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J. CHRISTOPHER JONES 

A Method of Systematic Design 

INTRODUCTION 

A trend towards more logical and systematic methods of design has been 
evident throughout the 1950's. In many cases they have appeared as the result 
of new technical developments such as computers, automatic controls and 
systems. During the same period there have been attempts to give more 
scope for imagination and creative thought in design under such titles as 
''creative engineering'' and ''brainstorming''. 

The following notes are an attempt to integrate all such developments as 
have come to the writer's notice into a unified system of design. It is aimed 
particularly at the area that lies between traditional methods, based on 
intuition and experience, on the one hand, and a rigorous mathematical or 
logical treatment, on the other. The method is intended to have two effects: 

I. To reduce the amount of design error, re-design and delay. 
2. To make possible more imaginative and advanced designs. 

It is thought that the method can be usefully applied to design problems in 
any area in which: 

1. Large quantities of design information are available, or can be usefully 
obtained. 

2. The design team has well-defined responsibilities, can concentrate on 
development, and is free of routine design work. 

3. Considerable departures from existing designs are called for. 
Some parts of the suggested method (Sections 1.1, 1.2, 1.3, 1.4, 1.5, 2.2, 

2.3, 2.4) have been tried out with some success in design teaching projects and 
in prototype development in ergonomics and industrial design. In these cases 
it has seldom been possible to carry the method through to a logical conclusion 
for want of the new kind of design organization that seems to be necessary to 
permit a complete change to systematic work. Other parts of the method are 
based more on conjecture, and on the reports of others, than on the writer's 
experience. In many cases the suggested methods are better regarded as a 
basis for further investigation than for application in current design work. 

Opportunities to try out some of the ideas presented here have been 
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provided by the Industrial Design Office at Associated Electrical Industries, 
Manchester, and by the Regional College of Art, Manchester. For the 
patience with which those concerned in both these organizations have 
awaited, and still await, a substantial result from these activities, the writer 
is very grateful. Perhaps this conference will mark the beginning of a phase 
when systematic design methods will develop more rapidly towards the 
degree of reliability and realism that is necessary before they can be generally 
applied. 

SUMMARY 

The method is primarily a means of resolving a conflict that exists between 
logical analysis and creative thought. The difficulty is that the imagination 
does not work well unless it is free to alternate between all aspects of the 
problem, in any order, and at any time, whereas logical analysis breaks down 
if there is the least departure from a systematic step-by-step sequence. It 
follows that any design method must permit both kinds of thought to proceed 
together if any progress is to be made. Existing methods depend largely on 
keeping logic and imagination, problem and solution, apart only by an 
effort of will, and their failures can largely be ascribed to the difficulty of 
keeping both these processes going separately in the mind of one person. 
Systematic Design is primarily a means of keeping logic and imagination 
separate by external rather than internal means. The method is: 

1. To leave the mind free to produce ideas, solutions, hunches, guesswork, 
at any time without being inhibited by practical limitations and without 
confusing the processes of analysis. 

2. To provide a system of notation which records every item of design 
information outside the memory, keeps design requirements and 
solutions completely separate from each other, and provides a systematic 
means of relating solutions to requirements with the least possible 
compromise. This means that while the mind moves from problem 
analysis to solution-seeking whenever it feels the need, the recording 
develops in three distinct stages : 
1. Analysis 

Listing of all design requirements and the reduction of these to a 
complete set of logically related performance specifications. 

2. Synthesis 
Finding possible solutions for each individual performance specifica-
tion and building up complete designs from these with least possible 

• compromise. 
3. Evaluation 

-Evaluating the accuracy with which alternative designs fulfil per-
formance requirements for operation, manufacture and sales before 
the final design is selected. 
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All the stages of SYSTEMATIC DESIGN are listed below. Details of each stage 
appear on the succeeding pages. 

1. Analysis 1.1. Random list of factors 
1.2. Classification of factors 
1.3. Sources of information 
1.4. Interactions between factors 
1.5. Performance specifications 
1.6. Obtaining agreement 

2. Synthesis 2.1. Creative thinking 
2.2. Partial solutions 
2.3. Limits 
2.4. Combined solutions 
2.5. Solution plotting 

3. Evaluation 3.1. Methods of evaluation 
3.2. Evaluation for operation 

for manufacture 
for sales 

1. ANALYSIS 

1.1. Random List of Factors 

At the first meeting each person writes a list of all the thoughts that occur to 
him on acquaintance with the problem. Each person reads out his list and all 
items are recorded in serial order in a RANDOM LIST OF FACTORS. No attempt 
is made to avoid duplication or to omit impractical ideas. In the ensuing 
discussion there is a complete ban on criticism or comment on the ideas 
produced. The object is to get down a large amount of information in a short 
time in an atmosphere in which all feel assured that no idea will be inhibited 
or ridiculed. 

