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Finding Causes of Quality Variations

@

A Fundamental of Control Through Inspection

By W. A. SHEWHART

Bell Telephone Laboratories, Inc.

N this paper I shall consider only one fundamental
Inspection problem. It was Patrick Henry, I
believe, who said, “T have no way of judging the

future save by the past.” The problem of finding the
best way of judging the future in terms of the past is
the fundamental problem which I wish to consider.

All of us know that experience counts; that it
-counts with one proviso, namely, that we know how
to use it. I shall try to present some fundamental
principles indicating the best way

something which would remain constant throughout
all time. Obviously, in so far as man by scientific
methods has been able to reduce his experiences to
natural laws which persist throughout the future, he
has been able to attain his object of judging the future
in terms of the past. This human effort has been going
on throughout the centuries with the result that we
live in a scientific age—in an age when not only indi-
viduals and corporations but even pations plan their

future in accordance with estab-

to analyze and interpret the past

lished laws of science.

This paper forms the basis for an-
swering the following important inspec-
tion problem: When do the observed
differences between product for one
period and product for another period
indicate non-uniformity? @When do
quality differences of manufactured
product, observed from one period to
another, indicate fortuitous, chance or
random variations produced by non-
assignable causes which cannot reason-
ably be controlled without radically
changing the manufacturing process;
and when do observed quality differ-
ences indicate the possible existence of
assignable causes which can be found

50 as to forecast the future, ie.,
to make the best use of the data
of experience. Naturally the
problem of how to make the best
use of data does not belong to en-
gineering inspection alone, be-
.cause others than inspectors are
supposed to make use of their
experiences. Hence my remarks
are based upon a survey of the
results of efforts to solve this fun-
«damental problem in many fields
of human endeavor.

Not everything in Your experi-
ence, however, has been brought
successfully under known laws;
in fact as already noted, most of
our experiences cannot be made
use of in accord with established
law. / How then can we make use
of such data whieh constitute the
major portion of our experience?
The real advance in the solution
of this problem has come within
the past 271 years, since the time
when the chevalier de Meéré, the

For our present purpose we
may classify all experience into

and controlled?

gambler, proposed to that famous

two classes. One class contains

those data, observations and perceptions which can be
explained in terms of known laws of physics, chem-
istry, biology, economics and the other sciences. As
an cxample, we. can coxplain the occcurrence of the
eclipses of the sun, the motions of the planets, the
operation of an induction coil and so on, indefinitely.

The other class contains the great mass 9f data or
observed phenomena which cannot be explained satis-
factorily in terms of known laws and which, therefore,
are attributed to chance. Witness, for example, your
state of health, the weather, the rise and fall of the
stock market, the motion of molecules or electrons and
practically all of our.everyday experiences.

. Naturally we desire-to make use of both classes ,Of
experience.

By a very slow and laborious method of observa-
tion, hypothesis, deduction and experimental verifica-
tion, e have been attempting throughout the. ages
to reduce our experiences to known laws. It has been
natural formsn to seek some law which would explain

mathematician, Pageal, the first

ability, which arose Qut- ¢
played by de Meéré. \g&thi
from the old unpge

In Fig. 1 1] 3 1dc
underlying thé Frogress AMEL - de “withiy
the past two #ntiries Jialing wiiEgR Zr M- body
of our experience attributed to chance. Throug’hout

the history of the ages we find again and again the
recurring idea that chance results are those which do-
not happen according to any law. The history qf the
change in man’s ideas of chance is largely.assoc‘lqted
with the history of his superstitions and his ’rehg.lon.
If a thing happened at the hands of chance, it might
be considered as the oracle of the gods or as a run
of luck, either good or bad. Hence it was that prob-
ably no two individuals would interpret the bearing
of the past experience upon the fu‘Pure in exa'ctly t_ht;,
same way. How could they, for_ it was their belie

that there was no particular unlyersal law orf ) ltaws‘
behind such experience. The experiences of the future

the future in terms of his past; to seek, as it were,
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were in the hands of the gods and were not necessarily
foreshadowed by the experiences of the past.

