written about and discussed. From
these works it is possible to state that there is agreement as to the

main elements of the technique. These are:-

- No criticism of any idea should be allowed

until the end of the session.
- All contributions should be welcomed

- The production of the greatest number of ideas

should be encouraged.

The aim of the above étated guidelines is to help c¢reate a
relaxed, free thinking{ adventurous atmosphere where the most creative
contributions can be made, There is no ideal number of people for the
group taking part, though they should neither be very small nor very
large. Esséntially this method'is good at taking initial ideas and

- developing them into possible solution.

A number of variations of  this technique exist, most
noticeable, the Delphi method, and the 653 techniques. All however are’

in essence similar to the basic technique of brainstorming.




The Systematic variation of a concept

The systematic variation of a concept as a means of
generating a design primitive may take place either in conjunction with
convergent generative methods, or with divergent generative methods.
This form of search may be used both as a way of giving the design
problem greater definition, and also as a way of examining concepts
which have been generated as possible design solutions to reveal
features which may otherwise be missed. Most forms of design literature
suggest this type of method to some extent, however notable amongst
these are Biot (1970), Lanezos (1966), Schen (1963), and from the field
of psychology Simon and Barenfield (1969). Advocates of this type of
technique vary in detail and the degree to which a formal systematic
methodology should be used; those however  which do  put forward a
systematic approach are basically similar, their main characteristics

being:

i) = Variation of the functional structure
ii) Examination of each function to see whether
there are alternative forms of realisationb
1i1) Systematio regulation
- a) Component bémovél
'b) Component reversal
iv) Analysis of attribute characteristioso:,f
‘a) enhancémént of de;ibable‘
characteristies =

b) removal of limitations - .




The three categories of methods which can be used to generate
design primitives were produced through the analysis of a large amount
of design literature. The generation of a design concept may not always
take place in strict accordance with just one of the discussed methods,
it will however be forced to take place through at least a combination

of these methods.

3.3.4. The composition of a candidate design.

A candidate design is formed by the composition of the
component concepts into a whole system. By the recomposition of the
decomposed design problem for which design concepts have been generated
it is possible to produce a candidate design. The initial composition
of a design may require modification and adjustment, and this may be
undertaken through the process of iteration.  It is also possible that a
number of solutions have been generated for the sub-functions and
components.  Through the process of combining these ih different ways it

may be possible to produce a number of alternative design candidates.,

The ways inkwhich the compoéitionkof a candidate design takés
place will vary in écoobdénce with the degree of formality'wi;h théh‘a
deéign is being underfakeq.f In many cases it may bé pdssible fbt»the
designér to simpiy conduct this activity by himself without,ﬁesouréé to 

any method of aids external to himself. <Whenfhowéver this is not*the»

case there are a number of techniques and methodologies which can be o

used. These range from rough sketches or loose symbolic representations :gf‘

‘to the use of formed methods such as mcrphological tables and concept‘
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matrix. 2wicky (1951) is one of the earliest advocates of morphological
tables as a means of producing candidate designs through the systematic
combination  of suitable design concepts. Similar Norris (1963)
advocates the morphological approach. The use of such tables however
requires that the design concepts be structured within a formal table
and as such may present difficulties to the designer if he has not used
such an approach throughout the design process. Alger and Hays (1964)
have noted this problem and state that the use of such tables will
depend upon the overall context of the activity and the methods used to
generate design concepts. Hill (1968) stresses that such formalised
methods may well only be of relevance to designers if used as part of a
convergent search structure. Asimow (1964) makes a similar point by
putting forward the notion that the production of candidate designs

takes place through a process of creative synthesis of design c¢concepts.

~ Though there exists within the literatﬁre différences as to
the way in which design cahdidates can be composed therekdoes~exist
geheral agreement thaﬁythiS'activity does in fact take place within the
generative 'stage,  though the process mayb‘be modified through the

iterative process as designs are evaluated and analysis‘takes place,

3.3.5. " The generation of design concepts and the‘Bla¢kboard modél.,
As attempts are made to génerate»candidate‘designs; designi '

,concepts‘will be produced. These will need to be stored either in{sté :

formal manner} or in the,designer's memory. . It_willvbe;desipéblelthat

these design concepts can be ‘'reviewed' thrdughout  the Tééneféﬁiva .

= 129-




process so that their relationship and likely effect upon the overall
systems can be considered at any time during the development of a
design. The aspect of the model of the design process which facilitates
this is the Blackboard. Similarly when the composition of a candidate
design takes place a number of combinations may be undertaken. The
storage of solutions and partial solutions is conducted through the use
of the Blackboard concept. A detalled discussion of the relationship of
the Blackboard concept to the design process as a whole and the

generation of candidate designs in particular is given in Chapter 3.6,

3.3.6, Conclusion

The generation of candidate designs takes place through a
process which consists of the abstraction and functional description of
the initial requirement specification, the decomposition of the problenm,
the search fbr suitableydesign concepts and then finally the‘composition
of these concepts into candidate designs. The evidence for this being
the case comes from a wide variety of soubcé;vboth fro@ within the field
of design and from disciplines not primarily concerned -with design. It
is asserted: that éll design takes‘place~in this manner,‘reéardless of

the type of design which is being undertaken, or whether or not formal

design methods are used.




3.4, Analysis

In general usage the term analysis is defined as 'the
division of a physical or abstract whole into its constituent parts to
examine or determine their relationship', and as 'a statement of the
result of this', (Oxford Dictionary 1988). By this definition it could
be argued that analysis takes place at a number of stages within the
design process, or even that it takes place to some degree throughout
the entire process., However, when strictly applied this definition can
be used to reveal analysis taking place in three main areas within the
process. These areas consist of need analysis, taking place as an
aspect of the generation of the requirement specification, economic
analysis, which occurs both as part of the evaluation process and as
part of the generation of ‘specification, and, the analysis of the

attributes of a design relevant to their function.

» Iﬁris with,the‘analysis of attributes relevant to .function
that this chapteb will be primahily concerned., Thelothér twb,types of
anélysis, which occur within the design process occur. as aspects of
larger.design Stages, and,as,such afe;diSCusséd. within thekchapters
concerned withvthose stages. The aim ofkthis:phapter‘is to establish
that there exists within the pboceés an area of acti#ity thch can best
be described -as- the~ analysis - stage,. This having been done ’thé
vdiscussion will move. on to examine the types of design activity which»:«

take place within the analysis stage, and to discuss their. importance to

the procesa~as a wholer Before continuing any - further: it would be,; e

useful to outline the main characteristics of the stage which are to be ,

discussed.; -
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The position of the analysis stage within the design process
is viewed as béing between the concept generation stage, and the
evaluation and decision stage. The activity within this stage 1is
primarily that of examining the attributes of a design relevant to their
function. This consists of attempting to discover what the functional
performance of the constituent parts of a design are likely -to be and
how the design will function as a whole system. In the case of simple
design the designer may well conduct the analysis heuristically with
little recourse to methodological techniques. The same may also be the
case in the early stages of the iterative process., With.more complex or
developed design problems however the designer will require the use of
design aids to allow him to produce more accurate information. The
analysis stage is in many ways concerned with modelling the design so
that an accurate picture of it can be obtained. »Indeed the use of
modelling techniques are frequently referred to within the literature in
connection with analysis. This point is discussed further within the
section concerned with 1iterature in this chapter. Before building up a
mcre‘detailedrdescripticn of the types of~activity'which'take’pléce
within the analysis stage a discussion will be undertaken to determincc
whether in fact it 13 correct to assert that such a stage can be

‘identified within the design process., To do this an examinaticn o: the
literature Qill‘bekundcrtéken and from this evidence drawn to Show*thatrc

‘this is in fact the case, -
Analysis as an aspect of the design'process is’referrédﬁtc B

~ widely within design litebature; These references can in turn befc g

vcategcrised as takihg‘two forms, those that view analysis as a general' o
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aspect of the entire process taking place throughout the development of
a design, and those that identify analysis as a specific stage of

design,

The discussion will deal firstly with the literature which
asserts that analysis takes place during a number of stages within the
design process. It will be argued that although this literature does
identify analytical activity taking place within a number of areas in
design, those activities other than the analysis of attributes relevant
to function can be categorised as belonging to larger design stages,
The aim will be to show that there is a stage within the design process
where analysis takes place which itself cannot be categorised as an

aspect of one of the other design stages.

Typical of those design theorists who view-analysis as taking
place at a number of stagés during design is Simon (1975). For Simon
(1975) the ferm ahalysis'is used 'to indicate- areas of‘deéign where
critical examination of information takes place, Howéver Simon (1975)
recognises that there is a specific stage within désign which he réfers
to as the analysis and testing stage. During?this stage Simon views
that the candidate désighs‘are analysed essentiailyistatiﬁg that the
attribdtes  of a  de$igh'1rele§ant:‘to :functioﬂi are 7ékamihéd;k"*Simbn’

«_stresses ‘the importance of this stage Qf design by stating that itk

', represents 'the greatest area of design effort' (Simon 1975 pp 15)." ;

This type of view is put forward by a large number of design theorists.i;
‘This point of view recognises that there exists a major area within the'”
design process where analysis takes place, but ‘also refers to analysis7

'taking place duhing bthéb~S:a8es. ‘Dixdn'(1966);mékeéréimiiaﬁ*poihtS"




concerning analysis and its relation to the stages of the design
process. Dixon (1966) notes that analysis takes place at a number of
-stages during design. In addition to this however he acknowledges that
there is a major stage within the design process when the dominant
activity is that of analysis, and that this is aimed at attempting to
gather or generate information concerned with the functional performance
of a proposed design. It is important to note that not all authors use
the term analysis to describe the activities of this stage, Some
authors though referring to activity which is argued for within this
chapter do not use the term "analysis" exclusively. Krick (1969) for
example acknowledges that a critical examination of the attributes of a
proposed design will always need to take place and as such has
incorporated this as a part of his description of the design process.
In cases within - the literature -where the -analysis stage is in fact
referred to it is often done s0 by referring to: it as a particular type
of analysis. This takes place most predominantly amongst authors who
use the term to deécribe other specific analytical activiﬁies which take
place within the process. Asimow (1962) and Woodson (1966) are two good
examples of this. Both Woodson (1966) and4Asimow (1962)‘init1ally 1iﬁk
analysis to the start of the design process. The term need analysis is
used by both authors to dharacterise the prelimihary.stagevof the design
sequencé;' " The - activityﬁ~described;«13' fundamentally “that = of the

generation of the requirement specification.,fAnalysis'is hcwgVer also
used in the 'sense"defined by this{ dhaptéb,‘ that is'»as an. activity‘
conéebned kwith the attributes of :al proposed ’design.~, This : form ?of‘
analysis is termed,as,‘eétimation and order of;mégnitude}analyéis by:

Woodson (1966) and, analysis and’prediction (Asimow 1962). dhl
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The examples taken from the literature and discussed above
illustrate that there is a recognition that there exists an analysis
stage within the design process. Though such examples use the term
analysis in connection with a number of stages of the design process or
in some cases not at all, they all recognise that there exists within
the process a major area of activity where an attempt is made to assess

attributes relevant to function.

The literature which can be used to indicate the view that
analysis takes place only at a specific stage during the design process
will now be discussed. Due to the fact that the literature of this sort
is supportive of the notion of an analysis stage within the design
process, the discussion that is to follow will be some what briefer than
the above. Essentially all I aim to establish at this point. is an
agreement to the existence of an analysis 'stage, and to show that
broadly similar types of activity can be seen as characterising this

stage.

Designvtheorists who apprcach the problems.of design from the
perspectiue ’cf systehatic ,methcd .are' amongst ‘those who moét fibmly
recognise that there exists an énalySis‘stage;within designff Pahl and
Beitz (1984) refer to thecanalysis.stége cfkthé desigc»prdcéss stating
’that the types of activity which are undertaken within this stage are
’primarily concerned with assessing the functional suitability of é‘
design in terms,of its performance. Performance when used in this sense
it should be uotédkcan~bé seen~tc be being used in thefbroadest sense.
Essentially what is being expressed here is that an examination is

undertaken of the candidate system. and its constituent characteristics,
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and an attempt made to generate its likely operational features. For
Pahl and Beitz (1984) the analysis state is largely characterised by the
use of techniques and methodological aids. Though this is a view
consistent with their systematic approach and the nature of the type of
area within which they are discussing design, that of mechanical design,
it is a view expressed by many authors on this area, and as such cannot

simply be dismissed as a feature of subject and style. This point is
elaborated further later in the chapter when a discussion is undertaken
of the nature of the activities which take place within the analysis
stage. Hubka (1982) offers a similar view of the analysis stage to that
of Pahl and Beitz (1984). Hubka (1982) similarly asserts that within
the design process there exists a stage which 1is characterised by
activities which’ examine a candidate design in terms of attributes
relevant to function. In addition to this Hubka (1982) also asserts
that tha primary means through which analysis takes place are those of
methodologies and techniques, The recognition of the existence of the
analysis stagekis not however solely confined to theorists working from
2 systematic pérspecti?e, Gibson (1968) refers to the,analyaisfeﬁage of
the design process, as do Beakley and Chilton (1974). -Both recognise
that'within any description of the designfprocess it is impcbtanﬁ to
‘.give,a place withih‘it to an analysis stage.  The featqres af_thia‘stagé
are similar in the way’theyiare described by'both séia cfﬁthédfist.

Essentially the analysis stage consista of examining the candidate

design to assess the way in which it performs its function. ,Nop all;_‘

theorists who view analysis as a single stage. within'the,design process

~do so purely in the. terms ‘expressed aboVe. Algér‘and Hayes (196&)”f0r.

example view - the technical and economic analysis of ‘a design as, ;‘x

‘indiVLSible, and Buhl (1960) simllarly views the analysis stage as beingrai'
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concerned with a number of aspects which will affect the final decision

to implement or modify a design.

From the above discussion of the literature it is possible to
see that although some design theorists refer to analysis as taking
place in a number of areas within the design process, (predominantly
within the areas of need analysis, economic analysis, and the analysis
of attributes relevant to functicn), there is almost unanimous agreement
that there exists a stage which matches the description given by this
chapter. This stage, the analysis stage, is the area within design
where analysis becomes the predominant activity. Qther areas of
analytical activity can be seen to be constituent parts of larger design
stages and as such are dealt with within those sections.  Having
éstablished that it is valid to refer to the ahalysis stage of design
the discussion will now move on to discuss what takes place within this

stage, and how.

This part of the discussion -will  firstly examine the
literature to establish what types of activity are undertaken within the
‘analysis stage and will then move on‘£0~discués'how theée activities are
uhdertakgn. This divis;éﬁ hés been méde for,th réasons.' Firstlyﬁio
demonstrate that a;thﬁﬁgh ;heré‘aré diffehénces ih thé wéy that3tﬁét
litérature épproaéhés'apd clasSifies the problems and activitie: ofathis
abea,'theré exists a fundamental similarity. The seéond'reaﬁon'is7that
although it is péésib;e'in‘some insténces'forﬂéna1YSis t0;také'place;
‘informally andvheUristically,'in a great nuﬁber’cf casésftbéfekﬁiiifbe a

necessity that tbé‘designer uses some form of design aid. = ¢




Amongst the 1literature already referred to within this
chapter there exists a number of good examples of the differences of
approach towards the analysis stage and that which takes place within
it. These then are a good place to start the discussion, Pahl and
Beitz (1984) refer to the analysis stage as being concerned with three
basic types of analysis. For Pahl and Beitz (1984) the analysis stage
is concerned with the analysis of performance, the elimination of
technical contradictions and environmental factors, This type of
categorisation of the types of activities which take place in the
analysis stage is one which is common - amongst a great deal of
literature,. Whilst recognising that an analysis of a design's
attributes relevant to function is an essential element of the analysis
stage, Pahl and Beitz (1984) also add two other areas where analysis is
used.’ Within the model of design being argued for in this thesis other
forms of analysis' are recognised but ' categqrised differéntly.
Environmental factors fof instance are seen as being the concern,of the
specification and evaluation and decision stages, and the elimination of
technical ‘contradictions as taking place = as a funétion of . the
composition of the design primitives and the bperation of the
Blackboard. The 1mportant feature of Pahl and Beitz's (1984) viéw of
analysis is their view of the way in which analysis of performance takes
'place, as this is the feature of their work in this area most common to
thg cher theoristsfwork concerning thg analysia‘of design.~ Pah}kand
Beitz (1984):ﬁhougﬁ re¢ognising thatyiﬁformed analysis may take»blace’~'
strongly advocate the use of @ethodblogiés and systematic ;eoﬁnidqes,,"

Briefly these can be described as the use of modelling techniqués;

finite element analysis, schematics, and graphical representations.,_yab, E

discussion of the most common types of analytical methods follows this‘:*
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section so the types of techniques advocated by any given theorist will

only consist of a brief categorisation of this stage.

