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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
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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.

xv

THE DESIGN OF EXPERIMENTS

I

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




4 INTRODUCTION

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
sufﬁaently 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
for.ced to regard mathematical probability, not as an
objectivequantity measured by observablefrequencies, but

LOGIC OF THE LABORATORY 7

as measuring merely psychological tendencies, theorems
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 of

studies having directly practical aims, have overcome:
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

TR

development of mankmd wfnch v{:e should expect

TR VL —————




8 INTRODUCTION

experimental science would ultimately supply. Men
have always been capable of some mental processes of
the kind we call * learning by experience.” Doubtless
this experience was often a very imperfect basis, and
the reasoning processes used in interpreting it were very
Aifsecure’; but there must have been in these processes
a sort of embryology of knowledge, by which new
knowledge was gradually produced. Experimental
observations are only experience carefully planned in
—advance, and designed to form a secure basis of new
knowledge ; that is, they are systematically related to
the body of knowledge already acquired, and the results
are deliberately observed, and put on record accurately.
As the art of experimentation advances the principles
should become clear by virtue of which this planning
and designing achieve their purpose.

It is as well to remember in this connection that the
principles and method of even deductive reasoning were
probably unknown for several thousand years after the
establishment of prosperous and cultured civilisations.
We take a knowledge of these principles for granted,
only because geometry is universally taught in schools.
The method and material taught is essentially that of
Euclid’s text-book of the third century B.c., and no
one can make any progress in that subject without
thoroughly familiarising his mind with the requirements
of a precise deductive argument. Assuming the axioms,
the body of their logical consequences is built up
systematically and without ambiguity. Yetit is certainly
something of an accident historically that this particular
discipline should have become fashionable in the Greek
Universities, and later embodied in the curricula of
secondary education. It would be difficult to overstate
how much the liberty of human thought has owed to
this fortunate circumstance. Since Euclid’s time there

LOGIC OF THE LABORATORY 9

have been very long periods during which the right of
unfettered individual judgment has been successfully
denied in legal, moral, and historical questions, but in
which it has, none the less, survived, so far as purely
deductive reasoning is concerned, within the shelter of
apparently harmless mathematical studies.

The liberation of the human intellect must, however,
remain incomplete so long as it is free only to work out
the consequences of a prescribed body of dogmatic
data, and is denied the access to unsuspected truths,
which only direct observation can give. The develop-
ment of experimental science has therefore done much
more than to multiply the technical competence of .
mankind ; and if, in these introductory lines, I have
seemed to wander far from the immediate purpose of
this book, it is only because the two topics with which

we shall be concerned, the arts-of experimental design |

and of the valid interpretation of experimental results,

constitute the core of this claim to the exercise of full
intellectual liberty.

The chapters which follow are designed to illustrate
the principles which are common to all experimentation,
by means of examples chosen for the simplicity with
which these principles are brought out. Next, to exhibit
the principal designs which have been found successful
in that field of experimentation, namely agriculture, in
which questions of design have been most thoroughly
studied, and to illustrate their applicability to other
fields of work. Many of the most useful designs are
extremely simple, and these deserve the greatest atten-
tion, as showing in what ways, and on what occasions,
greater elaboration may be advantageous. The careful
reader should be able to satisfy himself not only, in
detail, wAy some experiments have a complex structure,
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but also Zow a complex observational record may be
handled with intelligibility and precision.

The subject is a new one, and in many ways the
most that the author can hope is to suggest possible
lines of attack on the problems with which others are
confronted. Progress in recent years has been rapid,
and the few sections devoted to the subject in the author’s
Statistical Methods for Research Workers, first published
in 1925, have, with each succeeding edition, come to
appear more and more inadequate. On purely statistical
questions the reader must be referred to that book;
on logic, and the analysis of meaning, to Statistical
Methods and Scientific Inference. The present volume
is an attempt to do more thorough justice to the problems
of planning and foresight with which the experimenter
is confronted.
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THE PRINCIPLES OF EXPERIMENTATION,
ILLUSTRATED BY A PSYCHO-PHYSICAL
EXPERIMENT

5. Statement of Experiment

A Lapy declares that by tasting a cup of tea made with
milk she can discriminate whether the milk or the tea
infusion was first added to the cup. We will consider
the problem of designing an experiment by means of
which this assertion can be tested. For this purpose
let us first lay down a simple form of experiment with a
view to studying its limitations and its characteristics,
both those which appear to be essential to the experi-
mental method, when well developed, and those which
are not essential but auxiliary.

