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INTRODUCTION

Sailing Directions

When Professor Freeman gave me sailing directions
for the preparation of this paper, he told me that most of
the audience would be composed of three groups: budget di-
ractors, executive vice presidents, and directors of research.
He also emphasized the fact that few in the audience would be
statisticians.

The fact that you are here I take as evidence that
you have perhaps heard or reaﬁ’ some of the outpourings of that
enthusiastic and rapidly growing clas)s{wé"‘me:t:}hematical statis-
ticians and you have come in the hope of finding out what, if
anything, statistical method can do for you. I assume thet
you at the moment are pretty much in the state of mind of one
of my managerial friends who greeted me on a recent occasion
as follows: ®Say Shewhert, I want the low-down on all this
shouting of statisticians like yourself about the value of
your wares., What's more, I want the enswer in plain every-
day English and not in that foreign lingo that you fellows
like to spoute. Of course, if you can convince me that what
you have to sell is half as good as you think it is, 1'1ll
gladly take time to learn your lingo because 1 realize that

every science has its special vocabulary. However, I haven't



time to go on any wild goose chase end I am not going to put
time on statistics until I am convinced that fellows like your-
self are not seeking a pot of gold at the end of a stetisti-
cian's rainbow.

"As a seientist, I think I know something about sci-
entific method. As a director of research, that method is my
stock in trade. Now how does this thing you fellows call sta-
tistical method differ from scientific method? If it is a
part of scientific method, then what part? Answer me these
questions and tell me in general terms what I could do with
statistics that I cannot do without and I*'1l buy you a good
lunch,"

Well, I had more than an hour to talk to this friend,
and I got my lunch. Today in somewhat less than an hour, I
shall try to sketch in outline my answer to this doubting
Thomas friend of mine before he became a convert to the ways
of the statistician.

Choosing a Subject of Common Interest to All of Us

I think that most of you are li}ie my friend in not be-
ing interested in the discussion of e%:te;ef;:pﬁaéfp}es unless
tlg.as&»m presented against a background of practical problems
like those you meet in your daily work. Hence let us start by
painting such a background. ZEveryone of us is called upon to
interpret today's experiences in terms of tomorrow's; to infer

what is going to happen tomorrow in the light of what has



happened in the past. Our success in our job - no matter what
that job is ~ depends a lot upon our being able to make valid
predictions about future éxperience in terms of past experience.

One fly in the ointment is that we are surrounded
everywhere we go with little demons of CHANCE. Even in the
field of exact science, these little demons make it impossible
for us to get exactly the same results when we do our very
best to repeat even the most elite measurements of physical
science. What we would give to be able to predict the whims
of these little fellows! What a still more glorious world
this would be if we could get rid of them altogether! So far
&8s what I shall say has to do with the method of getting rid
of the demons of chance and of predicting their whims when we
cannot get rid of them, we shall be on somewhat common ground.
Further than this, the subject matter used in illustrating
the principles is drawn from the field of quality control of
manufactured products and that is a field in which all of us
are either directly or indirectly interested.

We live in an age of applied science. The food we
eat, the clothes we wear, the houses we live in, the cars we
drive, in fact almost everything we buy end use is either direct-
ly or indirectly the result of applied scien{cg. /Nhether we are
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producers or consumers of %he—resu}t&af applied/science, we
2/1'3 afrected by anything that affects the control of our phyain
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through the use of scientific principles.



Now,one of the greatest contributions of this ma-
chine age is mass production through the manufacture of inter~-
changeable parts. The introduction of interchangeable manufac-
ture made possible improved quality and cheaper costs of the
goods we use and it has given us many new products that we
would not otherwise heve had. This was accomplished without
any help from statistical method.* However, by using statis-
tical method, the advantages aceruing from mass production can
be materially inoreased.

In what way, you ask, dggs statistical method perform
this service? Broedly speaking, tbe—a—nswer——i:e—tm—waw a)
through its use, certain desired ends can be attained in the
control of quality with less cost than these ends could be at-
tained otherwise; b) through its use, some desired ends can
be attained that could not possibly be attained otherwise. 1In
one case, it is a matter of dollars and cents &as for example
when we reduce the cost of inspection and the number of re-
Jections. In the other case, it is a matter of doing some-
thing with statistical method thet we want to 4o but that we
cannot do without it. For example] in building a structure
such as a bridge or machine]we may be limited by some property
such as tensile strength. ’Because of the variability of any

For an interesting summeary of the advantages secured by mass
production before the days of statistics, see :

J. W, Roe,.Mechanical Engineering, Oct. 1937, pp. 755=7 56 o
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such quality, we [_.must often allow quite & wide tolerance range.

By reducing the variability)we may make more efficient use of

material and effectively extend the field of possible structures.
Three Propositions

In partieuler, I shall try to establish the following
three propositions:
A, Statistical Method + Mass Production = New Tool of
'Research.
Be With this new tool of research, some useful things cen
be done that cennot be done otherwise. In particular,
we can track down and get rid of some of the little
demons of chance that could not otherwise be budged
from their lair, thus msking it possible to make the
most efficient use of raw end fabricated materials
and to attain the highest possible quality assurance.
C. The use of statistical method in mass produotion pro-
vides a scientific method for minimizing the cost of

produocing things to satisfy human wants.
PROPOSITION 1:

STATISTICAL METHOD + MASS PRODUCTION = NEW TOOL OF RESEARCH

You will recall that my doubting Thomas friend's
first question was in respect to this thing we call statistical
method, What is it and how does it differ from scientifie
method? How often have I heard that question in the last ten

years! Very often when starting to outline what a statistician



does that makes him a statistician, I have been interrupted with
the comment: "Why that 1s what any scientist worthy of the name
does every day." As previously noted, I understand that many of

fad Eationt ’jw:“i S st L Ty aldiecs ot
you et—3twast are not trained statisticiang, . Henecs in order that
we may get off on the right foot, 1t is desirable that we consider
briefly what it is that mekes a method statistical.,

Statistical Method - Mathematical
Z,q,.) MI
Some %}ears ago when out of a clear sky and without

<

previous training, I was called upon to solve what was called
(and rightly so) a statistical probdlem, I began trying to find
out what statistieians meant by statistical method and I have
been trying ever since. I have collected quite an assortment of
definitions over this period and of these one might say that
there are no two of a kind, One finds much described in some
books on statistics that can be found in books on logic or books
on experimental method. Some statistical methods today are
given fancy names - as for example, operation of statistical
control, analysis of variance, design of experiment and the
like =~ although much that the laymen sees in these methods he
may have seen many times in different dress in books on soi-
entific method, Again and again I have had engineers call my
attention to the fact that the idea of improving the control

of quality through the coﬁtinuing process of detecting and
eliminating causes of variability was an old, old story even

before the statistician appeared on the scene, Particulsrly



those engineers and scientists trained in physics and chemistry
have likewlse often pointed out to me that design of experiment
is one of the oldest‘tricks in the scientis‘EP trade. They point
out also that the laboratory trained research worker is con-
tinually studying and analyzing the observed variability (oi‘ ol
LIInL Ly ey B o atethd
variaﬁoe,) in order to break it up into component parts. Such
men want to know Just what it is that makes the statistician:s
control of quality, analysis of variance or design of experi-
ment different from that of the successful engineer and scien-
tist of the past., /F. be 1t from me therefore ;:;r/v:nture any
statement about statistical method 1n the sense of the statis-
tical method, Instead I shall simply try to indicate what I
shall mean in this discussion by statistical method, Here we
can learn from the dictum of the contract bridge artists: Ale
ways declare your ™method of bridge™ for the enlightenment of
your pertnere S e

That which charact;rizes a sﬂlatistioian 80 far as we
are here concerned is that he is in possession of a particular
kind of mathematical model that nori?-jstatisticians do not have,
The mainspring in this model 1s the concept of a frequency

dlstribution from which a ssmple of any size n can be drawn at

rendom,

A variable X will be said to have the frequency dis-
tribution £(X) if the frequency of occurrence of X in the range
Xl <X<X,1is gliven by
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Y. 7 may- be helpful at this point to call attention
to a procedure used in describing statistical method that
is often found in the literature of statistics even today.
For example, we are told that statistical method is mainly
concerned with data affected by a multiplicity of causes.
In this sense, statistical method is contrasted with the
scientific method of the laboratory where the effects of all
but one cause are supposed to be reduced to a comparatively
small residfsaer” We are told that statistical method must
accept for analysis data that are subject to the influence
of a host of causes and try to discover from such data which
causes are the important ones and what effect each cause
produces, We are also told that statistical method is to be
applied where the multiplicity of causes of variation in the
observed phenomenon cannot be controlled and the observer
has to take observatiops of things as they are and make what
inferences he can from the data. Agein and agaln statisticlans
have pointed to the social sciences as illustrating the dif-
ficulties of their science in that the observer of social
facts cannot experiment and must study phenomena as they occur,

Several of ny doubting Thomas friends - and I have
had many among engineers, physicists}and chemists - have read
enough sbout statisties to get just such a picture of the aims
of statistical method as that presented in the precedinz para-

graph., They admit the existence of a multitude of "statistical
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problems" in this sense in the field of soecial science and
elsewhere, However, many of W%s friends
have watched the statistician perform his tricks on stock

market and other kinds of "trends" and they have been none

s

too favorably impressed, to say the least. They have asked

on occasions what it profits a statistician to go through

/f e

all the agony of using high-brow statistical methods in
making such predictions if he cannot hit his mark more often
than he has apparently done in the past. Regardless of the

statistician's attitude on this question, his record in these
?/b(/,(d e S¥Siejana Koo Mo Fupin bl
natiers

; is not’ such as to sell many engineers, physicists, .