Another theorist amongst the literature previously discussed
is Asimow (1962). ‘This theorist also makes divisions within what can be
described as the analysis stage in his model of the design process. For
Asimow (1962) the way in which the attributes of a design are analysed
consists firstly of discovering the way in which a design adapts to
change. By this what Asimow (1962) is referring to is an analysis of
the dynamics of a system. When considering the attributes of a system
Asimow (1962) refers to the performance of a system which he defines as
'the pattern of‘correspondence between input and output variables' (pp
26). Analysis however is not Jjust applicable to dynamic systems and
Asimow (1962) recognises this by discussing anothef element by the
analysis stage callihg this stability anaiysis. Similarly.to Pahl and
Beitz (1984), Asimow (1962) also notes that the‘eliminatibn of technical
»contradictions~can be an aspect of analysis, Asimow (1962) senses the
term compatibility - analysis, It is however with Asimow's (1962)

“recognition that ‘the predominan;,activity of’analysis is an assessment
of attributes that the importance of his work to this chapter lies. . He

states that the purpose of this type bf.analysis i$rtb'increasé the
designér's insight into the'workihgs df a aesign; and ﬁhus providing the
designer with thefinfobmation necéssary_for;the;educa;ionwof,a1@esign

- and the decisions which will be based upon this.

Mostow (1985) when discussing the analysis stagé qf7d§éigh

takes the view the primary concern of this stage is tbe:pfodgctian ofa§n oy

increased comprehension of the workings,of a system.k This}he‘states,is
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done by concentrating upon the functional requirements which a design
is to meet and determining its success in fulfilling these. For Mostow
(1985) the analysis stage is divorced from any attempt to determine the
value of the design or 1its attributes. Detail must be produced
regarding a design's characteristics, and these details may then be
assigned values, and an evaluation of a design take place, Ostrofsky
(1977) similarly acknowledges that analysis is a separate design stage
from that of the evaluation of a design. Ostrofsky (1977) is similar to
Pahl and Beitz (1984) in his views as to the types of activity which
should be undertaken during the analysis. He too concentrates upon the

methodology and means to producing detailed information regarding the
attributes of a design. This notion of the types of activity which
characterise the analysis stage is also held by Matousek (1963). This
theorist views the principal.activity of the analysis stage as being the
analysing the attributes of a design relevantbto function and that this

is primarily accomplished through technical methods.

It cancbe,seen from»the above examples that there exists
within the literature a consensus regarding the type;ofpactlvity“which
takes place within the analysis stage. This consensus view regarde‘theyﬂ
analysis stage as primarily being concerned with the analysis of the
attribution relevant to function. The means by which this analysis is

seen as taking place is through the use of analytical techniques, and it

is these which will next be discussed. It is important to note however

that the model doesk’nct represent analysis solely _as,je technlcally g

orientated Stage, and this is borne out by thelllterature. A number of .

.thecrists who allow for the possibility of analysie taking placef']*

informally are noted above. In addition to these ‘the wcrks of McCory




(1963) and Paynter (1961) should be noted. These two authors are good
examples of this point as they also acknowledge that analysis may in the
instances of the preliminary stages of design, or in the case of simple
design, take place heuristically. This point is noted by a number of
other theorists notably, Lawson (1980) and Tovey (1986). Having noted
this point the discussion regarding the means to design analysis will

now be started.

The number of individual techniques which are available to
the designer in performing the task of analysis is extremely large.
Because of this, and because a discussion of the technical operation and
merits of a technique is beyond the scope of this thesis, this part of
the chapter will deal with means of analysis in terms of a number of
categories. These categories have been produced from an analysis of the
literature and are supported by work done - in this "area by the City
University Design Theory and Methods Gfoup. ‘The work of the Group was
undertakehfas part’ef Alvey Project 142, a eser:modelling Eool‘for_
interface design,"The fihdings of the stedy'were baeed upon a large
scale literatere reﬁiew‘condueted;in‘conjunctien with experts in the

fields of exbert system ana'simﬁlation, and‘interViews with designers.

; Generally analysis takes place in two stages, appboximete -

idealised simulation, -and ‘accurate simulation.“évThe 'firstV‘of 'these

stages correspcnds to the earllest stages of the iterative process of a,'k '

design s development, or in the case of the simplest forms of design.*

The second stage corresponds with the ' later iterative stages of a

design's development as greater definitionfand detalliare°gained by@a

‘design.




Approximate idealised simulation takes the form of simple
schematic and rough calculations. In the case of simple design it is
possible thét Such activity 1s carried out heuristically by the
designer. Most usually this form of analysis is conducted during the
earlier stages of a design's development when general points of
information are required to -assist with initial evaluations and

decisions,

The second stage, that of accurate simulation, is
characterised by such activities as model building and accurate
simulation of the design. This stage of analysis takes place in the
later stéges of a deSign's development. The aim of this type of
analysis is to prdduce detailed and accurate information concerning a
désign's attributes. Accurate simulation folldws?on from'apphoximate

‘idealised simulation. The former providing the design rapidly and with
a minimum commitment of design effort and time, with information in a
| form‘apbrqbriate to the initial developmen£ of a design. The latter
requiring a greater commitment of design effort takes place 6nce a

design has takeh'on a greater degree of detail.

Within these twb stages of analysis there exists in each two
cétegoriés of anélytical'aid.' These two categories are the_same‘wiﬁhin.
each of the stageé( They consist of those types-of aid whiéh“ére a

“means of knowledge représentation; and those which'COnstitute knowiédge‘

sources; A description’bf the nature of knowledge sources . is undertaken

in the chéptef 'éoncerned with the Blackboard mddel;~'(6).i;-Briefi&,

knowledge ~sources can  be described as both‘*%inFOFmatibn‘rrand,»

" methodological techhiques available to the designér?durihg‘the,cdurse_of,
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any one particular design process.

Aids to design representation which are available to the
designer during the analysis stage consist of drawings, schematics,
block diagrams and graphs. The technical complexity of the
representational aids is dependent upon the analytical stage during
which they are used., Drawing for example may be rough sketches done
freehand during the first stage of analysis, or they can be fully

dimensioned representations during the second stage.

Knowledge source aids to analysis also exist within both the
stages of analysis. These can be categorised as, calculations, model
building, dimensional analysis, and performance measure, Again the
technical complexity of the.aid will. be dependent upon therstage of
analysis within which it is taking place; In 'ﬁhis case of model
building for example idealised modelling will take place during the

first stage and fully detailed during the latter, -

" Analysis is an area’in design wheré the usé bf computers:has
had a major impact. By the computerisation‘of the design aidskwhich cah
be used in this{érea designers are now ablelto~ana1ysé des;gns with-
gbeater speed and accuracy. The prediction of the way in’which complex
dynamic éystems will behave has been greatly. enhanced asi‘have"’many"'

simpler,analytical,problems.f‘

It is important to note that de:ign,éids do not consist.of

the only way in which analysis may:take_placg¢*;As'gith~earlier<stages

- analysis may take blaCe'heuristally witbrthe desigder_dtawing«only,Q?on,’~u*




his own skill and experience., As indicated from the discussion of the
literature however, the majority of analysis takes place through some

form of method, techniques or formal practice.

3.4,1. Summary of Analysis

The analysis stage of design is when the attributes of a
candidate design are examined. The aim 1is to produce information
regarding these designs so that a detailed picture of the design may be
obtained. The purpose of this is twofold., Firstly through analysis a
greater understanding can be obtained of the way in which a design will
operate. Secondly, analysis provides the information for the final
stage of the design phocess, that of evaluation and decision. Without
the production of information conéerning the attributes of a design it
is impossible for the evaluation of a design to take place, and thus
impossible for decisions to be made regarding the» rejection,
implementation or modification of a design to take place. The analysis
stage then serves two purposes.  To increase the ’designer's
understanding of the features of a design, and ’to provide neceésary

information for the completion of the design sequence.

From the discussion of the 1iterature it was established that
although there is some divergence amongst design thedrists as to whether -

analysis takes plaoe solely in one area withln the design process, there"

' was agreement that there existed a stage where candidates designs were;'

analysed. A consensus was found to exist in the literature regarding;

the type of activity which ‘was undertaken during this stage. - This»d‘




consists of an analysis of attributes relevant to function.

The way in which this analysis takes place was generally
agreed upon as being through the use of design aids. These aids were
found to vary in sophistication depending upon the complexity of the

design being analysed and the stage of development of a design.




3.5 Evaluation and Decision

Evaluation and decision are essential elements in the
production of all design. Within the model of design these two
processes have been linked together as the final stage of the design
sequence. Whether or not they form the final stage in a design activity
will be dependent upon the degree to which a design has been developed

and the decision to continue with or terminate the iterative process.

The decision to place these two activities together and to
regard them as belonging to part of the same design stage is based upon
the highly inter~related nature of their relationship. At many times
during the development of a design the division between these two
activities is uncleab‘ and as such a separation of them would be

artifiecial.

It 1s during this stage that the various meritsfgfba design
are calculated and a decision beached as to whether to reje¢t, implement
or modify a design. ;In additionkthis,Stage is also cbnhectéd with the
requirement specification. This connéction operates in two ways. Ther‘
value -criteria which provideé the basis ofktheﬁevaluation procedure 13 
'formulated during the generation of the requireménﬁ specification, The
second connection bétweén tﬁis stage and ﬁhe.specificatiqniis,that as a
result of evaluation and decision it may becomef’apparent‘ that a
modification or,thetreqﬁirément specifiéation,should také»biadé;myfhis o

takes place as an aspect of the iterative process,

The structufe this chapter will  take is‘tc‘firétly_examiné‘




the evaluative aspect of this stage, and then that of decision, and

finally discuss the way they relate to the process as a whole.

Evaluation takes place when a candidate design has been
analysed. Having determined the attributes of a design, values are
assigned to them and from this it is possible to calculate the overall
worth of a design. The concept of value is one of the most fundamental
components of the design process. Falcon (1964) has defined value as
that which satisfied desire. This is in many ways an applicable
definition for use in the context of design. The notion of value is
inherent to the design process. The value of any given aspect of a
design is dependent upon its desirability, and this is determined by the

way the perceived need is translated into the value criteria.

Evaluations and decisions take place constantly throughout
the design process as- they are  an inherent part of any selection
procedure. As such they may often take place in ah informal and rapid
manner often comparativeiy unnoticed by the designer, = In the early
development of a,desigh,‘or when the item being‘deéigned is of a simple;
nature this may well be sufficient. As designs develop and become‘mqrek
~complex this type of approach may well become‘inadéquaté.' When this
becomes the case a designer will have recourse to the‘ usek of v

methodologies and techniques.

'There is no single‘dominant methdd df evaluating a desigh;
but rather a wide selection of individual methods. These aré pfimériiy_‘

drawn from the areas of systems science, ,operational. research and

management science. The differing areas from which such methods are




drawn reflects the broad scope of differing aspects of a design which
need to be considered as part of the evaluation process. The primary
features of a design which influence any evaluation are the technical
and economic. The relative importance of each of these is a matter of
some debate within the literature and is discussed below. In addition
to these two considerations a considerable number of other factors need
to be considered. These include a design's aesthetic value, its social

value, and its overall utility value.

Whether evaluating a design's technical merits or its
economic merits the techniques used are essentially similar. These
primarily consist of value analysis and value engineering (M'Pherson
1980, - 1981). With these methods value is interpreted in the widest
possible sénse 8o as . to inclyde not only the monetéry cost of a design
“but also its ability to fulfil its required functions. It should be
noted that although value analysis and value engineering are ways in
which the technical and economic viability of a design may be assessed,
their contribution takes place throughout the iterative process and will -
not always be used Just once a candidate 'has: been generated and
analysed.::Value analysis‘is of great use to the designer in that its
stages of operation:can bérfelated;tovthe design process aé a wholé{
These stages are given various names by;différent authorﬁ; howevef:ar

general description ié‘given'by Davis (1965);

1) ~ Information
11)  Speculation
 ,Aiii),_ Investigation .-

iv)  Recommendation
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v) Implementation

The information stage requires the gathering of factual
information about a proposed design. This activity is basically very
similar to that of the generation of specification within the model of
the design process, Similar basic generations have to be answered, i.e,.
what are the functions which the system must perform. Speculation is
the search for alternative ways of meeting the requirement. This is
generally viewed as a creative activity, (Pitts, 1973, suggests the use
of brainstorming). Investigation is concerned with the feasibility,
both economic and technical, of the various soclutions, and appears to be
analogous of the evaluative stage in design. Recommendation is used to
indicate the reaching of a decision or more usually a number of possible
alternatives each of which offer differing merits (Simon 19758).
Implementation is wused to indicate that the decision to choose a
particular ~ recommendation has been taken and  its accompanying

implications incorporated into the overall design decision,

Falcon (1964) views the contribution made by value analyéis
to the production of QQOd'design as being essential. For Falcbn (196&)
all but the most elemenﬁgry of. evaluations should bé undertakén bykihé
use of this evaluative method. The usé bfvmgﬁhod as a wéy of evaiuaﬁing
design 1s - indeed advdcatéd widely throughout :he,]literaturei which
concerns " itself with this aspect of rdesign, /:fMilesv.(1973)-;in,,his
discdssion of‘ the vabious 'teéhniques of - vgihé“enginee(;ng 1reitgratésv

this point'ekpbeésing'ihe view'that ail technical évaiuation beccmés“

little more than guess work and individual performance without it.' Pahl ‘ :‘

~and Beitz (198&) also . working from the point of view of technical”‘ :




evaluation strongly advocate the use of method. It is however not only
for technical evaluation that method is advocated. Economic factors
involved in the production of a design should also be subject to value
analysis. The literature in this area comes predominantly from the area
of management science., Murdick (1961) views the economic evaluation as
a factor which determines the outcome of a design activity to a far
greater extent than technical considerations. The point is reinforced
by the work of such management scientists as OQakely (1984). Qakely
(1984) advocated that the likely final economic analysis should be
planned for throughout any technical development. He acknowledges that
to some extent this does happen and probably always has, but points out
that the best method of ensuring success is through the implication of
some form of systematic procedure.

In oppositioﬁ to this view is the work of Lera (1981)., Lera
(1981) argues that thervast,majoriﬁy of evaluation within any design is
undertaken by lone designers without recourse to ahy‘formalised'system
of undertaking this, Lera-(1981) asserts that to impése any form of
method upon a designer during the generation of é design would be
disruptivé to his creativity and would not benefit the actiVity’in’the
| iong term. Letab(1§8i) does however acknoﬁledgéffhat there;is;é étagé ,
Qithin theVprécéss where méjob éyaluations’iake»plaée;éﬁd agrees tﬁat
formal methods abe’appropbiéte'here. Thiskviéw‘does'noi_ccnttadict the

model which takes account of the likelihood of rapid and informal

evaluations taking place throughdUt‘a‘désign's developmént;:ahd allows "= -

for this through the iterative process"and':the ‘operation quV'the

Blackboard,r




An additional aspect of evaluation so far not discussed is
that of optimisation. Optmisation forms both an aspect of evaluation
and decision. When c¢onsidering a design either separately or in
comparison with other designs, trade-offs and modifications will need to
be determined so as to produce the best design. Most optimisation
techniques are derived from the field of operations research, (Churchman
1974). Optimisation in this context consists of attempting to maximise
the overall value of a design. A modification in one attribute of a
design may allow for the increase in value of a second attribute. To
determine whether this 1is desirable optimisation techniques are used.
Siddal (1972) uses the example of an aeroplane wing to demonstrate this,
Strength and lightness are stated as the valued characteristic. - The
design may have produced an extremely strong wing which 1is also
extremely heavy. It may be possible to lighten the wing by reducing the
strength without diminishing the safety of _thé plane., To determine
whethef‘this‘is possible the applications of optimisation techniques
should be used. Wilde (1974) provides a good review of the most coﬁmon
forms of optimisation calculus. Wilde (1974) asserts that optimisation
of'sbme form takes place within all design but stresses that heuristic

methods are ohly useful where the variables are single and costs low,

Having d;scussed the major features of evaluation énd the
techniques primabily concerned with this aspect df the:last stage-of the' 
design process, it is"n6w proposed that a'briEf_disdussioﬁ is’undertakén &
"of two of the dominant technical theories which’cohdefn’both‘evéluaﬁion;vf

and decision. These consist of Decision theory and Utility theory.