Our experiment consists in mixing eight cups of
tea, four in one way and four in the other, and presenting
them to the subject for judgment in a random order.
The subject has been told in advance of what the test
will consist, namely that she will be asked to taste eight
cups, that these shall be four of each kind, and that
they shall be presented to her in a random order, that
is in an order not determined arbitrarily by human
choice, but by the actual manipulation of the physical
apparatus used in games of chance, cards, dice, roulettes,
etc., or, more expeditiously, from a published collection
of random sampling numbers purporting to give the
actual results of such manipulation. Her task is to
divide the 8 cups into two sets of 4, agreeing, if possible,
with the treatments received.

I3




32 THE PRINCIPLES OF EXPERIMENTATION

6. Interpretation and its Reasoned Basis

In considering the appropriateness of any proposed
experimental design, it is always needful to forecast all
possible results of the experiment, and to have decided
without ambiguity what interpretation shall be placed
upon each one of them. Further, we must know by
what argument this interpretation is to be sustained.
In the present instance we may argue as follows. There
are 70 ways of choosing a group of 4 objects out of 8.
This may be demonstrated by an argument familiar to
students of ‘ permutations and combinations,” namely,
that if we were to choose the 4 objects in succession we
should have successively 8, 7, 6, 5 objects to choose
from, and could make our succession of choices in
8x7x6x5, or 1680 ways. But in doing this we have
not only chosen every possible set of 4, but every possible
set in every possible order ; and since 4 objects can be
arranged in order In 4X3X2X1I, or 24 ways, we may
find the number of possible choices by dividing 1680
by 24. The result, 70, is essential to our interpretation
of the experiment. At best the subject can judge rightly
with every cup and, knowing that 4 are of each kind,
this amounts to choosing, out of the 70 sets of 4 which
might be chosen, that particular one which is correct.
A subject without any faculty of discrimination would
in fact divide the 8 cups correctly into two sets of 4 in
one trial out of 70, or, more properly, with a frequency
which would approach 1 in 70 more and more nearly
the more often the test were repeated. Evidently this
frequency, with which unfailing success would be
achieved by a person lacking altogether the faculty
under test, is calculable from the number of cups used.
The odds could be made much higher by enlarging the
experiment, while if the experiment were much smaller

SIGNIFICANCE 13

even the greatest possible success would give odds so
low that the result might, with considerable probability,
be ascribed to chance.

7. The Test of Significance

It is open to the experimenter to be more or lesg
exacting in respect of the smallness of the probability
he would require before he would be willing to admit
that his observations have demonstrated a positive
result. It is obvious that an experiment would be useless
of which no possible result would satisfy him. Thus,
if he wishes to ignore results having probabilities as
high as 1 in 20—the probabilities being of course
reckoned from the hypothesis that the phenomenon
to be demonstrated is in fact absent—then it would be
useless for him to experiment With only 3 cups of tea
of each kind. For 3 objects can be chosen out of 6 in
only 20 ways, and therefore complete success in the
test would be achieved without sensory discrimination,
z.e. by “ pure chance,” in an average of 5 trials out of
100. It is usual and convenient for experimenters to
take 5 per cent. as a standard level of significance, in
the sense that they are prepared to ignore all results
which fail to reach this standard, and, by this means,
to eliminate from further discussion the greater part of
the fluctuations which chance causes have introduced
into their experimental results. No such selection can
eliminate the whole of the possible effects of chance
coincidence, and if we accept this convenient convention,
and agree that an event which would occur by chance
only once in 70 trials is decidedly “ significant,” in the
statistical sense, we thereby admit that no isolated
experiment, however significant in itself, can suffice for
the experimental demonstration of any natural pheno-
menon ; for the ‘“one chance in a million” will




