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PREFACE

Control charts, by their simplicity and fact-finding power, have
amply proved their value as one of the most useful tools of factory
managerent. The author has tried to demonstrate in these pages
the basic function of statistical quality control in manufacturing plantsy
to help remove causes of had work by studying and analyzing factery
processes. How the control-chart teebnique can help to build cooomi-
cal quality into a product is the theme of this book. . O

During recent years the use of control charts spread so”rai)fdly that
the need has arizen for a book to bridge the gap between B, A. Shew-
hart’s Beonomic Control of Qualily of Manufactured™Ppoduct and the
American Standard Association’s ZL.1, 71.2, and Zh3Damphlets. The
former is on an advanced mathematical plane, dod the latter is on the
practical level of an operating handbook. (The present volume, Con-
irol Charts in Faclory Managemend, 15 writtéi:l'ﬁ'ith the hope that it will
in some measure bridge that gap. Baged as it is upon geveral years'
working and teaching experieﬂﬂ@;‘ﬂyﬂqﬁmﬁl}hnaheﬁegamthat it will add
something worth while to the ull<tgo-meager literature on the subject.

To {those who have never heéihexposed to statistical ideas this book
offers a practieal introduction to a fertile field. To those who are
already familiar with corttpel-chart techniques as presented in the ASA
pamphlets and olsewhére, it otfers enough theory to help them deepen
their appreciationafid to lead therm on to more complex applications.
To those who haﬁ‘-ﬁ"the technical equipment. for grasping the full impli-
cations of t-\%}ﬁcwhart technique, this book may open up & widet,
more (:on}pi'e\f:c view of the work-a-day potentials inherent in the control-
chart method.

o{he business execulive, the man who carries the heavy burden of
top-thanagement responsibility, this book is particularly dedicated. If
in rending it he grasps the power of control charts to case hig problems,
it will have served its purpose. Executives need not understand the
mathematies, nor cven the metheds ol practical application. The top
factory cxecutive need only abzorh the phitosophy of control exprossed
in these pages and give full support to the engineer, production man,
ingpector, or statisticlan who is assigned the responsibility of translating
ideas into action in his own plant. Toward this cnd the author has

Vil



viii PREFACE

striven to achieve both clarity and brevity, becausc above all he wishes
1o reach the busy practical men who run our factorics. They are the
ones who can make most offective usc of statistical quality control.
Although the author has placed major cmphasis upon practical appli-
cations, cspecially in the case histories, some statistical formulas have
been unavoidable. There are several places in this book where the
mathematical statistician will see something to eriticize from the view-
point of exact statement. It should be kept in mind that the author is
trying to reach, through laymen’s language, the man on the job who
is not so much interested in foolproof statements as he is in gafting a
picture of how he can use control charts to advantage in hhm ork.
The author is deeply indebted to Walter A. Shewhart fﬁ{r\hm aditing
of the manuseript.

R 'WM B. Rick
Pasadena >
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INTRODUCTION

STATISTICAL QUALITY CONTROL: WHAT IT IS AND
WHAT IT DOES

The word confrol, when used in business, implies & procedure by,
which management can accumulate and interpret the facts nocessark
for determining whether or not business activities are proceeding aecdord-
ing to plan. Particularly, control means a meth ol of determiningyrhen
the activitics of business are deviating more than they s}10i’~1}d from
the course laid down by munagement. In this sense, Jar instance,
production control provides the tool whereby mana.g‘erhant ean plan
deliverics in advance. It sets up & procedure whereby management
need not be conecerned so long as production is mgx}iﬁg along smoothly,
but, if there is any significant deviation fropasthé desired results, it is
automatically called to management’s attution in order that steps
can be taken for its correction. Saleslgentrol, likewise, calls for a
means by which sales cun be mearurdbeaidibetnyredgimmined manage-
ment-get standards.  Quality C();lﬁhf)], by analogy, is a method of
measuring the quality of u Iacj;pry% output against standards that are
determined by a consideration,df all the factors—the requirements of
the sales department, thi yedpubilities of the processes, the skill of the
workmen, the availability of raw materials, and the engineering design
—that will produce £iaximun profit for the business organization as a
whole. ) \ 7

The word, gaghily usually implies a high level of perfection in the
finished produet. A qualily line means, in the ordinary sense, a product
that hag superior consurmer appeal. This is not the sense in which the
won:l\'(i]}zﬂity is used here. Qualify does not imply any particular
degred of desirability ; it is simply & name attached toa characteristic or
combination of characteristics of a manufactured product.  When the
characteristics are compared with a standard—a standard set by
management—the quality can be said to be good if it meets the stand-
ard, and to be poor if it s either better or worse than the standard.
As an illustration of this definition, consider the problem that faced a
manafacturer of a certain small hard-rubber product. This particular
rabber item was made by the millions every month and was used for a
purpose that allowed dimensions and suriace defects a wide range of

1
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2 STATISTICAL QUALITY CONTROL

variation, but called for a specified hardness. The manufactirer had
two altornatives. He could use scrap raw material, allow a large
percentage of the parts to fail, and sell the product at half price, or he
could use new rubber, guarantee almost perfect performance as to
hardness, and sell the produet at full price. His profit margin in cach
case would be the same. In the first case, according to the accepted
meaning of the word quality, the produet would be poor; in the second
case it would be good. However, according to the meuning of the
word as it is used here, both qualities would be good, because both
would meet the profit standard set by management. Which &fhthe
two manufacturing methods should be used would have tode-deter-
mined by management on the basis of salability. That igedeondd it be
more economical for purchasers of the product to buy the cheaper
parts and use more of them, or to buy the more expensive parts and
use fewer of them? If, in the first cuse, a standartl of 25 per cent de-
fective were allowed, and the price were 50.sémts per thousand, it
might pay the purchasers to buy the 25 per eent defective material
rather than a practically perfect produq't»}ha-t- cost one dollar per
thousand. Tt is problems such as thés¢hat make it necessary to de-
fine the word quality in a conerete ’ar’ld definite sense as a comparigon
of objective char@@i@rﬁi@mnﬁ;t@@@;@mt with management-zet stund-
ards for those eharacteristics.. \With this meaning the words acceptable
quality apply to a producfiwhose objective measurable characteristics
conform to the sta.ndgrd\ If the product is either superior or inferior
to the standard, it i3 {(mfceeptablr:, beeause in the one caze it probably
would be too cxpeusive to produce, and in the other case it would pot
meet the purch@bérs’ requirements.

Quality po\n.trol in the broad sense requires the co-ordination of con-
sumer  refearch, product research, and production research, with
speciglétﬁphasi% on cost, directed towards meeting the standards set
by. management. In the operation of quality control three distinct

) ‘s\te\ps are involved. First, accurate, correct, and adequate facts should

be gathered, and these facts then should be properly analyzed and
interpreted. Sceond, from these facts and the conclusions drawn from
them, management should set the standard of quality for the out-
going product. Third, eontrol procedure should be set up in order to
assure management that the operations of the business are being con-
ducted at the desired level, and that any significant deviation therefrom
18 corrected promptly. Statisticel quality control means the applica-
tion of statistical methods as a scientific technique for collecting and
analyzing the data, for setting the standards, and for maintaining ad-
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herence to the standards. Statistical quality control is a method of
applying statistical techniques to the collection and analyzing of in-
gpection and other data in order to achieve and maintain maximum
ceonomy in manufacturing processcs.

STATISTICAL TECHNIQUES

This concept of statistical quality eontrol ineludes several significant
idens. Mirst of all, it uses statistical techmigues. Statistics is the
science of collecting, messuring, analyzing, and interpreting gquantita-(
tive facts. As applied to the quality characteristies of a manufactured
product it makes possible the establishment of sound norms or stand-
ards, and enables management to differentiate clearly hetwéen de-
viations which (a) should be expected by chance in the Qpéré.tion, or
(b} are too large to oceur by chance alone. For instaned{ . salesman
sold $5,500 worth of goods last month but only $3:600 this month;
should be be complimented on lagt month’s reco dyshould he be dis-
charged becausc of this month’s record, or shodld nothing be said?
From the two months’ data given, it wehld) be impossible to tell.
1f recotrds of the salesman’s monthly sales $or several vears back were
available, it would be possible by statistital techniques to show whether
or not this month’s sales were sm?i*ﬂtéf‘%@f?%@ﬁﬂfﬁﬁdﬁﬂd be expeeted,
in view of the vatiation in his previous record. Similarly, when a
machine produces a part t-hgf(is t0o large or too small, according to
specifications or other spapdards, it is possible, from an cngineering
study and statistical anal}ms of the operation, to determine whether or
not that picce was onothat the machine could normally be expected
to produce. Or, siﬁ)pose that a workman produccs 5 per cent bad
work today agaibst only 1 per cent yesterday: it may be difficult to
tell whethe?@“ﬁot he should be reprimanded. If, for instance, during
any month ‘his daily record varies from 0 to 9 per cent bad work,
commozr'i’éense alone would indicate that he should not be blamed for &
5 f.‘rqr\‘cent day. By drawing definite limits between what variation
can be expeeted and what is unexpected, and by comparing these
Limits with the variations that have been determined by manage-
ment to be economical, statistical techniques enable management to
take action in the right direction when troubles ave found to exist.
The control chart, which is the subject of this book, iz one of the
simplest, most practical, least expensive, and most reliable techniques
ever devised for helping Management to keep ecopomie control of its
process.



4 STATISTICAL QUALITY CONTROL

ANALYSIS OF FACTS

Statistical quality control requires the analyeis of facts. In most
menufacturing plants the collection of quantitalive data about the
product is a funetion of the inspection department. Statistical quality
control, therefore, should start with inspection, for the purpose of
making sure that the facts collected are adequate and correct. In
this respect there arc two phases of the statiztical quality control
function. Toirst, the routine accumulation of inspection recovds should
be o organized that the necessary facts can be analyzed ('1L.lif_il(l}-’\a11(1
eagily, This may involve such ehanges In the inspection départment
g an evaluation of the various inspectors’ abilities, the lgstallition of
gampling plans, the setting up of process inspeution,pitpﬁedures, and
the checking of the inspection department’s work i}ljdl'cle'r to ascertain
whether or not inspection is providing data withy fequired aceurney
and reliability. Second, statistical quality cantedl often requires that
special inspeetions be undertaken in special, ways in the course of speciul
gtudies of factory operations. This i3 alparticularly important fune-
tion of quality control, because it is sipilar to experimental work in
which the design of the cxperimenti\that is, the way in which the data
are collected, cambmmzbﬁl@[magg@fmﬁgnﬁ by the application of moden
statistical technigues to thesp'enning of the experiment. In both
routine and special phases of inspection, the purpose is primarily to
deduce the nature of g.given process from measurerncnts and observa-
tions made on the Iﬁlu’(:t of that process. In other words, the charae-
ter of the man i3, I;'Eged by his appearance. This is, in fact, one of
the best ways @, which the characteristics of a process can be judged.
As an illustralion, a certain soap manufacturer had his chemists devise
a new forodula with a supposedly special skin-protecting quality. He
testf‘zc}ihe first cakes of soap produced by the new formula and found
thatithey actually did possess the properties desired. But if he had

. m).t “tested the soap he would not have known with certainty whether
\ Jthe soap did have the characteristies he wanted. As another illustra-
tion, an open-cnd wrench was designed with certain specifications,
among them the requirement that the sides of the jaws should be
parallel. It was specified that the openings could be either broached

or milled. Tt was found, however, that neither of these processes pro-
duced openings with parallel jaws. The broaching operation caused a
toe-in at the points, and the milling operation caused & toc-out at ibe
pointg. After considering the use for which the wrenches were de-
signed, management came te the conclusion that neither the toe-in nor
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fhe toe-out was large enough to affect the uselulness of the wrenches;
thorefore, both operations were permitted.  No matter how good the
designing is, nor how pexrfect the planning, the production has to be
done by people who are £5llible and by machines that are not perfect.
Therefore it never ean be assumed that the product is all that it iz
desired to be. The only way to find out in what respect and how much
the manufactured product deviates from the designed product is by
ohservation of the physical characteristics of the product. This is the
inspection function.
Q"
QUALITY OF THE PROCESS ’\s\

When statistical quality control is used in a plant, the ﬁrjsﬂ;s\nep; ag
previously pointed out, ig to make sure that the data eollected are
adequate and of the right kind. The collection of daﬁé: is mercly 2
means to an end. The next step is to infer from {he" characteristics
of the product what the characteristics of the pieedss are. Here the
real meaning of the word quality as used in gldstical quality control
hecomes clear. The word quality refers much more to the quality of 2
process than it does 10 the quality of a prbduc.t-. 1f a process is capable
of meeting the specifications set by {naﬁmge.rnent., and with the cconomy
necessary for maintaining acecpt &b e theoquality of the proc-
ess is good. An automatic serewsmachine will illustrate this point. If
the tolerance on & certah;(gutomatie turning is =£0.001 inch, and 2
six-spindle automatic a.@xﬁaintai.n not better than £0.002 inch, then
the process is not datistactory and the quality is not good. In this
situation it may bg Necessary to change the design tolerances, or to uze
a different prgx{aaa. Tt is often possible, however, by means of control
charts, toredyee the variability in & six-spindle antomatic to the region
of :I:O.(]jl&hibh. In that case the process will be producing what man-
agenj.efl.t"«c'lesires, and the quality of the process will be acceptable. On
the bther hand, suppose that the management-set tolerances are +0.003
heh. If the machine can hold 0,002 inch, then greater efficiency
may be achioved by allowing the tools to run a little longer, or by using
an older and less accurate machine. The importance of knowing what
the operation does, what it can do, and what it must do, if maximum
efficiency is to be obtained, is self-evident. The techniques of statisti-
eal quality control are well adapted to solving this type of problem, and
to giving management the information it needs for making sound
decisions regarding the magmum profit potential of its business,
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OPERATING STANDARDS

When inspection data have been analyzed and applied to improving
and contfrolling an operation, management is In a position to zet its
standards, Before standards can be set, however, the operation must
have become so stabilized that management can be reasonably sure
that the standard will be maintained. This requires thut a state of
statistical control be established. Tf control charts have been rumn on an
automatic serew machine and they show that the machine is eypable
of producing & eertain part within limits of 0.001 inch, ard) if the
chart shows that these limits have been held for hours at {t\,\t.ime, then
management can prediet confidently that future opers{ivhs al:o will
maintain those limits. Then, management sufely ean sct a standard
for that operation of £0.001 inch, with the knowlgdée that a minimum
of down time will be required. If, howevel',,ﬁ&ﬁugement does not
know that the operation can maintain =0.008%¥h for a long period of
time—that is, if parts frequently are made,bed large or Loo small—then
management cannot confidently set a. it of £+0.001 inch, because
the maintaining of these limits magnréquire an exeessive amount of
machine adjustrent. A state of stalistical control also can be called
a state of vaIg'g‘}{;e_gg:{ig{]ﬂgymiy,_gtigjb,h the futire product quality of the
operation can be predicted with a high degree of confidence from the
characteristics of the proguet already produced,

When a state of statistical control has been achieved and manage-
ment has been able $6.s8t economical, valid, and reliable standards, the
procedure for making sure that the standards are maintained should be
scb up.  This egn'be done through the techniques of statistical quality
confrol, with\less attention by management, than would be possible if
stat-ist-iga} Lontrol were not achieved. Primarily, the same stalistical
tec-hr;hsnlds that are used to achieve control also ean be used to main-
taigljtl\lat control.

) PROFIT CONTROL

Quality control perhaps can better be called profit control. Economy
can be gained by improving the process, or by improving inspection
methods, or by changing the design, or by changing the user's idea
of what he wants. A few examples will illustrate the type of improve-
ment that can be made in each of these ways,

1. Improving the process. A plant that specialized in automatic
serew machine turnings had about 100 screw machines, some ncw,
some.old. It was difficult to schedule the work because often the
machines were unable to hold the tolerances required. A great deal
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of blame was laid on the old machines, and it was proposed to buy new
ones in their stead. On one particularly difficult job, where the gpeci-
fications called for a tolerance range of 0.002 inch, inspection showed
that in a run of 1,000 pieces the difference in size between the largest
and smallest was 0.006 inch.  Since this particular job was done on one
of the old machines, it had been decided to replace it with a new one, at
the time when statlistical quality control was introduced into the plant.
One of the first studies undertaken was on this particular operation.
Control charis were kept on the machine over a peried of about three
weeks, at the end of which time many minor maladjustments lwd
been corrected and the operating range of the machine had heémhre-
duced to 0.002 inch. The result was so worth while that the' same
technique wus applied to the other old machines, with-&imilar re-
sults. Il was soon discovered that the old machines low twere pro-
ducing work with a smaller range of size than the\néw machines.
Studies then were conducted on the new machingsYand similar im-
provements were made. On most of the machipghat was found that the
principal cause of the cxcessive variation was*differences among the
spindles. When these difforences had been removed, most of the
causes of trouble were eliminated. The ontrol-chart technique, ap-
plied in this case, made it unnecessar@foudibleraompagynto invest large
sums of woney in new equipment™Nin fact, with their old equipment
they were doing closer work than most of their competitors who had
new machines, K

The people who worle at\aischines are certainly a part of the process.
Control charts often have brought about improverments in the quality
of work, where handsyetk is the major factor. In a certain plant, there
were about 30 mlen” working in the polishing department. Two of
these men, MyJA and Mr. B, vied with each other week after week
for the wont/quality rccord. When statistical-quality-control pro-
cedures swere applied in the polishing department, the daily records of
ingpeetion were plotted on control charts, one chart for cach workman.
Mf.\}r and Mr. B both averaged about 9 per cent defective work,
Altet sufficient time had elapsed for the charts to tell the story, the
department head called these two men into his office to show them the
charts.  After this discussion, Mr. A showed an improvement over-
night from an average of 9 per cent bad work down to 2 per cent; Mr.
B showed practically no improvement. Shortly thereafter both men
wore working side by side for two days on the same jobh. Mr. A aver-
aged about 214 per cent bad work, and Mr, B about 12 per cent. The
latter, who had a violent temper, flew into a rage when accused of not
doing good work., He insisted that his work was just as good as Mr.
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A’s. When Mr. B was taken out to the polish wheel and asked whether
a certain piece was up to standard, he said it was. The department
head insisted that any good polisher would know that it was not up
to standard. When the argument was over, Mr. I wus advized (o
go to an oculist. There he discovered that his eyesight was poor, and
that the reason he was doing bad work was that he could not tell the
good work from the bad. A pair of glasses solved his problem and
enabled him to keep pace with his competitor, Mr, A,

2, Improving inspection. In almost every plant statistical quality
control can bring improvements and ceconormies in insgpection thateould
not be achieved in any other way. Often products arg.inspected
100 per cent that need only to be sampled ; sometimes sam@lgd is done
on characteristics that should be detail-inspected.  Sehetimes the
qualities that nced real inspection are not cven refized. A cuse of
this sort arose in the assorably of a ball and spl\»ir;g to a hole that
was drilled in 2 metal bar, The assemnbly proodss gonsisted of dropping
the spring into the hole and of erimping the hallNh on top of it.  Trouble
was being encountered because often the Ball heights would run from
25 to 50 per cent higher than the tolerances allowed. A detailed and
lengthy statistical analysis of the profuét was undertaken, including a
study of the variahilit in the erimpime proccss and correlation analvais
of the height gf“%fﬁ%ﬁﬁﬁl@l aﬁ?&ﬁ%ﬁ%ﬁpth and diameter of the holes
into which they were erimpedsy As a rosult of this investigation, it was
discovered that the diameter of the hole was the controlling factor in
the variability of ball’hf‘-;ight: the larger the hole, the higher the ball;
the smaller the hol ﬁﬁe lower the ball, As s, result of this finding, and
in order to controhthe diameter of the holes as ecomomically as possible,
& sclentific progessesampling procedure was set up by which the oper-
ator could he(sute that the holes were maintained to tolerances with a
minimum.of time spent in gauging. Thereafter, practically no high
balls ap@éaﬁmd in the finished product.

In agrlother case, & problem arose in connection with the straightening

o fmietal bars. These bars were made in various sizcs, some very large
< and some very small. It was general practice to straighten the large
ones after they had been annealed, when they were soft, and then
?‘Jo inspect them 100 ber cent after heat treatment und other operations,
n order to pick out those that had beon made crooked subsequent to
annealing. With the small bars, however, it was general practice to
send them straight through to heat treatment and final inspeetion and
to straighten only those that were 100 crocked to meet the standard ;
these had to he straightened hard, which was 2 much more difficult
and costly process. A high pereentage of erooked bars had been found
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at: final inspection for many months, The problem arose, when should
the bars be straightencd soft, and when hard? A study was made, for
each gize of bar, of the unit cost of straightening when soft and straight-
ening when havd. A simple straightness gauge also was designed.
With the cost data at hand, and with the new gauge, which provided
an objective quantitative measure of straightness, it was possible to
determine for each size of bar what percentage could be allowed to pass
on most economically to final inspection without being straightened
when soft. In order to make sure that the straighteners did not under-
take to straighten when it was not necessary, nor pass lots that needdd™
straightening, a sample inspection was made on every lot just.pr\ior
to the straightening operation. When the sample inspection «sle'wed
that the poreentage of crooked pieces was larger than the aconomnical
pereentage allowed, that lot was sent in to the stra.igh’féiiérs to be
stralghtened when soft; otherwise, the lot was passe"glfé(m' to final in-
spection, and the erooked pieces were rejected thereland sent back for
straightening hard.  During this study, control dharts were kept on
cach of the straighteners and on the stral 'h}}ﬁing press.  Among
other things, it was discovered that the pres@%eeded a complete over-
haul, and that one of the straigl'ltencrq—%hé one who had been cm-
ployed longest—was doing a veryvinldbosugitadewbrgdrk,  When the
Taults wers corrected, the cost of strliightening was reduced by almost
50 per cent. N\

3. Improving the design. If\s often difficult to decrease the varia-
bility or scefier in a manuf;gct}rmg process.  The newly employed man-
ager of an a,ir‘cra.ft-—pa.rf\\phmt- reglized the truth of this statement
shortly after he had gisumed his new responsibilities. Ile discovered
that far 1o Jarge a ploportion of production cost was being charged to
reworking and pepairing parts that had failed to pass inspection, A
statistical invéStigation revealed process variations up to five times the
tolerance rghges specified on the blueprints.  An overhaul of engineering
designs daturally was the result of these findings. In the case of a
shaft-dnB-bearing assembly, the shaft had an engineering tolerance
rarhge“()f 0.0005 inch, and the bearing a tolerance range of 0.0008 inch.
Analysis of the manufaciuring precess showed that, so far a5 production
was concerned, the reverse situation was true: there was an operating
tolerance range on the shaft of 0.0007 inch and on the bearing of 0.0004
inch. Beeause the design and production tolerances did not agree, re-
wark costs had been excessive. Bince it was easier to change the blue-
prints than to change the process in this case, the specifications simply
were reversed. No harm was done to the assembly—minimum and
maximum elearances between shaft and bearing were sfill the same—
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but practically all rework on account of the shaft failing to gauge was
climinated. The accompanying table illustrates how this problem was
solved to the benefit of all concerned.

Belore Carreetion After Correction
Fngineering Operating Enginecring Operating
Tol. Range Teal. Runge Tol. Range Tol. Range
{Inch) {Ineh) {Tnch} {Trth)
- .. .y '\\ i
‘ N\
Shaft 0. 0005 _ 0.0007 D.0008 | W 00007
Bearing | 0.0008 ‘ 0.0004 00005 N 0.0004
'..,'\\ -

Before the correction was made the shaft-gatifacturing process had
overflowed its specifications by 0.0002 inglihy¥¢hile the bearing process
had too much room by 0.0004 inch, A.ft(r\’f ‘correction both were inside
their tolerances. O

It is sometimes possible to o ehup engineering tolerances with
benefit to all andRETRES Iﬁ%‘ffé;&l e Ihstance of this sort oceurred in
conneetion with the assermbla? ji}f a metal bar into a block.  The square
hole in the block was hotsgtwched, bul the square that fitted thie hole on
the end of the rod vsyxghpset. The tolerance on both operationps was
+0.002 inch. Th&mspeetion performed at the upsetting process re-
gulted in frequeng’stoppages of the job beeause of parts failing to gauge.
These stoppggéé sbecame o frequent as 1o hinder seriously the work of
that depar‘gmeht. A comparative analysis of the inspeetion records at
the up%’gﬁiﬁg and assembly operations revealed that no failures in
assendbly were discovered. The discrepancy in these two inspeetion
Fegbr’ds indicated that, in all probability, the specifieations on the upset

"\f:nd were too tight. A statistical analysis of the hot-punched holes
and of the upset squares showed that, if the square were upset to an
average 0.005 inch smaller than the average size of the hole, the us-
sembly could be made with complete satisfaction, while a toleranee
range was allowed on the upsetting operation of 0.008 inch. "Lhe en-
gincering department, upon being shown these findings, agreed to an
experimental relaxation of the upsetting tolerance range { rom 0.004 to
0.008 inch. After a week’s frial had shown no defective assemblies, the

engineering department agreed to make the new upselting tolerunces
permanent,
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4. Changing the user’s ideas. An excellent illustration of this type
of improvement is given by Sir Charles Darwin, director of the British
National Physieal Laboratory. In a paper that he presented to a joint
meeting of the Institution of Physical, Mechanieal, and Electrical
Engineers, which was published in Neature May 23, 1942, he gives an
cxample taken from the manufacturer of time fuses for antiaircraft
guns. He says,

Suppose that the lethal arca of a bursting shell is such that, if if explodes
within & tenth of a second of the set time, it will make & kill, The gunner\
therefore demands of the manufacturer that he make a fuse with an accuracy
of one tenth of a second. The manufactarer works out his method, but\itids
that, whereas it Is easy to get a fuse accurate to one fifth of 2 secoritl, he will
have a lot of trouble to get one with an aceuracy of cne tenth; aguijndeed, he
estimates that for the same effort and cost he could not hope f@get more than
a quarter as many fuses with an accuracy of one tenth of a}qgée?)nd as he eouid
fuses with an accuraey of a fifth of a second. Then, halihis shells will burst
within the range asked for, and so, In fact, he wqu%ij:ye wise to acceph an
inferior fuze, since he would thereby get four times @8 many shells, of which
hali would do what he wanted, and he woulddtherefore double the rate of
killing. I neced not say that T have over-simplified the business; on one gide
T have left out the cost of the other parts QL’CFE? s}iegg, and on the other, I have
forgotten that the gunner hag uncer?ﬁﬁﬁés of lll'alné(? - Woldler, so that his
demand for a tenth of a second is 111(}1'33 cxact than he can justify for practical
use. .

My example is intended to sh‘e&v that it is good business for the user and the
malcer of any article to gextf{ge%her before deciding the tolerances of manufac-
turcs. The user may e inelined st first to fecl that in doing this he Is sur-
rendering some of hisfysetiom of choiee, but if you will consider it closely you
will see that this isdatso. e does not have any real freedom of choice, gince
he must surely jt-rif\'b design the article so as to be as easy to make as possible.
I may sumrdatize this aspect of the matter by saying that the user has in the
past tende'd\o demand that everything should be made for him as wall as
possibloy Bt he ought to want everything macde for him as badly as possible,
or }fJBl;iw?ps not quite that, but as badly as permissible. 1t is in this aspect that
St-Mﬁical quality control expecially gives the right information.

The user of a product certainly should not pay for any better quality
than he needs.  Closer tolerances, finer finish, better fit, more durability
—all these, il they cxceed what is economical from the purchaser’s
standpoint, make the product he buys more costly to him than it
should be. Sometimes, as Darwin points out, the buyer of a product
actually does not know what he should have. Hometimes the manu-
facturer, by means of education and diseussion, can show the pur-
chaser that the thing that is most economical for him (the manufac-
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turer) is also economical for the user. If this cannot be done, 1t is
certainly true that the manufacturer, by getting the desires of the pur-
chaser or user in concrete definite form, gains highly valusble inlorima-
tion for use in setting his own standards. In any case, the manufac-
turer has nothing to lose and much Lo gain by the type of consamer
rescarch that will enable him to produce his product more intelligently
and economically.

SOME AXIOMS OF QUALITY CONTROL! N\

In order to achieve maximum efliciency through the nﬁ&}\ods aof
statistical quality control it is necessury to fit the org:.tii?ﬁa.tir_nn und
procedure to the situation in cach particular plant. 2N matter how
various the products may be within any plant or j’mt\\'mu different
plants the basic technique of control charts rupddike & common thrend
through all the applications of statistical tec@,iques to manufucturing
processes.  Suceessful use of control chartg¥8quires adherence to a few
fundamental principles that are so basip(that they almost can be culled
axioms. WV

Axiom One. ww&bmuhﬁmpyé@m;m are turned out in quantify, con-
trol-chart techniques are applicable.