; Decisioh;thedry consists of the‘assignment‘bf‘vaiues;tQ thej




various qualities and quantities which constitute the requirement
specification, the determining of the relationships of these values with
regard to possible outcomes, and the means by which these can be

determined.

The decision to select and implement a technical product or
system is determined by the balance between its technical and economic
value against the specification's criteria of value. The most common
methods of assessing this are basically similar. The ratio of
technological effectiveness to cost, [E/CY, or the difference between
the two [E-C)} forms -the basis of most decision techniques. Other
methods are however used. Quadratic cost is one such method. Quadratic
cost is represented by the formula, [(1-e?)+C?1, where C1-E?) can be
_regarded as the penalty paid as technical performance deviates from the
ideal or dptimum andrc is»the cost of getting the systems performance

back to that ideal, (English 1968),

Utility theory is primarily concerned'with*determining the
overall worth or utility of a design. = To do this the attributes of a
design are assessed ih ferms of their value:with regard to the value
kcfiteria established by phé reqﬁirement specifigétion., The toﬁai valdg
of a design is determined by the»combination of ﬁheée individuavaalués
into a whole. By the determination of a deSign'S value in this maﬁner
- it is possible to identify ways in which the attributes of,a‘deSign'méy
be enhanced or negated fto-’produced: the‘rmaximum ’utility;"b.fhé: basi#’f

structure of the méthodologies’used in utility thedry are as(follows. i

A candidate design, Ci, has a sétvcf‘deSigh‘éharactéfistics; :
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ci....cin, which are those of its attributes which are relevant to the
fulfilment of the design objectives. There is generally a multiplicity
of separate criteria, K, by which the design must be evaluated, 1i.e.:
sub-objectives of the total design objective. In systematic evaluation
the criteria should be formulated as utility functions of the form,
UiK=Uik (eci.... cin), which assigns a value Uik to a set of design
characteristics. A set of utility values is thus determined for each
candidate design. The most common methods of combining the utility

values of a candidate design to form a total worth are:=-

U; = Qpuip Op=1 i.e. linear combination

P=1

Op are weighting factors representing the contribution that aspect p

makes to the total design worth.

There exist an infinite number of functions U; () and
basically these are a subjective matter for the decision mékér, and are

resolved through a determination of trade-offs between objectives,




The decision aspect of this stage though closely related to
evaluation is distinguished within the literature as being a number of

separate characteristics.

Decisions are made throughout the development of a design,
and will during the initial stages of the iterative process be taken
heuristically. As a design solution develops and becomes more defined
and detailed it becomes possible to apply a collection of methods which
are collectively termed Decision theory. Decision theory is closely
related to the techniques of evaluation with the essential difference
being that decision theory contains techniques for aiding the designer
to make decisions in conditions of uncertainty. That design almost
always takes place with some degree of uncertainty attached to it is a
point noted frequently within the literature, (for example Kaufman 1968,

Siddal 1972).

Similarly to evaluation the concept of'véervis'éssential to
the decision process. This is because it allows the sucééss of a désign
to be judged and decided upon, and the“relationShip Of‘the'attributes of
a design to be defined. Bross (1953) argues the‘relatiqhship}of design  ‘
attributes in terms of value is determined by the possibletoutcdmes of"
differing coursés of act;on. kThe value of a désign atﬁribhte is thus
"determined by,the aSility‘to predict a poséiblépoutcome. Thé_abilityvid

predict the likely outcome :thus becomés;a”nmjorkelement in*the‘way i

design decisions are made. Keeney and”Raiffa’(1976)uéssebt tha£fth§f o

‘methods used by designers in their atteMpts‘at:pbediéﬁioné bfmcdtcéwef‘

are; by intuitive means, by the use of analogy, :by fdraging'fubon‘;Q 5

o experienée y by the assumptiohsthat all elements 11keli”toraffggtlthé7




outcome are known and will remain constant, that any changing factors
are known and will remain constant, and that some factors will be
unknown or uncertain. Each of these conditions will produce differing
predictions of outcome and depending upon each the relative values of
the attributes of a design will change and as such the decision made

within each will differ.

The techniques used by a designer to help him reach a
decision will depend upon the degrees of risk and uncertainty under
which he has to make them (Mack 1971). The types of possible decision

which can be made however remain constant. These consist of;

i) To terminate the process and implement the design.

ii) To return to an earlier stage in the process as a

means of modifying the whole design.

iii) “To return to an earlier stage in the design process as

‘a means of modifying an element of the design.
- iv) To modify the specification

v) To completely re-start the process

The evaluation and decision stage of ‘the design prceess comes e

at the end: ot‘ the design sequence. It may constitute the end ot‘ at
particular design activity within ‘the iter'ative process or' it can be

 where the pr'ocess terminates and a design is implemented. ; Dur'ing the’
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initial development of a design the evaluation and decision process may
take place in an informal manner. This may continue to be the case if a
design is not complex and there are a very limited number of design
variables. In most cases however it is apparent from the literature
that as a design is developed there will be an increase in the
complexity of both the relationships between a design's attributes and
thus the decisions which have to be made. The amount of risk and
uncertainty will further complicate the process. To overcome these
problems a selection of techniques have been developed, These assist
the designer by defining relationships and assisting in the prediction

of likely outcomes.

The decision process is, as has been shown, a complex and
multi-variete process, It is beyond the scope of this thesis to go into
precise detail concefhing ‘the differing  types of decision making
techniques which' the desigher can use. Rather}k what will be of
relevance invthe context of this thesis is a descriptionkof the deéision
process whicﬁ:has been generated through An idéntification of the main
features common to all design decisions. It should béAnoted‘that as
previously mentioned the précise diviéibn be;ween evalutofy and dééision
making'aétivity:is not always clear.  ihis fact is reflected in the

descriptibn given below;:

The first element which is required in a,discuséianrofgthe ,

structure and relationships of the decision‘proqess‘is~a5re1evant‘and‘j‘

workable definition‘cf what is meant by the term 'a decision!;”;'ﬁfter,‘
careful consideration'the,following definition has beenﬂdéVeldped. A B

‘deéision is a psychoibgical event characterised byizr

Coes6-




i) the exercise of discretion, (e.g. in selecting a course

of action)

ii) prescribed non-discretionary limits, (only within these

limits can discretion be exercised)
iii) a goal, (towards which the decision maker is aiming)

iv) committal, (i.e. an external event will result from a
decision, a wrong decision causes waste or harm in some

form or other).

In relation to the above definition it would appear that
design is very much a decision making process, Set the same design
problems to a number of designers and they are likely to come up with
many different plans for design solutions, which suggest that there is a
»discretionery element in design. These same designers will - invariably
explain that -their solution has been affected by the limits that
somebody or something “has prescribed. ~ Equaliy design is a goal
orientated‘activity, and the;decisions which are:made és eeiaspeet of
design do cause external’ evehts to take blace; and the possibility

exists for decisions to be wrong in a meaningful sense,

Design decisions take place within the particular context of ,*:*

' the design environment. This context though differing in detail between
kany two given designs is in fundamental terms the _same for all design'

,decisions. The: decision attempts to act as an 1nterrace between cause,w
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and effect. Essentially there are three types of causal relationships

which exist with regard to design.

A. Uncontrollable causes which have uncontrollable
effects.

B, Uncontrollable causes which have controllable effects.

C. Controllable causes which have controllable effects.

Using these terms we can now formulate a fairly concise
definition of the designer's decision making task, It is to choose the
controllable causes and :o adjust them in such a way that, under the
circumétanoes defined by the uncontrollable causes, desired controllable
effects are obtained.k These desired controllable effects constitute his
goals. - Through the choosing and adjusting'bf controllable causes he

exercises discretion,

It is already evident that the designer must be aware of the
existence of design parameters as well as independent ‘and débendent
variables, when making a design decision., As such three operationslin—

the decision proéess can be defined immediately.

1) . The identification of design parameters, ~ Design

parameters as measures of controllable causes.

2) . The ‘;fidentification of indep§n¢ent,);‘Variabiés;f'i

Independent = variables  as . measurés :‘”of.‘ f£he,




uncontrollable causes and effects.

3) The identification of dependent variables. Dependent

variables as measures of the controllable effects.

In addition the designer must be aware of cause and effect
relationships, relationships involving parameters only, or parameters
and dependent variables only. Hence, the decision process in design

requires;

L) The identification of relationships amongst parameter

and variables.

It is also known that designers need to predict the values
that the independent variables will take whether directly, or in terms
of the effect produced. Thus the decision process in design‘will also

require;
5) - The prediction of values of independent variables,
Dependent variables are measures of the'designers goal, and

"~ to be a goal at all it must in seme respects at least, have a clear

definition. In practice there are many goals, which invariably arise

from the attributes required.  The important thing to note about these =

‘requirements is that they are mostly expressed in‘termsedf“limits;?eh",b'z

constraints.r : Hence, the designers decision precess will need*e;o§7k:

undertake;
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6) The identification of constraints governing dependent

variables.

These constraints delimit some of the designers ends rather
than 1limit his means. Design parameters are also governed by

constraints. The decision process will thus require;

7) The identification of constraints governing design

parameters,

Each of these parameters will have its own unique value.
This necessitates;

8) The identification of values of design parameters.

~It is necessary that the designer's decision ’should ‘be
informed by é knowledge of the effects that any given design is likely

to have.  This will require;

9) The identification of expected values of dependent

variables.

A designefkcaﬁnot}take’éil availablé‘infprmétion ith_accoﬁn;’,
a£ once.:fSoluﬁiéns arevformulated to one or more sub5problems,on;thé
: basis of some of'hié,ihférmétion. It will then’need‘té,be~&efefmiﬁe& :
whether these:solutions éré COnSiS£ent Qith eacﬁ other,'és‘wéli:ééiﬁiﬁﬁ‘ 

the as yet unused information.
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10) The investigation of the consistency of values,

relationships and constraints.

A design process may produce several alternative solutions to
sub-problems or eveﬁ to whole design problems. The designer therefore
has to compare and choose between them. The criter;a will be the
dependent variables. The values they take, once a design is realised,
will indicate how successful a design is in coping with environmental

circumstances, i.e. independent variables. This element of the decision

process 1is;

11) The comparison of, and selection from alternative

sets of values.

The e;ements of the decision process which have been outlined
above characterise the way in which the decisions are reached during the

design process,
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3.6 The Blackboard Concept

3.6.1, Introduction

The Blackboard Model was originally developed by software
engineers as a tool for recognition of certain types of information,
(Hayes - Roth 1977). The characteristics of the Blackboard Model were
however such that the applicability of the model has since been
considerably expanded. In the context of design the Blackboard
framework provides a means by which the development of designs can take
place. The structure of the Blackboard Model is such that by its
ihcorporétion intd thé model of the design process a framework is
produced thrbugh which the generative and iterative aspéots of‘design

can be represented.

The Blackboard Model has  thfee ‘main components. These
cohsiét of, the ‘Blackbbabd,‘ktbé  knowledge Séurdes; and the control
meéhadism;v The khowledge'scurces are sUb-diViéibns:qf‘the knowledge
base whiéh:’exists within aqy‘ particulaf ydiscipline,' eadh "of ‘thch;
cbnsists of a‘spééifidbéréé 6f expértisé or knowledge‘fhdm‘within that
discipline, The Blackboard, from which the modelytakésxitsWnéme; is a
conceptual, (or in&eéd;aétual)‘deQice'whiéh alloﬁs'fcr"thé StébégéLandr'
display of information.’ Ej fulfiliiné'this fuﬁétion ﬁhé;Eiéékbbéﬁdzébts" 

‘as a_conduit’Setweehiihé'khowlédgé'SOufcés as it is through this that

the knowledge sources are able to communicate;],yThévcéntréi7¢ecﬁahism ',,;

determines the selection for storage and combination of information
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generated by the knowledge sources. This storage and combination

function of the model takes place upon the Blackboard.

The operation of the model is initiated by the input of a
piece or set of information., This information can be defined as a
'problem! to the model in that it must attempt to generate a solution to
it. The way in which this solution is generated consists of each of the
knowledge sources by applying its particular area of expertise to the
problem, producing a possible solution or 'hypothesis' as to what could
be the complete solution. These hypotheses are displayed upon the
Blackboard and it is from the Blackboard that each of the knowledge
sources is able to read the partial solutions suggested by the other
knowledge sources. In this way a possible solution, or a number of
possible solutions are produced. The combination of these partial
solutions and sets of ' partial solutions -intp- complete candidate
solutions and ultimatelj into a finalised solution is undertaken by the
control~me§hanism.’ The way in which it undertakes to fulfil this task
is detérmined by the parameters,- rules -and criteria of 'which it is
-composed... - Before going into ’greater. detail, and discussing  the
implications of the Blackboard concept for’the theoretical ffameWork bf
a model of the design pfoceés; a brief outline of thé,background'and

development of,the Blackboard Model would probably be useful.

The framework of the Blackboard Model is derived from. the

Hearsay - II speech recognition program.'»iAn~introduction to‘this*is"*‘

kgiven in Erman and . Lesser (1980).' This program which ‘Was originally
" constructed in the late 1970'3 (see Hayes - Roth 1977) was designed td‘

'help improve the speed and accuracy cf Speech recognition systems. .
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Prior to the development of the Blackboard model all speech recognition
systems had operated in sequential manner through a decision -« tree
structure. Typically the input word or utterance would be interrogated
by the system against predetermined criteria for a number of
characteristics such as pitch, tone and syntax. By this means the
system would be able to determine the correct identity of the input and
assign to it the appropriate label, i.e. correctly identify the input
word. . With the Blackboard Model however the information required to
determine the identity of an input word was not structured as part of a
sequential process but rather was compartmentalised into independent
areas of expertise known as knowledge sources, With the Blackboard
Model the input to the system is examined by each of the knowledge
sources individually and in a non-sequential manner. Then in accordance
with the particular type of knowledge contained within a knowledge
source a decision or hypothesis as to the identity of the input will be
produced and displayed uoon the Blackboard. Upon viewing the Blackboard
it may be necessary for a knowledge source to modify or even produce an
entirely‘ new hypothesis, The decisions as to whioh hypothesis is -
accepted and which are rejected, along with how they will be combined is

determined‘by the control mechanism. It‘is~found to often be thevcase.

that a number of possible solutions or word identities are produced byd

either individual knowledge sources or the knowledge set as a whole. By ’

the use of the Blackboard it is possible to hold these solutions, or o

‘hypotheses and for knowledge sources to re-examine their decisions., The, _

control mechanism ,purpose iS' to co-ordinate these activities and o
determine the final decision of the correct or most appropriate

combination (see Figure 4y,




The Blackboard Model was subsequently expanded by Hayes -
Roth (1983) into a general theory for problem solving by C.A.D. systems.
Davis (1980) has produced similar work in the area of artificial
intelligence. The work of Davis was primarily conducted in the area of
Meta knowledge, that is knowledge about methods of change and adaption,
Amongst the conclusjons reached by Davis was that the best framework
through which adaption and change of possible solutions takes place was

that of a Blackboard type model.

The precise manner in which the Blackboard Model contributes
towards the comprehension of design is however a matter about which
there is debate. To fully explain the issues disputed within this area
it 1is  necessary to describe the differing ways in which the
contribution of the Blackboard Model is perceived, and to discuss the

basis upon which these points of view rest.
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The Blackboard Model
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3.6.2. The contribution of the Blackboard concept to the model

of the design process.