A)-%:femists on the statlstlcal method as a powerful tool.
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n what follows, I shall try to do this but L
with some trepidation, with many mngivings}a.nd, I trust, “
with due humility. The outcome 1ls a plcture of the role of edor
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statistical method that is somewhat different from that Jjust
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£(X) dX. (1)

X

For the sake of simplicity we shell assume that f£(X) is & con-
tinuous funetion.
Now the phrase "drewn at random™ describes the ope ra-

tion of choosing a value of X from among the possible values of

X without the choice depending in any way whatsoever upon the

megnitude of the X that is chosemn. To my way of thinking, too

much emphasis cennot be placed upon this concept of the opera-
tion of drawing at randem.

Let us assume that
XI, xz, LI xi’ [ X X XY Xn (2)

represents n such values drawn at random, Such & set of values
is termed a random sample of n. Let 0; be any specified funotion
of these n values of the chance variable X, such as the average
or standard deviation, for example. Such a function ¢4 is
customarily called a statistic at the suggestion of R. A. Fisher.
Then the statistician conceives of the process of repeating

again and again the act of drawing a sample of n from the fre-
quenocy distribution. If he then computes the value of the
statistic 64 for each such sample in the order that the samples

were drawn, he gets an infinite sequence,



Oil, 012, LK IS Qij, L X R Gm’ ,Gim+l, sy oim-g.z, LN (3)

This he calls a random sequence.
Knowing the parent distribution (1), the statistician

’ fn W‘»/%(. o _‘(/ o
tries to find some distribution function 9(Qj), such/that /

B ,
I o(01) dey (4)
a

glves the frequency of ocecurrence of 84 within the interval
a <03 <P to a sufficiently high order of approximation.*

| There are, of course, an indefinitely large number of
kinds of functions or statisties of the samples that might be
computed ,and for each of these,there is presumably an infinite
rendom sequence (3) and a frequency distribution function (4).

The mathematical mechine in the hands of the statis-

tician is one into which you feed a frequency distribution and
get out another frequency distribution representing the result
of a random operation on the original distribution. It need
not worry us here that this methema&tical machine grinds slowly
and has as yet only turned out comparatively few of the possible
distribution functions of type (3). Sufficient for our story
is the fact that the mathematical statisticlan has already turn-

e .
ed out many distributions that are of great usefulness.

@f course, the function ¢ (04) may be such
that finite summation instead of integration must be used.
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Statistical Method as Scientific Method

So far we have mentioned the fundamental mathematical
conoepts behind statistical method. As in the case of any
mathematical development, there is no negessary oconnection
between the mathematics and observable phenomena. It is per=
fectly possible that the abstract mathematicel model will not
correspond to anything we may observe in nature and no amount
of armechair philosophizing will tell us whether or not the math-
ematics is useful, To determine if the theory is useful, we
must experiment.

So far as I see, the use of a mathematical model in
statistieos is not fundamentally different from the use of any
mathematical model in physics or Aother science. However, \1n

//("n /oéa»[;« Z Sver &p@{@,fi’/g/;

drawing any scientific inferefic e,we must st.art with observed

date (A of Fig. 1) and end with observed data (B, Fig. 1), but

data different from those with which we st_’.art. Mathematical

FIELD OF MENTAL OPERATIONS

FIELD OF OBSERVABLE DATA

Fig. 1
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and logical deductions are mental operations* that we use in

the process of going from A to B. But, since there is no
known necessary connection between such & deduction and Obe
servable data, we can only choose in a given case, some mental

operation My, the use of which involves predictions as to what

we may expect to find at B. We then must leave the field of

mental operations and come back to the field of observable
data at B to see if the predictions in this given case are
valid. Ir,; in a given case, the predictigps ere valid, we can-
not,\.y of course, conclude that My is ’ggl_é_wiéperation to choose in
goling from A to B However, - by-repeating .the process of choos~
ing_i:hs.mental -operation My whenever we have data like we had-
at _A,ﬂba.xia&ieué +het-the preatctions-at-B mnlid we—in--
cresseour assurenee thet My-is_a useful operatien. M,/

we may increase our assurance that My is a useful path by

traversing successfully again and again the circuitous path

of Fig. l,‘.\. If on the other hand, lj does not give valid pre-

dictions, we must choose some other path. We must learn by
I\ ' P
experience that we cannot prove by deductive logic; namely,

that we can often use formal mathematics as a step in the op-

eration relatlng past experlence to future experience.

7

Broadly speaking, Fig. 1 preseants scientific method
as an operation involving the following successive steps:

G ar S S M e e B an U e W v e W W AP D e w W M AR S s P B &5 s e

*These mental operations are sometimes called constructs or
conceptual models in the literature.

W, A. SHEWHART'S COLLECTVN
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No“bwe must note that one of the basic postulates
for the usefulness of scientific method is that there must

be a certain uniformity underlying experience. That is to

say, baving perceived certain data or sense impressions at
A, it 1s necessary that we may uniformly expect more or less
well-defined groups of data or sense perceptions at B every
time the impressions at A are repeated. Physical and
chemical theory deals with one class of phenomena of this
kind. So far as I am here concerned, statistical theory
must also deal with some class of phenomena of this kind 1if
its results are to be useful. However, we must not logdse
sight of the fact that if such a uniformity does not exist,
no amount of wishful thinking on our part will modify the
situation so far as scientific method is concerned,

’4;%“7 let us loock at the mathematical machinery of
the statistician onee—more tO see under what conditions 1t

N AA. Oy 0]

nay poss—i—H be expected to help us make valld predictions,
/@/;rn»{/ twof:// Graorles dvrses

Have we any reason to expect it to'-be-usefal hen we have

any old kind of complicated set of unknown or chance causes?
Is it a method that will always work when we cannot use the
80 called "experimentel" technique of controlling all but one
cause in the laboratory? Is—it—ekindi—ef—catch=alimethed-
to—be_used whena multiplicity of-causes—effeet—the phanamena
under—observatien? These guestions are indeed pertinent not

only for those who would try to see behind the usefulness of
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statistical method in the sense that it is discussed in

some of the older treatises in its application in the social
sclences but also in the sense that it is discussed in some
of the newer applications such as the analysis of variance .

4 L. "'f ‘f’ p e
to mention only one. @»o& s N L ol dt 3T s </

S0 far as I see, the answers to the th-;ee questions
;'hrst-ralxéeé ai:;e &t negative unless in all ceses the complex
structure of unknown chence causes is one that behaves in a
very, very speclal manner, namely that this complex structure
is one that produces variations in a manner bearing a close
resemblance to what the mathemetical statistician conceives
of as rgndom, and sad but true (at least in my own field of
experience) nature does not have a habit of providing us
with randoni data in the mathematical sense as I shall have
occasion to emphasize several times as we proceed. In fact.
an engineer has to do some controlling before he attains a
random condition,

Of course, the statistician can always analyze a
set of data at A of Fig. 1 upon the assumption that the con-
dition of randomness exists and upon this assumption he can
tell one what to expect‘ of samples of future data. Further-
more I assume that allﬁw::uld agree that these predictions
would have the highest attainable validity upon the basis
of the underlying assumption, but this does not mean, of course

md Aente Fe fredics R LA
that the b8.810 assumption of randomﬁess is valid/.\ '{I‘o justify

Lh /{r» ]
this assumptidn in a given case calls for further experimenta-

. Tl 1&4 s
tion of the, charaeter—ulieh I shsall try to set forth in some

of the simplest cases as we proceed.,—
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8) Taking date(A ) -,

b) Making hypotheses {(W“’t’ 5 ).