The question recently was asked of an authority in this field, “\What
is the smallest number{of similar articles on which control-chart tech-
niques can be usec}‘f\‘{\ His answer was, “Two or more.”” The author
knows of one p}agt’ in which very large and eomplicated machines are
built, possiblynot more than a domen a year, where eontrol charts
have bee:n\flhéd very successfully. Usually, however, mass produe-
tion eglisvdor the manufacture of a large number of conseentive, pre-
sunw{%jﬂy similar, articles, The remark often is heard, “I can sce the

m\{aﬁle of quality control to some other business, but my business i8
different.” True, every operation is different from every other opera-
tion. Nevertheless, the statistical principles that underlie control
charts arc go universally valid that rarely is found an operation that
is not susceptible to this type of analysis., In any plant where serap,
reworks, personnel problems, consumer complaints, engineering de-

sign, or costs cause trouble, the eontrol-chart technique is usually
apphcable.

! The author is indebted to William A, Kerr, formerly sales manager of the Speneer

Lens Company, for many of the ideas that follow. They first appeared in Tndus-
trial Quality Control, July 1944
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Axiom Two. Variability exists in every repelitive operation.

No two things are ever alike. They may seem similar, and even by
every teat they may appear to be identical, but they are nevertheless
differcnt in some respect, even though our measuring instruments may
be too inexaet to discover the difference. Such cxaetness does not
appear ordinarily in manufacturing operations. Usually the differences
between similar articles are large enough to be measurable, and to re-
quire upper and lower tolerance limits that may be either set by the
design or followed as factory practice. Buppose that in a machining o=\
ergtion two consceutive pieces vary by 0.001 inch. What wasathe
cause of that variation? It may be impossible to separate out thekadse;
in fact, thore may be a multitude of causes that contribut‘e'd. to the
difference. Therefore, it may be impossible to assign any™ene cause
or any two causcs or any finite number of causes to the 0.001-inch
variation. If the usual variation of the process is 0,008 pch, it probably
will be true that no eause or causes can be said tohave produced the
0.001-inch difference. In such a case we say thti‘ﬁ}.here is no assignable
cause for the variation. Suppose again thab +he difference between two
parts in a machining operation was 0.010_nch. If the normal varia-
tion of the process were 0.003 inch, a,d’eﬁnite and single canse for that
excessive variation probably could %&i%ﬁﬁ?f.l‘hfﬁfﬁi‘gﬁﬁ‘b%, for instance,
that a drill was changed; or th;itfoa' new operator came on the job;
or that any one of a thousand@ther things could have happened. This
we would call an assignahlg“c}&use, or & findable eause, In the first in-
stance, where the diffebencé between two successive pieces was only
0.001 inch, the only thing we could say would be that the ‘‘constant
svstem of causes’that is, all the minor changes in the process that
are normal to jfh;e. ‘process—may have contributed to the 0.001-inch
variation. J'tle other case, however, the variation was so great that
in all proh@kility some single cause could be found to account for it.

The gonlrol-chart technique is primarily and fundamentally one
thab, ;é:t:;\aﬁles management to determine what the expected or chance
varghility in the process is; that is, what the effect of the constant sys-
tem of chance causes of that operation are. The control chart izolates
the excessive variations that it probably would be economical to hunt
for and eliminate.

Axiom Three. Quality must be buill into a preduct; i connot be
tniroduced through inspection.

W. Edwards Deming has stated this elementary principle very
aptly: “Not how much product, but how much acceptable product 1s
what counts.”
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S obvious is this statement that it may scem needless oven to men-
tion it. To executives, managers, and planners, who have time to
think, and whose job, in fact, is planning, it will be unnccessary to
amplify that remark. The working force in a manulacturing plant,
nevertheless, facing the hurly-burly of production, meeting and strug-
gling with the daily problems, being pressed with demands on all
gides for their time and their attention, often are unable to stop and
plan things through. Most foremen and even some department heads,
in fact, do not consider it their duty to stop and ponder toe diach.
Their duty is to get things done when things need to be dout. A
correct division of manufacturing responsibility should plagédHe think-
ing job on the shoulders of executives and planners, whileXthe working
job should be in the hands of those who have the Limg, andithe qualifica-
tions for their work. What the control chart contribifies is a moethod by
which the plant problems that require thinking ah be brought Lo the
attention of executives; and, equally importahl, a method of keeping
the jobs that do not need thinking a.way'fr&n them. Tt also enables
the thinking to be dove clearly and quidkly so that instructions can be
issued prompily to the working forqe:‘ Tssentially, the control chart,
by bounding the arca of chance valiations in u process, and by ealling
aftention to vaﬁ\’a‘fi\i\';i%bﬁﬁ]fjfgfg. Atg™ than normally should be ex-
pected by chance, brings tosthe altention of management at cach
level only those problemgthat need to be considered st that level.

In this way qualityThhat is, characteristics that meet management
standards—can be Butlt into the product during the proecss of manu-
facture. Otheryrige, defects may pass unknown and unrecognized
through the Mrufacturing process to the final inspection test, and
there the product may be rejected, or returned for extra and costly re-
working,\or even scrapped. Furthermore, a process that can be de-
peﬂd@'d\lpon to produce good work gives a far stronger guarantee of
agteptable quality in the finished product than does any amount of

(final inspection,
Axiom Four. A stale of control 1s not usually found.

When an operation produees articles that remain consistently within
their range of chance varistion, so that no assignable or findable
cause is present, the operation is said to be in a slale of statistical con-
trol, Tt is a fact that no longer surprises quality-control men but does
sometimes surprise others, that, when a control chart i first applied to
an operation, the operation is rarely found to be in a state of statistical
control. Even if the inspection methods are superior and the records
are complete and adequate this failure or rather inability to analyze
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the records by statistical methods, usually results in assignable eauses
being left undiscovered. Many years of cxperience, in many plants,
by many control-chart men, confirm this fact: assignable causes of
variation are present in most manufacturing operations, but in the
absenee of control-chart techniques they may not be recognized.  This
circumstance is the basis of the universal need for statistical quality
control.

Axiom Five. A stale of conrol must be established at @ satisfactory
level before mazimum efficiency in the operatton can be obtained. N\

When, by use of the control-chart technique, the natural yana-
bility of any operation has been reduced to the point where agtate of
statistical control exists, that operation has achieved itg,‘jpﬁximum
efficiency under the conditions as they arve at that timesp i the con-
trolled process does not produce a satisfactory produdt, however, the
process still remains uneconomical. I, for instaned,¥n assembly job
requires a certain type of manual dexterity, andifefte of the assemblers
eonsislently produces only half of his assembliesiin a satisfactory con-
dition, Lis work is unsatisfactory although \hig' control chart may show
a state of control with an average of 50 parent rejections. Such a ¢on-
dition ¢an be interpreted to meany eghiBenilghbis yleilky thrining, work-
ing conditions, home life, tempc;'a.ﬁjent, and all the other factors that
go 1o make up his working habits, that he caunoct be expected to do
any better work than an avéﬁ&ge of 50 per cent defeetive. Some basie
change must be made '1'\’E-hé conditions under which he works. Per-
haps he needs more tiaining, in which. case special attention should be
given to increasing .l]'i:s"skﬂl. Perhaps he has private finaneial problems
that distract his.attention from his job. Perhaps he iz working under
bad light. _Perhaips he has some physical defect that prevents him
from aequig%tﬁ the necessary manual dexterity. Perhaps he iy tempera-
ment-a.]ly:'11nﬁttefi for the job. Hvery effort ¢hould be bent foward a
basicii?ﬁbrovement in his working habits; or, if no improvement can
be m\ade, someone else should be found to take his place.

What has boen said of a man is also true of & machine, Some méa-
chines scem to have personalities of their own. If a machine secins
not to like the man who is working on it or the raw materiul that is
going into it, or if it has a bad tool or & loose cog, one of the ways in
which it can reveal its troubles is in the quality of the work that it
produces. If the variability of the machine’s work is greater than it
should be, as determined by control-chart analysis, there is something
wrong, something that probably can be found and corrected. Then
and only then ean attempts be made to bring the operation of the
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machine into line with management-set standards. 1, for ingtance, the
picces produced are consistently too large, there may be a flaw in the
set-up instructions, or in the engineering, or in the raw material. Such
a defect probably will not be 2 minor one that can be correcled simply
by an adjustment of the machine. DBringing the confrolled product of
a machine into line with management standards may require hunting
for a new raw material; or training a new get-up man; or changing
the design. In any cage it is very likely that the change will involve

work, This does not mean that the change will necessarily bghivd to
make. It may be a very simple change, but nevertheless ontNat will
comprize a basic alteration in the machine’s working (:(_mdiii?nm.

When any operation hag attained a state of St&t-isticai}s;orlfl‘ol, valid
predictions can be made as to the future product thal will come from
it; and, when the basie conditions surrounding the) Operation arce such
ag to produce a product satisfactory to manag\em ent, then the goal and
objective of quality control has boeen reached? Tn thizs book no attempt
has heen made to cover the whole ﬁeld'o} statistieal quality control.
The cmphasis has been upon the bag—!ii}:téchniquc the heart, and soul
of the method—which is the controheliart. The author has attempted
to demonstrate bW Y Tf:%ﬁf%fﬁ&?}"g'{%rks, why 1t works, and what
results can be expeeted from i,’o’:"o The primary purpose is to show how
this simple and effective méthod can be used to augment manufacturing
profits, ~




CHAPTER 1
THE ROLE OF INSPECTION

Qeientific inspection is still an industrial youngster. Only 150 years
ago Eli Whitney invented interchangeable parts in assembling gung \
for the United States Army. C(auges—frst the “go” and then.the
“po-go’—did not come into geperal use until after the Ciwtil\'Wz}r.
Qince then, as manufactured articles have become more and more com-
plex, the part inspection has had to play in the productién™pf goods
has grown sieadily in significance. Nowadays the i%}{ection depart-
ment, supplied with special equipment and trained pargonnel, is recog-
nized as being on a par in authority with the ;n@nuf&eturing depart-
ments.  Inspection is the watchdog of quality. LD

Tn spite of the growing realization that idspsction is an integral part
of production, an equal on the business tpém, the inspection operation
rarely is used to its fullest &dvantwggflbﬂ%hﬁb‘e@ﬁgamfglfnthiﬁ is partly
that, prior to World War I, there wastlittle if any theoretical founda-
tion luid upon which the best ugeof inspection data eould be built.

The Bell Telephone Labo atories were probably the first to start
laying this foundation. ,A Gaginning was made when W. A, Shewhart
conceived the idea of ap}l" ing statistical sampling and frequency-dis-
tribution theory to ma}mf&eturing processes, and in co-operation with
H. F. Dodge and gtliers claborated the mathematical theory as well as
the practical uséfe! statistics in manufacturing and inspection. Dur-
ing tho qu(j\(fer' of a century between the two world wars this idea
slowly ripened to matmity. World War 1T gave it & tremendous im-
petus.In recent years statistical theory and practical applications
haye marched hand in hand with a broader concept of the purpose of
im?pxc-tion, until now no business can affoerd to overlook the implica-
tions of the new technique.

In this chapter is presented briefly the modern idea of what inspec-
fion is und what it can do.

PURPOSES OF INSPECTION

When, in the nineteenth century, business mep first, began to realize
the fact that & machine never produces two pieces exactly alike in
17
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shape, finish, or dimensions, and that not cvery piece produced is
necessatily a good piece, their first thought was to set up a wethod of
segregating the good from the bad. Jvom thiz idea, inspection was
born. Many small businesses and some large ones in the United States
today have never grown beyond the idea that the funetion of inspeetion
is primarily to segregatc usable from nonusable articles.  As » result,
gome plants keep no records of inspection operations; in muny others
the records, if any, are fragmentary or not in proper form for analysis;
and, even where good records arc kept, they sometimos are not used so
fully as they might be. Frequently it happens that no comprehefsive
study has been made of what items should be ingpected, for'\ what
defeets, and by what method. II these shortcomings are, L;ﬁ@ of so-
called final ingpection, they are even more common in pmt(m Inspec-
tion, where, because the complete segregation of goed from bad is
usually not fessible, effective inspection may not exisé at all. Process
inspection, not for the purpese of removing badlwork, but prinarily
for the purpose of finding and preventing badi¥ork, is an essential of
profitable manufacturing today. IMinal inspéetion then can be merely
a double check on the successfulness of fie)process inspection.

No two people will quile agree about the purpeses of ingpeetion.
The American SEEHIaA a—Y@B‘CﬁMﬁ’H&f% sugeested the first two pur-
poses stated below, to which mﬂy vbe added o thivd. They are given
in order of importance, but_ will be discussed in reverse order.

1. To dovide what to daebout this process or method of monufacture.

To decide what, toldb about this bafch or lot of product.

3. To sort the gocﬂ\flom the bad, ostensibly so that a perfect out-

going quality can, be maintained,
A\ ¥

,,\~}"'r0 SORT THE GOOD FROM THE BAD

Sortiﬁg'mspmtion ! sometimes appears to be necessary. Many war-
tlme ‘products are really eritical: the propeller of an airplane, for in-
@Qance, or the bolts that fasten down a gun mount. The Army Ord-

ance Departmont realized this when they set up their elassification of
defects. “Critical,” by their definition, implies the existence of a defect
in the product that will endunger life or valuable property if it causes
fallure during use. Under the Army Ordnance plan all critical material

1
Borting inspection is a term used hore to deseribe what is commonly meanf by

routineg 100 per cont inspection. [ impliez that every piece produced is examined

and classificd as either acceptable or not acceptable with regard to a given gquality
characteristie. Tl sorting is performed in » plant it way he at any stage of the

brocess, but is done most. frequently as the last act of inspection, just prior Lo storage
of shipment of the proditet.
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must be inspected by being sorted.  Critical defeets, howeveor, are few,
even in times of war, and even fewer when the product is exclusively for
civilian se.

Sometimes sorting is impossible, as in destructive tests of armor
plate. When inspection is destructive it iz especially necessary to
apply scientific principles of sampling inspeetion so that quality can
be assured and volume of produetion will not be reduced appreciably.
Colonel Simon,? at the Aberdeen Proving Cround, has done brilliant
and inestimably valuable work on this problem, but others have not
always fully realized its iraplications. If scientific sampling inspection,
maintaing required quality on eritical items in destructive tests, by
will it not achieve the same result in nondestructive tesis? Why shoulda
succcsstul technique be Timited only to cases where it mughbp used?
Why not extend it to all similar casez where it can be ughd ™

These questions are all the more poertinent becangd OF the proved
failures of sorting inspeetion. 1f sorting is done rarely and only for
locating truly critical defects, and if it i performed with extreme care
by skilled inspectors to rigid objective sﬁg&@dards, with adequate
checks on the results, then it may permit ohlyene defect in a very large
number of pieces to get by. But, if sgrting inspection is used for all
possible defects in the entire factorym@%pﬁin#uﬁml&%t_(]?%,Bz}ied upon to
accomplish consistently what it iglsupposed to accomplish and most
probably will fail in its objectivé‘o’f' maintaining perfect quality. The
reasons for the failure hayé been investigated frequently and have
been found to fall into *gt?“c’lasses: economic and psychological.

'Po get sood sorting inspection for the entive output of any plant,
no matter how gipygle the product may he, requires, first, skilled
and cxpericuced, 1?[1:9}1; and second, an adequate number of them. The
cost of theseaeghirements is usually prohibitive; therefore manage-
ment is pr{aﬁ{:"t’o out down the cost of routine 100 per cent inspection
and t-]u:r(i‘;:)y to cut down its efficiency. A casc from the author’s ex-
P“-I'J',gnéﬁ' will illustrate the point:

TheA. B. Company was a war baby. The owner and manager, who
had had a small machine shop before the war, raceived @ large Army
order for a very crvitical part, for which he had bid on a fixed-cost basis.
Shortly after he started to make the part, he {ound it necessary to
ingpect all his work 100 per cent, and to increase his inspection force to
a ratio of sbout one inspector for every three workers, in order to main-
tain Ammy specifications, For a while thereafter, he had very few re
jeets, and won the Army-Navy “F,” bub he soon discovered that the

*8imon, Leslie E., An Engineers Manual of Statistical Methods, John Wiley &

Sons, New York, 1939.

N\
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inspection was costing him exorbitantly. He watched the inspectors
for a couple of weeks and found that some of them did not scem to be
working very hard. He therefore laid off half of them, cxpeeting the
other half to do all the work. Only 2 [ew wecks later the number of
his rejects began to soar, and in spite of strenuous efforts be could not
get it down again. He finally lost the contract,

Here enters the psychological aspect of the problem. Horting in-
spection iz repetitive, in that it usually requires deing the same thing
over and over all day long thousands of times. If inspectionayere
simply a matter of pushing a foot pedal or pulling a lever, therdwvould
be little trouble; but there is hardly one inspection operaliord, whether
with micrometer, with dial or plug gauge, or with speci@l)fixtures of
any kind, where human judgment is not 1BCERSATY ¢ ~Crenerally the
mental caliber of inspeetors should be higher thafiythat of manual
workets or simple machine operators. The effagt Ol repetitive fatigue
upon the mentality increases in deadliness a wtelligenee increases;
hence repetitive fatigue deadens the judgment and reduces alertness.
The inspector gets hored. He is then in<fo condition to make correct
decisions about the acceptability of ap}{ particular plece. He tends to
take the easicst path and let it pags, <

Repetitive ingpewtiod Headd SoaliiiRgtihental concentration, The in-
spector who performs an opez:a.fi'jm a few thousand times becomes adept
at 1t and therefore carelass.” He iz apt to seek distraction in any
movement or talk around Wim, while hig hands and his eyes do auto-
matically what they(have been taught. Therein huks danger, for
eyes and hands ms.%ﬁp if not guided by eonscious sttention. Anyone
who has tried spéed typing will agree that, if the attenlion wanders,
speed may nat’ décrease very much, but crrors will increase. The same
thing ha.pp[su% when an inspector who is too sure of his skill allows his
attention 6 wander from his work. In other wayy, too, carelessnoess
rearg ';]j.t-‘-l head. When the inspector gets into the rhythm and con-

) }ﬁl@t}s long at the task, he is apt to neglect the checking of his instru-
(Juents until by chance something breaks the rhythm, or he gets tired
fmd takes a rest.  In the meantime, if his gauge is bad or his measuring
mstrument needs adjustment, many unaceeptable pleces may have been
passed through. Furthermore, if the ingpector hus to keep at the sume
routine all day long, his standards may change. I[n the morning, frezh
f1:0m & night’s sleep, he may be too sirict and careful in gauging or in
visual inspection; as the day wears on ho unconseiously may become a
little easier in his requirements. Or, if he starts the day’s work with
lax standards, he may tighten up later on. In either case the lapse
of time may make him forget the way he started,
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These statements apply particularly to the many inspection opera-
tions in which the inspector has te cxercise judgment.  An experiment
that can be made in almost any plant will confirm the dangers of
routing 100 per cent inspection. In one such experiment, 1,000 pieces
were gent to sorting ingpection for polish defects; 600 were accepted and
400 were rejected. A couple of days later the aecepted pleces were sent
back to be sorted, without the inspector knowing that they had pre-
viously passed through his hands; this lime he rejected 153 out of
the 600 pieces. Next, the 400 rcjects were reinspected, and the in-
spector accepted 98 of them. Each time the inspector was offercd €N
lot that he had previously inspected, he changed his mind about mhat
was acreptable and what was not. S N,

Such an cxperiment ean he continued until the positively bad/pieces
and the positively good pieces have been separated; bg%"frequently
more than half of the original lot will have been bothnggae'pted and re-
jeeted at various times. \

Another experiment will illustrate the ncffeetiveness of routine sort-
ing inspeetion.  Tn a certain operation four inspeefors examined every
picce produced for visual and dimensional d:[}f?}tﬂ and threw out the de-
fective pleces. The sorting inspection seemed to be necessary, because
this particular operation affceted manyishbreetrgropergtions. 1t was
proposed that sampling inspeetionlreplace the sorting inspection;
and the quality-control group was fsked to investigate and determine
whether or not the sorting was‘effective.

From one lot a random gétaple of 500 pieces was taken and inspected
carefully (as all samplef\ghould be): 26 defective pieces were found.
This result was analfzed by using Simon’s I charts® According to
those charts, the éxidtince of 26 defectives in a sample of 500 indicates
that (nine chaneedin 10) the quality of the whole lot should be some-
where b(atw%ﬁ.\'?:S and 4.1 per cent, with a most probable quality of
5..’L per Cfanﬁf-.\ Converting these quality limits into number of defective
pleces g\avé

8‘76>< 20,000 = not more than 1,760 defective pieces in the lot
049, X 20,000 = most probably 1,080 defective pieces in the lot
4195 X 20,000 = at least 820 defective pieces in the lot

_Thus, the sample indicated that there were at least 820 defective
Pleces in the lot. The four sorting inspectors were not told about this
conclusion, but were instructed to sort out the defective picces in the
usual manner, They threw out only 720 picces. Several other orders
were treated in the same way, with the results shown in Table 1.

_— . o
simon, Leslie B, ¢bid,
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TABLE 1
(1} (2} (3) (4) ! {5)
Minimum Num- | Numbcer of
Ordor Number of bor of Rejects Rejects Per Cent
Nﬁrﬁber Pieces Caleulated Hemoved by Lfficiency
Produced from Sample 100 Per Cend, (4} + (3)
Inspoection Inapection
N\
W21 20,659 431 248 5?5
T159 28,470 54 39 2 RIN
W103 15,620 107 61 INETI0
F8 5,545 4 4 AMo0.0
K65 18,338 90 s 667
240 10,200 202 50 47.0
V16 11,000 123 gﬂ 458.0
Totals 101,852 1,011 x.\\f 557 55.2 average
L

Although the sorting inspectors webe given every advantage, it was
discovered, as shown 31?:: T'llch 1;(’11:1‘5 they found on an average only
65.2 per cent of \‘E'l\i\'ew’énz-ﬁzaiﬁﬁn%% mber of pieces they should have re-
jected. Tf the most Iikely n(ljnlier of bad pieces had been tuken as the
eriterion, they would hay®found only 37.3 per cent of what they should
have. Often sortir}g;“?nspection will give better results than those
cited here, but in MMmdst every case it will be found that sorting ingpee-
tion falls more Oy less short of its purpose. That purpose usually is
to remove evgry bad piece. On the other hand, scientifically designed
and corrps{],y performed sampling inspeetion can give any desired
assurane® *of quality short of perfection. This is true, because, in
samphing inspection by quality-control methodg, the inspection records
areso designed that they can be analyzed, compared, and cross-checked

~(With cach other. When this is done, it becomes difficult for any in-
N/ spector to get away with careloss work. When he knows that he is
being checked, the inspector is apt to do the best he knows how. l'ur-
thermore, unskilled inspectors ean be singled out and trained; trouble
gpots in the process, that result in bad product, can be discovercd;

the method of sampling, =0 that a random sample is oblained, can

be controlled; and many other aids to efficient inspection are possible.

In the case previously mentioned, where sorting inspeetion had
failed to do the job with four men, scientific sumpling inspeetion did it
a5 well as it needed to be done, with two men—a 50 per cent saving
In man power and in dollars.
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Nothing in this world is perfeet. I sorting inspection is used on the
entire output of a plant or an operation with the aim of finding and
disenrding every defective piece, it cannot suceced in the long run. Tt
is expensive; the pay may not be attractive to able men; and the work
load may be heavy. Fatigue and boredom may reduee efficiency. For
these reasons roubine sorting inspection gives no krown assurance of
outgoing quality.

A detail inspection, treated as a special case of a 100 per ecnt sample,
used on lots that fail fo pass a sample test, and subject to checks of
efficiency, usually will remove practically all defective pieces from the
material inspected. Tt thus will fulfill its objective for most practical
purposes. Such inspection, however, is generally too costlyand oo
slow for usc on the entire product. ~\ N

In order to maintain with known assurance a desira;bie: economical,
and profitable quality of product, it iz better to admitthat nothing is or
can be perfect, that the produet when it comes to ihdpection is defective,
that it is impossible to remove ol the bad picccxsgaﬁd that therefore the
outgoing product necessarily will contain géite proportion, however
small, of unacceptable merchandise. Fremm/this standpoint the pur-
pose of ingpection becomes quite different™” It becomes the problem of
how to maintain the outgoing qw%ﬁyaﬂpéh@meﬂg.ﬁ ltzg_qi,:pg from the
plant ov from one department toabother) at a desirable economic level.
The most profitable quality,.js" one that compromises between two
conflicting interests: the faétory’s desire for low-cost output, and the
sales department’s des@ofr perfect quality. When management has
decided upon the migstSprofitable quality level, statistical sampling
methods provide t-}\lé Best available means for maintaining it.

N
\Y ACCEPTANCE SAMPLING
N -

As had boen pointed out, rouline one hundred per cent mspection,
when aged in a wholesale way for maintaining quality, is usually & poor
I Othdd, unreliable, and costly. Dut detail inspection (a 100 per cent
sample) has a definite role to play in any scientific inspection plan. The
Dodge-Romig tables illustrate how detail inspection as a spectal case of
sampling is occasionally necessary in order to hold & manufacturer’s
outgoing quality at a desirable level.

In 1041 H, F. Dodge and H. G. Romig of the Bell Telephone Labora-
tories published in the Bell Technical Journal their now famous ‘‘Bingle
Sampling and Double Sampling Inspection’ Tables.” * Their plans

+Now in book form, “Sampling Inspection Tables,” published by John Wiley &
Bona, 1944,
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will assure a manufacturer that the average outgoing quality of his
product, expressed as a per cent defective, is at or below any practical
and desirable level, and that he ean maintain it with a minimum
inspection cost. The manufacturer must know (a) how Lurge o lot is to
be inspected, (B) what the average guality of goods submitted to in-
speetion iz, and (¢} what average outgoing quulily Fmil he wishes to
hold. Then, from the tables, he can determine what size of samnple
to take and how many defective pleces he ean allow in his saanple.  If
the number of defective pieces found in the sample is not Iarger.r\h&n
the number allowed by the table, the whole Iot is passed. I moredthan
the allowable number of defectives are found in the samplef Dhen the
whole lot must be detail-inspected and the bad piecez{fhrown out.
This amounts to taking a 100 per cent sample of lots 8t fail to pass
the test; and the detail inspoeting must be done with'd B fame eare and
aceuracy #s the sampling is done. The m&nufa,ct-ﬁrér then can be 90
per cent sure that his average oufgoing qualihy is better than the
desived quality Limit (on the average it will hivwice as good), and that
the inspection man-hours recquired are_aduinimum for the plan he s
using. A guaranteed quality at minimﬁnf cost is the result,

Ancther scheme, somewhat simildr, 1s uzed by the Army Ovdnance
Department. Giﬁiﬁvﬁ.hﬁﬂmﬁlm@hﬂr@‘ﬁiragc qualily subamitted to in-
spection, these tables show the gample size and the maximum number of
defeetive pieces allowed ifathe average outgoing quality is to be beld
at any one of several desired Limits; they also provide for reduced
inspeetion when 20 %Q"ceésivc samples of any one product from any one
manufacturcr haye passed the sampling test. Samples that fail to
pass the test rc(\luire that the whole lot from which they came must be
detail-inspecticd.

It mughJe’ realized that no ready-made inspection scheme will fit
every \réqnirement of every situation. The manufacturer who wishes
to ugk'n scientifically designed inspection system should adapt to his
.. gp?éi’al needs the plan that serves him best. To do this successfully
requires a good deal of statistical knowledge and practical experience.
If he does not have that knowledge and expericnce available in his
organization, he should find it outside, perhaps on a consulting basis.
Expert advice in sefting up and installing a sound inspection plan

not only is inexpensive in the long run but also is necessary for con-
sistent, reliable results.

