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Lighs Tor that gaging point informs him which is the erring dimen-
sy Theorstically, at least, the capacity of the instrument is
undimited, piniong '/y in, in length and 0.010 in. in diameter
wsing checked as easily as large-caliber shells and large automo-
tive purte.  Noris there any limit to the number of gaging points,
for interior or exterior dimensions, that may be wsed at ane time.

WoMEN INsPECTORS

Althougl women have been cmploved to a limited extent on
peacetime production inspection, the shortage of qualified men
for this work during the current national emérgency has greatly
stimulated the traning of women inspectors.  In sueh training
courses they are given the same instruetion as the men. The

subjects include review of mathematics, drawing and blueprint

reading, materials testing, metallography, manufacturing me-
thods, machine-shop work, jigs, fixtures, gages and inspection
rethods, and actual inspeetion practice with the use of 4 wide
variety of precision-mesasurement instruments.

The magpitude of the present war production has prompted
tremendous improvements in inspection instruments and tech-
nigue = that we may look forward to the ultimate resimoption
«f puacetime activities on a far more advanced level than prior to
the war, necessity being still the mother of invention and progress.

Statistical Control in
Applied Science

By WA SHEWHART. NFW YORK, N, Y.

FOREW 0D,

Muatistical quality control was born eighteen vears ngo. It
was Iy Alferd, af that time editor of Manufacturing Indusirics,
wh two vears later announced the birth, as it were, by the
publication of a short arvcle in that journal®  Thereafter he

wowith an aetive. critical mierest the developrent of
dieal-eontrol techrugues and when, i 1932, he wrote his
report, “Ter Years’ Progress in Managewment, 1923-1932,”" he
called attontion to statistical eontrol as a tool of farreaching
signifirance to management, [t ix therefore partieularly gratify-
g e be whie to present here o brief survey of developients in
statistical control that are of interest from the viewpoint of
mahsgenent in the hope that the comparatively rapid develop-
ment of the theory and applieation of statistical control both
here and abroad during the past ten years will hear additional
teatimony te Dr. Alford’s ability (o sense the importanee of new
developments in seientific method to the solution of everyday
problem= of management,

CNHIETEEN vears ago The Americau Society of Mechanteal
r} Engineers, in co-operation with the American Society of

~ Teating Materials, called a round-table conference on the
application of statisties in engineering and manufacturing,
out of which esane the organization of a cominittee which is now
sponsored jointly by five societies.®  Progress in the application
of «tatistical quality control during the past ten years is largely
attributable 1o this co-operative attempt on the part of represen-

7 Rell Telephone Laboratories.  Chairman of the Joint Committee
for the Development of Statistical Applications 1 Enginecring and
Manufacturing.

"t Finding Causes of Quality Variations,” by W. A, Shewhart,
Manufacturing Industries. vol. 11, no. 2, February, 1926, pp. 125128,

* Joint Committee for the Developiment of Statistical Applications
in Engineering and Manufacturing sponsored by TAax AMrRrican So-
CIKTY or MBCHANICAL ENGINEERS, the American Society for Testing
Materials, The American Mathemstical Society, the American

Statistical Associstion, and the Institute of Mathematical Statistics. ]
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tatives from several engineering and scientific organiza’
get people from different groups to merge their common
edge of statistical techniques and to discuss their prob
order to get a broader view of the usefulness of sts
Co-operation of this character did not stop in Americ
through the efforts of the Joint Committes and its
groups, engineering societics in other countries, partt
in Great Britain, were asked tn join in surveving the p
contributions of statistics,

INCREASE IN APPLICATIONS OF STATISTICAL CONTRO:

A report of the Joint Commirtee describing these early
tiex was published in Mecu sNican ExcINEERING for Novi
1932, and should be eonsulted for a brief review of the ear
in organising this eo-operative effort to further the appli
of statisticr in engineering.  Since then, members of thi
nittee and its sponsor organizations have taken an activ
in the development of the application of statistics.
share of the credit for progress in this direction should go
Ameriean Society of Mechameal Engineers which, thro
journal and its sectional and annual meetings, has done m
promote the work of the Joint Committee.

The few applications of statistical quality control in in
in 1932 liave grown to many in 1942; too many to list he
mayv be interesting, however. to review some events, bo’
and abroad, which, viewed froni their aftereffeets, seem °
been most influential in helpiug to spread the knowledge
value of statistical methods.

