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Figure 4: Normal probability plot of the effects from varying 15 factors in a 16-run

experiment, using Quinlan's data. Al one has to know to interpret this plot
is that random noise plots on this paper as a straight line. Points falling off
the line, such as E and G, represent real effects. For more details, see Box,
Hunter, and Hunter (1978).
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allows for selection but is very much easier than the énalysis of variance for non-statisticians to
use and comprehend (see also Box & Meyer 1986).

In his reanalysis of the data, Box (1988) took a data analytic point of view and was able to
reveal a number of unexpected features not apparent from the Taguchi analysis, which could be
of considerable practical importance. He concludes that information in experimental data, both

expected and unexpected, is best revealed by simple data analytic methods and by employing

means and standard deviations rather than in terms of portmanteau criteria such as SN,

SNg, and SN _ which are not only unnecessarily complicated but can also be very inefficient.

That is, their use can be equivalent to throwing away a substantial part of the data.

One may ask "does it matter that too many factors were pronounced significant using
Taguchi's procedure?” It is sometimes argued that for choosing the best factor combination it
is of no importance whether or not an effect is statistically significant, for if nonsignificant
effects are included in deciding the preferred "optimal™ recipe, this amounts only to the
arbitrary setting of levels of those factors that have little effect anyway.

However, if we are to use statistics to catalyze the creativity of engineers and scientists they
must know what factors to reason about. Trying to argue why non-significant effects have an

“effect"” will merely confuse and lead the engineer and the scientist astray.

8. Reliability and Life Testing

Life testing to determine the probability of failure has always been an integral part of the
science of quality engineering. In the past, however, a great deal of effort has been devoted
simply to describing what the probability of failure is for a specific design of a product. An
important exception is the work of Zelen (1959) who showed how to conduct experiments on
ball bearings to find factors affecting their longevity. Using this idea the engineer can actively

improve a product’s reliability instead of just passively describing its probability of failure.
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Taguchi and Wu (1985, p. 81) give an interesting example where seven factors in a
manufacturing process for clutch springs are varied in an experiment involving 27 runs. Three
springs are manufactured at each of the 27 sets of conditions and téstcd by compressing the
springs 1.1 million times in a testing machine. Every 100,000 compressions the springs are
checked for breakage. Conducting experiments in this way to improve the design of a product
so that it lasts longer is of fundamental importance.

Although we endorse Taguchi's use of experiments for life testing we cannot recommend
the way he analyzes the experimental results. He uses a method orginally discussed by
Cochran (1950) that he calls minute analysis. Appropriate application of this method requires
that the data be statistically independent. Taguchi's life data are, however, not statistically
independcnt and the analysis is therefore seriously invalidated. The reader is referring to Fung

(1986) for more technical details and for a valid alternative and simpler analysis.

9. Accumulation Analysis

Often in industrial applications no exact measurements are available but the experimental
results are of the ordered categorical type, for example, a weld may be characterized as bad,
fair, good, excellent. A simple procedure used in the past for analyzing such data is to assign
an appropriate score to such categories and to proceed as if the numbers were actual
measurements using standard statistical techniques. In the food industry, for example, taste,
saltiness, sweetness, etc. are typically gauged on a scale from 1 to 7. Taguchi has suggested
however a more complicated method for conducting analyses of such data which he catls
accumulation analysis. Extensive research (see Nair, 1986; Hamada and Wu, 1986; and Box
and Jones, 1986a and 1986b) has shown that this method is inefficient and unnecessarily
cumbersome and should not be recommended. The traditional scoring method (see, for
example, Davies, 1947; and Snedecor and Cochran, 1980} is not only simpler but more

efficient.
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10. Choice of Experimental Design

Many of the designs recommended by Taguchi are simple two-level fractional factorials as
originally developed by Finney (1945), Plackett and Burman (1946) and Rao (1947). Taguchi
makes use of linear graphs to choose such designs. Unfortunately this method has sometimes
led to poor choices of design compared to much better designs available by the use of
traditional methods as discussed for example, in Box, Hunter and Hunter (1978). In particular
Taguchi's welding experiment (Taguchi and Wu 1980, p. 68), whichisa 2 Igﬁs design has a
rather messy confounding structure; but more seriously, his car engine experiment (Taguchi
and Wu 1980, p. 75) and his cutting tool experiment (Taguchi, 1986, p. 169) are resolution ITI
designs, confounding main effects with two-factor interaction effects, while standard methods
for designing 16-run two-level fractional factorial experiments in seven factors would have led
to resolution IV designs that keep all main effects clear of two-factor interactions. For the
many engineers whose primary job is to develop quality products using experimental design
and who are not necessarily interested in how the designs are constructed we believe that
simple tables giving the full designs and their associated alias structure is the best approach.
Such tables have been developed by Bisgaard and Box (1988) for all possible 8- and 16-run

two-level fractional factorial designs.