This condition is represented by the left half of
Fig. 1. The only useful experience under this view
is that small portion reducible to law represenfted by
the white area. Obviously it would be impossible to
use the large fraction of experience represented by the
dark area, upon the hypothesis that such experience
foretells nothing about the future. )

Within recent vears. however, we have been coming
more and more {o the view that chance results repre-
sent the effects of a complex system of causes or nat-
ural laws! We are coming more and more 'to the
viewpoint of LaPlace that, if we knew at any instant
all of the natural laws, we could foretell with pre-
cision all future events. We are coming more and
more to the viewpoint of that great Danish actuary,
Thiele. that evervthing that happens is the necessary
consequence of a previous state of things. We are
coming to see chanee results, therefore, as the outward
expression of numerous unknown laws of nature oper-
ating in such a manner that their resultant effects vary
within limits which do not change with time.

It is useful therefore to view the resultant effects
of this complex system of causes as happening in
aceord with a law of chance, which, wher. discovered
through a study of chance data makes it possible for
us to forecast future events within certain limaits;
whereas natural laws enable us to forecast future
events with certainty.  This change in viewpoint
marks the beginning of the development of compre-
hensive methods for using chance data.

THEORY oF BEST AvAIlLABLE METHODS

I wish, now, to outline the high points in the theory
underlying the best available methods for making use
of chance data or experience. A list of references to
the original memoirs of the past 271 years which have
contributed to these methods would run over a thou-
G Anes 15.‘%% list "8F authors we should find the
o four of our"greatest

"y .‘k

physicists, Jeans, Gibbs,
or greatest mathe-
% and Gauss; four
mon, R. A. Fisher,
 and Yule; two of our greatest actuaries,
L Gram and two of our:ggeatest astronomers,
Iy A KapteyinsmThis 1id eowld be extended
by citing leg(llllg representatives from the field of
medlcme, biology, agriculture, geology psycholo
-education, sanitation, engineering and S(’) on =
Na?urally, therefore, all that I can hope.to do i
to bring a survey of the results of countless in .
tlggtozskhw;lgﬁwithin the past 271 years who h‘;e:e-z
unaertaken to find the best wav of jude’
in tgrms of chance data or ychanl(lzledgéiietr}il(:?nfutuge
rr}aitﬁng use of laws of chance. With the aid ofce .
ol the most modern mathematical tools it is posssoiﬁig

. our greatest statisticians,; 478
dgewo

1 Inmdenta]ly, of course
natural laws y
sclences are b

we have come to belj

f . 4 elieve that .

1;)t aghi’glc’s, chemistry and the other g;lreiq called
proximations to the true laws of na.turi-e 1mental

to lay a comparatively solid foundation for the method
of attack which has been devolved.

INSURANCE Business BuiLt oN Laws or CHANCE

Although we cannot at this time enter upon the
discussion of mathematical foundations underlying the
method for using chance data in helping to judge the
future, it may be well to recall some of the instances

Unprofitable View - Profitable View
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where the method has served a very useful purpose.
Possibly one such illustration is sufficient. Perhaps
the greatest monument to the practical utility of estab-
lished laws of chance is the insurance business. With-
out much question the insurance business is one of
the soundest in the world. For this business to grow
from practically nothing in the short course of not
much over two centuries, to a business which today is
among the greatest is indeed a tribute to the economiec

PERCENTAGE
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(a)— How things are dis- )
. when chance is modified by
tributed by chance. . .
easily discoverable causes.

e

Fic. 2 ScuHEMATIC REPRESENTATION OF METHOD FOR IDETER-
MINING CAUSES OF VARIATIONS

psefulness of laws of chance in forecasting the future
m terms of past experience. ‘

~ The widespread growth of statistical departments
m many of the leading corporations of the United
States and other countries bears testimony to the ac-
cepted usefulness of some of the very elementary prin- )
ciples of the generalized method to be presented forth- ‘( ’j\
with.  Already a very widespread movement has
started in Germany among the manufacturing organi—’
zations such as the Krupp’s Works in which statis+
tical methods are being used.

How 1aE NEED FOrR A LAW OF CHANCE ARISES

_All inte{rested in engineering inspection realize that
1t is practically impossible to make two things which
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are identical. All realize, when a manufacturing
process is established to produce a product meeting
certain specifications, that one unit of product will
differ from another. We attribute this condition to
the existence of uncontrolled factors such as possibly
temperature, humidity, the physiological and psycho-
logical conditions of the personnel, wear and tear on
the .machinery and numerous other similar faectors.
Obviously it would not be practical to exert absolute
control over all of these factors. In other words a
better control of product would mean a better control
of a large number of factors, and hence it would prob-
ably not be economical.