Through the co-operation of the American Stundards A:
tion and the engineering societies represented on the coms
in 1932, the British Standard- Institution became interest
appointed a committee to look into the subject with the
that an excellent monograph!® hy Prof. E. 8. Pears
published by them in 1935.  Next in line chronologically
awakening of the interest of the United States War Depa
in the value of statisticul methods in the production of ordn
which finally resulted in the request of the War Departm
the American Standards Associntion to standardize the |
control-chart techniques to muke possible their more gene
throughout. the country. In aceord with this reque:
American Standards Association has recently issued
standards on this subject. 12

At the present time, the Oflice of the Chief of Ordnan
undertaken a program of training eonferences on the pri
of the quality-control technique in the various ordmanc
tricts throughout the country. The American War Sta.
prepared hy the American Standards Association were -
by the British Standards Institution in England. Last
joint meeting of the Institutions of Civil, Mechanic
Electrical Engineers was beld in London, which, aceor’
reports in several scieniific journals,’® showed by the

1© ““The Application of Statistical Methods to Industrial Stan
zation and Quality Control.” In 1942, the part of this de
quality-control charts was reissued in a revised edition prepar
B. P. Dudding and W. J. Jennstt, BS 600R: 1942. Prior
the A.8. T.M. had issued an inmportant monograph **Manual
entation of Data,” 1932; supplement, 1935,

1t See “‘An Engineer's Manual of Statistical Methoda,” by C
Simon, John Wiley and Sons, 1941, and **Quality Control
War,” by the same author, Electricdd Enyireering, September,

11 Z1.1, Guide for Quality Control: Z1.2. Control Chart Meth
Analysing Data; Z1.3, Control Chart Methad of Controlling *
During Production. :

11 See, for example, " The Statistical Method in Quality C.
A Review of Progress in a New Industrial Technique,” by H.
I?_E_‘w._hmrmd. May, 1842, pp. 130-133.
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pitssr over 84Y) in attendance the interest already aroused
snve tine did much v promote new applications,

CONTRIRTTIONS TO Mass PropucrioN

Bt <t icnl control in mass production may be thought of as an
‘bm;n 1o deaximize the advantages 1o be autained through
prehangentil v, 8 eommaonplace of production today but
et revornttnn ey when W hitney made his muskets in 1798,
i ospec e aaya in which statstieal control makes this eon-
paticr

.
A

ey berenniened
aiives oostoof inspection At each <tage in the process
breaireax wosture of stanistiend control of a4 production opera-
h, the coophestion of statistieal theory makes possible the
ablisi oot of sampling phins ¢ that will sereen at minirnum
t the
boition crance requirements and previoasly specified pro-
ear ol cogsutrer risks,

ctpat of such dan operstion so as to meet previously

Manioezes number of rejections. By helping the engineer

deteri o presence of as-ignable causes of varation so that
AP it v be dzeovered and remaoved, statistical control
Ll I 1o reduce variabiliny of quality and henee the

mber of selecitons
yunlity asswrance.  As assignable rcauses of
wted and removed, the auality of a given product
of statistieal control for which the assurance
+f a piece of produet will meet its tolerance
raximum. This fret s of partieular impore-
sannot be given 100 per cent inspection be-
tive nature of a tesy,
tdernmce range.  The operation of statistieal
e an experimental teehnigue for minimizing
sewee o Rpeh an operation makes possible the most
s lmfted aquantites of raw materials and provides
o i e oof refinement artinable by any production
Cinnry indicare that the operation of
fao poevides aousefu’ teehnique for elirinating
Carenility in eertain kinds of buman effort
antd sther fonins of transeription. Both
compmercially, industrisd groups and even
< every inerement of etficieney in the u-e of
o of ree materials and human effort that cun
b the wpplication of the operation of ~raristienl
thev often need maximura rehncment in

v
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o climination of assignable catses, not only in
arroof peace but also in time of war.  As one
st ment of maxinenn homogerenty and henee
LN o orew e e 16 the properties of ruw and fabrieated

baberial nos eviend the potensal cureving eapaeitios of ships
RS e e
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Uit of the sievessfal effore 1o apply statistical teebnigues in

sontrel i guadity has grown a general theory and 1echnique
mtatistic O control in apphied svienee that is applienble in the

