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THE R. A.FisHER MEMORIAL LECTURE, 1988

Quality improvement: an expanding domain for the application
of scientific method

By G.E. P. Box, F.R.S.

Center for Quality and Productivity Improvement, University of Wisconsin—Madison,

Y 4

,_.‘]‘ 610 Walnut Street, Madison 53705, U.S.A.

e

2 R Fisher’s early work on statistical data analysis and experimental design made possible
- 5 the application of scientific method to industrial problems and to the improvement
T O of the quality of everyday life. The use is discussed of simple statistical techniques for
— informed observation which can be used to improve quality in hospitals and other

service organizations as well as in the factory. At a more sophisticated level, statistical
experimental design may be used by engineers and scientists to design products that
rarely go wrong. Experimental design can be employed to maximize a desirable
quality characteristic, to minimize its variance, and to make it insensitive to
environmental changes. Such expansion of the domain of the application of scientific
method can not only raise industrial efficiency, but can improve the quality of life for
everyone.
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DATA ANALYSIS AND EXPERIMENTAL DESIGN

Sir Ronald Fisher saw statistics as the handmaiden of scientific investigation. When he first
went to Rothamsted in 1919, it was to analyse data on wheat yields and rainfall that extended
back over a period of some seventy years. Over the next few years, Fisher developed great skill
in such analysis and his remarkable practical sense led in turn to important new theoretical
results. In particular, least squares and regression analysis were placed on a much firmer
theoretical basis, the importance of graphical methods was emphasized and aspects of the
analysis of residuals were discussed.

But these studies presented him with a dilemma. On the one hand, such ‘happenstance’ data
were affected by innumerable disturbing factors not under his control. On the other hand, if

Y o

agricultural experiments were run in the laboratory where complete control was possible, the
- conclusions might be valueless because it would be impossible to know to what extent such
; b results applied to crops grown in a farmer’s field. The dilemma was resolved by Fisher’s
olm invention of statistical experimental design which did much to move science out of the
=4 f laboratory and into the real world. This was a major step in human progress.

E O The theory of experimental design that he developed, employing the tools of blocking,
= 8 randomization, replication, factorial experimentation and confounding, solved the problem of

how to conduct valid experiments in a world which is naturally non-stationary and non-
homogeneous; a world, moreover, in which unseen ‘lurking variables’ are linked in unknown
ways with the variables under study, thus inviting misinformation and confusion.

Thus by the beginning of the 1930s Fisher had initiated what is now called statistical data
analysis, had developed statistical experimental design and had pointed out their comp-
lementary and synergistic nature. Once the value of these ideas was demonstrated for
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618 G.E.P.BOX

agriculture, they quickly permeated such subjects as biology, medicine, forestry and social
science.

The 1930s were years of economic depression and it was not long before the potential value
of statistical methods to revive and re-energize industry came to be realized. In particular, at
the urging of Egon Pearson and others, a new section of the Royal Statistical Society was
inaugurated. During the next few years, at meetings of the Industrial and Agricultural Section
of the Society, workers from academia and industry met to present and discuss applications to
cotton spinning, woollen manufacture, glass making, electric light manufacture, and so forth.
History has shown that these pioneers were right in their belief that statistical methods
provided the key to industrial progress. Unhappily their voices were not heard, a World War
intervened, and it was at another time and in another country that their beliefs were proved
true.

Fisher was an interested participant and frequent discussant at these industrial meetings. He
wrote cordially to Shewhart, the originator of quality control at Bell Laboratories. He also took
note of the role of sampling inspection in rejecting bad products, but he was careful to point
out that the rules then in vogue for selecting inspection schemes by setting producer’s and
consumers’ risks, could not, in his opinion, be made the basis for a theory of scientific inference
(Fisher 1955). He made this point in a critical discusssion of the theory of Neyman and Pearson
whose ‘errors of the first and second kind’ closely paralleled producer’s and consumers’ risks.
He could not have forseen that 50 years later the world of quality control would, in the hands
of the Japanese, have become the world of quality improvement, in which his ideas for scientific
advance using statistical techniques of design as well as analysis were employed by industry on
the widest possible basis.