¢) Using hypotheses as basis of drawing deductive
inferences about measurements that can be made
in the futures (6413 /} 9"{/) ,

4) Testing hypotheses by making experiments to
see if results deduced upon the basis of hypo-
theses are as predicted; modifying hypotheses

if necessary, e.nd. starting again with the
initisl step.

ﬁﬁuﬁﬁ;viewpoint of our present story, I wish to emphasize
/ ﬁAMI—&[t e fa e
/three o t\he requ.’:renmnts of scientific method:

1. We mu§t be-able—bt6 start with data at A and
make va&—i& predlctions of other data at B.

B

2, To validate a S"‘emiygntific method as a method of
knowing requii'es that we be able to repeat at
will ar ‘eircular successwn of. steps.

e &t both A and B, an act of peroeptign is in-

- volved.
Now let us tackle the first gquestion that my doubt-

ing Thomas friend raised. How does statistical method differ

e are several different senses in which the word hypo-
used in the literature. inhypothesis-is here taken
as the first hree stages in an induc process, the
second and third s being called-déduction and verifice-
tlon respectively. 1In s& enhypothesis is first pro-
pounded and then proved. Hﬁwe%a_;nce the process of in-
duction can never leg 1‘;’/ certainty in*werification®, the
third stage in thg-Inductive process still Teaves us with an
hypothesis. N-’Ii-going from A to B there are usuEIMot one
but sever ypotheses involved. \ B

[ -
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from ocustomary scientiflic method? The answer is that the
statistician's mathematical model or machine simply provides

the man of science with a new kind of hypothesis and a means

of deduoing inferences upon the basis of this hypothesis about
measurements that can be made in the future but as yet have not
been made, The kind of hypothesis at the basis of the mathemati-

cal deductionsgthe statistician is ,as we have previously noted.

[/ 2Y Loy, 10 a4

Awhat we may expect to get in samples drawn at random
from a given population characterized by some Feregqueney- assumed
frequency function (1).

T The Emergence of & Statisticlan as a Sclentist

Let me now try to paint a little more graphically
Just what it 1s that the mathematical statistician can do that
no one else can do and then show what & statistician must do in
order to become a scientist. Let us picture our statistician
on the inside of a large black sphere so that he cannot see
what is happening outside of the sphere except for numbers
that appear on a small ground-glass window. Let us assume
that numbers are flashed from time to time on this window.
Now what the mathematical statistician can do with these num-
bers w:.thout ever getting outside his spherical shell that a
non@mathematlcal statistician camnot do I shall consider to be
his fundamental contribution. /Ac e i/

One thing that he can obviously do is to record on a

slip of paper each number as it appears on the screen. After
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getting a bunch of these slips he can amuse himself by sorting

them out into a frequency distributio&. Then he can try to fit

*
these discontinuous distributions by smooth curves. He can use

different kinds of functions as a starting point and can de-
velop different criteria of fit. Thus he can build up gictuxes‘
of what he has seen on his ground-glass screen. In the early
days of statistlies, this was the favorite pastime of the sta-
tisticien.

The mathemstical statistician did not long remain
content to draw plctures, both graphical and analytical, of
the distributions of numbers flashed on his screen. He soon
had a brilliant idea: not only the distribution of the num-
bers but the ordar of their appearsnce should be£ of 1111:?393?. X
Hence he began, ;73“ record the numbers that app::r;/c’l ?Ln tohaf oﬁier
that they appeared. In this wayyhe might get & sequence of n

values such a8

Xl, XZ’ seey 1%" soey Xn'

appearing in this order. Then he hit on another idea; why
not write these numbers on &as many separate slips of paper,
throw the slips into his hat, shake them well, and draw them
out one at & time, writing the numbers down in the order that
they were drawn? He could.yof course,repeat this process again
and again, each 'time getting an ordered sequence of the n

numbers, What interested the mathematical statistician

: e . 4 R
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5045 4635 4700 4650 4640 3940 4570 4560 4450 4500 5075 4500
4350 5100 4600 4170 4335 3700 4570 3075 4450 4770 4925 4850
4350 5450 4110 4255 5000 3650 4855 2965 4850 5150 5075 4930
3975 4635 . 4410 4170 4615 4445 4160 4080 4450 4850 4925 4700
4290 4720 4180 4375 4215 4000 4325 4080 3635 4700 5250 4890
4430 4810 4790 4175 4275 4845 4125 4425 3635 5000 4915 4625
4485 4565 4790 4550 4275 5000 4100 4300 3635 5000 5600 4425
4285 4410 4340 4450 5000 4560 4340 4430 3900 5000 5075 4135
3980 4065 4895 2855 4615 4700 4575 4840 4340 4700 4450 4190
3925 4565 5750 2920 4735 4310 3875 4840 4340 4500 4215 4080
3645 4190 4740 4375 4215 4310 4050 4310 3665 4840 4325 3690
3760 4725 5000 4375 4700 5000 4050 4185 3775 5075 4665 5050
3300 4640 4895 4355 4700 4575 4685 4570 5000 5000 4615 4625
3685 4640 4255 4090 4700 4700 4685 4700 4850 4770 4615 5150
3463 4895 4170 5000 4700 4430 4430 4440 4775 4570 4500 5250
5200 4790 3850 4335 4095 4850 4300 4850 4500 4925 4765 5000
5100 4845 4445 5000 4095 4850 4690 4125 4770 4775 4500 5000

ta)

3875 4810 5000 4925 4375 4340 4050 4845 4615 4430 4445 4895
4085 4500 4450 4700 2965 4445 4485 4700 4570 4625 3665 4285
4615 4895 4850 4135 4850 4275 4500 3645 4335 4735 4340 5000
4915 2920 4355 4290 4335 3760 4080 4570 5000 4275 4850 4700
4450 4770 5000 4850 4640 4840 3635 4700 4570 4615 450 4095
4170 4215 4170 4310 5200 4615 4185 4310 4700 4890 4700 3690
5000 3980 5000 5150 4125 4850 5000 4690 5000 4215 4255 4425
4700 4350 4500 4000 5075 4565 4300 4565 4325 4300 4100 4665
4640 4550 4700 4175 4410 3635 5000 3940 5075 4925 5075 4700
3650 3700 4640 3850 4560 4430 4850 4635 4790 5190 4635 4845
4450 4650 3925 3900 4560 4190 4310 5450 4895 5045 4160 4180
5250 4685 5100 4850 4840 5000 3463 4775 4570 5250 5075 3685
4090 4840 4500 4575 4095 4425 4340 5100 4855 4725 5750 4170
5000 4050 4925 4500 4375 4790 4375 4600 4790 4450 4740 5050
4685 4215 5000 4080 4770 4410 4770 4110 4255 4430 3635 4440
4325 4450 4700 4720 5000 4125 5600 3775 5150 4430 4340 4350
4575 4765 4625 5000 4700 4775 -4930 3300 4080 3075 3975 2855

(b

Can you see any fundamental difference between these iwo sequences?

Table 1
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confined in his spherical shell was to see how the order of
the n numbers as they flashed on the screen differed, if any,
from the general run of orders observed when drawing the same
set of n numbers out of his hat.*

In the course of the last few decades, he sucoeeaed
in fimding lots of ways of comparing his "random" sequences with
the ones that appeared on the sereen. Some of this work he la-
beled distribution theory, some he called analysis of variance,
some of it probability theory, some of it sampling theory, end
some of it by still other naines. But irrespective of what he

Ml ,/ L

happencd %o call t.he results of his labors, Ait &as so far as .

We are here: conoorned pretty much the same: he was' oemn&ag
(s,«m,j”,\ some property of a sequence of numbers flashed on his screen
‘ with the properties of the sequenc  he could construct from
//%y dppne Sk ' {/& Fiend i e ‘,,_.,/ e
this given set of numbers, by cafrying out, certain random Opera-
tions, This has proved to be a fas/;inating game for the statis-.
tician and today he is tufning out results faster than ever be-
fore and yet he can see no end to the work that he/ can d.?.‘x ’
At this point)it may be well to pause for a specific
illustration. Let us assume that our statisticlan observed
the sequence of 204 numbers shown in Table 1l&) Here the ob-

served order starts with the first figure in the left column,

B ws e W W uy ST M Gs G e @ G @v WR e N M e e S B & s W @ ™ W e & S -

*Needless to say, of course, our statistician being a mathema-
ticien didn't actually go to the trouble of making the hat
experiment in the way I describe. Instead,he simply con-
ceived of this kind of an operation and then figured out
what he fwould get by such a process.