CAUSES OF BAD WORXK

‘ In proeess inspection, sampling is the most practical way of determin-
ing the quality of the process, beeause when people or machines are
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turning out parts by the hundreds or thousands an hour, routine
100 per cent inspection is usually too expensive. In sampling at the
machine, it is very eagy to make the serious mistake of not inspeeting
enough.  Although many types of process defeets can be delermined
by the cxamination of a single piece—such as some errors in setup
or certain kinds of maladjustment of the machine—many other kinds
of bad work show up only gporadically. Typical of the setup type of
defect is the wrong size of drill on a drill press; mismatch in a forging
iz an example of maladjustment in a machine; occasional or sporadic
faults often show up in handwork such as polishing or grinding. In thel
case of an automatic serew machine, for instance, 1t is quite possible
for picces taken in succession, one off each spindle, to vary by ays\fnﬁc 1
a% 0.002 ineh in s one-half-inch diameter. If the folerance wered.498
to 0.502 inch, and the inspector found onc piece at 0.5005\inch, it
might be that the machine was producing some pgg{s&ﬁs large as
0.5015 4+ 0.0020 = 0.5035 inch. Again, if the inspeufier measured two
pieces and found one of them 0.502 inch and the other 0.5015 inch, he
might be inclined to zay that the job was running Batisfactorily, where-
as actually the work eould be seriously oufof tolerance, because one
of the other spindles might be producing patts as much as 0.002 inch
larger, The thing to remember, st;ir’ﬂpi@utiﬁwgmmmm one that is
prone to be overlooked, is this: the bieces that are inspected hold
significance only because of what tliey may tell about the picces that
are not ingpected.  Just becamu'gé all the pieces that are measured by the
inspector are within tolerahce, it does not follow necessarily that all
the pleees produced by %\e machine are also within tolerance. For
this reason, sampling process inspection must be done in such a way
that sound cone 11&{13113 can be drawn sbout the quality of the entire
output from pvidénce provided by the sample. If the sampling is
done in the sOng way, or inadequately, control of the process may
secrn to_exist while actually it does not.

Anoffier kind of bad work can be traced directly to workmen, es-
peciglly when the operation involves manual labor: grinding, for in-
slance.  Becsuse of poor training, lack of dexterity, hurry, anxicty,
fatigue, or earclessness, bad grinding can occur often, in fits and
starts, during a day’s work by an sperator. Under such circumstances
ingpection of one piece, or a few pieces, or even many pieces off the
top of the pile of work usually will fail to reveal the full extent of the
trouble. Only an adequate sample, taken from all the work donc
since the inspector’s last visit will tell the true gtory. How large a
sample to take, how frequently, how to get it at random, and how to
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interpret what is found in terms of proeess quality, constitute one of the
contributions of statistical guality-conirol technigue to process in-
spection.

WHAT TC DO WITH THE LOT

When a company installs statistical sampling inspection, the manage-
ment may discover that the quality of their product i3 not so good as
they had thought. They also may find that their munufacturing pro-
cess ie not in confrol.  As a result the oulgoing quality may be spotty.
Sometimes the product is good, and at other times poor.  Ihs poor
apots are usually unpredictable, both as to Lime and as to caliie. Thus
inspection is posed its second problem: What to do with gy particular
batch, lot, or run of the product. A\ ]

In this respect the C. Compuny was typical. rlhé COMPAny manu-
factured a variety of parts and subassemblieg AVr airplanes, most of
them in large quantities. Beforo starling a quility control program,
the management decided to investigate thespetd for it. Dy sumpling &
half-dozen different products after theyhad gone through final inspee-
tien, the company discovered that tlgci'e ‘were almost 3 per cent defee-
tive parts going out of the plant. Noiic of the defects, fortunately, was
critieal, but the cutgoidkrapdibiirvensievertheless undesirably poor.
The faulte fell into three cajteé,éi'ies: bad raw material, bad machining,
and bad finish. The wosst batch was one where 30 per eent of the
pieces had the wrong Acbnumber marked on them. A fow cases were
found where two a(-s’were assembled wrong-end-to, and even more
frequent were pantI;m which one or more operations had been omitted.

Investigatiory showed that most of this bad work was caused by
carelessness\h:l‘}[he plant. Very significantly the reazon such defects got
by the findl one hundred per cent inspection was that they were so
obvigl%\and unexpected that no one looked for them, or looking,
none saw them, This was not so impossible as it sounds, because

. the*inspection was so organized that certain inspeetors locked for
\ xertain types of defeets, but those that no one looked for (because they
were not anticipated) sometimes got by.

As a first corrective measure the company instituted a “pilot”
saropling inspection just before each lol of goods was finally inspeeted.
The sample told them what most frequent defects to look for in the
sorting inspection and pointed to the trouble spots in the plant. A
systematic cheek and follow-up, procceding from the pilot inspection
in one direction to the oulgoing product and in the other direction
back into the plant, was begun. Statistical techniques were nsed (a) to
check the adequacy of the sorting ingpeetion by comparison with the
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“pilot” findings and occasionally by taking a sample after as well as
before final inspection; (B) to put control charts on the erratic opera-
tiong in order to prevent future recurrence of the same fault. Depend-
ing upon the “pilot” inspection to tell them in advance what to look
for, the C. Company is gradually maling the transition from sorting to
sampling inspection for all outgoing product. As quality becomes
stubilized, inspection becomes loss expensive and more efficient.
Final inspection man-hours are now only hall of what they were before
the program wag begun. )

The question, “What to do with this lot?” now answers itsell almost
automatically. In the C. Company’s present setup, one of thige
things can be done with a lot at final inspection. o\

1. If the lot passes the “pilot” inspection, it is shipped qufq;‘iﬁimedi-
ately without being sorted. e \

2. Tf the quality of the lot falls within a range whcr.e‘ﬂ\k, economical
to sort it and to serap or rework the defective partes ‘the lot is sub-
mitted to detail inspection for removal of the bay ‘pieces, and o sample
inspection is made after the detailing to be sg(é%- 1at it has been done

X 3

efliciently. PN

3. If the quality of the lot is so pooy, '(dsua]ly beecause of an “unex-
pected” failure in the plant) that eortiebiadliboo peathinit is rejected
and returned to the factory for repaiting or scrapping.

The criteria used in determining which of the three dispositions
shall be made of the lot are geomomic ones. M the lot fails to pass the
pilot inspection, and thegs Sond or third type of action has to be taken,
a qualily committec c@:r%osed of representatives from the sales, pro-
duction, and inspeci\fi‘dn'dcpartmenta decides what shall be done.
Somewhat difidont was the problem faced by the D. Company.
Al its wor Wa;s%one by about ten subcontractors. Even aszemblies
were madeoMhe outside. The D. Company, therefore, was concerned
primarilg \with production scheduling and ingpecting. Tt had two
cont,réuéﬁ'for eritical and urgent war material, but found that, because
thowbeontractors could not be depended upon fo produce the required
quality of work, schedules were lagging. Ofien badly needed parts had
to be rcjected because of critical defects, and thus assembly of ten
times as many good parts was delayed.

Fortunately, the D. Company had complcte inspection records for
gix months back. Statistical analysis of these records told them which
subcontractors most frequently made which mistakes.® In some cascs

the subeontractor did not have the right equipment to do the job; that

% Bee Chapter 5, Case History V.
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partieular work was thercfore fransferred to another subeontractor
who could do it; if possible, the original “sab’ was assigned o job for
which his machinery was adapted. [n one or two enses it was the sab-
contractor’s inspection rather than his process that was at fault; help
then was given the subcontractor to improve his inspection. A econ-
trol chart was kept for cach job done by each subeontractor, which
showed his percentage of bad work Iol by lot as it was received by the
D. Company. Frequently recelving inspection wius done by field in-
speetors at the subeontractor’s plant, and charts were kept vight ghere.
Whenever trouble showed up on the charts, the subcoutrictel was
asked for an explanation. Every month each subcontractphowas sent
a photostatic copy of his charts with full explanations an’y necessary
special analyses accompanying them. (‘.}"

This work had two immediate results,  TFirst of glDNt brought about
& complete reshuffling of subcontracts and of,“sg\:h\eduling. The D.
Company, knowing exactly what kind of wabeach “sub” could do
hest, was able to plan its own schedule with ::;\‘hifgher degree of assurance
that the required quantities would be‘(iel’l'*v'ered at the right times.
Secondly, the D. Company found thatits own inspection wos easier
and less expensive, boeause much 18ss rejectable work was being sub-
mitted, One diméﬂkﬂﬁ?@f‘ﬁ’Qﬁﬁ‘ﬁ%ﬂiﬂ;iﬁu.nt formerly had been given
complete inspection with mietptheters was accepled on the busis of
sampling. Another part that had previously undergone a 10 per cent
destructive test now wadpassed with only g 2 per cent test, Besides
these and other savi gr:&ih time and money, the D. Company found its
relations with itg sﬁcontr&ctors improving so rapidly that within a
few months it geleased more than half of its cxpediters and cut its
clerical force:bj\r one fourth. The inspection force, however, was in-
creased. The extra man-hours were used to develop more exhaustive
tests, mabe accurate gauges, and improved inspection fixtures; where
sampling was done, larger samples were taken and the management’s
degree of quality assurance wasg correspondingly increased.
) Both C. and D. Companies realized, oven beforc they had started
their statistical quality-control work, that finding the defective produet
at the last stage, at final inspection, would do some good but would
not solve any problems permanently. The findings at inspection had
to be translated into terms of production processes and operations.
Thus both eompanies were led directly to put into effect the most im-
portant of all the purposes of inspection. That purpose is to stop bad
work before ¢ is produced, to prevent defests rather than to hunt for

themn. Inspection fulfills its highest, function when it helps to make
things right in the first place.
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WHAT TO DO WITH THE PROCESS

If machines and people could make two consecutive articles exactly
alike, there would be no need for statistical quality control, nor for
inspection. But in manufacturing, as in all things, the one certainty is
that any two arlicles produced under presumably identical conditions
will be different. Interchangeable parts, the basis of mass produetion,
are made possible only by keeping the variations so small that they
do not madter in practical use. It is clear, therefore, that a suceessful
process is one that ean maintain consistently the required limits of
variation. _ O\

A process is a series of operations designed to produce an artiplewith
cortain desived characteristics. Each operation in the process”must
fulfill its own specifications in order that the process may, b silecesstul.
These specifications, it should be understood, are nof éecszarily the
requirements set up by the engineering department, but are those that
are necessary to make the finally completed arbicle acceptable as to
cost and salability. Sometimes the operatiq_r&is.able to meet the de-
mands made upon it, sometimes not.  If nofjghanagement must know,
so that a different operation ean be d’egi'gnéd that will meet the re-
quirements; if, on the other hand, vhewiBeafilibds-sapabla of doing the
job it is supposed to do, managemént must know whether or not it iz
doing that job. In either case the Warlations in the operation pmst be
controlled at a level that repa‘\ésents an economie compromise between
the cost of production {he quality of product.

This i the great eent %ution of statistics to manufacturing: that
only by statistical techitiques can variations be analyvzed qualitatively.
Since the essentighFequircment of mass production ig the control of
variations in ﬂ{é}ﬁ'ﬂduct to such a size that they do not interfere with
each other whien the product is put to use, any technique that will help
toward thischd is desirable; and, if that technique is basic to the control
of varriaftji(ﬁls, it ig not only desirable but also necessary.

el operation in a process is & small world of its own, where the
laws of ecause and effect rule just as they do in the whole universe,
Variations in the product—in size, shape, position, hardness, strength,
finish, and so on—are the effects; the causes are yaw materialy, tools,
dics, setups, machines, workers, squpervisors. These causes act and in-
teract on and with each other in a tangled maze, producing articles
whoge characteristics vary from one piece to the next. The manufac-
turer wants to know #n advance whether these characteristics will stay
within the limits assigned to them; that is, he wants to be able to pre-
dict correctly the limits of variation in the process.

N
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Every day, and every minute of every day, people act on the basis of
predictions. Tf the predictions are correel mnost of the time, the pre-
dictor is said to have good judgment; if they are bad, he has poor
judgment. A man probably would be willing to risk his reputation on
forceasting that the sun will rise fomorrow morning. Bul to prediet
that he will see the sun rise tomorrow morning is another matter, be-
cause he then will have to make at least two other implied forecasts:
that he will be there to see 1t, and that there will be no clouds. He
cannot be as econfident of the second prediction as of the fivst. Af he
tosses a single coin, he cannot prediet whether heads or tails wilhpome
up. But, on the other hand, he should be more willing 10 stagé that out
of 100 tosses at least 45 heads will appear; he ghould be fiiyly cortain
to get at least 40 heads; and he can be almost pocl‘rwe thet at loast
35 heads will appear in 100 throws of the coin. N

Applied to {factory operations, that is, to the t’h.:u.:ictenf&tlcq of the
articles produced, sound predictions have aNugh monetary value.
Suppose that a manufacturer makes socket wsénkh(s If hie can predict
that the lathe operation will produce an o}qe‘nmg that will give a snug
fit on every bolt and nut for which Ake’ wrench is designed, and if
the prediction is correct, it will be warth a lot of money to him. Sup-
pose he can predicf” @o‘fr%fﬁ”[[ﬁﬁi‘ YO next 50,000 tunings off an
aufomatic screw machine, ,f}ﬁ(} will be outside the tolerance limnits:
with that forecast in hand ,t»h(:'fnanufaatm'er can do one of three things
with the operation beforgb starts. First, if 1,500 bad picces are Loo
many, he ean try t%\gmbrovc the process so that prebably 100, or
10, or none, will b outside. Sceond, if 1,500 are too few, he can per-
haps let the toglerim longer, allowing 2,000 or 3,000 pieces to be outside
tolerances, and’ Eutting his costs.  Third, if 1,500 defectives in 50,000
iz about the mght proportion, he can let the operation go asitis. Inany
case, hn,l&an make a decision in advance and can take action in the
desmed direction.

AL howev er, the manufacturer is unable to predict correctly what the

r&stlts of the operation will be, he can take no action in advance. He

can only hope that the job comes out all right, that the cost is what
he can afford and that the quality is what ho can sell. When ihe run
of 50,000 turnings is completed he may find that the cost was too high,
or that the quality was too low, or that it was just about vight. Such
guess work Is poor business. Tt iz better business to be able to tell
ghead of timt? what will happen and to have the operation turn out
as one wants 1t to.

When the results of the operation, that Is, the quality characteristics
of the produet, vary in such a way that valid predictions can be made,
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the process is said to be in a state of statisticnl control. With a process
in control, economic decisions can be made with a high degree of eon-
fidence that they will be correct. If, during the opcration, one of the
causes gets out of balanee with the others (a loose collet or a dull tool,
for instance) and produces a greater-than-cxpected variation in some
quality characteristic, a propetly designed control chart usnally will
revenl that fact. Thus the offending cause can be isolated and cor-
rocted before much damage has been done.  Such an out-of-control
cause, as revealed in the produet, is known as an assignable cause. It
must be looked for and eliminated before control is again restored
The methods of statistical control, used with intelligence, honesty, and
il to attain a state of statistical control, offer strong support ’pg'saﬁnd
judgment and common sense. O\

-
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Those who have applied statistical quality ¢ nfrol agree with those
who have built up the thecoretical framewopky that sampling applied
to process inspeetion is basic to the effect'}vé}ontrol of quality. What
statisticn! quality control does is to place ‘a new cmphagis upon the
gathering and analysis of factual d&?%}&»ﬂ{%&hﬂ?x at—i%rl%‘f%‘_vxi:qe 2 new pre-
ventive and corrcetive technique whereby the procéss can be stabilized.
Other eontrol techniques are avaitable to factory management, among
them production control, labbratory tests, experimnental design, pro-
duction engineering, gnd(Dersonnel records. The unique function of
statistical control is fo'supplement all the other cantrols by testing the
validity of their déth, and to provide continuous graphic clues to
sources of troupléin factory operations. TUsing data gleaned from
inspection recGrds, statistical quality control applies seientific analysis
in helpin: {o) out eosts with one hand while building sales, through
higher ghahty, with the other. Statistical quality control has proved
itsei.f‘\t:d"be one of the best ways to make inspection and production

£3fttable. The chaptors that follow describe this technigue and illus-
trvfe, with examples taken from actual experience, how it has been
applied to a varicty of specific factory problems.
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Many a factory executive, department heud, and Joreman facegach
day wondering what crises will arise before the end of the shift \¥They
cannot predict whoere trouble will strike, what jobs w 111 lm\\“ to be
stopped, how much reworking will have Lo be done, ©b'w hen the
promised production will be delivered. DMany an i]éﬂ‘i;@ctO]‘ wouders
why defects that should have been found af his staFion show up later
or at other operations, and why material that h’é}\h\u.s possed ag satise
factory is rejected by the buyer. Such mishapgicreate embarrassment
and confusion. Thaey are apt to make the cbétorv man who earricg any
share of management. responsibility WOTldQ\“ hether the job ig worth the
strain of meeting daily emergencies thehf€em to strike without warning.

Typical of such Plobl ms is thab of setups. A dnlling operation,
for instance, may be. l%g bﬁﬁuﬁgaﬂ%prgved on first-picee inspection;
a few minutes later the job may be slopped by the inspector because it is
out of tolerance. A ﬁrstgpla,ca, inspeetion of an automatic secrew ma-
chine may show a di ension too large; after adjustment it may seem
salisfactory, but so 3&1& to pass the go—gauge test.  Or a hand opera-
tlon, such as grinding, may run along smoothly for s while and then
suddenly develOh'd large percentage of rejects.

Often dugiug the course of an operation some change occurs that
alters the-eHaracter of the product. A change of duills, for example, may
changeith"e size of the hole; a slight adjusiment of the tools in a serew
IIlzt(‘HiIl(‘ may change the dimensions of the turnings; a chauge of opera-
B0 ‘may canse an unexpected amount of poor grinding to be done.

\ Somehme&. a failure of some part of the machine, or a poorly designed
jig, or & new bateh of raw material, or a new inspector or foreman may
be the source of trouble. These difliculties sometimes are found before
scrious logs has resulted; frequently, however, they are discovered only
after a considerable lapse of time, or in some other departiment, or at
final ingpection.

MAKING VALID PREDICTIONS

What factory supervisors nced, at all levels of responsibility, is
some way of telling In advance whore trouble will develop and from
32
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what cause. That is, they want to know when a cause of excessive
variation enters the process, so that correclion ean be made immedi-
ately, and zo that the same findeble cause will not occur again. They
would like to have a process of which they can say, “This dimension
can be held within cortain definite limits.”

Such a statement is a prediction, because it implics forcknowledge
of the future. Tf the forcknowledge turns out to be correct, it iz a
valid predietion.  The ability fo make valid predictions is the secret
of successful control. _

Note that the ides of control, or the making of valid predictions, hag"
no necessary relationship to tolerance limits or specificationgh <A
manufacturing operation can be “in control” in the sense thad, valid
predictions can be made as to the quality of future produet, without
its meeting specifications; or, if the tolecrance range is &ide enough,
findable causes of excessive variations may exist while the produet fully
meets gpecifications. In meither of these cases sau\the operation be
considered as satisfactory: in the former, it can gafely be predicted that
a certain propertion of the product will fail thimeet specifications; in
the latter, no valid prediction as to the qiality of the product can he
made, because, although from past cxpeﬁénce the produet may meet
the specifications, no confidence rbéér(g&fs;#ﬁljﬂdiin‘i)wpk@ed in its doing
8o in the future. A good operaj;i(ﬁi ‘or process should fulfill both re-
guirements: (1) It should be in u state of statistical control; (2} it
should be in control withingh® tolerance limits. As long as these re-
quircinents are mef, the ,w;ﬁ[ prediction can be made that the opera-
tion or process will continue to produce a satisfactory product.

Tn manufacturing &Me emphasis has been concentrated so long on
meeting toIerangeé}that the neecssity for statistical control, that is,
for a state of vald predictability, often has been overlooked. In other
fields the r@éd\for statisticnl control is even more apparent, especially
in all phiwses of applied science. Usually a acientifie experiment is
repeated carefully a number of times under what the scientist calls
“¢Sntially the same conditions,” How can the seientist know, how-
ex%r, whether the conditions actually are “essentially the same”? No
matter how many precautions he may take, he cannot be sure that
every findable cause of variation has been eliminated. Furthermore,
if his experiment meets the requirement that it shall be made under
conditions that allow someone clse in another laboratory to duplicate
hiz work, he should make reasonably certain that his results are pre-
dictable, before he can be satisfied with hLis conelusions.  The sclentist,
for ingtance, may have several assistants working with various pieces
of cquipment. At the least, he should test each assistant and each
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apparatus for any bias that may exist in the obscrvations. Such per-
sonal and individual biases are familiar phenomena in experimental
work; yet the techniques of statisticaf control rarely are applied to them
in order to separate the unreliable observations, if any, from the re-
linble ones.

In economic forecasting the situation is sormewhat diffceent.  There
the probler is not one of controlling the data, but of deciding when
the data indicate the existence of a change in basic cconomie conditiona.
The author has applied statistical-control techniques, with somesgue-
cess, to & number of economic indiees in order to determine the faining
points in business cycles. The author's other applications hé e heen to
personuel problems, production control, sales demand, ari(j[\sumlysia of
balance shects. Statistical comtrol has been used offeelively in the
fields of biology, agriculture, fisherics, medicine, s vital statistics.
It has become apparent that, in practice as woll M8yn theory, statistical
control should not be confined to manufactading problems. [t is a
general statistical technique of deep signifidahee and broad scope. Tt is
a basic test for the validity of factunl date; useful in a wide variety of
problems where decisions are made of$he basis of objective evidence.

www_dbr‘au[ibjf@f‘yﬁorg_in
THE DEGREE, OF RATIONAL BELIEF

In every decision, larg€der amall, there are three elements.  First,
there is the evide.nce,,li:i(%uding both the facts and the interpretation.
Second, there s the degree of belief or confidence placed in the evidence.
Third, there is the mction taken to implement the docision.

Some decisfans’ are almost entirely emotional in nature, a8 when a
man choosePhe girl he wants to marry. Other decisions seem rvational,
but are, hasically emotional, as when a man votes for his political
pai’ty,’ﬁ\mket. Still other decisions appear to be based on hunches
ra}tl;fei"'than facts, that is, they draw upon a store of personal experiences

\”Tglr the evidence, which carries with it o high degrec of belief. Whether
or not such decisions prove to be sound depends upon intangible un-
measurable factors that, in the present state of the social sciences,
cannot be evaluated sclentifically.

Often, however, decisions can be made on the basis of quanlitative
facts, scientifieally collected and analyzed, that comprise evidence
to which a known degree of rational (as distinguished from emotional)
belief can be attached. Such evidence, coupled with rational belief or
confidence, leads to decisions and actions that, although not always
right, have a fairly definite probability of being right.
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As a contrast of a nonrational with a rational decision, consider a
problemn that arises frequently in almost every factory. The process
inspector at a certain operation insists that out-of-tolerance work is
being done and that therefore the job should be stopped; the foreman
argues that the operation is no worse than usual and thereforc should
be allowed o ran. The inspector submits as evidence one plece that
failed to gauge; the foreman submits five pieces that did gauge. Should
the operation be stopped, or should it be allowed to continue?

A decision bascd solely on the evidence as submitted might be
difficult; the referec probably would have to fall back on his general
knowledge of factory conditions and his relative confidence in¢the
judgment of the two men. Here the evidence would be inadequate ard
the degree of rational belief would be low; hence the prqb.a,b'ﬂity of
the referee’s making »n sound decision might be littles l)et%er than
50-50, or 0.50. o\

Suppose, however, that the foreman, instead of subnditting five pieces
that did gauge, submitted a control chart on the process, indicating
that a state of statistical control existed, an'((that no evidence of a
findable or assignable cause was present. \Then the job should not
be stopped merely for adjustments or ?t,h'er‘ temporary corrections to
be made. Any such action a]moshaeqqteﬁﬁlsédﬁc&hlkdbf&iéé&@nimprove the
operation, because there would begtdfindable cause for the bad work,
or at least no cause that could be found in an ecopomical length of time,
Even if the operation, as analyzed by the control chart, were runming
consigtently out of toler r@z,’it still would be uneconomical to stop it
for & minor adjustment of some sort. A thorcughgoing investigation
could be undertakensy bt & minor shutdown would only losc precious
working time, Y

Suppose fur’theFEhat, as a vesult of this incident, an extensive inves-
tigation was\imﬁe, and it was determined that 3 per cent out-of-toler-
ance work was the usual expectation for the operation. With this
evider;cg'aﬁ hand management could decide, from a study of costs and
othér Yictors, whether to permit the operation to Tun at a 3 per cent
level whether to design some other operation to take its place, or
whether to eliminate the faulty operation (and possibly the product)
altogether. Here it would be possible to make another gound decision,
based upon factual evidence carrying with it a high degrec of rational
belief. Such a rational decision might have better than a 99 per cent
chance of being right, in contrast to the 50 per cent chanee of a non-
rational deelsion.

One of the greatest monetary rewards to the manufacturer who hasg
applied statistical-control techmques to his operations—even if they
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arc not always within tolerances—is that a muliitude of minor and
vexing decisions that arizse every day antomatically settle themselves
at the lowest level of supervision, without intrading upon the expensive
time of higher-salavied executives. Furthermore, the upper tier of
manzgement, can associate with the data they get through statistical-
control methods a high degree of rational belief or confidence, and their
major decisions therefore will have a correspondingly grester chance of
being sound and profitable.
Q"
CONSTANT SYSTEM OF CHANCE CAUSES \
"e
Valid predictions and sound decisions can be made ofly*rom data
that comnes from a consiont system of chanee couses. f&%;’;‘p}}]ied to wman-
ufaeturing processes, an operation is said to be in’z-tff.:taté of statistical
control if from the evidence gathered (the sam pl@,\it can be deduced
with & high degree of rational belief that thedapération behaves like a
cohstant system of chance causes, N
A constant system of chance causes, probubly ean be defined best
by analogy to a lottery drawing fromPa¥evolving drum.  Assume that
all the tickets in the drum are cssentiflly similar, that they are thor-
oughly mixed, and\thﬂamctlhrea@?bﬁﬂh‘@-(i%gﬂl@t‘fonned mechanically by a
blindfelded drawer, Can an}{’ knowable reason be assigned for the
drawing of any particular ticket? No, because the seloclion is a purely
chance one. Presumablg an omniseient mind could trace the train of
infinitesimal causes a@l eflccts that led to the scloction of a particular
ticket; but, so fanas human ability goes, each of the causes Is o small,
and there are so,miny of them, that the final result of the drawing is
unpredictable’\ The tickets, the drum, the method of drawing, and all
the Gthe;;\a:ﬁfuvtenanccs of the lottery are called a system of chance
causes, \W/a series of such drawings is conducted, all under the same
condifions, the drawings may be said to be made under & econstant
s;-'&peih of chance causes.

\m ) This physical analogy can be applied to & manufacturin g operation.
Think of the operation as producing, in the past, in the present, and
in the future, an indefinitely large sequence of suceessive articles with
a cetfain characteristic, such as an oufside diameter. Think of each
article as a lottery ticket. If all the articles are essentially similar as
to outside diameter, any samples taken and measured at any time
during the operation, when plotied on a control chart, will behave as
if they were drawn purely by chanee, that is, at random, {rom a con-
stant system of chance causes, The opervation then iz said to be in a
state of stalistical control,
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In any operation there are three time elements—past, present, and
future. Bamples, of course, can be taken only from the present; analysis
can be made ouly {rom accumulated samples, that is, from past data.
Experience has shown, nevertheless, that, when such past dats indi-
cate a state of statistical control, the operation has achieved a state
of equilibrium or slability that can be expected, with a high degree
of confidence, to cxtend into the future. Ilence, when the past data
exhibit slatistical control, the characteristics of the future product can
be predicted in the words, *The characteristic (such as outside diam-
cter) of the artieles that will be produced in the immediate future il
be essentially similar to that produced in the immediate past.” Phus,
valid prediction about future quality becomes possible. P~ -

An oul-of-control operation can be Hlustrated by rcturning for a
moment 1o the lottery drawing. Suppose that the exdu-tiumbered
tickets were lurger than the odd-numbered ones, and that {he method of
drawing favored the larvge tickets. I these facts svere known to an
observer, he could predict safely that even numb@s would be drawn
more frequently than odd numbers.  Or, if heedid not know the cause,
ke could deduce from the results of past diéwings that {a) even-num-
bered tickets will have a better chance ofbeing drawn in the future
than odd-numbered tickets, and (Q)rﬁi%}’*ﬁgﬁl"a(ﬂﬁ gga@§_gs§iﬁlal>le, know-
able, or findable cause for the tlis@}‘é-f)ancy’. Jf the observer were in-
terested in fair play, he might investigate, discover, and correct the
assignable cause. He then would be performing an operafion of statisti-
eal control in order to,achieve in the drawings a stafe of statistical
control. \

During one of thet ;:ourses in statistical quality control conducted
under the auspiced8F the Office of Production Research and Develop-
meut of the WapFroduction Board during the war, an amusing instance
of luck of cm{u}ol occurred.  The instructor was demonstrating random
sampling mﬁneans of blindfolded dvawings from a bowl of red and white
glass baads. Ten per cent of the beads were red, and 90 per cent were
WQ{{} / The heads that were drawn each time were replaced, and
theWeads in the bowl were then stirred around, and supposedly thor-
oughly mixed, after each drawing. Tothe instruetor’s embarrassment,
however, far 1oo few red beads were drawn. An investigation showed
that, though both kinds of beads were the same size, the red beads
contained a mineral coloring agent that made them heavier than the
white beads. The red beads therefore tended to sink fo the bottom
of the bowl, and the white ones, being on top, were drawn more [re-
quently than was expected. In this case statistical analysis gave
evidence of a significant difference between the results that actually
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were obtained and the results that were expected, leading to an inves-
tigation and the discovery of an assignable eausc for the discrepancy.