This thesis will argue that the Blackboard Model represents
both a means and a framework through which it is possible for design
solutions to develop, and that the Blackboard Model fulfils this
function by serving as an element of the larger design model. A
detailed discussion of the way in which the Blackboard Model operates
within the design process is undertaken within the next section of this
chapter. The discussion within this section will concentrate upon the
arguments from within the field of design theory as to the precise
contribution of the Blackboard Model to the understanding of the design
process. The debate concerning the contribution of the Blackboard
concept to the comprehension of the design process centres around two
conflicting views of thé way in which design takes place, These views
lead in turn to a debate as to whether the Blackboard Model should be
used as an eiemént of thekdesign process or, to represent‘the éntire

désign activify.'

Debate about the contribution of the Blackboafd‘7Model ‘to
design theory arises from an area of thought which asserts that the

modei should:-be USed'ﬁto represent' the entire design process.  This

school of thought (see Whitefield 1986) asserts‘fnat‘witnin@the‘designfl1 N

theory there exists two basic’ types of deéign’model.'j:These two model

_types they classify as, stage or sequential models, ahdjﬁroééSSMmbdélé: ,

,Thetterm sequehfial'model is:uséd towdeéc#ibe thé:traditidhal e

type of design model which asserts that design takes place by
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progressing through a number of stages or phases, each of which is
characterised by a particular type of design activity. Authors who have
advocated this type of model of the design process assert that there is
a logical necessity that determines the sequence; i1.e. a specification
requirement must be generated before it is possible for analysis to take
place. This type of design model is typified by such authors as Hubka

(1982) and Pahl and Beitz (1984).

Process models of design it is argued do not present design
as taking place by means of a sequential progression through a number of
definable stages. = Rather it 1is argued that design takes place
non-sequentially. The basis for this assertion comes from the studies
of a number of researchers who assert that when design activity is in
fact described as. it actuolly: takes place, vhat is found is -that
’designers do not proceed in a sequential manner, What is found is that
designers tend to immediately focus their attention on possible complete
solutions and then;proceed by attempting to‘modify them so that they
eventually fulfil the design need. Lawson (1980) originally put - forward
this notion basing his reéearch on‘participant observation and ‘later
(Lawson 1981) on experimentation. Similar vemoirioal*‘studies; were
undertaken (Lera 1981, Tovey 1984) which. appeared to confirm the notionk

of the designer as solution orientated. Attempts at modelling this view

of design activity came. to be known as process models., A number of“v

researohers working from this perspective came to the view that the most
accurate way to model " de31gn activity was by the use ‘of the Blackboard}'
Model, (Tovey 1984, Whitefield 1985, 1986)';‘ These researchers argued '
that with design being a. solution orientated activity in whioh possiblek

solutions are produced and then modified by the various activity areaé‘




which constitute design knowledge, the Blackboard Model provided an
appropriate theoretical framework through which to describe design. The
Blackboard Model of the design process argues that a designer uses
several separate areas of design knowledge and that these can be
represented by the concept of the knowledge sources used by the
Blackboard Model. The designer, it is argued, uses the knowledge
sources to produce hypotheses concerning what may be used as a possible
design solution, By a process of each of the knowlédge sources
producing its own hypothesis and placing this upon the Blackboard so
that it is available as an influence to all other knowledge sources, the

design is gradually modified to fulfil the specification requirement.

Equnents of the Blackboard model of the design process put
fqrward the claim that the sequential view of design 1$ misleading and
coﬁfuses rather than enhances fhe understanding of design. Tovey (1984)
has argued that where as sequential models of design present design as
beiﬁg ca verticalk process, it should in fact be viewed as being a
horizontal process, (see fig 5). By this what is meant is that‘rétheb
than'progressing ihya sequéntial ﬁanner’thrqugh'a number of stagES«eacﬁ |
" characterised by a:spéqific type of design‘activity, désign‘shduld-be

~viewed in tefms of the éontinuous vinteraction of various ,aregé_'of

- expertise via the storage area, the Biackboard.

Attémpts’to validate the Blackboard Models -of desigﬁ~:hrppgh =
experimental research have béen made."Tbere‘typically have_beén made as

 a means of gaining information to assist in ,the,‘bz?odyut:tkic}n of more

~supportive ccmputer”aided design systems.,,Wh;tefield;(\QSé)‘is_ﬁypicalf ﬂff

in his general approach. A number of experiénded designéféfabéieécﬂ i
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Fig. 5.

Tovey (1984) - Traditional (vertical) sequential design in comparison

with the Blackboard 'Process model' (horizontal) of design.
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given a design problem which they must attempt to solve within a given
time. They are asked to verbalise their activities during design and
these are recorded both audially and visually. From these recordings,
(verbal protocols) it is determined which types of knowledge source are
being used, what types of hypothosis they are producing, and which of
these hypothoses are being saved and which rejected or modified, By
this method it is hoped to be able to produce a domain specific

(specific to that particular designing activity) Blackboard Model of the

design process.

This type of experimental approach is typical in that the
design study concentrates upon a particular sub=function of the
decomposed design. Also typically the problems presented by the design

of the sub-function are familiar to the designer.

The use of the Blackboard Model as a model for the entire
deeign process will lead to a distorted understanding of design. Tbe
Blackboard model of the design process ignores the iﬁitiation of the
design sequence and the generation of the requirement specification, and
instead concentrates upon generative' and evaluative aspects of tpe
producticn of deeign concepts. This research may well provide useful
\information about the types of search strategies used by designers, it
_capnot be however be generalieed.inﬂsuch a,way as tc’reject:;he popion -
of‘design being a basically sequential process, Ih may also be the’caee

that designers in many instances approach a design problem with a fairly;

good idea as to hcw they will solve it.v However if the Blackboard Model:_"

is generalised in such a way as to argue that it represents theii

activities taking place thrcughout the design proceee then by necessity
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the stages of design and their sequential relationship must be
recognised. Equally if it 1is argued that designers are aware of the
type of design éolution which will be used from the start of the
process, then it becomes impossible to explain new or innovative
designs. Though the Blackboard model of the design process may be
inadequate to explain and represent the whole of the design process in

the manner discussed, it does however serve as an element with the

design sequence,

3.6.3. The Operation of the Blackboard Model within the model

of the design process.

The Blackboard Model forms an element of the design process.
The context of the Blackboard Model has however been broadened, so that
it is no longer viewed as being a device for the modification of

existing design concepts but rather an element which exists throughout

the entire process.

k~rw1th. the context of the model of the design process the
concept of the knowledge sources ‘is seen as being the constituent pérts
of a knowledge area or design knowledge base,  This knowiedge basef
consists of all the'.deSign  knowledge available to the ~ designer
thboughout an& paftigular design. From the knowledge sourdes’embedded
within the knowledge area the designer will draw upon various are#s'Cf
: exbertiée and information to help solve each aspect;of»:nevlafgep design‘

; prcblem.,‘finformation gained in this manner will’be~storad'upon the_




Blackboard, where it may be modified or combined with other hypotheses
drawn from different knowledge sources. This process will be determined
by the control mechanism. Within the context of the model of the design
process the control mechanism is seen as taking a number of forms and is
comprised of several elements. In the case of simple or informed design
the control mechanism may well be an aspect of the designer's skill and
experience. In the case of complex design formal methods may be used.
In both cases as well as either designer judgement or the use of formal
methods certain elements of the control mechanism are determined by the
sequéntial nature of the process, and the activities undertaken as part
of the design process. The specific stage of development and
composition of a design will determine types of knowledge used, 1i.e.
knowledge abogt rulés or physical principles, knowledge about types of
components or the properties, of certain materials, Equally the stage of
development of a design will affect the control of the Blackboard
process by determining the depth of analysis used, and the way in which

decisions are made.

The operaﬁion of the Blackboard Model within the’model,of thek
désign pfocess takéskbiéce at two géneral levels of abstraction. These
consist of its opération és'én element of the larger sequential}mcdel,
and at the 'spégifié‘ generative level in the pfoduction‘ of basic
conéepts; in all design, and at eyery‘leQéi of abstréctioh,designers
will drawtuﬁdn é’humbéb of categories of knowledge.’iFrom thése;a1anbér
éfJﬁ§pothesé$ will bejphbduced; These will be cbnsidered_ihbﬁebmsxbf:
combatibility»witﬁ\eaéh'otheb»and ﬁhé ééneraikaims cf;th§ particuiar‘

‘aspect . of the’design}which,is be;ngkundertaken,vand also in,térmakofithé‘

other sources ofikhowledgékwhichyhave béen’drawn onn,'b,‘  '




When discussing the larger sequential model what is meant is
that at the stage of design where complete candidate designs have been
produced the Blackboard serves the purpose of allowing a theoretiéal
framework through which it is possible to adapt or modify these designs
either in terms of comparison and combination with each other, or in
terms of drawing upon a specific type of design expertise to make an
adaptation. When operating at the various levels of abstraction which
characterise the way in which design concepts are developed into
candidate designs, the Blackboard serves the purpose of providing the
framework through which general principles and specific areas of
expertise can operate. To fulfil this task it produces a framework

which allows ideas to be produced, combined and modified.

3.6.4. 7 - Summary

The Blackboard Model provides the theoretical framework
through whichrit is possible to explain the way in which infOrmatioﬁ is
’drawn upon aﬁd then syntﬁesised inté design solutions. The Blackboard
models the acti&ity of éoncéptual synthesis Qithin the design process at
‘all levels of abstraction andvdeccmposition. »Itsvvalidity ekists as 5
model‘ of this aetivity when  either considering the generation of a
design primitive er a Subffunetional element of a decompéséd[design~l

problem, or when attempting to combine or modify céhdidate designs.

The arguments put forward by design theoristé'who,assért that _ ;, 




the Blackboard Model can be used to represent the entire process of
design are rejected. This type of view makes the assumption that the
basic solution to any given design problem is known by the designer and
merely requires modification to fulfil the design need. This is viewed
as only being the case with variant design. In addition by using the
Blackboard Model in this way no account is taken of the way in which the
decision is reached to treat a design problem as a variant of a previous

design.

The research discussed confirms that design concepts are
produced through a process of constant iteration through the design
sequence, sometimes through the entire sequence and on other occasions
from an earlier stage. This is entirely compatible with the view put
forward by this thesis, The major contribution of the Blackboard Model
to the model of the design‘process is that it provides the theoretical
framework through which design synthesis takes place at all levels of

abstraction and decomposition within the design sequence.
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y, Summary of Chapter Three

The model of the design process which has been presented is
essentially sequential and iterative in character, The process is
divided into a number of stages each concerned with an aspect of the
design process. By continuously passing through these stages a design
is evolved. The stages have been classified in terms of the predominant

activity which takes place within each. These classifications consist

of

- The Generation of the Requirement specification
- The Generation of the Design Concept
- Analysis

- Evaluation and Decision

The process is-initiated with the perception of a need, and

terminates Qith the implementation of a finalised design.

The model recognises that the above noted activity stages do
not characterise the way in which the entire process takes place. By
incorporating the Blackboard concept within the model account,is,taken
of the way in which solutions and partial solutions may be stofed dufihg
the process. The Blackbdard concept provides;a‘theoreticai framework
through which it 1is possible to represent the way in which certain
elements of the design process take place. This consists primarily of
representing the way in which design knowledge,:bothathat which existed
prior to a‘particular deéign's development andrthat,which‘is a product

of that development, relates to the informational needs of a design
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throughout the process,

The model represents design as taking place in the following
manner, The process is initiated by a perception of need. Once
commenced the initial activities in the process are aimed towards giving
the need greater definition. Essentially the types of activity which
take place can be categorised as those of information gathering, and
problem analysis. The aim of these activities is primarily the
generation of a requirement specification. The requirement
specification is a detailed statement defining the characteristics which
the final design is to process. It is important to note that the
production of the full specification does not take place divorced from
the rest of the design process. A specificafion may be elaborated or
modified during the course of tbe design process as an aspect of the
iterative process., It is possible that the initial specification is
quite vague and that it gains in detail through iteration. Once however
some initial formulation of the requirement specification has taken
piace it is possible for an attempt to be made to satisfy these

requirements,

The stage during which the pfimary activity is the generation
of a solution to the defined design problem, is the concept generétion
stage. This stage‘can itself be sub-diﬁided into_a number,of.specific
phases each of which is characterised by a particular form of activity.
These phases consist of i) Abstfaction and functional descfibtidn,v'ii)
Decomposition, 1ii) The generation of design primitives, ‘;v),;The
composition qf a whple ygystem from the solutions to fhe ,decompbséd,fv

problem,
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At the beginning of this stage the design problem is
abstracted so as to allow the broadest search of possible solution areas
to take place. In addition by abstracting the problem it becomes
possible to identify the essential characteristics of the problem and to
ignore or remove those which are only incidental to the problem.
Functional description serves a similar purpose by expressing the

problem in terms of its essential features and their relationships.

»The problem is then decomposed. In some instances this
process may have been started or possibly even completed, as part of the
previous phase. The purpose‘of decomposing the problem is essentially
that of making the problem more amenable to comprehension and solution.
By decomposing a problem ipto its most kbasic constituent parts it
becomes possitle to search for e design ksolution for each of the
decomposed parts, each of‘which'are likely to be expreesed in the most

simplified mannem possible.

Once decomposition has takeo place it is possible to start
the search for solutions to each of the constituent elements of the
problems, This stage of design is referr‘ed to in the model as the
generation of design primitives, Design primitives are sofcelledkas
they represent the most basic 1evel of a design concept. ‘?'By' the
composition of the constituent parts of a decomposed design problem itt
is possible to produce a complete system, or design oonoept.’ This can

take place once a suitable design prlmitive has been found for eaoh oft‘

the decomposed elements., The composition of ‘a design conoept forms the i

final phase of thevconcept generation stage, - It is possiblerthat;more
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than one design primitive is produced for each of the sub-elements in
which case it 1is possible for a number of design concepts to be
composed. The storage and manipulation of such partial solutions is
allowed for within the model by the use of the Blackboard concept. 'The
way in which this takes place is expanded upon later in this summary
when the contribution of the Blackboard concept to the model of design

is discussed.

A design concept may take an initially simple form which
through the process of iteration gradually becomes developed into a more
defined and detailed form. The developed design concept is referred to
as a candidate design. It is given this label as at this stage in the
design sequence it is put forward as a possible design. The next two
stages in the design sequence will determine its success, failure, or

where possible modifications might need to be made.

Analysis is the next stage of the design process.»During this
stage an examination is made of the attributes a design possesses
relevant to its function. The analysisb etage then‘ is essen;ially
kconcerned with genereting data about a proposed design. This may take
the fermbof a eimple assessment‘by the designep in the'verybearly stages
'ef a deeign, or ifrthe design is ver& simple. With more eomplex or
develobed deeign designers will have recourse ﬁo use’:analytieel
techniques and‘methodologies. The purpose of using such techniques is
’to}obtain the mest accurate‘deta poss;ble S0 as te‘pbovide tﬁe designer
with sufficient information tp enable'himéto.evalua;e a”design adqethus

make decisions about implicatien or modification.
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With analysis having taken place a design enters the last
stage of the process, that of evaluation and decision. During this
stage the various merits and faults of a design are assessed and
decisions made as to whether or not to implement or modify a design.
The evaluation of a design takes place by assessing the various
attributes of a design against the requirement specification. Depending
upon how well a design fulfils the specification, decisions will be made
as to whether to modify a design or implement it, or whether to return

to an earlier design stage or possibly modify the specification.

In addition to the stages of the design process the model
also incorporates the Blackboard concept. The Blackboard is seen as
operating throughout the process and forms an element of each of the
stages. The Blackboard concept consists of three basic elements, the
knowledge base, the Blackboard, and the control mechanism. The
knowlredge base represents all knowledge available to a designer
throughout the design process. The Blackboard element is essentially a
storage area in which solutions and partial solutions are stored, The
information stored in the Blackboard allows the designer to build up
solution sets and to store information generated through his design
activities which appear to be potentially uself‘ul.' The Blagkboarci lis’
envisaged as being able to take a number of forms depending up"on the
type and complexity of design activity which is vbeing undert'aken.,"‘ These
- forms that the Blackboard may take include, the designer'é short termi
memory, roﬁgh notes,’ me;hodﬁiogical aids such as‘ morphological "‘tabbl'es',”'
and computerised aids such as data stoi‘age." The relationships of
solutions and partial solutions stored Vin the'Blackboard, both with

regard to each other and the knowledge requirementé of the ’de.si'gn"
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process, are governed by the control mechanism. Depending upon the
character of the design and its stage of iterative progression, this
mechanism may take the forms of, the designer's informal or interative
decision process, the systematic structure of a methodology which is
being followed, or the formalised decision process which forms a stage

of the design process as a whole.