Pk fie2dh 1 e sotence of management defined = by the \Manage-

Bt Do nf the AN MU as follow

“Marigerment s the art and scwence of prepanng, orpan-
isg 2 directiog human effort applied o countrol the
forees wnd o qUlice the materials of nature for the benefit
o map

Mansgement of today is interested not only in a science of

“ber tablea 1) assist in estabhshing sampling plans see “‘Single
phing and Diouble San:pling Inspection Tables,”” by H. F. Dodge
4 H G Rowg, Bai Syctem Technical Journal, vol. 44, January,
Loph. 1oAY
Trans. A ALK, vol. 35, 1913, p. 1272,
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control helpful in “preparing, organizing, and directing human
effort” to win this war hut also in one helpful in utilizing to a
maximumn ‘“the materials of nature for the benefit of man’’ when
peace comes, hecause transition to peacetime production will
present again inany of the problems encountered in going from
peice to war production.  But that is not all.  After the war,
there inay cnme proposals from many quarters, industrial,
social, ! political, and the like, about the art and science of organ-
izing and direeting human effort in producing goods to satisfy
in the most adeguate, dependable, and econnmic manner the
wants of all.  As pointed out in & recent editorial on “Science
and Polities” in one of the journals of the American Institute of
Physies: “. . | it behooves scientists to give their serious con-
sideration to the role of science!™ in u state which is hecoming
inereasingly eentralized. , . . Important problems exist between
these fields®® which can be solved to the great benefit of each if.
firstlv, the will to co-operate exists, secondly, the problems are
fairly and properly fortuulated, and, thirdly, their solutions are
determinedly sought under wise and resolute leadership,’”

One example of a field of universal interest wherein exist manv
important technical problems that overlap the fields of natural
and social sciences is that of price-quality control. Perhaps
there are few fields where there is greater need that the problems
be fairly and properly formulated. To do this, means that we
mnst diseard many popular methods of control based upon the
eoncept of an exact or deterministic science and replace them by
seientific methoda that take into account, as does the theory of
statistical control, the fact that the quality of goods cannot be
specified with exactness and that even though they could be
specified with exactuess, they could not be inspected with cer-
tainty hecause of the inherent variubility between meastire-
wient= 2 Then there are those imany instances where the
qualities cannot be measured at all without destroying that
which is measured, as in the case of many quality characteristics
of foods, drugs, clothes, ammunition, and so on indefinitely.
ifence v ig that the scienee of control cannot be exact but only
probable  In order that we may judge wisely in these days to
come. we shall likely need as never hefore to distinguish clearly
what ix, from what is not, an adequate science of control.

REQUIREMENTS OF AN ADEQUATE SCIENCE OF (CONTROL

Te wmke elear what T have in mind, let us first cousider a
field fruniliar to mechanieal engineers, namely, that of mechanies.
Murny observed phenomena can he deseribed satisfactorily by the
laws of Newtonian mechanics, These are deterministic in ‘the
sense ihat they assume that if such and such an operation is
performed, such and such measurnhle events will surely happen.
Itowever, some mechanical phenoniina, such as those treated 1.
statistical mechaoics, rannot be expluned in terws of determin-
istie laws: instead statistieal laws must be introduced. More-
over, there i not one statistical theory of mechanies but several.

36 While writing this paragraph, an announcement of a bowk,
“Rendings in the Qocml Contral of Tnduvtry,” to be published by the
Biakiston Company, Philadelphia. came to my desk. In addition o
oarrving fifteen signed artieles, it is to give an indexed bibliography of
more than 250 junrnal srticles published mainly in the last twenty
Neais.