Similar situations frequently arise in the factory. Supposze that
process inspection on a certain operation cslablishez an expocted
quality characteristic—whether a dinension or a percentage—arnd then
a change of operators, of tooling, of raw material, or of some other
factor alters the complexion of the operation, often to an unknown and
unrealized extent. The entrance of such changes is what makes many
factory processes unpredictable, in the sense that little confidencecan
be placed in the future product being, within the limits of expecled
variation, essentially similar to the past product. Thegce urealized
but discoverable changes may or may not eause out-of-toléranice work.
Even if they do not result in an unacceptable producty ﬂmv creste an
intermittent hazard to costs and schedules, bemus,o b never can he
known when they might cause bad work and 1eqm}t repairs, machine
stoppages, and extra inspeciion. Statigtical coanl provides managoe-
ment with a tool for determining pmmptl and inexpensively just
when the otherwise unrealizad changes, obcur how serious they are,
and how they can be prevented fromy Ieoemurmg Recurring repeti-
tive errors often can be eliminated b the full use of statistical-control
mothods, which thm:ﬁ@ﬁnlabuﬁraify’gﬁgmto increased manufacturing
efficicney.

Many other advantages. '}Lcrue f rom a statistically controlled process.
Personnel efficiency is 111.(.1~ea%ed, supervigors are kept on their toes; raw
materials are econou\xqal v used; tooling and machine problems are
reducad; eatimates. atld bids can be made with greater assurance;
sound prediction®pan be made; work flow becornes smoother.  Above
all, the stud aﬁd analysis of the process develops a wealth of infor-
mation and\h‘ads to many improvements, This alone usually repays
many Ti@s over the cost of the required engineering and statistical
mve:mgatlons
~O° RATIONAL SUBGROUPS

)}
4

Benefits such as these are not gained except by hard work and intel-
ligent, co-operation among production men, inspectors, engineers, and
statisticians. Sinec he is a recent addition to the factory staff, the
statistician has an opportunity limited only by his ability and breadth
of vision. Among the modern statistical techniques with which he
must be familiar and which he can use most effectively, is the theory of
small samples and its application to process inspection by means of
rafional subgroups. Classical statistics considered small gsamples 50
unreliable as to be valueless, Modern statistics, through the work of
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R. A. Fizher, W. A. Shewhart, L. H. C. Tippett, 8. 8. Wilks, and others,
not only has developed a firm foundation in theory for the use of small
samples but also has discovered ways and means of tumning theory
inte practice.

Betwecen classical and modern sampling theory there exists the same
difference as between a balance sheet and an operating statement, or
hetween 2 still picture and a motion picture. One is a eross section,
the other a {low chart. Tn the control-chart technique an adequate
sample is accumulated by taking small samples of from two to ten
observations grouped in a way that has an engineering basis. Usuallyl
the significant element Is time: a small sample of not more than, te\n
itemns is taken off the machine every half-hour or hour or at somelotter
interval of time. Statistical analysis is carried on while these/small
samples are being collected, instead of waiting until a lagé ‘Sample of
100 or more has been gathered. Sometimes the sn}&]l'\éamplcs are
taken from lots in order of production, without!duy regular time
interval. Tt may be that not time but a differepc@ \Jbetween operators
or machines is the gignificant factor in determil ing the way in which
the small samples are taken. Whatever ration 1, logical, or enginecr-
ing basis is used for deciding how the smallsamples shall be selected,
the general principle to be kept m\mgc_{j.ﬁilzau library.org.in

Take rational subgroups of small saimples in such a way that the sus-
pecled assignable causes of trouble-tin be detected by differences between
one sample and ancther.

As an illustration of thi§ principle, consider three of the ways in
which gamples can be cHeden from a six-spindle automatic screw ma-
chine. O

1. A large samplof 100 to 500 furnings can be taken from a run
after the run hd@been eompleted, and frequency distributions can be
made and adulyzed. This method gives little information on what
ht‘bppen(‘.gizd'm'lng the run, and why. 1f 10 per cent of the turnings are
oversizdy fhcre is usually no way in which the bad work can be traced
to{ﬁ_s;'“particular machine, operator, or lot of steel. _
2M8mall samples of two to ten pieces can be taken off each spindle
at intervals during the run, and a control chart can be kept on each
spindle. .

3. A sample of six pieces, one off each gpindle, can be taken at in-
tervals during the run, and one confrol chart can be kept on the
machine. .

Of the three alternatives the first is poorest becanse of its inefficiency
in providing information for correcting bad work. Both of the other
two break the large sample up into rational subgroup small samples;
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one of them is therefore preferable, Which one to use depends upon
the principal cause of irregularity in the work—an enginecring rather
than a statisticul problem.

An aulomatic serew machine is basically & machine that cuts and
forms metal by forcing a rotating metal bar againel one or more station-
ary cutting tools in succession. Each spindle containg a bar of metal.
When a eut has been performed on the first bar or spindle, it moves
on to the next tool, while the second bur takes its place at the fivst
tool. Thus each spiadle takes its turn at each tool. Differences may
exist hetween the spindles; suceessive finished picees come off suehessive
spindles and off different bars, with the result that the prodateteof any
one spindle may vary significantly from that of any othes: s:\ﬁindle for
two reasons: differences in the behavior of the spindlos”themaelves
{lovse collets, for instance) and differences in raw maltertals. I either
of these eauses is suspected of producing bad \\-'g;u"\k,'\éampling method
number two should be used beeanse, when sataplés are taken off each
spindle and analyzed, the differences belweart the spindles become
apparent. Conscquently, I significant %ﬁcrcnces do exist, they will
show up in the analysia, O
Several objections to the second r;xizi:hod ean be mentioned. Tt is a

relatively expeusive\m;_ éﬁrgf}fﬂﬂér?l& hat the process is doing, be-
cause o latge number of pleces must be measured and six contrel
charts must be maintained. ’?I'"ilrthm-more, it does not give a compre-
hensive picture of the hebavior of the machine as a whole or what
tolerances the maching wetually is holding or how a tool is wearine.
For such informatioh.the third method is better,

If one piace ig@iken off each spindle—that is, gix successive pieces
as they are praduced —normal variations in the hardness of the metal,
the conditignyof the spindles, and such will be fneluded in the sumple
V“:l.l‘i&ti(i{i.tmlt-l third method is valuable if the canses that are correlated
with tigte'are the suspected ones. Thege may he tool wear; tool sharp-
e%’lj{fg,3 resetting, and adjusting; night and day shift, and so forth. A

~six-piece sample, one off each spindle, taken at intervals of from
¥5 minutes to an hour and plotted on a control chart will reveal time
changes clearly. Execeptional differences hetween bars or spindles also
will be rovealed in the range chart, as deseribed in Chapter 3.

Occasionally some method of sample taking other than those already
mentioned is required. A battery of automatic serew machines was
producing a critical component of a gun-recoil assembly., The usual
process-control sampling methods were tried without avail. Every
mechine individually scemed to be in control at g satielactory level.
As a last resort, a basket was put at each machine in which one hour’s

1
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production was placed. A sample of ten pieces from each basket was
taken and a control chart drawn up on which inspeetion vesults on
each machine were shown at the end of the hour, One group of five
machines showed an unusually small variation within their samles;
cither those machines were exceptionally reliable, or the measurements
were wrong.  Sinec no reason for their superiority was known, the
dial indieator used in measuring the critical dimensions was examined,
It was found to be defective, or lacking in sensitivity. The flaw in the
measuring instrument had been responsible for over- and undersized
pieces, since the inspector accepted all the pleces passing the towh
Some of them, however, were actually out of tolerance because theyin-
dicator failed to record the exireme measurements, AN

Making the right decision about the subgroup to be used in process-
control inspection calls for the corbined knowledge of a ghed en gineer,
a practical factory man, and a seasoned inspector. Even then mistakes
may be made until, by trial and crror, the most<ehsitive and useful
method is arrived ab. This part of statistical ¢ udhity-control work ig
worthy of long and patient effort, k)ec-ause'\i‘bj\r:a.}'s large dividends
when it iz suceessful. The statistician’s™ole at the trial-and-error
stage should be to assist in finding the app:re-priate subgroup methed by
sludying the process and i.nterpreﬁiﬁ{;,ﬁﬂh%%ﬁb@@bf PHE-Yurious experi-
ments until the right one is found.c\There i no substitute for control-
chart expericnes in the prelimindvy stages of such an investigation.

Enough has been said alzo'{lt rational subgroups to point out a few
of the factors involved, mdsh of them nonstatistical. From the stand-
point of statistical t-h,ec}\y, ihe purpose of subgrouping is to set up
data for analysis in gpeups, the items in each group being considered as
essentially similag®\"Then, if there are discoverable nonchance causes,
their cffectsy s’hQiﬁti appear as excessive variations befween the samples,

W. Edwards’ Deming has well stated the prineiple involved in the
selection, t;)jf the rational sub grouping for a control chart:

..-ahji"\[')oint on the control chart is derived from inspection fests carried out
on aample from a batch of product that for engineering reasons is thought to
be produecd by a eommon system of canses.  The batches are selected in some
rational manner, the purpose of selection being to disclose assignable canses of
varigbiltty between bafches. A well-planned seleetion of batches [or sampling
I8 cxtrerely important, and presupposes enough knowledge of the manufac-
turing process for forming intuitive premonitions regarding the sources of vari-
ability, The plan for gelecting batches for sampling is like laying a trap for
catching variability. Offen it turns out that small samples sclected in order
of production are clfective.
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The points that are plotted on the chart will show variation in the quality
of the product, batch by bateh, hour by hour. Control limits are placed on the
chart. They provide a bhasis for action, because they diseriminaie hetween
causes of variability that can be discovered (assignable eauses) and causes of
variability that cannot be discovered {chance causes). When a point falls
outside the vontrol limits, lack of control is indicated, and it will pay to look
for the cause. Whether you are manufacturing or buying, leck of control
indicates a spotty or variable condition and the need for doing something
about it. Tf you are a purchaser, you will need increased inspection to main-

tain protection.
O\
SUMMARY

N

A\

The discussion in this chapter has been neecssary toy ewf:fiblish the
philozophy underlying the eontrol-chart {ce huique ;md to describe
the slate of statistical control. In the following (,hqp’ter% the operation
of statistical control is deseribed, that is, the. prdcedure necessary
for reaching and maintaining the stafe of contxpl Without realizing
in advanece why and how control charts w 9 kthe reader of this book
might be tempted, because of the appm{n‘s simplicity and eaze with
which control charts ean be used, to dl‘aw rash conclusions as to their
interpretation. Ceontrol charts are “powerful analytical tools, but,
like all keen 1nstrumfeﬁ‘tﬁ’sd]!h@jl{§1‘?§3’b%$ ‘sults when used with skill
and understanding,



CHAPTER 3
X AND R CHARTS

Control charts are of two kinds: charts for variables, in which quality
is deseribed quantitatively in terms of dimensions, weights, or othér
characteristics; and charts for attributes, in which inspeetion is ysial
or by go-no-go gauges, with the produet elassified as either goodiorbad.
In this chapter charts for varisbles, using the average, X ,'s.gnd ihe
range, 2, are discussed. In the next chapter the p and gnicharts for
attributes are considered. \\

STARTING THE CONTROL C\B"A:RT

Several preliminary steps are necessary,béff)i“e setting up a control
chart for either variables or attributes. ()"

1. Decide what quality charasterisbeefbbptorproduct on what
operation the chart is to be kepttBome feature of the process that
has been causing trouble and e;‘(.tfra' cost in scrap or salvage and that
has not vielded to corrective(®tforts is a good place to start; maximun
economic results will be it:}l}mir.tcd by a control chart in such a spot,
Alternatively, if a deﬁé‘ui’st-ration of the power of control charts in
making improvements is desired, an operation and charaeteristic that
is important, but &hat apparently has been causing no trouble can be
selected. Freqtieritly a eontrol chart on & non-trouble-making opera-
tion will revéal'the existence of unsuspected trouble and lead to other-
wise unattamable improvements. Tt is usually wise to choose, for the
first chiet, o place where adequate inspection records already exist or
c:m\’hﬁ' collected casily without too much extra work ; that is, selcet a
dnality on which inspection is inexpensive.

2. Study the process. Ideas should be gathered from operators,
foremen, supervisors, inspectors, and engineers. It is advisable to
agign the responsibility for developing the chart to & man with
ste tistical {raining, or to a sympathetie-minded engineer. He should
ha; e a therough practical knowledge of the whole process, of the effects
of cach operation on the succeeding ones, and of where troubles may
exis s, before he begins to collect the data. He should acquaint himself
with the specifications and with their relationship to shop practice.

43



44 X AND E CHARTS

3. Study the method of inspecting an individual article or making
a single observation on the selected chuaracteristic. Nole particulurly
any factors that may give rise to rrors of measurement or of observa-
tion.  Prepare written instruetions to the Inspector specifying the
characteristic to be inspected; the instrument to be used, such ag
micrometer, dial indicator, gauge; the method of making the chserva-
tion; the acauracy required; the size of sumple; the time schedule 5 and
the method of recording the data. If possible divide the work into two
parts, have a different inspector do each part, and cheek one agaimnst
the other, O

4. Prepare forms in advance on which the inspection regnlts shall
be recorded. Clear instructions should accompany the [pihus If the
caleulations are not to be made by the inspector, spocify who slall
malke them and to whom he shall report. The authofndver has found
an all-purpose form that can he used generally, {14 is usually helter
to design special forms for specific purposesd dhois less expensive to
handle them this way than o do the additional™writing-in and clerical
work required to muke a general form ‘@;ﬁ‘y specifically to a given
operation, \®

5. Choose the rational subgroup sg that, from knowledee of the proe-
ess, it is unlikely thatamadbenabhediver kifperating within the sample.
For instance, shall a contral ohifrt be kept on caclr machine, each
operator, cach shift, or each séidree of ruw material; or shall the whole
stream of product be tregfed as a constant system of eauses, with one
conlrol chart kept on Llf{'}kmtirc production?

6. Bet up a procedilve that will ensble the ingpection results to be
charted and analyzéd as soon as possible. In eontrol-chart work speod
i# the essence pf\CHectiveness. A cause of trouble discovered and acted
upon within s minutes is far more cfective than one that is delayed
an hour, (M"an assignable canse is present, the more quickly it is
elimingﬁs\d, the casier it is to keep the process in control. Time Is
mo;i(}y"in such cases. Quick action not only corrects prodiction faults
Aremptly but also maintaing strong psyehologieal pressure on foremen

nd workmen to produce good work and prevent out-of-control points
before they appear.

TERMINCLOGY
|
!

m = number of subgronps or samples (

In control-chart work the f ollowing terminology is generally used:

. = numbwr of ohservations in cach samnple
N = mn = tolul number of observations,
X = arithmetic mean of the n observations n cach sample
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X = arithmcetic mean of all ¥ observations
g.’f = range in any =ample (largest value minus smaliest value)
£ = arilhmetic mean of the ranges in m samples
Az = factor for calenlating limits for the averages chart
Azl = distance of limits from the X line
X = A ;h’ = limits for the X chart (for averages)
X &+ IR = limits for individual observations (total dispersion)
Dy, Ly = eonversion factors used in charts for ranges
xR, IR = limits for range chart
CHARTS FOR AVERAGES AND RANGES O

The X or average chart is cssentially a simplified method fer de-
{ermining the limits of varigtion that can be expeeted in thé.\zlx’(zrzl.ges
of small samples tuken from a constant-cauge system, uging ‘the range
{difference Lelween largest and smallest value) as a iheasure of dis-
persion. If a sample average [allz outside the est-im"éf}d eontrol limits,
the conclusion can be drawn that almost certaidly the out-of-control
average polnt does not come from the smngz';-,‘}\fs‘t;em as the others; in
operating terms this indicates a major so,m?oé'of extra variability be-
tween the samples, that iz, an assignabl€ 8glise so large that an nvesti-
gation probably will uncover it and ywakepomible, wigenlive action.

In order to get control of a proeéss—to assure its predictability—it
is neeessary not only to knowtibs behavior as between vational sub-
groups (by means of the X ehart), but ulso to discover whether or not
assignable causes exist wifhin the subgroups or samples.  For this
purpose the range or ®iegHart is used, “the limifs being set at DpR and
D4R, whercas the Xachart limits are X + 4oB. Thus the two charts
reveal the presendi? of irregularity both betwoeen samples (X chart) and
within sam plg{(h? ¢hart). Together they spread s net from which if is
diflicult formyassignable cause 1o escape.

Tuble20gives values of Ao, Tp, Ds, and Dy for sample sizes from
o= 2f‘o n = 10. Samples larger than 10 are not well adapted to
cnnti“%;l;chart analysis, because the range is not an cfficient measure of
digpersion in larger sample sizes,

Clireumstances oceasionally may require a sample size larger than 10,
as when one piece off each of a large battery of machines is taken as a
sample, in order to determine whether some factor varving with tlme
is affecting all of the machines similarly; in this type of problem the
suspected assignable cause is not between machines but may oceur as a
funetion of work fow. Such eircumstances are rare, buf, when they do
oceur, and # has to be greater than 10, Teehnical Appendix A at the
end of this chapter can be consulted.
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Those whe are interested in the mathematical derivation of the
symbols used in control-chart work are referred to Technical Appendix
B ot the end of this chapter.

200~

150

2
180 //
170

160

150 N

140 7 -
130 / 'S
120

7N

s
4

s
i10 / :\ .
100} a4 A3 G
- @
lni‘ a0 WL TN, | r'mlfih?"/'"b rg-if ;'/ §
<t 4D ]
30 <
P .
70 S / / “
%0 N / // 7 P
50 x : /’ / /5
nANANAD AR
O A S
O % e
\ : %
2R 8 e 2 8 5 8

b 50
60

Figure 1. Chart lor ealeulating 4,& for sample sizes from ¥ = 2 to & = 10

For convenlence in calculating A,R, Figure 1 may be used.  Along
the bottom of Tigure 1 will be found values of & from 10 to 100. Along
the left-hand margin will be found the values of AsR. Fach diagonal
line represents a sample size from n = 2 to n = 10. The & and AR
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seales should be used like a slide rule, by setting the decimal mentally.
For instance, the R ealeulated from Table 3 is 0.00516 inch for a gample
size of n = 4. Set the decimal mentally at 51.6, enter Figure 1 on the
hottom scale at 51.6, go up to the diagonal line marked 4, and over to
the left-hand margin, reading A2l as approximately 37.5. Resetting
the decimal gives 4:R a value of 0.00375, accurate to two significant
places.

From the dafa of Table 8, page 60, R is found to be 0.02035 inch for
n = 5. Set the decimal mentully at 20.35, enter Figure 1, read up to thc\
line marked 5, and over to the left-hand margin. A5R is 11.8 or, whan
the decimal is reset, 0.0118 inch. Actual caleulstion, by taking 2y

from Table 2, gives (0 677) (0.02035) = 0,01174 inch. N
TABLE 2
Facrors vor X CuaRT sNp K CHART WHEN 3»3;'?0
(Limits = X + 4,8 ¢\ (Limits = Ds%, D)
Number of A
Observations PN
in Sample {5) 5. N —
d j. = T P —1 '\/
: T V9 \l;{cl_bl{iazulibnrary,o?é,in D

2 1.128 1,380 ) 2.66 1] 3.268

3 1,693 .1\0‘73 1.77 0 2,574

4 2.0569 0 /729 1.46 a 2.282

5 2.325‘\ 0.577 1.20 0 2114

6 2.534 ) 0,483 1.18 0 2.004

ki 2704 0.419 1,11 0.076 1.924

g 4 AT 0.373 1.05 0.136 1.5864

9 7NV2. 870 0.337 1.0 0.134 1.816

10 7] 3.078 | 0.308 0.93 0.223 1777

7 A

.

v/

\\: " CONTROL-CHART ANALYSIS OF METAL KNOBS

A certain manufacturcr received an order for a large quantity of
metal knobs with polished edges, for use on the outside of a special
type of radio cabinet. Samples that had been turned on a lathe and
double-disk-polished on s centerless grinder were submitted to the
customer, who approved them. The double disking then was added to
the operation sheet, and production was begun.

Double disking is an operation that polishes a round metal object
by placing it between two abrasive-covered wheels, sct at a fixed dis-
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tance apart and rotating in opposite directions. The operation is
almoest entively automatic, delivering parts of consistent finish and
diameter. Nevertheless it was not long before the foreman complained
to the head of the polishing department that the knobs did not “clean

750
Chart for averages of 4
_ Qut of contral - steet
X+4,R ~
g HE—————— TR T T T .
=
o o0
~ — .
e X ° )
E b
) e "1 ® #N :
Z 700 . * . ® L] R\ % _
° @ a e KLy
® \N¢
A S — O
X-ARE \
m\J
(A
735 O —
Chart for ranges \ ~': 3
L Gut of control
Dk
{ s dbranli b‘bﬂ’ t"y_otg.i.n_____-—
. 010 e &NV ]
£ _ AN . ®
2 Re, oo %o . o
ar TN d i T e
g © e e . *
g ¢\.J P L]
000 | = — = — R — — ]
DyR A \
ol
SO r r | 1
\Y4 5 10 15 20 25
',"\Jate: April 23, 194 Sarmple number

;"l}:igure 2a.  Control-churt analysis of orlginal data. Diameters of metal knobs
up” properly, and that, if he set the polishing wheels close enough
together to give the knoby o satisfactory finish, he buwrmed up his
wheels. At the same time a large percentage of the knobs were rejected
at final inspection and returned for o second polish. The polishing de-
partment head objected to such reworks being charged to his depart-
ment, elaiming that the 0.030-inch tolerance range {(0.740 in. =2=0.015)
at the lathe operation was too loose. In this allegation he was correct.
A high finish being required, fine grit had to be used in polishing, and
not more than 0.015 inch could be taken off at one pass through the
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TATLE 3
CoNTROT-CART ORIGINAL Data ox Meran, Kxoss, 15 1/1,000 Ivcn
!
Measurements in ach Sample
Time b:);\lflg.)](! . Awi%igc, Ra}rége,
a b ¢ d
Apr 23, 1945 A~
8:00 um 1 A5 | 745 | 739 1 TR | 780.25 | 107N
8:35 2 742 | 736 | T30 | TT | 73S0 | (Bye
9:05 3 T30 | 7L | T | 744 | 74075 B
9:25 4 740 | 736 | 737 | 7309 | mas.00 \U o4
10:00 5 T 44 | wEs | T4 7450 6
10:30 6 740 .| 744 ] 7A9 | 745 | 2M0°| 6
10:55 7 742 | 739 | 740 | T2 L SGd0Ts 3
11:35 8 ¢ oval |om2 | T3 | TBENNTA0.50 7
12:00 g 1 o743 i w42 1 736 | 73NN 739.25 6
1:00 pm 10 - 76 1 T8 | T8 | OME | 74575 1
1:353 il PTG 0 T4 TAR I\ Tt Ti46.75 % &
2:00) 12 1 ov4h 1 oTde | TIRN 748 | THE.T5 | 4
2:30 13 ¢ TAT D T45 LT | Td6 | T46.00%] 2
3105 11 739 | mewdbraulibragy.qregzse 50 3
3:30 15 40 ] AN T30 | 740 1 TE0.50 1
3:45 16 742 | w89 | T4l 737 | T39.75 5
4130 17 TIO A T44 | 738 | 738 i T40.00 6
5:00 18 TN 740 | T35 | T42 | 730.25 7
5:30 19 [ b | w2 | a7 1 TH0 | T41.00 %
6:00 20 _ K38 | T4 | TE2 L TAD | T10.50 3
6:30 91 NI T40 | T40 | 742 [ 936 | 739.50 6
6155 207 a4 | a5 | V4L | T3 | T43.35 4
7:30 R 748 | T4 | T4 | 736 | T2V 12#
8:00 X, o1 741 | 745 | 742 | 746 | 743.50 5
835 N§J 25 743 | s | 76 | 742 | 7400 4
O\

SN Totals  1%,536.25 129

~\) T = T41.45
N/ RE= 5.16
X = 74145
E =516

As [or samples of 4 {Table 2) = 0.720
Dy for samples of 4 {Table 2) =0
Dy Tor samplea of 4 (Table 2) = 2.282
AsR = 0.729-5.16 = 376
T limits = ¥ + 4.8 = 741.45 & 3.76 = 745.21, T3T.69
R limilg = DR =10-516 =0
DR = 2.282.5.16 = 1176
*# Ot of eontrol.
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grinder. As long as the knohs were not polished, the 0.030-inech toler-
ance range was all right; but with the new specification as fo the ap-
pearance of the knobs, it took two passes through the machine, in-
volving twoe setups, to polish all the knobs properly.  In order to avold
the double work, an investigation of the turning operation at the lathe
was undertaken, and proved to be such an excellent illustration of the
control-chart technique that it is deseribed here in some detail.

Four successive knobs (rom the lathe wore measured with a mierom-
eter and the measurements recorded every half-hour during two
shifts” production. The data are shown in Lable 3 and in JFighire 2u.
Caleulations are shown at the bottom of Table 3. Fach Zomt on the
chart for averages represents the arithmetic meun of a ‘s}hnﬁlc of four
successive observations. The corresponding point gnl’i;he range chart
represents the range (largest minus smallest valie) in that sample.
A group of four points—10, 11, 12, and 13 were\ﬁﬂ; of control on the
average chart and 23 swas out on the range chayt.

Inquiries were made about the cause ofthe four cut-of-control sam-
ple averages. It developed that afier Idneh on April 23, work starfed
on a new bar of steel, By 3 o'clock iNpas used up. Tracing down this
clue revealed that the bar came fram a lot of steel that “Rockwelled”
slightly higher than’thie BEAHHAr % BB Peel purchasced, and that all
the extra hard bars came fr{giﬁlbhe supplier.

An assignable cause having been discovered, the four offending
samples were eliminated from the duta, and limits were recalculated
ag shown in Figure\ZQx‘ and below:

X = .74000 inch (21 sumple averages)
£ = 0.00662 inch (21 sample averages)
Aa =029
0 10
N2 2,282
R\ _2R' = 0.729-0.00552 = 0.00402 iuch
AN ¢ X limits = g + AR = 0.74001 + 0.00402 = 0.74403, 0.78500 inch
N\, Blimite: Dy =0
\/ DR = 2.282 000552 = 0.01260

All points on the average chart were now in eontrol. No. 23 which
showed an out-of-control range on the first caleulation, was in control
on the second. Figure 2b shows a eantrolled process, with no single
cause of variation worth looking for,

Although the process gave no evidence of lack of control, it was not
satisfactory. Dispersion was still too great. Of the 81 individual
measurements in Table 3 (excluding the out-of-control gamples), the
lowest was 0.735 inch, the largest 0.748 inch, a range of 0.013 inch.
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This was the dispersion of the controlled process. Since it was known
that differences in raw materials and perhaps other factors previously
had thrown the process out of contrel, the dispersion in the past had
been eonsiderably greater —probably close to the 0.030 inch permitted
by the lathe operation tolerances.

It is an axiom in statistical-quality-control work that, once a process
has reached and maintained a state of statistical control, a further
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Figure 2b. Re{ziséd analysis of original data. Diameter of metal knobs

reduction m}ilépv rsion cannot be gained by any temporary or partial
ﬂpedu,nt:;, further improvement comes only from some basic ehange
in the manahatmmw procedure. On the morning of April 24 experi-
mem\ts. were begun, aimed at cutting the variation in half. Results of
these attempts arc shown in Figure 2b and in Table 4.

None of the trials with various types of tooling or different methods
of setup, or even with the most skillful operators were successlul until
a re-examination of the original data showed that all four of the out-of-
control points (samples 10-13) had ranges less than the average range
value of & = 0.00516. As the final experiment of the day, therefore, a
bar of the steel that previously had been a cause of irregularity was
used. "The control-chart sample taken at 4 o’clock showed an average
of 0.745 inch and a range of only 0.002 inch. 'The rest of the day was
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spent testing a number of the bars 1o determine whether that particular
kind of steel varied less in hardness than other kinds, Tt did scem to be

TATLE 4

ExvenmveNts on MeTaL-Tovor Proomss

. |
: i Measurements in Fach Saple
. Sample | ) _ I Average, | Range,
Time No. ¥
a b I i N
RQ
7\
Apr 24, 1945 ~\
$:00 am 26 712 744 742 737 ~.t73$§ NS 7
100 27 716 76 T3 73}1'\‘\ 730,50 13
1:30 pm 28 733 a5 751 146 T38.75 18
3:30 29 739 T4} 734 Fad) 736.00 11
4:00 30 T4 | T4 | Ta6pIVTAL | T45.00 2
. ,\ 4

more eonsistent, and so the next marking the turning operation was set
up and carried on shvatgbran HET®S &ilne only the steel from that
source. Table 5 and Figure 26\8ow the results.