The revolutionary shift from quality control to quality improvement, which had been
initiated in Japan by his long-time friend Dr W. Edwards Deming, was accompanied by two
important concomitant changes; involvement of the whole workforce in quality improvement
and recognition that quality improvement must be a continuous and never-ending occupation
(Deming 1986).

ASPECTS OF SCIENTIFIC METHOD

To better understand the logic of these changes, it is necessary to consider certain aspects of
scientific method. Among living things mankind has the almost unique ability of making
discoveries and putting them to use. But until comparatively recently such technical advance
was slow; the ships of the thirteenth century were perhaps somewhat better designed than those
of the twelfth century, but the differences were not very dramatic. And then three or four
hundred years ago, a process of quickened technical change began which has been accelerating
ever since. This acceleration is attributed to an improved process for finding things out which
we call scientific method.

We can explain at least some aspects of this scientific revolution by considering a particular
instance of discovery. We are told that, in the late seventeenth century, a monk from the Abbey
of Hautvillers was the first to observe that a second fermentation in wine could be induced
which produced a new and different sparkling liquid, delightful to the taste, and which we now
call champagne. The culture of wine is known from the earliest records of man, and so the
conditions necessary to induce the production of champagne must have occurred accidentally
countless times throughout antiquity. However, it was not until this comparatively recent date
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QUALITY IMPROVEMENT AND SCIENTIFIC METHOD 619

that the actual discovery was made. This is less surprising if we consider that to induce an
advance of this kind two circumstances must coincide. First, an informative event must occur,
and second, a perceptive observer must be present to see it and learn from it.

Most events that occur in our daily routine correspond more or less with what we expect.
Only occasionally does something occur which is potentially informative. Also many observers,
whether through lack of essential background knowledge or from lack of curiosity or
motivation, do not fill the role of a perceptive observer. Thus the slowness of the process of
discovery in antiquity can be explained by the extreme rarity of the chance coincidence of two
circumstances, each of which is itself rare. It is then easily seen that discovery may be
accelerated by two processes which I shall call informed observation and directed
experimentation.

By a process of informed observation we arrange things so that, when a rare and potentially
informative event does occur, people with necessary technical background and motivation are
there to observe it. Thus, when last year an explosion of a supernova occurred, the scientific
organization of this planet was such that astronomers observed it and learned from it. A quality
control chart fills a similar role. When such a chart is properly maintained and displayed, it
ensures that any abnormality in the routine operation of a process is likely to be observed and
associated with what Shewhart called an assignable cause, so leading to the gradual
elimination of disturbing factors.

A second way in which the rate of acquisition of knowledge may be increased is by what I
will call directed experimentation. This is an attempt to artificially induce the occurrence of
an informative event. Thus, Benjamin Franklin’s plan to determine the possible connection of
lightning and electricity, by flying a kite in a thunder cloud and testing the emanations flowing
down the string, was an invitation for such an informative event to occur.

Recognition of the enormous power of these methods of scientific advance is now
commonplace. The challenge of the modern movement of quality improvement is nothing less
than to use them to further, in the widest possible manner, the effectiveness of human activity.
By this I mean not only the process of industrial manufacture but the running, for example,
of hospitals, airlines, universities, bus services and supermarkets. The enormous potential of
such an approach had long been forseen by systems engineers (see, for example, Jenkins &
Youle 1971), but until the current demonstration by Japan of its practicability, it had been
largely ignored. ~

ORGANIZATION OF QUALITY IMPROVEMENT WITH SIMPLE TOOLS

The less sophisticated problems in quality improvement can often be solved by informed
observation using some very simple tools that are easily taught to the workforce.

While on the one hand, Murphy’s law implacably ensures that anything that can go wrong
with a process will eventually go wrong, this same law also ensures that every process produces
data which can be used for its own improvement. Inthis sentence, the word ‘process’ could
mean an industrial manufacturing process, or a process for ordering supplies, or for paying
bills. It could also mean the process of admission to a hospital, or of registering at a hotel, or
of booking an airline flight.