< tralies anthor's,

s Nejence and politivs,

" The Review of Scientific Instruments,” vol. 13, August. V..
I
! © Lop example, Dean-Emeritus Rosroe Pound of the Harvart ' o
Sehool has diseussed " The Relation of Statistical Quality Standasas -
Law and Legistation,” in the volume, “Fluid Mechanivy  Newriwe
Methords in Fngineering,” published by the Umivermty - P
vania Press. 1941, page 137-148.  Asa tackground L0 1k - e
he makes use of the artiele, "Sote Aspacts f fgea
published in Mecharieal Engines ang. Dlees e abs



The woownies differ fundamentally in the physical assumptions
muace the basis of the assumed statistical laws. The choice
petwaen them ag An interpretation of physical plienomena must
be based upon their comparative abilities to it observed.facts.
The fact that observable phenomena are not explawable in
terms of deterministic laws does not neeessarily mesn that they
are cxplainable in terms of soatistienl faws.  In general, as hag
beon shiewn elsew here, there are what have been called assignable
canass Laat st be found and othier eliminsted or taken into
seeumnt vefore valid sefentitic predicten= can be made 1 terrus
of she :olersnee hits nn
geionee of
¢ e
of soanisties! control.

obzervabie vabws.  An adequate
eontrol mus~t provide practiesl webniques for dis-

L sueh causes,

Such a theory is provided by the theary

Syoonatieat CoNTROL NOT MERE APpiycaTion oF Sravisties

Yiast of us have a certuin curiosity to knew something about
hay we are gelting into before we begin to lenrn & new diseiphue.
Uniess we have some idess about it and its relation to things
etheraise Damiliar, we 1may not wish o study b oat all,

e

In the
ining paragraphs, [ shall go o bdde way townrd satisfying
this cureeay. by showing how o statstien] theory of econiral

difers from simply the application of stasties to certain prob-
lers Dy oonurad,

sromon toany stabstical theory either of wechamues or of
statistieal control i~ the use of mathematieal probubility or dis-
irthution theory, Tt the theories differ v the underlying
In this sense, there mav he wore than one
wintwtieal theory of control in mueh the same sense that there
max be, and s, more than one stati=tical theory of matter, and
sy such theory = more than classieal distnbution theory of
mathenatioal stalisties,

Four of the specific ways that statistieal control theors e the
present sense differs from cliasicnl statisties are:

physical postulates,

1 Classical statistics start with the assumption that a
statistical universe existz, whereax eontind theory <tarts
with the assumption thot o statisticnd universe does not
exiet

Even in the statistiend theory of mechanics and of radiation
phenomena, it 1s assutned thot af & determimstic theory 1= not
edequate, then a theory hased upon the assumption of the exist-
ence of laws of chance will be adeguute.  In the field of quality
control, as already noted, it is now generally sceepted, hawever,
that measurable phencmena do not obey laws of chance untii
what is known as aesignable canses have heen diseovered and
taken into uccount !

2 Statistical convrol theory assumes that assignable canses
can be found and either aliminated or taken inre account
in making valid predietions.

Statistica’ quality control hus developed and provided u proving
ground for two techniques for diseovering such causes.  These
are: (1} the control chart techmique for eontrol of qualbity in
production, naw stundardized by the Amenean Standards Asso-
ciation and the British Standurds Institution, and '2; the sta-
tistiral run chart technique for fimling assignable canses of varia-
tion in research and development.

3 Classical statistics ignores completely the ultimate goal of
an applied scientist to make valid predictions in terms of
tolerance limits as contrasted with the confidence limits of
classical atatistics.

Control enginears pointed out this fact in 1928 but it was pot

11 For a fuller explanation of this see Chapter 1 of “Statistical
Method from the Viewpoint of Quality Control,”” by W. A. Shew-
hart, published by the Graduate School of the Department of Agri-
culture, 1939.
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until 1941 that au acadermic statistician took note of the pro:
of making valid predictions in terms of 1olerance limits.»

cidentally, knowledge of the theory of tolerance -range type
diction gives promise of contributing much to the theor
estimation snd the theors of testing hypotbeses of clas
statisties in much the <vie msnner that consumer and proa
risk« introduced into starisoesl quality-eontrol theory in

were the forerunner of the very mpurtant developiments
J. Neyman and E. S. Pearson, in the theory of errors of the
and second kinds in madern inthematica] stutistios.  That
gav, eontrol theory hus hiad o cousider sune problemns re
belonging in the realm of “lussieal statisties hefore they

recognized there,

4 Classieal theory is hised upon the concept of inferen
from & single sample from a statistical universe, t
ordering within the sample being ignored, while contr
theory must be based upon evidence provided by s su
cession of samples, oriering within the sample, and oth
pertinent informatin.