The last step indicated thatthe process was in control with a mean,
X, of 0.74620 inch and af hverage range, R, of 0.00423 inch. Control
limits for the X cha t'\:wérc 071928 and 0.74312 inch. Contral limi_’r:s
for individual pieges Were found by laking ¥ 4 4,5V = X + L&

X & LE = 00620 4 146-0.00423 = 0.74620 < 0.00618
L = 0.752, 0.740 inch

Spp(;iﬁbations were 0.740 + 0.015 = 0.755, 0.725 inch. As long a9
stydistival control was maintained, the upper individual Hmit of the
'jt?@cwéss, at 0.752 inch would fall below the upper tolerance limit of

\6).?55 inch, and the total variation would be not more than 0.752
— 0.740 = 0.012 inch. This met the requirement of the double-
disking operation where a tolal variation up to 0.015 inch could be
taken at a single cut. On the new basis, therefore, the process was in
control af « saéisfactory level.

In achicving this result, the following steps o far had been taken:

1. Collection of orixinal duta {samples 1-25).

2. Caleulation and plotting of control charts for X and £.

3. Engincering Investigation of out-of-control points.
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TABLE 5
CoxTeoL-CHaRrT DaTa on ImProvin-Process MrTan Wwoss, 18 171,000 Ixce
i Samplo Measuremen(s in Tach Sumple Average, | Range,
No. ; X R
@ b I i
Apr 25, 1045
8:00 am 31 740 1 744 | 740 74T | 74725 a5
8:30 32 745 | 749 746 740 | 747,95 N1
9:00 32 TAE | 749 | 749 (EYAN I ETS: N N
9:30 34 746 1 746 | 48 | 749 | 420D 4
10:00 35 746 | T48 | T48 | 748 | Taio5 | 3
10:35 36 742 | 748 747 745 JNgds.00 4
10:55 37 T46 | 748 | 74K THYNS T47.00 | 2
11:30 38 TH5 | T4R | 740 [ AR T46.50 | 8
12:00 39 TAT | 74E | TAT N6 | T46.25 | 2
1:05 pm 40 TS | Ty | TR BVTHE | He00 | 2
1:30 41 744 | 746 74357 745 | 744,50 3
2:00 42 T4 | T44 MG | T45 | T4ET5 | 4
2:35 43 T47 | TAE V748 744 | 746,00 | 4
3:00 44 748 | T4l 744 | 744 | 74425 | 7
3:30 15w diAulibiFdfy or g 742 74550 7
4:00 16 744 S0V41 | 748 744 | 745.00 | 4
425 47 TN T44 | TAT | V46 | T46.50 | 5
5:00 48 LRA8 L TaT | TAT | 743 | T46.25 | B
5:30 40 R4 | 740 | 748 743 | T4R.T5 | 6
5:55 50 \ T4} T46 | TR | T44 | 746.T5 | B
6:25 51\ 740 | 748 | 743 | T45 | 46.25 | 6
7:00 (52 T8 | Ta4 | var | 746 | 746.25 | 4
7:30 53 748 745 749 747 747.25 4
8:30 AP B TAB | T46 | 745 | 747 | T46.50 | 3B
9:00 . L 55 742 | 746 | 748 743 | 74450 | 6
9:%»»‘ 56 46 | 74T | T4 | 743 | 74500 | 4
1050 57 TAE | V48 | T44 | 745 | 745.75 | 4
“\.3;}230 5] T | TG | 747 | T44 | 74575 | 3
s\ 11:00 59 745 | 746 | 748 | T4 | T45.7H | 4
N\, 1125 60 740 | 749 | 749 744 | 74775 | B
Totals 22,386.00 27
= 746.20
B= 4.23
Ag = 0.729
Dy =0
Dy = 2282
AR = 3.08
X & A>l = 746.20 4 3.08 = 749,98, 743.12
IRE =0

D4R = 2.982.3.08 = 985
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[2le]

4. Recaleulation and plotting of original data, indicating a state of
statistical control but at an unsatistactory level.

5. Further engincering studies lo improve the process basieally
(samples 26-30). )

6. Collection of new original data on the improved proeoss (samples
31-60).

7. Caleulation and plotting of new data on control charts.

Then the last and most important step wasg taken: the eontrol
limits, being satisfactory, were accepted as process limits for future
production, that is, a predietion was made that, as long as the control
limits were held, there would be little if any trouble at double diskdhg:
A continuous control-chart record was set up for the turningraperd-
tion, beginning on the morning of April 26, with inspection at.Xourly

TABLE 6 o\t
CoxTrOL-CHART DaTa PLOTTED AGAINST STANDARD VArGEs/ror DisMETURS
oF Knoes O
=
Sample Measurement in ach bgmplc
L
Time (0.001% AN - Average, | Range,
WO DT ATy orgin bid
No. b by : Y e d
1 3
Apr 26, 1945 o)
7:00 am 61 ?é‘ﬁ 749 745 746 7468.50 4
&:00 62 748 T48 746 743 T46.25 i}
O3 63 77 746 714 749 742 715.25 7
10:00 gIN™ 745 | THH | TA7 | T3 | T45.00 1
11:00 {he 746 746 T4R 747 746.75 2
12:00 )6 748 | T4S | 743 | 746 | T16.25 5
130 pmf™\} 67 744 748 745 744 745.25 4
2:303 A} 68 T48 744 744 ‘T44 745.25 4
B3N 69 744 749 747 744 746.00 5
\z‘ g0 70 746 | 740 | 748 | 744 | T46.7H 5
g 71 746 TE7 740 745 746.75 4
630 72 744 747 747 743 745.25 4
7:30 73 746 746 744 743 T44.75 3
8:30 74 749 749 | V43 | 748 747.50 6

Standard Values: X° = 0.74620 inch
' = 0.00423 inch
X limita: 0.74928, 0.74312 inch
B’ limils: 0.00965, 0 inch
Individual limite: 0.752, 0.740 inch
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instead of half-hourly intervals.! The X and limit lines on the chart
for averages, and the R and DR lines on the chart for ATIZES Were
extended Into the future before pwdm tion was started.  In the termi-
nology of statistical control, X, the process mean, becamne X', the
aimed-at standard mean; & buumnv R the st mr]ald average range;
and the control-chart llII'l'Jt‘: hecame tho standard limits,  As produe-
tion went forward, the inspection data were gathered and analyzed ag
before; each sample’s average and range woere plotted ngainst the
projected limit lines in order that a stalistically controlled nyacess
might be maintained with the agreed-upon aver ige and digparsion,
Unless this were done, there would be no gnarantee tliat tiie Jprocess
would remain satisluctory, no assurance thuat the I)1’)'['.{‘.]1T]Q}bﬂllﬂﬁf;h of
the engincering—statisticnl analyses e tually wonld ha%éllizt\d Clon-
trol for the future is the goal and end result, of al! the Bsteding rescarch.

Table 6 and the right-hand portion of Figute “’c\'«hm\' a few of the
observations that were plotted amiinst the puz\-rously extended con-
trol Iimits. o\ /

WHEN IS A CONTROL CPQ;RT VALID?

Bo powerful an analytieal tocl g Llu‘ control chart and so easy to
use that it is 1(\(*0@3;;{9@%13,:}11%1 5};18-}9’)}1{’}1 to methoeds engineering
whorever inspection can be L&llli‘rl out by taking small homogeneous
rational subgroups at flequenﬁ Intervals. It 1= important to know,
however, whether the subgmupg have been chozen corvectly,  If the
csul:;ﬁ‘mups do not sy cé\eG(’_l in isoluting the real canse of trouble, the
control chart may fal\m its function and throw diseredit on the whole
technique. Pmb“tbi} three out of four first attempls at control charts
arc unqucce%ful because of inexpericnce and the failire to apply a
scientific rr&Lerlon of appropriatencss.

There,is Mo substitute for experience and common sense in muking
the mo:-t out of control-chart analysis. If the chart looks right it is
apt” 0" be risht. In general, a chart looks right if:

{@) For a process in control, the X points gpread out from the mean
at least halfway to the contr ol limits on each side.

(b) For a process not in control, the limits cover at least hall of the
total spread of X points.

These eriteria are rough and ready ones, derived from the author’s
experience; more rofined methods ave requived il any real deubt exists
ag to the validity of the chart.

Figure 3 shows two extreme cagzes. In I igure 3a the confrol limits

!Buch reduced inspoction is one of the major advantages of knowing that an
operafion is in a state of siatistical control.
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look too close together for the data. This indicates the presence of
asstgnable causcs go great that it may be diffiewlt i not impossible to
achieve statisticul control.  The common denominator that should
exist for all the groups seems to be lacking. There may, in such a
age, be no possible way in which control can be obtained with this
particular breakdown; and, if the control chart cannot be used to help
attuln a state of control, ils usefulnesy is greatly cireumseribed.

In Tigure 3h, the limits ave too wide apart; the data eluster too
eloscly around the X line. This kind of picture can be interpreted to
mean that the variation within the samples, upon which the,caféula-
tion of control limits depends, is mueh larger than the \Lm‘ntr(mbeiwem
samples. If an assignable cause exists, it probably will he%ound inside
the samples; that 1s, the subgrouping has not Hutt'{‘PdE‘d‘ in itg objec-
tive of isolating a real cause of trouble. Some othP\ {:ubgrouplng then
ghould be tried.

Limits Too Close TogKh\er

. LD .
In Iigure 2a there were ten lots of string; cach point on the chart
representing four tests of tensile strengbiNrom one of the lots, Table 7
shows the data from which Fl‘s:,lll(‘ 35, wihs plotted.

www.dbr auﬁl@gf_{},& org.in

DREARING STRENGTI (Jll‘..C{J'TTON BTRING FRoM 10 Dirrerent LoTs

AN
'l‘es\({fﬂ.’l’ties on Kach Lot, Lb
Lot \ Average, | Range,
No. | o\ X R
¢ N ] o il
o\ : _
3™ 63 66 G2 60 £2.75 6
AN | ot | 7| w2 | teen | 6
M\ 47 42 46 44 44.75 5
¢ \ 4 97 58 100 100 96,25 12
\'"\} . 5 63 67 66 66 5. 50 4
(4] ai 46 5 52 50.75 9
T 60 59 G G5 62. 50 7
8 148 146 154 149 149.25 E)
9 63 64 GR a8 63.25 10
10 106 104 110 104 106.00 6
X =77.50
R = 7.6

Since the purchaser had, in this receiving inspection, no control
orer the manufacturing processes of his varous suppliers, it was obvi-
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ous that though assignable causes or significant differences cxisted
among hig sources, there was nothing he could do about them. Since
he eould not take action to improve the quality of his material, the
only thing he conld do would be to choose the most satisfactory sup-
plier and order only from the one source. If that were not practicul
or ceonomical, he could put more rigid teeeiving inspection on the
poor-guality vendors. If any one vendor, though possibly out of
control, met the purehaser’s specifications, he could continue o accept
material from that source, with receiving inspeetion sufficient to pre-
vent acceptance of substandard lots. In any case, the chart as OTIZ-N\
inally sct up should not be continued. It might be preferable to feep
5 separate control chart on each supplier; but the chart as shisw in
Tigure 3a has little value, because the assignable causes,»though
known, eannot be corrceted. N

Occasionally such a situation arises in an mtegra.tfgéfziet-ory where,
for ingtance, some ersatz or substitute material hids to be used, or a
workman, though admittedly unsatisfuctory, hasto be kept on the
job becanse he cannot be replaced. The qudby-control practitioner
who continues to insist upon stopping Qué:d\uction and investigating
assignable causes, when they are alread® known and cannot be clim-
inated, creates misunderstandingrand @orflinbhatyeep himscll and the
factory workers and foremen. o83

Another pitfall of the samoegort, though existing for a diffcrent
reazon, is illustrated in Chapter 5, Case History VII. Chart VIIa
looks very much like Figﬁ”r{\: 3a, but the similarity is only superficial.
(lase ITistory VII prcs%n\tg a problem in subgrouping, a type of prob-
lem frequently met, i eontrol-chart practice, and one that, if unsolved,
can only cmbroinhié quality-control man in the danger of continually
puinting out afsignable causes of trouble that cannot be found.

g #

o\ Limits Too Far Apart

”Figt\ire 3h illustrates a less frequent kind of invalid control chart,
when the points cluster too closely about the mean and too far from
the control Lrits. Here the danger lics in not finding an agsignable
cause when one exists,

Figure 3b illustrates a process of drawing out seamless metal tubing
where difficulty was being encountered because the wall thickness
was not consistent. At fimes it would secm to be too thick, and at
other times too thin. Although tolerances were being held, trouble
was being met in subsequent operations because of the variability in
wall thickness. Inspection of wall thickness customarily was per-
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formed by measuring the thickness at three points on one end of the
tube, the points being 120 degrees apart, the starling point heing
chosen at randomn.  Twenty smnples, each com prizing three measyre-
ments, arc shown in Table 8, and the averages and ringes are plotted
in Figure 3h.

TATLE 8

MeasTREMENTS OF WaLL ThickNess oF Muran Tosise oy 171,000 Iner)

AMeasuremoents Q
20 Daoprees Apart s
Sample 120 Degrees Apart <: AN
e R SR s AR
RU. ) { N\
a I ¢ (‘:}"
42
1 411 | 412 | 430 RS 18
2 425 | 418 | 416 4300% 12
3 32 | 4 | w0 s 32
4 437 | 20 | 415 8320 7 a7
b 419 143 AN 4180 9
& 432 1 M7 | 40% | 8T 25
7 400 o o5 aSn | 4183 17
R S1 e R S B S 8
9 418 426, 416 4200 10
10 415 f 437 | 408 120.0 29
1 410\ 433 416 4217 17
12|, 418)7 410 | 434 120.7 24
13 1%z | 435 | 412 | 1197 23
11 A\ 432 | 409 | 416 4190 23
157,71 425 | 420 410 4187 15
a8 | 435 1 415 | 420 | 42000 20
"\x}n 400 | 440 | 420 | 420.0 40
\ 18 430 | 420 410 420.0 20
O 19 428 | 410 | 417 118.8 1%
N 20 412 | 419 | 432 421.0 )
N\
0"\' w4 —_—
4 =
N\ X = 419.64
R= 20.35

A review of the figures revealed a tendeney for one of Lhe three
measurements to be very much larger or smaller than the other two.
An investigation revealed that, at the first gtage of the process, when
the tube was bored from the billet and bofore it was drawn out at sue-
ceeding operations, the metal became hestod and tended to flow
slightly. Following the law of gravity, the portion of the tube at the
bottom of the mandril beeame thicker than elsewhere, the thickening



RCONOMICAL CONTROL LIMITS G1

effect covering an area from one third to one half of the circumfercnee.
At inspection of subsequent drawing operations, sometimes onc meas-
urement, sometimes two, would hit the thickened part of the tube,
muking the sample ranges excessively large.

The unevenness of the wall thickness was reduced by the tube being
rotated at intervals during the boring operation, thus equalizing the
effect of metal flow. Thereafler no further difficulty from this cause
wag encountered, and control charts kept of wall thickness at various
stages of the process became effective in improving the quality of the
finished tubing. N\

ECONOMICAL CONTROL LIMITS '.\‘\

TProblems such as those previously discussed point out the two kinds
of mistakes, both of them uncconomical and costly, thai tan be made
in quality-control work: ‘O

1. Investigating assignable causes when they da mR‘ exist or cannot
be corrected. Investigations usually require thogerviees of a compe-
tent engineer; they eall for extra ingpection aid ¥nalytical worls; they
demand special attention from supervisms} Toremen, and workers,
Altogether, the cost may be considerable) If it iz incurred without
strong probability of finding p}\;g;,‘g%em@fbﬁp%{%ﬁigqnvariation, the
purpose of statistical quality contesl is vitiated, and the technique
loses acceptance among those J¢ho should benefit from it and use it
most. L )

2. Not investigating “}n:n nasignable eauses do exist. This kind of
error, though less freciifntly made, may be even morve eostly than the
first kind, because ifhmay perpetuate inefficiencies and high costs that
otherwise couldsp@’avoided. Men who have had cxperience with the
regulfs obtair]e@ from eontrol charts probably will agree that the
danger of\a'i’zéuccasional fruitless investigulion iz preferable to the
danger of'wbt finding an assignable cause when it exists.

Thefedls nothing sacred or mystical about the control mits gen-
opallydused in quality-control work, When a beginner starts to study
fhc“subject, he may ask, “Why are the factors ds, D3, and Dy set at
the values given in the tables? Why not twice as large, or two thirds
43 large, or onc hall as large?” The answer is somewhat as follows:

The limits are set so that, in a process giving evidence of a state of
statistical control, as indicated by a properly designed control chart,
only about three points in every 1,000 will fall outside the limits by
chance alone. That is, about 0.3 per cent of the time an assignable
eause will be ndicated when none exists; or, put another way, the
probability is approximately 0.997 that an assignable cause exists
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when the chart indieates Inck of confrol. This has been found, from
many vears of experience in many planis, to strike an economie bal-
ance between the fwo kinds of crrors: looking [or an assignable cause
when it does not exist, and not looking for it when il does exist,

The author’s expericnee has bome out the experience of others. 1
is often diffieult to achiceve slatistical control, even with the generouy
limits established by common practice.  Oeenstonally, narrower limits
may be wdvisable, using 24 As or 14 Ay, in the Tormlas. But before
such modified limits are accepted, the rational subgrouping, the ingpec-
tion techniques, and the chareteristies of the process should bhe'studied
exhaustively, DModified limits should be used only as a lagt\ségort.

Wider limits than those secepted by commmon v Lg('—}hLLf 15, Ag,
Dsg, and Dy multiplied by a factor larger than 1 —afediot advisable,
The author has never come across a case in f:mtoi}' processes where
wider limits did anything except hide ﬁIld:LbI&;\.‘LLLlS{ZS of excessive
variation,

N
SAMPLE SIZ{

In using control charts for \;LI"J‘LI?H"-; X and R charts—the most
important decizion, alter de rvmumno what operation to analyze, is
to seleet what 11110?1’1‘{‘%149&?8{?31&318‘ &dP. When that decision has
been made, the next que.»;t&on,t;mmlly_ is what snple size to uge. Often
a characteristic of the pffwhine or the proress makes the choice of
sample size easy. \Ign} often othor considerations dictate sample
size. Bome of therdeine:

Sample size of 2 Should not he used unless there iz a good engineer-
ing reason fox @ The estimates of limits for » = 2 arc apt to be
errafic. anil@'mbur that control limits are merely estimates. Esti-
mates haged*on samples of 2 contain u larger errov than those based on
larger gamples.

Sémple size of 3. Can be used satisfactorily, but has the drawback
~@f cing somewhat difficult to caleulate, since reenrring decimals

Ppear in the X column. If it is difficult or expensive to collect the
original data or to make the measurements, samples of n = 3 may
be used to reduce the amount of work required in getting an adequate
number of samples, m (sec next scetion).

Sample size of 4. A very good sample size to nse, stuble yot sensi-
tive. Tours are advisable if measurcments are made in quarters of an
inch, to the nearest quurter-thousandth, and so on.

Sample size of 5. Also very satisfactory. Buest to use if measure-
ments are in decimals.  Most people find 5 easier to divide by in caleu-
lating averages than any other number, though somclimes 4 is pre-
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ferred. The drawhack when # = & ig that relatively more measure-
ments must be made to get a minimmum number of samples, m.

Sample size of 6. Not recommended unless engineering or sub-
grouping reasons call for it.  Two samples of three are generally better
than one sample of six,

Sample sizes larger than 6. Not recommended. TUse 3, 4, or &
instead. If = > 10 the range is not an efficient measure of dispersion,
and Technical Appendix A should be consulted.

NUMBER OF SAMPLES \

The number of samples of size # is designated by m. For analyzing
past data as few as ten samples are permissible.  After the pl'éi?mmary
analyses and investigations have been completed and gthe’ chart is
ready to go as a control for production, it is wise to, li:?we wore than
20 samples before projecting X and limit lincs i.nto"‘t;)le future. The
author uses at least 30 and if possible as many a3 B0 samples in caleu-
lating X & Ao, DyR, and D4R for guiding ﬁut\l\e production.

Sumpling crrors vary inversely as the square’root of the number of

observations. Holding for large sampled\a#s well as small ones, this
means that, in a sample 4 times az ladge as a selected one, the error
of estimate of the average will We%e”ﬁﬁﬂﬂ?lg?‘%%éﬁf}gﬂﬂ a sample 100
times us large the error will besané tenth as great. Before control-
chart limits are extended as;'gui(’iés for the future, they should contain
as small & sampling erroras is ceonomically possible. The size of
that error depends upfoR ‘the total number of ohscrvations, N, used
in caleulating the ]j:r&s. During the experimental period, while
assignable canses \are being hunted down, as few messurcments as
geem n(:(:cs-aary\may he made, but, once the chart is set for predicting
the futire, atefist 100 observations should be used in calculating the
mean angl&h’e Jlimits. Then, if the sample size iz 3, the number of
samplesy? should be at least 34; if n = 4, m should be at least 25; if
n_ =5} m should be at least 20.
\Th"c dangoers of single small samples often are not realized by people
unacquainted with statistics. In factory inspection, a single sample
of two or three observationg ususlly will include a sampling error so
large as to make the information unrcliable; in some circumstances
even 100 measurements will not give the desired reliability. The finest
engineering research cannot reduce the chance crrors due to sampling;
only an adequate sample can do that. Tt is imperative, thercfore, in
the cngineering-statistical teamwork required by effective controlcharts,
that an adequate total sample, &, be collected and analyzed before
control limits are projected for the guidance of future production.
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RUNS

A recent development in control-chart tochnique is the theory of
runs. A run is o movement of suceessive polnts in the same dircetion.
There wre two kinds of runs:

Runs up or down. A series of points, cach higher than the pre-
ceding one, is & run up; a series of points, each lower than the preceding
one, is & run down.

Runs above or below the average, are, by a similar definitien, a
serics of suecessive points all fulling above or below the avernpad

Runs usually indieate the presence of ineipient or tfevelogingyussig-
able causes. They frequently give advinee warning gnf\:ﬁ departare
from control stundards, For both types of runs the gwdlior has found
the following eriterion fov action usefnl: " \

Five suceessive poinls: Be on guard for fut-ure"’t}\-"0101‘_nnent-s.

Six successive points: Start nvestlgation, N\

Seven suceeseive points: Take action. 7347

The different kinds of aetion Lo besgaken ave:

Runs up or down.

(0} May indicate app nchin gtk of control. 'This is a definite
danger signal that, \ffwhéegéclf i}ﬁ%‘ Gaft Prevent bad work before it

appears. Sownctimes the progfession (rvising or falling) is so rapid that

the third or fourth point(ay fall eutside control limits. In such
ease, action should h@*t}(tkcn when any point in the 1un approaches
close 1o cither coptreNimit.

() May indicgbs a permanent feature of the process, such as tool
woar, which appears as a pattern of reeurring runs on the ehart. Treat-
ment shouldbe as in Chapter 5, Case History VIL

Runs, 4bbve or below average.

(r) My indicate a shift in the average, tending Lo produce out-of-
C‘QQ{Y&I points. Investigate and correct it, perhaps by recaleulating

”‘t-}he’ average and the limits,

N\ {(b) May indicate a break or lack of continuity in the process die to
a change in raw materials, resharpening or changing of tools, change
of operator or shift, and the like. An investigation is called for, with
action dependent upon the findings.

WHEN TO RECALCULATE LIMITS

A eontrol chart, once set up and projected into the future, needs to
be reviewed at intervals in order to keep it abreast of current develop-
ments. As changes and improvements take place, the control chart
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should veflect them. It is this continual revaluation of the process
that brings abouf much of the progressive improvement achieved
through control charts. Standards should not be fixed and final, but
should lead to increasing efficiency step by step, keeping the demands
upon the process within the limits of which it is capable, but gradually
increasing these demands as the process is improved. One of the
secrets of progress is to set en advancing goal which nevertheless is
at any time possible of altainment. Revaluing of the eontrol chart
provides a technique for doing this with factory processes. A

Suppose that a control chart has been set up and projected\for
future guidance. After a number of samples have been talkem and
plotted against the projected limits, one of two things has }mpﬁ(‘ned:
either the chart is still in control, or it evidences lack of~aontro] The
revaluing procedure is different in each cage,

1. If the chart remains in control. If all tho \)mfs, continue to
fall inside the projected Hmits and no runs aBew& or below average
appoar cither on the X chart or on the £ qh@if, probably no change
Lias oecurred in the process. In that ca,ag Wlow approximately 500
tndividual observallons to av(*umulate‘ Recaleulate X, AoP DqR
and Dy R from the past 500 ob;:ewahom and extend the new limils
to cover the next 500. ww?w dbraulibrary.org.in

2. If the chart shows one or.more points out of control. If the out-
of-control points are occaswnai ruggesting unpredictable in-and-out
assignable causes, limits ghould be recalenluted for every 100 individual
observations whlle ef@&v 4o find and climinate the trouble continue.

If there are runshupor-dewn, trends due to tool wear or other con-
stant causes mn,y ot present .md should be hunted for., While the
search is goin 5 tprward, recaleulate averages and limits every 100 ob-
servations 4

If ru \abm ¢ or below average appear on the X ov R charts, a shift
in the ‘vaJluL of X or It is indieated. The chart should be reculeulated
a8 snon as seven successive points oceur in a run, with the preceding
\@ﬁ) “Observations being used as 4 bags.

COMMON SENSE AND STATISTICS

Common senge should always supplement these rules. Liberal use
of practical good judgment is more effective than a multitude of statis-
tical tests. When somcthing looks wrong, either in the figures or on
the chart, o little clear thinking and the application of lessons lesrmed
from experience will help to unearth the difficulty. Yntire reliance
upen statistics, especially the more elaborate formulas, is the hall-
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mark of an inexpericneed statisticlan.  Common sense, good judg-
ment, and a thorough practical knowledge of the process ave abso-
lutely essential to suecessful control-chart work, Statistical tests
can best be used wheve veal doubt exists, where decisions may be
expensive, or where basie research for determining permanent specifi-
eations and quality standards 1= being carvied out.

Nowhere ig the combination of experience amd theory more necessary
than in engincering investigadions.  These are an integral part of the
control-chart technicue; its value s mensured luvgely by thoe sgecess
attending its use. Knowng what to hunt for, how to careg on the
investigation, and when to stop is difficult. No rules can he Yaid down
for weighing in advance the cost against the value of s;k:x}ia] process
rescarch. It may depend not only upon lack of (*0111.14(31}but- ulso upon
the relationship of the control limits 1o the t-OlE{flIitf-(_l limitz and to
other qualily features such as finish or shape. ¢ amount of money
that can be saved by gaining control, sct aga{nst the cost of achieving
it, is, in the last analysis, the cconomic gfitprion by which the value
of control charts will be judged. No migtger how interesting they may
be, no matter how impressive or }goi\;:épecta.cul:sr, only if they pay
thelr own way In @‘J@H%lzgﬁrl]ib%ﬁ;}% (I)}%l‘ntihe floor of the factory will
control charts uccomplish theigprpose.

~

TECHNICAL APPENDIX A

When the Samplp&n must be larger than 10, the chart for standard
deviations (¢) i5dis8d, with control limits set at X £ 4,3, where
2N/
O 3 01
:~\2. Al = ?\/—: . C_
\,\\W' 7t Gz
&tlflf'{a"é is a factor for converting the average standard deviation of
~stnall samples (7) into the estimated standard deviation of the uni-
verse. Values of 4y and ¢y for sample sizes from n = 11 to » = 25
are given in Table 9.
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TECHNICAL APPENDIX B
TABLE 9
Factors For X Cuart WHEK Samrins ARE Larcen THay # = 10
(Tiits—X + 417

Number of

Observations o A

in Bample (n)
11 0.8300 0,973
12 0.935% 0.925
13 0.9410 | 0.88¢ L)\
14 0.9453 | ©.848 i\ e
15 0.9490 0.817 W
16 0. 9523 0.788 (”"5
17 0.9551 | 0762 7
18 0.9577 1 0.738 N\
19 0.9559 0TI
20 0.9619 0.69{;
21 0.9638 | G680
22 0.9656 Qw62
23 0.9670 MN0.647
24 0.968¢ Y 0.632
25 Wb rauldbdery org.in
26 or more |od fu— 1 — 3:

™ 7 V=1

~
TRCHNICAL APPENDIX B

X

The factors da, 4 \ -7, 2, Dz, and Dy are used in estimating the values
2 ? :

of ic and fog in@)s
no signiﬁca.lgi;\’d’\.?ffcruncc between samples or within samples.