7{44\(;1 f{@" fL
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) The practicing statistician whe—is interegted An keeping
abreasg of the g,evelopments in this field w1l“]; want t(? keep
in tcuch with such journals as the Annals of mathgmatlca}
statistics, Biometrika, the Journal of the ngyal.statistlga‘l |
society, and sankyha, the Indien Journal of ‘o\tatlstics.  vae s e
Phe .nnels of .athematical Statistics carriesvoriminad. - *

. sptietes und, in addition, as the official journal of the
Institute of listhematical Statistics, it is plenned to publish
in this journzl from time to time survey articles that should
be of interest to industrial statisticians. The oSupplement
to the Journal of the itoyal Stsztistical Society is of par-
ticular interest in that it generally deals with applications.

A4S & background for anyone who wishes to read the modern
literature on mathematical statistics, two comparatively
recent publications will be found of great help. These are:
e theory of dtetistical Inference, by 3. S. wilks, Mathema-
tics Department of Princeton University, 1937 and lectures
and Conferences on sathematical Statistics, by J. Neyman,
published In 1928 by the Graduate ochool of the United States
sepirtuent of agriculture.f lleny okker important articles
appear each year, scattered in verjous journals. However,
if the Jjournals listed above are available to the industrial
statistician, they will enable him to keep pretty well in
touch with,the men who are meking fundamental contributions.
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goes down this column and then back to/‘f'irst figure in the
second column and thus on through the ﬁable. Suppose we watch
him put these numbers in a hat and draw them out again one at
& time. As a result of performing one such operation, he gets
the ocorrespemding order shown in Teble by With a twinkle in
his eye our statistician asks: ™Do you as a scientist see any
striking difference between the sequence in (&) and the sequemce
in (b)?" Most of us will probebly answer no. Whereupon our
stat\!.sfician might show us that there are many characteristics
of the sequence (a) that are unlikely to occur in "random™ se-
quences such as (b). For example, he might show us how to con-
struct & control chart* for averages of successive samples of
four, for each of these two sequences. He will tell you before
you construct these charts that if you construct such a chart
for the data in (b) or similar sequences of these same numbers
drawn at random you will seldom get a point /gluis‘}‘c}‘e:t;;:géd/otted
control limits. If you carry out his direcf.ions,,, you will get
the results show:i in Fig. 2. The control chart for sequence
(a) at the top of Fig. 2 shows points outside the dotted limits;
this is something unlikely to occur in sequences drawn at ran-
dom like (b) shown at the bottom of Fig. 2.

As yet, the statistician is presumably still in his

shell. He is free to do only mental operations (Fig. 1). To

*For the method of constructing such a con_Erol chart, see
the discussion of Criterion I in my book, Economic Control
of Quality of Manufactured Product, D. Van Nosftrﬂand’, COey
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“AVERAGE: RESISTANCE IN- 0% MEGOHMS

Fig. 2. Something that only a statis-
tician can tell us.

become & scientiét,as we have already seen, he must make use
of evidence such 2s he finds in Fig. 2 as a basls for predioct-
ing something that he expects to find in the world outside his

ivu T S /0 v/‘vlft [;{/s [J‘L(Atéfl*m, .
shell, AE must then get out of his shell and make contact with
the world of observable data at some point B of Fig. 1, that is

}:—‘;&: kig,,«y
different from point A that gave the signals flashed to him on
his ground-gless window.
Let us imagine that our mathematical statisticlan

explores the inside of his shell and finds a door alongside
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his ground-glass window. He suddenly becomes imbued with the
idea that he can probably become a useful scientist as well as
statistician.

What does our statistician do? In principle, every
time he sees & number Xy appear on his écreen, he sticks his
head out of the door and percelves the physical condition C4
giving rise to tM‘; The oon&&itw:{xons :‘s{g::::.gted with the Xy's
provide him with a new me;?s of arranglng the numbe}-s 12 the

o Mmmﬁ,‘ 7 JN a. ta nf zA Fontisdl Aadi
originsl sequeng into subgroups Then he can determine if the
observed differences between subgroups are likely to occur in
subgroups selected at random from a random sequence.

However, the mathematical statistician did not stop
here. He took another step and began to manipulate‘:he C's and
study the corresponding effects upon the X's. Thus he entered
the field of design of experiment and became pretty much a full-
fledged experimental scientist.

Schanatically)we may sum up the fundamental steps in
the emergence of the mathematical statistician as a scientist
by the schemertde diagram in Fig. 3. Thh new kindv of hypoth-
esis{end the associated ded§é§iéx§s £it Minftc;Jsteps ﬂﬁar;d o of
scilentific method.

I find that the acts of the statistlician become much
more intelliglible to my friends among englneers and natural
scientistS@ when these acts are viewed in relation to scienti-

fic method. This is pe.rticularly true if we go one step further
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DDDDDDDDDDDD QUENCE AND PERCEIVED CONDITION
STEPS IN THE EMERGENCE OF THE STATISTICIAN

AS A SCIENTIST
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and point out that no scientist claims to be able to duplicate
his results exactly. No matter how much effort is expended,
repetitions of any experiment even under presumably the same
essential conditions give results that are not identical. Hence
if we are to build hypotheses that are supposed to picture the
behavior of observable phenomena, these must allow for the ob-
served fact that repetitions of any experiment even under pre-
sumably the same essential conditions do not give exactly the
same results. It is just this that statistical theory attempts

to do for scientific method. When a statistician comes forward
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with great claims for his novel techniques for the comtrol of
quality of manufactured product, or for design of experiment,
or the analysis of variance, engineers and scientists (particu-
larly in pbysics and chemistry) may be inclined to stand aloof.
What cen an armchair statistiecian tell them about such matters?
They heve been controlling quality, they have been designing
experiments, and they have been analyzing variences long before
the statistician ceme on the scene. Much of what the statis-
tician is saying is ﬂld stuff at least to successful engineers
and scientists. Q“an‘ men may fall to see that although many of
the concepts employed by the statistician are stock in trade
for the good secientist, the st’atistic-ian does have something
very important to contribute, namely more accurate hypotheses i o/

odeotd fzz[‘)m“ L,

A Ll Ve
and means of testing. . . pnt-afeu&%&ag—odgn
/ }( "W ?“’Ff'&» ’?i{n f'—‘“'l{“'““é'f‘ srer F /, vy (: -
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ﬁfh_Lis Mass Production Ideal]; Suited to the Application
Statistical Method?

We shall consider three characteristics of mass pro-
duction that are of lmportance in our present story.

First: Mass production involves large numbers of
repetitions of operetions and one of the fundamental character-
istics of statistical theory is that the deductions from a
statistical hypothesis are not in terms of a single unique
event but in terms of the characteristics of an ipfinite se-
quence of like events corresponding to an infinite number of

repetitions of some operation in a state of statistical control.
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In mass production ,we often deal,with a comparatively few repeti-

tions as we do in the field of exact science but with literally

thousands upon thousands of repetitions. Hence, if the results

of repetitions in mess production can be made to satisfy the
conditions of randomness, statistical theory becomes the ideal
method of describing ‘the observable segquences of guality.

Second: Successful mass production involves random
assembly. Mass production is much more than the process of
turning out large numbers of things of a given kind: the key
to successful mass production is the menufacture of inter-

changeable parts. Certainly the requirement of interchange-

ability of pieceparts is fundamental in our present discussion.*
Let us teke as an example a piece of apparatus in

which there are u different pieceparts. Let us take the sim-

plest case where each of these, represented by the symbols

015 Ogy ey Oj, ceey Ou, is turned out in a continuous pro-

cess so that we may write down the set of infinite sequences

ordered as turned out in the manufacturing process,

*It is interesting to note that, although the human race
has supposedly inhebited this world of.ouxs for some-
thing over & million years, it was not until about
10,000 years ago that they began to it pieceparts to-
gether ,such &s in the act of fitting a handle into a
stone hammer,and it was not until about 1787 or roughly
150 years ego that interchangeability was introduced!



Oll, 012, deey Olj.’ seey Oln’ see
Og]_, 022’ [ XX XY 021, ceo oy Ozn’ (X X ]
ojl’ sz, XX 031, es oy OJn; s e (5)
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In mass production, the assembly of parts involves the operation
of taeking one piecepart from each of these u sequences by some

rule of choosing a piecepart that does not in any way depend

upon the quality of thet part. As we have seen, this rule of

choosing is what the statistician calls a random one. Hence it
will be observed that the assembly of pleceparts is to be car-
ried on under what the statistician calls random sampling. Sta-
tistical theory is supposed to tell us what we may expect to
get under such conditioms.

Since it is not possible 1?0 make pieceparts exactly
alike, the concept of a go toleranc;:;}as introduced about 1840,
It was soon found, however, that it was more economical to try
to menufacture to go, no-go tolerance limits instead of a go
1imit and hence these were introduced about 1870.