One major difficulty in past methods of system design was the lack of involvement of the
people closest to it. For instance, a friend of mine recently told me of the following three
incidents that happened on one particular day. In the morning he saw his doctor at the hospital
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to discuss the results of some tests that had been made two weeks before. The results of the tests
should have been entered in his records but, as frequently happened at this particular hospital,
they were not. The doctor smiled and said rather triumphantly ‘Don’t worry, I thought they
wouldn’t be in there. I keep a duplicate record myself although I’m not supposed to. So I can
tell you what the results of your tests are.” Later that day my friend flew from Chicago to New
York and, as the plane was taxiing before take-off, there was a loud scraping noise at the rear
of the plane. Some passengers looked concerned but said nothing. My friend pressed the call
button and asked the stewardess about it. She said ‘This plane always makes that noise but
obviously I can’t do anything about it.” Finally, on reaching his hotel in the evening he found
that his room, the reservation for which had been guaranteed, had been given to someone else.
He was told that he would be driven to another hotel and that because of the inconvenience
his room-rate would be reduced. In answer to his protest, the reservation clerk said ‘I’'m very
sorry, it’s the system. It’s nothing to do with me.’

In each of these examples the system was itself providing data which could have been used
to improve it. But in every case, improvement was frustrated because the doctor, the stewardess
and the hotel clerk each believed that there was nothing they themselves could do to alter
a process that was clearly faulty. Yet each of the people involved was much closer to the system
than those who had designed it and who were insulated from receiving data on how it could
be improved.

Improvement could have resulted if, in each case, a routine had been in place whereby data
coming from the system were automatically used to correct it. '

To achieve this it would first have been necessary

(a) to instil the idea that quality improvement was each individual person’s responsibility ;

(6) to move responsibility for the improvement of the system to a quality improvement team
which included the persons actually involved ;

(c) to organize collection of appropriate data (not as a means of apportioning blame, but to
provide material for team problem-solving meetings).

The quality team of the hospital records system might include the doctor, the nurse, someone
from the hospital laboratory and someone from the records office. For the airplane problem,
the team might include the stewardess, the captain and the person responsible for the
mechanical maintenance of the plane. For the hotel problem, the team might include the hotel
clerk, the reservations clerk and someone responsible for computer systems. It is the
responsibility of such teams to conduct a relentless and never-ending war against Murphy’s
régime. Because their studies often reveal the need for additional expertise, and because it will
not always be within the power of the team to institute appropriate corrective action, it is
necessary that adequate channels for communication exist from the bottom to the top of the
organization, as well as from the top to the bottom.

Three potent weapons in the campaign for quality improvement are corrective feedback,
preemptive feedforward and simplification. The first two are self-explanatory. The importance
of simplification has been emphasized and well illustrated by F. Timothy Fuller (1986). In the
past, systems have tended to become steadily more complicated without necessarily adding any
corresponding increase in effectiveness. This occurs

(a) when the system develops by reaction to occasional disasters;

(6) when action, supposedly corrective, is instituted by persons remote from the system;

(¢) when no check is made on whether corrective action is effective or not.
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QUALITY IMPROVEMENT AND SCIENTIFIC METHOD 621

Thus the institution by a department store of complicated safeguards in its system for
customer return of unsatisfactory goods might be counter-productive; while not providing
sufficient deterence to a mendacious few, it could cause frustration and rejection by a large
number of honest customers. By contrast, the success of a company such as Marks & Spencer,
who instead believe in simplification and in particular adopt a very enlightened policy toward
returned goods, speaks for itself.

Because complication provides work and power for bureaucrats, simplification must be in
the hands of people who can benefit from it. The time and money saved from quality-
improvement programmes of this sort far more than compensates for that spent in putting them
into effect. No less important is the great boost to the morale of the workforce that comes from
their knowing that they can use their creativity to improve efficiency and reduce frustration.

Essential to the institution of quality improvement is the redefinition of the role of the
manager. He should not be an officer who conceives, gives and enforces orders, but rather a
coach who encourages and facilitates the work of his quality teams.

Ishikawa’s seven tools

At a slightly more sophisticated level, the process of informed observation may be facilitated
by a suitable set of statistical aids typified by Ishikawa’s seven tools. They are described in an
invaluable book available in English (Ishikawa 1976), and written for foremen and workers to
study together. The tools are check sheets, Pareto charts, cause—effect diagrams, histograms,
graphs, stratification and scatter plots. They can be used for the study of service systems as well
as manufacturing systems, but I shall use an example of the latter kind (see, for example, Box
& Bisgaard 1987%).