14 THE PRINCIPLES OF EXPERIMENTATION

undoubtedly occur, with no less and no more than its
, appropriate frequency, however surprised we may be
¢ that it should occur to #s. In order to assert that a
b

lf natural phenomenon is experimentally demonstrable

| we need, not an isolated record, but a reliable method

“g’of procedure. In relation to the test of significance,

we may say that a phenomenon is experimentally

“Todk demonstrable when we know how to conduct an experi-

ment which will rarely fail to give us a statistically
/signiﬁcant result. '

Returning to the possible results of the psycho-
physical experiment, having decided that if every cup
were rightly classified a significant positive result would
be recorded, or, in other words, that we should admit
that the lady had made good her claim, what should
be our conclusion if, for each kind of cup, her judgments
are 3 right and 1 wrong? We may take it, in the
present discussion, that any error in one set of judgments
will be compensated by an error in the other, since it
is known to the subject that there are 4 cups of each
kind. In enumerating the number of ways of choosing
4 things out of 8, such that 3 are right and 1 wrong,
we may note that the 3 right may be chosen, out of the
4 available, in 4 ways and, independently of this choice,
that the 1 wrong may be chosen, out of the 4 available,
also in 4 ways. So that in all we could make a selection
of the kind supposed in 16 different ways. A similar
argument shows that, in each kind of judgment, 2 may
be right and 2 wrong in 36 ways, I right and 3 wrong
in 16 ways and none right and 4 wrong in 1 way only.
It should be noted that the frequencies of these five
possible results of the experiment make up together,
as it 1s obvious they should, the 70 cases out of 7o0.

It is obvious, too, that 3 successes to 1 failure,
although showing a bias, or deviation, in the right

NULL HYPOTHESIS 15

direction, could not be judged as statistically significant
evidence of a real sensory discrimination. For its
frequency of chance occurrence is 16 in 70, or more
than 20 per cent. Moreover, it is not the best possible
result, and in judging of its significance we must take
account not only of its own frequency, but also of the
frequency of any better result. In the present instance
““ 3 right and 1 wrong "’ occurs 16 times, and ‘‘ 4 right ”’
occurs once in 7o trials, making 17 cases out of 70 as
good as or better than that observed. The reason for
including cases better than that observed becomes
obvious on considering what our conclusions would |
have been had the case of 3 right and 1 wrong only

1 chance, and the case of 4 right 16 chances of occurrence
out of 70. The rare case of 3 right and 1 wrong could | &
not be judged significant merely because it was rare,
seeing that a higher degree of success would frequently
have been scored by mere chance.

¥

LY

8. The Null Hypothesis

Our examination of the possible results of the
experiment has therefore led us to a statistical test of |
significance, by which these results are divided into |
two classes with opposed interpretations. Tests of |
significance are of many different kinds, which need { i
not be considered here. Here we are only concerned | |
with the fact that the easy calculation in permutations |, \
which we encountered, and which gave us our test of |
significance, stands for something present in every | [
possible experimental arrangement; or, at least, for /| |
something required in its interpretation. The two ||
classes of results which are distinguished by our test of
significance are, on the one hand, those which show a |
significant discrepancy from a certain hypothesis ;|
namely;ifi tHis Case, the hypothesis that the judgments }
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given are in no way influenced by the order in which
the ingredients have been added; and on the other
hand, results which show no_significant discrepancy

from this hypothesis. This hypothesis, which may or
( may not be impugned by the result of an experiment,

\\is again “characteristic of all “experimentation. ~ Much

=y

“confusion Wwould often be avoided if it were explicitly
formulated when the experiment is designed. In relation
to By experiment we may speak of this hypothesis as
the ““ null hypothesxs, ”"and it should be noted that the
null hypothesis is never proved or established, but is
possibly dxsproved in the course of experlrnentatxon

