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Toreword

This thesis attempts to set up a framework within
which the set of skills, sensibilities and intel-
lectual disciplines that, taken together, consti-
tute the art of designing might be logically rela-
ted so as to form the basis of a science of design.
No attempt is made here to distinguish between
architectural, engineering and industrial design.
Indeed, it is an cssential element in the philos-
ophy underlying this thesis that the logical nature
of the act of designing is largely independent of
the character of the thing designed. By the same
token, no attempt is made here to define 'good
design'. The argument precsented is concerned with
the theory of navigating towards a chosen desti-
nation rather than with the identity or merit of
the destination itself,

4 logical model of the design process is developed,
and a terminology and notation is adopted, which is
intended +to be compatible with the neighbouring
disciplines of monagement science and operational
research, Many of the concepts and techniques
presented are, indecd, derived from these disciplines,
A primary purpose of this work is to provide a
conceptual framework and an operational notation
within which designers might work and upon which

case study analyscs might be based.

The range of techniques and disciplines which might
be employed at various stoges in the conduct of a
design projecct are referred to only in general tcrms.
Diffcrent design problems, and different classes of
design activity, will call for different techniques
and different emphases at various stages. There is
no suggestion here that all design should be conduc-
ted according to a given formula - only that the
logic of any design problem may be betbter perceived
against the background of a common framework.

In certain instances, the gencral form of the laws
which are thought to connect certain phenomena
common to most design problems is indicated. It
is hoped that the logical model, terminology and
notation presented will facilitate the accumula-
tion of the case study data, and the derivation of
the more precise general laws, upon which an emer-
gent science of design must be based.
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1.2

#

Definition of design

The Shorter Oxford English Dictionary defines
'design'! as follows:

Design, sb.

I.17 A plan or scheme conceived in the mind of
something to be donc; the preliminary conception
of an ides that is to be carried into effect by
action; a project. 2., Purpose, aim, intention.

3, The thing aimed at. 4. Contriveance in accor-
dance with a preconceived plan; adaption of means
to cndsg; pre~arronged purpose., 5. In a bad scnses
Crafty contrivance; an instance of this,

11,1 A preliminery sketch for a work of art; the
plan of a building or part of it, or of a piece of
decorative work, after which the structure or
texture is to be completed; a delineation, patt-
ern, 2. The combination of details which go to
make up a work of art; artistic idea as exccuted;
a picce of decorative work, an artistic device.

3. The art of picturcsque delincation and construc-

.tion,

Design, v.

I.7 To mark outy; to indicate. 2. Te¢ designate
(archaic). 3+ To appoint or assign (obsolete).

4. To set apart in thought for someone, 5. To
destinate for a fate or purpose. II. (allied to
Design, sb.I) 1. To plan, plan out. 2. To purpose,
intend. 3. To have in view. 4. intransitive and
quasi-passive (usually with for): To intend to go
or start., IIl. (allied to Design, gE,II) 1a. To
sketch., b, To trace thc outline of, delineate.

c. To make the preliminary sketch of; to make the
plans and draving neccssary for the construction of,
2, To plan and exccute; to fashion with artistic
skill or decorative device. 3. intransitive:

a. To draw, to sketch. b. To form or fashion a
work of ort; less widely, to dcvise artistic
patterns,

In popular usagce the tcrm 'to design'! is employed Merginol ref. 1
to mean 'to make the plans and drawings necessary
for the construction of'! and 'to fashion with
artistic skill or decorative device'! indiscrimi-
nately over almost the whole field of man-made
objects, The latter meaning is quite prominent,
and in this usage an object is sometimes described
as "having been designed", when it aspires to be
acsthetically attractive; and as "having not been
designed"”, when it is not or does not aspire to be
attractive.
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1.3

1.4

1:5

In professional usage the term 'to design' is Marginal ref, 2
erployed to mean 'to plart or 'to meke the plans

and drawings necessary for the construction of!

in respect of almost any man-made phenomenon, for

cxample 'to design o building, to design an infor-

mation storage and retricval system, to design an

experiment, to design (the visual side of) a

tclevision programme.

Examples of the popular usage ('to fashion with
artistic skill or decorative device!) are also
secen anmongst professicnal usages, mostly in res-
pect of art-related objects such as poticry and
Jewellery.

However, in professional usagc, there is in the

verb 'to design' an element of that which is implied
by the dictionary definition I.1 of the substantive
'design'. Thet is to soy, an element of 'to
concelve in the mind a plan or scheme of something
to be done'y 'to conceive on idea that is to be
carried into effcct by action' .- although this

does not appear in the dictionary definition of

the verb.

The Feilden Report on cngincering design defines  Marginal ref. 3
mechanical enginecring design as: 'the use of

scientific principles, technical information and

inmagination in thce definition of a mechanical

structurc, machinc or system to perform pre-

specified functions with the maximum economy

and efficiency’.

The Feilden Report also defings the term 'mechanical
enginecring designer! by refercence to the following:
"The designer's rcsponsibility covers the whole
process from conception to the issuc of detailed
instructicns for production and his interest con-~
tinues throughout the designed life of the product.™

The International Congress of Socicties of Indus~ Marginal ref, 4
trial Design (ICSID) has defined 'an industrial
doesigner' as: "One who is quelified by training,
technical lmowledge, expericnce and visual scen-
sibility to determine the materiels, construction,
mechanisms, shape, colour, surfece finishes and
decoration of objects which are reproduced in
guantity by industrial »rocecsses. The industrial
designer may, at different times, be concerned with
all or only some of thase aspects of an industrially
processed objoct., The industrial designer may also
be concerned with the problems of packaging, adver-
tising, cxhibiting and markoting when the solution
of such problems rcquirecs visual appreciation in
addition to tochnical knowledge and experience.™
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1.6

1.7

In this paper the term 'to design'! is employed
according to the broader of the professional
usages, that is to say 'to design' is here defined
as 'to conceive the idea for and nprepare a descrip-
tion of a proposcd system, artifact, or aggregaticn
of artifacts!,

No distinction is drawn betwoen architectural
design, cengincering design, graphic design and
industrial design. This paper embodies the premise
that the structurc of the design act is logically
identical in all thesce fieclds,

{fithin the terms of this definition, it is implicit
that the act of describing an ¢xisting artifact

or system is not a design act. The thing designed
may, or may not, follow well-established lines, but
it must have at lcast a modicum of originality, or
of adaptation to new conditions, if the act of set-
ting it out is to be regarded as design rather

than plagiarism., Hence the element of innovation
is always prescnt in design.
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2.1

2.2

2.3

2.4

P fonn ing

The nature of the act of designing

Man sets different valucs on different conditions.
Those values may very from. nerson to person and

from time to time. When o man discorns that there
is a discrepancy hotween a condition 2s it is, and
the condition as he would like it to be, he experi-
enccs discontent. Stiould the feceling of discontent
be sufficiently strong, the man takes action cal-
culated to change the condition so that it more
nesrly approximates to the condition he desires.

The condition giving risc to desire is here des— Marginal ref. 5
cribed as a property (of the environment), the
attainment of a state of satisfaction in rcsponse

to that property is described as the goal, and the
action calculated to achieve it is described as

a goal-directcd action.

When the action approprirte to the corrcction of

a particular unsetisfactory condition is not
apparent, = problem is said to exist. The problem
mey be conccerncd with the correct identification

of the nature of the improvement roquired, or with
the ideontificetion of the means for achieving it,
or both.

The prescnce of the unsolved problem, acting as Marginal rof. 63
2 barricr to the achievement of the goal; is

itzelf an undesirable condition, requiring action

to remove it. The problemsolving activity is

thus itsclf a2 goal-dirccted activity.

The scetivity of reosolving the problem therefeore
precades fthe activity of correcting the condition.
For the purposcs of this argument, the aims of a
conditicn~-corrceting activity (1mn1 montntlon)
will be referred to as goals, and the aims of a
preblem—solving activity’(planning) will be referred
to a2s objectives. Hany of the objectives of a

- activity will be s1mply tho re~
cxpression of the goals of the feewddkan PRG-I
2ntivity to which the problem rofe 's. Thus a goel
in constructing a house might be to provide the
property of durability. If the form of construc-
tion which will give maximum dursbility is not
immediately apparenty; then a problem cxists.
The rclevant objecctive in the problem of deciding
how to construct the house simply re-evpresscs the
goal of providing the property of maximum durability
in the construction. In eddition, the activity
of deciding has its own goals, such as to come
to 2 conclusion as quickly as possible.
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2.5 In paragraph 1.6 the term 'design! was defined
as 'to conceive the idea for and prepare a
description of a proposed system, crtifact or
aggregation of artifacts!. The condition in
which the designer would like to be is that in
which he can offer an adequate description of
the proposed system or artifact. The activity
of getting into this condition is a goal-directed
activity as described in paragraph 2.1. Vhere
(as is usual) the naturc of the design idea
and its development is not immediately apparent,
then a problem exists as described in paragraph
2320
The activity of designing is thus & goal-directed ft@”7~;“i 2f 0
activity and normally & goal=dircected problem-
solving activity, The properties which are
required to be exhibited by the proposed artifact
ore defined by the objectives of the problem,

The details of the design are the designer's
conclusions as to the means by which those
properties may be provided.

2,6 In a goal-dirccted problem-solving activity, all
the properties required to be present in the end
result may be thought of as having cxisted, in
verying degrees, in the prior, unsatisfactory
situation, Some of the desired propertics may
have been present and satisfactory already,
others may have been absent (that is to say,
present in zero degree) and others may have
been present, but to an unsatisfactory degree.
The objectives of the activity are thus ambit-
ions, not merely to couse those properties to be
present, but to cause them to be present to a
satisfactory degree or to as high a decgree as
possible. EKach objective thus nominates a prop-
erty, indicates the dircction in which changes Masgiel wef.
would be for the good and identifies a threshold
betwecn 'good cncugh'! and 'not good enough' (fig 2.1)

2.7 Since the propertics referred to may be of many
different kinds, and since they may be subject to
different scales and units of measurement, it is Marginal ref. 6
convenient to introduce a convention or form of
notation by which they mey be more uniformly &«
cxpressed:

g

[0 signifies an objective or goal

.4, 4| P gignifies a property or condition
meload
0(y) signifies a particular degree of fulfilment
of an objective
P(x) signifies a particular state of a property
or condition
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2.7 (contd)

2.8

P(u) signifies the ideal state of P in
respect of a given objective

P(1) signifies a minimum acceptable state
of P

P(m) signifies a maximum acceptable state
of P

P(v) signifies a state of P which repre-
sents total lack of fulfilment of an
objective

It is clear from the definition elaborated upon
in paragraph 2.6 th-t the degree (y) of fulfil-
ment of an objective O is a dependent variable,
controlled by the state (x) of the property P
exhibited in the solution, that iss

O(y) = fP(x) (where f signifies "some function
of") ~ Marginal ref, 62

P(x) is expressed according to whatever scale is
most appropriate jo the property concerned (that
ig to say, dimensions are expressed in inches or
centimetres; welght expressed in pounds or kilo-
grams, time expressed in seconds, minutes and

hours, etc,) According to the conventions adop-
ted here, O(y) is always expressed on the scale:

0(y) = O (zero) when there is total lack of
fulfilment of the ohjective

O(y) = «5 when the related property is at the
threshold between fulfilling and not
fulfilling the objective

O(y) = 1 (unity) when there is totel fulfilment

of the ohjective

Moreover, according to this convention, the key
states of a property P defined in paragraph 2.7
are always related to the key wvalues of degree of
fulfilment of its related objective 0 in the foll-
owing way (fig 2.2):

when P(x) = P(y) then O(y) = 1

shen P = b

B R

when P{x) = P{v then O(y) =8 Marginal ref, 64

Paragraphs 2.9 {o #.19 below examine this relation-
ship more closely. Paragraph 4,20 takes up the
thread of the main argument,
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2,10

2.11

Yhere the states of a property P can vary along
some continuous scale, such as a scale of cent-
imetres or kilograms, then the relationship
between the degree (y) of fulfilment of object—
ive O and the state (x) of its associnted
property P may be cxpressed in the form of a
curve,

Sometimes the relationship hetween O(y) and
P(x) is a linear one. 4 For example, a design
might be required to/entail minimum wastage
of the raw maoterial (say, steel sections) from
which it is made, fhe maximum acceptable
wastage P(m) being O% and the ideal wastagc
P(u) being O‘/’Z a@ The states of
property P may be expressed in terms of some
convenient ratio scale for weight or volume,
say pounds or cubic feet. In such cases the
relationship between O(y) and P(x) may take
the form:

P(x)-P(u)

oy) = 1 + 670 —P({)) Marginal ref. 7

Thus, if the relevant values of P are known or
can be predicted, an index of degree of fulfil-
ment (y) of the objective O can be calculated.

In other cascs, the ideal state P(u) of a property
may be indeterminate or indeterminablc. For
example, a product may be rocguired to be as
profitable as possibley, with a low limit of
profitability, but no high limit (fig 2.4).

In these cases the relationship between O(y)

and P(x) may toke the form:

oy) =1 - 25 () Marginal ref.,

In some circumstances, both the ideal state P(u)
of the property (i.c. that which totally fulfils
the objective) and the zero state P(v) (i.c. that
which totally fails to fulfil the objective) may
be indeterminate (fig 2.5). For exemple, a
surface might be required to be smooth, with an
expressible tiareshold between acceptable smooth-—
ness and unacceptable smoothness, but with no
determinable states of P to represent total
succaess or total failure in fulfilling the object-
ive. In these cases,; the rclationship between
O(y) and P(x) may take the forms:

oly) = % + arctanlég(x)‘P(l)) Marginal ref.,

8

65
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2,12 Again, there may be both a maximum P(m) and a
minimum P(l) state which represent the thresholds
of acceptability in a property, with the ideal
state P(u) lying s mewhecre in betweon. For
example, the brightness of illuming#fon of an
ingtrument (say, a2 speedomate ight be reguired
to lie between two limite~0oF dimness and glare,
with the ideal brigfitness at a given level in
vetween Fig 2.6). In these cases the relation-
ship between O(y) and P(x) may take the forms

2
Plx)=-P 5
o(y) =1 = ZEP i 5 $§g2 Marginal ref. 66
ol ( 22
Plx)-Plu
oly) = 1- 2(Flm)=—p(u))°

2.13 OSometimes, as in the cxample described in para-
graph 2.12 above, the values P(x) of the property
concerned should relate; not Jjust to the require-
ments of one particular uscr in one set of circum-
stances; but to a given rangec of peoplc or circum-
stances. The relztionship between O(y) and P(x)
might therefore be subject to statistical conditions
of range and frequency distribution, so that a
given state P(x) of the property would be inter—
preted as providing a certain probability of
fulfilling the objective O to the indiceted degree
O(y) for a certain range of users (fig 2.7).

2,14 All the exemples above have been related to Marginal ref. 77
properties whose states may vary continuously
along scalcs based on som2 agreed unit or inter-
val. Such scales arc known as ratio scales &
or interval scalcs. Not =211 properties can
ba expressed on interval scales. Beauty,
convenience and importancc are cxamples. This
is becausc there are no units of beauty, units Marginal ref. 9
of convenience or units of importance with which
ratio sceles could be constructed. However,
in such cases it is usually possible to compare
designs (or whatever it is that is under discussion)
and to list them in descending order of merit,
according to the property concerned. This rank
ordered list constitutes what is known as an
ordinal scale; and the act of constructing the
list is called 'ranking'. Marginal ref. 79

2.15 DBometimes, in setting up an objective for an ordinal
property in a design, it is possible to sclect as
an cxample another design L which can be taken as o
critcrion or threshold of acceptability which the
new design must beat. In other words, thiz example
represents P(1) on a specially constructed ordinal
gcale. It might also be possible to select a
number of exemplars¥, Y and 2 (such as competitors!
designs) which could be ranked in respect of
property P, to fill out an ordinal scale (fig 2.8).
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The proposed new design X could be compared with
the exemplars and assigned a place in the scale.
The item (say, exemplar W) which is judged best
in respect of property P is represented by the
point P(u) on the scale and tho rank of the proms
posed design X is represented by the point P(x).
The degree of fulfilment O(y) of the objective
may then be determined by the formula (see
paragraph 2.9) for linear relastionships between
0 and P, thus:

P(x)-F(u)
oy) = 1+ 350 ~p(1))
where P(l) significs the rank of the criterion or
threshold design L
P(u) signifies the rank of the exemplar
judzed best in respect of P (that is,
rank 1)
P(x) signifies the rank of the proposed
design X

The problems of value judgement in connection with
ordinal properties such as beauty and convenience
are dealt with further in Section 8.
. . cing ; .

ot 9

2.16 One of the difficulties sometimes encountered in
ranking is that =2lthough the steps between ranks
are theoretically equal, the person or group of
people performing the ranking may regerd them as
being unequal in the real-life situation. The
person or group will be referred to here as 'an
arbiter!'. Thus, an erbiter might decide that
chair X is more comfortable than chair Y, and chair
Y more comfortable than chair Z. However, he
might consider that the difference in comfort
between chairs X and Y is a great deal less than
the difference between chairs Y and Z, He may
feel that, had he been given one hundred chairs to
rank, he might well have ranked chair X first,
chair Y second and chair Z seventy-fifth. This
concept can be more conveniently expressed as a
rating scale, where the arbiter assigns chair X

100 pointsy chair Y 99 points and chair Z 25 points

(Eg:é}____éfigJEvQOQ Under suitably controlled conditions,

uman subjects can assign merit ratings of this

kind to non-mcasurcablc propertics in a reason-
ably consistent and repeatable way. For most
arbiters, a scale of 1-100 seems to be about Marginal ref. 11
the most casily handled. This technique is
equivalent to using humsn beings as indicating-
instruments in those circumstances where no phy-
sical indicator is available. Within the context
of a given design problem, rating scales can be a
perfectly adcquate substitute for ratio scales,
providing that the arbiters are correctly chosen
and the conditions for Judgement are adequately
controlled.
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2.17

2.18

There are some properities,; such as the proporqég?
of identity, which are not even suscepiible to
being rznked in order of merit or importance.

For example, the use of ccrtain listed colours
for electrical wiring or pipework may be reguired
or forbidden by statutory reguletions{Fig 2.10).
The items in such a list mg dewcribed as
being on a nominel scaledthat is to say, a
scale giving identitics to various possible
states of the property, but neither rank nor

a unit of measurcment, apart from the distinction
acceptable™ or "not acceptable,

In a scnse, according to the conventions adopted,
nominal scalcs are morely rating scales with only
two ratings - above the limit and below the limit.
Similarly, ratio scales are mercly rating scalcs
whore the intervael between ratings is fixed =zt

the smallest available interval of the unit of
neasurement, For convenience, however, the scales
of all the propertics of e design c=n be regerded
as falling into thrce clesses; ratio scales for
measureable properties, ordinal scales for merit-
reteable prcperties, and nomin=l scales for
”aocopteble/not acceptablce" properties.

In all cascs, having assigned limits of accepta—
bility (u) and (1) in a property P, the degrece (y)
of fulfilment of the objective O ecmerges as a
value on the scale 0-1 (fig 2.11), on calculation
by one or other of the general formulae set out

in paragraphs 2.9, 2.10, 2,11, 2,12 or 2.15 or hy
whatever other law might connect the amount of
property present with degree of fulfilment of
objective.

keturning to the thread of the main argument set

out in Qgragraggﬁhﬂ% it must be noted that few

problems are conccrned only with the fulfilment

of a single objective. Any solution will fulfil
the various objectives in varying degrees. In
order to find some way of illustrating the inter-
dependence of the degrees to which a given

design will fulfil two or morc co-cxisting object-—
ives, some further notation must be introduced:

0 significs a given objective ) .
n where n is an
- . identifying number
P siwmifies a given propert ©
o e prop J ) or letter

i signifies a given design

J signifies an alternative design
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2.21

2,22

2.23

2.24

P(w) sipnifies = particular state of a
property (alternztive to (x))

0(z) significs a particular degree of
fulfilment of objective (alternative
to (y))

Thus » given design i will exhibit state (x) of
property P, and state (w) of property P., ful-
filling obJecctive O, to degree (y) and Gbjective
0. to degreec (z). ~This can be illustrated
according to the convention of co-ordinates

(fig 2.12).

Similarly, the performance of two or more designs
in respect of two co-existing objectives may be
indicated by co-ordinates, (fig 2613 )

0(p)}signify particular degrees of fulfilment
of objective (alternatives to (y) or

0(q))(z))

Two chjectives co-existing in a problem may be
referring (albeit in different ways) to the same
propaerty in the desired end result. For example,
the bed of a machine tool may be rcguired to be
cxtromely stiff not only to maintrin the align-
ment of slides and spindles but alsc to prevent
the tronsfor of working lo:zds ff to weak structural
members. The propecrty of stiffness serves two
objectives. In this case the better states of
the property lie in the same direction - greater
stiffness. Thesc twe objecctives may be described
as co-operating objectives (fig 2.14). On the
other hand, two co-cxisting objectives mey refer
to the same proverty but scek opposite ideal
states. For example, a piece of equipment might
need to be as light as possible in order to be
portzble but as heavy as posaible in order to be
stable in use. Such objectives may be referred
to ag opposing objectives., Or again, two cbjec-
tives may refer to different properties in the

end product (say, durability and cost) but these
preperties may themselves be interdependent, so
thet the fulfilment of the objectives, too,
becomes effectively interdependent. Some objec—
tives may, of coursc, be only distantly connccted.