Let us look a little more carefully at this require-
ment of interchangeability. Let us think of a mechanism com-
posed of a lot of different pieceparts. In interchangeable
manufacture, these pieceparts are usually made in large quan-

tities and then a selection of parts required to make a
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Tinished machine is, as already noted, selected at random and
assembled., Each piecepart of a given kind should be so nearly
alike any other of that kind thet it would make no appreciable
difference in the quality of a finished mechanism if one part
were substituted for another. The term fit may suggest mechani-
cal or electriceal fits but as here used it implies that one
piece of reaw or fabricated materisl should be interchangeable
with every other similar piece of the same material., Such a
requirement of interchangeability applies not only to piece-
parts but also to the parts of a given kind of food, drug and
“the like., Hence the requirement fr intexjchangeability implies
a certain degree of uniformitx{\agf ";;ak.wwr.z;;;'e;ials, drugs, foods,
oils, and products that are not divided into parts in the pro-
cess of production.

Third: From the viewpoint of science and from the
viewpoint of our story, the most important characteristic of
mass production as a process is that it constitutes a scienti-
fic method in which we customarily recognize the following three
steps:

1. Specification.
2. Manufacture.
3. Inspection.

Broadly speaking, the specification outlines a cer-

tain end result that appears feasible of attainment upon the

basis of available evidence. In this sense, it represents an
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operationally verifiable prediction based upon certain hypoth-
eses as to what 1t is believed possible to attain in the second
step, manufasture. mcmm T.zrom the viewpoint of
Ao éeetnd dud Hicod

scientific method may be looked upo’f &s a means of checking
whether or not that which is predicted can be attained. %‘or
example, in 1787 under the sway of the concept of an "exact"
physical science, the specifications called for pieceparts made
to exact dimensions. It was soon found, however that such parts
could not be produced. As a result, it was found necessary to
modify the predictions as to what was feasible of attainment.
Starting with an assumption about what one can do, then making
an experiment to determine whether or not the results predicted
upon the basis of this assumption are attained and then modify-
ing the assumption when necessary to take account of new data
is inherently a scientific method.

With the introduction of statistical technique ‘}n to
each of the three steps in the process of mass productio;: we \
have a scientific method for making the most economical and

the most efficient use of raw materials and finished products.

Testing a Statistical Hypothesis

Let us consider a little more carefully then we have
already done the cﬂaim thet statistical theory provides the sci-
entist with & new kind of hypothesis to be used in scientific
method, One of the most important tests of this character is

that for significant difference in the mean. In experimental
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work, for example, we often have two samples that we wish to

test to determine whether or not they differ significantly, as
’

a statistician says, in their mean values. For exemple, Table
1 gives two sets of four observations of the breaking strength
of a certain aluminum alloy made by two producers ¢ and D.

The statistician proposes to test whether the means are sig-
nificantly|different or, more Specirfically, the statistician

may set out to test whether or not the two samples may be

Producer C ' Producer D
25,800 26,500
25,800 27,800
25,600 25,300
26,400 27,700

Table 2

regarded as belonging to the same population. What is cus-
tomarily considered as one of the most important contributions
to modern statisties provides just such a test for signifi-
cance. I refer, of course, to the work of Student.

AS & Tesult of his work, we may compute from these
data the well-known statistic* t. In this particular instance
t is equal to 5.12. Then the statistician says something llike
the following: "if sample C and sample D are both random
samples from the same population, the chance of getting a

value of t as large or larger than 5.12 is «01l6." Since this

’_----—---‘_---------
-

Stetistical Methods for
ver and Boyd, ord

- n e e er e YR O3 am B e W

*For details see, for example,
Reearch Workers, by R. &A. Fisher,
Edition, 1930, pp. 106-7.
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probability is greater than +01, it is customary to say that

the difference is not significant. If, on the other hand,

this} probability had been .01 or less, it is customary to say

thet the difference is "clearly significant."* Neyman has
recently described the traditional procedure in testing sta-

tistical hypotheses in the following general terms:*%

"Havix}g to test some specified (in early steges very
vaguely specified) hypothesis H concerning the random variables

Xﬁa ng LLE Y Xn,

we used to choose some function';fof those X; which, for certain
reasons, sesmed to be suitable as & test criterion. Pearson's
Chi-Squere and Student's z are instances of such criteria. The
next step, and & difficult one, consisted in deducing an accurate
or at least an approximate probability law p(T/H), which the
chosen criterion T would follow if the hypothesis H were true.
The graphs of the probability laws considered usually repre-
sented curves with a single maximum at a certain point of the
range, decreasing off toward the ends. This suggested a classi-
ficatior of possible samples into two not very distinctly di-
vided categories, probable and improbable samples. If a sample
S led to a value of the criterion T for which the value of
p(T/H) is small compared with its maximum, then the sample S
would be called improbable or the hypothesis H improbable, and
inversely."¥*

Significance of Such a Test of Statistical Hypothesis

We must now consider the significance of this test
from the viewpoint of scientific method. To begin, let us

note that the immediate conclusion drawn from such a test is

S G em e e T W Gr W M G e M Ee WR G MR e M AR SR A W W w ® @ s S W -

¥*This is expression used by Fisher in reference Jjust
cited.

%*Lectures and Conferences on Mathematical Statistics,
sreduste School of tbe Department of Agriculture, Washing-
ton, 1938, page 33. Mao exe= Yy A (e i ATTE T

**Neyman used E to designate a sample. I have teken the
liberty of changing it to S in the quotation, since the
symbol E is used later in a different sense. Underscoring
mine, , ¢ <
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that the sample is either likely or unlikely to have arisen

through the process of random sampling., Often statisticians

go fufvthgrp gfhie??fn points out and conclude that the hypoth-
esis is,improbable, or in the case of applications of tests
for significant differences, the statistielan may conclude that
the observed difference is clearly significant if the probabil-
ity given by the test is .01 or les:: Two charsacteristics of
such statements should be noted:
&) The immediate result of applying the test is
that the statistician draws a conclusion that
some event is"likely or unlikely", "significant
or not significant™ upon the basis of some ‘
hypothesn.s.// t/”zwwzz/;!—%%f Boriey lo H Aia '/ | ol :M'/C '
b) The conclusion rests upon an assumption that
the data are random.
We should note, W, that the importance of the conclusion
{a) from the viewpoint of scientific method is the effect of

the eonclusion on our future action. The importance depends

upon what one does as & direct result of the test. Very often
the statistician stops with drawing the conclusion (a) and in

so doing his action is such as he might carry out while still

inside his shell. The crucial test of the usefulness of

such a test of a statistical hypothesis is the relation he

can establish between the conclusion (a) that some result

T R S DR ai Al S ad Ao oo P S
3 ¢
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is unlikely,and something that he can validly predict upon the

basis of conclusion (a) about data not yet observed that he

could noiﬂ;tf(ralidly predict without first having applied the test
to the initial set of data. Referring to\eug Fig. 1, the
initial set of data corresponds to a contact*with !the world

of observable phenomena at A. The drawing of the lconclusion
that some characteristicsof these data are or are not likely
upon the basis of some hypothes:l.s leaves the statistician still
suspended in the field of mental avtrs. What is important from
a scientific viewpoint is how he gets down to earth again at

B in Fig. 1.

For example Fig. 2 shows us something that the sta-
tistieian can tell a quality control engineer that only a sta-
tistician can tell him. Whether or not the statisticlan’s
story in this instance is of any use is another matter and
depends on whether or not such results can be successfully
used. We shall show in the next section that these results
can be used, but to do this, we shall have to follow what the
statistician does not only while he is in his shell but also

what he does outside his shell and in the process of mass pro-

duction.

From the viewpoint of interpreting the importance
of tests for statistical hypotheses, we need also say something
about the second point already noted, namely that the proba-

bility computations in such tesis rest upon the assuzption

«J; f ".'“,Q T PR PO 2‘7; Fre. &y 7;:( /A e o
2 . s / . .
A’A"’Q ﬂ/e»{f PR L ket fﬁf”f"( < x‘”/ Heey, /44 v X s A ttl
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that "semples™ are random. For example, in applying Students

test for significant difference to the two samples of Table
2, the assumption involved in the computation of the proba-
bility is that each .sample is draswn at random.

Now we should note that the meaning of random from
the viewpoint of the statisticilan is a meaning given to an

g"t that the statistician can carry out inside his shell.