Suppose a manufacturer of springs finds that, at the end of a week, 75 springs have been
rejected as defective. These rejects should not be thrown away but studied by a quality team
of the people who make them. As necessary, this team would be augmented from time to time
with appropriate specialists. A tally on a check sheet could categorize the rejected springs by
the nature of the defect. Display of these results on a Pareto chart might then reveal the primary
defect to be, say, cracks. To facilitate discussion of what might cause the cracks, the members
of the quality team would gather around a blackboard and clarify their ideas using a
cause—effect diagram. A histogram categorizing cracks by size would provide a clear picture of
the magnitude of the cracks and of how much they varied. This histogram might then be
stratified, for example, by spring type. A distributional difference would raise the question as
to why the cracking process affected the two kinds of springs differently and might supply
important clues as to the cause. A scatter plot could expose a possible correlation of crack size
with holding temperature and so forth. With simple tools of this kind the team can work as
‘quality detectives’, gradually ‘finding and fixing’ things that are wrong.

It is sometimes asked if such methods work outside Japan. One of many instances showing
that it can, is supplied by a well-known Japanese manufacturer making television sets near
Chicago in the United States. The plant was originally operated by an American company
using traditional methods of manufacture. When the Japanese company first took over the
reject rate was 146 %,. This meant that most of the television sets had to be taken off the line
once to be individually repaired and some had to be taken off twice. By using simple ‘find-and-
fix’ tools like those above, the reject rate over a period of four to five years was reduced from
1469, to 29,. Although this was a Japanese company, only Americans were employed, and a
visitor could readily ascertain that they greatly preferred the new system.

44 [ 143 ] Vol. 327. A


http://rsta.royalsocietypublishing.org/

THE ROYAL A
SOCIETY :

PHILOSOPHICAL
TRANSACTIONS
OF

Y o

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org

622 G.E.P.BOX

Evolutionary operation

Evolutionary operation (EVOP) is an example of how elementary ideas of experimental
design can be used by the whole workforce. The central theme (Box 1957; Box & Draper 1969)
is that an operating system can be organized which mimics that by which biological systems
evolve to optimal forms.

For manufacturing, let us say, a chemical intermediate, the standard procedure is to
continually run the process at fixed levels of the process conditions: temperature, flow rate,
pressure, agitation speed and so forth. Such a procedure may be called static operation.
However, experience shows that the best conditions for the full-scale process are almost always
somewhat different from those developed from smaller-scale experimentation and, furthermore,
that some factors important on the full scale cannot always be adequately simulated in smaller-
scale production. The philosophy of Evor is that the full-scale process may be run to produce
not only the product, but also information on how to improve the process and the product.
Suppose that temperature and flow rate are the factors chosen for initial study. In the
evolutionary operation mode, small deliberate changes are made in these two factors in a pattern
(an experimental design) about the current best-known conditions. By continual averaging
and comparison of results at the slightly different conditions as they come in, information
gradually accumulates which can point to a direction of improvement where, for example,
higher conversion or less impurity can be obtained.

Important aspects of Evop are the following.

(a) It is an alternative method of factoring process operation. It may therefore be run
indefinitely as new ideas evolve and the importance of new factors are realized.

(b) It is run by plant operators as a standard routine with the ‘guidance of the process
superintendent and occasional advice from an Evop committee. It is therefore very sparing in
the use of technical manpower.

(¢) It was designed for improving yields and reducing costs in the chemical and process
industries. In the parts industries, where the problem is often that of reducing variation by
studying variances instead of means at the various process conditions, the process can be made
to evolve to one where variation is minimized.

DESIGN OF EXPERIMENTS FOR ENGINEERS

Informed observation provides ways of doing the best we can on the assumption that the
design of the product we produce and the design of the process that produces it are essentially
immutable. Obviously a product or process, which suffers from major deficiencies of design,
cannot be improved beyond a certain point by these methods. Improvements by Evop are also
constrained by what is possible within the basic system.

However, by artful design it may be possible to arrive at a product and process that have
high efficiencies, and that almost never go wrong. The design of new products and processes
is a fertile field for the employment of statistical experimental design.

