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PREFACE TO FIRST EDITION

IN 1925 the author wrote a book (Statistical Methods
for Research Workers) with the object of supplying
practical experimenters and, incidentally, teachers of
mathematical statistics, with a connected account of
the applications in laboratory work of some of the
more recent advances in statistical theory. Some of
the new methods, such as the analysis of variance,
were found to be so intimately related with problems
of experimental design that a considerable part of
the eighth chapter was devoted to the technique of
agricultural experimentation,-and these sections have
been progressively enlarged with subsequent editions,
in response to frequent requests for a fuller treatment
of the subject. The design of experiments is, however,
too large a subject, and of too great importance to the
general body of scientific workers, for any incidental
treatment to be adequate. A clear grasp of simple
and standardised statistical procedures will, as the
reader may satisfy himself, go far to elucidate the
principles of experimentation; but these procedures
are themselves only the means to a more important
end. Their part is to satisfy the requirements of sound
and intelligible experimental design, and to supply the
machinery for unambiguous interpretation. To attain
a clear grasp of these requirements we need to study
designs which have been widely successful in many
fields, and to examine their structure in relation to the
requirements of valid inference.

The examples chosen in this book are aimed at

i




viii PREFACE

illustrating the principles of successful experimentation ;
first, in their simplest possible applications, and later,
in regard to the more elaborate structures by which the
different advantages sought may be combined. Statis-
tical discussion has been reduced to a minimum, and
all the processes required will be found more fully
exemplified in the previous work. The reader is, how-
ever, advised that the detailed working of numerical
examples is essential to a thorough grasp, not only of
the technique, but of the principles by which an experi-
mental procedure may be judged to be satisfactory and
effective.

GALTON LABORATORY
July 1935

PREFACE TO SEVENTH EDITION

THE second edition differed little from the first, published
a year earlier. Apart from numerical corrections the principal
changes were the fuller treatment of completely orthogonal
squares in Section 35, and the addition of examples in Section
47.1, representing some of the newly developed combinatorial
arrangements, which had attracted considerable interest. In
the third edition Sections 45.1 and 45.2 were added, giving
a more comprehensive view of the possibilities of confounding
with many factors, and introducing the method of double
confounding. In the fourth edition, Section 62.1 has been
added on the fiducial limits of a ratio. In the fifth edition,
Section 35.01 on configurations in three or more dimensions
has been added. In the sixth edition attention may be called
to the addition which has been made to Section 65, “Com-
parisons with Interactions,” with a view to clarifying the
differences in logical status between different sorts of cate-
gories which may appear in a factorial analysis. The numbers
of sections have not been changed.

In the seventh edition, 1960, Sections 12.1 and 21.1 are
new, while smaller additions and clarifications are scattered
throughout.

DEPARTMENT OF StaTistics, CSIRO, ADELAIDE, AUSTRALIA
Oct. 1959
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NOTE TO THIS REPRINT EDITION

THE Eicura Epition, 1966, which is reprinted here,
is the same as the seventh, except for small additions
and clarifications (mostly in Chapter X), introduced
from notes written for this purpose by Sir Ronald
Fisher some time before his death on 29 July, 1962.
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1 AM very sorry, Pyrophilus, that to the many (elsewhere
enumerated) difficulties which you may meet with, and must
therefore surmount, in the serious and effectual prosecution of
experimental philoscphy I must add one discouragement more,
which will perhaps 1s much surprise as dishearten you; and
it is, that besides that you will find (as we elsewhere mention)
many of the experiments published by authors, or related to
you by the persons you converse with, false and unsuccessful
(besides this, I say), you will meet with several observations
and experiments which, though communicated for true by
candid authors or undistrusted eye-witnesses, or perhaps
recommended by your own experience, may, upon further trial,
disappoint your expectation, either not at all succeeding
constantly, or at least varying much from what you expected.

ROBERT BOVYLE, 1673, Concerning the
Unsuccessfulness of Experiments.

LE seul moyen de prévenir ces écarts, consiste 3 supprimer, ou
au moins 2 simplifier, autant qu'il est possible, le raisonnement
qui est de nous, & qui peut seul nous égarer, 3 la mettre
continuellement a 1'épreuve de I'expérience; a ne conserver
que les faits qui sont des vérites données par la nature, & qui
ne peuvent nous tromper ; 2 ne chercher la verité que dans
'enchainement des expériences & des observations, sur-tout
dans lordre dans lequel elles sont présentées, de la méme
maniére que les mathématiciens parviennent a la solution d'un
probléme par le simple arrangement des données, & en réduisant
le raisonnement 4 des opérations si simples, & des jugemens
si courts, qu'ils ne perdent jamais de vue I'évidence qui leur