The discussion can include, or be followed by, a similar random list of 
criticisms made while looking at examples, drawings and reports of the 
existing designs and at the ideas and information collected above. 

Once the initial reactions and feelings about the problems have been re-
corded, the random list should be extended until it includes every single 
factor which could be thought to influence the design. This is to include all 
the obvious factors which may not have been mentioned in the initial dis-

• CUSSIOn. 
The notation for a RANDOM FACTORS LIST is to number each factor in the 

order in which they are first considered, e.g. some of the factors for the re-
design of an electric motor might be numbered as follows: 

1. Improve output per unit volume, 
2. Access to terminals, 
3. Fit existing couplings, 
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4. Overall height reduce, . 
5. Heat dissipation method using less volume faster coolant speeds, 
6. Existing design clumsy looking, 
7. Why waste so much energy as heat what would reduce the losses? 

List all possible items later, 
8. Shaft diameter, shaft length, keying method, 
9. Method of slinging, 

10. Can use of crane be avoided? 
11. Possible new materials, etc., up to a very large number of items, perhaps 

several hundred. 

1.2. Classification of Factors 

At this stage, and at any later stages when the information may be too 
disorderly to reveal any general pattern, a CLASSIFICATION CHART can be used 
to find the alternative categories into which the factors fall: 

Categories 
Factors I ' 

1 2 3 4 5 etc. 

1. x 
-

2. x 
' 

. 

3. x 
-

4. x 

5. x 

6. x x 

. 
' 

etc. 

The random factors are placed in categories by choosing a category title 
(category 1) for the first factor (factor 1), then choosing another category for 
factor 2, another for factor 3, etc., and denoting categories by crosses as 
shown. Factors may fall into categories already noted, e.g. factor 4 in category 
2, or into more than one category, e.g. factor 6 in categories 1 and 3. 
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The factors are then copied out on separate sheets for each category: 

Category 1 

1 

6 

15 

etc. 

using the same factor numbers. It may be necessary to make another classifica-
tion chart to find the sub-divisions of categories containing many factors. 

Usually the act of writing out the factors in separate categories suggests 
further additions and begins to show up areas where more infor1nation is 
required. 

One special category will be ''ideas, solutions, design proposals, etc.''. 
These should be copied on to a separate sheet to which many more ideas will 
be added as the work proceeds. Ideas sheets should be kept completely 
separate from information and design requirement sheets possibly on the 
opposite sides of a folder: 

Ideas 

and 

designs 

Information 

and 

requirements 

An alternative method is to write each factor on a separate index card and 
to sort these into alternative sets of categories and sub-categories until an 
acceptable arrangement is found. 

1.3. Sources of Information 

The previous steps will have produced, from the existing knowledge of the 
design team, a very large quantity of information, much of it conflicting and 
in need of verification. Classification will have suggested further factors, 
will show up areas where further information is needed and will also suggest 

• 
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likely sources, e.g. the category ''Maintenance'' might show up ignorance of 
what the maintenance difficulties are and suggest consultation with, and 
observation of, maintenance staff. In any category the possible sources of 
inforqiation are literature, experienced persons, observations and experiment. 

Literature. Technical and trade journals, abstracts, research reports, tech-
nical libraries, etc., contain nearly all that is known about any existing pro bl em. 
But the location of information relevant to one's ow11 particular problem 
can be so time-consuming and expensive that it often seems more helpful to 
rely on one's own judgement or to make a new investigation oneself despite 
the risk of missing important technical developments and despite the additional 
cost of investigations which may already have been carried out, and paid for, 
by others. Some of the very real difficulties of using literature in design can: 
be overcome in the following ways. · 

Use of libraries and information services. Technical libraries report that 
enquirers have difficulty in explaining their needs in a way which would make 
it possible for library staff to help them. Most people describe their interests 
too broadly, for fear that the librarian will miss something important, and s9 
they get back a large quantity of material that is irrelevant or already familiar. 
The correct method is to tell the librarian not what you know but what it is 
you do not know as precisely as possible, e.g. instead of asking for ''any in-
formation on the cooling of electric motors?'' describe what it is you do not 
know in such terms as ''what are the costs and efficiencies of the various 
methods of heat transfer that have been applied to electric motors?'' 

The extraction of relevant information. The quantity of technical literature is 
so great that one cannot hope to remember or collect m11ch useful information-
from general reading until one has a particular problem in mind and by then 
there often seems to be no time available for such time-consuming browsing. 
One answer is to do a relatively small amount of intensive reading of a few 
publications while the random factors list is being compiled and note down 
all factors that are suggested by what is read. It is astonishing how much 
useful information, that one would normally have missed, comes to light when 
one has so definite a purpose in reading. This process can be usefully con-
tinued until factors begin to repeat themselves and new factors cease to be 
found very often. 