Every experiment may be said to exist only in order

to give the facts a chance of dlsprovmg the nuIl hypo-
thesis. - —

It might be argued that if an experiment can dis-
prove the hypothesis that the subject possesses no sensory
discrimination between two different sorts of object, it
must therefore be able to prove the opposite hypothesis,
that she can make some such discrimination. But this
last hypothesis, however reasonable or true it may be,
is ineligible as a null hypothesis to be tested by experi-
ment, because it is inexact. If it were asserted that the
subject would never be wrong in her judgments we
should again have an exact hypothesis, and it is easy
to see that this hypothesis could be disproved by a
single failure, but could never be proved by any finite
amount of experimentation. It is evident that the null
hypothesis must be exact, that is free from vagueness
and ambiguity, because it must supply the basis of the

“ problem of distribution,” of which the test of signifi-
cance is the solution. A null hypothesis may, indeed,
contain arbitrary elements, and in more complicated
cases often does so: as, for example, if it should assert
that the death-rates of two groups of animals are equal,
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without specifying what these death-rates actually are.
In such cases it is evidently the equality rather than
any particular values of the death-rates that the experi-
ment is designed to test, and possibly to disprove.

In cases involving statistical “ estimation ” these
ideas may be extended to the simultaneous consideration
of a series of hypothetical possibilities. The notion of
an error of the so-called ‘“ second kind,” due to accepting
the null hypothesis ““ when it is false” may then be
given a meaning in reference to the quantity to be
estimated. It has no meaning with respect to simple
tests of significance, in which the only available expecta-
tions are those which flow from the null hypothesis
being true. Problems” of the more elaborate type
involving estimation are discussed in Chapter I1X.

9. Randomisation ; the Physical Basis of the Validity
of the Test

We have spoken of the experiment as testing a
certain null hypothesis, namely, in this case, that the
subject possesses no sensory discrimination whatever of
the kind claimed ; we have, too, assigned as appropriate
to this hypothesis a certain frequency distribution of
occurrences, based on the equal frequency of the 7o
possible ways of assigning 8 objects to two classes of
4 each; in other words, the frequency distribution
appropriate to a classification by pure chance. We
have now to examine the physical conditions of the
experimental technique needed to justify the assumption .
that, if discrimination of the kind under test is absent,
the result of the experiment will be wholly governed
by the laws of chance. It is easy to see that it might
well be otherwise. If all those cups made with the
milk first had sugar added, while those made with the
tea first had none, a very obvious difference in flavour




18 THE PRINCIPLES OF EXPERIMENTATION

would have been introduced which might well ensure
that all those made with sugar should be classed alike.
These groups might either be classified all right or all
wrong, but in such a case the frequency of the critical
event in which all cups are classified correctly would
not be 1 in 70, but 35 in 70 trials, and the test of signifi-
cance would be wholly vitiated. Errors equivalent in
principle to this are very frequently incorporated in
otherwise well-designed experiments.

It is no sufficient remedy to insist that “ all the cups
must be exactly alike ”’ in every respect except that to
be tested. For this is a totally impossible requirement
in our example, and equally in all other forms of experi-
mentation. In practice it is probable that the cups
will differ perceptibly in the thickness or smoothness
of their material, that the quantities of milk added to
the different cups will not be exactly equal, that the
strength of the infusion of tea may change between
pouring the first and the last cup, and that the tempera-
ture also at which the tea is tasted will change during the
course of the experiment. These are only examples of
the differences probably present ; it would be impossible
to present an exhaustive list of such possible differences
appropriate to any one kind of experiment, because the
uncontrolled causes which may influence the result are
always strictly innumerable. When any such cause is
named, it is usually perceived that, by increased labour
and expense, it could be largely eliminated. Too
frequently it is assumed that such refinements constitute
improvements to the experiment. Our view, which
will be much more fully exemplified in later sections, is
that it is an essential characteristic of experimentation
that it is carried out with limited resources, and an
essential part of the subject of experimental design to
ascertain how these should be best applied; or, in