Which? How? Why?

Suppose y is some quality characteristic whose probability distribution depends on the levels
of a number of factors x. Experimental design may be used to reveal certain aspects of this

[ 144 ]


http://rsta.royalsocietypublishing.org/

V‘J \
I~

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Y am

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org

QUALITY IMPROVEMENT AND SCIENTIFIC METHOD 623

dependence; in particular how the mean E(y) = f(x), and the variance *(y) = F(x), depend
on x. Both choice of design and method of analysis are greatly affected by what we know or
what we think we know about the input variables x and the functions f(x) and F(x) (see, for
example, Box et al. 1978).

Which?

In the early stages of investigation, the task may be to determine which subset of variables
X, chosen from the larger set x are of importance in affecting y. In this connection a Pareto
hypothesis (a hypothesis of ‘ effect sparsity’) becomes appropriate and the projective properties
into lower dimensions in the factor space of highly fractionated designs (Finney 1945 ; Plackett
& Burman 1946; Rao 1947; Box et al. 1978) may be used to find an active subset of £ or fewer
active factors. Analyses based on normal plots (Daniel 1959) and/or bayesian methods (Box
& Meyer 19864) are efficient and geometrically appealing.

How?

When we know, or think we know, which are the important variables x,, we may need to
determine more precisely how changes in their levels affect y. Often, the nature of the functions
f(x) and F(x) will be unknown. However, over some limited region of interest, a local Taylor’s
series approximation of first or second order in x, may provide an adequate approximation,
particularly if y and x, are re-expressed, when necessary, in appropriate alternative metrics.
Fractional factorials and other response surface designs of first and second order are
appropriate here. Maxima may be found and exploited using steepest ascent methods followed
by canonical analysis of a fitted second-degree equation in appropriately transformed metrics
(Box & Wilson 1951). The possibilities for exploiting multidimensional ridges, and hence
discovering alternative optimal processes, become particularly important at this stage (see, for
example, Box & Draper 1986).

Why?

Instances occur when a mechanistic model can be postulated. This might take the form of
a set of differential equations believed to describe the underlying physics. Various kinds of
problems arise. Among these are the following.

How should parameters (often corresponding to unknown physical constants) be estimated
" from data?

How should candidate models be tested?

How should we select a model from competing candidates?

What kinds of experimental designs are appropriate?

Workers in quality improvement have so far been chiefly occupied with problems of the

‘which’ and occasionally of the ‘how’ kind, and have consequently made most use of fractional

factorial designs and other orthogonal arrays, and of response surface designs.

Studying location, dispersion and robustness

In the past, experimental design had been used most often as a means of discovering how,
for example, the process could be improved by increasing the mean of some quality characteristic.
Modern quality improvement also stresses the use of experimental design in reducing
dispersion.

[ 145 ] 44-2
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Using experimental designs to minimize variation

High quality, particularly in the parts industries (e.g. automobiles, electronics), is frequently
associated with minimizing dispersion. In particular, the simultaneous study of the effect of the
variables x on the variance as well as the mean is important in the problem of bringing a
process on target with smallest possible dispersion (Phadke 1982).

Bartlett & Kendall (1946) pointed to the advantages of analysis in terms of In s to produce
constant variance and increased additivity in the dispersion measure. It is also very important
in such studies to remove transformable dependence between the mean and standard
deviation. Taguchi (1986, 1987) attempts to do this by the use of a signal-to-noise ratio.
However, it may be shown that it is much less restrictive, simpler and more statistically efficient
to proceed by direct data transformation obtained, for example, by a ‘lambda plot’ (Box
1988).

A practical difficulty may be the very large number of experimental runs which may be
needed in such studies if complicated designs are employed. It was recently shown how, using
what Fisher called hidden replication, unreplicated fractions may sometimes be employed to
identify sparse dispersion effects in the presence of sparse location effects (Box & Meyer
19865).

Experimental design and robustness to the environment

A well-designed car will start over a wide range of conditions of ambient temperature and
humidity. The design of the starting mechanism may be said to be ‘robust’ to changes in these
environmental variables. Suppose E(y) and possibly also o®(y) are functions of certain design
variables x4, which determine the design of the system, and also of some external environmental
variables x,, which, except in the experimental environment, are not under our control. The
problem of robust design is to choose a desirable combination of design variables x,, at which
good performance is experienced over a wide range of environmental conditions.