Experienced persons. Vast quantities of valuable and highly relevant design 
inf or1nation exists in the memories of persons experienced in design, manu-
facture, operation, costing, sales, maintenance, installation, transport, etc. 
It is often not made use of because the facts are so mixed up with personal 
opinions and because it is so difficult to explain one's experience to someone 
else. However it is worth trying the following ·methods of overcoming these 
difficulties. 

Separating opinion from fact. The obvious way to do this is to ask each 
question of two or more people and treat as opinion all those items on which 



A METHOD OF SYSTEMATIC DESIGN 59 

they disagree. Items on which they agree are then either facts, or opinions 
which are widely held. It may be possible to sift out the latter by some objective 
checks and measurements. When there is no means of checking, and when 
experienced persons are the only available source, it is important to act only 
on the advice of persons who will afterwards be held responsible for what they 
recommend. Opinions of any other persons, whatever their status or 
authority, cannot be incorporated into a design unless they are shared by a 
person who is to be held responsible for their effect upon the design. 

Judgement between limits. Experienced people are often reluctant to commit 
themselves to precise answers and instead give very general answers that are of 
little help in design. The answer here is to press for judgement between 
precise limits, e.g. an experienced costing engineer may be reluctant to quote 
any figure on the basis of a rough sketch but if asked to state the limits of his 
uncertainty will be able to give a maximum and minimum cost which will be a 
far more accurate guide than any guess which questioner could make. Almost 
any experience can be expressed between limits if the question is properly 
stated in terms of the quantity which will affect the design itself. 

Logical question chains. Although opinions may be useless in themselves 
they are often based on factual experience which can be extracted by a chain of 
logically related questions, e.g. 

Opinion : Customers will not consider electronic controls under any 

Question 
Answer 
Question 
Answer 
Question 
Answer 

circumstances. 
: Why will they not consider them? 
: Because they are unreliable. 
: In what way are they unreliable? 
: They are always going out of order. 
: But do not existing kinds of controls go out of order? 
: Yes, but you have time to do something about it before the 

thing packs up completely. 
Question : Electronic controls give no warning of failure then? 
Answer : Yes I suppose that is it an electronic control that gave a 

warning would be acceptable. 
The logical question chain has tracked down the basic fact which caused the 

opinion and which shows up a possible method of overcoming what seemed 
at first like an irrational opinion that prevented all progress in design. 

Observation. The difficulty of observation is that in any practical situation 
there is so much to see that one cannot select the facts that are relevant to 
one's own problem. Some methods of overcoming this difficulty are: 

Recording for Analysis Later 

The obvious way to overcome the difficulty is to do the selecting of relevant 
facts at a later time and in a less distracting environment. Two methods of 
recording can be used. 

• 
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1. Unabstracted recording such as photographs, films and general notes 
which record all that can be seen and leave a great choice of facts from 
which to select for analysis. Such methods can record significant in-
formation that was not expected beforehand but involve lengthy and 
costly analysis and do not give very definite answers. 

2. Abstracted recording such as pen recorders, punched tape, checking 
facts on prepared forms. Such methods omit everything that was not 
expected beforehand but greatly reduce the time and cost of analysis 
and give very definite answers. 

It is clear that initial observations should be of type 1 and that later observa-
tions should be of type 2. 

• 

Experiment. It is sometimes necessary to resolve a doubtful point by direct 
experiments or trials. As in the above cases of observation the important 
things are to : 

1. State clearly what one does not know and within what limits. 
2. Calculate or estimate the limits of errors in the experimental situation. 
3. Before designing the experiment decide what actions will be taken for 

each of the possible outcomes. 
This procedure gives the greatest amount of useful inf orrnation for the least 
expenditure of time and effort. 

1.4. Interactions between Factors 

Many factors affecting design interact with one another to make up a 
complicated situation which can be appreciated by experience. The systematic 
approach is to use charts, to ensure that all possible interactions are discovered, 
and diagrams, to make clear the pattern of relationships. 

There are many mathematical and diagrammatic methods of doing these 
things. Two very elementary methods which have very wide applications in 
the finding of relationships in randomly assembled inf orrnation are given 
here. 