a=as
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particular, to which causes of disturbance care should
be given, and which ought to be deliberately ignored.
To ascertain, too, for those which are not to be ignored,
to what exfent it is worth while to take the trouble to
diminish their magnitude. For our present purpose,
however, it is only necessary to recognise that, whatever
degree of care and experimental skill is expended in
equalising the conditions, other than the one under
test, which are liable to affect the result, this equalisation
must always be to a greater or less extent incomplete,
and in many important practical cases will certainly be
grossly defective. We are concerned, therefore, that
this inequality, whether it be great or small, shall not
impugn the exactitude of the frequency distribution,
on the basis of which the result of the experiment is to
be appraised.

10. The Effectiveness of Randomisation

The element in the experimental procedure which
contains the essential safeguard is that the two modifi-
cations of the test beverage are to be prepared “in
random order.” This, in fact, is the only point in the
experimental procedure in which the laws of chance,

which are to be in exclusive control of our frequency

distribution, have been explicitly introduced. The
phrase ‘‘random order” itself, however, must be
regarded as an incomplete instruction, standing as a
kind of shorthand symbol for the full procedure of
randomisation, by which the validity of the test of
significance may be guaranteed against corruption by
the causes of disturbance which have not been eliminated.
To demonstrate that, with satisfactory randomisation,
its validity is, indeed, wholly unimpaired, let us imagine
all causes of disturbance—the strength of the infusion,
the quantity of milk, the temperature at which it is
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tasted, etc.—to be predetermined for each cup; then
since these, on the null hypothesis, are the only causes
influencing classification, we may say that the probabili-
ties of each of the 70 possible choices or classifications
which the subject can make are also predetermined. If,

‘now, after the disturbing causes are fixed, we assign,

strictly at random, 4 out of the 8 cups to each of our
experimental treatments, then every set of 4, whatever
its probability of being so classified, will certainly have
a probability of exactly 1 in 70 of 8ezng the 4, for example,
to which the milk is added first. However important
the causes of disturbance may be, even if they were to
make it certain that one particular set of 4 should
receive this classification, the probability that the 4 so
classified and the 4 which ought to have been so classified
should be the same, must be rigorously in accordance
with our test of significance.

It is apparent, therefore, that the random choice of
the objects to be treated in different ways would be a
complete guarantee of the validity of the test of signifi-
cance, if these treatments were the last in time of the
stages in the physical history of the objects which might
affect their experimental reaction. The circumstance
that the experimental treatments cannot always be
applied last, and may come relatively early in their
history, causes no practical inconvenience; for sub-
sequent causes of differentiation, if under the experi-
menter’s control, as, for example, the choice of different
pipettes to be used with different flasks, can either be
predetermined before the treatments have been random-
ised, or, if this has not been done, can be randomised
on their owp account ; and other causes of differentiation
will be either (2) consequences of differences already
randomised, or (4) natural consequences of the difference
in treatment to be tested, of which on the null hypothesis
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there will be none, by definition, or (¢) effects supervening
by chance independently from the treatments applied.
Apart, therefore, from the avoidable error of the experi-
menter himself introducing with his test treatments, or
subsequently, other differences in treatment, the effects
of which the experiment is not intended to study, it
may be said that the simple precaution of randomisation
will suffice to guarantee the validity of the test of
significance, by which the result of the experiment is
to be judged.

11. The Sensitiveness of an Experiment. Effects of
Enlargement and Repetition

A probable objection, which the subject might well
make to the experiment so far described, is that only if
every cup is classified correctly will she be judged
successful. A single mistake will reduce her performance
below the level of significance. Her claim, however,
might be, not that she could draw the distinction with
invariable certainty, but that, though sometimes mis-
taken, she would be right more often than not; and
that the experiment should be enlarged sufficiently, or
repeated sufficiently often, for her to be able to demon-
strate the predominance of correct classifications in
spite of occasional errors.