It has been seen in peragraph 2.20 that the two
coincidental values of degrec of fulfilment by a
design of two co-cexisting objectives can be shown,
according to the convention of co-ordinates.

Where objectives are dependent the locus of the
points of ccincidental states of a property or
propertics will mark out = curve of feasible
mutual states (fig 2.15).

The limiting states of the pronertics concerned
may be similarly sct out according to the conven-—
tions of co-ordinates (fig 2.16). The spaces
marked off by thesc limits indicate the field

of mutually acceptable degrees of fulfilment of
the co-existing objectives,. Any solution whose
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matual states of the associsted properties lie
within this field is an acccptable solution.

Where objectives are dependent, the curve of Marginal ref. 12

feasible mutual st2tes may be supcerimposed on

the fields of limiting states (fig 2.17). In
some cascs a section of the curve of feasible
mutual states of the properties concerned will

lie within the ficld of mutually acceptable
degrees of fulfilment of the objectives. In
these cascs, feasible and acceptable solutions
are availables. In other caseg there might be

no solution which is both feasible and acceptable.
The only escape from such a situaticn is either to
move one or both of the limits of acceptability
or to introduce some inventive step te change

the inter-relationship of the objectives.,

The former courze of action constitutes a change

in the performance requircments of a design, Marginal ref. 67

(that is, in solution by negotiation,) whilst
the latter constitutes an nct of invention, (thet
is, solution by imnovetion).

Where, as in most problems, thore arce meore than
two objectives, thesc can be teken pair by pair
and expressed in the terms described above, In
aggregate the interaction of fields of accepta-
bility will censtitute an n-dimensional domain of
acceptability. This demain may be discontinuous,
that is to say, there may be morc than one accep-
tability-space, cach bounded by limiting states
for various preperties, implying that therc is
morc than one digtinetive class of acceptable
solutions.

Similarly, the interdependcnce of the curves of
feasible mutual statcs will constitute an
n—-dimensional hypersurface or realm of feasibility.,
An important pre-rcquisite for an ultimate solu~
tion is that at locast a portion of the rcalm of
feagibility should intcrsect the domain of accern—
tability, producing an arcns within which a solu~
tion must be found (fig 2.18).

Thus the act of designing consists inz

1l eagrecing objcctives

2 identifying the proportics or ccnditions
rcquired by the objcctivesto be exhibited
in the end result

3 determining the relatisneships betweon varying
states of the properties and the varying degrees
of fulfilment of their respective objectives

4 cestablishing the limiting and ideal states of the
propzerties, and hence the domain of accepta-
bility implied by the objectives

5 ddentifylng the laws controlling the inter-
dependence (if any) of the properties
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6 ensuring that the interdcpendencc of the
properties constitutes s realm of feasibility
and that this lies at lcast in part in the
domain of acceptability

7 selecting z2n optimum solution within the arcna
thus delineated

2.29 In most design activities morc than one person

is involved. The people concernced may include the

financial backer, thc constructor, and the Marginal ref. 13

salesman, ~s well s thc designer. Any one of
‘these may be an individual or = group. Certain
‘individuals or groups, whother or not partici-
‘pating in the resclution of the problem itself,
arc entitled to nominate objectives or limits
‘of acceptability - for cxample, the user and
regulatory bodies such as health and safety
authorities. Pcople, bodies of people or
cimpersonal forces who do or who are entitled
- to definec objcctives or limits of acceptability

‘will be reforred to here s the crbiters in a Marginal ref. 18

. problem. The sct of objectives in a problem
-arise from the unicn of the sets of goals of the
.arbiters involved,

During the coursc of the problem solving activity
new objectives may tend to form and reform.

‘At any one stage the situaticn may indicate that
the totel sect of objectives will prove to have
been fulfilled in vorying dogrees, so that indi-
widual arbiters will be satisfied with the apparent
outcome in varying degrees. The then prevailing
idiscontents may give risc to noew problems, or
iresult in shifts of cmphasis in the pursuit of
.objectives or lcad to the assigament of new limits
.of acceptability. An cxamination of this aspect
;of the activity of designing cccurs in Section 6.
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The systematic model

Where two phenomena are causally related, that

is to say where one phehomenon is caused to occur
or to change its state by the introduction or
change of state of another phenomenon, these

two are said to form a system. A spring Marginal ref., 14

balance, for example, is such a system; since
adding a load to the pan causes the spring to
compress an appropriate amount (fig 3.1).

In systems terminology, the causal phenomenon
is described as the input and the resulting effect
is termed the output (fig 3.2).

Where information about, or energy produced by,
the output of a system is used to adjust the
input (for the purpose of controlling the output),
this cycle is called 'feedback'. For example,

in the case of the spring balance referred to
previously, if the user watches the indicator and
controls the amount of (say) sugar poured into
the pan until the indicator reaches a desired
point, this watch-and-control activity is an
example of feedback. Feedback can be exercised
through human perception and control, or it can
be automated, Thermostats in heating systems

and speed governors in engines are examples of
automatic feedback (fig 3.3).

In many cascs, systems are influenced by more
than one input and may have more than one output.
For example, an electric motor is a system in
which the input of electrica] energy at a certain
voltage and a certain amperage will produce
mechanical energy with a particular speed and
power, Varying either or both the inputs will
result in a variation in either or both the
outputs (unless the input variations are self-

compensating). A factor which could or does Marginal ref. 15

take up one or more of 2 variety of states is
called a variable, This name will be applied
to all the inputs and outputs in a system even
where they happen to take, or have always taken,
a fixed state (fig 3.4).

Often, certain of the inputs are under the control
of an operator or decision maker (for example,

a designer may be able to choose the depth of a
beam to be incorporated in a structure), whilst
others are governed by circumstances outside the
operator's control (for example, the designer
will have no control over the tensile strength

of the beam material)., The former are described
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ag decision variasbles and the latter as context  Harginal rel. 08

ariables (fig 3.5).
C signifies a context variable

C signifies a particular context
varinsble (vhere n is an identifying
number or letter)

¢ (k) signifies a particular state k of con-

1 toxt varisble C_ (where k is an identi-
fying letter or a value according to
some scale)

D signifies a decision variable

Dn sigmifies a particular decision variable
(where n is an identifying number or
1etter)

D (i) signifies a particular state i of
decision veriable D (where i is an
identifying letter or a value according
to some scale)

Similarly, outputs may consist of those which the
decision maker wishes to control (for example, g
designer moy wish to ensure that a structural beam
is capable of bearing o given load) and those to
which he is indifferent (for example, the volume
of metal in the beam)., The foimer are herc des-

cribed as fedewmey outputs and the latter as
incidental outputs (fig 3.6).
ofess ol
P significs a fedssmesf output (this is
the same notation as for a property.
See paragraph 3.9).

Q significs an incidental output

signifies a particular incidental
output (where n is an identifying
number or letter)

Qn(s) signifies a particular state s of
incidental output (where s is
an identifying lettér or a value
according to some scale)

The incidental output of one system, however,
might be the context variable of another (fig 3.7).
For example, the volume of metal which was only &n
incidental output from the gtructural system
referred to in paragraph 3.6 night be a context
variable in another system, say, costing or
building operations. VWhere two systens are
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3.8

3¢9

3.10

3.11

3.12

heing handled simultancously, these two systems
can be said to form a larger, or complcx, system.

There one system in = complox of systems produces
outputs which affcct ancther in the same complox,
it is convenient tc rozard the decision variable
in the first as Leing 2lso @ decision variable

in the sccond (fig 3.8).

A deosign problem, or any other sort of problem Marginal ref. 16

can be expreassed in systems torms. In Section

2, problem solving activitics were deseribed as
being direcsted towards the provision of cortain
properties, or certain states of certain propertics,
in the end result, The problem is thus 2 system,
with the decision variable(s) as input and the
property(ics) as output (fig 3.9). The set of
lews determining the ways in which given properties
vary under the influence of different decisions
constitute the cxtcrnal or genersl disciplines
within which a problem must be solved.

The way in which varying states of a property
relate to varying degreos of fulfilment of a

goal 21so censtitutes = system, with the property
28 input and the degrece of fulfiiment of geoal

as output. The laws connceting stetes of pro-
perties with degrees of fulfilment of objectives
constitutes the internal or specific disciplincs
of a2 problem. A complete goel-decision system is
therefore =2 linked prir of systems, whore the
decisicn variable(s) control n property and the
property controls an cobjective (fig 3.10). In

a complex of gosl-decision systems, where a
decision vaeriable may directly or indirectly
control 2 number of properties, there may be

some ambiguity as to how the goal-decision systems
should be conceilved. For the purposes of this
argument, a goal-decision system ig constructed

so that it contains onc and only one objective,

so that the system can be identificd with, and
named =2fter, the objective it contains,

In 2 compleox of goal-decisi'n systoms, the aim

is tu selcect a set of states for the decision
variables, such that the resulting set of states

of the proportics satisfy thoir respoctive objec—
tives, allowing for the indircct, as well as the
dircct, effects of the deccision verizblos (fig 3.11).

In real-world circumgtences, the decision
variables themseclves may be subject to limiting
valucs or states (fig 3.12). For example, the
machinery in = faciory which is to manufacture
a product under design might only he capable of
hendling metal sheet within cortain limits of
thickness and width.
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where
D (g) significs a limiting state g of decision
n variable D (where g is an identifying
letter or number, or a value according
to soma scale)

D (h) significs enother limiting state h of
n decision veriable D (wherec h is an
. s o n
idantifying lotter Or number; or a
value according to some scale)

& zignifics "is contained within the set
of possible states”

The sct of decision variables available to the Marginal rcf. 76
decision maker, and their limiting conditions,

will be referred to as 'the dosign ressurce' (or

in the case of non-dcsign problems, the 'decision

rosource').

3.13 In some circumstencos, certain stetes of the
decision variébles may be regarded as more
desirable than others, not becausse of their gnod
and bad offocts upon the proporties they control,
but because »>f some merite or demerits attached
to the states of the decisicn variables themselves.
For example, in the cast of the factory reforred
to in peragreph 3.12, it might be orgeanisationally

or cconomically more usciul to cmploy certain

machines or ccrtain thicknosses of metal rether
than cothers. The fact th:t different merits are
attached to diffcrent states of 2 variable means
that the veriable is 2 property within the terms
of the definitivn in paragraph 2.1, and the
rclationship of differeant states of the decision
variable with diffcrent degrees of fulfilment

of objective is determined by some arbiter, as

described in parcgraph 2.29. Thus a decision

variable, as well as centrelling a property, may

itsclf be a property (fig 3.13).

3.14 The distinctions as to whether an input variable
is & decision variable or a context variable,
whether or not certain states of a decision
variable are accessible to the decision maker,
and wnether or not a decision varisble is also
a nroperty, are =z2ll part of the definition of
the problem rather th»n nert of ths problem to
be handled. The wersons, or bodies of people,
or the impersonal forces malking these distinctions
will also be referred to as arbiters in the problem,
as suggested in peragraph 2.29. When an arbiter
is beyond reach of any persucsion or modification,
he may be regarded a2s; or referred to as, 'nature',
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3.15 A set of statcs sclected for the decision variables

in a particuler casc constitutes 'a proposal'.
In the case of design problems, this may be

roferred to as ‘a design propesal' or 'e design'.
If the propesol were to be impleomented, the

consequence would be a sct of states of the Marginal ref. 17

properties which might be c2lled 'the outcome'.
In the case of design problems, the outcome may
be v-ricusly described as 'the design' or 'the
product' or as 'the propertics of the preduct'.
Strictly speaking, the product, as a ploce of
hardware, does not appeear until it has been
embodicd by the set of goal directed activities
to which the problem solving activitics rclate
(see paragraph 2.4). However, since the problem
solving activities arc conducted with the end
product in mind, these distinctions are difficult
to make., For the purposes of this arsument, the
sct of states of the decision variables selected

by the decision moker will be referred to as  Marzinal rof. 78

"the design' (or, in the case of non-design
problems, ‘the proposal') and the set of states

of the nropertics arising from a proposal will be
raferred to as 'its porformence'. The scot of
degrees of fulfilment of the objectives appro-
nriate to & particular porformance will be referred
to as 'the merit! of this performance (fig 3.14).
This may be expresscd in notetion as follows:

Design 1 ——y Performance x ———3Morit y (whero———a
signifies 'leads te').

ZDl(i),DQ(i)aao.Dn(i}}
§7, (x),Py(x) e P ()]
,iol(y)sog(y)oaaaon(yzz

D.(1),D,(1)e.e.D (i) significs a set of
1 2 n .
states 1 for a sct
of dccision variables
Dl 7D20 -2 ODnQ

P (X)gP (X),aoan(X) signifies a set of
1 2 n
gtates x for o set
of properties
P19P2°° o OPnG

il

Degign 1

Performence x

Merit y

0,(¥)50.(¥) s0ss0 (y)} signifies a set of
1 2 n _
stotes y for a set
of objectives

Ol,Ozeo,oOn.
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3.16 Similarly, the

3.17

ot of states of the context veriables
which 2pply in 2 given crge constitutes the contex

of the problem (fig 3.,15)o It is the combined
offects of the nrovosal and the context which deter-~
mines the outcomec, cr werformsnce.

[ O]

Conteoxt k

Porformance x w3 Merit y (where _:)_D

Gignifice 'lcads to')s

Design 1
Context k = {Cl(k)ng(k)“”Cn(k)}

{pl(k)gCZ(k)n.,eC (k)} signifies a2 set of
n stotes k for a set
of context variables
01902““0ne

The set of criteris against which performance Marginal ref, 7
is measured is described here as 'the perfurmance
specification'. A performance specification will

lay down the preperties which the outcome is re-

quired to constitute, and will indicatc the way

in which various stztes of these propertics will

be rogarded as being more or less s-tisfactory.

In cther words, it lists the properties and doefines

the goal/praperty relationships (fig 3.16).

{(ol . fPl)9 (o2 = fP2)“°.,(On = an)} signifies

a purformance specification
relating o proporties
PP esssP

1’72°°°*"n°®

For exrmple, the performance specification for a
chair mey l2y down that it must accommed~te pcople
of a prescribed range of statures ~nd build, with-
gstand certain structural tcsts, sell at less then
a cortain price, and e2rn =2 profit at & (ertain
rate on investnoent. The design resource will be
the set of materialg, processcs, shepes finishes,
2nd so on,; which the designer has at his discrotion.
The context will be the ch-racterigtics of matcrials,
srices of commodities, and other imponderasblcs
which will affect the result, but over which the
dosigner hes no contrel,. The desgign will be the
sot of decisions (mntpvialsg proccasess shapesy
finishes, etc) that he actually chose. The per-
Tormance of the design would he range of staturcs
and build of people that the chair (if cmbodied)
would actually accommodatc, the tests 1t would
mscty the price at which it would gell, and the
profit it would cern. The merit of this pcerfor-
mance would be degree to which it approached the
ideals indicated in the performance specification.


http://oa.se

g»

&

4@21

3.18

3.19

3,20

It has been pointed out in Section 2 that the
co-existence of a number of objectives in a
problem defines a certain domain of acceptability.
The limiting states of the nroperties and the laws
governing their interrelations were said to define

a certain realm of feasibiliiy. The superimposition

of the domain oif acceptability and the realm of
feasibility were described as defining the arcns
in which an adequate performance must be developed.
In a similar way the ranges of limiting values

and the laws governing the interrelaticnships of
the decision variables define what may be termed
"the scope' of the design (or decision) resource.

The description of the nature of the act of
designing which was set out in paragraph 2.28 can
now be expanded to take in the concept of the
goal-decision system:

1 =greeing objectives

2 ddentifying the properties or conditions
required to be exhibited in the end result

3 determining the relationships bhetwezn varying
states of the properties and the varying degrees
of fulfilment of their respective objectives

4 establishing the limiting and idezl stetes of
the propertics, and hcnee the domain of accep-
tability impli=zd by the objectives

5 identifying the decision verisbles available
to the d=signer, and the scope of the resources
as dcfined by their limiting states and inter-
ralationships

6 formulating a model of the goal~decision systems
present, linking the decision variables with
the propertics, and the propertics with the
objectives

T ensuring that the interdepcondence of the
properties coenatitutes a realm of feasibility
and that this lies at least in pert in the
domain of acccptability

8 precposing onc or more scts of states for the
decision variables, within the scope of the
resources; cestablishing the predicted per—~
formance(s), that is to =ay, the resulting sets
of states of the properties; and ensuring that
at lcast one performance lies within the arcna
defined by step 7 zbove

9 sclecting the optimum proposal

In a periicular design problem it may be possible
to produce several feasible and accoptable designs.
Although it is quite possible for two different
designs to exhibit an identical porformance, it

is more usunl for alternztive designs to fulfil

the given objectives in differing degreos (fig 3.17).
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Design j ——Performance w —=licrit z
{22(9)50,(9)+ 2.0 (3)f
\\ Y
iPl(m,,Pz(N),...Pn(w)}
{ol(z),oz(z),ou,on(z)}

where Dn(j) significs an alic
of decision vari

1]

Design (or proposal) j

Performance w

I

Merit z

It

It is also likely that attainment of a satisfactory
porformance in respect of some objectives will be
regerded as more important then the attainment of

a satisfactery performence in respect of others.
That is to say, the objectives themsclves have an
ordcr of importence,

In a diagram of performance, the relative merit of
alternative designs may be more readily discoerned
if the objective fulfilment scales are arrangsd

in ordar of importznce and the merits of the
individual performances are indiczted on them

(fig 3.18).

It is likely that in the case of any two competing
designs cach will score well in a diffcrent set of
objectives. In generel, a solution which scores
wall in high ranking objectives is to be preferred
over one which scores well only in low renking
objectives.

On the diegram compariscn is simplified if the
points indicating merit for a particular perfor-—
mancs are joined (fig 3.19), Overall merit can
be evaluetoed by comparing the resulting curvas.

In two morit curves, e tcndency to Iie above is
better than a tendency to lie below, since
acecording tc the conventions adopted the dirce—~
tion called good alw2ys points upwards (fig 3.20).

Similarly, a tendency to a positive slope
(northeast to southwest) is better than a ten-
dency to a ncgative slope (northwest to southoast),
since the higher sccres should be in the higher
ranking objectives (fig 3.21).

Again, a convex curve (intormedinte values
tending upward@ is better than a concave curve
(intormediste values tending downwards) since
the intermediatc values score better in the
CONvVex curve (fig 30’22)o
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3.24 Howoever, the analysis of these curves is
hampcrod by the fact that in real-world design
probloms the notional diffcrence in importance
hetweo (gay) the objective ranked first and the
ObJCCthO rankcd second may be rogarded by the
aroiters as very much grcater (or less) than the
diffcronce in importence betwecn (saV) the objcc-
tive ranked second and the objective ranked
third. Hence a rating scale, such as that
caployed for the rating of merit in rospect of
non-quantifiable proverties (paragraph 2016)9 may
also be cmployed for the rating of impourtance.

3.25 It is conveniont to begin by reting the importance Marginal ref. 20
of objectives on a scazlec of 0-100 (fig 3.23).
Thus, in 2 projocct with (say) 40 objectives,
that objcctive which ig rcgarded as overwhslmingly
the mogt importent might he r~ted at 100, The
next most important at 75 and most of the others
between 60 and 50. A vory minor objective might
be rated at 5. Two or more cbjectives may take
the same rating, where nocessary, and the scale
may be cxtended or modified as convenient,

3.26 The comparative cvalustion of merit curves, as
sought in para. pes8Y then becomes simpler,

Bach curve isg fully described by the locsmtion

of the peints on it, using the convention of

co-orainates. The importancce scale becomes

the horizontal axis and tho merit szcale becomes

the vertical axis (fig 3.24).

b signifies an importancc rating (where r
is any factor appropriato)

T signifies the importanco rating of cbjec-

°n tive O
902(y)) onoe I‘Onyon(y))}

n

‘<I'O1 901(}’) 9(1'0
g merit curve y for a set
01902””0n

3.27 An idcal overall performance (fig 3.25) would be
one in whicn cach ¢objective is completaly ful-
fllod - that is to say, where O.(y)=1, O.(¥)=1 ecees
1 2
(y) 1, Hences

ok
D
0 o nN

curve of ideal performance = .{Fr sl (r , Llswes

(x, ,1)2
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3.28

3-29

The rcelative morits of the performances of two

or more dosigns may be cxpressed in terms of their
departure from the idecal performance. A1l the
criteria for merit comparison set out in para. 3.23
arc s»tisficd when the overall merit of =2 design

is celculated as the ratio of the sum of the
degross of fulfilment of the individual

ohjeetivos, each weighted by its impert nce

reting, to the sum of th: ideal degree of ful-
filment of objectives, weizhted by their

importance weighting (fig 3.26). A4Q181;0u£.htfzicqu

M.ly(t) - ‘Z(ro °on(y))
3o

where
M signifies an index of merit
Miy significs an index of merit M relating

to a performance y arising from a
propossl i (where i end y are identi-
fying letters or numbcrs for particular
oropossls and performances respective-
ly).