If, however, there are one or more major causes of
variation in the produect, it is reasonable to expect
that appreciable improvement in quality of production
may be effected by modifying these factors. But how
is the manufacturer to know when the variations in
product from one month to another are those which
may be attributed to chance, that is, attributed to a
complex system of causes which it would be exceed-
ingly difficult to control, and when is he to know that
the variations in the produect are such as indicate that

DISTRIBUTION
CURVES
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RANGE

SHAPE FACTOR
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Fluctvation ouvrside of limit lines indicates the presencpr
of eas/ly discoverabl/e causes

Fic. 3 Scmremarc ForMm ur ConTrRor CHART FOR VARIATIONS

there are one or more predominating causes of varia-
tion which it should be within his power to discover
easily? In other words, how can the manufacturer
use his past experience in respect to a given product
in the best way to indicate the action that he should
take in trying to modify this product?

How tHE LAW oF CHANCE REVEALS ITSELF

Statistics comes to his aid and says, if the given
kind of product is distributed as indicated in Fig. 2
(left) it is likely the differences between the units of
product result from a complex system of causes whose
effects would be difficult to separate. If, however, the
produet is distributed in the manner iqdicatgd by Fig.
2 (right), statistics says there are certamn easily dqtect-
able primary causes of differences between the units of
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the product. These figures must, of course, be inter-
preted as a schematic representation of the funda-
mental idea underlying the method of detecting the
existence of other than chance causes.

In other Words events happening according to a law
of chance, in the long run, distribute themselves in
respect to size according to an approximately smooth
distribution which persists unchanged throughout all
time, whereas events happening according to a law of
ch;mee superposed upon a few primary causes dis-
’Frlbute themselves in respect to size according to an
rregular distribution which probably changes with
fime. o

Perhaps we should call attention to the phrase “in
the long run” used in the previous sentence. Its sig-
nifiecance will be quite apparent upon second thought.
We know from experience that the more observations
we have the more likely we are to find that the ob-
served distribution will apparently approach a smooth
curve: in the long run, or when a very large number of
observations are available, the distribution curve will
be approximately smooth.

NUMBER OF OBSERVATIONS

But, you say, “We can’t afford to take an infinite
number of observations in order to discover if the
observed distrihution of data fit a smooth curve as

shown in Fig. 2a.” 'No, possibly we can’t afford to take

more observations than we do now, but possibly we
take too many now, at least more than we need in
some instances, if we use the latest methods for
analyzing data referred to in the next paragraph. How
then are we to discover whether or not an observed
set of data are consistent with a law of chance? If
they are, what is this law? I bring up these ques-
. - .

tions because they are customnary stumbling blocks.
Space does not permit the presentation of technical
answers.

A survey of the reall arkable achj
made within the past ee decAd® in
answers to these questi could not but provg

esting, but the follgaing rerark ggust suffice! T
labors of a comy > y- f iy .'
recent years have gided yg with metods for finding

with a fair degree of cegtainty ‘the Sw of chance
behind a given set of data When that lawexists.. Prob-
ably T should not pass this poini without the warning,
however, that we cannot rely upon the eye to tell us
that an observed distribution is smooth and of such
a nature as to justify our assumption that the data are
the sole results of a law of chance. Neither would
the statistical methods of even the previous genera-
tion suffice in answering the questions propounded
at the beginning of the preceding paragraph. Let me
quote in this connection from a boqk by R. A. Fisher
of the Rothamsted Experiment Station, England, who
has made significant contributio_ns to ﬁhe answers to
these questions. “Little experience 1S sufﬁcle_nt.‘to
show that the traditional machinery of statlst}cal
processes is wholly unsuited to the needs of practical
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research.? Not only does it take a cannon tObShOEc)z
a sparrow, but it misses the sparr_ow!‘ The ela 01‘5;[4n °
machinery built on the theory gf infinitely larg(z Sat
ples is not accurate enough for simple laboritory }a; a.
Only by tackling small-sample problems® on their
merits does it seem possible to apply accurate tests
to practical data.”