The Blackboard Model contributes to the model of design by
providing a means by which it is possible to explain and allow for the
development of a design not only purely as a continuous sequential
process but also as a process of bringing together sets of concepts
which exist in differing stages of development. By the incorporation of
the Blackboard concept within the model, it is possible to acknowledge
that not all design knowledge is developed at the same rate, and in
addition, that within any given design activity there will be a degree
of redundancy amongst the design concepts which are produced by that

activity.

The mddel of the design process which has been presentéd is
applicable'to all design. Differences in the typéﬁ of design which afe
being undertaken may affect the speed and formality with which a design
passes through the process. It will however always be the case that a
design will be forméd in the manner described and ﬁhat the elementS'of
the procéss defined by the model will always be - present and
comprehensive in their description of the procéss. It may be the‘oasev
that withrsome forms of design the distinctiéns made_within the modgl
overlap considerably or even in some instances appear t@,comb;ﬁe. "In .

such cases it is still maintained that the model will pbovide an
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accurate account of the process which is taking place. The speed with
which the stages of the process are passed through may differ
considerably as may the speed with which the iterative process occurs,
it will however always be the case that they have in fact taken place,

and ultimately in the order defined by the model.
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5. Aids to Design
Introduction

The production of all technical design requires the use of
design aids. The use of design forms an intrinsic part of the model of
design, and as such design aids cannot be fully comprehended without
relating them to their function within the design process. The aim of
this chapter is to examine the use of design aids as an aspect of the
design process by noting the types of aids which exist to assist the
designer through the development of a design, and to assess the way in
which they contribute to the design process. At this point it would
perhaps be useful to offer a definition of the term design aid as it is

used within the context of this discussion.

The term design'aid though found to be frequently used within
the literature concerned with'design, is in general poorly defined., For
the purposes of this discussion a suitable definition is, all that which
contributes -to the production of. the finalised design configuration,
which exists externally to -the, designer. .  This definition ,is‘,
intentionally broadﬂ'sp__as ;te Scover . all .aspects: of  design whicnv
‘contribute to the final production of a~designvwhichrafe~not,actua11y

part of the theoretical model of the design process. Being highlighted

‘here is the division within ‘the model of the design process between the

essential characteristics of design and he. means by which tths‘

requirements of these: characteristics can be fulfilled. For example, -

the ‘abstraction ‘and decomposition of. a design prublem 1s an essentialeév

cha:acteristic’of tbe proeess of design (see Chapter§3 sections 3.3,1.- E




and 3.3.2.). The means by which this activity may be undertaken are
variable depending upon the type of design which is being undertaken, as
well as upon the skill and experience of the designer. In some cases
such as those of simple design, a designer may be able to undertake this
task without recourse to design aids, i.e. he may be able to complete
this task by considering the problem in an informal unstructured manner.
In many other cases however the designer will require the assistance of
some form of design aid such as a hardware description language or some
form of graphical or schematic representation. The main point here is
that design aids are aids to design, they assist the designer to fulfil
tasks which must be undertaken, they are a means, they do not themselves
define the design process. This point is essential to the comprehension
of design, and to the role of design aids in relation to the design

process, .

Aids to deeign'oontribute to Virtuaiiy every aapect of deeign
and as such the information available on then is rast. To  make the
information amenable to discussion some form of olassification is
required. An analysis of the information available concerning de31gn
aids made it apparent that there exist two basic classifioation methods
which can be wused -to categorise -aids. One method oonsists of * the
’classification of‘design aids in terms of type, and the others in terms
of the relationship of aids to a particular stage or phase within the
design prooess.' In discussing the use of design aids and the way in;
which  they contribute to the design process it was decided that thei

second method would be the: most appropriate and as such is the method‘

which will -be predominately used throughout the disoussion.i However;’ .

~ certain types of design aidﬁare used throughout the entire process;,sof'

““a;;fiSA ;;frf;,}:“1~f~f-’k-,.,»<



that it would be useful to acknowledge briefly the contribution to
design which is made by these types of design aid. The classification
of aids which is presented below is derived from the work conducted by
the City University Design Theory and Methods Group. The classification
took place in the context of the Alvey project 142 (the production of a
user modelling tool) the aim being to produce a classification of all

design aids used throughout the process.

- Methodological Aids
These aids consist of methods, techniques and
working practices etc. Such as formal
specification  languages, systematic design

methods, evaluatory procedures etc.

- Knowledge Sourées‘
“Aids in this class consist of the informatiohal
éreaé from which thé designer cah; obtain
“ knowledge appropriate to the design task,
Included in this class are, finite element
packagéé, catalogues design literature, eXpert

_ systems ete. ;

- Means df'represeﬁtatioh
"The means of representation are a class of aidsv
‘which allow for the representation, transfer and,:
4rstorage of design information.k., Within this_’ 
~ class Vare included such items as, pencils,1'

S drawings, graphical representations etc.- f'ﬁ~   :4“
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- Information processing aids
Information processing aids consist of those
alds which facilitate the movement of
information both throughout the design process
as a whole, and from one medium to another.
These aids include, such items ‘as pencils,

computers and information processing tools.

The above classification of aids is believed to include all
design aids., The classes are not however mutually exclusive and are in
many cases inter-related and over lapping. The relationship of the aids
within the classifications to the various stages of design are not
defined and aids within each of the classifications exist in each of the
design stages. Because of this,bthe'discussion of the relationship of
design aids to the design process will take the form of an examination

of available aids within each of the design stages.

5.1. ~  Aids to Design and the Blackboard Model -

The Blackboard concéﬁt: th§ﬁgh; not - itseif Jdonstiiuﬁihg" a
particular designistége 1s‘an,extfeme1y important"factor‘in\beiétion to
the‘use of deSign‘aidS’thboﬁghoutkthe'deSigh“proEess,xéﬁdbaéiédéhyih
' determinikng the i;s‘ét‘ulness of a design ai‘d' to vaunj(" lof" thje":st;a“gé/s‘ of
design. A'detéi;ed‘diséuésién of the conthibutiod;offthe‘Bléckboafaf”
concept to the design process is gndebtaken in'séétion.j; 'It’iékhéﬁevgﬁzt
’useful5to butline'ité'main featurés again hére'aﬁd ﬁokféiate”tﬁéﬁ£éd £héf;i

_use of design aids. ‘The Blackboard condép; as oriéinélly put forward by

"v;:f;¥1gé'f \17f;gv'




Hayes - Roth (1977) and subsequently expanded (see Erman and Lesser
1680, and Whitfield 1987) is essentially a tool for the collection
storage and elicitation of information. Possible solutions are given by
the knowledge sources (areas of expert knowledge held within the
knowledge area, of a person or system) in response to the design
problem, and stored upon the Blackboard. This allows the possible
solutions (Hayes-Roth refers to them as hypotheses) to be viewed by all
areas of expertise simultaneously, and to adjust their solutions with
regard to these. The use of the Blackboard takes place within each of
the design stages as an integral part of the generative process, and at
a higher level as a means of dealing with more developed sets of design
functions and possible solutions. The Blackboard concept is in this
manner the medium through which the design information generated through

the use of design alds is stored and developed..

The Blackboard may take a number of actual forms all of which
essentially serve the same purpose. = These may range frquinformation
formally stored‘for'later re-examination, to the designer's own short
term memory (Davis 1980). Thus in most instances the Blackboard itself
will éonstituteva desigﬁ aid; The other two main cbmponentsxof’the
Blackboard model, those of knoﬁledgé sources; aﬁd'the‘cén;rélfmechanism',
are also of réievancé;wheﬁ discuséing design aids;‘ ‘Knowledge‘SQQfées
_consist of areas of éxpert kndkl¢dge which can be used by thé designer
to generate and analyse design inforﬁation.. Thu5~wi£hin the‘ffaméwork5,
of the Blackboard7modex‘the knowledgekscurceé ar9 £h9 area whebe'aii: ; 

design knowledge is ultimatelyLStored. The control mechahism.will‘in‘

most instances take the form of a design aid, or poésiblyva combination =

of design aids, These are viewed as taking the form of a syStemétié




methodology but will also be considerably influenced by the evaluation

and decision processes.

5.2, Aids to the generation of requirement specification

The initial stage of the design process consists of giving
definition to the perceived design need by the generation of an
appropriate requirement specification. 1In this section the aids from
which relevént information is obtained are described, along with the way
in which they contribute to the overall activity. The design aid used
at this stage contributes principally by assisting with the provision of
appropriate information -to the designer so as to facilitate the
formulation of a clearly'defined set of design objectives. The aids
described below are the product of an analysis of literature which deals
with this aréa, and a synthesis of their most common features. - The most
significant literature is included in the bibliography; of these it is
felt important to acknowledge the influence of the work of De Marco
(1979), Muilrey (1979); Esherick (19635, ‘and(‘Finkelstein ahd Pétts
(1986). The result of the 1hve$tigatioh‘intobthis area revealed the

following to be the most'significant types of design aids.

Aids to design at the requirement specification stage cbnSist;

principally of;
1. Checklists

.2;5fSpecificationAformats,:

3.:‘Specification standards




4, Expert Systems

5. Formal methods

1. Checklists

Chécklists constitute, in the case of all but the most simple or
innovative forms of désign, the initial point from which a designer
starts to gather information about the necessary functional or
performance requirements of the system, or sub-system which 1s to be

designéd.

Checklists consist of systematically ordered 1lists of
performance and operatiohal requirements for specific components,
sub-functions of systems, and whole systems. Checklists are used to
clarify the task, and task specific constraints, This is done in the
main through the structured examination of the quality, .quantity and

inter~-relationship of:=~

- Gedmetry

'« Force
- Energy
- Material

- Signals

~The use of checklists is widely advocated,,throughodt  thé S

literature on design, but especially 80 by authors recommending the use »1,>

of systematic method; for example Pahl and Beitz (198&), Ostrorefsky ;‘3




(1977), and Matousak (1963).

2. Specification formats

The specification format consists of the formalised
sﬁructuring of the specifications in terms of sub~functional division,
formal or implicit statement of value criteria, and including statements
of effort and responsibility. A good discussion of the use and
construction of this type of aid is given by Oakely (1984), and Oakeley

and Van Praay (1984).

3. Specification standards

Standards exist to provide the designer with information on

minimum and maximum specifications for,

- Materials

- éroducts

- kDimensioné
; 4férformance

- ‘Safety,
within”a system; and specifications for

- Processes

- Practices

=190 -




- Systems

external to a system. Standards provide both task specific and
environmental information to the designer. The rigidity of compliance
to the parameters'set by standards is dependent upon the body which

validates them. Specification standards are drawn from the following

bodies,
- International Standards
- British Standards
- Defence Standards
- Industrial Standards
- Company Standards
Thése standards can in turn be sub-divided into constituent
sets of standards. = These deal with components, sub-functions,

functions, whole systems, the operation of systems, acceptable

practices, safety,'and their relationship‘to the external enVironment.

4, - Expert Systems

Expert systems involve capturing the knowledge of experts in~f‘
a given field and storing it in a computer memory from where it can be
r‘etrieved in the form of‘ a reasoned answer to questicning. _ Expept

- systems are seen ‘as one’ of the most important new aids‘to design.f;7

In such‘systems the ccntrol‘system should4bé,éeparate from:; R




the knowledge. This means that the knowledge can be modified without
any change in the program, (Davis 1980). The system 1is mainly

constituted by a knowledge based problem sclver which contains;

(a) Knowledge about the problem domain contained in the

knowledge base

(b) A data base which contains a description of the specific
problem/need to be solved and serves as a working memory

for system operation.

(¢) Specialized problem solving programmes which use the
content of the knowledge base for constructing a

solution to the problem.
The desired characteristics of an expert system are:-

i) - Good performance* on difficult problems, ‘taking into
account bthat‘ the expert systems performance  is not
necessarily better than that of an expert.

ii) To be implementable

iii) Good man machine interaction

iv) Géodk'perfdrmance' in terms of speed as theTfsituaticn“‘bl"i

demands.




Expert systems may be wused to determine the logical
relationship between the inputs and outputs of systems, sub-functions
and functions. Through a system data base, model structure and in most
sjstems two valued logic structure it is possible to construct through
interactive interrogation of the system an appropriate specification.
The applicapion of automation to the above noted means of specification
generation indicates that the processing of information may act as an

aid to design.

" The information gathered in for this section was carried out
through a process of interview, consultation and an analysis of design
literature and appropriate systems. Literature of note in relation to
the production of the above is, Abdullah and Mirza (1985), Sell (1985)

‘and Begg (1984).
5. Formal methods

Formal methods constitute a Set”of ;ystematic techniques that
v'ar'e available t'o“ the de‘s’igner' as a means of gulding his activities
during the prqduction of the requirement specification. Formﬁl hethodS'
consist primérilyfcf specificatiqn:languages, ahdkdescription lénguaggs;

often used in conjunction with categorizing charts.

Formal specification languages and :descriptionl,languages ,,
assistk'thev process of  géqerat;Qn’:of specificatidp  by p%éqing"jtheT 
qesignerfs’description‘of'needshwithinktightkconstraiﬁtsxthug fPfQiﬁs:a'f‘
spgcification descriptiéniof.ﬁhg,need,iand proqu¢i§g;a;‘spegifgéétionf1 

which is in a form amenable to others within a design group.




The aids that exist to assist the design in the production of
a specification requirement exist primarily in the form of knowledge
sources, such as checklists and specification standards. Methodological
aids which exist consist primarily of specification formats and formal
methods. Expert systems provide the main information processing aids.
Means of representation which exist at this design stage consist mainly

of rough sketches and primitive schematics etc.

5.3, Concept Generation

The generation of design concepts is the area most often seen
as characterising the entire.process of design. At this stage candidate
designs are produced to satisfy the needs of the design problem, as
defined by the specification; The method by which this activity takes
place is~oﬁtlined in greaﬁer detail within- Chapter 3, A brief outline
of this activityvis given'below, and the types of aids used to assist

with these activities are cross referenced against theSe activities.

..The ~generation. of design concepts. takes place throughithe

process of:

i) Abstraction/functional description'
’iii‘ Decomposition R
~111) Generation of concept’compenents
dv) ;Composition of a system by cempositien of

"component concepts




The kernel of design problems consists of the generation of
design primitives to fulfil the requirements of the sub-functions.

Design primitives are obtained from, or by a synthesis and adaption of:-

-~ Existing concepts

- Analogous concepts
Through the processes of

- Convergent concept generation
- Divergent concept generation

- Systematic variations of a concept
i/ii. Abstraction/Functional description and Decomposition.

Solution principles based upon traditional methods are
unlikely to provide optimumrdesigns when new technologies, procedures,
materials, aré avai;able,‘eSpecially Qhen in‘néw‘cbmbinafions; becausé
of this designers should have recourse to abstraction, enabiing thém to
igho:e that which is particular\or iﬁcidental and emphasise that'which
is géneral énd essential, As such there should take pla@e a broadening
~of the probleh fbrmulation;:(Asimow'1962; Finkeistein and‘Finkelstein

1983).