Related problems were earlier considered by Youden (19614, ) and Wernimont (1975), but
recently their importance in quality improvement has been pointed out by Taguchi. His
solution employs an experimental design which combines, multiplicatively, an ‘inner’ design
array and an ‘outer’ environmental array. Each piece of this combination is usually a
fractional factorial design or some other orthogonal array. Recent research has concentrated
on various means for reducing the burdensome experimental effort which presently may be
needed for studies of this kind.

Robustness of an assembly to variation in its components

In the design of an assembly, such as an electrical circuit, the exact mathematical relation
y = f(x) between the quality characteristic of the assembly, such as the output voltage y of the
circuit, and the characteristics x of its components (resistors, capacitors, etc.) may be known
from physics. However, there may be an infinite variety of configurations of x that can give the
same desired mean level, E(y) = 7, say. Thus an opportunity exists for optimal design by
choosing a ‘best’ configuration.

Suppose the characteristics x of the components vary about ‘nominal values’ & with known
covariance matrix V. Thus, for example, a particular resistance x; might vary about its nominal
value £, with known variance o}. (Also, variation in one component would usually be
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independent of that of another so that ¥ would usually be diagonal.) Now variation in the
input characteristics x will transmit variation to the quality characteristic y, so that for each
choice of component nominal values &, which yield the desired output y = 7, there will be an
associated mean square error E(y—7)* = M(y) = F(&).

Using a Wheatstone bridge circuit for illustration, Taguchi & Wu (1985) pose the problem
of choosing &€ so that M(y) is minimized. To solve it, they again employ an experimental
strategy using inner and outer arrays. Box & Fung (1986) have pointed out, however, that
their procedure does not in general lead to an optimal solution and that it is better to use a
simpler and more general method employing a standard, numerical, nonlinear optimization
routine. The latter authors also make the following further points.

(a) For an electrical circuit it is reasonable to assume that the relation y = f(x) is known,
but when, as is usually the case, y = f(x) must be estimated experimentally, the problems are
much more complicated and require further study.

(b) Tt is also supposed that each of the o7 is known and furthermore that they remain fixed
or change in a known way (for example, proportionally) when £, changes. The nature of the
optimal solution can be vastly different depending on the validity of such assumptions.

Taguchi’s quality engineering ideas are clearly important and present a great opportunity
for development. It appears, however (see, for example, Box et al. 19884), that the
accompanying statistical methods that Taguchi recommends, employing ‘accumulation
analysis’, ‘signal-to-noise ratios’ and ‘minute analysis’, are often defective, inefficient and
unnecessarily complicated. Furthermore, Taguchi’s philosophy seems at times to imply a
substitution of statistics for engineering rather than the use of statistics as a catalyst to
engineering (Box 1988). Because such deficiencies can be easily corrected, it is particularly
unfortunate that, in the United States at least, engineers are often taught these ideas by
instructors who stress that no deviation from Taguchi’s exact recipe is permissible. '

A WIDER DOMAIN FOR SCIENTIFIC METHOD

Quality improvement is about finding out how to do things better. The efficient way to do
this is by using scientific method, which is a very powerful tool, employed in the past by only
a small elite of trained scientists. Modern quality improvement extends the domain of scientific
method over users (e.g. from the chief executive officer to the janitor); over areas of human
endeavour (e.g. factories, hospitals, airlines, department stores); over time (never-ending
quality improvement) ; and over causative factors (an evolving panorama of factors that affect
the operation of a system).

Users

Although it is not possible to be numerically precise, I find a rough graphical picture helpful
to understanding. The distribution of technological skill in the workforce might look something
like figure 1a. The distribution of technological skill required to solve the problems that
routinely reduce the efficiency of factories, hospitals, bus companies and so forth might look
something like figure 15. ;

In the past, only those possessing highly trained scientific or managerial talent, would have
been regarded as problem solvers. Inevitably this small group could only tackle a smail
proportion of the problems that beset the organization. One aspect of the new approach is that
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Ficure 1. (a) Hypothetical frequency distribution of workers possessing given technological skill. (5) Hypothetical
frequency distribution of problems requiring various design of technological skill for their solution.
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many problems can be solved by suitably trained persons with fewer technical skills. An
organization that does not use this talent throws away a large proportion of its creative
potential. A second aspect is that engineers and technologists need to experiment
simultaneously with many variables in the presence of noise. Without knowledge of statistical
experimental design, they are not equipped to do this efficiently. A group visiting Japanese
industry was recently told that ‘an engineer who does not know statistical experimental design
is not an engineer’ (Box et al. 19885).