An extension of the calculation upon which the test
of significance was based shows that an experiment
with 12 cups, six of each kind, gives, on the null hypo-
thesis, 1 chance in 924 for complete success, and 36
chances for 5 of each kind classified right and 1 wrong.
As 37.1s less than a twentieth of 924, such a test could
be counted as significant, although a pair of cups have
been wrongly classified ; and it is easy to verify that,
using larger numbers still, a significant result could be
obtained with a still higher proportion of errors. By
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increasing the size of the experiment, we can render it
more sensmve, ‘meaning by this that it W111 allow of
or, in other words, of a quant1tat1vely smaller departure
from the null’ hypoﬂiw‘esm Since in every case the
experxmefifls “capable of disproving, but never of
proving this hypothe51s we may say that the value of
the experiment i1s mcreased whenever it permits the
null hypothesis to belmore readlly dlsproved;—)

The same result could be achieved by repeating
the experiment, as originally designed, upon a number
of different occasions, counting as a success all those
occasions on which 8 cups are correctly classified. The
chance of success on each occasion being 1 in 70, a
simple application of the theory of probability shows
that 2 or more successes in Io trials would occur, by
chance, with a frequency below the standard chosen
for testing significance ; so that the sensory discrimina-
tion would be demonstrated, although, in 8 attempts
out of 10, the subject made one or more mistakes. This
procedure may be regarded as merely a second way of
enlarging the experiment and, thereby, increasing its
sensitiveness, since in our final calculation we take
account of the aggregate of the entire series of results,
whether successful or unsuccessful. It would clearly
be illegitimate, and would rob our calculation of its
basis, if the unsuccessful results were not all brought
into the account.

12. Qualitative Methods of increasing Sensitiveness

Instead of enlarging the experiment we may attempt
to increase its sensitiveness by qualitative improve-
ments ; and these are, generally speaking, of two kinds :
(@) the reorganisation of its structure, and (4) refinements
of technique. To illustrate a change of structure we
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might consider that, instead of fixing in advance that
4 cups should be of each kind, determining by a random
process how the subdivision should be effected, we
might have allowed the treatment of each cup to be
determined independently by chance, as by the toss of
a coin, so that each treatment has an equal chance of
being chosen. The chance of classifying correctly
8 cups randomised in this way, without the aid of sensory
discrimination, is 1 in 2%, or I in 256 chances, and there
are only 8 chances of classifying 7 right and 1 wrong ;
consequently the sensitiveness of the experiment has
been increased, while still using only 8 cups, and it is
possible to score a significant success, even if one is
classified wrongly. In many types of experiment,
therefore, the suggested change in structure would be
evidently advantageous. For the special requirements
of a psycho-physical experiment, however, we should
probably prefer to forego this advantage, since it would
occasionally occur that all the cups would be treated
alike, and this, besides bewildering the subject by an
unexpected occurrence, would deny her the real advan-
tage of judging by comparison.

Another possible alteration to the structure of the
experiment, which would, however, decrease its sensi-
tiveness, would be to present determined, but unequal,
numbers of the two treatments. Thus we might arrange
that 5 cups should be of the one kind and 3 of the other,
choosing them properly by chance, and informing the
subject how many of each to expect. But since the
number of ways of choosing 3 things out of 8 is only
56, there is now, on the null hypothesis, a probability
of a completely correct classification of 1 in 56. It
appears in fact that we cannot by these means do better
than by presenting the two treatments in equal numbers,
and the choice of this equality is now seen to be
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justified by its giving to the experiment its maximal
sensitiveness.