All possible combinations, by pairs, of the factors 1, 2, 3 etc. appear in the 
squares to the right of the diagonal line of the interaction matrix. Each pair is 
considered separately and when an interaction is found it is denoted by a 
cross. Examples of the use of this chart are: 

1. Discovering all factors influencing an existing design by listing all the 
parts of the design, and all the elements with which it has contact, as 
factors. For every pair of factors which is found to interact there will 
be a requirement which can afterwards be expressed as a performance 
specification (see Section 1.5). This procedure is particularly useful 
when one or two design requirements have changed and it is necessary to 
find out how these changes will affect the rest of the design. Such a 
check will sometimes make it clear that the whole problem has also 
changed and an entirely new design is called for. 
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Interaction matrix: 

Factors 1 2 3 4 5 6 7 8 9 ••• 

-
1 + • + 
2 + + -+-• • . -
3 + + . 

. 
. 

4 I 
T + 

- -
5 t 

-1-
i 

-
6 

-
7 ' ' I 

8 

9 
-

-

. 

l 
! 
I 

I • ! 

2. When the design problem involves the linking of many elements as in 
the case of circuits, pipework, building layouts, communication systems. 
The required linkages can be checked by listing all the parts of the 
system as factors and deciding whether or not a link is required on every 
possible interaction. 

Interaction matrices can also be used to establish sequences and orders of 
importance of factors. In this case the whole area of the cl1art is used. 

I 
Factors J ., 

""" 3 4 5 6 

l c -i- + I -, 
• • - . ---

? - F 

3 D -j- I -I 

4 A -t- + _l_ 
l + + 

5 B + + + + 
-

6 E + ' 

- - ·- -

Totals 2 5 3 0 1 4 
• 
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Each cross denotes that the factor in the rows across comes before the 
corresponding factor in the column, e.g. the cross at square 1- 2 means that 
factor 1 comes before (or is more important than, or has some kind of 
sequential effect on) factor 2. The totals give the final sequence of factors 1-6 
namely: 

Total 0 1 2 3 4 5 
Factor A B C D E F 

This method of establishing sequences can be applied to such things as: 
1. Finding the operating sequence for a number of controls. In this case 

each cross indicates that the control in the row affects the operation of 
the control in the column but not vice versa. · 

2. Placing a number of design requirements in order of importance. This 
is a good method for weighting factors prior to decision making. 

Interaction nets. The pattern of relationships between a number of inter-
acting factors can be made easy to see by replotting the information from a 
matrix as a net. 

7 

I 3 

8 
2 

6 

Each number refers to a factor and each line refers to a cross in the interaction 
matrix. The above interaction net is obtained in two stages. 

1. Write out the numbers in a circle and draw in the links, corresponding 
to the crosses, with as few crossed lines as possible starting with 
numbers which have many links. 

8 

4 

5 

2. Re-draw in an orderly way keeping groups of interconnected numbers 
apart from each other and with as few crossed lines as possible, as in the 
first diagram above. In very complicated cases confusion can only be 
avoided by the use of a three-dimensional model. 
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Examples of the use of interaction 11ets are: 
1. Making clear the pattern of interactions between all the performance 

specifications in a problem and thus giving an idea of the consequence 
of changing any particular requirement. 

2. Making clear the pattern of linkages in any problem that involves the 
interconnection of many parts, e.g. circuits, systems, circulation plans. 

1.5. Performance Specifications (P-SPECS) 

Complete separation of problem from solution can only be achieved if the 
requirements are expressed purely in terms of performance and with no 
reference whatever to shape, materials and design. To do this each require-
ment is rewritten as a PERFORMANCE SPECIFICATION (or P-SPEC), e.g.: 

Design specification: 
Control panel to be mounted at 45° 

P-SPEC: 
Control panel to be visible from all operating positions. 

It is often difficult for those who are accustomed to working by experience 
rather than analysis to think in terms of performance by itself. This difficulty 
can often be overcome by subjecting each requirement to a LOGICAL QUESTION 
CHAIN (see Section 1.3.). 

P-SPECS should be expressed wherever possible between LIMITS (as in 
Section 1.3), e.g. 

P-SPECS between limits: 
Control panels to be visible within ±20° of the normal from all positions 
of the eyes for persons of height between 5 ft 3 in. and 6 ft 2 in. 
Heat dissipation to be between 10 and 20 per cent more than for existing 
design. 

In all cases the limits should be as far apart as is in keeping with the standards 
of performance aimed at. 

1.6. Obtaining Agreement 

The complete list of P-SPECS is circulated to all persons whose agreement 
to the final design will be required at a later stage. At subsequent meetings 
and discussions every effort is made to incorporate all valid criticisms and 
omissions in a revised list. Written agreement of all concerned is sought at 
this point on the strict understanding that the design will go ahead on this 
basis and all further alterations or additions will have to be held over for 
incorporation in future designs. 