It is a man made operatione

Next we should note that scientific method must
start with numbers or pointer readings that Mature gives (at
point A of Fig. 1l). Of course Hen usually operates the ex-
periment and some applied statisticians have assumed that,
when & scientist repeats an experiment under presumably the
seme essential conditions, the resulting data (at A, Fig. 1)
will be random. Howevser, Nature has her finger in the pie in
drawing any sample of physical measurements in a way that she
does not have when the statistician within his shell concelves
of & random drawing. Hence, stated in picturesque fashion,
we must determine if A{ature is in the habit of drawing her

samples at random. Statistical method plus mass production

has, I think, afforded the first eritical end exhaustive ine

vestigation to find out if nature draws her semples at random.*

- @ e S @ S a» > &
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My own experience, with possible exceptions that I could count on

the fingers of one hand, indicates that Mature does not aoct in
this way. The data that {Hature hands the

tatistician at A in
MW.EZ-J—%,M

Fig. 1 are almost never random. %%1&4 Ee8ult—oL-the-

nWﬁW&W@M*W.% Let us pause for a moment
to consider the importance of this result from the viewpoint of
applied statistics. The experimentally established fact that /ﬁa-
ture seldom gives us a \gandom sample of her own accord (at least
in the fields of measureﬂ.ent in physics, chemistry, and engineer-
ing) means thatq wzliffb/ghe all conclusions about the likelihood of
observing a given difference upon the assumption that the samples
are random with & grain of salt until we have first secured the
condition of randomness.

Hence 1t is of great importance to discover ir one can
control his operations so as to attain a conditiom where repeti-
tive operations appear to give a random sample? " can we, in
other words, set up some kind of an operational procedure for
detacting end eliminsting some of the little demons of chance un-
til we reach a stage where those that remain produce fluotuat.iona
that have the properties demanded of a random sample. Again we
must eppeal to experience for an answer. Needless to say, this
cannot bi;ﬂby teking a few data. Experience in the field of mass

production shows that it cannot be done7at least there, without
extensive repetition of en operation. On the other hand,it shows

that through the introduction of & statistical operation of con-

SN

krol soon to be considered in more detall, it is possible to at-

tain a state of statistical control where fluctuations occur at

* "/"——7&—‘ et =t
- Sl e ‘
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PROPOSITION 2:

WITH THIS NEW TOOIL, OF RESEAR
¥ S5 non S%H SOME USEFUL THINGS CAN BE DONE

Two Objectives to be Attained

We shall consider here the following two objectives
that can be attained only through the use of this new tool of

research or statistical method + mass production:

a) Make possible the most efficient use of raw and
fabricated materials.

b) Make possible the highest degree of quality
assurance.

There is some danger that each of these objectives will be
confused with the economic ones to be discussed in the next
section. Here we shall be concerned with these two objectives
without reference to theilr economic significance.

Let us first look at the matter of efficient use of
material. Let us assume that we wish to build a structure for
which one of the limiting factors 1is the quality characteris-
tic X, such as tensile strength. Accordingly, we look about
for en otherwise suitable material that has the maximum
tensile strength. When found, we shall also likely find that
pieces of this material show widely different values of this

property as indlicated schematically in Fig. 4. The lower

QUALITY X

L ]

Fig. 4
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5(‘,&;’"&:‘.(,!\‘
/7
If we oan do

anything to reduce the range of variability or thfs material

tolersnce limit L, becomes the limiting factor.

(here suggested by the frequency histogrem), we automatically

raise the tolerance limit L, end hence raise the limiting
faotor from the viewpoint of design. In this way, we can
effectively increase the strength of the strongest matsrial.
Now, let us look at this matter of quality assur-
ence. The successfulness of design depends upon our being
able to meke valid predictions of certain quality character-
istic’ within limits. It is particularly desirsble to be
able to do this when the test for quality is destructive, as
in the case of tests for tensile strength, chemical composi-
tion, blowing time of fuses,end the like and when such
properties are important from the viewpoint of safety. The

engineer must set up for himself a tolerance range I‘l’ I.2 and

_QUALITY X . .

L Ly

O

Fig. S
stay within these limits. Let us meke sure that we see what
this means from the viewpoin%i‘ of soientific method as 1llus-
trated schematically in Fig.y ¥. What the engineer must do
is to start with data at A and upon the basis of analysis of

these data, set up tolerance limits that will include a
’

*
certain presoribed fraction (usually .99+) of allv fu.ture

: PR 4 e, 7 Ltre oo g e L e
Tho . - ;
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product. In order to maximize the assurance (based upon a
given number of operations at A)that the tolerance will in-
clude the prescribed percentage,* it is necessary first to
attain a state of statistical ceontrol at A ,and in order to
attain adequéte assurance;, after a state of control is reached,
the engineer usually must go to samples of at least 1000 as

we shall soon see. We must not, of course, confuse this

e

—— e

problem with that

~ SR S, S

of setting up what the statistician calls

0
PR SR ¥ S

The
\% fidueial limii;qs,*} Ee, myst, as 1t were, set’up for himself

e ——

"fams‘tufz;'fé»fi—fwéir’;‘dmﬁ/ea;'row path end he must be sure that he can
At thin ' ‘ ek L,

live within it. & Loy Camr -ty e Ao Cpi Aty A ae Loy ,
i P, e g A RO / ‘ , » / "[
L ft g { MR Y (444

Objectives Mast be Attained Under Practical Conditions /:,M C 17

As a background, let us recall the contrast between”

conditions of laboratory research and those of the process of

mass production. In general, laboratory research is conducted

under conditions that admittedly may be eand often are differ-

ent from those of mass production. In the laboratory, only a

comparatively few but highly specialized people are usually
engaged in carrying on a specific research problem and such

work is done under conditions wherein meny possible causes of

variability in repetitive results have been purposiwely

eliminated. In the process of mass production, on the other

-------- A are not statistically con-

ows & much larger tolerance
e y by the observed

in a state of

*O:f.' course .where the data at

trolled tﬁe engineer usually
range than would be indicated as necegsgren
data upon the assumption that they had be

statistical control.

*kPhe difference between 1t
Figs. 14 aend 15 of my Was

hese two problems 18 1llustra}:§d by
hington Lectures, loc. cit,} {,\‘,4,
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hand, many different men from different parts of an organiza-
tion are involved. The actual production of product may be
carried out in manufacturing plants located in different
cities. There may be many different kinds Of machines and
many different machines of a kind used in the process and

the raw material may be selected from many sources. In the
sense that the commercial conditions of production involve
many more potential sources of variability in the results of
a repetitive act than are usually involved in laboratory re-
search, the control of the process of mass production is 4w
this—mensa,- a more complicated problem |than the control of
an experimental procedure in the research laboratory. Yet
the engineer is called upon to make, under these commercial
conditions, things having quality characteristics that will
meet previously specified tolerance limits. In the absence
of aocurate knowledge, he may be forced to set wide tolerance
limits to begin with. In setting such limits, he must allow
for the effects of all menner of unknown or chance causes of
variability that may enter at ‘a:ay one or more of the stages

in the production process from raw material to finished

product. It is, of course, the object of the operation of

ocontrol to weed out the assignable causes in the production
e tolerance limits may be reduced.
e Ald of the Engineer

process so that th
The Statistician Comes to th

It was at this stage of the
ed for the help of the mathematical st

game of control that the

atistician.
engineer call
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But in order to help the engineer as a seientist, the statis-
tlelen had to act as sclientists aet: he had to make some
assumption or hypothesis about the physical situation as he
saw 1t and then he had to try out these assumptions,

In much the same way that the scientist of old
conceived of an exact science, the knowledge of which would

enable him to make valid predictions with exactness, the

statistical scientist conceived of an ideal attainable
statistical state of control, the knowledge of which would

Lt Aorn et

enable him to make valid predictions within ,limits. He,

therefore, argued with himself somewhat as follows:

If some of these unknown or chance sources of vari-
ability, or assignable causes as we shall call them, could be
found and eliminated, the tolerance limits could be reduced
and,;-if all of the unknown or chance causes of variability
that can be removed, are removed, then the resultant vari-
ability may be in a state where the fluctuations ooccur at
random. Under these conditions, it should be possible to
attain the greatest possible degree of assurance that the
quality of product will 1ie within tolerance limits. He
realized that in order to detect the presence of and eliminate

the assignable causes of variability in the process of produoc-

tion, he would have to study the actual process of production

under commercial instead of laboratory conditions.



More specifically, he conceived of a state of

statistical control in the following two ways:

1) A set of unknown or
in the results of re
in which no one of
eliminated,

chance causes of variation
peating the same operation
the causes can be found and

2) A state wherein the observed veriation in a
quality‘c;{::}ararcteristic takes place at random.
It 1s obvious that,a physical state might exist satisfying one

blHee i
of these two characterizations and not the other. Hem¢e, the

gontrol statistician guade the assumption that a state satis-

fying one of these requirements would satisfy the other, and 7%: [..

set about to justify this assumption by empirical methods.
Let us then consider next the "operation of statistical
control" whereby the control engineer has within recent years

produced sbundant evidence to justify this assumption.