N/

A3 1

o = =7
{.\*5;' v dy

\/ AR = SE for samples of size n

do\/n

X & A,R = limits for X chart

— 3 .. T
Iz = dg/n = 5= limits for individual values
2

D3, Dy = eonversion factors used in charts for ranges,

D3 and D, are derived as fallows;
R churt limits are set at K. &= 3og for samples of size .

4
atigtically eontrolled eause system, where there is



65 X AND & CHARTS

When samples of size n show an K with the value of 12, the standard
devintion of the (asstmed) normal universe from which the samples
came can be estimated from the equation,

‘{lj'l? _J I3 - .
=-=, or R, =dw andl the lmits become

(lr-z

(EQO—’ =+ 30;.1

Dividing by ¢ in order to get the limits in terms of the universe
standiud deviation, they become A~

3 e
{{ 4+ - E,r; 3

.F

Factoring for dy, the limits in terns of o become & N

1 (] . %‘Th) " \' 44
UIQ (F)O' i

- R , . . A ..
Values of - =, that is, the l'(‘.l'lflt}ll.:-‘hlp ‘(fot\the standard deviation of
0'

sample ranges Lo the standard de \mtl{m of the novinal uont distri-
hution, have been dete 13}}11(\(1 b b C. Tippett and Iigon 8. Pear-
son? In Table 2 the values QF‘%‘ AHEH, are determined a8 fullows.

0 _vl (1 E?”)
N : {)52 tfzﬂl”

¢ &NV
If Dy i= negat-ive,\{hu lower limit is token as zero.

) S

A Dy = (l—i—-'q)
.\ J d,,

Ag wvhart 3 points out, the distribution of ranges of emall sumples

ig cL()fs\ly connected with the funetional form of tlie parent universe.

) If\fhe universe is not normal, the range chart is aptl to be inaecurate.

B practice, however, this reservation as to the use of ranges rarely
hag a significant effect.

21, H. C. Tippett, Biometrika, Vol. XVIT, December 1925, pp. 364-87; Tigon 5.
Pearson, Biometrika, Vol. XXIV, November 1932, pp. 104-07.

#W. A, Shewhart, Economic (‘mLtml of Quaht y of Manfactured Product, PP
203-04,



CHAPTER 4
p AND pn CHARTS

Inspection by variables, as required for X and R charts, is some-
times uneconomical or even impessible. An automatic turning, for
instance, may have a dozen dimensions and therefore may eall fargn
dozen different X and R charts; but with a go-no-go gange, a rapmd
of over-all quality can be L_ept by simply noting the pmccnt’ag’ of
pleces that fuil to gauge. Hot forgings have defects such ag p¢t laps,
and cold shuts that are not measurable at all: they cangye (‘ld.b‘;lﬁl?d
anly a2s passable or not passable. Sometimes a product e,lthel suceeeds
or [ails a tost; certain types of detonators full into th.m\”lfrpgory Fre-
quently at the final inspection of a product thefsMnay be so many
possible causes {or rejection, both in chmenfacms\md in finish, that a

separate record of each cause is out of thr\qu(“-,’rlon Under gich
circumstances the best procedure may bedaYecord simply the number
of tests parformed (by ganging or otherwnej and the number of failures.
This is known as inspeclion by a‘ﬁf"ﬁ‘bﬁlﬁﬂraa“[lfﬁ‘tﬂw 9 -Mhssification of
the product as either good or bs}d, A cither acceptable or not accept-
able. Tor analyzing and (*on{'rolﬁng quality on this basis, p and pn
charts can be used. m\

\
? CHAR}‘S—CONSTANT SAMPLE SIZE

p charts are conﬁtmcted by recording the results of at least 20 sue-
cegsive 1n~.per-t1"ns, caleulating the percentage of defectives found m
cach, takinm &he w cighted average of all the percentages, and plotting
the avekag&l p and the limits as found from the formula,

~O _ F—2)
K

\‘:“ }'):1:3\;

where n i3 the number of tests performed at each inspection and p is
the average weighted fraction defective. The author has found it
ustally more convenient to express B as a per cent rather than as a
decimal fraction; for example, as & per cent instead of 0.05. Then
the formula becomes,
- P 76(100 — p%)
5% -+ 3y
69
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Table 10 and Figure 4 illustrate the method of ealeulating and plot-
ting p charts with a constant sample size, using as an illustration the
reversing meehanism of a ratchet wrench which is actuated by a lever on
the outside of the upper cover. Somctimes the lever is assembled too
tightly, so that it will not move at the louch of a finger, as it should.

From the daily production of a medium-sized ratchet, 1,000 com-
pleted assemblics were taken at random and tested for tight levers.
The result appears on the left-hand side of Figure 4, and in Table 10,
Variations were much larger than they should have been, as showx{
by many out-of-control points. Some unpredictable cause wus appar-
cntly preventing a consistent quality of work [rom being dofen” A
study of the assembly process soon revealed that the fixtur'\ised in
welding the lever was poorly designed, so that conalstr-nja.v.( Jdds eould
not bo obtained. TRedesigning the fixture elumnated mast of the
trouble and reduced the average porcentage of hght\lex ers from 4.2
to 0.6 per cent. ’

In the sceond part of Figure 4 is shown aglow p chart, calculated
on the improved process. Two points in the latter part of December
were out of control owing to a batch of fanlty levers. Even then the
1.7 per cent and 1.5 per cent defectiveypivces found on those two days
were fower than were found moat,gﬁ_%’ph%ﬂémp&ﬁ&g]ﬂl fixture.

pn CHART—CONSTANT SAMPLE SIZE

If the sample size ig oxf cér' be made the samec at cach ingpection, a
pn chart may be moré\g\)m enient to use than a p chart. On the pn
chart the central lingjs pn = average fraction defective times number
of picces inspected’ pn is therefore the expected number of defec-
tives found ]n"tht, saioples, Control limits are caleulated by the fol-
lowing forriuln® -

VN pn 2 3Vnp(l — p)
Thege. control limite determine the maximum and minimum number

6‘5 ectives that might be found in any sample of size n ag a resuwlt of
chiince sampling fluctuations alone, if the process is maintaining the
average quality defined by pn. p charts casily can be converted 1o
pn charts by altering the scale and mulliplying the central line and
conirol limits by #. In Figure 4 the p scale is on the left-hand margin
and the pn scale is on the right-hand margin. § = 4.19% or 0.0419
becomes pn = 41.9 defectives; the upper limit of 6.1 per cent becomes
61 dofectives (at most) expected in a sample of 1,000; the lower limit
of 2.3 per cent becomes 23 defectives (at least) expected in 1,000 assem-
blies.
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TARLE 10

ClanecLATON OF p Cuart AND pr Ciouer—Consrant Savevs S, Tioar Leveg
Ourarean IMwciss

(1) (2 (3) i)
. Sarople No. I"er Cent
11)3-:3, Hize, Dieleetiivis, | Defective,
n P ! bl
. A
Ot 3 1,000 25 2.5 \\
4 1,000 13 1.8 ;\’j} ”
5 1,000 16 LG W8
5| 1,000 20 2. o\ 3
7 1,004 33 3\_5/
1w, 1000 65 X5
11 1,000 | a0 \\ 5.0
12 | 1.000 | 92 o 0.2
13 1.000 458 ¥ 3
14 1.000 N6 i
17 1.000 o N7 7

1,000 L8 T30
wpyw dbraydabirary .orgin

(S SRS I e R L S
x5

20 7 1,080, 7
a1 | A0 41 1
24 K500 29 4
25(H 1000 ¢ 98 3
™| 1.000 25 3.3
027 | 100 0 9.0
2728 | 1000 5l 5.1
LNov 2 1.000 a3 5.3
0 31 1,000 67 6.7
\‘w/ 4 1,000 . 31 3.1
O 5 | 1,000 55 5.5
Ry & | 1,000 24 2.4
~"O 9 | 1,000 60 6.0
</: 10} 1.000 81 8.1
no| tooo | a4 4.4
12 | 1,000 50 5.0
13 | 1,000 46 4.6
16 | 1,000 12 1.2
17 1 1,000 28 2.8
18 | 1,000 [ 4D 4.0
19 | 1,000 23 2.3
20 | 1,000 2 2.9
23 | 1,000 27 2.7
24 | 1,000 65 6.5
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TABLE 10 {Confirued)

CaLeunaTiox or p CHART a¥p pn CEart—ConsTaNT BaMprn S12E, TiguT LEVER,
Oriaman Procrss

(1) @ (3) 4)
Dute bar.:aple No. Per Cent
13’{1;’ Size, Defectives, | Defeative,
2 i v
N\
N .
Nov 25 | 1,000 55 5.5 R\
26 | 1,000 69 6.9 QO
27 | 1,000 18 18
30 | 1,000 51 5.1 a\ 2
Dec 1 1,000 47 4. %Y
2 | 1,000 40 ¥ 0
3 | 1,000 52 o2
N

_£
W

Totals 44,000  1,84308)
Avorage per cont defective = po% = L,843/44,000 = 0.0418 = £19%

I e —_
_ IZEL00 — Pl WSO T 1a0100 — 4.19
e + 3PN 20 g, adipbeay ity Gesist® o
n &3 3 1'0
=199, £ 1.90% = 6.1%, 2.3%
n = 0.0419 X 1,000 = 41.9
n s 3V np(Fsop) = 4L9 %= 3V 1000 X 0.0419 X 0.9581
LY =49=190 =613

that is, there should b }n each sample of 1,000 [overs not more than 61 defectives
nor less than 23 dgfedtives.
Y
~E
AN p CHART—VARYING SAMPLE SIZE

Se}(ﬁéﬁme& it is mot possible to maintain a constant sample size
OfMnspection by attributes. Records of 100-per-cent inspection,
oMsamples from lots of varying sizes, of receiving inspection, of process
inspeetion often call for samples varying considerably in size. Because
chance sampling fluctuations decrease as sample size increases, it i3
necessary to caleulate new control limits for each point on the chart
if the sample size is not constant. Limits are closer together for large
gamples than for small ones.

In Chapter 5, Case History and Chart XTI, will be found an illus-
tration of a p chart with varying sample sizes. Table 12 shows the
method of caleulating the P line and the linits.
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TABLE 11

CarovLaTioN o p AND ph CHarr—CoNsTANT Havrie Pz, Trawr Levens,
Improvep Fixreone

Srmiple Size n = 1,000
(1; IS:E} o (3(_)
o, er Cent,
?5;3’ Defoctives, | Doefective,
Pt ] N\
Ot' y
Dec 4 8 0.8 A\
5 10 1.0 O
7 2 0.2 e o
8 5 0.5 AN ?
9 10 1.0 L&
10 6 0.8
11 7 \)
14 3] N A
15 3 0.3
16 ! ~("\ 0.1
17 2 Y 02
1% 0.3
W W, d’-ﬂr Jllbfm‘?org Fn 82
23 N7 0.7
28 P12 1.2
28 o 0.9
20 17 1.7
Q\Q\'"so i3 1.5
N 31 10 1.0
WA Fan 1043
NGO 3 8 0.8
A ’.“) 4 0 0.0
0 7 6 0.6
\i 8 0 0.0
9 3 0.3
\..; 10 0 0.0
Ny 11 1 0.1
W 14 13 1.3
4 15 12 1.2
Total 180

N = zn = 20,000
7 = 180/29,000 = 0.0062 = 0.62%
P

0 0 . 06
3 %000 — p55) = 0629 4 3 fo.ez(].JO((J)OU 0.62) ¢ = 0629 4+ 0.74%
t y

p limits = 0.62%, £ 0.747, = 1.36%%, 0.09%

n = 0.0062 X 1000 = 6.2
P+ 3Vap(l — p) = 6.2 £ 31,000 X 0.0062 X 0.9638 = 6.2 4= 7.4
pn limits = B2 + 7.3 = 136, 0
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p CHART—VARYING SAMPLE BIZE

TABLE 12
P CHART—VARIABLE SAVPLE S1ze
Hammer Operator Quality (Chart X111}

()

Limits

A
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202 = 0.014 = 1.4%
T =~ p) = 34/0.014 X 0.986 = 0.3525 = 35.25%.

= 31/2,
P

3/

b4

Totals 2,202
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The Hmit for each point is baged upon p for all the points and upon
n for the individual points, but not upon the value of p for cach point,
Culeulation of the limite therefore 1s wecomplished most easily by

separating the formula into two parts: 3V p(1 — p) which is 4 con-
stant for all the points, and ‘\/:3, which varies with cach point, This
method of ealeulating is used in Tuble 12,

THE CHART FOR p LIMITS ~
Caleulation of p-chart imils may be tedions if done with peel] and
paper, beeause of the necessity {or extracling senare i:)c)l’q\ AWith a

glide rule it iy quicker.  With the nse of Figure 5, how By &r) practically

100.0 19 (= R

b
9
£
7 1
6
5
4
3

€
g
%
\
‘%J s
[N
[
T
! —
-
N N
M\\ oo
\ / 2 o= 7 \l\‘:
-— g=Average per cent effective T
. p=Average per cent defective - N
\ 1
oral L LU T ] ] ’: -
1 3 45678510 2 3 45678910 z 3 4 5678910
10 100 1,000

Sample size
TFigure 5, Chart for finding 3o, limits. Givenpor g and

all the mechanical difficulties of constructing a p chart are avoided. It
enables an estimate of the limits to be made sccurately enough for
practical purposes.
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Enter Figure 5 with the sample size, n. Go upward until the » ordi-
nale intersects the diagonal ¢ line at the value calculated from the data
(interpolating if ncecssary). Go left from the interscetion to the seale
on the left-hand margin, Add and subtract this value from the caleu-
lated P in order to get the control limits. If the lower limit is negative,
take zero as the lower limit.

Tilusiration: Suppose that at least 20 p points have been derived
from inspection data, and that the ¢ is 5.09;, with a sample size n of
100. Start with the 100 ordinate on the seale at the bottom of the
chart, go upward to the diagonal p = 5.09; line, and then over to the®
left-hand seale. The value is approximately 6.7 per cent. Agh\i‘@nd
subtract this from $. The limits are 5.0 pev cent = 6.7 pep~cent] or
11.7 per cent and 0.0 per cent. Actual caleulation shows: \ Ny

5OL(100 — B 5.0 X 950 .70 '
5% & 3P0 = PT0) _ 5007 4 34 20X D00
7 100 )
= 5.0% =059 = 11.5%, 0.0%
.’\ v

The discrepancy in estimate of 0.2 per cehf*between the chart and
the culeulation is not large enough to makeé any practical difference
when such a p chart is put to actual uge. .”

Tn the preceding illugtration, i ﬁ%ﬁ@'&?ﬂiﬁﬁi“@&ﬁﬁ&ﬂdl n were 155, it
would be necessary to interpolaigy “Go up from the n = 155 ordinate
Lo wmpproximately halfway hetween the # = 3.0% and p = 5.07,
diagonal lineg, then ovcr‘j;@:thc left-hand scale. The result is, 4.0%,
= 4.6% = 8.69, 0.0‘Q\"..Calculaﬂtm gives values of 8.7 per cent,
0.0 per cent. \

{/THE MEANING OF A p CHART

An 011t-0f;q’011\t}o] point on a p or pn chart indicates the presence of
an assignuble’cause: the lot is probably different in guality from the
others,, \In essence, the control limits give the maximum and minimum
per gent of defectives that may be found by chance in & sample of size

Trora u lot of presumably p quality. If too many or too few defects
are Tound, any one or all of three broad types of assignable causes may
exist;

(@) The lot quality may be different; that s, something may have
happened to the manufacturing process.

(b) The inspection procedure may bave changed; carelessnoss,
varying standards, errors in gauges, or nonrandom selection of the
sample may be the cause.

{¢) The product inspected may be physically not the same as that
inspected previously; soft bolts might be mixed with hard ones, or
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two types of raw material might be present, or some of the articles
may have been made by one process and some by another process.

As to which of these threc typos of causes may be to blame, the cone
trol chart can only point out that some change probably has vecurred.
What has occurred and why can be discovered only by an investiga-
tion, using the clues provided by statistical analysis.

REAL AND APPARENT DIFFERENCES IN QUALITY

How a eontrol chart can distinguish between real and appavent 3if—
ferences in quality is illustrated by the following analysis of dapdiding
problem. O

Tn a certain factory there was a battery of 29 wcldi]gg}glﬁchincs, all
doing the same general type of butt welding, A goelhymany defective
welds were showing up. The question arosc as togv?hﬁt was the source
of the trouble. !

A sample of 50 welds was sclected at rang]@fﬁ from a day's produc-
tion off each machine and was tested ’td\d'cterminc shear strength.
Table 13 shows the results of the test.\Y

Tt was worth while to know thathe process averaged 10.2 per cent
defeetive, but that Mbvedbibuwiidatpugih in detecting where the
bad work was being done. Machine 10, with 184 = 209, defective
might be considered signiﬁeaﬁﬂy worse than the average; machine 8
with }40 = 2% defecting, might be considered better than average.
These apparently ob%iots conclusions should be tested statistically
before being accepted ‘as facts. If 10 weak welds in 50 is too high an
amount of bad §ork, how about 9 or 8 or 7: are they also significantly
bad? ,\“

This problem can be viewed from another angle, If cach machine
is judge&‘b"y the single sample of 50 pieces, what is the probable per cent
defeetive from each machine? This question can be answerced in part

N\
m\.J . 1 -
by using the formula, o) = \/E(Tpl where e, is read, “the standard

deviation of a percentage’; p is the apparent fraction defeclive shown
by the sample; (1 — p) is the appurent fraction good; and n 1s the
number of observations in the sample. If we use 3s,, as in caleulating
control-chart limits, and substitute the numerical values for machine
Sin=80,p =15 =002 1 —p =088

_pd—p) \/0.02 X 0.98
% = \/ R A T —— Vv 0.000392 = 0.02
and

doy = 3 X 0,02 = 0.06



+ 0.06 = (0.08.
cent defective.
Similarly, for machine 10,

REAL AND APPARENT DIFFERENCES IN QUALITY
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TABLE 13
PrrcENTAGE OF DrFEcTIVE WELDS
Machine | No. Welds | No. Defective
Na. Tested Welds Found
1 50 3
2 50 6
3 50 2
4 50 8 N
5 &0 7
6 50 5 O\
7 50 1 AN
8 &0 1 W M
9 50 8 (N
10 50 10 Vx\ ’
11 50 4 N
12 50 RN\
13 50 4.0
14 50 D
15 50 4;‘9
16 RO NY' 7
17 50 LN 2
18 50w.ww“dbl'auli'%r‘al'y.or‘g_in
19 5“0}\‘ 0
20 50 3
21 LON, 50 5
22 50 5
ag LNV B0 5
. 3\\ 50 3
‘Qj 50 5
\ \)26 50 2
.\,, 27 50 4
~Y 28 8 9
N/ { 50 5
. {\ 29 ; o
"{"3:’ Tatals 1,430 148

‘\) v

e actual fraction defective of mae

ple of 50 welds, almost certainly is
That is, the lot actually may be as much as 8 per

Average per cent defective = 148/1,450 = 1.2%

‘hine 8, as judged from the sam-
no worse than p + 30, = 0.02

n =50, p=1%, =020, 1—p=080

fp(l — p)
Tp 3: - N

)[)20 % 0.8 _ o7

50
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Lot 10 therefore could be as bad as 0.20 + 0.17 = 0.37 = 379,

Neither of these answers regarding lots 8 and 10 is very satisfactory
because of the wide variation in possible quality, The estimates are
so wide in range that they do not serve o very uselul purpose. The
unreliability is due to the small sample of only 50 picees. Closer esti-
mates could be made by increasing the sample size.

The formula for the standard deviation of a percenlage o, is nevers
theless uselu] in answering the question as il was first posed: “Which
of the 29 machines is significantly better or worse than the ayorage?
Which of them is primarily responsible for the more-than-permissible
amount of bad work?” N\

Let the average of all 29 machines’ quality be p. Therd, )

F=0102, 1—7=08%8, n=355"
- . — L5
1, 0.102 X 0.80)
Op = \/p( ﬁ 7 = \,/ A = 0.043

50 N
3o, = 3 X 0.043_=0M29
and P\
P30, = 0.102 + 029 = 0.231 and O

That is, given a Pr‘ﬁ’é‘é‘é"sdﬁ:?ﬂgﬁéﬁ%ﬁnﬁs& if samples of 50 are tuken
from various lots, the samplesinay be expected to vary between 0 and
23.1 per cent defective.  Sarmples of 50, thercfore, might have the fol-
lowing minimum and nfagimum number of defeets:

50— e o
‘ 0% of 50 = 0 pieces defective
:~§23i1% of 50 = 11.55 pieces defective

Even the Worst machine (No. 10) actually had only 10 defecfives in
its sampl¢;“whereas 11 defectives in the sample could have occurred
by ch:ea;nce if the machines actuolly had been producing 10.2 per cent bad
”Eupm?;’.' Clearly, on the basis of the cvidence available, none of the
nachines justly can be aceused of excepiionally bad work.

This problem will be recognized as an application of p- and pn-
chart techniques, with the data analyzed by machines instead of in
order of time. If the 3o, limits are considered too far apart and closer
limits such as 2a, are used, the maximum variation due to chance
comes out at p + 20, = 0.102 -+ 2 X 0,043 = 0,188, or 9.4 defective
pieces in a sample of 50. Since machine 10, with 10 defectives, is barely
o'utside the 20, limit, it would be rash to conclude that anything is
significantly wrong with no. 10, Such a sample would be found about
one time in 20 from a 10.2 per cent had process. Since there werc
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29 gamples taken, one of them would be expected to show as many as
10 defectives. No. 10 may have just happened to be that one.

The conclusion drawn from this study was that the source of bad
work probably lay not in any individual machine hut in some flaw in
the process itself —in raw materials, design, or workmanship.

SAMPLE SIZE

In a p or pn chart the average line, p or pn, in the inspected sampless
should be as cloge as possible to the true but unknown average of Lhe
uningpeeted part of the produet. If the samples on which the lifnits
are caleulated do not refleet the true condition of the prodict, the
chart may hecome dangerously invalid. A frequent errpr m using
p and pn charts is the seloction of a sample size either tgm large or too
small, If the sample is too large, an aceuracy grea‘r(,,r’ﬁlan Necessary
will be achieved at an excessive cost. If the Qample size 18 too small,
inadequate or unreliable information may results \ /

In Table 16, for instance, a sample of 1 UOO\thhr‘tq was Inspected
each day. As is shown later, it was 111met‘e8qar}f to have as large a
sample as that in order to get sufficiudtly reliable cstimates of the
process average. If 135 ratchets m%mdkofﬂlll,ﬁﬁ@lm been, inspected,
the ¢ on the chart would have d dbeen very little different from the
4.19 per cent actually found. (‘ontrol limits would have been wider,
but nevertheless sufficientlyx gtnsitive to serve the purpose of the
chart. Seven times ag 11((1 ’mkpectlon wag donc ag was necessary to
discover and eliminate’the cause of the trouble.

In Table 12 and Qhart X1il, on the other hand, the samples were
t00 small to be gdtidfactory. Of 45 inspections made, 30 showed no
defects. Eachvoftthese zeros counted as a perfeet sample in caleulating
the p of 1 4’%@1 cent, but probably nonc of the work from which the
30 samplesidume was really perfect. Some bad work certainly existed
which #he samples were too small to detect. The 7 of 1.4 per cent
the%que was probably underesiimated. 1t may have been higher than
1.4 per cent, but how much higher it was impossible to know.! A good
deal of v‘ﬂuab]c information was lost; however, by putting the inspec-
tion records in the form of a eontrol chart, the maximum benefit was
gained from the data that were available.

A sample too large is generally uneconomical; & sample too small is

In the procoss described by Case History XIIT it was uneconomical, in fact
bractically out of the question, to take adequate samples. The smaller samples
that were taken, though statistieally unsalisfactory, proved nevertheless to be
extremoly valughle.
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dangerous unless its limilations are realized and allowed for. A happy
solution and a practical answer to this problem can be suggested from
the author’s experience:

The sample should be large enough so that ot leust nine times oul of
{en one or more defectives will be found,

Suppose that there s reason to believe, from previous cexperience,
that a produet is coming from the factory with an average of 5 per cent
defective, How large a sample size # would be requived to find at least
one bad picee in the sample nine times oul of ten?

In order to answer that question, visualize a pn chart with & central
line at pr and a lower-limit line at pn — 203, = 1.2 e N

7'\
Solving the equation pn — 2V up(l — p) = 1 for n gives

\/2_..104_\/1_1}.7'?
= N\
Vo Vi =

This equation can be plotted ax an app];th:mh ly straight line on
log-log graph paper, as in Figure 6. Entu\the chart with the value of
P on the left-hand seale, go across to th tliagonal line, and read down
to the value of » on the ﬁott?m sealer  This is the minimum sample
size for u good p of pn char anarghlglﬁdnlm used whevever it is eco-
nomical and practical to do sobS

A similar quiestion arisegsin conncetion with the upper limit of a P
or pn chart. Supposc, Abet, from previous experience, a product is
known to be 5 per cd Nl(‘ oetive on the average. Suppose that a qual-
ity limit not worse*than 10 per cent is desirable, and that a 10 per eent
bad product willlhot be permitted more than two times in s thousand.
This is equiy{leht to setting a value of p 4 3op = 109. Solving the

. \V Bl — 4
equ&tlw"-l— 8\/}2'(—“&) =i g]:‘res

O (1 — ‘
QO n= "(_L_—;B—)?? ; whore L is the quality limit.

This value can be read from Tigure 5 by looking up (L — p) = 307
on the left-hand margin, going across to the diagonal § line (infter-
polating if necessary) and then down to the value of n on the bottom
scale. For p = 30% and L =100%, L — 7 = 5.0%,. Start ab
5.0 per cent on the left-hand scale, go across to 7 = 5.09% diagonal
line, and down to n = 175, approthitely

III

* A 205, rather than a3 o, limit is used because the probability of failing to get
a defective is to be about 0,10 instead of in the region of 0.005.
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There arce therefore Lwo sample sizes from which to choose, In the
present case, when p = 5.0%, and L = 10,09, n may be 112 or 175,
Whichever n i larger should be wsed for the control chart,
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3 “}‘ 6. Chart for determining minjmum sample size.
O [Fn — 2Vna(l — p) = 11
A\ SETTING STANDARD VALUES

) 4
}number of schemes are available for controlling the outgoing qual-
ity of factory products by sampling inspection. These plans envisif.)n
Inspeetion as a sieve through which the finished product must pass (n
order to prevent shipment of unacceptable goods to the consumer.
The Dodge-Romig tables,? the Army Ovdnance tables,! Bimon’s Iy

*Il. ¥. Dodge and H. . Romig, Sempling Ingpection Tables, John Wiley &
Sons, Ine., New York, 1644,

*The Army Ordnance tables provide for single- and double-sampling plans
similar to the Dodge-TRomig tables. They have not been published.
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charts» Working’s Poisson chart ® are some of the better-known sam-
pling plans.

These plans perform a useful function, hut they do not prevent tho
damage before it is done. Not until the process is controlled at the
desired outgoing quality level can ihe manufacturer realize the maxi-
mum benefits of good production and engincering practice.  Control
of the process is basic to control of quality. It is therefore essential
to sct process standards and to be sure that they are met consistently.
Tor this purpose p and pn charts serve well. )

. . - »

First, of course, comes a study and analysis of the process,’ including
action designed to improve and stabilize manulacturing, fnethods.
Next, a standard average per cent defective p” should be;(hztei‘mined,
such that o' the standard is equal fo or larger than p thegefual process
average. Third, the desired outgoing quality limit s 'f:«flmﬂ.d e deeided
upon; it must be larger than p’ and should be as.li{)e\ml as possible for
the sake of economy. ’

The minimum sample size necessary fopomaintaining the process
within specified p” and L lirnits can be redd“Off Tigure 5 as previously
explained, provided such a sample is l#rge’ enough to show ut least one
defective (nse Figure 6}, o

Keeping control\iwm@éamnhhsﬁij;&qngrm three things not demanded
by other sampling plans: &y

(a) A knowledge of what the process is doing and can accomplish;
that iz, a known value of\p.