M. (%) significs 2 particular value t for
4 an index of morit M, (where t is
a2 number lying beotws®n zero and
unity)o

In this formulation, overall merit in respect of
any given number of objectives is rated on the
scale zcro-to-unity in exactly the same way a8
degree of fulfilment of a goal is measured. That
is to say, when the index is 1, the porformance
is ideal; whon the index is .5, the merit of the
performance is at the thrceshold between sccepta-
bility and unacccptebility.  The technique of
empleying this index of merit for the evaluation
of performsance will be described here as the
'rated-objective morit-index' tachnique (ro-mi).

Clearly, the validity of the rated-objective merit-

index hangs upon the validity of the importance

ratings by which the degrees of fulfilment of

individual objcctives arc weighted. BEqually

clearly, the importrnce ratings assigned io

objectives arc human judgoments and prey tco

all the fallibilitiss of human Judgement. However

the presence of human values in a problem is Marginal ref. 19

/(2



3.29 (contd)

inherent in the concept of problem scolving as a

® goal directed activity as here defined (sec
paras 2.1 - 2.6), The mechanism by which value
judgements arc made, and by which importance
ratings are assigned, are dealt with in scctions
8 and 6 respectively.

3.30 However, the occurrence of an incorrect assignment
of an importance rating at the commencement of a
project need not be a disasterous event. It is
open to the arbiter or arbiters in a problem to
manipulate the importance ratings in any way they
wish, and to revise their ratings at any stage
they wish, so as to represent their true aims

@\

B and interests as the consequences of their
decisions emerge, Or fresh information becomes
available,

3.31 Vhere it is desired that good fulfilment of a
lower ranking objective should be capable of
) outweighing a less good fulfilment of a higher
o ranking objective, then small intcrvals may be
chogen between their respective ratings.
For example:

Where the rank of 0, is greater than the rank of O
but where r_ .0 (y) is to be permitted to exceed

2
2
T ,01(y)
1
then T, might be assigned 100
1
and r might be assigned 99
or
% 2
Thus, when Oq(y) = 55
and . Oz(y) = .6
then r_ .0,(y) = 50
% o, 1
and T aOg(y) = 59.4
2
3.32 Alternatively, where it is desired that even the
maximum fulfilment of a lower ranking objective
5 should never be capable of outweighing even the

most marginal fulfilment of a higher ranking
objective, then large intervals between ratings
may be chosen., For examples

@



3.32 (contd)
ilhere the rank of 0, is greater than the rank of
2 2

old value of r .O (y)
01 1

then T, might be assigned 100
1

and r might be assigned 50

2
Thus, when 01(y) = 5
and 02(y) = Masgioe my
then ro1.01(y) = 50
and x .02(y) = 50

2

3,33 In addition to selecting appropriate importance

0, and where r_ ,ozﬂy) et not exceed the thresh-

/09

ratings for the objectives in aproject, arbiters must

also ensure that the correct values are chosen for<

the key values of the properties P identified by
the objectives, particularly in respect of the
limits of acceptability P(1) or P(m). According
to the conventions adopted in the ro-mi technique
a design is totally unacceptable if it falls
below the limit of acceptability in respect of
any objective. If, in order to obtain a solution
at all, arbiters are compelled to accept a design
falling below the threshold previously adopted in
respect of a certain objective, the decision to
accept the design is equivalent to deciding to
shift the level of acceptability in respect of
that objective,

3.34 The combination (fig 3.27) of the ro-mi technique
thus defined with the systematic model described

in para. g provides a further reformulation of
@ the nature of the design act, thus:

agreeing objectives

rating objectives

identifying the properties required to
be exhibited in the end result
determining the relationships between
the varying states of the property

and the varying degrees of fulfilment
of their respective objectives

5 establighing the limiting states of
the properties and hence the domain

of acceptability implied by the objectives _

>~ w o =

HMarginal ref. 21

preparation of a
product perfor-
mance specifi-
cation
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3.34

3.35

(contd)

6

10

11

12

identifying the decision variables
available to the designer, and the

scope of the resources as defined

by their limiting states and inter-

relationships

formulating o model of the goal-
decision systems present, linking
the decision variables with the
properties, and the properties
with the objectives

ensuring that the interdependence
of the properties constitutes a
realm of feasibility and that
this lies at least in part in

the domain of acceptability

proposing one or more sets

of states for the decision
variables, within the scope of
the resources; establishing
the predicted performance(s),
(that is to say, the resulting
sets of states of the proper-
ties); and ensuring that ot
lecast one performonce lies with-
in the arena defined by step

8 above

evaluating the merit of the
predicted overall performance(s)

selecting the optimum solution

gormunicating design descrip-
tion

{
)

establishment of
the design resources

development of
design solution(s)

evaluation of
design(s)

The diagrarmmatic form of the systematic model

enployed in this argument so far (for example,

fig. 3.27) becomes excessively complicated when

more than four or five properties are involved., Marginal ref, 22

4

(fig. 3.28).

& more flexible model is provided when the vari-
ables are displayed in the form of a matrix
In the course of formulating o

problem and developing a solution the matrix is
gradually filled out, in interplay with the real-
world situation and with the analogues adopted,

as described in section 4.

The matrix form lends

itself to automatic computation and replication.
In the remainder of this text, the diagrammatic
form of the systematic model will be retained

as o conceptual model, but the matrix form will
be regarded as the effective form,
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4.2

4.3

4.5

4-06

The oporaticnal model

They systematic model developed in Scetion 3 Harginal ref. 69
is an effcctive means for setting ocut the logical

structure of a preblem, but it does nothing in

itself to esteblish what the solution might be.

hat is to say, it is not on operational model.

In any given systom, the ways in which the outputs
vary in responsc to changes in the inputs will be
governcd by aprroprizte 'laws'. The corpus of
knowledge about such laws constitutes the disci-
plines of physics, chemistry, mechonics, eloectron-
icsy economics, sociclogy, psychology, ethics, Harginal ref. 80
acsthetics, cte. The main justificztion for the
omployment of suecislists (that is to say, of
architocts, mocchanical enginecrsy, electreonic
engine rs, industrial designors, typographers,
etc) on different classes of design problem is
that thc specialist has acquired by training
and/or cxperience knowledge of the principrl

laws which apply to the kinds of systems which
ococur most frequently in his arca of specirlisae-
tion,

fven so, it is frequently difficult to discern

the laws cpor-ting in 2 porticular case, oTy,

if the general form of the law 1s known, actually

to predicst an outcome. A system in which tho pro-

cis2 conncction Hetwen input and output variation

ig unlnown is reforred to as 2 'black box! arginal ref. 70
(fig 4.1).

Onec effective means for determining the effect Marginel rof. 23
of various inputs vn the output of a black box is

to emnloy as a model another systom which is known

to bhehave in a similae way (fig 4.2). For cxample,

scnle models of river and tidal basins have boen

uscd to predict the silting effects of propeosed

pler-bullding coperatirns.  Architoets' and cengincors!

dravings =2re grapihical models of the structures

they represcnt.

Models may also be cmployed where the laws
governing a systom ~re known, The mathometicel
formulae in engincers' handbocks, for oxample,
arc abstract models for precdicteble systems.

A medel which hezhaves in 2 way which is anslognus

to the way in which a rcal-world object or Marginal rcf. 24
system bchaves 1s '‘mown as nn snsloguc. No ana-

loguc bechaves in gvery way like the real object

or system it reprcscnts - if it did it would be

described as 2 prototype reather then an analogue.

Prototypes are very uscful in dotcrmining the

overall cffcct of meany design decisions. © On the

other hand, they can be cxpensive to build and
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4.9

4.10

modify, and may be inefifectual =5 a means for
indicating the possible rosults of aliernative
configur~tions. In gener:l, analogues are selected
on the basis of their economy in setting up, and
ecase of adjustments in exvloring a2lternative solu~
tions., Drawings, nomographs end msthematical
formulas make very effective design analogues.

It has alresdy been observed that the systematic
model employed in this argument so far is net an
operational anmlosgue, since 1t cannot of itself
aroduce predictions about the solutions to the
problem it represents., However, if the systema-
tic model is used in conjunction with one or more

anslogues it becomes operational. The designer Harginal ref. 25

can employ the systematic model to reprcsent the
logical relatinnships betwoen the parts of the
real-world problem, and also to evaluste the
overall effect of the various system outputs,
whilgt using v-rious anslogues to detormine the
outnuts which would result from various design
proposals(fig 4.3).

Because no analogue is complete and perfect, it

is usually necesscry to employ different analogues
for different systems, or for different parts or
aspects of s given system, so that typically the
overall opcrationsl model consists of @une or more
systematic models with a number of analogues

(fig 4.4).

For exzample, a plan drawing might be employed to
determine the layout of the rooms in a building,
vector diagrems to work out the distribution of
structural loads and 2 block model to predict
overall appearance,.

Since, in terms of the systematic model; some
systems receive as inwuts the outputs of other
systems, 1t is usually necessary to operate on
their respective mnalogues in zequence.

Sometimes, howover, a system of systems may form

a closcd loop, with every subsystem depending on
inputs from another subsystem (fiz 4.5). In such
cases, it may be desirable to allet treil values
to one or more of the input varisbles, and then to
proceed around the cycle, perhaps more than once,
adjusting the trial values until mutually accep—
table results arc obtalned.

Closed loops may enclose the whole or only a part
of the systematic model of a real-world problem.
In the conurse of cycling the loop the designer's

perception of his real-world problem, his Marginal ref,

concept of the design solution grows. In a
sense, the design procoss is thus a dialogue betwecn
the real-world and the opcrational model (fig 4¢6).
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On the basis of this operational model, the act
of designing can be thouzht of as comprising a
reiterative subroutine applied to different parts
of the overall problem in turn, re-cycling where
necessary as the oroblem becomes clearer and as
the effects of triasl values are discerned.

In Sections 2 and 3 references have been made to
scts of ranking or the assignment of ratings to
properties or objectives. The term 'arbiter' has
been applied to one who nominsctes an objective,
determines the relationshin botween states of a
property and degree of fulfilment of objective,
assigns an importance rating to an objective,
digtinguishes between those inputs which are to be
context variables and those which are to be decision
variables, sssigns limits to the r-nges of states
of decision varishles availrble, and decides which
(if any) decision variables are also properties.
The role of arbiters will be discussed in more
detail in Secticn 5.

Similarly, the term 'decision maker' has been

applied to one who selects values for a2 decision
variable. The role of decision mzkers will also

be discussed further in Szetion 5.

A more detailed formulation of the movements of Marginal
a designer betwesn his problem and the operational
model, as defined so far, may therefore be sceen

(fig 4.7) as follows:

X—~ref,

in fig 3,28

[loebedun SNt o5 SESE i

1 appraise overzll problem in the light of the
systematic model and psrtial solutions (if
any), as discerned sc far

2 select the next subproblem meost intimately
related to subproblems handled so far, or
the next most dominant subproblem which
promises to yield to analysis

3 identify the arbiters entitled to nominszte
objectives in this subproblem

4 in consultation with the arbiters, identify col 1
the objectives in this subproblem

5 identify the property defined by sach objec— col 2
tive

6 by agrcement between the arbiters, assign col 3
importance ratings to the objectives
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11

13

14

15

X-ref.

in fig 3.28
in consultation with the arbiters, deter~" cols 4 & 5
mine the limiting states of the properties
which are to be equivalent to the ideal and
threshold degrees of fulfilment of their
regspective objcectives

establisgh the relationships (internal or col 6
specific laws) connecting varying states

of the properties with varying degrees of
fulfilment of their respective objectives

establish the domrin of acceptebility def- <cols 4 & 5
ined by the suverimposition of the limiting

states of the properties (if necessary, in

order to gzin a pozitive domain of accept-

ability, negotiate chenges =zt 7, and repeat)

identify the relationshins (external or cols 4 & 5
general laws) governing any interdependence

existing between the states of properties

identified at 5 above

establish the realm of feasibility defined cols 4 & 5
by the compatible rsznges of states of the

propertics (if necessary, in order to obtain

a2 positive realm of feasibility, take an

inventive step creating new relationships

at 10, and rcpeat)

establish the arens within which » prrform- cols 4 & 5
ance must be found, as defined by the ‘
superimposition of the domzin of -ccepta=

bility and the realm of feasibility (if

nceassory, in order to obtain a positive

~rona for performance, negotiate changes

at 7, and/or crocate new relationships at

10, and repoat) :

identify the context variables which con— col 7
tributes to governing the goal-decision

systems undor cxamination (including those
context variables which arisce from subproblems
already handled)

identify the decision variables governing col 8
the states of the properties

erect a (or imp ove the existing) systema—
tic meodel of the goal-dscision systems
connecting the decision v-riables with the
rropertics, and the prepertics with the
objectives, in the subproblem
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18

19

20

21

22

23

24

25

26

A-rcf.

in fig 3.28

identify the laws connecting the varying col 9
states of the dscision variables and

contoxt variables (inputs) with the Varying
states of the properties (outputs) in the
goal-dccision systems identified at 15

cstablish the ranges of st=tcs of the col 10
individual contoxt varisbles which apnly
to the casc in hand

cstablish the context defined by the super- col 10
imposition of the prevailing states of the
context variables

egtablish the ranges of states availeble in cols 11 & 12

the individual dececision variablcs

identify the l-ws governing any inter- cols 11 & 12
dependence existing between the states of ‘
the decision variasbles at 14

:stablish the scope of the design resource cols 11 & 12
efined by the compatible ranges of states

of the decision variables (if necesse=v, in

order to obtain a pozitive scope of design

resourcesy nezotiate changes at 19, and

rapeat)

Q@

ercct one or more analogucs to ropresent
the laws identified at 10, 16 and 20

identify the decision maker(s) entitled to
sclect stetes of the decision variables in
the subproblem

by agreement smongst the decision makers, col 13
and using the analogues erected at 22 for

the laws at 20, sclect a self-compatible

sat (design i) of gstatecs for the decision
variables

using the analogues crected at 22 for the col 14
laws at 16, determine the resultant set
(performance x) of states of the properties

sstablish whether or not performance x lies cols 4 & 5
within the arena for performance defined at

12 (if not repeat from 24). I no solution

is obtainabley create now relationships

between the properties ot 10 (inventive step),

or re-work subproblems giving rise to context
varisbles at 13 (re-appraisal), or nzgotiate

new limiting values for the properties at

7 (ro-statoment), and repeat)
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The design programme

Although thcre ere exceptions, the great majority
of design tasks =rc carrisd out by designhers on
behalf of employers or clicnts, rath:r than on
their ovm bchrlfs. The nomination of some, at

1-28t, of the objectives and the accceptance or

non-acceptance of some, at lecast, of the standards
of perform=snce then lie within the discreticn of
the employer or client rather than, or in addition
to, the discretion®f the designer.

The community, represented by government and other
agencies, have their cwn intersccting sets of
objcctives, some of which will impingc upon the
dssign project, and in most circumstanccs they
will imposc ccrtain overriding rcegyuirements and
limitotions on the design, mainly through lsws,

rcgulations and standards. In the casce of Marginal rcf. 27

products cxposed for salec or hirc, tho uscr and
the community also exorcise a form of control
through the machinery of the market place.

Similarly, whoere the thing dosigned is constructed,
morketed or used in a competitive situation, the
actual or potential acticns and objectives of
competitors will influcnce decisions made by the
designer and/or his emyploycr or clicnt.

There the designer is working for an employer or
clicnt, not only the product cbjcctives but also
the objcetives of the design task itself (notably
the duration and cost) will be subject to the
employor's, professional associsztions! or

governmental bodies control or voto. Here, Marginal ref. 81

too, the laws of supply and deomand nay affect
what the employsr can ask and what the designer
will concede, In any event, the objectives and
the limits of ncceptability in respect of the
design task itsclf will constitute a formula
agrecd between the partiss conccerned.

A high proportion of the dosizn trsks commissioned
or committed to disigners arce regarded by the
clicnts or cmployers 2s investments calculated

to offor a given probesbility of yielding a pros—
cribed roturn by way of income cor capitel gein.
For example, a doveloper commissioning an srchi-
teet to dosign a building is concerncd that there
is 2 high onough probebility of the architecect's
producing within given limits of time and cost a
design with 2 high enough probability of being
crccted within given limits of construction time
and cost, and with a high cenough probability of

commanding = profitablc cnough rent or sale Marginal ref. 72

nrice. The person cr group who controls the
deployment of financinl resourccs in a project,
whethor the capital is his own or supplicd by a
backer, will be referred to here es 'the developer'.
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In general, the movement of capital through Marginal ref. 28

the money merket results in higher yields being
demanded on investments to which the higher risks
are attached (fiz 5.1).

Hence, where a developer hrs to rrise capital for
the conduct of a project, he hzg much to gain

from first putting himself in the position of being
able to show evidence of the degree of risk attached
to, and the extent of returns expected from, the
venture.

Bven where the developer has adequate resources
of his own, he will normally put only a given
proportion of his cauvital at high risk, or invest
a given proportion of income in new development.
If, over a period of time, a developer undertakes
a number of projests, he will normally expcct
gome of them to fail. Consequently, those projects
which succced must, in the long run, offset the
losses of those which fail. It follows that the
average yield on a developer's projscts must
reflect their actual mean risk.

In virtually all czses, thercfore, a development

project will go through an exploratory phase in

which feasibility, cost, risk and probsble yield

arc estimeted. Usually this exploratory phase Marginal rcf.
is conducted on a limited budget, rounded off with

& form~l report, sometimes extendcd to the

preparation of skatch designs and/or models and

almost alwnys submitted to investment analysis

before authority is given for the nroject to

proceed to detailed design stages.

With certain exceptions, the bulk of the cost

of an investment in a design development project
resides in the cost of tocling and manufacture,
with a lesser but ztill large investment in
marketing. Once the design is comnloted, but
before funds arc finally committed in these
dircctions, it is usual for a further study to be
made of nroduction and markcting prospects and
costs.

The design act must thoreforc be secn within the
context of a more extensive process which includes
the realisation of the design pronosals as well as
the formulation of them. The overall process
will be referred to here as a product development
programmao.

A product decvelopment programme will thus Marginal ref.
normally contain the following phases, with re-

appraisal and the opportunity tc withdraw at the

end of each phase:

82

30
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Phase 1 policy formulation
Phase 2 preliminary research
Phase 3 skotech designs

Fhasc 4 detriled deaign

Fhese 5§ prototype construction
Thase 6 morkoting appraisal
Phasas T ~roduction design
Phasc 6 nroduction plenning
Phnase 9 tooling

Phaze 10 nroduction and sale

In the light of such a programme the primitive
concept of the design zctivity set out in
paragraph 3,33 can be seon to be more an outline
for a specific phase than a model of a complote
desizn develonment project. A design project isy

in fact, a scqguence of design problems, cach Marginal ref. 83

aspoct of the problem and cach component of the
product becoming a new design problem, to be rcsol-
ved in the context of what has been decided so

fr (fig 5.2).

Reverting to the operstional model of the design
process referred to in paragraph 4.7, the design
programme may be thought of as co-existing with
the systemetic model and the analogues, but on a
third plane (fig 5.3). hus the systematic

model describes the logical relationships of the
parts of the problem, and permits evaluation of
predicted performance so farg the znalogues,
seleccted according to nced, simulate the bhehaviour
of systems in the problem and predict the con-
sequences of postulated decisionsy whilst the
design programme indicetes what should be done next
if the information is to become available, and

the decisions are to be made, in the right order.

Outside all throe is the real world, in which the
problem arises, azainst which the arbiters sct
their standards and in which the product will
eventually be constructed and used.

The design programme (and indced the entire
product developmont programmo) can be made even
more offcctive as a controsl over the design
and/or product development activity if the con-
ventions of critical path methods src adopted

(fig 5.4 According to this convention every Marginal ref.,
activity which must be carried out in order to
implement tho progremme is indiczted by an arrow.
An activity takes place over time, and maximum and
minimum time 2llowances for that activity can be
laid down. Bvery cvent which terminates an act-
ivity (for cxample, the declaration "All detail
drawings arc now comploted!” is such an cevent)

is indicated by a box or circle at the end of its
asscceisted arrow. An event occurs at an instant

27
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in time, and earlicst and latost permissible
datcs for the 2vent can be laid downe. Two or
more activities may have to be completed before
an event can take place (for example, 211 the
drewings for a projoct mey have to have been
DTthud and 21l the schedules and a covering
luttor may h=ve to have been typed hofore the
vent called "All documonts now ready for

dvsoatch to contrreotor!? can take place). The

'critical nath!' is that set of scquential activi-
ties which, added together, dctermines the time
span of the whole aperation.

aa

The dosign process may thercfore be thought of
having three main components (fig 5.5)

1 The advance through the project and through
time, indicated by the d~s1gn programmne, and
aczcomplished with the aid of various anzlogues.

2 The branching of the problem into its logical

parts, independent of time, indicated by the
systematic model.

3 The cyclical movement threugh the subproblems,
nceupying man-hours but perhaps co-existing
in time, cennecting the real world, the
systematic model, variocus analogucs and the
design prozramme as described by the re-
iterative routine sct out in pera. 4.14.