Other designs frequently employed by Taguchi are the L7 orthogonal array which is
originally due to Plackett and Burman (1946), and the L7 due to Fisher (1945). The Lg isa
standard Graeco-Latin square and the L1g and L3¢ orthogonal arrays are originally due to
Burman (1946) and Seiden (1954) respectively.

While Taguchi often recommends the use of 3-level designs, he at the same time somewhat
illogically argues against the need also to consider two factor interactions. The reason for
employing 3 levels is usually that a maximum or minimum is being approached. A better

strategy then would be that originally presented by Box and Wilson (1951) called Response
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Surface Methedology. This field has a rich literature, with numerous examples of industrial
applications. See Box and Draper (1987).

In this approach the experimental effort proceeds through several phases. In the first phase
experiments move from relatively poor conditions to better ones, guided by two-level fractional
factorial designs. When near-optimal conditions have been found the second phase is begun,
~ involving a more detailed study of the optimum and its immediate surroundings. This study
often reveals ridge systems, much like the ridges of mountains, that can be exploited, for
example, to achieve high quality at a lower cost. In the second phase curvature and interactions
must be studied together. To estimate these second order effects response surface designs
were developed that may be assembled sequentially usin g two-level factorial or fractional
factorial designs plus "star points" as illustrated in Figure 5 (see Box and Wilson, 1951).
These "composite” designs are not of the standard factorial type and for quantitative variables

have advantages over three-level factorials and fractional factorials.
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Figure 5: An example of sequential assembly of experimental designs. (I) A half-
fracton of an eight-run experiment in three variables, plus two center
points. If marked effects are found, calculation of a direction of "steepest
ascent” can lead to improved response. (II) If the siruation mmns out to be
more complicated, a further fraction can be added. This will allow the
experimenter to estimate all main effects and two-factor interactons free of
confounding. (IIT) If analysis indicates that we may be close to a
maximum, star points can be added to locate it and determine its nature.
(See Box and Draper, 1587, for details.)
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The idea of sequential assembly of designs — developing the design as the need becomes
apparent — can also be used with fractions. Thus (see, for example, Box, Hunter and Hunter,
1978) if, after running a fractional design, the results are ambiguous, a second fraction can be
selected so as to resolve these particular ambiguities. Such an iterative, adaptive, sequential
approach is more likely to lead to continuous never ending quality improvement than the
philosophy that characterizes Taguchi's approach of running one comprehensive experiment

followed up by one confirmatory run of the best factor combination.

11. Conclusion

Dr. W. Edwards Deming and Professor Kaoru Ishikawa have emphasized the importance
of continuous, never-ending improvement of quality by concentrating on the process upstream,
thus making a fundamental break with the past practice of relying on inspection downstream.
Taguchi has emphasized the importance of statistically designed experiments to improve the
quality of the engineering design of products and processes. He is to be congratulated for the
major accomplishment of getting people to actually run experiments. However, a separate
issue is the choice of statistical methods for solving the important problems he raises. Here we
often part company with Professor Taguchi. His methods are frequently statistically inefficient
and cumbersome. Lack of statistical efficiency is not a minor technical detail. For example an
analysis which is 50% efficient is equivalent to throwing away half the hard-won data,
meaning in tun that important effects may be overlooked, and that the experimenter may have
to run further costly experiments to make up for this loss. We recommend that the reader take
Taguchi’s engineering ideas very seriously, to learn about them, and understand what he is
trying to do; but in implementing these ideas we recommend the use of simpler and more
modern data analytic methods.

It is unfortunate that the term "Taguchi Method" has become current. Professor Taguchi
himself has said (Taguchi, 1987) that he does not like the use of that term, which to his

embarrassment has been used by others, ignorant of statistical history, to include such familiar
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tools as the analysis of variance, fractional factorials, orthogonal arrays, and so forth. The
term "Taguchi Method" is also objectionable because it is often wrongly interpreted as
representing a new philosophy in contention with the mainstream of statistical development. It
would be better for all concerned if we could discuss Taguchi's contributions just as we talk of
the contributions of any other scientist. Then, by the normal process of discussion and
publication in refereed journals, those ideas that are helpful will become part of the body of
statistical knowledge and those that are not will be either forgotten or suitably modified. Just
as we should strive for continuous never ending improvement of manufactured products and
services, we should likewise continuously improve our statistical methods.

The challenge facing Westem industry is enormous but not insuperable. Although the
problems are multifaccted and no single solution exists, the use of statistical methods by
everyone from the janitor to the chief executive officer and with the enthusiastic support of an
educated management, provides one of the most promising strategies for achieving excellence.
Taguchi has certainly created enormous and much welcomed momentum for the use of
experimental design in industry. However, as craftsmen can best perform their art with good
tools, so do we feel that engineers working on designing quality into products and processes

should be provided with the best and simplest statistical tools available.
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