Areas of endeavour

At first sight, we tend to think of quality improvement as applying only to operations on the
factory floor. But even in manufacturing organizations a high proportion of the workforce are
otherwise engaged in billing, invoicing, planning, scheduling and so forth, all of which should

- be made the subject of study. But outside such industrial organizations, all of us as individual
< ) y g

— citizens must deal with a complex world, involving hospitals, government departments,
O : universities, airlines and so forth. Lack of quality in these organizations results in needless
= expense, wasted time and unnecessary frustration. Quality improvement applied to these
E 8 activities could free us all for more productive and pleasurable pursuits.

= v -

Time
For never-ending improvement there must be a long-term commitment to renewal. A
commonly used statistical model links a set of variables x, with a response y by an equation

y = f(x,)+e where ¢ is an error term, often imbued by statisticians with properties of
randomness, independence and normality. A more realistic version of this model is

¥ =f(%) +e(x,),
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where x, is a set of variables whose nature and behaviour is unknown. By skilful use of the
techniques of informed observation and experimental design, as time elapses, elements of x, are
transferred into x,, from the unknown into the known. This transference is the essence of
modern quality improvement and has two consequences.

(@) Once a previously unknown variable has been identified it can be fixed at a level that
produces the best results.

(b) By fixing it, we remove an element previously confributing to variation.

This transfer can be a never-ending process whereby knowledge increases and variation is
reduced.

The structure of the process of investigation, so far as it involves statistics, has not always
been understood. It has sometimes been supposed that it consists of testing a null hypothesis,
selected in advance, against an alternative using a single set of data. In fact most investigations
proceed in an iterative fashion in which deduction and induction proceed in alternation (see,
for example, Box 1980). Clearly, optimization of individual steps in such a process can lead to
suboptimization for the investigational process itself. The inferential process of estimation,
whereby a postulated model and supposedly relevant data are combined, is purely deductive.
It is conditional on the assumption that the model of the data-generating process and the actual
process itself are consonant. No warning that they are not consonant is provided by estimation.
However, a comparison of appropriate qualities derived from the data, with a sampling
reference distribution generated by the model, provides a process of ¢riticism that can not only
discredit the model, but suggest an appropriate direction for model modification. An
elementary example of this is Shewhart’s idea of an ‘assignable cause’ deduced from data
falling outside control lines which are calculated from a model of the data-generating process in
a state of control. Such a process of criticism contrasts features of the model and the data. It
can lead the engineer, scientist or technologist to postulate a modified or a totally different
model by a process of induction, so recharting the course for further exploration. This process
is subjective and artistic. It is the only step that can introduce new ideas and hence must be
encouraged above all else. It is best encouraged, I believe, by interactive graphical analysis and
is readily provided these days by computers. Such devices also make it possible to use
sophisticated statistical ideas that are calculation-intensive and yet produce simply understood
graphical output. It is by following such a deductive-inductive iteration that the quality
investigator can be led to a solution of a problem, just as a good detective can solve a

mystery.

Factors and assignable causes

The field of factors potentially important to quality improvement also can undergo
seemingly endless expansion. Problems of optimization are frequently posed as if they consisted
of maximizing some response y over a k-dimensional space of known factors x,, but in quality
improvement the factor space is never totally known and is continually developing.