The complexity of a problem is partly 2 function Marginal
of the number of systems cmbraced by the problem

field and prrtly a function of richness of inter—
connecticn of these systems.

The beundarics of the problem ficld mark off

both the external eontert - that is to say,

the environment from which cmanate uncontrollable
variables such as the ruling market prices -

and the internal context - that is to say,

the elements of construction which exhibit uncon-
trollable varisbles such es the physical
proporties of meterials. It is usually an
objective to minimise the tctal work conteat of a
programme (in order to cheapen or shorten it),

so that the designer will normally strive to

keep tho problem field small. sometimes, however,
a context veriable will prove to be so restrictive
or 80 uncertain that the designer will oextend

the problem field in order te gain control cver
it, increcasing the complexity but reducing the
intensity of the preblem.

ref.

32
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The intensity of a preblem is a function of the Marginal ref. 33
certainty resuired in the solution rslative to
the certainty cxhibited by the iaput varirbles.
Clearly, it is much more difficult to produce

a highly predictable result on uncartain data,
than to produce a very approximste result on
reliable data. It is possible, nevertheless,
to develcn a design which is relatively insensi-
tive to inaccuracies in the data, or to reduce
uncertainty by a carefully gr-duated develop-
ment and test progr-mme.

Bxamination of case studies indicates that a Marginal ref. 34
characteristic progr-mme in the consumer goods

and light industriazl products field is as followss

Phase 1 -~ Policy formulation

establish objectives
lay down outline timetable and budget

Phese 2 — Preliminary research

identify problem boundaries

establish the cxisting state of the art (library
research)

prepare outline performance specification

(specification 1)

identify probable critical preblem areas

hase 3 - Feasibility study (sketch designs)

conduct information generating exporiments Marginal ref. 89
resolve critical problems

propose outline overall solution(s) (sketch design 1)

gstimate work content of pheses 4 and 5

and probabhility of a succegsful outcome

Phase 4 — Design develouoment

expand performance specification (spociflcation 2)
develop detailed design (dosign 2)
preparc design documentation

Phese 5 ~ Prototyne develouvment

construct prototype (prototype 1)
evaluate technicel performance of prototypes
conduct user trials

Phasc 6 —- Trading study

appraise market potential Marginal ref. 35
appralise marketing/production problem

revise objectives and budget

finalise porformance specification (specification 3)

it
PAR 7
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Phase 7 ~ Production development

develop a production design (design 3)

execute production design documentetion
construct pre-production prototypes (prototypc 2)
conduct technical, user and market field-tests

Phagse 8 — Production planning

prepare marketing plans
prepare production plans
design jigs and tools

Fhase 9 - Tooling

construct Jjigs and tools

construct trial betch of products off tools (proto-
type 3)

test trial batch

ingtall marketing machincry and production control

Phase 10 —« Production and sale

initiate marketing effort
commeonce production and sale
feed-back market and user information
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5,20 Taking the model Plan of Work ﬁublished by the

Royal Institute of British Architects as a basis,
the equivalent programme for a building would be
as follows:

Stage A - Inception

set up client organisation for briefing
consider requirements

appoint architect

Stage B - Feasibility

carry out study of user requirements

carry out study of site conditions

examine plamning, design and cost feasibility

Stage C - Outline proposals

develop brief further

complete study of wser reguirements

carry out study of technical problems

carry out study of planning, design and cost problems

Stage D - Scheme design

finalise brief

full design of project by architect
preliminary design by engineer
prepare cost plan

prepare full explanatory report
submit proposal for all approvals

Stage E -~ Detail design

complete designs for every part and component of building

complete cost checking of designs

Stage F ~ Producticn information
prepare final production drawings
prepare schedules

prepare specifications

Stage G - Bills of quantities
prepare bills of quantities
prepare tender documents

Stage H - Tender action

despatch tendcr documents

examine tenders and select tenderers
let contracts

notify unsuccessful tenderers

Stage J - Project planning

arrange effective communications system
agree project programme

Stage X ~ Operations on site

provide design and construction information
implement construction programme

instal and effect budgetary control

instal and effect quality control

\kngKUQ1$~2Q1R
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5,20 (contd)

Stage L ~ Completion

inspect completed construction
specify rectification of defects

make good defects

complete contracts and settle accounts
relinquish possession to owner

Stage M - Feedback

analyse job records
inspect completed building
study building in use
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The advance permitted in a single assignment on Marginal ref. 36

a phascd programne is generally based on the scale
of the investment so far, the cxpocted return on
capital to be employed and the probebility of
attaining it (fig 5.6). As the work proceeds,
the ccrtainty of the result improves, the return
demanded on the invesiment diminishes, and hence
the ratio of investment to return can be increased.
Indeed, the whole product development programme
can be characterised as an attempt to attain
greater certainty. The main function of design
management is to sustain a proper balance between
he mounting cost of gaining greater certainty and
the diminishing return that the overall investment
will yield due to these mounting costs.
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The logic of design procedure

Two more concepts must be introduced before the
structure of the design act as formulated in this
thesis can be presented as a whole. These are,
firstly, the concept of decomposition, applied to
the nestructuring of the network of subproblems of
which the overall design problem is composed;

and secondly, the concept of the theory of games,
applied to the relationships between the partici-
pants in a product development project.

It has already been argued (paras. 3.7 and 5.12)
that the gystems comprising a product development
problem may be interconnected. Indeed, it is clear
that if a system or group of systems is neither
affected by the decisions made in another (or the
remaining) systems in the problem field nor affects
their outcomes, it can be handled as a completely
separate problem (fig., 6.1). TFor example, in a
manufacturing company's rationalisation programme,
the redesign of certain of the company's products
mey go hand in hand with the redisposition of the
sales force, Both legs of the programme may be
desgirable in the realisation of the overall set of
objectives. However, it is possible that in the
circumstances of the project none of the decisions
available within the design resource can have any
effect upon the disposition of the sales force,

and that none of the decisions available within the
sales reorganization resource can have any e ffect
upon product design. They can thus be handled

as two separate problems,

This paper is concerned in general only with
single problems, and in particular with that class
of problem which is concerned with the design of
artifacts.,

It has been shown (section 3) that according to the
conventions adopted two gonl-decision systems are
connected when either their respective decision
variables or their respective output properties

are identical or dependent. In either event a
decision affecting one will automatically affect
the other, and the outcome of one will relate to
the outcome of the other (fig. 6.2). The two
systems tazken together constitute a larger system,

Two such compound systems, if linked, form a

larger system, and two of these form a yet

larger system, and so on in a hierarchy until

the whole problem is embraced (fig. 6.3). In a
single problem field at least one hierarchy is bound
to be assignable, If, in a particular instance, it
proves to be impossible to embrace all the systems
in one hierarchy, then there must be more than one
independent problem present.,
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6.6

6.7

6.8

6.9

Since, however, all the goal-decision systems in

a single problem must be inter-connected, at least
remotely, and since some gocl-decision systems may
be directly related to more than one other, there
is frequently considerable ambiguity as to which
are the more legitimate or useful pairings and
hence which is the more appropriate hierarchy

(fig. 6.4).

Nevertheless, it is usually possible to distin-
quish groups of goal-decision systems such that
the richness of interconnection between the
members of the group is greater than the connec-
tion between the members of the group and systems
outside the group (fig. 6.5).

Such groups can be taken together to form larger
sroups, and these compound groups to form still
larger groups, until the whole problem is embraced
(fig. 6.6). This forms a hierarchy as before, but
this time provides an optimum grouping based upon

richness of interconnection, The techknigue for Marginal ref., 38

achieving this hierarchical reconstruction of the
overall problem network is knowvn as decomposition.

If the matrix form of the systematic model is being
employed (that is, fig. 3.28).the identity of
interacting goal-decision systems is seen where

given decision variables occur more than once,

(that is, in col. B), related to different objectives.

If the matrix form of the systematic model is not
being employed then an interaction matrix (fig, 6.7)
must be prepared before decomposition can begin.

Several well-ried computer programs exist for Marginal ref. 39

the ~utomatic decomposition of networks.

The hierarchical reconstruction of a problem network
gives the designer guidance as to the order in which
he should tackle the subproblems., He is given clear
indications as to which other goal-decision systems
affect or are affected by a system in hand (fig
6.8). In most circumstances he is likely to choose
to work simultancously or successgively on richly
interconnected systems.

Taking intc account the importance attached to
different objectvives, the designer is likely to
begin on that group of goal-decision systems

which contains the most important objective,

and to move on to the group containing the

second most important objective, and so on. The
hierarchy shows the direct and indirect connec-
tions with other goal-~decision systems and the
index of merit derived from the systematic model
shows the quality of performance so far (fig. 6.9).
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The second of the two concepts to be introduced

here is that of the theory of games, as applied

to the relationships between the participants in
a product development project.

The theory of games is concerned with the Marginal ref. 40
strategies which are available to each of the

participants in any given game. Its purpose

is to derive general principles upon which

participants may determine their best course of

action ot any particular state of play. These

principles have been applied to other, logically

similar, activities such as the conduct of business

enterprises and the prosecution of war.

In general, the conventions of the theory of games

can be used to describe any situation where two  Marginal ref. 88
or more people engage in a competitive activity.

The competitors may be seeking the same or different

objectives, Groups of participants may form

transitory or enduring coalitions for common ends.

A single individual playing a solitary game such as

patience or solitaire is described as playing

'against nature' or against the laws of chance,

An essential feature of all game situations is

that each participant must decide on his course

of action atwarious pcdnts in play in the light

of the past and possible future actions of his

fellow players. An important object of game Marginal ref. 37
theory is to provide means for determining that '

strategy which will be optimal no matter what an

opponent mizht do.

Since most business trading sitvations are game
situations, the product cevelopment projects
conducted within them are subject to game conditions.
Even an apparently non-competitive project such as
the design and construction of a bridge or a dam

can be considered as a gome "against nature®.

The participants in a product development project
constitute o coalition formed for the pursuit of Marginal ref. 41
common ends (see olso para. 2.29), In their role

as arbiters, or as representatives of the interests
of arbiters, some of the participants nominate objec-
tives, rate objectives, distinguish betwecen context
variables and decision variables and determine

limits of acceptability, In their roles as decision
makers, some select states of the decision variables
to form a proposed solution. The combined sets of
objectives of the individual participants consti-
tute the set of objectives for the project. The
complete set of objectives is only rarely definable
at the beginning of the project. Most of them

emerge by matual consent as the project progresses.



6.16 Participants will often have differing sets of
goals with some in common, some opposing and some
goals to which some of the participants are
indifferent. In pursuit of the common purpose some
sort of implicit or explicit bargain will be
struck by the participants - sinking differences,
adjusting standards, supporting one another's
vievs,.

6.17 As the game proceeds, a participant may see that
things are not turning out as he had expected,
and he may modify his goals, exercige persuasion
or in extreme cases (if he has the power) veto
continuation of the game. For example, the
developer may find that the project is likely to
demand more expenditure than he is able or willing
to incur, or he may find that the market or the
profit is not likely to be as large as he had
hoped, or a licensing or standard authority may
withhéld consent. In order to accommodate these
conditions in the real-world, any effective design
procedure must therefore permit radical reapprai-
sal of the problem at any stage.

6.18 In 2 sense, the ultimate purchaser or user of the
thing designed may be regarded as playing a
delayed or hidden hond at the table, At the end
of the game, if the product is offered on a free
market, he might be in 2 position to exercise
a kind of wveto by refusing to buy. TForeseeing
the nurchaser's ultimate reation is an important
part of the designer's role., Iliost designers
also regard guardianship of the user's interests
(especially where the ultimate purchaser is not
the ultimate user) as an important part of their
ethical responsibility.

6.19 As in most other games, the rulcs of designing do
not provide mcans for determining who will come
to the table or what his motives and skills may be.
In a sense, this is a hyper-game - the gamc of the
gods -~ and the players in the mundance game must
accept the circunstances in which they find them-
selves. One of the first agts in the design and
development game is therefore to look around and
sec who happens to be participating in the project
and what respective bargaining positions of cach
of them arc,

6.20 Similarly, the context variables (i.e. variables Marginal ref. 42
over which the decision makcrs have noicontrol) in
the product development game are the results of
other games going on at the same time. It is a
social responsibility of the participants to cnsure



6.20 (contd)

that neither the dircct effect, that is, proper-
ties P, nor the indirect effects, that is, inci-
dental outputs @, of their activities have serious
adverse effects on systems outside the project
field (fig 6.10). The pollution of rivers by
industrial waste, and the effect on the balance

of naturc of excessive use of pesticides, are
examples of inadequate attention to the effects

of Q) on systems outfide the immediate project
fields.

6.21 These considerations - that is to say, the hierar-
chical structure of the problem, and the goame
theory structure of the nroblem solving act -
must be ftaken into account in the conduct of a
project. Thus the hicrarchical structuring of
the problem is reflected in step 2 of the
routine described in para. 4.14 ("Select the next
most dominant subproblem which promises to yield
to analysis"), and the theory of games concept
helps to clarify the meaning of step 3 ("Identify
arbiters™), step 4 ("Identify objectives"), step
5 ("Rate objectives for importence™) and step 9
("Establish domain of acceptability'),

Clearly, the routine sct out in para. 4.14 applies
to every subproblem at every step of the programme Marginal ref, 874
set out in para. 5.19 (fig. 6.11).
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Design factors

The logical model of design problems presented

here has relied so far upon the corrcct identifica-
tion of the objectives and goal-decision systems
relevant to a particular project by the partici-
pants in it, Indeed, it is evident that not even
the most elaborate logical model will permit
arbiters to abdicate responsibility for formula-
ting objectives and ranking or rating them. To
illustrate this, an example can be taken from
another goal directed problem solving activity -~
navigation. Automatic take-off and landing controls
are available in some aircraft. So are automatic
navigators. It is only a matter of time before it
becomes possible to dial a map reference or destina-~
tion code in order to resolve all the detailed
subproblems autonatically, end to direct an air-
croft, or some other type of vehicle, to any

desired point. All the automatic problem solving
equipment in the world does not absolve the navi-
gator (acting on behalf of all the other participants)
fron deciding where the vehicle is to be instructed
to go.

Moreover, in any systematically linked multi- Marginal ref. 43

variable problem, there is almost always more than
one correct solution (para. 2.26). Thus, even in
respect of a given destination, there will almost
always be more than one practicable route by which
the traveller could go.

Wherever o choice exists, preferences based upon
a system of values may ve exercised, Thus, our
traveller may discern that of the practicable
routes available to him one is the quickest, one
the cheapest, one the safest and one the most
picturesque, Whether he will value speed over
cost, cost over safety, safety over picturesque-
ness, etc., will vary from person to person, circum-
stance to circumstance, and time to time, Indi-~
vidual people may make their choices, some accor-
ding to well formulated systems of values whilst
others may be capricious., Classes of people may
exhibit statistically predictable preference

behaviour. A logical model of a problem can do Marginal ref. 84

no more than represent, and an operational model can
do no nore than predict the consequences of, the
choices open to the people involved in the
decigion-naking situation.

Hence there is nothing in methodology which will
substitute for the responsibility of the arbiters

in a particular project frannominating the objectives,
identifying the limits of acceptability of the
qualities associated with the objectives, and

ranking and rating the objectives as they deem
appropriate.
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Although it may be possible for a project team to
identify and rate all the primery objectives at

the outset of a progrezme, therc will be many matters
about which the arbiters will be indifferent, or
unable to form an opinion, at least at the beginning.
Nevertheless, during the course of a project, large
numbers of najor and minor decisions have to be made,
yhether any or all of tlie arbiters feel grongly
about them or not. Wherever a decision has to be
made, some criterion for a 'zood!' decision (for the
purposes of that project) hos to be established.
Hence an objective has to be established,; sooner

or later, in respect of every aspect of every
feature of the design ond 1ts specification and
implementation. The question remains - if the logic
and method of decision-making will not absolve the
participants from identifying the objectives, and if
an objective must be nominated in respect of every
feature of o design, how can the participants

ensure that every relevant factor is taken into
consideration?

There seem to be four opproaches in use by designers -
systems analysis, morphological analysis, precedent
analysis and empiricism,

Systems analysis technigues range from highly Marginal ref., 44
abstracted models of man-nachine-environment systems

based upon information and control theory, developed

by cyberneticists; through models of physical systems

based upon observed data, developed by system engineers;

to guestionnaire frameworks based upon method study,

developed by methods and value enginecrs (fig. 7.1).

HMorphological analysis techniques employ classifica~ Marginal ref. 45
tion cherts for the cross-association of selected

problem elenents with alternative solution elements

(figre T.2)s

Precedent analysis ranges from unstructured rumina- Marginal ref. 45
tion on personal experience, though the study of

recorded case histories, to the employment of check

lists of the fretors handled in the analysis or

execution of similor problems.

Empiricism in design consists in either working up Marginal ref. 47
fully deteiled drawings and schedules or proceeding

to build and test o prototype without abstract analysis,

thus encountering the decigion points only as they arise

from necessity,

The techniques which have achieved the higher levels
of abstraction (e.g. systems analysis) are clearly
more flexible than those which depend upon !'learning
by doing'. Nevertheless, abstraction will normally
depend upon the distillation of principles from
observed or experienced cases. In general, therefore,
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the morc abstract techniques are likely to be
available in ficlds wherc the subproblems (indi-
vidually, if not in combination) have been
frequently handled before, and the more empirical
techniques will necd to be employed where the
problems arc new.,

Although sparsc, systems models, methods study
check lists, morphological charts and case
histories exist from which operational cues
can be drawn. It is not proposed to reproduce
detailed lists and structurcs here, However,
from the arguments alrcady presented, a very
goncral classification for design factors may
be drawn.

If a design is to yield o profit to its Marginal ref. 48

promoter, it follows that the thing designed
must command a value-in-exchange which is
greater than its intrinsic value. That is

to say,; the product must be worth more to the
prospective user than the cost to the producer
of the materials, processes and labour which
went into its production. Thus a few pemnies-
worth of china clay pressed out into shapes and
glazed to become a dinner service, or a few
pounds-worth of stcel machined to size and
assembled to become a machine tool, are worth
more to their purchasers than their cost. The
measure of the disparity between cost and value-
in-exchange is a measure of the profitability
of the design.

Indeed, it con be argucd that, with rare exceptions,
the one irreducible quality which a product must
have - be it efficient or inefficient, beautiful

or ugly, durable or transitory - is a valuc-in-
exchange which iz greater than its manufactured and
marketed cost. If a design does not have this
quality, the capital tied up in its development

and production camnot be serviced, the distri-
butor has no motive for offering it and the
purchaser has an actual disincentive for buying

it,

Value-in-exchange of a commodity is represented Marginal ref. 49

by the price which people are willing to pay
for it., It has already becn argued (paras.
2.1 and 6.16) that different people attach
different values to different things under
different circumstances. In general, a pros=-
pective purchaser will valve a product because
of its utility or because of its cmotional or
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sensual desirability. Except where he has Marginal ref.
access to unlimited funds, the cash price which

he is willing to pay is a measure of the value

he places on the possession of the commodity,

relative to his other wants and neecds.

The term 'utility' is used here to imply the Marginal ref.
fulfilment of some practical need, such as the

sustenance of food, the earning capacity of a

machine tool, the shelter of a house. Within

limits, the better a product fulfils the

purchaser's need, the more he is usually willing

to pay for it.

It is a matter of common expericnce that scarcity Marginal ref.
in the face of demand causes prices to rise, The
term 'scarcity! is normally applied to insufficient
supply in response to a demand arising from need.
The same mechanism applies to scarcity in the face
of demand arising from emotional and sensual wants.
Thus the rarity of an antique, the uniqueness of

a curio, the novelty of a toy, the individuality

of a high-fashion dress, are all expressions of a
form of scareity, and in general the greater the
gcarcity the higher the wvalue-in~-exchange. For the
purposes of this argument the term 'rarity' will

be applied to all these interpretations of scarcity,
novelty, etc.

The emotional and sensual wents of a purchaser Marginal ref.
embrace both sensual gratification, such as the
appreciation of beauty, music and warmth, and

social gratification, such as status, security and
love, Again, within limits, the greater the
gratification the more the purchaser will be willing
to pay., Many emotional and sensual wants are
actually or historically related to real needs.

The term 'emotivity'! can be employed to describe

the quality of supplying emotional or sensual

wants.

It is also a matter for common observation that in
respect of both utility and emotivity, many
purchasers are prepared to pay more for a product
which is immediately available than for one

which might be available after some delay. This
may be described os the quality of availability.

If one of the project objectives is to maximise Merginal ref.
the value-in-exchange of the project by providing

utility, rarity, emotivity and availability, another

is to minimise the manufactured and marketed cost

(fig 7.3).

90
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Cost resides in the outlay per unit product on
materials, labour, processes, transport, sales
promotion, research, design, development, plant,
premises and the servicing of capital. Minimisa-
tion of cost is perccived in the product as the
quality of economy of means.

Thus, in any project required to be commercially
viable, the design should tend to increase the
product's value-in-exchange by maximising
utility, rarity, emotivity amd/or availability,
and to decrcase the product's manufactured and

marketed cost by economy of meams. The developer's

gain is not necessarily the purchaser's loss

(that is to say, in game theory terms, product
development is not necessarily a zero-sum game).
The economic conversion of raw materials into

more valuable forms can, in appropriate circum-~
stances, constitute a net gain in wealth to the
comnmunity as a whole, as well as providing utility
for the user and profit for the developer.