(b) A realistic st éﬁax& or acceptable average quality p” based upon
and cqual to or larger than the known p.

(¢) A realisti®guality limit L larger than p’ and if possible double
p’, which if§,i\ﬁ“eﬁect an upper control-chart limit:

&
) ~"~ . £ ] _ !
Q L=’p’+30'p=p’—i—3'\l'£%l

s

M\i Jhn return for these requirements the method provides:

(¢) Strong pressure upon engincers and production men to improve
the process as rapidly and extensively as necessary for setting prac-
tical and desirable p* and L values.

{b) A proved tool for maintaining quality once statistical control
has been achicved, namely, the control chart.

$1,. E. Simon, 4n Enginesr's Manunl of Statistical Methods, John Wiley & Sons,
Ine., New York, 1941,

¢ Holbrook Working, 4 Guide to the Utilizalion of the Binomial and Poisson Dis-
tributions, Stanford TTniversity, 1943,

7 Bee Cage Tiztories I-V, Chapter 5.
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{¢) An economical and adequate inspection procedure,

() Reduced ingpection costs.

Reduced ingpection of a eontrolied process is one of the major bene-
fits derived from the use of control charts. A suggested procedure for
recluced inspection is as follows:

1. When 20 successive points have remained in control, reduce the
gample size to one-fifth the previous size, and recalculate the control
limits for the new smaller n,  BEach point on the chart thereafter must
be i control inside the new limits; and five successive inspections
grouped together must be in control within the old limits. ‘

2. Any point out of control on the old limits requires detail or gart®
ing inspeetion of the ot from which the sample came and an in}{({sﬁg\a-
tion of the process for assignable causes. D

3. Any point out of control on the new limits {(with smalk#)requires
four more small sampleg to be taken immediately out o the suspected
lot. If all five samples combined meet the old test8n)the old limits,
the 1ot may be accepted and reduced inspectlion iy continue, 1f the
combined five small samples fail to meet the olddest, detail inspection
of the lot is required, with a return to the (alti\]arge sample size until
another 20 points have remained in cont}“(ﬂ; >

Thiz procedure, by putting a lﬁghﬂémi%a%%pgmled process,
compels prompt investigation and gdirection whenever the quality of
the process begins to slip.  If thesprecess is kept in control, practically
no detail inspection will be reghired, and sampling inspection ean be
performed with cconomyya@,\vcll as with a bigh degree of quality
assurance, N\

N

>\ AN ILLUSTRATION
AS

The chart on trght levers, Figure 4 and Tables 10 and 11, illustrates
the control-ebért inspection procedure already outlined. In its original
state the pfosdss had an unsatisfactory average quality of p = 4.199%,.
Changingithe fixture reduced this fo 0.62 per cent, an acceptable p.
'[‘h(wst,}u\l’dm'd quality therefore was set at p* = 0.6%.

Asdo sample size, reforence to Figure 6 reveals that a sample of only
135 picces was required for establishing the first § of 4.19 per cent with
& practical degree of sccuracy. The sample size actually was 1,000,
more than seven times s lurge as was needed. Use of Figure 6 in this
cage would have greatly reduced the inspection cost.

With the improved process 7 of 0.62 per cent, reference to Figure 6
shows that sample of about 930 pieces was required. The sample
size of 1,000 was therefore not much too large. Management decided
to set a standard average quality of 0.6 per cent, with an upper limit
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of 1.5 per cent. Entering Figure 5on the left-hand margin with Z — ¢/
= 1.59% — 0.6% = 0.99, guing across to the diagonal 7 = 0.69
{interpolated between 0.5% and 1.0%), and reading downward gives
a sample size required for holding the standards of about 600 pieces.
Of the two required sample sizes, the one from Iligure 6 of 930 pieces
was the larger. Management decided in lhis case to use » = 1,000
for convenience in computing, sinee it was only slightly larger than
the required sample. The upper control limit therefore was set as
shown on the control chart {Figure 4, Table 11}, giving a maxugum
quality limit of 1.36 per cent which was slightly better than the 1.5
per cent standard, O\

After the improved process was started, 17 aueceww 8y points re-
mained inside the control limits, but the 18th and Lgfh points went
out of control. Samples of 1,000 picees continucdy thereforo, to be
used, because the process had not yet qualified f@r\{ *uced inspection.
The next 20 points (only 10 of them shown o 1“1,9,111"(, 4), were in eon-
frol. Beginning with the 40th lot, sampleghaf only 200 pleces were
taken; the reduced samples were groupecf\kiy fives (nos. 40-44, 45-49,
50-54, ete.), so that each group condsined 1,000 pieces; the total
rejects found in each group was cdletilated as a percentage of 1,000
and was plotted owam@bhmﬂaﬁmnyo& ‘Bigure 4. Each of the grouped
points had to be in control WlI.hID the upper limit of 1.36 per cent; if
it fell outside that limit, it Was detailed, and inspection returned to
the large » = 1,000 samp]mg proeedure until another 20 points were
in confrol.

In the meantinie }hlle reduced inspection was in foree, new control
limits were ca{cylarted for the sample size of 200,

p' & %;\90.6% + 3\1'9'6—;%% 0.6% =+ 1.6% = 2.2%, 0%
N 00
and oach small sample was required to be in control on these Hmifs;
df ) small-sample point went, out of control, four more small samples
\vere taken from the lot; if the combined sample of § X 200 = 1,000
showed a percentage def(z( stive of more than 1.36 per cent, inspection

reverted to the large-sample procedure until another 20 points had
remained in control.

SOME PRECAUTIONS IN TAKING SAMPLES

In using p and pn charts, as well as X and B charts, it is cssential
that care be taken in choosing the samples from rational subgroups
chosen upon the best available apriori information about the assign-
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able eauzes that are likely to be present. It must be kept in mind that
the purpose of the control chart is to detect the presence of assignable
cauges and that the proper method of sampling depends on what you
are trying to discover. How best to sample in a given case is a ques-
tion that should be left to one thoroughly familiar with the theory of
gampling in eontrol-chart work, a subject beyond the scope of this
book. 1n other words, no focl-proof rules can be laid down that will
apply to all cases. Tlowever, the author has found from experience
that a person who observes the following precautions will usually sue-
ceed in doing a reasonably satisfactory job, At loast a consideration™
of these precautions will give the reader an indication of some of\the
factors that should be considered. O\

L. If the product comes in trays, tubs, or bins, be sure thatat least
a few articles come from cvery part of each container. D ot choose
all the articles in the sample from cne spot or from ong eontainer.

2. Dig down into the container. Take some gidees from the top,
some from the middle, and some from the bottow\of each container.

3. If the product comes on a belt, take a,‘mﬁbles al convenicnt or
eeonomic intervals during the shift or Tu) Do not take the whole
sample from a gingle short period of times)

4, Study the process to determin{;,@'@é&-ﬁpglﬂqmpw@%izmg opeta-
tions oceur. Such study may uncovet profitable times and methods of
inspection that will considerablysdduce inspection costs.

5. Be sure that the inspeefitm operation—whether visual, gauging,
or testing—always is perfdrined in the same way on every piece in the
sample, O

6. For visual inspéchion have definite objective standards of finish,
appearance, shaps, and so on.

7. Check or/eglibrate all inspection instruments before beginning
the inspect m\A gmall fault in the instrurment will introduce a con-
stant errgh that may invalidate the records.

8. D\(i Mot mix different products. Each type of clectric bulb, for
ins’ﬁa{leé, should be inspected separately. Similar products some-
ti%es’ may bo grouped if they are produced by the same process and if
the resulting ehart looks reasonable. Here common sense and statistics
should be combined in order to assure a useful workable chart.

9. The person who selects the sample should understand thoroughly
the noed for randomness and the physical methods of getting it. To
this important task only those specially trained in sample taking
should be assigned.  Otherwise the inspector, especially a good inspec-
tor, unconsciously will tend to select bad pieces; quite naturally, since
be earns his living doing just that. A good inspector may not be able
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to take & truly random sample unless he has been cavefully trained to
do it.

10. A chart out of econtrol does not necessarily point to an unreliable
process. The assignable cause also may be found in:

(a) Nonrandom samplos.

(b) Uncertain inspection standards.

{¢) Poorly designed or adjusted inspection inslruments.

(d) Poorly supervised, poorly trained, or carcless inspectors.

(e% Different methods of inspeetion.

{f) Different products mixed together.

(7) Incorrect recording of data and errors in calenlation. O\

This is not & dissertation on inspection technigues; ’rhf\\pr(‘ccdmg
suggestions merely help to translate the essential 1dm af, vandomness
into terms of physical operations. The theory upow Jhich the p and
pn charts are built assumes that each defect ig “beprmdrnr of cach
other defeet. In manufacturing operations, oh {He other hand, one
defect is very apt to be followed by others die’to the same cause, as
when tooling or setup is poor and a sucedseion of defcetive articles 13
produced. Only by taking care that thesample is selected at random
can the physical world of ploductlon cause and effeet, where defeets
are not mdependemmnbmlmadnb&m@totherﬂqsumptlon implicit in the
eontrol-chart technigue. <

By taking care to bring facts' ‘md theory into agreement, the manu-
facturer is able to talke advmtage of the benefits offered by the use of
control charis: basics qu»rovement in his operations, greater cfficiency,
more agsurance ofN J\ihty These things have a definite and often
large monetary, x?alue Tt iz therefore well worth while for the factory
executive to es1gn his ingpection procedure scientifically and to pro-
vide engineeting “‘detectives” for running down the chues discovered
by his @\trol charts. In the next chapter arc given some illustr ations
of hew this procedure works,

Q"



CHAPTER 5
CASE HISTORIES OF CONTROL CHARTS

Fach of the casc histories in this chapter has been selected to iltus-
trate a particular application or a epecific aspect of the control-chagh, ®
technique. The author is indebted to many individuals and ﬁrzp\s‘(or
the matorial presented here. Becawse they sometimes contuinrade
seercls, most of the charts and accompanying stories have beth suit-
ably camouflaged in order to avoid the rclease of confidenfial informa-
tion. In no case, however, has the point at issue bech ‘eamouflaged.
Tt is hoped that these case histories will be helpfuf fothose who wish
to make practical use of control charts in theirsown plants, both by
clarifying the techniques and by stimulating & imagination.

Charts 1-V illustrate some applicatiors, %D the p chart to process
inspection, final inspection, and receiving- fnspection. Charts VI-X
demonstrate a fow of the situationstosliiskedi Bi-Roshagts have been
profitably applicd.  Charts XI-X¥eover studies of an indirect nature,
such as personnel problems, codtdaccounting, and production sched-
uling. These case histories¢ard not intended to be an all-inclusive
demonstration of control-ehart practice, since they are limited to the
aunthor's personal (:ont-q.c%} They merely illuminate a few of the situa-
tions where controLgharts have proved in actual use their economic
value, their powepd-carn money for a manufacturing business.

AN
&
P

SNCASE HISTORY 1. p CHART—PROJECTING COVER

i

"\

e specifications for a metal container required the cover o be per-
f‘EC}T.V flush with the edge of the box. In assembly, however, projec-
tions of the cover above the edge or viee versa ran up to 0.00125 inch.
It wug necessary to perform an extra polishing operation in order to
meet the “fush’ specification. When the specification was changed
to permit a 0.001-inch projection, most of the extra polishing work
was eliminated,

Chart 1 illustrates the effect upon rejections of a realistic speeifica-
t‘]()n, one 3d;ﬂ,pt(}d to the process. The first part of the chart shows the
result of the old process and the “flush’’ specification. After the
#9
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specification had been liberalized to fit in with the process, results were
as shown on the sceond part of the chart.

The data for this chart wete derived from daily records of the num-
ber of containers that had to be preassembled and specially ground,
as o percentage of the total number assembled. That is,

no. specially ground

Each daily point = = 2%

no. asscmbled
Nofe: Tn the chart, three days show O per cent specially ground. On\
these three days no covers were assembled because experiments wexg
in progress on the new specifications. O\

e S\ N

s ™

CASE HISTORY II. pn CHART—CONTROL OF INsﬁjECTiON
~\

Scientific men long have realized that, no matter hetv accurate their
instruments may be, there is always present in.any scrics of measure-
ments & residual human error of observation ':?\}achiﬂes can be made
practically perfeet, but men never. The hwaan-error element cannot
be climinated. It can be minimized fi.!ELCI eontrolled, Chart IT shows
how the personal error in an insmq{ixiﬁhapanﬁﬁwwagheld to smali
and predietable limits by using a gontrol chart.

As a result of machining gpérations on a certain type of wrench,
burrs frequently appeared &n ‘the bandles. These burrs had to be
ground off hefore the arrénéhes were acceptable to mechanies. The
wrenches were therefgre™M00 per cent inspected by being passed over
2 belt one by ono; aybifl inspector examined them and threw out those
with busrs, N

Complaiﬂi}a\’é}ﬁasionaﬂy were made that wrenches with burrs on
them were haning shipped to customers. In order to determine what
basis theye. was for such complaints, samples were collected from the
I.UQ-pc:ﬁ’—céanSpected wrenches throughout the day so that at the
efdof the day approximately 400 had been sample-ingpected. A
recdtd was kept of the percentage found cach day with burrs on the
handle, Chart TIT shows the resulf graphically.

Apparently, beforc the chart was started, the 100 per cent inspec-
tion had been letting as high as b per cent burrs slip by into the ware-
house. During the first week of the chart, the inspection improved
rapidly, showing, on the seventh day, no burrs in the gample of 400.
Thereafter the inspection, as tested by the sample check, proved to
be consistently good, though of course not perfect. Caleulations for
days 7 through 26 showed a n of 2 defectives with limits of 6 and 0.
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In other words, the 100 per cent inspection missed perfection on the
average by 0.5 per cent, and almost never missed more than 1.5 per
cent.

Under the circumstances this was considered a reasonable amount
of buman error. The upper control limit for samples of 400 faken
after 100 por cent inspection was set at 6, with an average of 2.

Three pointa-—the 21st, 22d and 23d days—were out of control on
the new limit. Tt happened that on those particular days a new inspec-
tor was being broken in. It took three or four days to train her prop-
erly; thereafier her work maintained & consistently satisfuctory level '\

O\
7NN *
CASE HISTORY III. p CHART--CONTROL OF INSPEC:NQI&' BY
SHIFTS N\

7 '\ 4

Probably the most extreme case of inspection C-ont-"fe}l by using eon-
trol charts came to the author’s attention in a\plant- making radar
equipment. An electrical test was made on é¥ery tube produced in
order to assure its performance in the fiedd™yAlthough failure n use
normally would not endanger life or propélitj, if the tube did not fune-
tion at a critical moment, valuablotinfersesddbberiost ingepalring the
equipment. A defective tube, thexlfere, although not eritical, was a
major fault because of the timeafd cxpense required to repair it.

When numerous fajlures more reported, the manufacturer’s chicf
inspector suggested that a-li"}ﬁalysis of ingpection records be made for
the preceding four moni‘h&n This was done and showed an average of
4.1 per cent rejeets al bhe test, with a high of 17.7 per cent and a low
of 0.0 per cent. M¥eh a wide variation seemed explicable, and so
control limits wpe' calewlated, using for » the average number tested
per shift—AZ30 1ubes. Control limits eame out at 5.8 per cent and
24 per C(;p{;.\ The astonishing thing was that almost none of the points
were in&‘lde the limits: only one lol out of 27 lested fell inside; all the
Uthﬂ;}'% individual values of p were outside the control limits, cither
tooNrigh or too low. A review of the records showed immediately that
al.l the low points had been tested by the first-shift inzpectors, all the
high points by the sceond shift. This situation is visualized on
Chart TITa.

A prompt investigation revealed that the first-shift inspector fore-
man had not instructed his men properly as to how to read the meas-
uring instruments. The test was quite complicated, and correct read-
ings were essentinl. The foreman, asked to make a test, proved that
he himself did not know how to carry it out. Ilis excuse was that when
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he had first started as a test inspector the testing machine was a dif-
ferent one and that he had never been told how to operate the new
machine.

In the meantime two separate charts had been made up, one for each
shift. Lack of control in each case indicated luck of control in the
process, in addition to the inspection fault. A further examination of
the sccond-shift inspection records provided clues, in the shape of
reagons for rejections, that led ultimately to a marked drop in the
percentage of test failuves. )

Chart TT1b shows the segregation of the data by shifts and the tb,
control charts derived from the breakdown. O\

Author's comment: Any point on a p chart or pn chart thab Talls
helow the lower control limit, indicating a quality better th@rpe?fpected,
should be viewed with sugpicion. Often such a “good” eiltiﬁf-control
point does not mean good work, but does mean poar,ifispection.

A\
N
CASE HISTORY IV. p CHART—CHROME PLATING

Chart: IV refers to a chrome-plating “ptoblem. The plating was
done by a subcontractor. Chart IWgudbnebsigbephjcallyiihe results of
the prime contractor’s daily recciving inspection. Detween 2,000 and
2,500 plated parts were inspegtedeach day, with an average of 2,280,

Each point on the chart represents one day’s mspection.
) —

The central line and Ifaits, 7 == 3 2 ,* as shown on the chart, were
N\ 'n

calculated after exp{iiél’iﬁg the three excessively high points. Expressed

9 \y il 2.1 X979
as percentages, §was 2.1 per cent, S WAS N T ogn per cent or
\/ : 3
0.32 per cefut; and the limits worked out at 2.1% = 3 X 0.32% = 3.1%

and 1, 1\%}

Before theso limits were ealeulated, the three excessively bad days
hath been investigated. When the subcontractor saw this chart he was
very much interested, Quostioning his foreman and looking back over
h?s production records, he discovered that one or two days before each
high point & new rack had been used, but no change in the time of im-
mersion in the plating solution had been made. A few experiments
then were undertaken, which proved conclusively that a new rack,
.C)Hel'iﬂg less resistance to the ewrrent, deposited a heavier plate during
its first day than on succeeding days. The foreman, who had been

T=1-—3
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CASE TIISTORY V. COMPARISON OF THREE VENDORS o7

employed only a short time, had been unaware of the effect of a new
rack. When he was told about it, he tock special paing with his setup
on new rack days and had no more trouble on that score.

Tpon receiving the subeontractor’s report on this investigation, the
prime contractor extended the limits on the chart for a month in
advance. At the end of the month a new 7 and new limits were caleu-
lated, and a semple recciving inspection of 200 pieces per day was set
up. The new 7 became the standard p’ (data not shown on the chart)
at 1.2 per cent, and the new limits were :

. il — p)
P+ 3\/——-
n

N\
1.2 X 988 A
= 1.29 + 3\/———% = 1,29, + 23%,
200 7"\ N

The lmits therefore were 3.5 per cent and 0 per centd™In terms of
the allowable number of defects per sample, each sahple of 200 was
permitted to contain between O and 7 defective covels:

Sampling inspection wag possible in this case hoeause, (a) the chart
had established a eontrol on the plating wc;rk\\that held the subcon-
tractor al a controlled quality level; (2) aa’lc}ﬁéf as the plating was not
move than 334 per cent bad, it was cheap® to throw out the bad plat-
ing at ass.embly than to inspect it-‘},ggipé\,gl%%zﬁtbgtr?gre_i\_-'liﬁg; &_Dd (o) if
an excessively bad lot should appear, the sample wal practically as
effective as 100 per cent inspectioh in rejecting it.

Using thig chart resulteddn a saving of inspection man power by
the prime contractor andrah increase in acceptable work by the sub-
contractor, \\ -

\X
CASE HISTQKY. N. pn CHART, COMPARISON OF THREE VENDORS

A prim \éaﬁtl-a.c‘r.()r had subcontracted to three different shops the
manufaeturc of a metal part.  Vendor 1 machined the part from cast-
ings? N(pn'dor 2 used bar stock, and vendor 3 used forgings. Each had

Céapted the contract at a different price, and, as Chart V shows,
eil h bad his own “pattern” of bad work. The summary data are
given in Table 14.

Chart V was drawn from the prime contractor’s receiving-inspection
records. From each lot that came in, a sample of 300 was taken, and
t_he number of rejects was recorded. The respective averages and
limits for each vendor appear on the chart. (The highest point on cach
chart was omitted, because they all oceurred on the same day, when
the chief inspector was absent and his assistant was unnecessarily
strict in inspecting,}
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CASE HISTORY VI. COMPARISON OF THEEAD GAUGES 29

Of the three vendors there was no question which was best. Not
only did vendor 1 have the lowest 7, he wag also the only one exhibit-
ing good control: his work was the most dependable. Interestingly
enough, he was also the lowest bidder, An investigalion revealed that
the process more than the vendor accounted for the superiority. There-
after all these parts were mads from castings, with a considerable
reduction in cost as the result.

TABLE 14
Coal, Average Per Cent , M
Raw per Picee Rejected atb 2\ ¢
Material to Prime | Prime's Rcceivi_ug’ \.

! Contractor Inspection ™

S ' \\’.
Vendor 1 | Castings 72¢ 8,2’
Vendor 2 Bar stock 84¢ A a2
Vendor 3 Forgings B2¢ \‘ \ 7.2

: .

NS

Sample inspection and control (&;M}}%@d&ﬂ@@&ﬁﬁﬁﬁmg depart-
ment make possible » scientific eyalwation of vendors’ quality. They
ennble acceptance or rejection déeisions to be made in a scicntific and

economical way, "
o
~
CASE HISTORY #. COMPARISON OF THREAD GAUGES BY
\’ PRIME AND SUBCONTRACTOR

A major aifffatne manufacturer let a subeontract to an aircraft-
barts Sllppﬁéiz\for a large number of metal tubes threaded with pipe
thread ‘m‘t}ne end. The subcontractor’s production proved to be
unsatigfactory—up to 50 per cent of his output failing to meet gauge
Sp{fﬁﬁcétions at the prime contractor’s receiving inspection. Mutual
recMininations soon built up ill will, the vendor fecling that the prime
contractor was unduly harsh in his standards and the airframe manu-
facturer insisting that gpecifications had to be rigidly enforced. Rela-
tions between the two men werc going from bad to worse when one of
the prime contractor’s men who had studied statistical methods of
Quality control introduced the subcontractor to control-chart tech-
nigues,

First, they agreed what deviations were acceptable. Tt was decided
that a deviation from fit of not more than threc threads on the thread
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gauge would be permissible. Next, the subeontractor put an inspector
at each of his machines; written inspection records were kept and put
on control charts in order to find out what was happening in the pro-
duction process. The subcontractor then put his engineers to work
tracing down the reasons for cach out-of-control point.  Their investi-
gations eliminated the problems one by onc until the process was
fairly well in control and rejections hiul dropped from around 50 per
cent to 2 or 3 per cent. Thereafler the subeontructor reduced his
process inspection to peviodic small samples, depending on his eontrol
charts to warn him of impending trouble.

At this point the two parties agreed to muintain identichéontrol
charts for the purpose of aceeptance or rejection of deiigties. The
tubes were packed in boxes of 100, ten boxes to o carped, 5o that each
carton contained 1,000 tubes. Both prime and gtfbcontmctors in-
spected one tube from every two boxes, makingmsample of five bolts
from each carton, the inspections being mddgehdent ol each other.
With each shipment the subcontractor sentaeopy of his control ehart,
baged upon the average deviations fro;n*ﬁt of the five sample tubes.
The allowable individual deviation be‘inf__{ three threads on the thread
gauge, the deviation of an a;-'erga,g({'.of five would be 3__.-""\-/ n o= 5\/ 5
= 1.345. Chart Vrygtflok{{:sa%!ﬁgﬁ{%}fjO(T?.‘gﬁ’f.lrol ¢harts—the vendor's and
the purchaser’s—superimposed? with the standard lmils set at &+ 1.345.
In the lower part of ChéM VI is shown the dilference between the
vendor’s and the pgrc-h?aéer’s samples, carton by carton.

The points markéd 1 and 2 on the chart indicate tiwo cartons that
the airframe maffacturer rejected. Both charts cloarly proved the
unacceptability®ef these lots of tubces, and the subcontractor therefore
willingly agretd to take them back and detail them. A few days later,
at point'3/the vendor objected to a rejection, insisting that his chart
eviglgh&d good quality although the prime contraclor’s chart showed

mgm‘p of control. Again at point 4 the charts failed to agree. This time
{ “thie subcontractor refused to take back the cartons that were assertedly
substandard. Both parties then agreed at 5 to an investigation, part
of which was the preparation of the comparison chart. Here & clue
was found in the fact that beginning with the 24th carton 17 quceessive
difference points were below the zero line, On the theory of runs (sce
page 64), this indicated an assignable cause of difference between the
vendor’s and purchaser’s inspections, with the vendor’s record cob-
sistently lower than the purchaser’s. A brief investigation led to
checking the gauges of both disputants: the prime contractor’s gauge
proved to be the faulty one.
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102 CASE HISTORIES OF CONTROL CHARTS

After a good gauge had been substituted for the bad one, cartons 41
to 69 appeared as shown on the right-hand side of Chart VI All
points wore now in control, but the differcnce chart showed 22 points
ont of 20 abore the zero Yine: at point 6, ten suceessive poinls above
zero; at 7, another ten above zero. All these indicated a digerepancy,
but not « large cnough discrepancy to result in lack of control or dis-
agrcement about quality. The situation, however, bore watching,
because it was properly interpreted as a tendency for the subcontrac-
tor's gauge to become faulty., So helpful were these charig to both
parties that they were continued during the life of the conlract. N

Not always can disputes between scller and buyer, or cven hetiveen
one department and another within the same company, l:{t:\ééf-ﬁé:d 88
easily as this one was, Very often such disagreements abent quality
~reate ill will and misunderstanding. On the other haddy's meeting of
the minds as to acceptable quality, coupled with A4 collection and
analysis of appropriate facts, can aveid costly argulients and unneces-
BALY eXpensc, \

¥ exp y \\'

R
CASE HISTORY VIL A PROBLBM IN SUBGROUPING

3\
wiww dbhraulibrazyoote i .
One of the comPORCRT DAt Ohm teréath machine tool was an eccen-

frie cam in which a slot one-hglf Inch deep was milled. The operator
of the milling machine plaeed five eams in the jig, tightened them in
with an adjusting scre»y.,’é:nd cut five slots sirmultancously.

During a study hig milling operation, it became apparent that
the slots were nob\being held within tolerances. Both foreman and

P2

TABRLE 15
"\n
:"\"~
S \mﬁdua\l Measuremenis of Five Slot Depths, Inch
pj{{ ) Avernge | Range
w\‘N“O’.

\: & b € d €

1 0.4990 | 0.4895 | 0.5000 ; 0.5000 | 0.4965 | 0.4996 | 0.0010
2 0.4995 | 0.4990 | 0.4095 | ©.4095 | 0.4005 | 0.4994 | 0.0005
3 0.5000 | 0.5000 | 0.5005 | 0.4995 | 0.5000 | 0.5000 | 0.0010

0.4989

e

o

0.0008
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operator complained that the milling eutier had to be changed too
often and that the slot went out of tolerance before the cutter needed
resharpening. In order to veduce the amount of down time required
for changing cutters and to inerease the efficicney of the operation, a
control-chart analysis was made.

Since five slots wore cut al one time, it seemed logical to use groups
of five simultaneous slots as the subgroup for the control chart. Meas-
urements of slot depth therefore were made on cach of five simultancous
slots, about half an hour elapsing between inspections. The original
data were set up in the form shown in Table 15, p

502 TS
@ e X - Chart N
5 — @ o \ ]
£ £
B0 o D N
s - ol i = X / =
g [ - T T \

;ﬂ.zzgs— ¢ °9 o ,:1\\' -
g L&
i r 2o AW/ 7

496 | [ L ' ‘

5 10 1'rwﬁa}w_'dgpaulibr‘aggr_or‘g_inso
Sample number

Chart V1T, Milling' slols in cams.  Samples of 5

Chart VIla shows tlm,i‘féhart for 18 samples of 5 each, together
with control limits calctiiated from the X and R valucs already given.
Either the process wsyvery erratic or the subgrouping was wrong. A
classification of thelkources of variation in the operation developed
the following igferation :

L. Raw matprials—variability in hardness of steel.

2. Dinanisions of cam—variability from preceding operations.

3. Pa§itioning of the milling jig—variability due to operator skill

A Wear in the cutting tool—variability caused by slot growing
shallwer as cutter became dull,

So far as the chosen method of subgrouping was concerned, the
eams were thoroughly serambled or randomized before coming to the
mill, Causes | and 2 therefore were sncluded in the sample, because
& cam of any specificd hardness or size would be just as likely to appear
In one sample as another,

Canses 3 and 4, however, were nof included in the sample, but had
their effect betieen the samples. Dositioning of the Jig affected all the
five cams in the jig in the same way, but the next group of five might

N\
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be positioned differently. Tool wear, being a long-term directional
effeat, should appear as a trend in successive samples and not as a
range within samples. Regarding cause 3—positioning of the jig—
gome varigtion between successive jig settings was unavoidable, since
jig setting was dependent upon the manual skill of the operator; cer-
tainly ercessive variations from this cause were undesivable.
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(N5 10 15 20 25 30
O Sample number

o/

g"\ Chart ¥IIb, Milling slots in cams. Samples of 3

al

/N Chart VIIe. Milling slots in eams.  Sumples of § with trend

~\J

N/ With these considerations in mind, it was decided to inelude jig posi-
tioning in the within-sample variation by changing the subgroup
method. The inspector was told to take one cam off each of three
suceessive cuts and to repeat the procedurc every half-hour. This
would, in effect, include normal variations in hardness, dimensions,
and positioning within the sample, leaving only fool wear outside.
Chart VIib shows the results with samples of three taken by the new
method. The trend of tool wear, faintly visible in Chart VIIa, then
became clear, leading to the conclusion that jig setting had becn &
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major cause of variation, so great as to have masked the tool-wear
trend in Chart (2). Samples 16 and 17 are out of control on Chart (b),
indicating at those points an undue carclessness on the part of the
operator in sefting the jig.