Milestones on the Road to Control

WNOW let us try to get a general plcture of the opera~-
tion of control.”) Let us think of a production process turning
out a successi‘onrmof pieces of a given kind of produot such,
for example, as a condenser, induction coil, or fuse. Let us
| focus our attention on some one gquality charaocteristic X for
each piece and let us assume that we can arrangs the observed
vealues of X in the same order as the pleces are produced.
Since it is assumed that the operation of producing a piece
of product may be repeated an indefinitely large number of

times, we may represent the output of product in respect to

e
U
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the quality characteristic X by the infinite sequence

Xl, Xz,ooo, Ii,..., &, Xn"'l’...’ }iﬂ.*'j’... (6)

where the order 1s supposed to be that in which the pieces

of product were made.

Now in the repetition of the operation of produc-
tion, it is customary to distinguish between the conditions
under which pisces are produced. For exemple, one plece may
be produced on one machine and another piece on another
machine; one piece may be produced in one plent and another
plece may be produced in a plant in some distant city. We
may not have any information to indicate that the quality of
an object produced under one condition is any different from
that of an object produced under some other condition. How=-
ever, the different conditions are potential sources of
assignable differences. Let us, therefore, attach to every
value of X in (6) a symbol, C, to stand for the perceived
condition. These C's are, of course, what we have said that
the mathemetical statisticien sees when he stlcks his head

out of the door of his shell. Thus we have
Xl, XZ,ODO, Xi’oto’ %, %_._1’000, xn+j’oooc (7)

Ci C C cn+j

C n “n+l

C

1 72

Expression (7) is of outstanding importence from the viewpoint
of understanding the contribution of statistical theory to
quality control. / In the first place, let us note that the

4
it
t



order of the X's in (7) is supposed to be that given by the
production process in contrast to the indefinitely large
number of "random orders" that might be established by
repetitions of the operation of putting the numbvers on chips,
putting the chips in a haet (figuratively speaking) and draw-
ing them one at a time in the way a!\statistician could do
without ever getting out of his shell. In the second place,
some of the C's may be percelved as being essentially the
same. Hence, it may be possible to order the sequence in
meny different ways in terms of the C's. For example, the
data in Table 2 mey be thought of as a sequence of 10 observa-
tions, 5 under each of two conditions. When the C's are all
perceived as being essentlally the same, we still have the
speeial order in which the pieces were made. Out of this
situation7wa distinguish two general ways Of ordering an
infinite sequence: a) by some artiflcial randomizing rule
of procedure such as a statisticlian within his shell can
conceive of, and b) by means of the perceived C's, including

the gerial order of production as a specialécase/l

3 7y e . ¥, A S .
Tpepgf G L7 EE £ 7 R T A
! Of coursge, any particular order /0f an infinite

sequence established by an artificial rendomizing rule 1is

no more likely to occur then any other order. Thus the order

in the original sequence (6) produced by the manufacturing

process is just as likely as any other particular order that

we might get by rearranging at random the terms in this
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sequence. Likewlse, any order established by means of the
C's 1s just as likely to occur as any o;;her particular order
established by a random process of rearranging the terms in
the infinite sequence. If, however, we subdivide the
infinite sequence into samples of let us say the same size
for the sske of simplicity, the frequency of occurrence of
a 91 within a range 911 to 912 is presumably the same for all
of the random arrangements made in terms of the C's. Statis-
tical method, as we have already stated, gives us the means,
in general, of computing the distribution function (3) for a
given @4 corresponding to a random selection and thus of
setting up limits in whieh the observed value ©, 1s likely
to occur.

The job cut out for the statistician acting as a
secientist in an effort to attain meximum control of quality,

is to begin with, two-fold. He must set up the following
Corweteos. v,
two, operations:

A
1. The operation of attaining a physical state
of statistical control».

2. The operation of attaining the distribution
function, £ (X, XN, }‘2""’}‘3) corresponding

to this state of control.

We must now try to see how the efforts of the statistioclan,

while still within his shell, contributeg to these operations.

e that the statis-
first

ILooking again at Fig. 3, we se

tician within his shell camn 4O at least two things:

he can construct either analytical or graphical pictures of
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the dlstribution of numbers flashed on his soreen, and second
he can tell whether or not certain characteristios of a se-
quence of numbers flashed on his screen are, or—are-aot
likely to be given by a random process of arranging the
numbers. These are his two sole implements of warfare on

the 1ittle demons of chance at the time he emerges from his
shell. He has made use of both of these implements in the
past.

For example, the statistiocian acting as a solentist
early tried to find some relation between the functional fomm
of the distribution curve for the data flashed on his soreen
end the experimental conditions under which the observed
data were obtained outside his shell., In particular, a many-—
peaked distribution was assumed to arise when experimental
conditions were not controlled as they might be. This idea
has, in fact, been extensively employed, at least since 1924,
in the steel industry of Germany.*

However, the statisticlan's most successful imple-
ment of warfare is his means of determining whether or not
the ocharacteristics of a sequence arranged by means of the

C's is a characteristic likely to occur in a random arrange-

ment of these seme numbers., Even before 1908, Student** in

England was using in the brewing industry such a tool

* e. the writings of Karl Daeves,and; in
gg%iﬁﬁiﬁfaﬁé recent book, Prdtisohe Gros%aﬁlrorsohung,

VDI-Verlag, GMBH, Berlin, 193=2. x
*knphe Probable Error of the Meen™, Biometrika, Vol. VI,
1908, pp. 1-25.
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developed by him for testing the significance of observed

differences between samples.

As previously noted, however, the usefulness of any
suoch test depends upon getting a practical rule of predict-
ings) upon the basis of the conclusion that en event is or is
not likely,’ﬁs&‘ne other observ/able event such as; schematically
illustrated at th_e poiz}t B of Flg. 1. 1In quality control
work, of course,g’:{heﬁ;;;;diction is to the effect that a demon
of chance csn or camnot be found upon the basis of whether or
not one or more points fall outside or inside the control

limits of a quality control chart (See Fig. 2,for example) A

l&lvnbw-f‘l"{ '54{:% STavn e T a# Ty Cwndigsen g /’lf Fowe B  T “f e A

There are several reaéons for choosing the particu- . .. -

lar procedure known as the quality control chart method, at - ., - .

least under the conditions of mass production. We cannot
here go into th’ése reasons nor can we cite the several
different ways “.’m’whic’h statistical tests are used in

*

setting up what I have termed the operation of control.
The essential thing to note is that the operation

Y S e i/l

of control is essentially a rulge for acting)\. ‘Considered in
broad terms, any such rule starts with an experience A of
Fig. 1. We go through some mental gyration or process of
reasoning and, in effect, meke a prediction - 1in this case
that a cause can or cannot be found, depending upon the re-
sult of some computation that in itself has no necessary
connection with the initiel experience or the experience
predicted. The next stage jn this process 1s to see it the

prediction is valid.
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However, in order to Justify the theory of control,
we must show that we can follow through such a process again
and again continuing to eliminate causes of variation and
thereby redusing the resultant variability until we have
attained a state where the points of a control chart remain
within the boundaries in the same way that they do when draw-
ings are made from an experimental bowl universe. That such
a state of control can be attained under conditions of mass
production, is illustrated by Fig. 6 which shows a control
chai't for the blowing time of fuses.

Fig. 6

In general, experience shows that guch a state of

statisticel control is attained only at the end of a com-

paratively long succession of repetitive observations such as
one may obtain in mass production. Furthermore, experience
indicates that one is not justified in believing that such a
state of control exists until he has attained a condition in
which the scientist or engineer himself not only belleves

the conditions under which the repetitive process is carried
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out to be essentially the same but also that at least

twenty-five samples of four satisfy what I have already

referred to as Oriterion I of comtrol. ris « ix <G Gt
tn e papani iy 7 et :
=—=THUS

far ;we have considered simply the problem of
attaining what we term a physical state of statistical con-
Bt v o0 pmd Ze e 4,
trol.,\ Let us suppose that our experience, instead of
indicating as it usually does, that we have to eliminate
assignable causes of variability before reaching this state,
had indicated that In almost every instance, sequences of
observation®observed under presumably the same conditions
satisfy the criteria of control. It should be remembered
that even under this condition it would be necessary in a
manufacturing process to establish tolerance limits that
would include roughly 99.7% or more of the product. Further-
more, it is necessary for economic reasons that these limits
be set with a comparatively high degree of accuracy.