These terms, however, need to be translated into
others reflccting the practical disciplines within
which the design is accustomed to work. Thus
'maximising utility' refers to the problem of
correctly identifying the functions which the
product is required to perform and devising the
mechanisms or other means by which these functions

o mayi'be carried out, To do this effectively, the

7.20

designer must deal also with problems concerning
the ergonomic requirements of the user and the
structural and other physical limitations of the
materials of construction. (fig. 7.4).

Zconomy of means demands that the mechanisms and
structures employed should be well-fitted to do

Tlasyg walb ed ga

their jobs, but without redundance. It also demands

that the necds and limiations of the available
materials and methods of production should be
considered, Similarly, the call on capital for
development, production and marketing has to be
shrewdly calculated (fig. 7.5).

The quality of availability reflects not only on
the {inancial, productive and marketing capacity
of the developer to get the right number of
products to the right »laces at the right tine,
but also on the motivational forces which will
make a prospective purchaser wish to buy such a
product at all, attrazt him to a particular brand
and impel him to buy at oncc or later (fig. 7.6).
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The problem of aesthetics

R —_
Aesthetics has been singled out from all the disci-
plines which affect design for three reasons -
firstly, it is often quoted as the factor, or one
of the factors, which distinguishes design from
other types of problem solving activity; secondly,
it is widely regarded as being beyond the reach
of rational analysis; and thirdly, it is perhaps
the least well developed, in the theoretical or
academic sense, of all the disciplines handled by
a designer.

Aesthetics is the art or science of the appreciation
of the beautiful., Although commonly associated with
appeal to the eye aloney, the term is equally applic-
able to the gratification of the other senses.

Thus, the sound of music may be aesthetically
pleasing, the feel of slime aesthetically repulsive.
So, to some people, is the sight of a man stuffing
food into his mouth with his fingers, Behaviour,

as well as appearance, can be perceived as beauti-
ful or repellent. Hence good taste and bad saste,
in all their manifestations, are the subject matter
of aesthetics.

The application of aesthetics in practice consists
mainly in doing things (such as designing furniture)
which are calculated to please the senses, and in
appraising things (such as selecting a wine) accor-
ding to their appeal to the senses.

Aesthetic theory may be concerned with finding out
what, in general, is pleasing and displeasing,
good and bad; or what is pleasing to particulax
groups or sections of the community; or with

how some sensations come to be more pleasurable
than others.

A measure of what is pleasing or displeasing to
most people, or to different classes of people,

can be determined by the applied experimental Marginal ref.

psychologist, using market research techniques.
However, for a market researcher to say that most
peaple like yellow and do not like brown is not

Yo say that yellow is good and brown is bad, except
in the opinion of those people in those circum-
stances at that time.

The thorny question of what tastes people ought to
have is a matter of ethics.

51
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Questions lika 'What do we mean by good?!

are of the very esscnce of ethics or moral

philosophy. In fact, one could say that since

acsthetics is the study of the appreciation of

the beautiful, and since beauty, like truth and Marginal ref. 93
goodncss, is among the subject of ethics, then

aesthetics falls into the general field of ethics.

Alternatively, one might say that aesthetics falls
into two broad divisions - descriptive acsthetics,
which deals with the empirical facts about perceivable
qualities and the statistics of preferences; and
ethical aesthetics, vhich deals with good taste and
bad taste, or appropriateness.

Descriptive aesthetics, in the tradition of naturel

science, seeks to observe and understand the nature

of phenomena but passes no judgement upon them.

As time goes on, the technigques and knowledge Marginal ref. 94
developed by the perception psychologist and

biologist make observation surer and bring more

and more aspects of sesthetic phenomena into the

area of the kmown, and, within limits, the

statistically measurable.

Ethical ocesthetics, on the other hand, does seck
to make judgements. Ethical aesthetics is
concerned with deciding what is good and vhat is
not so good; so far as the sensual apprehension
of phenomena is concérned. It is thus setting
greater value on one phenomenon and less on
another.,

M essential feature of all value judgements is Marginal ref. 52
that they make comparisons, These comparisons

may be direct product-to-product evaluations.

On the other hend, in a field where a history of

critical appraisal has been built up, formalised

criteria or standards may emerge by vhich any new

offering may be judged without direct reference

to specific counterparts.

Philosophers can, and do, debate ad nauseam the
criteria by which one appraises criteria, but for
practical purposes one is usually forced back,
sooner or later, on the final arbiter - the
'consensus of informed opinion', Sometimes
'informed opinion' is synonymous with !public
opinion!, Sometimes it means 'professional
opinion'. A great deal of what passes for hard
scientific fact is based on o consensus of
professional opinion. Just as with scientific
hypotheses, aesthetic criteria hold good just as
long as they are accepted by the consensus of
informed opinion.
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Most steble value judgements are built up like Marginal ref. 95

Cu=
the case law of our courte of justice. Bach
judgement is based upon vrecedent. Bach decision
is added to the collection of judgements, and cach
~dded decision changes both the norm or 'centre of
gravity! and the field of application of the collec-
tion. The next docision is thus made on criteria
different from those on which the previous decision
was based, In stable conditions, a consistent but
grodually adapting standard is reached.

Tor example, given o new consignment of Burgundy,
the question of whether or not it conforms with the
accepted alcoholic content for its class is a
matter of fact, susceptible to measuremcnt. This
is neither an aesthetic nor an ethical matter.

That the 'accepted alcoholic content' is right for
this class of Burgundy is something which has
grown up on precedent in the marmer of case lav.
This must originally have beoen a matier of
acsthetics, within the linits or practicability.
That it moy hove become embodied in the law for
the purpose of tax collection is irrelevant,
although the existence of such a law may very well
help to stabilise and perpetuate the original
aesthetic judgement.,

‘hether or not cne ought to drink alcoholic
beverages is a moral question but not an aesthetic
one. Repugnance in the face of the behaviour of
the inebriated might be a strictly aesthetic
reaction, but objections to aleohol are more often
strictly moral. How nany people like Burgundy,
ond how meny people think it is wrong to drink
alcohol, are matters of fact, Since they are facts
about aesthetics and ethics, we have called the
science of measuring then descriptive aesthetics
and descriptive cthics, respectively. Descriptive
aegsthetics and descriptive cthics pass no judge-
ments and set no standards, they only measure
observable facts.

On the other hand, the gquestion of whether or not
the new consignment is to be pronounced a ‘'good!
wine is a proper matter for practieal {or ethical)
aesthetics, since it concerns a value judgement

to be passed by informed opinion. The criteria
for judgement, such as colour; bouquet, flavour,
body and after-taste, may or may not he systematic-
ally applied in passing judgement. In many classes
of aesthetic judgements the criteria are not
consciously recognised at 211, But when, say, 2
professional wine taster evolves such criteria

for the purpose of classifying wines, he is
practising descriptive aesthetics., He nay
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himself hate the taste and disapprove of alcohol,
but his task is to apply the test of precedent.

The actual ethical aesthetic judgement is per-
formed when the body of informed opinion declares
the wine fit or unfit to be added to the collec-
tion of good Burgundies. This judgement may be
represented by - even predicted by - the tests
evolved by the wine taster. But the final
judgement is not dependent upon, and sees no
immutable truths in, tests evolved by wine tasters,

Moreover, unless the new consignment is an
absolute orthodox, average example, it will have
shifted the 'centre of gravity! of the collection
(using the phrase in the sense referred to above;
by which the next consignment will be judged. <\
If, for example, it exhibits a somewhat dryer flavour

than the norm of the collection so far, and yet is
accepted, then either the norm or the tolerance for
Burgundy flavour is shifted slightly towards dry-

ness., If its colour is lighter, and yet is accep-

ted, then the norm or the tolerance is moved

slightly towards palencss. 'They' decide -

whabever the wine tasters may have predicted.

But who are %“they'! - the body of informed opinion,

the trend setters? Tach individual ssys, 'This

is a good wine'; and if you ask him why, he

replies, 'because it pleases me!. He may or may

not enumerate the qualities, such as bouquet and

body, which particularly please him, and may or

mey not indicate that these qualities override

the abnormalities of dryness and colour. It is

I (P ST~

possible to distinguish between 'I happen to like Marginal ref. 53

this sample', which is almost whimsical in its
arbitrariness, and 'I recognise that this sample
conforms well to those criteria which are generally
accepted to be the marks of a good wine'; which
defers to the consensus of opinion.

Mutative or exploratory behaviour is natural in
man, and cach individual from time to time finds
pleasure in cxploring the perimeter of current
experience. From time to time he will turn to

some offbeat titillation. Imitative behaviour

is also natural in man, and there are many who have
not the imogination or the opportunity for trail
blazing, but who are recady to follow in a new
direction once it has been shown to them. So when
a mutation occurs in our Burgundy, there are some
who will find added pleasure in it and some who
will not., There are others who, if they see,

will imitate. 'They! are the people who are found
to be the most reliable models by those who have
not the time, the opportunity or the discriminatory
powers to be their own arbitcrs,
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The esscnce of acsthetics is choice, the aim is
appropriateness, and the criteria are the cgntre

of gravity and the periphery of all the choices

made so far. BEach man has his own standards and

o consciousness of other pcople'!s stondards. Each
makes his own choice. Other people with a similar
background may noke o similar choice. The designer's
special problem is that he must usually foresce the
probable futurc choice of other people, as well as

his owne.

Given that sesthetic judgements must be made by
people, and that predictions about the judgements
which people are likely to make must be based upon
a kind of case law, it should be possible to
collect data and to carry out analyscs of trends
and probabilities, using techniques well developed
in the natural and social sciences. Any such

data must ultimately be translated by the designer
into & goal-decision system, That is to say, he
must establish which properties, and which
different states of a property, will give rise to
varying degrecs of satisfaction; and he rwust estab-
lish which decision variables, and which different
states of a decision veriable, will give rise to
the desired properties, A primary purpose of this
paver is to clarify the logic of these basic
relationshipse.

Very little is known about the combinations of Marginal ref. 54
properties - shape, proportion, colour, texture

and so on -~ which give rise to aesthetic satisfac-
tion. BSuch work as has been done can hardly be
said to have put into the hands of designers
cither o corpus of knowledgc or a set of tech-
nigues capable of providing rational aesthetic
decisions. In the meanwhile, the only effective
'black box' is the sensibility of a discerning and
creative designer in full communion with the life
and times of the society which he seeks to scrve.

The question of ethics remains., Not only in
connection with aesthetics, but also in connec-
tion with other design factors such as relia-
bility, asafety and profitability, a designer

may well find himself faced with a disparity between
what people secm to want and what he thinks they
really ought to have. Tor example, an architect
or industrial designer may be urged by his client
to produce a design which is 'popular! in style
whereas he may feel that pandering to popular
tastes cheapens the acsthetic standards of the
community. Or again, an cngincer might be
required by his brief to place greater emphasis
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on economy of means and less cmphasis on factors
of safety than he may fecl is proper.

In this the designer is neither more nor less
responsible to his conscicnce and to the community
as a whole than any other member of the community.

Clearly, it is important to the self-respect of

an individual, and ultimately to the stability

of a community, that he should be able to avoid
dishonesty. Society depends in the long run upon

a rcasonable assurance that accountants respect

the integrity of figures, lawyers the integrity

of the law, doctors the integrity of human life,
and designers the integrity of design. However,

a citizen consulting a doctor or a lawyer depends
upon it that his adviser is dedicating himself

to the paticnt's or client's personal interests.

He would be greatly dismayed if he thought that

his doctor or lawye:r was sacrificing his direct
interests on the altar ¢ some scientific or
philosophic truth. If he were a manufacturer or a
consumer he would We equally dismcyed if he thought
that his designer was sacrificing his intcrests on
the altar of some . aesthetic or technological truth.”

This underlines the distinction between the role
and responsibility of the professional worker,
dedicated to the.service of the co..unity, on the
one hand, and that of the pure scientist, fine
artist or philosopher,; dedicated to the pursuit.

"of truths, on the other. Generally speaking,
~a man must make up his mind whether he is artist

or-designer, scientist or ecnginser, philosopher
or lawyer and assign his pricrities accordingly.

Inevitably, there will always be a little of the
altruist in the idcalist, an’ ice versa,

Tt 'is a weakness.of the present system of educating
architectural, engincoring and industrial designers
that so often the pursuit of the ideals of fine

art .and purec science  arec presented as the only
“aespectable principles, and the concepts of the
pursuit of gltruism in. social and professional
service arc so often.ignored,

Ethical (and aesthetic) questions arise in the
nomination of objectives for a project, in the
ranking or rating of objectives, and in the assign-=
ment of limits of acceptability. The weight which is
attached to fulfilment of an objective and the

level at which minimum acceptability is set will
depend upon the attitudes end negotiating strengths
of the various participants. It has already been
indicated (para. 6.18) that most designers regard

" guardianship of the ultimate user'!s interests and

of the community's intercsts, at .all levels, as their

"special ethical responsibility. ILittle work has been.

done, however, to asscmble any corpus of knowledge:
on the systems of values extant in the community, oz
of those actually excreised by designers,
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9 The problem of imperfect information

9.1 In the problem solving routine sct out in para-
graph 4.14, the problem solver is rcquired first
to identify a system connecting one or more
propertics P with controlling decision variables
D and context variables C;, and then to sclect

" O such valucs of D as will optimise the provision

(ﬁj ' “’755“558555%155‘?1 It has olready been noted
(scction 4) that the laws which govern the
relationship of any given property with its con-
trolling decision and context veriables will be
defined by the disciplines - physics, mechanics,
economics, psychology, ctc - within which the
particular system lies.,

9.2 The range of disciplines over which the designer
mist have some ccmmand has also already been
discussed (section 7). Some of these disciplincs -
for example, mechonics, structurces, finance - are
concerned wholly or mainly with quantifiable
phenomena, and the laws operating within then
arc well known., Other disciplines - for oxample,
motivation, aesthetics, ergonomics ~ deal with
phenomena which are largely qualitative, and the
laws operating within them may be less rcadily
describable.

9.3 Nevertheless, a designer is still required to
select values for his decision variables and to
precdict by calculation or judgement what will be
the resultent properties in the outcome. It has
been observed (section 4) that in order to be able A
to do this he will cften use operational modelsq"(ﬁ@7'ﬁ-2)

9.4  Although the laws governing gqualitative phenomena
are less widely understood and the mecans employed
for 'calculating' the outcome of given decisions
rclation to them are ofton highly empiric, the
means for setting out qualitative relationships
in abstract or generalised notation, and for
computing the rosults of decisicns, arc alread
moderately well developed in formal logic,
Boolean algebra, theory of scts, ctc. The diffi-
culty lies morc in the lack of tabulated data in
the ficlds of motivation, acsthetics, crgonomics,
etc, than in the lack of means for nmanipulating
that data once gathered, The principal distinction
between phenomena from the operational point of
vicw 1s therefore not in their 'qualitative v,
quantitative! character but in their 'known v,
not known' character,

3.5 Statisticians and cyberneticists distinguish three Marginal ref. 55
conditions of information - certainty, risk and
uncertainty. Certainty is the condition where
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the state of a phenomenon is knowm and can be
relied on to remain fixed or to vary according

to some predictable pattern, Risk is the condition
vhere the statc of the phenomena is known to lie
within a given range, or to be varying over a given
range, with a calculeble probability of being found
at a given state, or within a given zone, at a
given time. Uncertainty is the condition wherec

the state of the phenomenon is not known, and the
probability of its taking a given value or of being
found within a given zone is not known.

Thus, i1f someone were to spin a coin on a plate

he could state with certainty that it would
eventually come to rest, predict with known risk
that it would show heads, and wonder with unccr-
tainty what might have happened to the coin by that
time on the following week.

In the final analysis, cven the apparent cer-
tainties of physical laws are only relationships
which, it is predicted, will continue to prevail
over the not too distant future, with a very small
risk of being proved wrong, whilst the apporent
uncertainties of human whim are really phenomena
which can be predicted only with a very high proba-
bility of being wrong, so that strictly speaking,
certainty and uncertainty cre really no morce than
the extreme cases of a ronge of degrecs of risk
(fig 9.3).

In a problem solving situation, a system in which
a prcediction about an outcome can be made in
conditions of certainty may be described as a

deterministic system; a system in which a pre-~ Marginal ref.

diction can be made in conditions of risk may

be described as a probabilistic system; and one
in which no prediction can be made may be described
as a capricious system.

Thus, amongst functional, mechanical and struc-

tural problems in particular, a designer will find
himself dealing with deterministic systems -

that is to say, with systcms where the selection

of a particular state for the decision variables will
reliably result in a given state of the related

property defined by the objective. Amongst pro- Marginal ref.

duction, marketing and ergonomic problems in partic-
ular, he will find himself dealing with probabilistic
systems -~ that is to say, with systems where the
selection of a particular state for the decision
variables will result in a calculable statistical
probability of the statec of the property being

found at a given point or within a given range,

56
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Amongst motivational and aesthetic problems -
in the present state of knowledge - he will
encounter capricious systems where he has no
calculable assurance that a particuler decision
will produce a given result.

As the state of human knowledge progresscs,
more and more systems which have hitherto been
regarded as capricious become probabilistic,
and as the degree of human control over pheno-
mene increases (in particular, of control over
the quality of materials and processes), more
and more systems which have hitherto been
probabilistic become deterministic.,

In addition to having to discern the laws
connecting the decision variables, context
variables and output properties in a goal-decision
system (or choosing to regard the systems as 'black
boxes' and establishing the outcome by means of
trial and error in operational models), the
designer must collect or generate the data he
needs, especially concerning the context variables.

Unfortunately, very commonly, the data is diffi- ,Marginal ref. 57
cult to find, and vhen found it very often con-
tains redundancies, crrors ond omissions., Stemming
from the early days of information theory, which
was then concerned meinly with the quality of
transmission of sound over a telegraph line or

a radio carrier frequencys the term 'noisy' is
applied to information which is overlaid with
redundancies and errors. Signals which contain
neither woisc nor omissions are called ‘'perfect!’
information. Thus data can be perfect, noisy

or incomplecte.

Some data will have been gathcred, tabulated or
classified, and stored awaiting retrieval and

use, Examples of this kind of data are scen in
architects! and enginecrs' handbooks, sanufacturers!
catalognes, research reports and case studies.

Other data will be obtainable readily enough,

but not having been gathercd before, must be

gought out in the field and recorded. Examples

of this are scen in site surveys, market research
and anthropometric studies. Yet other data are

not available at all, and must be gencrated by
experiment. Ixamples of this are scen in test
narketing, destruction testing and stress analysis.
Some such data can only be gencerated retrospectively.
Almost any combination of deterministic, probabi-
listic or capricious; noisy, perfect or incompletes
and retrievable, surveyable or generatable infor-~
mation moy be found in a design problem.
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9.11 According to information theory, the infor- Marginal ref. 58
mation content of a signal is proportional
to the degree to which it narrows the field
of remaining uncertainty. TFor example, the
discovery that a component in a design needs
to be elecirically insulating immediately
narrows the field of choice of materials from
which it can be made. If it also needs to be
heat-registing, this narrows the field again.
The unit of information content is the 'bit', or
binary unit of information, and is defined as
that which halves the uncertainty.

9.12 The purpose of a design project is to identify
the requirements of a product and to describe
a design calculated to meet those reqguirements.
Every piece of data gathered, and every decision
made, contributes to reducing uncertainty about
the nature and effectiveness of the end product.
(fig 9.4). The measure of efficiency of the design Marginal ref. 97
act is thus the measure of the information content
of the data employed and the decisions made. Any
time, effort or other resources expendad in the
design act which does not reduce uncertainty
about the requirements, nature and/or effective-
ness of the end product is wasted.

9.13 In the majority of cases the cost of the resources
devoted to design and develomment must be added
to the selling price of the product or set off
against the profit arising from the sale of the
product. There is therefore congsiderable pressure
to keep the cost per unit product of the design
and development programme as low as reasonably
possible., This may be achieved by curtailing the
design and development effort so that a greater
or lesser degree of residual uncertainty remains
about the requirements for or effectiveness of
the product when it finally goes on to the market; Marginal ref. 101
by spreading the cost of design and development
over the maximum number of products: or by
increasing the efficiency (i.e. information con-
tent) of the design and development activity itself.

9.14 Going into production with residual uncertainty -
that is to say, taking a gamble - may well result
in higher profits and quicker returns if it
succeeds. There is also a higher risk of total Marginal ref. @8
loss. Paying the price of making sure, or spreading
the cost of a more elaborate design and development
programme over a larger number of products, generally
result in greater certainty of a smaller profit and
with delayed returns.
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It is characteristic of the mechanism of the

money market that capital tends to flow to the

lower risk investments. The laws of supply and Marginal ref. 59
demand apply to capital as much as to anything else.
Hence investors jostling for the security of low
risk enterprises have to be content with low
interest rates and investors adventuring in

high risk enterprises demand high interest rates.
All investment is a gomble, of course, and is

based upon the assumption that the performance

of the management concerned will continue in the
future to be rather like his overall performance

in the past. Hence any new management tends to

be regarded as involved in a high risk enterprise,
and any capital invested tends to be provided

in the expectation of ultimate high returms if the
enterprise should succeed. The rate of return
which would have to be offered in order to a
tendency for capital to flow,into a project is
described as the marginal cost of financing it.