The strict finalizing of the P-SPEC list will only be possible when the 
preliminary work has been very thorough. When this degree of thoroughness 
has not been achieved, major errors and omissions in the P-SPECS are likely to 
be discovered at later stages. In these cases it will not be possible to maintain 
separation of problem and solution and SYSTEMATIC DESIGN will have ceased 
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to occur. This failure is likely to occur when SYSTEMATIC DESIGN is tried out 
for the first time in sitt1ations where traditional methods are customary. 
The great difficulty of introducing SYSTEMATIC DESIGN is that its advantages 
are not obtained unless it is carried out far more thoroughly than is likely 
in first attempts. Successful application is much more likely when changes in 
ORGANIZATION have been introduced beforehand. As with many new things 
it involves an acclimatization period during which things may get worse 
before they get better. 

2. SYNTHESIS 

2.1. Creative Thinking 

Little is known of what goes on in the mind during creative thinking, but it 
is clear that the power of imagination which any person can apply to the 
solving of a design problem is dependant on two external factors: 

1. A clear statement of the problem. 
2. A free atmosphere in which any idea, however crude or naive, can be 

expressed at any time without regard to its practicability. The purpose 
of all the previous stages is to make possible a very clear statement of 
the problem. This work will in itself suggest many ideas and solutions 
which will have been collected in a separate set of papers as described in 
Section 1.2. When the P-SPECS have been completed a much more 
deliberate search for solutions can begin. 

A useful technique is that described as BRAINSTORMING. Those concerned 
with the project, and a number of other persons of different backgrounds and 
experience, are invited to an informal meeting. After each item of the 
performance specification is read out all persons are asked to mention any 
idea, criticism or solution that comes into their heads however mad or 
eccentric it may appear to be. The chairman does nothing except read out the 

. problems and enforce the rule that nobody shall criticize any idea in any way. 
All ideas are recorded in shorthand or by tape recorder for evaluation later. 

The same method of uninhibited listing of ideas can be done by individuals. 
This procedure is valuable as a means of releasing the imagination and ·of 
obtaining a large number of ideas from many areas of experience in a short 
time. It should be followed by more logical and careful thought, particularly 
on those aspects of the problem where no obvious solutions have appeared so 
far. In such cases, if the imagination comes to a halt and no solution seems 
possible the following methods may suggest a solution: 

1. Write down the conditions which would make a solution possible. 
2. Write down a phrase describing the difficulty and substitute alternatives 

for each word, e.g. 
PHRASE DESCRIBING A DIFFICULTY 

''Manufacturing tolerances will cause misalignment between two 
surfaces.'' 
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ALTERNATIVE WORDS 
Substitute ''welding distortion'' for ''manufacturing tolerances'': 
This suggests using a process other than welding. 
Substitute ''a gap between'' for ''misalignment'': 
This suggests making a deliberate gap. 
Substitute ''adjacent surface'' for ''two surfaces'': 

65 

This suggests making the surfaces not adjacent, i.e. putting another 
surface between them. 
Substitute ''planes'' for ''surfaces'': 
This suggests making the surfaces non-planar. 

3. Write down the consequences of not finding a solution of the difficulty. 
This will often show that the consequences can in fact be tolerated, or 
suggest another way of avoiding them. 

2.2. Partial Solutions 

Existing design methods usually result in a single solution which is con-
ceived as a whole with the details being worked out later. SYSTEMATIC DESIGN 
reverses this procedure. PARTIAL SOLUTIONS, one or more for each P-SPEC, 
are sought first and then combined by permutation to give several alternative 
whole solutions. 

Partial solutions to each of the P-SPECS are tabulated as follows: 

P-Specs Partial Solutions 

1 

2 

3 

A vital difference between this and existing methods is that each PARTIAL 
SOLUTION is considered completely independently of any other. The object is 
to find shapes which meet each P-SPEC in the best possible way and to take 
no account of conflicting demands of different P-SPECS, e.g. if one P-SPEC is 
best satisfied by a removable access cover and another is best satisfied by a 
fixed enclosure these best solutions should be separately recorded, together 
with some estimate of the degree of performance loss for departures from 
complete accessibility and complete enclosure respectively. This makes it 
possible to find COMBINED SOLUTIONS having the least compromise at stage 2.4. 

Sources of Partial Solutions are: 
1. A search through the ideas collected so far. 
2. The use of BRAINSTORMING, and the other more logical methods described 

in Section 2.1 as aids to creative thinking. 



66 J. CHRISTOPHER JONES 

3. Observation and experiments with existing designs and experimental 
apparatus to measure the degree to which any particular P-SPEC is 
satisfied, without reference to any other. 

All solutions should be expressed in terms of physical dimensions between 
limits as described in the next section. 

