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Foreword

Jim Morrison is to be congratulated on producing this very important book. It
used to be thought that to make the nearest thing to a perfect car, it was
necessary for each component to be produced to satisfy the very narrowest
specifications. This is the philosophy that produced the Rolls Royce.
Unfortunately the car was not only exceptional in reliability but also excep-
tional in cost.

It is remarkable that as far back as 1957 Jim Morrison came up with a very
different and important concept. This was to use in engineering design the
concept of transmission of error. With this approach, it became clear that to
produce low error transmission in the characteristics of an assembly, certain
components had to satisfy very tight specifications and these were expensive
to achieve. However, other components that had much less effect on the
performance of the assembly could have much wider and less expensive
specifications. He showed us how to find out which components must have
very narrow specifications and which could be much less narrow. By spend-
ing money where it would do the most good, it was possible to produce a car
at a moderate cost whose performance and reliability were extremely high.
Morrison’s concept can be applied in all areas of engineering design. His
concept has had profound effects. Those companies that ignore it do so at
their peril.

History is full of examples where the origin of an important concept was
not known or was ignored until a much later time. This has been true in the
case of robust design described above. Sometimes not only has the originator
of the idea been forgotten but the essentials which he developed have been
misapplied. In particular, Jim had pointed out the importance of knowing, at
least approximately, the variances of the components in order to determine
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the variance of the assembly. In later versions of this concept such matters
have been given far too little attention. We are particularly grateful, there-
fore, for this book in which Jim describes these techniques with clarity and
accuracy.

George E.P. Box, FRS

Emeritus Professor, University of Wisconsin, USA

Honorary Member of the American Society for Quality

Inaugural holder of the George Box Medal for outstanding
contributions to business and industrial statistics awarded by the
European Network of Business and Industrial Statisticians (ENBIS)



Preface

This introductory text on statistical engineering is written by an engineer for an
engineering readership. It is hoped it will appeal both to practising engineers
and to students, and (indeed) to school leavers contemplating engineering as a
career. It may also be useful to managers who are concerned with the quality of
manufactured products. In spite of all the effort over centuries to achieve
absolute precision, engineering is still (and probably always will be) beset by
variability which is manifest in many different ways — properties of raw
materials, the environment, measurement error, process variability, etc.

Statisticians, too, are beset by variability. If variability did not exist their
branch of mathematics would (probably) never have come into existence.
Variability is their focal point. They have developed powerful analytical
techniques which can be of enormous benefit to society in general and to
specialists in other branches of science and technology in particular.

Engineers using statistical methods need not concern themselves with
profound issues of statistical inference or the subtleties of statistical
mathematics. They require only familiarity with relevant statistical methods,
an understanding of how they work and how to use them safely without
running into danger. Some familiarity with statistical terminology is also
desirable so that they can communicate with statisticians when the need
arises. That is what this book is all about.

The sequence of topics is not linked in any way to the theoretical develop-
ment of mathematical statistics. The text begins with a nonmathematical
examination of the nature of variability in engineering data, followed by an
explanation of some basic statistical methods for dealing with variability. It
then follows the pursuit of variability reduction in manufacturing industry,
starting with production, followed by engineering design, then research and
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development. Finally, measurement, statistical computing, and quality
management are dealt with as background topics. Although it is convenient
to use the manufacturing industry as a vehicle for demonstrating the use of
statistical methods, it must be emphasised they are widely applicable in
other branches of engineering.

Statistical methods provide the only satisfactory way of dealing with the
variability that exists in every engineering situation. The buck doesn’t stop at
ground level. The responsibility for dealing with variability is carried by
engineers and managers at all levels, right up to chief executive. The engineer
who is lacking in statistical skill is less than competent to handle variability.
For that reason statistical engineering should be a continuing professional
development interest for practising engineers, irrespective of seniority.

Engineering students must recognise that statistical skills will be important
to them in their future careers, no matter what branch of technology they
enter or how high they set their sights. As fee-payers they are entitled to look
critically at their academic curricula. If they graduate in an academic
establishment at which no provision is made for teaching the elements of
statistical engineering, they will find themselves later in life competing on
unequal terms with statistically competent engineers who are better
equipped to deal with the reality of the world.

There is a message here, too, for school leavers who are considering a
professional career in engineering. They should enquire carefully about the
curriculum of any engineering degree course they are thinking of entering. If
there is no evidence of statistical engineering content they should pass it by
and look at the next on their list before committing themselves.

This book introduces a broad range of statistical methods that are relevant
to engineering. These are presented with the minimum of mathematics and
the maximum of explanation. Where statistical jargon is used the words
and phrases are printed in italics at the first entry so that the meaning will
be self-evident from the context. The object is to build bridges of under-
standing between the professional disciplines of engineering and statistics.

To assist the readers who may wish to take the subject further than a basic
introduction (particularly in areas of research) extensive reference lists are
provided at each chapter end. In addition, four appendices offer guidance for
further study. A fifth appendix accommodates statistical tables.