Whether a design and development project is financed
by bank or other institutional loans, or by public
investment, or by the allocation of existing resour-
ces, the return required must in the long run reflect
the rigk of the enterprise. If it does not, capitel
will tend to flow in or out until the laws of supply
and demand force the interest rates up or down.

Where a high risk enterprise is undertaken on a

developer's existing rcesources, he will tend to

limit his investment to a given fraction of his

total resourceg, so that a total loss would

not unduly affect his overall return. In all Marginal ref. 99
cases, therefore, there is a direct relationship

between the residual uncertainty at the end of

a design and development project and the cost of

servicing the capital resources employed (fig 9.5)

Since,; on the other hand, the cost of achieving
greater certainty is itself a call on resources,
it is clear that the design ond development acti-
vity must be conducted on such a scale or with
such efficiency that the justifiable cost (approp-
riate to risk) of servicing capital plus the

cost of design and development is equal to

or less than the margin between the selling

price and the manufactured and marketed cost

(fig 9.6).

It has already been argued (paragraph 9.12) that
all expenditure of resources on design and
development must contribute to the reduction of
uncertainty about the properties required to be
exhibited in the end result, and the degrec to
which these properties are, in fact, provided by
the design. Where the systems relating to

hese properties are probabilistic systems, the
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design and development activity can cnly determine

the statistical probability with which the property

will be found, or will he found within a given

range, in the end rosult. The probability with Marginal ref. 60
which an overal® end result will be found con-~

toining simultancously the required propertics in

twe nrobebilistic systems is the product of their

reaspective probﬁkilitios, For cxample, if ¢

coin is tossed, therc 1s a .5 probability of it
coming down hoads. If two colng are tossed, there
are four possibilities - two hoeads, one haad one
tail, onec ta2il ono herd, two tails - or a probab-
111ty of .5%.H = .25 of their coming down two heads.
The expodicincy of procceding with a given proposal,
in the light of its overall uncertainty, may
tharefore be expressed oss

R .
fe. al ref.
B (x) = L1 Merginal ref. 100

i Ty @{an},

where
2% significs the index of expediszncy P
.
i nT pr-couding with promnsel i
PE (x) signifies a2 particular value x for
i the indcex of sxpediency P
Ri signifies the expected return per cent
on the capitel emplcyed, if proposal
i were to be successful
Fi signifies the morginal cost per cent
of servicing the capital employed,
if propesal 1 were to he proceeded
with
9 signifies the index of probability

e P (X)}signifies the overall probability that
{_n the propertiss P will trke up the
states x prediotgd (that is, that
proposal i1 will be sucoessful)

4 negetive value for PEi(X) would sugzest that the
nromasal is not worth proceeding with, since the
expected return iz less thon that associsted with
the degree of risk involved.

In wmany cases the exnected return R, on the capiteal
employed in a project will reflect %he merit of the
losign in other respects.

R, = fMiy( t)
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It might thercfore be necesasry first to establish
the rvedicted guality of the solution spart from
its norits 28 2 capital investment, and then to
re-calculate its oversll morit, taking into account
its financizl exncdiency in the light of its other
merits, Nommally, the relative impertance of the
finsncial and other considerations will have been
taken into account in assizning importance ratings
to chjcectives:

i, (t,) = Z(ronmn(ﬂ) + (PEi.P, i(x)

i I‘orl + I‘PEi

i}

where ]
M, (tz) signifies the state t. of the
I2 index of moerit M associsted with
performance y, of oroposal i,
taking into afcount its expediency

B,
i
Tp sipnifics the weighting to be glven
Ei to the index of expediency PE .

ah

5.20 A technique for setting out the possible cutcomes

D

ro

of altornative courses of action (in this casc,

of alternetive designs and/or of altcrnative levels

of rescarch, design and development effort) is

known 2s the pay-off matriz (fig 9.7). The Marginal ref,
morit of each alternative propesal under cach of

the sets of circumstances which might then prevail

is set out, so that a selection can be madc, In

most rcsearch, design and development prejects,; a
reappraisal of this sort (wh:thor formally set out

or not) is usually madc %t the ond of each stoge
of the project programme (fig 9.8).

It can be cencluded that every effort should be
made to avoid dependence on capricious systems,

or systcms with high uncertainty. Probabilistic
systems are better than capricious systems and
deterministic systems =re hetter than probnbilis—
tic systems, so far as the efficicnecy »f the design
act is concarned. For a particular set of phenom-
ena to constitute a deterministic or probabilistic
system, there must be lews conncceting inputs with
outputse. The discormmont of such laws from
oxaminati:n of case studics, t2bul-ted data and
cxperiment 1s an important function of design
regscarch.
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Tt can also bs concluded thet retrioveble (i.e.
already tabulated) informasticn is generally better
than surveys~ble or generatzble information, on
grounds of coste. Perfect information is obviously
tetter than noisy or incomplete information. This
agaln emphesises the import-nce of recording full
and acourate case study data.

There zre three things which a designer can do to
ease his task. He can gtrive to see that the
nroject objectives define as large an arena for
performance as possible, he can try to produce -~g
flexible a solution &3 nossible, or he can make
simplifying assunptions.

A lorge arena for performance meens that the des-
igner is not so closely hemmed in by constraints
that success in fulTilment of one objective is
achieved only at the cost of mrrgzinal fulfilment

of another, and a flexible solution is one which
will accommodsate to unexpected variations in input
or output datz. Teken together these can be
deseribed as creating conditicns where a 'loose

fit! hetween design and requirements can occur 7ith-
out detriment.

The technique of making plausible simplifying
assumptions in the face of non-deterministic
systems or noisy d-ta can ireatly speed progress

in the solution of a complex vroblem provided thet
care 1s taken to validate experimentally any
assumption that promises to be critical to the
validity of the solution as a2 whole, The advantage
of making assumptions rather than testing all
available states resides in the fact that once a
solution has been found it is only necessary to
prove that the rgsumed value is valid,; instead of
estblishing that a certain range of states would
be equally or variably valid. The employment of
operational models (section 4) is frequently
associsted with the solution of problems brsed upon
agsumption and test,
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10.1

10.2

10,3

10.4

Technigues in problem solving

Traditionally, the designer has worked largely

“dintuitively - studying his brief, scanning the

evidence, ruminating upon implications and sketch-

ing ideas without the exercise of very much conscious
control over the activity of design decision making
itself,; or very much conscious reasoning in arriving
at decisions. In many classes of design problem this
procedvure has been, and is likely to remain,

entirely adequate. In textile, clothing, jewellery,
some ceramics, much interior and most furniture design,
for example, it would seem that circumstances would
seldom warrent the expenditure of much time and effort
on justifying, intellectually, propositions which can
be very rapidly tested in practice.

There are some areas, however, where it is becoming
less and less possible to depend wholly upon intui-
tion in choosing a route through the problem or in
making design decisions. For example, the design
of complex buildings such as hospitals involves
such a very large number of interacting variables
and requires so many detailed subproblem solutions
that the architect cannot trust to intuition to
tell him which is the best order in which to deal
with them or whether he has covered all the ground.
Similarly, there are some mechanical and systems
engineering problems (not always relating to big

or complex structures) which involve such complex
overlays of the areas of acceptability in objec-
tives, and such limited intersections of the curves
of feansibility, that the chances of selecting
intuitively a design idea which will turn out to

be both feasible and acceptable are very remote.

The increasing standards of pexrformance being demanded
of designs, and the increasing variety of materials
and processes becoming available to construct them
vith, are tending to increase the frequency with
which such difficult cases arise,

There is evidence,; moreover, that even where prob- Margintl ref. 61
lems are to be handled intuitively, a designer (or

other problem solver) is better able to ruminate

on his particular problem when he is in possession

of !'structural' concepts of the logic of the

general class of problems into which his problem

falls and of the general programme of events

through which his activity is likely to pass thayp

when he has no such structural concept.

It is important to distinguish between technique and

policy. A problem solver may choose to follow a policy

of plamming (which is defined as the policy of intelli-

gently anticipating how an objective can be achieved) Marginal ref
or one of expediency (which is defined as the policy 103
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10.5

10.6

10.7

10.8

10.9

(contd)

of being guided by needs of the moment). Which-
ever he chooses, as he comes to ecach decision
point, he can employ the technigue of rational
decision making (vwhich is defined as trying to
reach a conclusion od the bagis of reasoning
from premises by connected thought) or the tech-
nique of intuition (which is defined as reaching
a conclusion by insight or assertion).

It is also important to distinguish between the

manner of forming an intent and the manner of

pursuing it. The objectives in & design project

may be selected by reasoning or intuition. The

standards set may be high or low. But however

they are arrived at, questions as to the merits

and demerits of the objectives and standards By
selected must rest uvltimately on question as Marginal ref.104
to the value systems of the people involved or of the

society in which they operate. Some such gues-

tions stand beyond the reach of analytical

regsoning,

The pursult of these objectives, on the other

hand, can always be evaluated as efficient or
inefficient (in terms of economy in the employ-
ment of time and money in problem solving),
effective or ineffective (in terms of degree of
fulfilment of the objectives), and safe or risky
(in terms of probability of the proposed solution's
turning out in the event to be as effective as
prescribed).

Thus the polarities of reason v intuition occur

at all three leovels ~ in the selection and ranking
of objectives, in the organisation of the design
activity and in the making of soiution decisions.
All combinations and degrees of these polarities
are found in design practice.

In general, careful reasoning at any or all levels
tends to slow down the design activity and make

it more costly, especially during the earlier
stages. On the other hand, it also tends to dimin-
ish risk,

Intuitive methods are therefore appropriate
where the risk and/or congequences of failure are
acceptably low, and rational methods are
appropriate where risk and/or penalties are

high and must be minimised,

The principles developed in this thesis ore
intended to apply to both intuitive and rational
methods, and at all threc levels of design plann-
ing and execution. The techniques and termin-
ology presented are intended to be compatible

with the neighbouring disciplines of cybermetics,
management science, operational resecrch and system
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10.10

10. 11

10.12

10.13

10.14

(conta)

cngineering. Indeed, the argumcnt set out here
can be categorised as the application of these
disciplines to the desion activity.

Although scme of the techniques are far from fully
develeped, there is ot least a principle, cstablished
in management science, operational research or
conventional design proactice, which can be applied

to each of the steps in the design process descri-
bed in section 6 (fig. 10.1). It remains, there-
fore, to accumulate sufficient case study material

on the application of these techniques to design
problems in order to provide a valid design

science.

It has been repeatedly argued here that the
excrcise of value judgements in the nomination and
reting of objoctives is and must romain a humen
responsibility outside the logic of the problem
itself. The development of automatic problem
solving techniques would not, therefore, affect
the importance or human control of value systems,
Indced, they might well couse the exercise of
velue judgement to become a vastly more important
part of the designor's role.

The other arca where the role of the designer has
hitherto been regerded os vital is in the creative
act of conceiving design ideas or solutions-in-
principle, Given adequate data, however, it is
possible, at least in principle, to emnloy
antomatic search technigues for finding feasible
and/or optimal solutions within the problem con-
straints. This is particularly practicable in the
case of probabilistic and deterministic systems -
that is to say, in problems where the laws
governing the relationships between decision
voariables and output nroperties are known or ca-
pable of imitation by models.

Even in the case of capricious systems - that is to
say, in problems where no laws can be discerncd in
the connection between the decision variables

and the outcomes - it is at lecast theoretically
possible to gencrate random decisions automoti-
cally, to huild prototypes of the system and to
compare outcomes until an acceptable solution

is reachoed.

The capacity to postulate new ideas is therefore
not an indispensible part of the human role,
although in the present state of the art and
science of design it is an extremely effcective
cne,
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The basis of the effectiveness of human creativity Marginal ref 106

is the capacity of the hum~n brain to provide
cheap and subtle (though inaccurate) operational
modele by which the more promising ideas can be
quickly sorted from the less promising ideas.

For maximum efficiency, a design programme would
be conducted with a mixture of rational and intui-
tive technigues appropriate to the nature of the
objectives, the quality of the data, the choracter
of the problems and the certainty required in the
end result,

It carmot be emphasised too. strongly that this
paper 1s not advocating the slavish pursuit of the
principles and routines set out here, in the manner
of a step-by-step recipe for designing. On the
contrary, the matters contained herc are seen as
providing, at best, the samc sort of guidance

as that provided by semantics, accidence, syntax
and the principles of composition for the prepar-
ation of literary works, In other words, they are
an attempt to make explicit the practices which
discerning people seern to be adopting.
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11.1

11.2

1.4

11.6

Summary and conclusions

The arguments and hypotheses set out in this thesis
are based upon the observation and analysis of a
number of case studies, listed in the Appendix.
Concepts developed in neighbouring disciplines

have been employed to illuminate the nature of the
desgign activity. It is concluded that design is

a specific example of a general pattern of problem=-
solving behaviour,

All problem~solving activities are goal-directed,
The correct identificaticn of the goals, as well
as the discovery of means for attaining them, is
an essential part of the activity.

Most design problem-solving activities are carried
out within the framework of larger endeavours,

and some, at least, of the objectives of the
design problems reflect the goals of the encompas-
sing problems.

More than one person or body of persons may be

in a position to nominate the objectives of a
design problem, and more than one person or body

of persons may be empowered to contribute decisions
in its vlution. The group of people so empowered
constitute a coalition formed for the pursuit of
common, allied -~ or even, in part, opposed - ends.,
In such a situation the procedure is a dynamic

one, where each decision is made, and any objec-
tive may be reviewed, by comnon consent, according
to the aims and bargaining powers of the participants,

tlany design problem solving activities are carried
out in opposition to competitors. It can be argued
that in the absence of human competitors, a project
is conducted 'against nature'. In every case,
therefore, the design activity is dynamic and spread
over time, each decision being taken in the light

of the actual or potential counteranctions open

to competitors.

Within this framework, a design problem is defined
ag follows:
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(contd)

Given (by the arbiter(s))

A set of properties which are required to be
exhibited in the end result: a specification

of the woys in which varying states of the
various properiies will be regarded as providing
varying degrees of satisfaction, including any
limits to the acceptable ranses of states of the
properties; a specification of the relative .
importance vwhich is attached to the satisfac-
tion of the verious requirements; the set of
decision variables which are to be accessible to
the decision maker(s), and which govern or partly
govern the states of the properties; the limits to
the ranges of states of the decision variables
which are t0 be open to the discretion of the
decision meker(s); and the set of context
variables which are NOT to be at the discretion
of the decision maker(s), but which partly govern
the states of the properties:

It is required (of the decision maker(s))

to select o set of states of the decision variables
such that the satisfaction of the requirements,
weighted according to their importence, is
optimised:

Provided that

the stotes selected for the decision variables are
mitually compatible; the states selected for the
decision variables lie withim their respective
limits of discretion; the laws governing the
relationships between decision variables, context
variables ond properties are complicd with; the
resultont states of the properties are mutually
compatible; and that none of the states of the
properties lies outside their respective limits
of acceptability.

The function of conceiving solution hypotheses, or
design ideas, has hitherto been regarded as the
principal 'human' contribution to designing.,
Advanced automatic dota processing techniques,
however, offer the possibility &€ exploring
mechanically all the feasible combinations of
values for given decision variables. Creativity
in this sense might well, therefore, hecome a

less valuable hunan facility as time goes on.

The functions of nominating objectives and rating
them for importance remain essentially human and
largely subjective., ©Social science techniques can
be employed to discover the value systems of indivi-
duals or classes of people, and logical tools can be
employed to compute with the data obtained, but



(contd)

thuse are only means for making explicit the
human and subjective.value judgements about
goals, which must be made by the people
concerned, Terceptiveness in discerning worth-
while cobjectives, and judgement in rating them
for importance, might well become more valuable
a human facility as time goes on.

A major deficiency in the present state of the
art of designing is the almost complete lack
of data on the value systems extant in the
community, or employed in design practice.

Techniques for the handling of all the phases

of design exist, at least in principle, within

the disciplines of management science, operational
research and the various branches of technology.
An essential part of the designer's skill is to

be acquainted with these disciplines and to be
able to discern which techniques are appropriate
to what phase.

A second major deficiency in the present state of
the art of designing is the almost complete lack

of case study evidence as to the techniques employed,
and the degree to which each has been found
effective, in various classes of design problem,

The laws connecting the decision variacbles, context
variables and output properties in a particular
design problem constitute the disciplines of
thysics, mechanics, structures, production engineer-
ing, economics, marketing, aesthetics, ergonomics
etc., appropriate to it. Some of these disci-
plines are highly developed and some are not,

The third major deficiency in the present state
of the art of designing is the paucity of tabula-~
ted data, basced upon case studies, from which
general laws might be distilled in those disci-
plines which arec underdeveloped,

The structure of tho design process, as conceived
in this thesis, may be summarised by the following
definitions:

1 A PROPERTY
is an attribute, quality or condition in man's
environment, A property mey take two or more states.
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P signifies a property

e

signifies a particular property (where
n is an identifying letter or number)

Pn(x) signifies a particular state x of
propexrty Pn (vhere x is either an

identifying letter or number, or a
value for property Pn according to

some appropriate scale).

Certoain properties may, in a particular case,
co-exist with other properties and may be in some
interdependent relationship with themn,

P, = fF, (where f signifies some given relationship

with, or function of, P2).

2 A GOAL
is a state of satisfaction in a person or a body
of people with o property or a particular state

of a property.

0 signifies a zoal
On signifies a particular goal (where n

is an identifying letter or number)

0 (y) signifies a degrce of fulfilinment y of
goal O on the scale zero-to-unity
(where’, when the goal is completely
fulfilled, then y = 1l; when the goal
is partly fulfilled yet remaining within
the limits of acceptability, then

1>y >.53 when the fulfillment of the
goal is at the threshold between accep-
tability and non-acceptability, then

Y = «5: and when the degree of fulfill-
ment of the goal is below the thresh-
old of acceptability, shen y%.5).

Varying degrees of fulfillment of the goal may be
associated with varying states of the property.

Pn(l) or Pn(m) signify threshold states 1

or m of property P_(that is to say, SRt

they are states o Pnassociated with

0,(y) = .5).

Pn(u) signifies the ideal state u of
property P (that is to say, a state of
P nssociated with 0, (y) = 1).
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The association betweun the degrecs of fulfilment
of 2 goal and the varying states of a property may
be cxpressible in the form of a law (sec fig 11.1).

On = fP (whore f significs some given relationship

with, or function of, P ).

n

3 THE RATING
of a_goal is the weighting to be applied to the
degree of fulfilment of the goal when celculating
its contribution to the overall fulfilment of
a set of goals.

T, sismifieg the roting r of goal O
n . : ‘
(whore T is any appropriate factor).

4 A GOAL DIRECTED ACTIVITY
is action undertaken for the purpose of achieving
fulfilment of a_gozal or a sot of goals.

5 A PROBLEN

is a conditimn where the identity of a property,
the law connecting a property with lto anzsociated
gonl, the rating of 2 goal or the neture of the
”Pthn to be thpn in a fmoal directed activity

is not appsrent or is open to cheice.

A vproblem iz itsalf 2 preperty, onc of whosce
sitates 1s the waresolved conditiosn and the other
of whose states 1s the resslved condition.

6 A PROBLTM SOLVING ACTIVITY
is g goal directed octivity in which the goal is
to achiceve the regolved 2onditicn of a problem.

7 AW OBJECTIVE

is the goal of 2 problem sclving activity. This
term is employcd to assist in distinguishing
between an immedistely desired condition (the
resolved condition of the problem) and an ultimately
desired ccndition (uho most accoepts ole achievable
state of the property associcted with the goal of
the goal direccted act1v1tx_to which the problem
solving activity rel: tes ).

0 sirmifies an oJbjective, The notation
for objectives 1s idontical with that
for goals.

8 A DESIGN ACTIVITY
is 2 problem solving activity in which the

shiective(s) relate to the moans for or3v1d1ng

te properties of somc artifact or aggregation of
artifrcts,




&

@

y-7

11.11

(contd)

9 A DECISION MAKER
ig & person or a body of pecple who conducts a
problem solving activity

10 A DESIGNER
is o decision maker in a design activity

11 A DECISION VARIABLE

is a condition which governs or contributes to
governing the state tcken up by a property and
over which the decision maker(s) in a problem
gsolving activity are entitled to exercise
control, A decision variable may btake two or
more states.

D signifies a Jdecision variable

D signifies a varticulor decision
variable (where n is on identifying
letter or number).

D (i) signifies a particular state i chosen
for decision variable Dn (vhere i

is either an identifying letter or
nunmber, or a volue for decision
variable D“ according to some approp-
riate scale).

Varying states of the decision variable may be
associated with varying states of its dependent
property. The relationship between states of the
decision variable and states of the property may
be expressible in the form of a law,

P = fD_ (vhere f signifies some given relationship
n n . .
with, or function of, Dn)

The range of states of a decision variable access-
ible to the discretion of the decisiggugaker(s) nay
be 1limited.