sert de guide.
Methode de Nomenclature chimique,

A. L. LAVOISIER, 1787.
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THE DESIGN OF EXPERIMENTS

INTRODUCTION
1. The Grounds on which Evidence is Disputed

WHEN any scientific conclusion is supposed to be proved
on experimental evidence, critics who still refuse to
accept the conclusion are accustomed to take one of
two lines of attack. They may claim that the 7nferpre-
tation of the experiment is faulty, that the results
reported are not in fact those which should have been
expected had the conclusion drawn been justified, or
that they might equally well have arisen had the con-
clusion drawn been false. Such criticisms of interpreta-
tion are usually treated as falling within the domain of
statistics. They are often made by professed statisticians
against the work of others whom they regard as ignorant
of or incompetent in statistical technique; and, since
the interpretation of any considerable body of data is
likely to involve computations, it is natural enough
that questions involving the logical implications of the
results of the arithmetical processes employed, should
be relegated to the statistician. At least I make no
complaint of this convention. The statistician cannot
evade the responsibility for understanding the processes
he applies or recommends. My immediate point is
that the questions involved can be dissociated from all
that is strictly technical in the statistician’s craft, and,
when so detackhed, are questions only of the right use of
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2 INTRODUCTION

human reasoning powers, with which all intelligent
people, who hope to be intelligible, are equally con-
cerned, and on which the statistician, as such, speaks
with no special authority. The statistician cannot
excuse himself from the duty of getting his head clear
on the principles of scientific inference, but equally no
other thinking man can avoid a like obligation.

The other type of criticism to which experimental
results are exposed is that the experiment itself was

ill designed, or, of course, badly executed. If we

suppose that the experimenter did what he intended
to do, both of these points come down to the question
of the design, or the logical structure of the experiment.
This type of criticism is usually made by what I might
call a heavyweight awthority. Prolonged experience,
or at least the long possession of a scientific reputation,
is almost a pre-requisite for developing successfully this
line of attack. Technical details are seldom in evidence.
The authoritative assertion ‘ His controls are totally
inadequate "’ must have temporarily discredited many
a promising line of work; and such an authoritarian
method of judgment must surely continue, human
nature being what it is, so long as theoretical notions
of the principles of experimental design are lacking—
notions just as clear and explicit as we are accustomed
to apply to technical details.

Now the essential point is that the two sorts of
criticism I have mentioned are aimed only at different
aspects of the same whole, although they are usually
delivered by different sorts of people and in very different
language. If the design of an experiment is faulty,
any method of interpretation which makes it out to be
decisive must be faulty too. It is true that there are a
great many experimental procedures which are well
designed in that they may lead to decisive conclusions,

INDUCTION 3

but on other occasions may fail to do so; in such cases,
if decisive conclusions are in fact drawn when they
are unjustified, we may say that the fault is wholly in
the interpretation, not in the design. But the fault of
interpretation, even in these cases, lies in overlooking
the characteristic features of the design which lead to
the result being sometimes inconclusive, or conclusive
on some questions but not on all. To understand
correctly the one aspect of the problem is to understand
the other. Statistical procedure and experimental
design are only two different aspects of the same whole,
and that whole comprises all the logical requirements
of the complete process of adding to natural knowledge
by experimentation.

2. The Mathematical Attitude towards Induction

In the foregoing paragraphs the subject-matter of
this book has been regarded from the point of view of
an experimenter, who wishes to carry out his work
competently, and having done so wishes to safeguard
his results, so far as they are validly established, from
ignorant criticism by different sorts of superior persons.
[ have assumed, as the experimenter always does
assume, that it Zs possible to draw valid inferences from
the results of experimentation; that it is possible to
argue from consequences to causes, from observations
to hypotheses; as a statistician would say, from a
sample to the population from which the sample was
drawn, or, as a logician might put it, from the particular
to the general. It is, however, certain that many
mathematicians, if pressed on the point, would say that
it is not possible rigorously to argue from the particular
to the general ; that all such arguments must involve
some sort of guesswork, which they might admit to be
plausible guesswork, but the rationale of which, they
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would be unwilling, as mathematicians, to discuss.
We may at once admit that any inference from the
particular to the general must be attended with some
degree of uncertainty, but this is not the same as to
admit that such inference cannot be absolutely rigorous,
for the nature and degree of the uncertainty may itself
be capable of rigorous expression. In the theory of
probability, as developed in its application to games of
chance, we have the classic example proving this possi-
bility. If the gamblers’ apparatus are really #we or
unbiased, the probabilities of the different possible
events, or combinations of events, can be inferred by a
rigorous deductive argument, although the outcome of
any particular game is recognised to be uncertain. The
mere fact that inductive inferences are uncertain cannot,
therefore, be accepted as precluding perfectly rigorous
and unequivocal inference.