2.3. Limits 

There will be a range of dimensions, shapes, and variations in material 
properties, which will satisfy any particular P-SPEC. It is vital to express 
PARTIAL SOLUTIONS by LIMITS which show clearly the extremes between which 
all such equally acceptable solutions lie. This means that: 

1. All dimensions, radii, etc., to be followed by the widest acc.eptable 
tolerance, e.g.: 

+ 1 in. - 1 in., + 1 in. - 0 in., + 0 in. - 1 in. 
2. All shapes to be expressed as a range of shapes, e.g. any shape lying 

between a square and a circle. 
3. Choice of .materials to be expressed between limits of their properties, 

e.g. any materials have A ± a hardness, B ± b elasticity, etc. 

2.4. Combined Solutions 

The purpose of this stage is to combine PARTIAL SOLUTIONS into COMBINED 
SOLUTIONS with the least departure from the P-SPECS. This can be done to 
some extent by looking down the list of PARTIAL SOLUTIONS and selecting by 
eye those that appear to go best together. But as this process involves far 
more alternatives than the memory can handle without confusion it is 
necessary to do this in stages. 

1. By inspection, and a little trial and error, make lists of 
(a) PARTIAL SOLUTIONS which are compatible, i.e. do not conflict. 
(b) PARTIAL SOLUTIONS which are incompatible, i.e. do conflict. 
An INTERACTION MATRIX (1.4) can be used to check the compatibility of 
each pair of solutions. 

2. Look again at the INTERACTIONS BETWEEN FACTORS (1.4) to find logical 
sequences in which PARTIAL SOLUTIONS should be combined. For 
example, in the design of an automatic control system the INTERACTION 

· NET might show that: 
(1) The type of switching element is dependent on: 
(2) The frequency of switching, which is dependent on: 
(3) The speed of response, which is dependent on: 
(4) The acceptable error, which is dependent on: 
( 5) The relative costs of errors and error-correcting devices: 

It is correct to begin with the most independent factor, in this case the 
of errors, and to combine PARTIAL SOLUTIONS in the sequence 4, 3, 2, 1, 5, 
repeating the process 11ntil t.he optimum for 5 is obtained. In this way sets 
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of compatible particular solutions, each following within the LIMITS of their 
respective PARTIAL SOLUTIONS, can be obtained. 

Compatible PARTIAL SOLUTIONS can be tabulated as follows: 

Sets of compatible partial solutions 
p SPECS . 

Set Set Set Set Set 
1 2 3 4 . 5 

1 Pll P12 P13 P14 

2 P21 P22 

3 P31 P33 

4 P42 P43 P45 
. 

P12 is a partial solution. The figure 1 indicates that it falls between the 
dimensional limits of the PARTIAL SOLUTIONS for P-SPEC No. 1 .. The figure 2 
indicates that it is compatible with all the other solutions in set 2, compatibility 
having been discovered by both or either of the methods 1 and 2 above.. It 
may be more convenient to put small illustrations on the chart in place of the 
symbols Pl2, etc., and so make it possible to see at a glance the way in which 
the particular solutions will fit in with each other .. 

As the gaps in the above chart indicate, no set of compatible solutions will 
meet all the P-SPECS. The problem then is to decide which combinations give 
least compromise and loss of performance. Often the only way to do this is to 
develop several sets to the stage where their performance can be evaluated by 
trial and experiment. 

The design method described so far will still leave a great many detailed 
decisions to be made by eye and by experience .. 

2.5 .. Solution Plotting 

Systematic design does not seek a single solution but aims at finding a range 
of solutions and making it clear in what ways each fits, or does not fit, the 
specification. Finally, when it becomes necessary to select one or more of 
these solutions for production, the selection can be made in full awareness of 
the results which can be expected, and with a high probability that no better 
solutions can be found with the existing resources. 

Solution plotting is a means of making clear the relationships between 
solutions. Two kinds of relationship are considered here. 

Trends i.e. relationships between previous solutions. 
New solutions i.e. relationships between all possible alternative solutions. 
A trend plot can be used to show how shape and performance have changed 

over the years.. Photographs or drawings of previous designs are placed in 
6 
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sequence anddata are added in terms ofreasonsfordesign changes and details 
of performance achieved. 

Trend plot 

Year Year 1 Year 2 Year 3 Year 4 Etc. 

Illustrations Original First design Second design 
design change change 

Reasons for Reasons Reasons 
design changes 

Perf orn1ance for Performance Performance Performance 
Factor 1 

Performance for Performance Performance Performance 
Factor 2 

Etc. 

The gaps which occur in years where no design change takes place serve to 
illustrate the life of each design and are helpful in indicating the degree of 
design change that is appropriate at the present time. 