D_(g) and D_(h) signify limiting states g and
n n . s % :
h respectively of decision variable
Dn in the range of accessible states
of Dn (where g and h arc identifying

letters or numbers, or wvalues according
to some appropriate scale).

fmongst the states of the decision wvariable
accessible to the decision noker(s) there may
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be some states which are more desirable and other
states which are less desirable, NOT because
of their effects upon the pronerty controlled
by that decision varisble, but because of cer-
tain merits or demerits attoched to the states
of the decision variable itself, The appre-
hension of comparative merits in different
states of a decision variable implies that it
is itself the subject of a goal, and under
these circumstances the decision variable is,
at the same time, a property and a factor
governing a property.

P, = fD (where f signifies some given relationship
with, or function of, D,I)°

D, s P, (where

A signifies 'is identical with').

In addition, in a given probler, one decision

variable may co~exist with other decision

variables, and may have some sort of interdepend-

ent relationship with one or more of them. v Iu«:{ Dys

D, = D, (where f signifies some given relationship 77
1 2 . R
with, or function of, Dz),

12 A CONTEXT VARIABLE

is a condition which contributes to governing
the state taken up by gz property and over which
the decigion maker(s) in a problem solving acti-
vity CANNOT exercise control, A context variable
nay take one or more gstates.

C signifies a context variable

C significs a porticular context variable
(vhere n is an identifying letter or number)

C (k) signifies a particular state k of context
varioble C_ (where k is either an identifying
letter or number, or a value for C_ according
to some appropriate scale), B
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Varying states of the context variable, in
conjunction with vorying states of a decision
variable, may be associated with varying states
of the dependent property. The relationship
betwecn states of the context variable, staotes
of the decision variable and states of the
property may be expressible in the form of a
lav.

P = f(C_, D) (where f signifies some relation-
n ship with, or function of, C  and Dn).

13 AN ARBITER

in a goal directed activity is a person, a body
of people or a condition in nature who nominates
a property; determines the law which is to
connect varying states of the property with
varying degrees of fulfillment of the goal;
assigns a rating to a goals; nominates a decision
variable which is to be at the discretion of the
decision maker(s); assigns limits to the range
of states of a decision variable accessible to the
decision maker(s); determines the laws which are
to connect any interdependent properties, to
connect the decision variables and context
variables with the properties, and to connect

any interdependent decision variables: and
determines the state which a context variable

is to take up, An arbiter may or may not at the
same time be a decision maker.

14 A GOAL-DECISION SYSTEM

is o condition where a goal is governed by a zroperty
which in turn is governed by at least one decision
variable, with or without an associated 905?%&3
varioble. A goal-decision system contains one and
only one property.

0, =fP = f(Cn, D ) ({where f signifies some rela-
tionship witg, or function of, 2 or C
and D ). n n
n

In a given problem: solving activity, the set of
goals towards the attainment of whieh the activity
is directed may give rise to a complex of goal-
decision systemns. Two goal~decision systems are
said to be connected where their respective prop-
erties are interdependent and/or where their
respective decision variables are in cormon or
interdependent. Two or more connected goal-decision
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gystems must be handled as a single complex
systen. Two unconnected goal-decision sgystems
may be handled independently.

15 A SYSTENMATIC MODEL

of o goal-decision system or a complex of goal-
decision systems is a logical nodel indicating the
relationships of all the decision varigbles, contcxt
variables, and properties in the systen(s).

(sece figs 11.2 and 11.3).

16 A HIERARCHICAL MODEL

of a complex of goal-decision systems is a logical
model indicating which sets of goal-decision systems
may be regorded as being grouns, having a greater
richness of interconncction between themselves

than between the group and other goal-decision
systems outside the group; which sets of groups
nay be regarded as being greater groups; and so

on, in a hierarchy, until the whole complex is
embraced, (see fig 11.4),

17 A PROGRAMME

for a complex of goal directed activities is a
logical model indicating which activities are
dependent for their commencement or completion,
upon the completion of which other activities.

18 A PERFORMANCE SPECIFICATION

is the set of ordered pairs of goals and their
associated ratings in a goal directed activity.
Since the nomination of a goal is meaningless
without reference to the property which governs it,
and to the law connecting the gogl with the
property, a performence specification must nominate
these, too,

{(’(01 - fP1)9Io1}, ((02 - sz),roz)

{fon = an),ro 3} signifies a performance
n V.

specification, with goals 01, O2 °°"On

19 A PROPOSAL
is a set of states chosen by the decision maker(s)
for the decision variableﬁgi‘in a problem solving

activity and offered as a possible means for meeting
the performance apecification,

{D1(i)9 D2(i) .,..Dn(i)ﬁlsignifies a proposal i

for a set of decision variables D D ....Qn

17 72
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20 A DESIGN

is a preposal in which the docis;ﬂguyeriébles

“relste to the C“QL“hUT”tlon of
an agyreg-tion of artifeets.

21 THE PORPOLIANCE

an artifact or

errresponding to o given proprsal is the set of

states of Qggpcrgigg vhich arc

“hibited in the

autcome, or which would Do cxaibited in the out-
goma if the proposal were to be implemonted.

{2, By(x) one B )]

{Pl(x>5 PZ(X) Pn(x)}

22 TIE MERIT

of a porfcrmance is the set of
attainment of the set of genls
formance sgpecificeti ne

{0,(5), 0,(y) +veer 0 (P}

{OI(Y)s 0,(5) eeees on(y)}

23 TH“ INDEX OF HER

of 2 porformence is bhe ratin
rated degrvv ~f fulfilment .
sum »f the rotings.

Miy(t) = L ,Ol(y) T

1,

signifies a perfor-
mance x of a zet of
propertics P B o,ooPn,

1# 8
{? D, (1), D,y(1) ...,

n(i)}

where f si@nifics sS0me

function of preposal i,

the degrezs of
definaed in the por~

signifies the merit
y »f a performance
in rcspect of a set
f gnals O O.o00s0 &
2 2 n
f{?l(xz,'Pz(x) b ik A
- Pn(X>}

vhore f is s-me
functi-n of perfor-
mance X

of the sum of the

the go2ls to the

.

;02(y>} e (2, 00,)

{ L 7

(when all the geals =2re fully =2ttained, then

t = 1, Yhen some of the goals arc partly
attained, then t<1. Larger valucs of t
indicote greoter merit than smaller values
of 1. When t or any one value of y is less

than .5, then the performence is not acooptableo)
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where
M significes an index of merit.

M, signifies the index M for the
norformance y relating to =2 pro-
pogal 1.

M. (t) significs 2 particular value 1 of
index Mi* (7q*re t is some number
between zero and unlty)°

gignifies & particulsr value t, of
index {i where the state x of the
indox 0¢yuxpodloncy P is also taken

into account. 1

24 TH®E EXPEDILENCY

of a proposal is the value to the participants of
proceeding with the implement tion of it, in view
of the rcletions which may exist between the mar-
ginal cost of servicing the capital to be employeds
the return it can be expected to produce (if
sucovssful), and the probability of success.
Expedicncy may thus be a _property in the problem.
An index of expediency is given bys:

P _ R - 1
E, — i o
i {P (x)
n

where

P, signifies the property 'expediency'

L

PE signifies the cxpediency of proceceding

i with prooossl 1

Ri gignifics the cxpocted return per
cent on capital empleyed by proposal
i

Fi siznifices the marginal cost per
cent of scrviecing the capital employ-
2d

e signifies probability

performance x of the sct of proper-—
ties P.y3P, coceo P will, in the
gvent, be &dchieved

QiP (X)} signifies the probsbility that

A negative index of expediency suggoests that, on
financial grounds at leasst, the propeszal should
not be procecdcd with. Thb cxpected roturm R
might reflect the merit of the proposal in othér
respects.
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R

R, = fMiy(t)

The overall murit of the nroposal, including its
Dolfurr nce iq respect of exnedicncy is given by:

- "/?O °On(Y) + (T oPE (%)
Z(Jﬁg) Z\ n ! ) (PE A

i

T +T
z on PE.

wnere

AL (tq) signifies the state t, of the index
Vo © of merit M ass ociatod with perfor—
mance y, of nropos i, taking into

account its expodiency P s

B,

i
s signifiecs the weighting to be given
B, to finnncial cxpedicncy in calculat-

ing overall expediency.

25 AN EXPEDIZENCY MATRIX
is a display of the indiccs of gxpedicney or
indices of merit including cxpediency assoclated
with various alternative pronosalsg and various
nosaible outcomes Amonzst the altornstive
ysropcsals CwnSldOTGd might be the proposal to
ahandon the project. The possible outcomes
tabulated might be thosge esiocinated with sclected
noints in the distribution of the ranges of
statesg of these vropsrtics which are the outputs
of Drob<b11lst10 ST tcﬁ_“rfl” 11.5),

26 PROBLIM SOLVIHG PROCEDURE
in a problem solving ~ctivity consists in action
calculated to complote the following phasca:

1 Given the porformance gpecificntion releting
to the 1otlv1ty3

2 Given a set of rengos of the sct of decision
variables ot the discretion of the decision

3 Identify the lews connecting =ny interdep-
endent proverties aomincted by the perfor-
mance gnccification:

4 Identify the complex of goal-decision systoms

connecting the decision verisbles and any

context veriables with the propertics,
together with the laws governing the

systemss

Identify the laws connecting any interdecpend-

ent decision variablogs

6 Bstablish the proveiling st-tes of the
context variabloss

7 Postulate onc or more nrnposql frr a set
of compatible states of the decision
variabless

A
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8 Dotermine the performonce which would arise
from the implementstion of e-ch of the
preposals. v

¢ Detormine the merits of coch performancss

10 Celculste the index of morit relating to
each parformonce; HOT taking into zcoount
its poerformance in respeet of cxpedicncy.

11 Determine the expedicncy of proceeding with
sach proposal.

12 Caleulatce the index of merit relating to
cech nsrformence, INCLUDING its pcrfcrmeance
in respcet of ecxpedicncy, ~nd sclect the

best proposal.

These phascs may be roprosented symbeolically thuss
1 Given requirements

{((Olszl)srol)g ((02-_-1‘132),1*02) ((On=fP11);ron>}

L %?;i?gf;;ﬁ;ﬁ@zzo),pz(l)) ((Dn(g);D(ll))'}

3 Identify performance lews
{(Pl=fP2),(P3=fP4) (P(n_1)=IPn)}

4 Identify systems laws ' '
=T e [ =
{(Pfi‘(cl,Dl)) , (r2~f(02,D2)) ((Pn f(Cn,Dn))}

5 Identify rosource laws

{(D1=fD2),(D3=fD4) (D(n_l)=fDn)g

6 Bsteblish contoxt

{Cl(k),CZ(k) cn(k)}

7 ZPostulate designs

{Dl(i),DZ(i) Dn(i)} and {Dl(j),DQ(j) Dn(j)}

8 Dotermine nerformances

{Pl(x),l’z(x) Pn(x)} and SLPI(W),PZ(W) Pn(w)}

Detoermine morits

{Ol(y),oz(y) ssen On(y{; and {?1(z)902(z) A On(zi}

10 Calecul:te rated-objective merit-~intices, ocmitting
rcference $0 expedicncy

(r_ .0 (y) (r_ .0 (w)
Miy(t) = 2 g = X and Mjw(t) =§i op T !
270 | 3%

n n
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11 ZIstablish exzpediencies

P, (x) = Bi -1 and PE (w) = ﬁi -
j b

SRS S XS

12 Calculate rated--objective merit-indices, including
reference to expediency

ijro °On(y))+ (TPE.'PE.(XU

O

M. (%

1y

2 2) izro + r

27 REITERATIVE ROUTINE

In practice, it is seldom possible to complete each
phage in senuence. The performance specification

for example, is often in a state of continuous develop-
ment and amendment, almost to the end of the problem
solving activity. Problem solving procedure therefore

frequently consists in the followlng routine, reiter-
ated for one goal-decision system after another

as information becomes available and the overall
picture clarifies (sce fig 11.6):

Ref. column no.
in fig 11.3

1 appraise overall problem in the light of
the programme, system=tic model,
hierarchical model, nrrtial solutions and
merit indices, as developed so far

2 gselect the next most dominant subproblem

3 identify the arbiters entitled to nominate
objectives in this subproblem

4 in consultotion with the arbiters, identify col 1
the objectives in the subproblem

5 iddentify the property defined by each col 2
objective

6 Dby agroement between the arbiters, assign col 3
importance ratings to the objectives

T 1in consultation with the arbiters, deter- cols 4 and 5
mine the limiting statcs of the properties
which are to be equivalent to the ideal and
threshold degreces of fulfilment of their
reapective objectives

8 ecstablish the relationships (internal or col 6
specific laws) connecting varying states
of the proportics with warying degrees of
fulfilment of their regpective objectives



O

10

11

12

13

14
15

16

17

18

20

21

astablish the domzin of acceptebility cols 4 and 5
defined by the superimposition of the

limiting st2tes of the oroperties (if

necessary, in order to gain a positive

domain of esccentability, negotiate

changes at 7, and repeat)

identify the relationships (external cols 4 #nd B
or general laws) soverning any inter—

dependence existing between the states

of preperties identified at 5 above

establish the realm of feasibility defined cols 4 and 5
by the compatible ranges of states of the

sroperties (if necess-ry, in order to cbtain

a positive realm of feasibility, take an

inventive step crecating new relationships

at 10, and repeat) ‘

establish the arena within which a perfor- cols 4 and 5
mance must be found, as defined by the

superimposition of the domain of accepta-

bility and the realm of feasibility (if

necessary, in ordcr to obtain a positive

arena for performance, negotiate changes

at T, and/or create new relationships at

10, and repeat)

identify the context variables which col 17
contribute to governing the goal-decision

systems under cxamination (including those

context variables which zrise from sub-

prchlems already handled)

identify the decision variables governing col 8

the gtates of the pronerties

ercct a (or improve the existing) systemstic

model and hicrarchical model of the goal-

decision systems comnecting the decision

variables with the properties, and the

propertics with the objectives, in the

subproblem

identify the laws connecting the varying ccl 9

states of the decision variables and

context variables (inputs) with the varying

states of the properties (outputs) in the

zoal-dcecision systems identified at 15

ostablish the renges of states of the col 10
individual context variables which apply

to the case in hand

establish the context defined by the gol 10
supcrimnosition of the nresvailing states

of the context variables

ostablish the rangcs of stetes available cols 11 and 12
in the individual decision variables

identify the laws governing any inter- cols 11 and 12
dependence sxisting between the statos

of the decision varisblces at 14

cstablish the scope of the design resource cols 11 and 12
defined by .the compstible ranges of states

of the decision variables (if nccossary,

in order to obtain a positive scopc of

design resources, nogotiate changes at

19, and ropcat)
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23

24

25

26

27

28

29

30

31

ercct one or more analogues to represent
the laws identified at 10, 16 and 20
identify the decision maker(s) entitled to
select states of the decision variesbles in
the subproblem

by agrcecoment amongst the decision makers,
and using the analogues erected at 22 for
the laws at 20, sclect a self-compatible
sct (dosign i) of states for the decision
variables

using the analogucs orected at 22 for the
laws at 16, dctermine the resultant set
(porformance x) of states of the proper—
ties

establish whether or not performance x
lics within the arcna for performance
defined at 12 (if not repecat from 24).

If no solution is obtainable, crcate new
rclationships betwecen the properties

at 10 (invontive step), or re-work sub-
problems giving rise to contocxt variables
at 13 (ro—appraisel), or ncgotiate new
limiting values for the propertics at 7
(re-statement), and repeat

evaluate index t of merit y of overall
performance x arising from proposal i

in recspect of all objectives handled so

col 13

col 14

cols 4 and 5

cols 16 to 20

far (rntod—objective merit—in@gx_M¢~Qt))"“

evaluate expediencyﬂPﬁ%xa’GTMPrOGQ%Xing
with proposal i =

re-cvaluate index t, of merit y, of
overall performence ™x, arising Trom
proposal i in rcspeet of all objectives

handled so far (ro—ml Miyz(tZ))

re

often as necessory, or as often as time
and moncy will permit, until the index

to of merit z, of overall performance

w. is as high as possible (rated-
ogjective merit-index Migzo(t_))

identify and validatc any or?tical assump-
tions or approximations madec during the
coursc of the solution of the subproblem
ropeat from 1 until the ovarall problem is
rosolved

11.12 The argument and definitions developed in this
thegis are offered as a conceptual framework within
whicl further casc studics and more dctailed tabula—
tions might be accumulated.

cols 20 to 24

.cols 25 to 27
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marginal ref. 1

marginal ref, 3

marginal rcf. 4

marginal ref. 5

marginal ref. 6

marginzal ref, 7

marginal ref. 8

As indicated by the context of refoercnces
in the Daily Telegraph, represcenting
'soriocus' national dally nowspapers,

and in the Deily Mirror, rcpresenting
'popular' national daily nowspapers,
during 1966,

As indicatcd by the context of ref-
erences in _he Architects' Journal,
Desisgn, The Designer and The Engincering
Designer during 1966.

Engincering dosigns a report of a
committec anpointed by the Council for
Scicntific and Industrial Research to
consider the present standing of mech~
anical engincering design, Her Majesty's
Stationery Officc, 1963. ~

Constitution, International Congress
of Societies of Industrial Design,

1559,

The unevoidability of reference to

a valuc system in defining objectives

is well argued on p. 29 of I.D.J. Bross's
Design for decigion, Macmillan, 1953.
The: terms used in the present paper

also owe = great deal to thosc used

in Horst Rittel's The universe of dcsign,
University of California, Berkeley, 1966,

Somewhat similar definitionsz and not-
ation arc used in scparate chapters

by Bugsoell L. Ackoff and C. “est Churchman
in Progress in operations rescarch,

volume 1, "iley, 1961 (Russell L.

Ackoff, oditor). See also Games and
decisions by Luce and Reiffa, Wiley,
1957, considered by some to be the

best work on weluc theory.

This is simply the expression feor

2 straight line graph passing through
P(1) and P(u)., P(1) end P(m) =re
interchangeable in this formulation,
and cither term may be employed, to
sult the context of the problem.

This, and the following rather unweildy
formulations,; doscribe typical property/
satisfaction curves. In practice,

it is usually casisr simply to draw

the curve most appropriate to the circum—
stancesy and to read off, rather than

to calculate, the merit indices associated
with given values of P.
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marginal ref. 9

marginal ref, 10

marzinal rof, 11

The rankable, rather than the quanti-
fieblc, basis of perceptual and aesthetic
critoria is ergucd by E.H. Gombrich

in his book Art and Illusion, Phaidon,

1956,

Russell L. Ackoff, in Scicntific method:
optimising applied rcscarch docisions,

A

marginal ref. 12

marginal ref, 13

Wiley, 1962, dcscribes design problems
as falling into the acnersl cleass

of devclonmental problems, which he
defines similarly.

A study of the validity of subjective
scaling, carried out by Dr. Samuel J.
Messick at the University of Illinois,
is referrad to by Osgood, Tanncnbaum
and Suci on p. 146 of their The
meagursment of meaning, University of
I1linois Press, 1957. In another
paper (E. Adems and S. Messick, An
axiomatic formulation and generalisation
of successive intcrvals scaling,
Psvchometrika, 1958, 23, pp. 355-68)
many ordinal scalc models and volidity
toste arc listed, and a technique
presented for the testing of the con-
soguences of ~ssumptions about success-—
ive ordinal scales. C.H. Coombs, in
Psychological scaling without a unit of
measurement, Psychological Revicw,

Vol 57, May 1950, No 3, introduces

an 'ordercd metric scale' derived from
the relationship between a subjoctive
scale and an associated physical scale,

This invokes the technique of linear
programming. See 8. Vajda's An
introduction tc lincar prozromming

and the theory of games, Methuen, 1960,
and/or G.D. Dantzig's Lincar programming
and cxtensions, Princeton University
Press, 1963, Sec also the AIDA tech-
nique (analysis of intcrcomnccted
docision areas), rzferred to on n. 27
of Intcrdspendence and uncertainty,
Tavistock Publications, 1966,

Ludwig ven Bertalanffy, in his paper
General systoms thecory (Human Biology,
1951) argued that all human socicties,
or segments cf it, are essentially
goal-s.eling open systems. Sce alsc
paper on Individual motives and group
goals in Group dynamics - research
and theory by Cartwright and Zandor,
Row Petersen and Co, 1962,
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marginal ref., 14

marginal ref. 15

marginal ref. 16

marginal ref. 17

marginal ref. 18

marginal ref, 19

For an admirably clear statement of
the systems idea, see Introduction to

Cybernetics, W. Ross Ashby, Chapman &

Hall, 1957, ee also General systems
theory: Skeleton of a science, K.I.

Boulding, Management Science, April 1956,
and An approach to cybernetics, Gordon
Pask, Hutchinson, 1961.

Norbert Wiener's exposition in Cybernetics,
Wiley, 1948, of the concevt of 'faedback'
as a principle of control, common to
machines, animals and human beings, formed
the basis of modern systems theory.