Suppo se we take a very simple case in which we
know that the quality of a given product is controlled and
what is more, we know that it is controlled in accord with
the normal law. How large a sample would it require before

we could se‘c 99.7% tolersance limits with a eeaeem’ata degree

H Fid
frraas > j{t X4t ghenn L’ A ,,m 6\»’5« w1

of aocuraey?( + Fig, 7 shows one hundred such tolerance ranges
derived from one hundred samples of four; forty ranges of
samples of one hundred; end four ranges of samples of one

ot
‘

thoussnd, The dotted limits show the true 99.7% limits.* .
(f ‘

. . .
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»
/L’:M /}{:y‘w"i?
tt, would be necessary in order to make the most efficient use

of materials to attain something 1ike the degree of acouracy

corresponding to a sample of one thousand even under these

jdeal conditions.
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Fig. 7

Enough has been said, I think, to justify the claim

that in order to make the most efficient use of materiesls in

the sense here defined by mininizing the tolerance, and in

order to obtain the state in which predictions can be nmade

with the greatest degree of Vali}dity, it is necessary to use

the technigue of statistical control in mass production. o

Fig. 8 shows in summary fashion the milestones in

the Lo w;bto tcvo”;fgdl. We start with the data of researoch and
'Bbep Vsl

ing the operation of
set tolerance limits Lq, Lg. Then applying
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control, we look for assignable causes Whenever we find points
outside of control limits. So soon as we have gotten a run of
at least 25 samples of four that stay within the limits, we

assume that we have attained a state of statistical control,

$ ———

dy= 000 A, M) dX

MILESTONES ON THE ROAD TO CONTROL

Fig. 8
The next step is to find the parameters in the frequency dis-
tribution representing the state of control by meanns‘volf the
statistical 1imit. To secure adequate aé:curac;;,i‘guis .ﬁéua”lly
necessary to take at least 1000 observations. We then are in
a position to set up the distribution function )S
a4y = £ (X, A, Agye-e, Ag) aX.

In attaining the desired goal, it is not simply the

characteristics of statistical method but it is the combination

of these characteristics with those of mass production that

makes the attainment of these objectives a possibility.
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FROPOSITION 3:

USE OF STATISTICAL METHOD IN MASS PRODUCTION PROVIDES
METHOD OF IMI! THE COST OF P
THINGS TO SATISFY HUMAN WANTS

What Economies Can be Made%*

Three economies can be made. They arse:
l. Reduction in the cost of inspection.
2. Reduotion in the cost of rejection.
3. Saving through efficient use of material.

By weeding assignable causes of variability out of
the production process, an engineer cean effectively reduce
the cost of inspeotion at every stage of the process from the
ingpection of raw material to finished produoct. By attaining
a state of statistical control, the engineer ocan minimize his
cost of inspection. '

In respect to reduetion in the cost of rejection,
suppose we let the results of the first large scale experi-
ment to determine the effect of weeding out assignable causes
revealed by the control chart, speak for itself. About thirty
typical items used in the telephone plant and produced in lots
running into the millions per year were made the basis of this

study. Fig. 9 shows that during 1923-24 these items showed

ten-
*The economic aspects of quality control have been ex
sively discusseg. in the literature. Here I shall simply

present a graphic summary of what cean be done.



PERCENT DEFECTIVE
s

Fig. 9

about 68 percent control about ﬁ\ielatively low average of
l.4 percent defective.* However, as the assignable causes -
the little demons of chance - were detected by points falling
outside the ocontrol charts for fraction defective and then
found and removed/ the quality of product approached the state
of control as indicated by an inerease of from 68 to 84 per-

cent control by the latter part of 1926, At the same tiﬁnjg,
the percent defective dropped from l.4 in 1923-24 to 0,8 in

1926. If we let such:fyyical experience speak for itself as

to what happens to rejections as we approach a state of

statistical control, we get this answer: "Rejeotions drop,

*R, L. Jones, "Quality of Telephone Materials", Bell Tele-
phone Quarterly, June 1927.
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drop, drop, with successive steps toward the state of
control and approach asymptotically some minimum value."

Now in what way can we save through efficient use
of material? In general/by making it possible to stay with |
narrower tolerances, we can often reduce the amount of
material required in a given design. This is particularly
important in complicated designs where the overall tolerance
is a function of the tolerances on meny parts. Another field
where an improvement in the homogeneity of quality may meake
possible appreciable savings is that of protective coatings
of one kind or another. In respect to the economic importance
of attaining homogeneity in the production of steel,

John Johnston, Direotor of Research of the U, S. Steel Corpora-
tion has recently said: "The possibility of improving the
economy of steel to the consumer is therefore largely a matter
of improving its uniformity of quality, of fitting steels
better for each of the multifarious uses, rather than of any
direct lessening of its cost of production.™*

How Can Economies be Madse?

Let us look once more at the three major steps in
mass production, namely specification, production (or manu-
facture) and inspection. The use of statistics in a given

industry often has the habit of coming in at the bagk door,

*nphe Applications of Science to the Making and Finishing
of Steel", Mechanical Engineering, Feb. 1935.
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inspection. Very often inspection is looked upon as pretty
mich a routine for soreening defects from the product.

Since this séreening must often be done on & sampling basis,

there arises the question: How large a sample shall be

taken? Almost evei'yone knows that a statistician is suppo sed
to kmow something about sampling and hence the first contaot
a statisticlan often gets with the problems of mass produc-
tion 1s in eanswer to a call for assistance in setting up a
sampling plan. After the demons of chance have been given an
opportunity to do their dirty work, the statistician is called
in to help cull out the defeots! This is much as it was in
the fleld of medicine before the days of prevention. We let
the mosquitos bite the millions and then called in the doctor
to oure the sick.

In much the same way that the doctors who simply
cured the sick earned much more than their keep, so0 too the
statisticimwho simply draws up sampling plans to help re-
lieve the economic pains in a production alive with the little
demons of chence much more than earns his keeps. But why keep
living with sickness if it can be prevented? Why keep living
with those demons of chance that we can get rid of?

The application of statistical method in the sense
of the present disoussion is prevengative, not curative. | It
is not simply a technique for handling the 1:99& 11ttle

sampling problems that may occur here and there in every
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industry, importent though that might be; it is not simply

& teohnique of interest to one department such as that of

inspeotion in a large industry; it is not one that simply

affeots the producer. Instead)an understanding of the

potential possibilities of the combination - statistical
method + mass production - calls for s complete change of
view of the mass production proecess from that view on which
the process was founded some hundred and fifty years ago.
Then we were living under the sway of the concept
of an "exact"™ science. We conceived of the three steps,
specification, production, and inspection as independent,
Fig. 10, We conceived of a knowledge of scientific faots
and principles adequate for setting economic tolerance limits
and looked upon the process of mass production pretty much

as an application of scientific knowledge. There is little

evidence that we thought of the mass production process as

a scientific method of acquiring more knowledge, let alone

as being the only method for acquiring the knowledge neces-
sary for minimizfing tolerances and maximizing quality
assurance as well as for effecting the three economies just
considered.

Today, I have tried to picture the three steps in
the mass production process as steps in a scientific method
of eontin?ally acquiring new fk:nowledge to be fgd back into

& R EETEE I o P oA
Lo ke ‘ﬂnu aer i £ £

the process, At the start of proéuction of a new design,
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_ ‘STEP]I[ a

FERR X lA‘

NEW

Al
Fig. 10
comes the step of specification of tolerances - an act that
involves the use of available data and the use of hypotheses
as &a basis for predicting that these tolerances can be met.
Then comes the acté of production and inspection to test the
predioctions, Information attained in steps II and III must
be fed back into step. &fe-and the circle completed again and

again before we pass all the milestones on the road to oon-

trol, Fig, 8, Statistical concepts end techniques must form a

background for viewing this whole process.

W A. SHEWHART'S COLSCED
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Viewed in this way the three steps are not inde-

pendent; ins¥eed they are correlated. They follow one

another in a circle much after the manner of Fig. 7, We
have seen that ,in order to take Step I economically,we need

action limits A and B of the control chart. The basis for

setting these limits must come from Steps II and III. Also—

(‘)j)
\ﬁé Jaeed the aimed-at value C to be used in design formlae y

but this must come from Step III. Howsver, We cannot take

od

oo -

the third steg end attaein the expected value C unless we
first attain a state of statistical control, Step II, such
that C is reached as a statistical 1limit. But this state
of control can be attained only as a statistical limit in
the oontinuing proocess oru mass production,

// L,s‘ltgtg;ﬁi:awlfn;thoﬁzﬁj mass production mekes possible
the most efficient use of raw materials and manufacturing
procegses, effects economies in production) and makes possible

the highest economic standards of quality for the manufac-

tured goods used by all of us.
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