‘The complexity of a problem will determine the complexity of

the overall function.  Technical systemé can be divided into sub;systéms

and elements which in turn are capable of further division into
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sub~-functions.
Aids which exist to assist these two objectives consist of:

- Hardware description languages

- Graphical/schematic representations

Description languages assist with the identification of
general characteristics and the identification of essential elements
such  as energy, materials and signals, Graphical and schematic
representations may take the form of rough or symbolic structural
drawings. For examples of the use of Graphical and schematic forms of
representation as a means to decomposition see, Churchman. 1981, and

Checkland 1981,

iii. : Methods of generating design primitives
A, Convergent Methods

Convergent methods of generating design primitives primarily-. -
consist of the systematic searching for existing and analogous concepts -

carried out using the following sources,

.= Literature
~ text books, treatises, monographs, periodicals, ¢ohferehce;_ﬁ

‘~literature_:‘

-




- Patents
- Catalogues of design concepts
- The study of existing equipment

These searches are often carried out by means of convergent
search strategies based upon the i) systematic listing of physical laws
and properties, to determine an appropriate set of principles; and ii)
systematic examination of a physical law, to derive a design concept.
Such searches require aids similar to those from the search of existing
and analogous material, namely systematic methodologies and formerly
search patterns such as morphological matrices, see Ostrofsky (1977).
The computer implementation of catalogues with appropriate storage and
search strategies provide the designer with the informational

environment necessary to fulfil the needs of this type of search,

Encarnocao and Krause (13981).

B. Aids to the generation of design primitives by divergent

methods.

Aids to the designer which can assist him in the production
of ‘design primitiﬁes‘ through ‘the process of divergent search"aré '
methodological in character. The main methodologies which the designer ‘

can ugse as an aid are;
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- Brainstorming
- Method 635
- Delphi method

- Synectics

The main characteristics of the above mentioned methods are
to reduce to a minimum the constraints and preconceptions of the
designer, and to encourage the exploration of the possible search
area of potential solutions. Examples of the above mentioned types of
method are examined in, Anderson (1959), De Bono (1970,1976,1979) and

Gordon (1961).

C. The . generation of primitive concepts by the systematic

variation of a concept.

The Systematic variation of existing design concepts to
produce a suitable'primitive concept may be undertaken by means of a
number of systematic techniques. = These basically can be characterised

as-follows, -

1) 'Variation of the functional structure
ii) ; Examination of each function to see whether there are
_alternative forms of realisation
111) ‘Systematic regulation |
| - coﬁponent'removal 1

bl component reversal v

- iv) Analysis of attribute characteristie5' ‘f f~f~3wi“ﬂ**xffz.:i"r?

a. enhancement of desirable characteristics




b. removal of limitations

The above methods of systematic variation are a synthesis of
the main  aspects of this type of approach. Most forms of design
literature suggest this type of method to some extent, however notable
amongst these are Biot (1970), Lanezos (1966), Schon (1963), and from
the field of psychology Simon and Barenfield (1969). Methods of
systematic variation are often used in conjunction with either

convergent or divergent methods of concept generation.

5.4, Composition of a system by the composition of component
concepts.

The composition of a system by the combination of realised
principles, is the final stage in the production of a design candidate.
The implementation of morphological tables'(2wicky 1948, Norris 1963)
éonstitutés the most powerful aid at present évailable. : Computer
implementations of suchktables_ﬁrovide a- powerful combinétive tool byv

which the designer may formulate candidate designs.

5.5 Analysis of candidate designs

v Analysis is an - important stage in the design process, itx,i‘v

provides the link between the stage of generation of ‘& candidate design

'rykand its evaluation and thus ul;imately its selection or~non-selection as

a final design. - It 1s in this stage that the designer usesrthosé

Dadedegta




analytical aids at present available to perform as accurately as
possible calculations to describe the performance of a given system or
sub-system, and as such influences the decisions made by the designer as
to the final selection of a design. This activity is characterised by
the quantification of those attributes present in a candidate design
relevant to the requirements, Aids in this area comprise of both
computerised and traditional methods, by which the designer quantifies
those attributes of the candidate design relevant to the requirements.
The information obtained for this section of the report was gathered
through 'an analysis of relevant 1literature, and interviews and
consultations with experts in the fileld of A.I., expert systems and
simulatien.

Analysis takes place in two stages;

1) approximate idealised simulation

ii) accurate simulation

Within these two stages there exist in each, two types of

~design aid. These aids consist ofi
i) Those which are means of knowledge representation.
-11) - Those which eonstitute'knowledge sources in themselves.
5.5.1. Aids to design represéntatioh consist of: ..

Drawing

GimEo0 = e




Schematics

Drawing may be by rough sketches which are
generally freehand, or to approximate dimensions
and are not bound to rules; or they constitute
fully dimensional representation of a physical

item.

These consist of drawings which represent the
relationships within a given functional unit or
system, Schematics are wused to symbolically
express operations and dependencies, most often in

terms of energy, matter and signals.

Block diagrams

Graphs

The system is divided into sub-systems which are

represented . as individual blocks, and = their

inter-dependencies are indicated.. -~ These are

indicated by the flow of energy or information,

Another approximate modelling method can be

- undertaken by usingr graphs which.are ~in‘turn

- graphs, bond graphs,‘etcg~ s

divided ‘up into different  types such as ‘linear

-0t




5.5.2. Knowledge source aids to analysis consist of Calculations

Rough calculations using analytical formula derived from the
application of physical laws are means of approximately predicting the

response of a system.
Model Building

Experimental model building is an alternative approach. In
this a rough physical model is built and tested to observe the response
of the system and then dependent upon the data obtained from the

experiment the design is improved.
Idealised modelling

This is basically an extension of calculation. - Full
mathematical models using such methods as electrical circuit analogy or
structural graphs are used for example to determine the dynamic response

of a system, accounting for all the principal variables in the system.

Full detailed modelling

In the main such modelling is based on the finite element
technique. The technique is used to analyse the respodse of the System.
These highly interactive F.E. packéges are mostly used ét thé detailed
design stage. This is a powerful numerical - technique thch réqﬁires
powerful computers to perform the task. rThere are a great many-of these

packages avallable, and work 1s being undertékeu to claséiry existing
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software approaches.
Dimensional analysis

This technique is used to generalise results so they can be
used for any similar design problems. The system is described by
geometric and material parameters. Then sensitivity analysis 1is carried
out " to determine the effect of these parameters on. the systems

performance.
Performance Curves

Using dimensional analysis technique nor@alised performance
curves can be obtained. Thefe curves indicate relationshipskbetween the
design requirements and.the design variables. Normalized performance
curves can be used to investigate design Qf similar type without much'

- resort to computer.

5.6, Evaluation and Decisions

The evaluation step is the determination of the degree to

which the candidate design satisfies the objectives of the design.

The area of evaluation and decision is- one in which a great -

“deal of research and debate has taken place. ~No attempt is made here to‘Q

give a comprehensive review of the work examined in this area, but it lsf: ff:

.- felt that in relation to the production of this aection the works ofny _Q 5




English (1968) and McPherson (1980) should be noted.

No specifie aids to this design stage as yet exist as
separate entities, but rather consist of sets of evaluating techniques.
These techniques consist of methods by which a candidate design which
has had its performance characteristics defined through the analysis
process is evaluated against the original specification requirements, A
number of methods of evaluation exist, their basic structure being, in

most cases, similar to that described below.

A candidate Ci, has a set of design characteristics, which
are those of iK attributes.which are relevant to the désign objectives,
There 1is generally a multiplicity of separate c¢riteria, K, by which
design must be evaluatéd. In systematic evaluation the criteria should
be formulated as utility functions of the fobm U.k=zik (el +evnen cin);
which assigns a‘value Uik to é set of design characteristics., A set of

utility values is then determined for each candidate design.

5.7 : Drawing as an aid to design

- Within the design prpcess'it:has been found that drawing Qf;,‘
some degree of formality takes place at each of‘~the design phases,
Dfawing is aniaid-tb thé deéigner as it acts as a means pf visuélly
; clarifying complex cdncepts aﬁd‘iﬁter-relationshipsQ’énd in addition;iéyl
the usual'metﬁcd of cenveying irforuaticn regarding the design’talotters

involved in the dgéign process. -
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Technical drawings can be classified by:-

- Type
- Method of preparation
- Context

- Purpose

With respect to the type of drawing, a distinction is made

between:

- Sketches, which do not have to be strictly bound to rules,
and which are. generally freehand or approximately

dimensional .

- Drawings, which should be as fully dimensional as possible
- Plans, for example ground plans
;= Simplified scale‘drawings
- Graphic'representations, i.e, functional structures
. Sketches are offpérticular importance duringlthe'conceptﬁai'
stage, where they:prOV1de invaluable help 'in thé,search_for“sblutiOns:v
and the handling;of_informatioh. Approximately and'fully,dimensiohed,"

drawings are particularly useful during the embodiment stage and in the

_preparation of production documents following the detail designjétage);‘_;? ,ffE
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With respect to the method of drawing, the distinction is

made between:

~ Original drawings suitable for reproduction.

- Pre-print drawings that are often not to scale.

With respect to context, it is possible to distinguish many categories
of drawing. One approach is to consider how much of the overall product

is represented in the drawing.

- Overall drawings - (layout drawings,
representations of the product as a whole.)

- Assembly drawings

- ;Componént drawings

- Model drawings

= Schematic drawings

With respect to purpose, drawings can be seen as taking form
and detail dependent upon the Stage of the process at which it takes

place, and the nature of the artefact which is to be designed.

The information gained for the production of this section has

come fromkthe'actiVities undertaken as part of Alvey project 142 (the

production of a user modelling‘tool); thring this study infqrmation'was‘;fﬁ ‘ﬁ

 obtained through an analysis Qf'deSign literature, consultations and

interviews with design experts and designers, and experimentation.




Conclusion

Aids form an essential part of all design activities and as
such it is impossible to produce a vaiid model of the design process
without including‘them as an element of that process. This chapter has
aimed to discuss the way in which aids contribute to the design process,
and in addition, to show the way in which they are related to the
different stages of that process. A comprehensive discussion of the
technical details involving the operation of the aids has not been
undertaken, rather a detailed classification of aids and their
relationship and contribution to the process has been presented. From
this classification of relationships it is possible to see that design
alds of some form contr;bute to all design, and it is impossible for

design to take place without them.




6. Final Summary of Thesis

The thesis has been concerned with the production of a model
of the engineering design process, The basic underlying assumption upen
which the thesis 1is based is that design principles or laws exist which
determine the character of all engineering design activity. The
primary aim of the thesis is to identify and define these principles and
then to determine their relationship with other aspects of the process

and with the production of design as a whole,

The thesis was produced through a combination of interview,
consultation, and an extensive review and analysis of literature (this
review being completed in 1987) both from the field of design‘theory and
areas concerned with related‘issues. This analysis of literature (375
sources have been‘used) forms the basis of the thesis in that it is
largely through an identification and synthesis of design concepts,
theories and approaches thaﬁ the model has beehfpreduced. The model is
therefore predominantly concensus based. - The term predominantly is used
| because, as will be‘e#plained beibw. the model presents e reconeiliétion
of'the two main design theory pabadyms. The mefhod through which this
reconciliation takes place represents one ef‘the hejor,achievemedts‘of

the thesis,

..The model-:of the design process which is . argued for. Qithih.,;v:f

the thesis takes the form of a description of the . 1nformatlon flow and
generative structures which form the basic constituent elements of
design.~f It is within. this context that generative methodologies andT.

analytical techniques relevant to technical deeign are discussed.
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Design is described as taking place by developing from a
perceived need to a finalised fully detailed configuration, through a
sequential and iterative set of design stages, each of which 1is
characterised by a specific form of design activity. Within_each of the
design stages the generative and analytical aspects of the activity have
been examined and the types of design information which characterises
the stage are related to the development of the design. Through these
activities it has been possible to determine that there are fundamental
processess which take place during all design, and that these will be

present regardless of the scale, complexity or formality of the design

activity.

A detailed discussion of the informatics of the design
process is also incorporated within the model. It 'is within this
discussion that the relationships between differing mediums of
information generation, transfer and storage are - examined. - This
discussion is further expanded upon within the chapter concerned with
‘aids to design., In relation to the means of design - it is determined |
| that :these should be includedb within ény model of design as they
4contribute to the form and shape of the fldwkof information. This

relationship is défined and its influence upon design exémined.i

The model differs from previous work in this area 1nlthat'it |
sythesises'the‘two main. views. of design,development, sequential theory
andfprocess theory, by the incorporation of the Blackboard Concept.~ Thé<

Blackboard Concept operates at a number of levels of complexity in terms’

B of design information and is essentially a device for allowing then g

storage,g continuous viewing; and ‘manlpulation/transfer of‘~sclutlons;9“'




partial solutions and useful design information generated by the design
process. The operation of the Blackboard is therefore both analogous to
the psychological processes which take place during design, (the
off-loading of short term memory, analogous search, etc) and also
provides a theoretical framework for the development of design, e.g. as
a storage and combinotronic element in the iterative process. This is

turn gives context to the means of realisation, i.e. those design aids

used during the process.

The Blackboard Concept has been developed from the work
conducted in the area of speech recognition systems in the late 1970's
and early 1980's. This work resulted in the development of what come to
be termed the Blackboard Model. The Blackboard Model was a device which
provided a means through which partically developed possible solutions
couid be held for use either to inform other elements in the solution
’search or as a way in which partial solutions could be combined into
fuii solutions. ‘The Blackboard Model provides an analogous concept to
the way in which design solutions are developed. Sequential theories of -
| deéigo Eequire that the storage of partially fopmed design solutions are
held in this manner as“ ao ‘e1emént of the iterative process, which -
ohéraoterises them.k | Process theories .of desigh similarly, though
‘primarily solution orientaied, equally reouire an element with which’to
interface the knoﬁledge.soofces used.ano the developing design. The

Blackboard Concept fulfils this function.

The thesis therefore has argued for a concensus based model |

‘of the design process which inoludes the means to design and whiohorkk

reconciles both process and sequontial _approaches u°° deSLgn “theory »,{g~1;




through the develo
pment and incorporati
on of the Blackboar
d Concept.




BIBLIOGRAPHY

Ackoff R.L., 1961. Systems organisations and inter disciplinary research
In, Eckman, Systems research and design, Wiley.

Ackoff R,L., 1971. Towards a system of systems concepts, Management
Science Vol 17, No. 11.

Addullah F., Mirza M., 1985 Computer Aided Design of Instruments,
Seminar paper given at City University on 26th September, 1985,

A.I. 1986. applied to simulation, Proceedings of the European
Conference, Ghent. ‘

Alexander C, 1963. The determination of components in an Indian
village, In: Jones and Thornley (eds), Conference on design methods,
Pergamon Press.

Alexander C., 1965 The patterns of streets, Journal of American
Institute of Planners. o

Alexander C., Houses generated by patterns, Report to Centre for
Environmental ‘Planning, Berkeley, Calif.

Alexander, 1965. Synetics: Inventing by the madness method, Fortune.

Alger J.R.M,, Hayes J, 1964 Creative synthesis in design. ~ Prentice
Hall. , ' , S

Altschulter G.S., Shappiro. R.B., 1956 About Psychology of Inventive
creativity.

Altschulter G.S,., 1961 How to learn to invent, Torbor.
Altschulter G. S.,,1964 Bases of Invention, Voronej

Altschulter G.S., 1971 Invertive methodology, A compilation of problems
and exercise Baker. o

Altschulter G. S., 1971 Basic approaches in- elimination of technical'
contradictions in solvxng 1nventive problems, Minsk.

American Ordanance Assoc1ation. 1964. Fringe‘ effects of velue
engineerlng, U S Department of Defence, SR ) R

Anderson H. H.. 1959 (ed), Creativlty and its cultiVation;vﬁabper Row. '

Andrews w.c;.41973,” The\business'system broposal,'Journal of'SyStems,k
Management, 29, R ' R T e

Anisor G.N., et al, 1973 Tbeoretical ‘Bases and general methods of patent7'
expertlse, GNIIPI Moscow. : . ,

: Archer L. B' 1964 Systematic methods for designers,,London, H M. S O.

- 212 -




Archer B.B., 1963 The Structure of the design process, Design methods
in Architecture, Lund Humphries.

Archer B,, 1981, 'A view of the nature of design research’',
Design: Science: Method, eds. Jagues and Powell, Pub Westbury House.

Armour G.C, and Buffa E.S., 1963 A heuristic algorithm and simulation
approach to relative location of facilities, Management Science.

Arnheim R., 1956 Art and visual perception, Faber.
Arnheim R., 1970 Visual thinking, Faber.

Baker: W.E., et al, 1973, Similarity methods of engineering dynamics,
Rochelle Park, N.J. Spartan Books.