Naturally, writers on probability have made deter-
mined efforts to include the problem of inductive
inference within the ambit of the theory of mathematical
probability, developed in discussing deductive problems
arising in games of chance. To illustrate how much
was at one time thought to have been achieved in this
way, I may quote a very lucid statement by Augustus
de Morgan, published in 1838, in the preface to his
essay on probabilities in 7/he Cabinet Cyclopedia. At
this period confidence in the theory of inverse proba-
bility, as it was called, had reached, under the influence
of Laplace, its highest point. Boole’s criticisms had not
yet been made, nor the more decided rejection of the
theory by Venn, Chrystal, and later writers. De Morgan
is speaking of the advances in the theory which were
leading to its wider application to practical problems.

“ There was also another circumstance which stood
in the way of the first investigators, namely, the not

INDUCTION 5

having considered, or, at least, not having discovered
the method of reasoning from the happening of an
event to the probability of one or another cause. The
questions treated in the third chapter of this work
could not therefore be attempted by them. Given an
hypothesis presenting the necessity of one or another
out of a certain, and not very large, number of con-
sequences, they could determine the chance that any
given one or other of those consequences should arrive ;
but given an event as having happened, and which
might have been the consequence of either of several
different causes, or explicable by either of several
different hypotheses, they could not infer the probability
with which the happening of the event should cause the
different hypotheses to be viewed. But, just as in
natural philosophy the selection of an hypothesis by
means of observed facts is always preliminary to any
attempt at deductive discovery; so in the application
of the notion of probability to the actual affairs of life,
the process of reasoning from observed events to their
most probable antecedents must go before the direct
use of any such antecedent, cause, hypothesis, or what-
ever it may be correctly termed. These two obstacles,
therefore, the mathematical difficulty, and the want of
an inverse method, prevented the science from extending
its views beyond problems of that simple nature which
games of chance present.”

Referring to the inverse method, he later adds:
“This was first used by the Rev. T. Bayes, and the
author, though now almost forgotten, deserves the most
honourable remembrance from all who treat the history
of this science.”
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3. The Rejection of Inverse Probability

Whatever may have been true in 1838, it is certainly
not true to-day that Thomas Bayes is almost forgotten.
That he seems to have been the first man in Europe
to have seen the importance of developing an exact and
quantitative theory of inductive reasoning, of arguing
from observational facts to the theories which might
explain them, is surely a sufficient claim to a place in
the history of science. But he deserves honourable
remembrance for one fact, also, in addition to those
mentioned by de Morgan. Having perceived the
problem and devised an axiom which, if its truth were
granted, would bring inverse inferences within the scope
of the theory of mathematical probability, he was
mcﬁmnmm:&\. critical of its validity to try to avoid the
axiomatic approach, and, perhaps for the same reason,
to withhold his entire treatise from publication until his
doubts should have been satisfied. In the event, the
work was published after his death by his friend, Price,
and we cannot say what views he ultimately held on the
subject.

The discrepancy of opinion among historical writers
on probability is so great that to mention the subject is
unavoidable. It would, however, be out of place here
to argue the point in detail. I will only state three
considerations which will explain why, in the practical
applications of the subject, I shall not assume the truth
of Bayes’ axiom. Two of these reasons would, I think,
be generally admitted, but the first, I can well imagine,
might be indignantly repudiated in some quarters.
The first is this: The axiom leads to apparent mathe-
matical contradictions. In explaining these contra-
dictions away, advocates of inverse probability seem
mon..omm to regard mathematical probability, not as an
objectivequantity measured by observablefrequencies, but
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/
as measuring merely psychological tendencies, nwmozwam,v
respecting which are useless for scientific purposes.

My second reason is that it is the nature of an axiom
that its truth should be apparent to any rational mind
which fully apprehends its meaning. The axiom of
Bayes has certainly been fully apprehended by a good
many rational minds, including that of its author,
without carrying this conviction of necessary truth.
This, alone, shows that it cannot be accepted as the
axiomatic basis of a rigorous argument.

My third reason is that inverse probability has been
only very rare]y used in the justification of conclusions
from experimental facts, although the theory has been
widely taught, and is widespread in the literature of
probability. Whatever the reasons are which give
experimenters confidence that they can draw valid con-
clusions from their results, they seem to act just as
powerfully whether the experimenter has heard of the
theory of inverse probability or not. -

4. The Logic of the Laboratory

In fact, in the course of this book, I propose to
consider a number of different types of experimentation,
with especial reference to their logical structure, and to
show that when the appropriate precautions are taken
to make this structure complete, entirely valid inferences
may be drawn from them, without using the disputed
axiom. /f this can be done, we shall, in the course OmU
studies having directly practical aims, have overcomeZ
the theoretical difficulty of inductive inferences.

Inductive inference is the only process known to
us by which essentially new knowledge comes into the

world. To make clear the authentic conditions of its
validity is the kind of contribution to the intellectual
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development of mankind which we should expect
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