A new solution plot is a means of comparing the range of existing solutions, 
or new proposals, in relation to shape or performance. These plots can be 
used to find areas where new combinations of shape and performance can 
be sought and will also show up areas where the existing solutions are likely 
to be the best. New solution plots for both shape and performance take the 
form of graphs in which measures of two major characteristics of shape or 
performance are marked along the axes. Each of the points Sl, S2,etc.,marks 
the characteristics Cl and C2 of solutions. 

c, I 

/I 
- - - - - - - - - ......_ """-- ,,..;.... """- """"'- ..J... ...._ -' $ 9 / - -

I 
I 

s 14 I 
• S1 s I 

• I 
S18• •S 11I 

• I s,9 I 
I 

Cl and C2 can be of three kinds: 

• S11 I s 13 
• • 1 • s 12 I 

I 
I 
I 
I 
I 
I 

1. Two measures of performance, e.g. speed and reliability, cost and capacity. 
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2. Two measures of shape, e.g. weight and length, volume and type of 
material. 

3. A measure of performance and a measure of shape, e.g. speed and weight, 
maintainability and degree of enclosure. 

The measures used to quantify characteristics Cl and C2 are either existing 
scales, such as weight and cost, or ranks obtained from making estimates and 
judgements between every pair of solutions using an interaction matrix 
(Section 1.4) to rank them in sequence. 

The results of plotting all the alternative existing solutions Sl, S2, S3, etc. , 
might be patterns such as that shown. In the above example one might con-
clude: that existing shapes and materials tend to three basic design types, 
represented by the three clusters; that the central designs in each cluster may 
be the best obtainable example of their types; that isolated examples, such as 
S7, may be hybrids which will move towards one of the neighbouring clusters 
if modified to increase either of the characteristics C 1, C2. 

When the ranges of desired characteristics, shown as Rl, R2, are known, the 
area in which both occur can be marked on the solution plot. In this case the 
position of the shaded area shows that only the fringe solutions 85, 810 and 
the hybrid solution S7 fall within it. This might suggest a search for a possible 
new cluster of designs towards the top right corner of the shaded area. 

3. EVALUATION 

3.1. Methods of Evaluation 

Evaluation is here understood to mean any method by which deficiencies in 
solutions can be detected before final manufacturing drawings have been 
started, before production begins, before the product has been sold, before it 
has been installed and before it has been put to use. The purpose of any method 
of evaluation is to detect errors at the stage when they can be most cheaply 
corrected, that is when the increasingly expensive processes of drawing, 
manufacture, selling, installation, and use do not have to be repeated in 
order to make the correction. 

The traditional method of evaluation of engineering designs is by judgement, 
and by reference to the experience of engineers and draughtsmen, while the 
design is on the drawing board. When the right kind of experience is available, 
and when logical methods of detecting errors are too expensive or time-
consuming, this is still the most effective method. The traditional engineer-
ing drawing can thus be regarded as a complicated two-dimensional model 
which permits the problems of manufacture, selling, installation, operation 
and use to be anticipated, and the design evaluated, at an early stage. 

We are, however, already approaching a situation where engineering is 

• 
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called upon to design and develop increasingly complex equipment of which 
little or no experience exists and for which engineering drawings do not 
provide an adequate means of evaluation. At the same time we are becoming 
accustomed to using more expensive, more logical and more exhaustive 
methods of evaluation such as field trails, market surveys, models, simulators, 
computers, operational research, pre-production, pre-engineering and product 
planning. The purpose of this and the following sections is to summarize 
what is generally known of these new methods and to show how they relate to 
the techniques described in these notes. 

Evaluation by P-SPEC. The list of performance specifications (Section 1.5) 
should include a large proportion of the items to be tested by evaluation. 
The major task then consists of devising tests, trials, or other methods by 
which each design is checked against each performance requirement. It is 
helpful if the P-SPECS have been worded with such tests in mind, e.g. ''acces-
sibility such that ter1ninals can be checked in less than 1 min''; ''strength such 
that part A deflects no more than 0.01 in. relative to part B when maximum 
load is suddenly applied''. Section 1.3 is relevant here. 

Evaluation by judgement. In engineering design as it is today with new and 
unfamiliar logical methods being used here and there, with an increasing 
demand for the integration of previously separate components into complex 
interacting systems, with the continued raising of standards of performance 
and efficiency, and with the general lack of the time, development funds, 
and information which would make completely logical decisions possible, it is 
necessary to use a mixture of experienced judgement and logical decisions in 
the evaluation of any one design. These notes can be regarded as an attempt 
to bridge the very considerable gulf between these two methods and to over-
come the inherent difficulties of using experience and logic side by side in one 
design problem. Some suggestions for mixing experience and logic in 
evaluation are given below: 

Making judgements more precise. Stating judgements between limits; stating 
judgements in negative form (i.e. stating what must be excluded); putting 
judgements in order of importance using paired comparisons in an interaction 
matrix; separating opinions from facts based on experience by consulting 
several persons, or by logical question chains. All these methods have been 
referred to previously. Another is to list the consequences of disregarding 
each judgement. 