Baker M.J., 1975, Marketing New Industrial Products, MacMillan.
Barran C., 19%8 The Psychology or Imagination, Scientific American.

Battersby A., 1964 Network analysis for planning and scheduling
MacMiillan,

Batterby A,, 1966 The mathematics of management, Pelican.
Bazil D and Cook-C, 1974 - The management of change, McGraw Hill.

Bedford T. et al, 1966 Measuring the value of information: An
information theory approach, Management Services.

Beakley G., 1967, Engineering: " An  introduction to a creative
profession. MacMillan., ’

Beakley G and Chilton G., 1974,  Design: Serving the needé of man.
Mchillan. iR L

Beer S., 1965 /The wofld. the flesﬁ and the metal, Néture 4968. .

Beer S., 1967, Cybernetiés énd}MaAagementQ’Engliéh Uni?. Pfess;

Beer S., 1968, Deéision énd cbnﬁrol;  Thé meaning of‘maﬁégement. Wiley.
Begg V., 1984. - Develcpmentdof expebt CAD sYstems, Kogan PageJ

Bertalanffy L. Von., 1950. The theory of open systems 1n physics and
bxology, In: Systems thirklng \ed) Energy Penguin. :

Bertalanffy L. vOn., 1968 General Systems theory. Brazilller.
Biot M, 1970, Variatlonal prlnc1ples of heat transfer, 0.U. P Oxford

‘ Bishop et al, 1977 Project cost control, The Accountant..ja:}

=213 -




Blumenthal LA., 1969. Management information systems: a framework for
planning and development, Prentice Hall.

Bocker 1962, Principles and percepts in engineering design, Institute
of Engineering Design.

Booker -{ed), 1964 Conference on the teaching of engineering design.

Bos, Forcasting developments in transportation, Proceedings of First
European Conference on Techniques of Forecasting,

Bosticco D., 1971 Creative techniques for management, Business Books.

Broadbent and Ward, 1969. Design methods in architecture, Architecture
Association Press No. 4 - Lund Humphries.

Bross I.D.J., 1953 Design for decision, MacMillan,
Bruner J.S. 1962 A study of thinking, Wiley.

Bruner J.S., 1977. Towards a theory of instruction, Harvard University
Press.

Buhl J.,‘1960"Creative engineering design, Iowa State Univ. Press.

Bush G., 1974, Methodological Bases of Scientific management of
invention, Rige. v

Cain W, 1969 Englneerlng product . design. Business Books.
Carroll J and Thomas S, 1975 The psychology of design, De51gn Studies 1.
Camplon D., 1968. Computers in Architectural design, Elsevier. |

Carp 85 Computer Graphies{  Applications ~for management - and
productivity, European Conference and Exhibition. 1985,

Carter D.M., 1971. Determining system success, - Journal of< Systems
Management. :

Carter D.M., 1976. Determining systems success, Journal of System':'
Management, B ‘

'Cattell R.B., 1952. - Factor Analysis, Harper Row.

Casti 1979. Connectivity, complexity and catastrophe in large scale
systems, wlley. o : , : , ;

Chase S,H, et al -, 1980, 'The Gulde for the Evolution and Implementatione‘:~i

“of C.A.D./C.A.M. Systems' c A.D. /C.A.M. Decision Co. Atlanta, Ga. -
Chestnut H,, 1965 Systems ergineering toels. W1ley.,

Chestnut-H., 1967 .Systems engineering methods,,Wiley.,_;_ __;

- 214 -




Checkland P., 1981 Systems thinking, systems practice, Wiley.

Chohan R.K., 1983, 'Mathematical modelling of industrial thermometers',
Ph.D. Thesis, City University, London.

Churchman C.W., 1966. The systems approach, Delalorte Press.
Churchman C.W. et al, 1974 Introduction to Operational Research, Wiley.

Civil Engineering Dept., University of Southampton 1973, 'Variational
methods in engineering' Southampton Univ. Press,

Cleland D., King W., 1975, Systems analysis and project management,
McGraw - Hill.

Cleland D., Kocaogh D., 1981, Engineering Management McGraw - Hill,
Clough, 1972, Construction project management, Wiley.

Cohn, Optimal systems: 1/Vascular systems, Bulletin of Mathematical
Biophysics No 16, 194,

Corfield K.G., 1979, Product Design, London, National Economic
Develeopment Office.

Crandall S.H. et al, 1968 'Dyhamics of mechanical and electromechanical
systems', McGraw Hill, New York.

Crawford R., 1954. The techniques of creative thinking; How to use
your ideas to achieve success, Hawthorn.

Cross N. 1985. States of learning, designing and computirg, Design
Studies 3.

Cyert and march 1963.~‘A behavioural theory of the firm, Prentice Hall.

Daley J., 1968. The Myth of Quantitativity. Architectubal Journal No.

Darke J., 1979, The Primary Genprator and the Design Process. Design
Studies 1, (1) ’ 36-44."

David F.W., Nolle H., 1982, Experimental modelling in engineering,
Butterworth, ' . : ,

Davis = G,B., ~ 1974. .  Management - information systems: conceptual
' foundations structure ard development. McGraw Hill. e

Dav;s R., 1980, Metd—rules.f reasonxng about control. - Artificlal
lntellxgﬁnce No. 15 179 - 222. =

De Bono E., 1967 The Use of Laterdl Thinking.‘ pub cdpe“[,75':'ﬁ

De Bono E., 1969 The five day course in Thinking, Pelican. .

-215-




De Bono E., 1969, The Mechanism of Mind, Pub. Cape.

De Bono E., Lateral Thinking, Wiley.

De Bono E., 1971, Lateral Thinking for Management, McGraw Hill.
De Bono E., 1971, Practical Thinking, Penguin.

be Bono E., 1971, The use of lateral Thinking, Penguin.

De Bono E., 1976, Teaching Thinking, Penguin.

De Marco L., 1979, Structured Analysis and System Specification,
Prentice Hall.

Dew R.B. and Gee A.P., 1973. Management, control and information,
MacMillan.

Ditri A.E. and Wood D.R., 1970 The project management process, in:
Design and management information systems, Sc1ence Research Association
Press,

Dixon J.R., 19686, Design engineering; inventiveness, analysis and
decision, McGraw Hill. -

Dixon L.J}. 1963, System design: Invention, analysis and decision
making, Mir, Moscow, s

Eckman D.,, 1061. Systems research and design, Proceedings of the 1lst
System Symposium. wlley.

Eder, w.E., 1966, Deflnltlons and ~ methodologies, In: The Design
Method, Ed. Gregoory Butterworth. '

Eeckels, :-J.1981., -~ Methodology, organisation and Psychology,  Proc,
I.C.E.D. 81, Review and design methodology, W.D.K.S, Zurich, Henrxsta.

Eeckels J.. 1985 The Morphology of De51gn, In- I.C.E.D. 8% Boston 1985,
Hurista Press.: : T

Emery F.E., 1964. Systems thinking, Penguin.

Encarnocao J. and Krasue F.L., 1981. File structure and data bases for
CAD North-Holland. : , . S ;

' Engelmeler. P.K. 1910, Theory of creativity. Petrograd
'Englreerlng deszgm educatlon. The Moulton Report, Report by a- de51gn
~council committee on the current education of engineering desxgners in

Britdin London, 1976.

Engineering our Future,  The Finniston Répoft{’1981. Report of the’
committee of enquxry into the englneering profession, H M S O.,

-'216 ‘_E  '




English M., 1968. Cost effectiveness, an economic evaluation of
engineering systems, Wiley.

Erman L.D., Lesser V.R., 1980, The Heavsay - II speech - understanding
system: a tutorial, In W.A. Lea (ed), Trends in Speech recognition.
Prentice - Hall.

Erman L.D., Hayes - Roth F., Lesser V,R. Reddy D.R. , 1980, The Hearsay
- II speech - understanding system, Computing Survey 12 (2), 213 - 253,

Esherick, 1963. Problems of the design of a design system. Pergamon
Press.

Eyring H., 1959, Scientific Creativity, In Anderson H.H. (ed) -
Creativity and its cultivation, Harper Row,

Falcon F., 1964, Value analysis, value engineering, New York.
Farr M., 1966. Design management, Hodder & Stoughton.

Feilden, 1954 A critical approach to design in mechanical engineering,
bullied memorial lectures, Univ, of Nottingham. :

Feighenbaum and Fieldman, 1963, Computers and thought: A collection of
articles, MacGrew Hill.

Fenves, 1967. Thé structure of building specifications, National Bureau
of standards, Building Science Series 90, U.S. Government Printing
Office. '

The Fielden Report 1963 The present Standard of Mechanical Engineering
Design, S.E.R.C,  H.M.S. O.' .

Flurschiem C., 1977. Engineering Design: Interuces, a management
Philosophy, Design Council London., :

'Finkelsteln A., Potts C., 1986, Structured common sense - kthe.
“eleicitation and formulation of system requirements, Proc. of Software
Eng. 86, Eds, Barns and Brown, I.E.E.E. .

Finkelstein L., Finkelstein A., 1983, Review of Design Methodology,
PPOC- ’I.E'El VOl 130’ No. 4. ’ i .

Finnistcn, 1981, Engineering our future. Report of the committee of
enquiry into Engineering Profession. ‘ ‘ L

Fox R., 1950.  An introduction to the calculus of variations, Oxford
Univ. Press, T ‘ ‘ : N ‘
Foyal 1963, Biotech: COncepts and ébplications, Préﬁtiée Hall.

» French M., 1971 Englneerlng design. The conceptual&stage' Heinnemah :
educatlon Books. ; o P e e

,French M.; 1985, Concgptual design for'engineers. Spriﬁger Verlad., =

.7 -




Frielink A,B., 1975 (ed) Economics of informatics, North-Holland.
Frey P.W., 19787, Chess skill in Man and Mancine, Springer - Verley.
Fogel 1966, A.I. through simulated evolution, Wiley.

Follett et al, 1969, Computer Programs for optimising relationships
between design elements, Design systems,

Ford 1962, Flows and Networks, Princeton.

Gardiner, P. Rothwell R., 1985, Tough customer: good designs, Design
Studies, Vol. 6., No.l. :

Garquilo et al, 1961, Developing systematic procedures for directing
research programs, I.R.E.

Gass S., 1962. Linear Programming, Addison Wesley,.
Gaynie J., 1962. Psychological principles in systems development, Holt.
Gibson J., 1968. Introduction to engineering design, Hold Rinehurt.

Giloi L, et al, 1983.  Methodologies for computer system design,
Proceedings of the IFIP Working Conference, North-Hollands.

Glegg G.L., 1969, The Design.of Design, Cambridge University Press.

Goode M and Machol R., 1957, Systems engineering, and Introduction to
large scale systems engineering, Van Nostrand.

GdhdbnﬁJ.E;, 1961.  Synetics, The development of creative capacity,
Harper Row.

Gosling wa., 1959, Systems“designing, a review, In Process, Control
and Automation No 6. ' -

Gosling W., 1962. The design of engineering systems, Heywood.

Gregory S.A., 1972. (ed) Creativity and innovation in engineéring,
Butterworth, ‘ ’

Gruber L; et al, 1970. Contemporary approaches to creative thinklrg a
symposium, Colorado unlv. Press.‘ . v

Gfegdry'S.A..‘ 1966, The design method, Butterworth.
,Guéfvé G..i1969. A geometr1c41 methcdology of systematic deslgn.:iv*'f
Guildford‘B., 19506‘ Crpat1v1ty, American Psychology, No. 5. :

‘Haldey G., 1962 Llnear programming, Addison Wesley.




Haimes J., 1985. The design of computer interface, In; Proceedings of
the 6th Annual Conference and Exposition: Computer Graphics 1985,
Dallas, National Computer Graphics Society Press.

Harrisberger L., 1967. Engineermarship, Brooks Cole.

Hall P.G., 1962 A method for systems engineering, Van Nostrand.

Hayes-Roth F,, Lesser V.R., 1977, Focus of attention in the Hearsay-II
speech understanding systems. Proc. %th I.J.C.A.I., 1877,

Hayes - Roth F., 1983, The Blackboard architecture: a general framework
for problem solving? H.P.P. Report no. HPP-83-30, Stanford Uni,
Computer Science Dept.

Helander and Martin, 1984, Human factors and systems design of the
automated office, Tech. paper for society of manufacturing engineers,
U.S.AO

Herzberg F., Mausner B, Snyderman B, 1959, The Motivation to work,
Wiley. »

Hicks - H.G.,, The management of organisations: a systems and human
resources approach.

Hill Ww.D., 1965, Towards a Two-Factor Theory of Creativity,
‘Psychologlcal Record, Vol. 1%, 1965,

Hill P.H., 1968, The Science of Engineerivg Designs, MacGaw-Hill.
Hix C.F., Alley R.P., 1958, Physical Laws and Effects, Wiley.:

House F., 1971, The 1impact of information - technology on ‘management
operations, Auerbach;- R :

Hubka V., 1982 Princxples of Englneering design, London, Butterworth,
Scientlfic.,. v '

Hudson Loy 1966 Contray Imagination, Methuen

Hudson L,. 1968, Frames of mind. penguin.

Humphreys - P., 1984, Processing within design teams, cortrlbutlon o
joint S.E.R.C. /E S.R. C. workshop on the process of design, London, June
1984 v v .

I.E.E.. 1980. Design COmmittee'Colliquium on electriCal and'electronic
engineering design - Education forvtraining tomorrow, I.E.E. London

IEE Computer “Society Workshop on  computer architecture  for- pdttern*o*«ff

analysis dnd image data base managemert 1985, IEEE Press, 1985,

Jdckson M.. 1983 Systems development Prentice Hall.

~219 -




Jansen S. and Krause F., 1984. Interpretation of freehand drawings for
mechanical design processes, In Computer and Graphic¢s, Vol. 8 No. 4,

Jenkins G.M., 1969, The Systems Approach, Journal of Systems
Engineering, Vol. 1, No. 1. 1968.

Johne F.A., 1985, Industrial Product Innovation, Crom-Helm,
Johrnson R.S., 1971. Mechanical Design Synthesis, Van Nostrand.

Johnson and Cook (Eds.), Proceedings of the Conference of the British
Computer Society, Human Computer Interaction Group.

Jones J.C,, 1963. A methodology of system design, In: Conference on
design methods, MacMillan.

Jones J.C. and Thoraley, D.G. (Eds), 1963 Conference on design methods,
Pergamon Press.

Jung C.G., 1910, Modern man in search of a Soul.

Kardos G., Smith C.0,, 1983, Addington context to design education,
Proc. I.C.E.D. - 83, Computer-aided design and design methods, WDK-10,
Heurista, Zurich. :

Karnopp D. Rosenberg, R., 1971 'Systems dynamics., A unified approach',
Wiley. New York.

Kaufman (S.M., 1968, . The Science of decision making, Weidenfeld and
- Nicholson.

' Kaufman G.M, and Thomas, 1977. Modern decision analysis, Penguin.

Keeney 'S and Raiffe, 1976, Decisions with multiple objectives,
preferences and trade-offs, Wiley. : :

Klein B. and Mecklingiv;, 1958."Applications of operational researchkto
develop decisions, Operatlonal Research. :

Klein B and Meckling w., 1958, Applications of operatxonal research ro'
developlng de0131ons. Operational Research, :

; Kneller G. 1965 - The art and science of creat1v1ty, Holt. Rinehart,
and WLnston. o i o ‘ ) ,

Koenig H. E. et al ' 1967 Analysis of dlscrete physxcal systems, McGraw
Hill, New Yorks. , :

Kohler J. 1957, Tho mentélity of.abes,‘Penguih.

Konsynki "I. . and Nunamaker: - 1984, Towards ‘computer  a1déd°'sc1encé;_
generation, In: Management information systems,. Univ. Arlzona Press.~g

Koopman G. M.. 1956. - Fdllacies in operational research Operatlonal*
~Research. T R R e e e : , , s

o o-220-




Kramer M and DeSmit M., 1977. Systems thinking, Leiden.
Krause J.K. 1978, 'Finite element update', Machine Design.

Krick J., 1965. An Introduction to engineering and engineering design,
Wiley.