This is demonstrated for general problems
by Russell L. Ackoff in Scientific method:
optimising applied research decisions,
Wiley, 1962, and by Miller & Starr in
Executive decisions and operations research
Prentice Hall, 1960. For design pro-
blems it is demonstrated by Hugh M. Bowen
in a series of articles on Rational design
in seven successive issues of Industrial
Design, commencing February 1964.

This distinction between the situation in
the real world and the problem solver's
mental concept of what might be done in
that real world is studied on p. 372 of
Russell L. Ackoff's Scientific methodz:
optimising applied research decisions,
Tiley, 1962.

This is well-demonstrated in Executive
decisions and operations research,
David ¥. Miller and Martin ¥X. Starr,
Prentice Hall, 1960.

The point that the selection of objectives
necessarily involves a more or less
arbitrary decision, based upon an indiv-
idual's set of values, somewhere along the
line is clearly argued by David ¥W. Miller
and Martin K. Starr in Executive decisions
and operations research, Prentice Hall,
1960. The repeatability of subjective
measurement is demonstrated by S.S. Stevens
in On the theory of scales of measurement,
Science 1946, 103, 677-80; by E. Adams and
S. Messick in An axiomatic formulation and
generalisation of successive intervals
scaling, Psychomctrika 1958, 23, 355-68s
and by Clyde H. Coombs, in Pgychological
scaling without a unit of measurement,
Psychological Review, vol. 57, May 1950,
145-158.
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marginal ref. 20

marginal ref. 21

marginal

ref.

22

marginal

ref,

23

marginal

ref.

24

marginel

ref.

23

marginal

ref,

26

marginal

ref.

27

marginal

ref,

28

But see algo certain qualifications set
out in para. 329.

In order to provide room for manoeuvre
in seeking an optimum solution, and
indeed in order to maximise the proba-
bility of obtaining an arena for a
solution ~t all (see para. 2,27), the
low limits of acceptability must be
set at that threshold below which per-
formance would really be quite
unacceptable,

For example, sec figs. 6.3 to 6.6,

Stafford Beer, in Cyherneti~s and
Managzement, English Universities Press,
1959, argues th-t in ‘'black box'
situations the use of models is the only
alternative to systematic meddling with
the rcal world system,

See A guide to operational rescarch,
Eric Duckworth, Methuen, 1962, and
The universe of design, Horst Rittel,
Institute of Urban and Regional
Development, University of Califormia,
Berkley.

The generzl casc, as distinct from the
special case of the design problem, is
set out in W, Ross Ashby's Introduction
to cybernet®~s Chapman & Hall, 1957.

This pattern is gseen in the behaviour
of designers engaged with problems,
whether their method of working is self-
consclously controlled or not.

An interesting description of the
rclations between the participants in a
problem solving activity, using socio-
logical and communic:tions theory models,
is given on pp. 36, 39 of Interdependence
and uncertaintys digest of a report

from the Tavistock Institute, Tavistock
Publications, 1966.

Or alternatively, at any given yield,
capital will tend to flow to those
investments which offer the lcast risk.
Bce Invegtment appraisal, National
Economic Development Council, Her
Majesty's Stationery Office, 1967.
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merginal ref. 29

merginal ref. 30
m- rginal ref., 31
marginal ref, 32
marginal ref, 33

marginal ref,

4

morgzinal ref,

32

See Plan of work, rcprinted from
Hondbook of srchitccturzl practice and
mancgement, Royal Institute of British
Architoots, 1967: A code of proccdure
for sclective tendering, National Jeoint
Consultative Committee for Archiiccts,
suantity Surveyors and Builders, 19653
and Building vrojsch manogement,
National Joint Consultative Committeo
for Architects,; Nuantity Surveyors and
Buildcrs, 1963,

Numerous model product development
prosrammes have boen set out by verious
authrors, for example L. Bruce Archer,
Morris Asimow, Hugh . Brwen,

J. Christopher Jonos, ReJ. cCrory,

T, Matchott, and Martin X. Sterr (see
bibliography 5);

A lucid explenation and attractive
apvroach 1o critical pezth methods is
contained in A. Battersby's Hetwork
analysis for plenning and scheduling,
Mecmillan, 1964. Sce also K. Lockyer's
Critical peth analysis, Pitman, 1964.

A model degign srogramme in networlk
form is given by L. Bruce Archer in
Syshtematic wmothod for designers,

Council of Industrial Design, 1966,

Sce Stafford Besr's Cybernoties and
mansgement, English Universitics Press,
1959.

Some aspects of the relationship between
the intensity of a problem and uncert-
ainty, meinly in connection with the
decsign and construction of buildings,

are discussed on p. 17 of Intcrdependencs
and uncertainty:  digest of 2 report

from the Tavistock Institute, Tavistock
Publications, 1966,

This model programme is based mainly
upon cxamination of the case studies
listed in the anpendix.

Marketing considerations will alsc have
figured largely in rheses 1 and 2, of
COUTSCa
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marginal ref. 36

marginal ref., 37

marginal ref., 38

marginal ref. 39

marginal ref. 40

marginal ref. 41

marginal ref. 42

Seec Robert Leduc's How to launch a new
product, Crosby Lockwood, 1966, Edgar
Ao Pessemier's New product decisionss
an analytical approach, McGraw Hill,
1966, and R. Schlaifer's Probability
and statistics for business decisions,
McGraw Hill, 1959.

It is interesting to note that Miller &
Starr, in Executive decisions and
operations research, Prentice Hall, 1960,
define the moment when a creative act
g.g. design is called for as "when the
saddlepoint in a payoff matrix is neg-
ative", that is to say, when the best
that can be done within existing
resources is inevitebly at a loss.

H.4i. Simon refers to the decomposition
of decision networks in The new science
of management decision, Harper, 1960,

L very lucid ergument on the application
of these principles to design is con-
tained in Christopher Alexander's Notes
on the synthesis of form, Harvard
University Press, 1964, although
Alexander's technique for the re-
composition of designed elements into

a whole design can be questioned.

See

For an outline of the theory of games,
see p. 38 of Bric Duckworth's A guide
to operational research, Methuen, 1962,
For a detailed account, see J.D. William's
The compleat strategyst, McGraw Hill,
1954 or Luce and Raiffa's Gemes and
decigion, Wiley, 1957.

L similar description of the role of
participants is contained in Interdepend-
ence and uncertainty: digest of a report
from the Tavistock Institute, Tavistock
Publications, 1966, See also papers

on "Individual motives and group goals"
and "The structurzl properties of groups”
in Group dynamicss research and theory,
Cartwright and Zander (editor), Row
Potersen, 1962,

Chance and natural phenomena arc, in a
sense,; the outcome of the 'mames of the
gods'.
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marginal ref. 43

marginal ref. 44

That is, until we introduce a system

of humnan values (seo next para.)°

This is the basis of lincar program—
ming, sce 'Linear programming' by

Le Baincs and K.B. Haley in Operational
rescarch in management, R.T. BEddison,

nerginal

ref.

45

marginal

ref,

46

marginal

ref,

47

marginal

ref,

48

K. Pennycuick and B.H.P. Rivett (editors)
English Universities Press, 1963.

The man-machine-cnvironment idea as a
design tool is described in W. Ross
Lshby's Introduction to cybernetics,
Chapman and Hall, 1957. The method
study approach, closecly based upon that
developed by the West of England
Employers' Association, in which four
hasic charts are used to provide a
check list of questions of the 'What,
why, where, when, who and how?" variety,
is set out in Problecm znalysis by
logical approach (PABL.), published by
the Ltomic Weapons Research Establishment

1965.

Some casc studies of the application
of morphological mnalysis techniques

to design problems have been described
by K.W. Norris in Conference on design
methods, J. Christopher Jones (editor),
Pergammon, 1963,

Ldequately rccorded cage studies are
rare in the design field. In recent
years architects in particular have
begun to publish check lists of factors
to be taken into account in particular
classes of buildings.

411 design must ultimately face the acid
test of detailed scheduling and manu~-
facture; of course. Most designers
pursue a mixed strategy, dealing in the
abstract with the most pressing or most
accessible problems and proceeding to
deal empirically with the remainder,

Bven in non~commercial circumstances

the cost/value relationship is important.
Whether on a company, an industry or

a national level, a net gain in wealth
is necessary. It is on the question

of the distribution of the wealth pro-
duced that cconomic and politico-economic
questions revolve.



&

@‘!

al

marginal

marginal

ref,

50

marginal
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52

marginal

ref.

23

This idea forms the opening paragraphs
of almost any standard work on economics.
An interesting commentary on this rela-
tionship bectween price, utility and
human valucs appears on pp. 240-4 of

J.B. Cooper's and J.L. McGaugh's
Integrating principles of social psychw

ology, Schenkman, 1963,

Again, scc J.B. Cooper and J.L. McGaugh,
Integrating principles of social psych-

marginal

ref,

marginal

I‘efa

25

merginal

56

marginal

rcf.

2L

marginal ref,

58

marginal

ref,

29

marginal

roef,

60

ology, Schenkman, 1963.

Sec Chapanis, Garner and MHorgan, Applied
experimental psychology, Chapman & Hall,
1949.

See pp. 102-4, P.d. Nowcll-Smith,
Lthics, Penguin, 1959.

This is also argued by P.H. Nowell-Smith,
Ethics, Penguin, 1959, pp. 160~70,

Although work such as Rc.H. Brand's
Measurement of fabric acsthegics,

Textile Research Journal, vols 34, no. 9,
September 1964, is increasingly being
undertaken.,

See Miller and Starr in Executive
decisions and operations research,
Prentice Hall, 1960.

The term ‘'deterministic! and !probab-
ilistic' are derived from Stafford Beer,
Cybernctics and management, English
Universities Press, 1959. The term
'capricious' in this context is coined.

Sce Colin Cherry, On human communications,
Chapman and Hall, 1957.

See Colin Cherry, On human communications,
Chapman and Hall, 1957.

Bee Merrctt and Sykes, The finange and
analysis of capital projects, Longman, 1963.

This is only strictly true where tho
properties arc independent variables.
Both Russell L. Ackoff, Scientific methods
optimising applied research decisions,

Wiley, 1962, end Horst Rittel, 'Hierarchy
or tcam?'y; Economics of research and
development, Richard A, Tybout (editor),
Ohio State University Press, 1965,
examine the cases of dependent probab-
ilistic variables and offer formulae

for determining overall probability, but
in slightly different contexts.
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marginal rof. 61

marginal ref. 62

marginal ref. 63

marginal ref. 64

marzinal ref. 65

marginal ref. 66

marginal ref. 67

This suzgestion is made by 7.I. Beveridge
The 2rt of scicntific investigation,
Hoinemnan, 1957, in the coursc of com-

paring houristic and scientific methods.

Non-methematici-ns are often greatly
put off by parsmathematical notation.
iny reader who shares this feeling is
invited to try the trick of readinz out
in the mind's ear the full verbal
equivalent of each cipher, thus: "The
degree (y) of satisfaction of objective
0 is some function of the state (x) of
property PY.

See also Iyecutive decisions and oper-
ations research by David W. Miller and
M~rtin K. Starr, Prentice Hall, 1960,

Often, the nature of = property is such
that the concept "total lack of fulfil-
ment of the objective" is unreal. In
any cose, the decision maker 1is not
normally very interested in the prccise
evaluation of degrces of fulfilment of
objective much below the threshold of
acceptability (that is, where O(y) is
much below °5), In practice, therefore
the identificaticn of a2 real world value
for, or state of, P(v) can usually be
dispensed with.

"irctan' means "the angle whose tangent
18 woswwn''s To evalu~te 0(y) the value
for Z?(x)-P(ll] must be calculated from
the given states P(x) and P(1) and this
valuc looked up in a table of tangents
of angles. From this table the equiv-
alent degrees of angle must be identified
and this number inserted in the numor-
ator of the formula in place cf the
expression "arctan /P(x)-P(1)/". Of
course the concept of an angle in the
geometrical sense 1s irrclevant here,
the arctan occurring simply as 2 con—
venient device for providing the right
pattern of walucs,

Fither formulation may be used, according
to which side of P(u) the state P(x)
happens to lie in the case in question.

lost designers tend to regard the solu-~
tion of a problem by an =2ct of invention
as being more 'rospectable' than solu-
tion by an sct of negotiation.
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Russell L. Ackoff and C. Vest
Churchman, in separate chapters of
Progress in operations research: Vol. 1

marginal

ref. 71

marginal

ref. 72

marginal

ref. 75

marginal

ref. 76

marginal

ref. 77

marginal ref. 78

Russell L. Ackoff (editor), Wiley, 1961,
use similar definitions and notation.

The relationship between a real world
system, a logical model of the structure
of that system, and an analogue used

to imitate the behaviour of the system,
is examined on p. 372 of Russell L,
Ackoff's Scientific method: optimising
applied rescarch decisions, Wiley, 1962,
(see also para. 3.15).

The 'black hox' idea is well described
in A guide to operational regearch,
Eric Duckworth, Methuen, 1962,

From observation.

See the preface to R. Schlaifer's
Probability and statistics for business
decisions, McGraw Hill, 1959.

The term 'performance specification'
(or P-spec) is used in a similar sense
by J. Chrigstopher Jones. See 'A
method of systematic design' in
Conference on design methods, J. Chris-
topher Jones (editor), Pergamon, 1963.

A similar rcference to the concept of
the decision resource occurs on p. 43
of Interdependence and uncertainty:
digest of a report from the Tavistock
Institute, Tavistock publications, 1966.

3.8, Stevens, in On the theory of scales
of measurement, Science 1946, 103, 677-80,
recognises ratio scales (having a non-
arbitrary zero and a constent unit of
measuremont), interval scales (having

an arbitrary origin and a unit assumed

to be constant), ordinal scales Zhaving
»n order buft no unit of measurement)

and nominal scoles (having identities

by neither order nor measurement).

See also Clyde H. Coombs in Psychological
scaling without 2 unit of measurement,

Psychological Review, vol. 57; May 1950,
35 145-58.

The term ‘set', as used here, and the
notation which follows are in accordance
with the conventions of the theory of
sets. Sec Irving Adler's The Ni&¥ math-

ematics, John Day, 1958.



marginal ref. 79 Techniques for ranking and testing the
validity of rankings are well described
in ¥.J. toroney's Facts from figures,
Penguin, 1951.

marginal ref, 80 W.L. Beveridge in The art of scientific
T investigation, Heineman, 1957, draws a

nice distinction between the heuristic
disciplines of the manager, designer and
technologist, which are directed towards
getting answers which work, whether the
reasons are understood or not, and the
classical discipline of the scientist,
whaich is directed towards finding proofs
for hypotheses, no matter how limited
or useless (in the 'pure' science sense)
these may appear to be.

marginal ref. 81 The book Beconomics of research and
development, edited by Richard A.
Tybout, Ohio State University Press,
1965, contains a collection of histories
and theoretical papers, many of which
relate to these aspects of the design
function.

marginal ref, 82 The presentation of business activities
in this sort of problem solving format
can be seen in A.M. HcDonough's
Information economics and management
systems, McGraw Hill, 1963,

marginal ref. 83 F. de P. Hanika in New thinking in
management, Hutchinson, 1965, describes
management problems generally as
examples of programmed provlem solving.

marginal ref. 84 That all decisions arc baged upon some
implicit or explicit assessment of the
probability and consequences of the
alternative outcomes,; based upon some
system of values, is the basic premise
of H. Schlaifer's Probability and
statistics for business decisions,
MeGraw Hill, 1959.

marginal ref, 85 This mechanism is made explicit by
W.J. Fabrycky and Jerry Banks in
Procurement and inventory systems:
theory and analysis, Reinhold, 1967.

marginal ref. 86 Economigts tend to use the term 'utility!
for any property which gives en artefact
value in human eyes,; again see
Wed. Fabrycky and Jerry Banks, Procurement
and inventory systems: theory and analysis,
Reinhold, 1967.
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874
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90

This formulation is based mainly upon
the examination of the case studies
listed in the appendix. It is sub-
stantially in accordance with similar
patterns obscerved by Morris Asimow, Hugh
M., Bowen, J. Christcpher Jones,

R.L. Latham, R.J. McRory, E. Matchett,
Horst Rittel and Martin K. Starr (see
bibliograshy 4).

Fig. 6.11 represents the essence of the
findings of this thesis, explicitly
gummarised in Section 11.

P. de P. Hanika gives a number of
examples in New thinking in management,
Hutchinson, 1965. Scee also Grecne and
Sisson, Dynamic management and decision
games, Wiley, 1959, and S. Vajda's An
introduction to linerr programming and
the theory of games, Methuen, 1960,

Under some circumstanc2s, a rise in
price in response to scarcity is pre-
vented, for example by governmental
price controls. Sometimes the
inconvenience of queueing or other non-
cash premiums replace the price
mechanism, In any case, the tendency
to a rise in price accompanies scarcity.
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In a mznual, setting out a scale for
measuring human values (Study of values,
Houghton Mifflin, 1960), Gordon 7.
Allport, fnilip E. Vernon and Gardner
Lindzey employ six classes of motives:
theoretical, economic, aesthetic, social,
political, religious. The subdivisions
of some of these coincide roughly with
the factors given here.

B.J. McCormick's Human Engineering,
HeGraw Hill, 1657, provides a convenilent
and fairly comprehensive definition and
review of ergonomics.

Both Russell L. Ackoff in On a science
of ethics, Philosophy and Phenomenologi-
cal Research, Vol. IX (1949), pp. 663-72,
and C. “jest Churchman in Prediction and
optimal decision, Prentice Hall, 1961,
regard all judgements in science, busi-
ness, aesthetics or anything else as
falling within some ethical system.

For example, see R.H. Brand's descrip-
tion in Heasurement of fabric aesthetics,
Textile Research Journal, Vol., 34, No. 9,
September 1964, of an enquiry identifying
the components of people's aesthetic
reactions to textiles, measuring them

by means of the semantic differential
developed by Osgood, Tannenbaum and Suci
in The measurement of meaning, University
of Illincis Press, 1957.

B.H. Gombrigh argues this very lucidly
in Art and illusion, Phaidon, 1956.

The existence and nature of uncertainty
in the design and construction of build-
ings is argued from case studies in
Interdenendcnce and uncertainty: digest
of a report from the Tavistock Institute,
Tavistock Publications, 1966.

See Martin K. Starr, Product design and
decision theory, Prentice Hall, 1963.

I.J. Good, Rational decisions, Journal

of the Royal Statistical Society, B,

Vol. 14, 1952, identifies the overall

goal of a project as the maximisation

of expected utility, where:

Expected utility = (Probability x value
of success) -
(Probability x cost
of failure)
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marginal ref. 99

marginal ref. 100

marginal ref., 101

narginal ref, 102

marginal ref. 103

merginal ref. 104

marginal ref. 105

marginal ref. 106

The National Economic Development
Council examines this relationship in
Investment appraissl, Her Majesty's
Stationcry Office, 1967.

This is a modification of the expeceted
utility formulation described by Good.

R, Bchlaifer, Probability and statistics
for business decisions, McGraw Hill,
1959, argues that the choice of a course
of action should be bhased upon the value
of the conscquences and the probability
that they will occur.

See ililler and Sterr, Executive decisions
and opecrations research, Prentice Hall,
1960, #liller and Starr also offer
criteria for the selection of courses

of action in the fece of uncertainty,
including the Laplace critecrion ("if

we know of no reason for the probabili-
tics being diffcrent, regard them as
being the same').

See Computers and production control,
Institution of Production Enginecrs,

1961.

This is morc or less the overall
tenor of C. ¥est Churchman's Prediction
and optimal decision, Prentice Hall,

1961.

Both Stafford Beer, for example in
Cybernetics and management, English
Universitics Press, 1959, and Gordon
Pask, for cxample in An approach to
cybernstics, Hutchinson, 1961, have
outlined the principles for self-
organising systcms incorporating
autometic hypothesis-generating
featurcs.

Some studies of the basis of human
creativity carried out at the Institute
of Personality Asscssment and Research,
University of Celifornia, znd at
Pennsylvania State University, are quoted
in Hydrocarbon Processing and Petroleum
Refiner; vol. 41, no. 10, October 1962,
pp. 110-111,
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marginal ref. 107 Sevaral such mixed technisues have
heen proposed, for cxample J. Christ-
¥ opher Jones, 'A method of systematic
design', Conference on Design methods,
J. Christopher Jones {editor),
Pergammon, 1963, and E. Hatchett, The
Controlied evoiuticn of engineering
design, IZIngineering D?signer, February ‘
. 1965. See also the University of i
b Chicago Manual on brainstorming and
Mazsachusetts Institute of Technology
list of idea-spurring queztions, both
published by the Creative Education
Foundation, Buffalo, New York.
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Postscript

The dosigner of this book, Brian Grimbly, has known
the author for a number of years. Whilst art
editor of DESIGN megazine he prepared many of the
author's articles for print, Their co-gporation
hag always been a two-way process, and wherever
possible the typographic aspeccts of communication
have been allowed to play 2 role ab initio in the
shaping of the argument. It seemcd appropriate
to continue this co-cperation in the present case,
and to use the task of designing the book as a
worked examplce of the ideas proscnted in the text.

The following is therefore a record, using the
notation set out in the body of the book, of

Mr. Grimbly's train of reasoning in arriving at
his design. For = test of the adequacy of that
reasoning, the rcadcr should lock back zt the bocok
itselfs
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