INTERPRETING THE FUTURE IN TERMS OF A Law
orF CHANCE

Let us next see how a law of chance can be used
in forccasting future events: let us see how we can
judge the future in terms of the past with the aid of
a law of chance. As previously noted, a law of nature
foretells how a thing will happen, a law of chance
foretells within what range a thing will happen, or
specifically a law of chance gives the probability that
a thing will happen in a certain way. To enlarge
upon this point:

Suppose a complex system of causes operates to
produce things which differ in size according to a law
of chance. Suppose that the things produced in a
given period are examined for size and the observed
distribution of sizes is plotted. Suppose that this is
done for several consecutive periods and the results
are compared. Naturally, the observed distributions
will probably differ in one or more or even all of the
following characteristics: average or central tendency,
range or dispersion, and shape. So long as all of the
sizes are controlled by the same law of chance, how-
ever, 1t is practically certain that, from one period to
another, the differences in either average, range or
shape will fall within certain easily determinable limits.

TELEPHONE TRANSMITTERS AS AN [LLUSTRATION

As an illustration, suppose we consider the produc-
tion of telephone transmitters. Even when all pre-
cautions are taken, there is some variation in the

ciencies . of * various individual transmitters. We
attrfbute this to many factors: wegknow, for example,
..th_e efficienc: depends upon the vibratory char-

T o ‘ .upon the properties of

i y rggscbly aind similac
[ faetors or causes which
X - “Ingrn éach of these factors
ep il TS 1N- & manmer not easily mea
and not *thoroughly tnderstood. So long Zs theSlelefaéli:
of the interaction of this complex system of causes
follqw a law of chance we can expect the differences
in either average, range or shape of observed distribu-
tlonshof efficiencies pf transmitters from one period to
%Irlr(l)ittsir to fall within certain easily determinable
~But what if one average, ran
side these established limits?

ge or shape vary out-
The fact that one of

20r inspection, let me add.
3A paper on thig subject by the

my article in ion as a constant
cember, 1925 ¢ Joumal

these characteristics goes outside the lllmlths mcégz?t;zs
that the system of causes has probably ¢ angom, in
other words that, superpotsl;agreug;): ptr};%a{)?}r: om or
es, ’
chancfn:.}g& %I;Iusczefs (;:?}?isch can be discovered VYltl:l com-
m(;;eble eJase and possibly controlled. Th(_ese hml.t lines
g?e the engineer’s fever thermometer. With their help
he can tell when the product I}eeds attention. bt
I have presented a schematlc .form of pontrol char
in Fig. 3, illustrating the ideas just considered. t
To summarize;: The problem 1s, to find the bes

way to judge the future in terms of the past; the
solution is, when possible, reduce the data to natural
laws, when not possible, reduce the data to laws of
chance. To make use of the greatest portion o.f our
experience we must use the second method \\'}ll.(‘h 1s
really not much older than we are, hence p'ractl(-ul_ly
unknown. In closing, let us look at the industrial
development based upon applied scientific .la.\\'s,
making use of only a small fraction of past experience.
and then think of the industrial development of the
future based upon applied laws and applied laws of
chance thus making best use of all of our data.

Speculators or Machine Builders

THE letterheads of a certain machine shop proudly
boast that it was established in 1848, and the gen-
eral appearance inside and out bears out the claim.
The original owner made money, sold out and died
well off. His successor, who came up from the shop.
had years of lean times, then made money. sold out
and likewise died with a fortune. Some half a dozen
men have taken substantial sums out of this old shop.
and yet there is no modern equipment.

The word efficiency is never uttered inside the shop.
Workmen come and go and do about as they please;
someone orders castings from time to time, but usually
the foundry makes what it seems likely the shop will
use. The firm’s credit is always good; overhead ex-
penses are light. There may have been drawings once.

-but now they go by a hook in the foroman’s precket.

The eycle of events is about like this: Mr. Blank
made his pile and then sold the shop to the fore-
man. Mr. Foreman tells everyone business is dull and
lays off most of the help. Gradually he hires them
back at much lower wages. After a while he has the
shop full, which means half the necessary men.

. These men make machines, engine lathes, perhaps,
in dozen lots and fill up the spare space in the shop.
When the shop is full the old barn out back is used
for a storehouse. When that is full there is a war
or export trade booms, or automobiles come intc;
fflshlon, and storehouse and shop are emptied in no
time at top prices. The present owner, Mr. Foreman
sells out to his foreman, and so on, all over again. ’

The question is, are these people machine tool
builders or speculators in machinery? If they are spec-
ulators, why do not we all speculate?

W A SREWNART'S COLLECTION
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