Kurlak, T.P. 1980, Computer aided design and manufacturing industry
C.A.D./C.A.M.: Review and outlook, Mervill Lynch, Piece Fenner and
Smith, Inc. New York.

Land, Criteria for the evaluation and design of effective systems, In
Frielink.

Lanezos, L,, 1966, The variational principles of mechanics, University
of Toronto Press, Toronto.

Lapslum, I.I. , 1822 "Philosophy ' of invention and invention in
philosophy", Science and School, Petrograd. ’

Lasswell H.D., 1959, The Social setting of c¢reativity, In Andeson H,H.
(ed), Creativity and its cultivation, Harper Row 1958.

Lawson B., 1980. How designers think, Wiley.

Lawson B., 1981 Cognitlve strategies in architectural deSLgn. Ergonomics
220 :

Lazslo 1972. The relevance of general systems theory, Brazillier,

Lee T.R. 1978 (ed), introducing systems analysis and design, N.C.C.
Publications, -

Leech D., 1972. Management of engineering‘design. Wiley,

Lera D., 1981. Architectural de31gners values and evaluatlon of their
own designs, Design Studies No.2.

Lera D., 1983, Synopsis of some recent published studies of the design
'process and designer behav10ur, Design ‘Studies 4, : '

Levin. The de51gn process in planning, Town Plannlng Rev1ew, 37 1965.

Li, D.H. 1972 Design and management of informatlon systems. Scxence
Research Association Press. .

Liebner R. et al, 1982.‘ Structure Graphs: -« A new enproaeh to
inveractive computer modelling of multi-energy domain systems," Journal
oof Dynamlc systems Measurement and Control A, S M E. Vol. 104.

Llfson M. w., 1962. Critevla end Value Systems in Desxgn, In' Education'

for . engineering Desxgn. Proc. Sept 5-7 1962, Univ California, Los

Angeles,

Likert R., 1961, New patterns in Management, McGraw;Hi11;‘x7

: —‘2’.217”7 (e




Lillienfield D., 1978, "The rise of systems theory: An idealogical
analysis", Wiley.

Low I, 1968, The Facts of Technological Life, New Scientist, May, 1988,

Lucas H.C., 1978. Information systems concepts for Management, McGraw
Hill.

Luckman J., 1969. An approach to the management of design, I.: design
methods in Architecture, London.

The Lickley Report, 1983, Report of the Engineering Design Working Party
SOE'R.C'

MacCloughlin J.B., 19699, "Urban Regional Planning: A systems approach',
MacFarlen A.G.J. 1970, 'Dynamical Systems Models', Harrop, London.

Mack R., 1971, Planning on Uncertainty, J. Wiley.
Mackworth N.H, 1965, Originality, American Psychologist, Vol 20, No.1l.

Malhotra C., 1980. Cognitive processes in design, In, International
Journal of Man-Machine Studies, Vol. 12.

Marheim, 1967. Problem solving process in planning and design,
Professional Paper, P 67-3, Department of Civil Engineering, M.I.T.

Marples, 1961. Decisions in engineering design, Institute of
Engineering Design.

Maslow A., 1954, Motivation and Personality Harper Row.
Maslow A., 1959, Creativity and its cultivation, Harper Row.

Matchett 1968, Control of thought 1in creative work; Chartered
Mechanical Engineer, 14, 4. C

Matchett E,, 1981, Fundamental design method: Review of Design
Methodologies W.D.K.5 Heuriste, Zurich. '

‘Matousek R., 1963, Engineering Design - A Systematic approach, London,
Blackie and Son, : : : :

Matyushkin A.M., 1965, "Psychology of thinking”, Moscow, Progredés.

McCory, 1963. The design method;'a scientific approach to valid deSign. :
A,S.M,E. 63, ‘ : S

McKeller 1957. 1Imagination and Thinking, Cohen and West,

McGregor D.M,., 1960. The human Side of entebprise, McGraw-Hill.

- 222 -



Neutra R. 1954. Survival through design, Oxford Univ Press.

Newman W,, Sproull R., 1979. 'Principles of interactive computer
graphics', McGraw Co., New York,

Norris A.W., 1963. A morphological approach to engineering design, In,
Conference on design methods, Pergamon.

Oakley M., 1984, Managing Product Design, London: Wiedenfield and
Nicholson.

QOakley M., Van Praag L., 1984. Managing Design. An initiative in
Management education, London: Council for National Academic Awards.

Oplerman et al, 1986. Design methodology for system quality, A.T. and
T. Technical Journal Vol 65, No. 3.

Orr S., 1972. Structured systems development, Yourdon Press, New York

Osborn A.F., 1963. Applied imagination: Principles and procedures of
creative problem solving. Scribber.

Osborn C.E., 1957. Applied imagination: Principles and practices of
creative thinking, Scribber.

0'Shoughnessy, 1987, Speech Communication, Addison-Wesley.

Ostrofsky, ~Benjamin, 1977. - Design, planning and  development
methodology, Prenctice-Mall,

Qughton E., 1969. Value analysis and value engineering, Pitman 1.

Page J.K., 1963. A review of papers presented at the conference on
design methods, Eds, Jones J.L., Thorney D., Pergamon.

Pahl G., Bietz W., 1977.  Konstruktioslehre, Berlin, Springér Verlay,
Revised edition 1986. ’

Pahl and Beitz, 1984. Engineering Design, Springer Verlag. -
Parkin A., 1980. Systems analysis, Arnold.
Parmg M., 1967. Creative behaviour guide book, Schriber,

Paul; Roberston, Herzberg, 1969. 'Job enrichment pays off', Harvard
Business Review, March 1969, . : .

Paynter H.M., 1961. Analysis and design of engineering systems, M,I.T.
Press, Cambridge, Mass.

Pelz D.C., Andrews, 1966, Scientist in Organisations, Wiley.

Pelz D.C., 1967. Creative tensions in the R and D climaté. Science,
Vol. 157, No. 3785. ' ' :

- 224 -



Penny R.K. 1970. Principles of Engineering Design, Postgraduate 46,

Peters S.F., 'The role of Design as strategic, tactical and operational

function' - Proc. ICED%85, Theory and Practice of Erngineering Design in
International competition W.D.T., Zurich, Heurista.

Phillips R.J., 1968. Optimise layout program, Department of
Architecture Univ. of Bristol.

Pitts, F.R. 1973. Techniques in engineering design, Butterworth.

Policies and Priorities for design strategy;, Group Report Design
Council, London 1984.

Polvinkia A.I., 1976. 'Methods of searching new technical decisions".

Polya G.,, 1957. "How to solve it; a new aspect of mathematical method",
Anchor Books.

Polya G., 1962, Mathematical discovery; on understanding learning and
teaching problem solving, Wiley.

Prazan W., 1966, Is cost benefit analysis consistent with the
maximisation of expected utility, Operational research and social
science, Tavistock.

Prince G.M., 1968. The operational mechanisms of synetics, Jburnal of
Creative Behaviour, Vol. 2 No. 1. 1968.

Prince G.M., 1969, How to be a better chaifman. Harrad Business Review
1969.

Proceedings of ICED 85, (Ed.), 1985. Hubka, Heurista,

Proceedings of the conference on the teachlng of design. Ministry of
Education and Science, 1966.

Proceedings of Speeéh Technology 85, Voice input/output applications,
Show and Conference, New York, 1985,

Proceedings of Symposium on CAS, Delft, Oct. 1970.

Rabins M;J., et al, 1986. Désign theory and theory and methodology - A
new discipline, Mech. Eng. Vol 108. No. 8.

Radcliffe D., Holt J., 1984, A review of design education methods,and
the future role of C.A.D., Int. J. of Mech. Eng. Education Vol 12 No. 6.

Rapobort A,, 1969, The design profe351on and behdvioural science,
Archltectural Association Quarterly No. 1.

Raudsepp E., 1969. forcing ideas with synectics - A creative approach
to problem solving, Machine Design, Oct, 1969. ‘ , o

- 225 -



Reiner M., 1963. "Reology'", Science, Moscow.

Report of the engineering design working party, The Lickley Report. A
report to the Engineering Board of S.E.R.C., London 1983.

R.I.B.A., - Handbook of architectural practice and management., R.I,B.A.
London 1965,

Richards 1980. Designing for creativity: A state of the art review,
Design Studies No. 1.

Roberts 1964. The dynamics of research and development, Harper Row.
Rodenacker W., 1970. Methodisches Konstruieren, Springer Verlog.

Roth K.H., 1981. foundation of methodological procedures in design,
Design Studies, Vol 2, No. 2.

Rouse W.B., 1980. systems Engineering models of human - machine
interaction, Interact 80.

Rugh W.J., 1975. Mathematical descriptions of linear systems, Marcel
Dekker, Inc. New York.

Ryan D.L., 1980. Computer-aided Graphics and Design, Marcel Dekker,
Inc, New York.

Sanoff, 1968, Techniques of evaluation for design. a monograph North
Carolina State Univ, Press. ,

Sanoff M. and Cohns 1968. (eds). Proceedings, of E.D.R.A.,, Raleigh,
North Carolina. :

Sargeant, 1965, Operational research for Management, Heinneman,

Schlaifer, 1959, Probability and statistics for business decisions,
McGraw Hill. :

Schlarger K.J., 1956. systems  Engineering .- The key to modern
development, I.R.E. Trans. Proc. G.P. Eng. Management 3, 1989,

Schon D.A., 1863, Invention and the evolution of ideas, Tavistock.
Schreffer and Lewis (eds.,), 1986, Microcomputers in engineering:
Development and ' application of software,. Proceedings of Second
International Conference Swansea.

Schul J.F., 1965. Principles of Automation, Phillips Technical Library.

Schurring D.J., 1977. Scale models in Engineering -~ Founamentals and
Applications, Pergamon Press. - Osford. . '

Seiler, 1969. Introduction to systems cost effectiveness, Wiley.

Sell, 1985. Ecpert systems, a practical introduction, MacMillan.

- 226 -



Selyutsku A.B., Slugin, G.I., 1977. "Inspiration by order",
Petrozavodsk, Karelia.

Seward, 1973, Measuring user satisfaction to evaluate information
systems, Harvard Business School Press.

Shannon C., Weaver W., 1948, The mathematical theory of communication,
Univ of Illionois, Urbana.

Shaw and Atkins, 1970. Managing computer systems projects, McGraw Hill.

Shearer J.L. et al, 1967. Introduction to system dynamics,
Addison-Wesley, Reading, Mass.

Shigley. 1963. Mechanical engineering design. McGraw Hill,
Shigley J.E., 1967. Simulation of mechanical systems, McGraw-Hill,
Shinners, 1967. Techniques in systems engineering, McGraw Hill.

Shuvalov N.V., et al, 1877. "Golden Key for the searching', Economy and
Organisation of Industrial Production.

Siddal J., 1972. Analytical Decision Making, Prentice Hall.

Simon 1975. A students introduction to engineering design, Pergamon
Press. : ,

Simon H.A., 1969. The Science of the Artificial. the M,I.T. Press,
Massachussetts. :

Simon H,A. and Barenfield, 1969, Information processing analysis of
perceptual in problem solving, In: Psychological Review.

Simon and Simdn. 1962. Trial and error search in solving difficult
ppoblems. Evidence from the Chess, Behavioural Science.

Singleton, 1966. Current trends towards systems design, In Ergonomics
for Industry 12 H.M.S.O. ,

Sinton and Fosberg, 1969. Lokat: A computer program which tries to
relate functional requirements with physical layout by random generation
of alternatives, Perkins and Will. v

Sloan A.D., Happ W.W., 1968. Literature search: dimensional analysis,
N.A.S.A. '

Smith E.P., 1969. The manager as an action centered leader, The
Industrial Society, 1969. B '

Starling J. 1968 (ed). Conference course on thevteaching‘of Design,
Design in Architecture. : , : ,

Starr, 1963. Product design and decision theory, Preﬁtice Hall.

- 227 -



Steinburg J.C. 1962. (ed). The future implications of Creativity
research, Los Angeles State College Press.

Stevenson E.N., 1973. - Education for Engineering, Graphics Journal 37

(1).

Strategy Group Report, 1984, Policies and Priorities for Design,
London: the Design Council.

Taylor C.W., and Barrow F., 1963. Scientific creativity: its
recognition and development, Wiley.

Taylor C.W. et al, 1958. Does group participation when wusing
Brainstorming techniques facilitatre or inhibit creative thinking.
Administration Science Quarterly.

Tempezyk and Holina, 1986. Survey of Research and studies on design,
Design Studies, Vol. 7, No. 4.

The computer as a design tool, Conference Papers, Cafe Royal, London
1981. : :

The present standards of mechanical engineering de51gn. The Fieldon
Report, 1963.  H.M.S5.0.

. Thomas and Bannister, 1978, Design training: A new approach,
International Chemical Engineering Design Congress. . %

Thurstone, 1947. Multiple factor analysis, Chicago Univ. Press,

Tjalve E., Andreason M.M., Schmidt F., 1974. graphic modelling,
Butterworth, . ,

Torsey, 1986. Thinking styles and ? systems, Design Studies 7.

Tovey M., 1984. .Designing with both halves of the brain, Design Studies
Vol 5. No. 4,

Tsonev M.G., 1977. - "Typical methods in elimination of technical
contradiction in xnventive creat1v1ty". Sofia.

‘Van Glgh J., 1974, Applled general systems theory. Harper Row.

Vershiel P., 1984, De51gning of user interfaces for englneering desxgn
systems, In I.C.C, A.D.-84, Pub  I.E.E.E,

Von Bertatanffy L., 1968. “General systems thedry, Brazillier;
Voronkov V.D., 1973. ,“Handbock of Englneerlng Management" Moscow.

WeilstrAAd K.M., 1981. Englneerlng Design Research Design. Science?
. Method (Jagues and Powell, eds). Wesbury House, v G




Wallace K.M., 1982. Engineering design in theory and practice,
(Translating Pahl and Beitz) Engineering Design Education, Autumn 1982.
London, the Design Council.

Wang J., 1907. Description?, Perscription. An approach to design
research, Portsmouth School of Architecture.

Warnier D., 1981, Logical construction of systems. Van'Nostrand.

Weinberg, 1975. An Introduction to general systems thinking Academic
Press.

Wertheimer H., 1959. Productive thinking, Harper Row

Wellstead P., 1979. Introduction to physical modelling, Academic
Press.

wWhitfield D., and Easterby (eds) 1967. The Human operator in Complex
Systems, Taylor Francis.

Whitfield P.R., 1972. Environment and Engineering, In: Gregory S.A.
(ed), Creativity and Innovation in engineering, Butterworth, 1972.
Whitfield A.D., 1985, A model of the engineering design process derived
from Hearsay - II, In: B Shakel (ed), Human - computer interaction -~
Interact 84, North - Holland.

whitfield A.D., 1986, Constructing and applying a model of the user for
computer system development:s. the case of computer aided design. Ph.d
Thesis, University of London.

Wilde D.J., 1978. Global optimal design, Wiley.

Wilde, 1964, Optimal Seeking methods, Prentice Hall.

Williams S.H., 1961. Systems engineering in process industries, McGraw
Hill. n

Willis and Yearsley (eds). 1967. Handbook of management techniques,
‘Heinneman. ' o : B : ,

Wilson W,, 1965, COncépts of Engineering Systems design, McGraw Hill,

Willoughby T., 1970. A generative approach to computer aided planning,
Land use and built form studies, London.

Withing, 1958, Creative thinking, Reinholt.
'wOodson T.. 1966. Introductxon to engineerlng deSLgn, Mchraw Hill.

wOodward C D.. 1972, 'V,The story of standdrds. Britlsh Standards 8
Institute, andon. : »

Woodward J., 1965.. Industrial organiéation:theory and practices; Oxfbrd »
University Press. ' T ‘ : : ‘ R T

»,;_fa‘gg) _ e




Wymore A., 1967. A mathematical theory of systems engineering - the
elements., Wiley.

Yau et al, 1986. Survey of software design techniques, IEEE
Transactions on Software Engineering, Vol. 12, No. 6,

Yoshikewa H., 1985. General Design Theory. A completion of conference
papers, Produces by Tokyo University 18985,

Zwicky F., 1948, A morphological method of analysis and construction,
Studies and essays, Intrascience.

=230 -