Lastly, by linking together the basic elements of quality — technology,
management, and statistics — in a compact readable text this book
should assist academic engineering schools to satisfy the requirements of
the accreditation committees of professional institutions making their
assessments of degree courses.
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Nature of Variability

There is no engineering product so simple that only one source of variability
affects its dimensions or properties. Take two examples of products which
are relatively simple in their physical appearance — high-carbon steel wire
and milk bottles.

The tensile strength of steel wire depends on numerous factors: the carbon
content of the ingot from which rods were made in the rolling mill; the
temperature of the heat treatment furnace through which the rods were
passed; the rate of passage through the furnace; the temperature of the
quenching bath; the ambient temperature in the heat treatment shop;
the number of dies through which the rods were drawn to finished wire
size; the rate of drawing; the ambient temperature in the wire mill, etc.
Variability in any of these factors is likely to generate variability in tensile
strength.

One of the hazards of a milkman’s life is the possibility of being stopped in
the street by a weights and measures inspector. Milk bottles are filled to a
predetermined level on automatic machines. The capacity at that level is
determined by the external profile of the bottle and by its wall thickness. The
bottles are made on multi-head automatic machines by dropping gobs of
molten glass into metal moulds (one at each work station), piercing them
hollow, then inflating them with compressed air until they fill the moulds.
The external profile can be affected by different settings at each work station,
by mould differences, by fluctuations in air pressure, by sagging after release
from the moulds, and by malfunctioning of the automatic timing gear which
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controls the various functions. The wall thickness is determined by the
setting of the gob feeder and this in its turn is affected by the viscosity of
the glass, the forehearth temperature, and the action of the shears which cut
off successive gobs from the continuous flow of the feeder. Variability in any
of these process factors may contribute to variability in the volumetric
capacity of bottles in continuous production.

It must be assumed that most engineering products which are infinitely
more complex than steel wire or milk bottles will be equally susceptible to a
multitude of factors located in raw materials, components, processes and the
environment which are capable of affecting the properties and dimensions of
a finished product. It is therefore important for engineers to have an under-
standing of the way in which random combinations of independent sources
can affect the variability of a finished product.

This can be demonstrated with random combinations of the variables R, Y
and B in Table 1.1. These single-digit numbers in the range 0-9 were gener-
ated by throwing twenty-faced icosahedron coloured dice (red, yellow and
blue) with the numbers zero to nine engraved twice on each die. The dice
were invented in 1950/60 by Mr Yasushi Ishida and patented by Tokyo-
Shibaura Electric Company. They were marketed and distributed by the
Japanese Standards Association for demonstrating the principles of statisti-
cal quality control. In the discussion that follows the data in Table 1.1 will be
used to demonstrate some of the phenomena of variability that are encoun-
tered in engineering data without resort to the mathematics of probability
theory. It is hoped this will help the reader to understand the relevance of
statistical methods to be described later.

Table 1.1 Dice scores

R Y B R+Y+B Mean Range RxY
0 6 5 11 0
0 8 9 17 0
4 6 5 15 13.8 6 24
7 0 6 13 0
9 4 0 13 36
1 9 4 14 9
7 0 3 10 0
7 3 6 16 12.2 9 21
2 4 1 7 8
1 9 4 14 9

Continued for one hundred trials
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One hundred trials were conducted, but only the first ten are recorded in
the table.

Readers who are not convinced that the trials are properly reported are at
liberty to conduct their own time-consuming experiments. Also recorded in
the table are the sums R + Y + B, and the products R x Y, along with the mean
and the range of groups of five. In statistical terms, the mean of a set of data is
the sum of the individuals divided by the number of individuals. The range
is the difference between the largest and smallest individuals.

The frequency distributions are as follows;

R,Yand B  Frequency R+Y+B  Frequency
0 30 0,1 0
1 38 2,3 1
2 20 4,5 2
3 38 6,7 7
4 29 8,9 12
5 31 10,11 15
6 29 12,13 24
7 32 14,15 17
8 21 16,17 4
9 32 18,19 9

20,21 5
22,23 3
24,25 1
26,27 0

These can be represented graphically in Figures 1.1 and 1.2.

In a perfect world one might expect Figure 1.1 to display 30 scores in each
of the 10 categories 0-9, but the bar chart (or histogram, to use a statistical
term) shows some degree of irregularity. If bias was suspected it would be
necessary to run a much more extensive series of trials to show whether the
dice were loaded in favour of scores 1 and 3 at the expense of scores 2 and 8.
In the absence of such evidence it can be assumed that the scoring conforms
to a rectangular distribution and that the irregularity is no more than is
commonly encountered in real life collections of data.

In sharp contrast, the bar chart for the sum of the three colours (Figure 1.2)
shows an entirely different pattern of distribution. There is a marked central
tendency around a mean score of 13.5 which is easy to explain. All possible
combinations of scores on the three dice are equally likely. There are many