With respect to the refinements of technique, we
have seen above that these contribute nothing to the
validity of the experiment, and of the test of significance

by which we determine its result. They may, however,

be important, and even essential, in permitting the
phenomnienon under test to manlfest “itself. Though the
test of sigmificance remains valid, it may be that without
special precautions even a definite sensory discrimina-
tion would have little chance of scoring a significant
success. If some cups were made with India and some
with China tea, even though the treatments were
properly randomised, the subject might not be able to
discriminate the relatively small difference in flavour
under investigation, when it was confused with the
greater differences between leaves of different origin.
Obviously, a similar difficulty could be introduced by
using in some cups raw milk and in others boiled, or

. even condensed milk, or by adding sugar in unequal

quantities. The subject has a right to claim, and it
is in the interests of the sensitiveness of the experiment,
that gross differences of these kinds should be excluded,
and that the cups should, not as far as possiéle, but as
far as is practically convenient, be made alike in all
respects except that under test

How far such experimental refinements should be
carried is entirely a matter of judgment, based on
experience. The validity of the experiment is not
affected by them. Their sole purpose is to increase
its sensitiveness, and this object can usually be achieved
in many other ways, and particularly by increasing the
size of the experiment. If, therefore, it is decided that
the sensitiveness of the experiment should be increased,
the experimenter has the choice between different
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methods of obtaining equivalent results; and will be
wise to choose whichever method is easiest to him,
irrespective of the fact that previous experimenters
may have tried, and recommended as very important,
or even essential, various ingenious and troublesome

: precautxons >

12+1. Scientific Inference and Acceptance Procedures
In “ The Improvement of Natural Knowledge ”,

that is, in learning by experience, or by planned aheding

s

of experlmentatlon conclu51ons aré ‘always provmonal

embodymg the evidence so far accrued. Convenient
as'itis to noteThat a hypothesisis contradicted at some
familiar level of significance such as 5%, or 2%, or 19,
we do not, in Inductive Inference, ever need to lose
sight of the exact strength which the evidence has in
fact reached, or to ignore the fact that with further
trial it might come to be stronger, or weaker. The
situation is entirely different in the field of Acceptance
Procedures, in which irreversible action may have to
be taken, and in which, whichever decision is arrived at,
it is quite immaterial whether it is arrived at on strong
evidence or on weak. All that is needed i1s a Rule of
Action which is to be taken automatically, and without
thought devoted to the jndividual decision. The pro-
cedure as a whole is arrived at by minimising the losses
due to wrong decisions, or to unnecessary testing, and to
frame such a procedure successfully the cost of such
faulty decisions must be assessed in advance ; equally,
also, prior knowledge is required of the expected distri-
bution of the material in supply. In the field of pure
research no assessment of the cost of wrong conclusions,
or of delay in arriving at more correct conclusions can
conceivably be more than a pretence, and in any case

Ty & “’x_,-/l
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such an assessment would be inadmissible and irrelevant
in judging the state of the scientific evidence; more-
over, accurately assessable prior information is ordin-
arily known to be lacking. Such differences between
the logical situations should be borne in mind whenever
we see tests of significance spoken of as ‘ Rules of
Action ”’. A good deal of confusion has certainly
been caused by the attempt to formalise the exposition
of tests of significance in a logical framework different
from that for which they were in fact first developed.
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II1

A HISTORICAL EXPERIMENT ON GROWTH RATE

13. WE have illustrated a psycho-physical experiment,
the result of which depends upon judgments, scored
“right” or ‘“wrong,” and may be appropriately
interpreted by the method of the classical theory of
probability. This method rests on the enumeration
of the frequencies with which different combinations
of right or wrong judgments will occur, on the hypo-
thesis to be tested. We may now illustrate an experiment
in which the results are expressed in quantitative
measures, and which is appropriately interpreted by
means of the theory of errors.

In the introductory remarks to his book on “ The
effects of cross and self-fertilisation in the vegetable
kingdom,” Charles Darwin gives an account of the
considerations which guided him in the design of his
experiments and in the presentation of his data, which
will serve well to illustrate the principles on which
biological experiments may be made conclusive. The
passage is of especial interest in illustrating the extremely
crude and unsatisfactory statistical methods available
at the time, and the manner in which careful attention
to commonsense considerations led to the adoption of
an experimental design, in itself greatly superior to
these methods of interpretation.

14. Darwin’s Discussion of the Data

“TI long doubted whether it was worth while to

give the measurements of each separate plant, but have
a7