Henee the three scientifie steps, bvpothesix, design of ex
ment, and test of hypothesis in approaching a state of statis
control differ from those discussed in classical statistics.?® N
nver, the problems, hefore w stute of statistical control has
reached, as viewed by tle control statistician sre essent
different. For example. w the round-.able eonference thir
vears ago, statistical seience was implicitly defined by the ¢
man, Colonel Rorty, as: (1% The wisembly of broad masse
data, (2} the reduetion of wich data graphieally or mathen
culiv to & more compue! wid useful form, and (8) the ana
of such data io determine n<eiul conclusions and general laws.

But the control =tatistician is nov concerned with assemt
and redneing dats in this sense until he has data worth as
bling and redueing. [ikewise hi. experience in the fiels
nuality control has shown the uzelessness of inferring “statis
P ows” uetil the effects of ws<inable causes have been taken
geeount, or, in other words, 10l such laws exist to be infe.
Maoreover, the help of the eonteol statistician is usnally ne
in designing the experiment ttat will give the dats necessar
tracking down assignable cases; in fuct his greatest cont:
tion is most likely thut of helping to design such experin
vather than in analyzing the data.

After u state of =tatictieal control has been attained,
principles of statistieal inference provided by modern m:
matieal statistice may be taken over and applied directly fo
purpose of inference in terms of confidence limits and tes
statistieal hypotheses,  1lowever, even under these condit:
the control statistician needs 1t go beyond the mathema
theorv discussed in texi« on murhematical statisties 84 n
previously, if he i to be able to make valid predietions in
of tolerance ranges as is desiradide 1, applied seicnee,

Tue Frivee PropLEM

Av ndequate science of control for management should
into aeeount the fact thut measurements of phenumena in
social und natural science for the most part obey neither di
ministie nor statistical laws, nntil sssignable causes of varia
have been found and removed. Statistical control pro
practical eontrol-chart and ruu-chart techniques for discov
such causes g0 that they can be removed, or taken into ace
and it provides statistical hypotheses, experiments, and tes

31 “Determination of Sample Sizes for Setting Tolerance Lini
by 8. 8. Wilks, “Annals of Mathematical Statistics,”” vol. 12, 1
March, 1041, pp. 91-98. This is a very important paper frot
viewpoint of control.

2 For a specific illustration of how these differ, ses SBhewhart
cit., pp. 39 and 40.



MAYNARD-—-JOB STANDARDIZATION AND WORK SIMPLIFICATION

Yineses for discuvering and using statistical laws resulting
¥ ihe assignable causes have bheen removed.
L¢ steps involved in itzining and making the most efficient
bt a given degree of control often involve the co-ordinated
of literally ihousands of employees, including physicists,
bisis, engineers, sales agents, purchasing agents, lawyers, and
bmists. Very few of these people have ever had training
{ in classical statisties and probubility and yet many of them
be sold on the use of suatistieal conirol technigues if the
frol statistician is 1o have an opportunivy of making his full
butinn to management in the solution of its problems,
gituation tonstitutes 1 problem, not only for those now in
Jstryv, but also for those responsible for training the industrial
Jers of toworrow so that they will have suffieient knowledge to
J them recognize the potential couiributions of statissical
$rol theory and technigue,

the future, the control stadxstician wmust du more than
Py study, and measure the eifents of, existing eause systems;
Foust help his colleagues devise menns for modifving these
e systems iv the best way to satisfy buman wants, The
rol statistician must not be satisfied with simply messuring
Jdemand for goods; he must help change that demand by
ving, among other things, bow to cnprove the quality of
e guods to ihe cop~uiner.  He must not be content with
suring production costs; e must help decrease them.
o future contribution of the statistical control statistician
not so mueh in analvzing Jduta put to him as in helping to get
in which assignable causes have been segregated so that
Pyvsis will lead o vahd conelusions not otherwise possible.
only may cach industry expect to profit by having on its
Fulting staff u highly tained control statistician with a
pd background of truining in the physieal and social seiences
§ with ¢ 8air for cooperation with his eolleaguss, but there
Rlan great newsd fur eceating, throagh eollege training,* s
isticully winded new generation of those ngtural and social
ntista who will have charge of prepuring, organizing, and
ing the ehioet of teoee whe wre “to control the forces and to
Roze the mavawds of nuwure tor the benefit of man.”
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