Extending the area of judgement. The main method here is to bring the 
experience of many persons to each evaluation that has to be made. This 
can be done by a design review committee of senior and experienced persons 
and perhaps including a few persons of experience in non-engineering fields 
such as scientific research, personnel management, accounting, safety, etc. 
Such a committee would have no responsibility for design decisions. Its 
responsibility would be to list the possible consequences of the solutions and 
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decisions submitted to it for judgement and to predict the sub-problems to 
which any solution or decision may give rise. 

Separation of logical decisions and judgements. When a largely systematic 
design method is being used it may well be helpful to organize a new ''stem-
atic design section'', composed largely of young persons, responsible for 
using the method and making all the design decisions, but with the overriding 
rule that they must be able to demonstrate that all available sources of ex-
perience and judgement have been consulted as in the design review procedure 
described above. 

3.2. Evaluation/or Operation, Manufacture and Sales 

The whole of science and technology can be regarded as a search for exact 
means of predicting the behaviour of physical things. For this reason all the 
methods of calculation and experiment of which engineering training is 
composed are relevant to the evaluation of designs and obviously include far 
more than can be summarized in these notes. 

There is, however, one major aspect of calculation and experiment which is 
largely absent from current engineering training and which is of central 
importance to a systematic design method. That aspect is the prediction of 
the behaviour of large numbers of related components, over long periods of 
time. Traditional engineering calculations are largely confined to the pre-
diction of isolated events and separate parts of a design problem and leave to 
human judgement the assessment of the behaviour of the design as a whole. 
This may be the reason why so much engineering can at present be done with 
hardly any calculation at all. 

We are, however, coming nearer to a situation in which evaluation and 
prediction of the performance of designs as a whole, and for their complete 
life spans, is failing outside the range of experience. Newer and more com-
prehensive methods of calculation are coming into being, largely because of the 
availability of high-speed computers. But before these sophisticated methods 
can be introduced into more intangible and complex areas of judgement it is 
both necessary and possible to make a start with simpler and more ''manual'' 
methods of logical evaluation, some of which are outlined below. 

This ''manual'' or semi-logical approach to evaluation could be the re-
sponsibility of the separate ''systematic design section'' ref erred to in Section 
3.1. Its basic methods of evaluation would be: 

1. Collection and assessment of available experience and judgement 
(using the methods of Section 3.1). 

2. Simulation (using any form of model making, drawing, analogue 
computing and experiment that is available and appropriate). 

3. Logical prediction of all possible circumstances and situations which 
the design has to meet through its life (using interaction matrices and 
nets to check all the permutations). 
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4. Pre-engineering development (using small-scale but realistic facilities for 
pre-production, pre-sales and pre-operation in which unforeseen 
difficulties are discovered before full-scale production, sales and opera-
tion has started). 

Section 4 entails the provision of fairly elaborate facilities of a kind not 
usually available to engineering development sections, as they are organized 
at the moment. These facilities are listed below. 

Pre-production. The facility required is a small ''production development 
section'', separate from the main shops, but operating to the same standards 
of accuracy (or inaccuracy) and under analogous limitations. Production 
prototypes and parts should be made without any of the additional hand work 
or fitting that is usually expected in prototype manufacture. This section to 
be under a staff of engineers trained in design, method study, and production 

• • engineering. 
Pre-sales. The facility required is a small ''sales development section'', 

separate from current sales and publicity work, which is in close touch with 
those sections of customer organizations that are most interested in future 
rather than present developments, and has the responsibility for getting pre-
engineered prototypes accepted for trial by such customer groups. The 
section would make use of this situation to discover all the favourable and 
unfavourable sales reactions at this stage and would also prepare development 
versions of all the necessary sales literature, leaflets, advertisements, etc. 
This section would be the one most concerned with the making of realistic 
appearance models and with industrial design. It would be staffed by sales 
engineers with experience of systematic marketing methods and with some 
experience of design. 

Pre-operation. The facility required is a small ''operation development 
section'', separate from current engineering. It would work in close contact 
with planning and research sections of customer organizations. It would 
seek facilities for the small-scale trial of pre-engineered prototypes for the 
expected range of operation conditions these facilities being provided by 
customers themselves. The section could be staffed by engineers with ex-
perience of design, systems engineering and research. It would be the section 
most concerned with research and with ergonomics. 
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