Consider a possible scenario for a problem which begins as that of choosing the reaction time
x, and reaction temperature X, to give maximum conversion y of raw materials to the desired
product. Suppose experimentation with these two factors leads to the (conditional) optimal
choice of coordinates in figure 24. Since conversion is only 56 %,, we see that the best is not very
good if we restrict experimentation to these two variables. After some deliberation, it is now
suggested that higher conversion might be obtained if by-products, which may be being formed
at the beginning of the reaction, are suppressed by employing a lower temperature in the early
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Ficure 2. Development of the factor space in a problem of maximizing experimentally the chemical
conversion y as a function of time and temperature.

stages. This idea produces two new variables, the initial temperature x, and the time x; taken
to reach the final temperature. Their best values, and the appropriately changed levels of x,
and x,, might be those shown in figure 2. This new (conditional) optimal profile again results
in only partial success (y = 689,), leading to the suggestion that the (newly increased) final
temperature may result in other by-products being formed at the later stages of reaction. This
suggests experimentation with variables x; and x4 allowing for a fall-off in temperature towards
the end of the reaction. The new (conditional) optimal profile, arrived at by experimentation
with six variables, might then be as in figure 2¢.

These results might now be seen by a physical chemist leading him to suggest a mechanistic
theory yielding a series of curved profiles which depended on only two (unknown) theoretical
quantities X; and X,. If this idea was successful, the introduction of these two new quantities
as experimental factors would have eliminated the need for the other six. This new mechanistic
theory might then in turn suggest new factors, not previously thought of, which might produce
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even greater conversion, and so on. Thus the factor space must realistically be regarded as one
— which is continually changing and developing. This can be thought of as part of the evolution
; > which occurs within the scientific process in a manner discussed earlier by Kuhn (1962).

O H

3=

= Q) TRAINING

E 8 Instituting the necessary training for quality is a huge and complex task. Some assessment

must be made of the training needs for the workforce, for engineers, technologists and scientists,
and for managers at various levels. We must also consider how such training programs can be
organized using the structure that we have within industry, service organizations, technical
colleges and universities. A maximum multiplication effect will be achieved by a scheme in
which the scarce talent that is available is employed to teach the teachers within industry and
elsewhere. It is, I believe, unfortunately true that the number of graduates who are interested
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in industrial statistics in Great Britain has been steadily decreasing. The reasons for this are
complex, and careful analysis and discussion between industry, the government, and the
statistical fraternity is necessary to discover what might be done to rectify the situation.

MANAGEMENT

The case for the extension of scientific method to human activities is so strong and so
potentially beneficial that one may wonder why this revolution has not already come about.
A major difficulty is persuading the managers.

In the United States it is frequently true that both higher management and the workforce
are in favour of these ideas. Chief executive officers whose companies are threatened with
extinction by foreign competition are readily convinced and are prepared to exhort their
employees to engage in quality improvement. This is certainly a step in the right direction but
it is not enough. I recently saw a poster, issued jointly by the union and the management of
a large automobile company in the United States, which reiterated a Chinese proverb ‘Tell
me, I’ll forget; show me, I may remember; involve me and I’'ll understand’. I am not sure that
top management always realize that their involvement (not just their encouragement) is
essential. The workforce enjoy taking part in quality improvement and will cooperate provided
they believe that the improvements they bring about will not be used against them.

Some members of the middle levels of management and of the bureaucracy pose a more
serious problem because they see themselves losing power in sharing the organization of quality
improvement with others. Clearly, the problems of which Mr Gorbachev complains in
applying his principles of perestroika are not confined to the Soviet Union.

Thus the most important questions are really not concerned so much with details of the
techniques but with whether a process of change in management can be brought about so that
they can be used at all. It is for this reason that Dr Deming and his followers have struggled
so hard with this most difficult problem of all, that of inducing the changes in management
and instituting the necessary training that can allow the powerful tools of scientific method to
be used for quality improvement. It is on the outcome of this struggle that our economic future
ultimately depends.

FIisHER’Ss LEGACY

At the beginning of this lecture I portrayed Fisher as a man who developed statistical
methods of design and analysis that extended the domain of science from the laboratory to the
whole world of human endeavour. We have the opportunity now to bring that process to full
fruition. If we can do this we can not only look forward to a rosier economic future, but by
making our institutions easier to deal with, we can improve the quality of our everyday lives,
and most important of all we can joyfully experience the creativity which is a part of every one
of us.

This research was sponsored by the National Science Foundation under Grant No. DMS-
8420968, the United States Army under Contract No. DAAL03-87-K-0050, and by the Vilas
Trust of the University of Wisconsin—-Madison.
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