Chart (b) also shows the samples at the top and the bottom of the
trend to be out of control. A least-squares trend line therefore was
caleulated,! and limit lines were drawn paralicl to ihe trend at a dis-
tance & Ao R from it along the perpendicular axis. Saraples 16 and 17
were still out of control, as was sample 30, A recaleulation of the
trond, excluding samples 16 and 17 from the caloulations, gave theN
picture shown on Chart V1le. Here the trend of tool wear had becn
isolated and measurcd, and limits had been sot for normal varations
due to other eauses. An out-of-control point thercfore represents a
truly assignable cause, one that should be hunted for and dliminated.
Thus Chart {e} fulfills the basie function of & control chart, whichis to
discover those fardis and errors that are controllable buf “dre not controlled.

Neither Chart (&) nor Chart (b) accomplished{his baste purpose; on
both of them the out-of-control points reprégtaited to some oxtent
causes that wore an integral part of the.nfieration and could not be
eliminated. This study illustrates how Jikile value a control chart has
unless, in operationally verifiable. ggineh iy Boint Iéciogl?gonomic im-
provements or to predictable stabilify in the manu aeturing process.

2

CASE HISTORY Vn{{:};oon AND BAD OPERATIONS

In small plants asovell as large ones, control charts have been uged

successfully, Tosthésmall plant a good eperation, one control at a
satisfactory levelpg often more necessary than to a large plant. When
& company. witlionly a few machines takes on a single contract absorb-
ing its eqﬂ‘f&\fﬁpa@it}', or does job-lot business in ghort Tuns on a variety
of prodietd, the suceessful operation of the equipment it has is of para-
mouktimportance. With all its eggs in one or & few bagkets, and with
ifs\dépendence upon other manufacturers for business, the small coro-
pany cannot afford to take chances with its reputation for quality and
low cost,

A certain machine shop had two automatic
new six-spindle and a very old four-spindle.
bination forcman-setup-man-operator, 1an
machine wag performing as it should, but the o
quited a constant struggle to keep it going. The o
ilation.

gerew machines: & fairly
One employec, 85 COT-
both machines. Neither
1d one especially re-
perator spent three

18ee any standard statistical Lext for the method of calct
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quarters of his time adjusting and readjusting the machine, changing
and resharpening the tools. Rfficiency was less than 60 per cent. The
company was unable to meet scheduled requivements. Taken to tagk
by his boss, the operator said, “What can you expect out of an old
ratlletrap like that?”

Chart VIII pictures the results obtalned from a statistival study of
the old machine on two complete runs of a steel turning,  Chart (a)
shows the original eondition of the operation and Chart (b) the improve-
ment that was made. Several points are worthy of note in these t{uo
charts,

Samples of four successive pieces, one off each spindle, wete)taken
and measured with a dial indicator to the nearest 0.0001 ity “From
these samples the X and R charts were drawn.  Chart ﬁa} lustrates a
typical badly out-of-control operation: the X charty pUl]lJE% out ciffi-
culties in tool sctting and adjusting; the fi chaxf, mdic ates assignable
causes of trouble within the machine itself. Taogdlher they reveal that
not all the problems were due 16 the mac hm@almlo if that had been
true, the X churt would not have been «mepndmtable as 1t was.
Judging from the violent fluctuations iinthie X chart, the operator was
unable to eslimate his sctup accur: atnl_}; This difficulty was enhanced
by the unusual lack efcdhiaakin ghy«mfugggm chart, where no fewer than
9 out of 78 points fell beyvond the WO, R limit, It is interesting Lo note
that several times the & chart Svent out of econtrol just before or during
trouble with the X chart\ Soveral signifieant points are indicated on
Chart {a) by numera]{.ui parentheses, They refer to the following
conments:

1. SBamples 1-5 A poor sctup, with an average too low. Fault of
the machinc, ad$hown by out-of-control ranges. One of the spindles
wont bad, T'he single point at sample G on the X chart represents an
un‘*atlkfgt@ory experimental setup made during efforts to correet the
bad bpﬁl le.

> Semple 18. Tools resharpencd too late. Should have been done
'f,wo samples earlier. The out-of-control range at sample 16 resulted

an inaccurate estimate of the next two sample averages because of
erra,t-ic- behavior of one of the spindles. The muchine was shut down
for repairs,

3. Samples 19-30. After being repaired, the machine performed
fairly well, except for out-of-control ranges at samples 24 and 25,
until sample 30. Here the operator had left the machine running while
he had lunch. SBample 30 was taken during the lunch hour and was
found to be very much too high on the X chart. The new sctup made
at sample 31 was excellent, starting at the lower control limit.



107

GOOD AND BAD OPERATIONS

ASE HISTORY VIIL

C

/

oppurds aee Yo svond auo Sp o pepdung  COUMORIE MBU0F D1)RTIOTIE arpunda-mog
AN

‘FU0IRIRdo PR puR poor

"LITA HTRUDY

sau'au! ‘aﬂue'a

{/ Jsquinu ajdwes
09 05 ov 0g 0z Vel 08 oL 09 05 oy 0g 0z o1
I I I ! T i _ _ [ [ _ I !
A -
NS — -
x 9 N R - 000
- " oo m. ? m e .
BT ; s g L . .. R L
T e " W T e . . g
= . - . . of s.‘wtm c. . .oo ] NOO
— s P
gra 7,
— .||.|.JWPP\J|II|1E|||1!II|||]1[!|JI” 200
. . 7% . N mlquQ v
ueuy -y (9 "/, W §) " weyo eduey (1)
_ _ T aox i _ ) _ ; _ oo
(9 N4 (D)
’ yve. ] - X

Heyy - x°

uoiesado poos ¢

7 ¥ W
LAV AAC A S £ N A A =
. \Y/ - x
4 (2 =
/4
© 5 e 4, eow
¥eyn-x tofeyadeo peg '»

N\ oty

Souout UsiaLel]



108 CASE HISTORIES OF CONTROL CHARTS

4. Swmples 41—47. A four-hour struggle to get the machine oper-
ating satisfactorily, The group of high range points (with one out of
control) indicated more mechanical trouble. There was practically
no production during this period.

7. Sumples 58-61. On sample 58 the shop inspector stopped the
machine because hig spot inspection disclosed an out-of-tolerance
picee, Blaming it on the machine, the operator spent most of the next
two hours trying to find a probably nonexistent trouble, During this
time the ranges were helow the R, indicating consistent work by all
gpindles.  When at last the operator discoverad o soft apot in the steel
bar, he was satisfied and went back to production. (L&ter “studies
showed that within wide Hmits of Rockwell tests, hardness had no
gignificant effect on the dimension of this part.) )

6. Samples TI-75. More spindle frouble and -,omo O])(‘l’ttOI‘ care-
lessness. Keeping of thiz chart and frequent qumumhng of the opera-
tor had produced in him a peychologicul resistansdwthich made further
analysis diflicult. Since the run by this timghad been completed and
adequate data had been gathered, the chﬁ\t was temporarily discon-
tinued.

The conclugions reached and action %al\.en as the result of Chart {a}
ware: W W, dbraullbral‘y org.in

1. A large part of the troublévas caused by mechanical defects in
the machine. Since a new onevcould not he bought under war condi-
tions, the old four-bpmd].(< atttomatic was shut down for a complete
o*velhaul and repair joli)

2. A fair share of the dlfﬁculty wag caused by inaceurate setups and
by sharpening andhchanging tools at the wrong time. This was due to
the operator's™dne-piece inspection procedure. Tis practice was to
essure one'}n(‘ ce off the machine, and to start, adjust, or stop the
opamho\acconhnglv At best this would result in frequent misad-
Justiénts, because measurement of one picce cannot give adequate
1an§matmn about this kind of process. The operator, for instance,
“Hatno idea what was the av crage size of the parts he produced. When

fic X chart rovesled that the X w as 0.4054 inch, he was incredulous.

He had been aiming at “about 0.404 inch.” He had been shown the
chart as it developed and frequently had objected to the pointed ques-
tiong it raised.

To eorrect the operator’s macvuracy in positioning the tools, he was
instructed to measurce one plecc off cach spindle befare he started the
machine on production after a shutdown, no matter how short or long
the shutdown might be. If the avernge and range in the sample of
four pieces failed to meet the standards set by management, he was to
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take snother sample of four pieces and continuc setup or other adjust-
ments until two suceessive four-piece samples met the standards. Not
until then eould he start the machine on its run.

The standards differed [rom product to product, depending upon
specifications and operating tolerances. For the product discussed
here, Chart VIITh shows the result obtained with the repaired ma-
chine and with more accurate tool setting. Chart (b) successfully met
management stundards except for sample 21 on the range chart where
a brief {larc-up of spindle trouble was brought quickly under control.

An interesting featwre of the (a) and (b) range charts is the presenee
of 13 zero ranges on {a) (where they would not be expected), and olNto
zeros on (b). One by-product of the investigation made in thig’gase
was the discovery of a defect in the dial indicator used. Thi&:ﬂad been
corrected before the (b) range chart was made. N

In Table 16 are given the X, B, and limits for bo,tl'i’ba.(,{ and good
operations. o\

TABLFT. 16
O
A
Bad Operation S.'}OM Operation
(1/1,000 Inch)PN#/1,000 Inch)
I e brauttbrary org-n
X C 405,88 403.75
R AL37 1.03
As A 0.729 0.729
AR AN Lo 0.75
I AD 1.46 1.46
I RN 2.00 1.50
X €45 406.38 404.50
X2 Asl 404.38 403.00
3+ IR 407.38 405,25
X — DR 403.38 402.25
AN Dy 2.282 2.282
N bw 3.12 2.35
. A Ny s 0 0
\»«j J DR 0 0
4
[ A A

CASE HISTORY IX. THERMOSTAT CONTROL

aat-control equipment produced 2
thermostat with a specified operating range of 500 to GI_JO degrees
Fahyenheit, It was designed to turn on an electrie eurrent if the tem-
perature fell below 500 degrees and to break the cireuit if it rose al::mre
600. Production was sbout 1,000 a day on two asserably lincs. The

A moanufacturer of industrial h
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final assembly operation was performed by one girl on each line who
made the final adjustment of the thermostat. A sample from each
day’s production was given a rigid test in one of two special testing
machines which simulated the conditions the thermostats would mecet
in actual use. Fach of the machines was able to test 23 thermostals
in 2 ten-hour shift. With the plant working two shifts this permitted
not more than 100 tests per day to be made. Onc hundred per cent
testing was therefore impossible. In order to give himself ussurance
that the untested product was meeting specifications, the muanufac-
turer decided to use control charts on his test results. Charts 1Xa,
b, and ¢ deseribe his expericnce in eollecting his original date ded in
analyzing them for assignable causes. O ’
Measurements were made of the individual opemtirigﬂtempemture
of each of the tested thermostats. For convenience/fhey ‘were taken
in five groups of five off each machine en each ghift.” Identification
tags were placed on cach thermostat showing the test machine, the
initial of the girl who made the final assem}sl}»’ adjustment, and the
shift on which it was assembled, Averagesiaind ranges were caleulated
and plotied each day for 20 samples of fiwvineasurements cach, Table
17 gives a typical day’s reeord froms Jhich Chart IXa was prepared.
Ninety samples of Wﬁ”{*gbﬁéﬂélﬁﬁ?ﬁﬁb?ﬂ%iﬁach were colleoted over &
five-day period. Averages and Jimits were caleulated for Chart [Xa
as follows: N
WX = 530
¢ENE =380
X 1 AR = 552, 508

sy,
| f

£

\<& DR = 81.6

N

Both thea¥erage and the range were out of control. Apparent dur-
ing thefirst three days was a downward drift in the averages. Of the
fivst.day’s 20 samples, only onc was below the X line; a yun of 12 con-
sedufive points was above the average. The second day was fairly

“well centered.  On tho third day 13 consecutive points were below the
aversge. Not unti! the fifth day did the X’s again become grouped
normally about the X line. Suspicion immediately arose that an
almost imperceptible and progressive change was taking place in the
settings of the test machines.

To determine the cause of the drift Chart IXb was drawn, grouping
all the A-machine tests together chronologically and all the B tests
similarly. On machine A the drift was more marked than on machine
B. A closer examination showed that the first day was above averagt
on both machines; if that day were removed from the data, muchine A
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TABLE 17

CAST HISTORIES OF CONTROL CIIARTS

] | Average, .
Date | 2mple | Lesting o, a::;ﬁ?:? | Degrees TT){&::;;
: No. Muchine TR0 =R
ment by B R
| X
Jan§ 1 A 1 N M1 1 85 .
2 A 1 N 541 0 80 O
3 A 1 N 52510 AL
4 A 1 N 551 854 \J)
5 A 1 N 581% B0
6 B 1 D 512 85
7 B 1 D 531 AN 40
8 B i D 5554 % 60
9 B i D S0\ 55
10 B I D 536 15
il 4 2 B { N 70
12 A 2 BN " 572 % 55
13 4 2 N I 15
14 A 2 | I 562 % 30
}g ‘fﬂvw'ﬁbrau‘“bé:?} ffifm:gin gié_ ¥ gg
17 B .28 535 90 *
18 B A7 r 531 30
19 BN 2 r 547 15
20 B | 2 P 560 % 50
\\

* Out of control
would_shox\i QMS cbvicus drift while machine B would show none at
all.  ClegNy-some assignable cause had operated on the first day.
Beyondithat, machine 4 showed « somewhat biased trend.

qewm sample averages were out of control on the first day:

\ 5 on machine 4, 2 on machine B,
5 on the sceond shift, 2 on the first shift,
4 on operator B, lon N, 1 on D, 1 on P.

Operator B was a new assembly adjuster who had not yet acquired
the necessary skill, Taking her errors out left one or two out-of-
control points on each testing machine, on each shift, and on cach
operator.  This peinted to o flaw affecting all parts of the process,
probably raw material. It was later discovered that the bimetal used
on that day was at faull.
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CASE HISTORY X. NECESBITY FOR X AND R CHARTS 115

Chart JXec shows an analysis by adjusters and by shift. Taking
out, in imaginaiion, the first day’s record, and cxamining cach adjus-
ter’s chart for runs above and below avcrage, adjuster N showed up
as definitely an assignable eause, while D and W wore suspects. The
whole first shift, seemed below average. Much of the drift seen in
Chart TXa was fraceable to an apparently gradual change in adjuster
N's ideas of correct temperature. She secmed to favor the low side.
Adjuster 1D was fairly well centered though somewhat low. Adjuster
W changed her mind suddenly on the fourth day. Adjusters E and P
on the second shift were accurate and reliable. Adjuster B, after herd
first-duy attempt, was not used again on this critical and highly skj]lgd
job. ™
On the range charts three points were out of control. Twoiof-these,
on the first day, were attributable to defective bimetal ; the'ghird came
from adjuster 1), a highly skilled girl and was never tragedto any par-
ticular cause—it was apparently an accidental varigtlon.

As analyzed on these charts, the process was netisatisfactory. The
dispersion of individual observations as esti Aated by taking 21.8
= 2 3% 1.15 x 38.6 = 88.8 degrees was w}thﬁz the tolerance range of
100 degrees, but the average of 530 degraes wwas too low. Work began,
as soon as the analysis had been compiladhea b1 BIQEIS First,
an cngincering study was begun & find the mnost economical way of
raising the process average to 550 degrecs; second, control charts were
set up as a permanent inspeefion procedure for assuring a consistently
good product. \\ )

N

CASE HISTORY X. NECESSITY FOR ¥ AND R CHARTS

Chart X tcllé%ﬁa,phical]y why the caleulation of averages and dis-
perdion 15 1 ‘\L;YSE;IB.J‘Y in order to discover causes of variation in a manu-
facturing }f)l'ocess. The operator, foreman, Or inspector who inspects
Onﬂ..piét;;é’in order to decide whether or not the process is sat-isfactt.::ry,
méy,_happen to inspect any one of the pieces represented by the points
on Chart Xa. How can he tell what the process is like unless he knows
where that one measurement is relative to the others? If, on the oth(:-r
hand, he measures several picces and performs the simple a.rithl}le’.mc
necessary to calculate their awverage, he knows within certaln limits
what the average of the process is. If he keeps & graphic record of each
average in the order of production, he begins to sce trends, tool wear,
setup positions, and other features of the process a3 they are revealed
in Chart IXb. Such records show, of courst, only mea,sumr.nents
made on certain selected pieces; but with a aubstantial quantity of



116 CASE INIZTORIES OF CONTROL CHARTS

known measurements recorded in this way it is possible to diagnose
the condition of the process us a whole, that is, of the picces not meas-
ured.  People tend to forget that what they see is not the whole truth,
perhaps not even a puartial truth.

755
@
50— .
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Sample number
Churt X. Individual versus average charts

(a) Chart for individual observations, Metal knobs of Figure 1a from Table 3
{b) Chart for averages of 4

What has been said of averages holds equally well for dispersion. A
sample of one observation gives no idea whatsocver whether the process
is holding specification lmits, Fyen a sample of several pieces 1s inade-
quate for that purpose. The only way i which a correct picture of the
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variation ean be obtained is by some estimate of the dispersion from a
single large sample or preferably from a sequence of small samples.
This iz the seerct and power of the control chart: it provides an casy,
sensitive, and satisflactory measure of process variation, by accumu-
lating small samples into large ones. IFora controlled process the dis-
pergion of individual measurements is approximately 27 o I2; for a series
of small samples of size n it is D4R — DyR. As with averages, =0 with
dispersion: an inadequate quandity of inspection is bad enough, but
even an adequate quantity of inspection fails to achieve its purpose
unless two Turther stops are taken. First, record the dafa; second{\
analyze it, N

Charts Xa and b arc particularly illuminating in this 'r,e\é;ibe.c\t.
Could any man, no matier how intelligent, get from all the separate
measurcments of Chart (1), taken over a pertod of days,&he kind of
picture shown in Chart (b)—the comprehensive, progr shive summary
of a process life, and the certainty of knowledge whith it gives?

A\
o
CASE HISTORY XI. GOOD AND BAD\WORKMANSHIP

At one stage in the manufacture of & eertain article, 2 small part
was shaped from sheet steel in an;Swbdinsditi B RIFLRTESS. The
metal had previously been cut in agi*ii‘f‘egular shape to fit the stamping
operation. The precut pieces had 4o be inserted in the stamping press
in & particular way in orderdo be formed satisfactorily. A good deal
of manual dexterity ws s@c:ciuired of the girl at the stamping press,
since the operation wag ra&a,pi d one—about 1,000 stampings per hour—
and the insertion wastdde by hand. Oeccasionally even the hest opera-
tor would fuil to igert the piecc in just the right way: a defective article
would be the rc{‘ath‘t Process inspection consisted of the inspector exam-
ining 20 pigtesper hour and recording the number of defective stamp-
ings whightappeared in his sample. :

In Oha}rt XT is shown the record of two operators over & six-month
poficd>” Kach point on the chart represents the tesults of a weck’s
inspletion, that is 20 pieces per hour for 50 hours. N therefore equals
1,000. Below is given the average per cent of bad work aned the nor-
mally cxpected limits of variation for each of the two girls, based upon

(1L —p)

the forrula P o 3\/___. )
n
Operator B Operator A
Best expected quality 0.29% defcetive 4.7% defective
Average quality 135, defective 7.1¢, defective

Worst expeeted quality 2.40% defective 9. 5% defective
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Operator A was in control, but at a high and unsatisfactory level.
No particular week or series of wecks could be considered signifleantly
worse than any other. Iler problem was the basic one of not having
acquired the necessary skill, or of not being adapted to this type of
work, Occasional reprimands would do no good, because, though her

12
QY
10— QOperator A
e B2 S Limite
. {
- N
8 » * a :"‘
o - - - - ".: 3
= - - -
-E * Tee LA * "’.\\ i
a . 4
E 6 _. L]
o \
3 . ) xj\\' ' .
K3 —_— Lirnit
X }
40— N
QOperator B >
www.dhid L)Jlibl;é}fy .”orégi)n ) .
—————————— e e e e e e e Lt
2j— N .
2 ] — —~ . - - » - = ﬁ
Y ¢ M et e e e LiE
o B 10 15 20 25
"Re Weeks
Chart XT. Coptl:\al.;d bad workmanship. Compurizon of Lwo operators. Por cent
7, rejections by weeks

' M

worke&8s poor, no specific weck was significantly worse than the weck
bo{éfﬁ. A reprimand, thercfore, would have no clearly defined fault of
,(‘g’hri operator to justify it. _

Opcrator B, on the contrary, shows evidence of good though crratic
work. At (1) on Chart XI operator B took a threc-weck leave of ab-
sence; a substitutc took her place with the result that relatively poor
work was performed sall during her absence.

After the regular operator returned to work she did very well for the
first two weeks. Thereafter for a month her work grew pngTchivel-‘-"
worse, stopping just short of the upper limit in the I16th weck. The
record showed that a department head had taken her to task for care
lessness during the 15th week; it is doubtful whether he should have
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done so, for such a progression of points could easily accur by chance,
especially since the chart did not go out of control.

At (3) the story was different.  Operator I3 should have heen asked
at that point why her work was not up to gtandard ; such questioning,
sympathetically done, might have revealed some assignable cause of
trouble that could have been eliminated. Adter thig chart had been
drawn from the inspection records, the girl was questioned and readily
admiticd that a serious family problem had arisen at the time she
took her leave and that at about the time of the last out-of-control
point it had finally been solved. Thereafter, as the chart shows, she.
settled down to normal again.

This kind of personnel record cnables workers to be divided(into
two categories, cach of which requires a different approach. { Those,
like operator A, who are constsienily poor need constant, sujpervision
and careful training. Those, like operator B, who are ggdd'but crratic
need oceasional attention, especially when their workhis worse than
could happen by chance. If each worker is given the right kind of
attention, at the right time, quality can be fsjieéd‘il}’ improved, both
for individual persons and for the plant ag a-¥lile.

b 2 \ .
\a\rw,\\.r_d braulibrary.org.in

CASE HISTORY XIl. HAMMER-OPERATOR QUALITY

Chart XII illustrates scveral useful features of control charts. The
form in which the origingldata are combined with the chart ité.;elf
makes for economy ind fedping records and convenience In studying
them. Sample sizes adsmall as 10 observations ean be used effectively;
and the cxplanatioh#yof excossively high points, representing unusually
poor work, gives s-permanent, growing mass of information a8 to causes
of trouble. "} '

In & Co&ércial forging plant, doing custom forging with relatively
short wins on a large variety of products, & chart of this gort was kept
4 Q?“G}l hammer operator. The man whose record is shown was one
of\the best, an cxperienced hammer man and an old employee. Ea.c.h
of the other operators had his own chart, from which monthly gulahty
ratings were calculated and which were uged as a basis for iJ_J(thdua.l
study of each employce aimed at constant improvcment of his wor]%.

Process inspeetion consisted of periodic sampling, with gample size
dependent upon the rate of production. Each day the percentage of
bad work was determined for each job worked on by each ope_rator.
The first column in Chart XIT gives the date; the next, the machine or

hammer number; the third, the job or part number. The next three
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colurins show n, the number of pieces inspected on that day at that
job; ¢, the number of bad pieces found; p, the per cent, that is ¢/z- 100,

Date  Mach, Fart n ¢ gt Insp 0% 5% i 15% 0%

War 1 1 %.3___ 34 0 0 2 b 7T T L ' ‘ [ ]—'l:
i1 x4 47 G 0 4 EAH 7 | N
5 1 X3 45 0 0 4 RNl i _ ]
Bt X3 E8 1 15 4 NELE ‘ ‘ .
7 1 o x-3 55 0 0 a3 KNS

| 8 1 x.3 42 0 © 4 [ 3 N
12 1 x4 127 @ 0 A b [ N ) :

[ 13 1 ¥4 1w 004 M L oo ]
W1 ~-2 20 1 0 A ; L] ¢ smalsteel N
51 a2 57 0 0 4 I I P
61 .2 27 08 4 + ~ LT N
%1 x4 34 0 0 4 * L %/

19 1 &0 12 0 9 a LI i B IES
19 1T x3 2 0 0 A . ) : L
01 Y s 0 oA y |! l LTS
21 N2 3.0 ¢ A y | 2 :
21 1 X0 17 0 ¢ a v [, K
21 5 x-3 31 1 30 A Hle ) '
22 & X.4 €73 45 4 |} R RN
23 7 x-3 7202 28 4 X :
24 7 X3 53 4 FE A 1
24 5 i-g 28 2 71 4
27 _ 5 x.3 133 3 23 &
28 5 x.4 85 2 24 &
05 x.2 65 3 45 E
Apr. 2 1 X-10 56 O I
31 X4 DIWYWH
45 x.2 19 1 E3 &
4 1 x4 ¥ 00 B ea
§ 1 x4 54 0 0 EFW
6 1 x4 56 0 U, N
0 1 X3 53 1 _Ig op
111 x-3 33 0,80 = i
12 1 x.3 5 N0 & > T ;"li ]
i3 1 x3 45 0% 0 & [ O
4 1 x-3 3 s F | & L1 1l
Ww_ 1 x3,.0%2 0 o F ¢ ! I _
17 1 X3/N%7 o6 0 &» [N T [
18 1 ywaMw 130 o g . | : | -
191 E 62 4 54 A 0 s Mew job
2 WANXY0 " 00w b 1| | | ]
5 NE T 48 0 0 A » [0 1 I N I
AN X1 48 0 0 A WHE 1 i N D
g2 1 X1 54 0 0 A y ! : 1 R B gy S
f e i x1 F 0 o _a y I
4 3 HE - .
~ FT=14% : [
T - — ]
I REEE

Chart XII. Hammer operator quality

“Insp.” designatos the inspector who collected the data. On the chart
iteelf the figure in the p column was plotted: 7 was ealeulated and
drawn in; and 236, control limite were set up lor each point, depend-
ing upon the number of picces inspected, and derived from Figure 5
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in Chapter 4. This procedure resulted in a permanent personnel
record of great value: it diseovered ways to help each man incresse his
shill.

Studying this and other charts led the shop superintendent to realize
his tavo principal sources of bad work. First, a man did better if kept
on the same hammer as much as possible; second, he did better if kept
on the same kind of forgings as much as possible.  These two con-
clusions Ted to a radical change in scheduling poliey. Each operator
was assigned a hammer of his own, and cach hammer was scheduled
on jobs ag similar as possible. Desirable jobs and desirable hammerss
were made the reward in quality competitions. This shop is now pros
dueing forgings to striet standards with an average of less thang2.per
cent unaceeplable work, including both repairs and serap—an dxeéllent
record under usual commereial conditions, N

A valuable by-product of these charts was their abilityyto diagnose
an operator’s work habits. One man, for instance, uﬂl}lly started off
g new job with » high percentage of bad work; heteok three or four
days in settling down to his normal pcrformane-e\\Observa-tion of and
conference vith this man revealed him fo~De a conscientious, hard
worker with a nervous temperament. TRefCafter, whenever he was
assigned to a new job the foreman w&g{l}&hﬂﬁ@nﬁﬁiﬁﬂy«io‘i@'ﬁ Novw, Bill,
take it easy,” relioving his tension Anid encouraging him to more self-
confidence, Another operator hzjwi,al sick wife with whom he had to
stay up at night; his work su‘Fferéd in conseguence. When his chat"t
showed a serious upv\fard' ;trénd in poor work the foreman pointed it
out and asked him why\\thn The had explained his family problem,
the {oreman told him\about the company’s medical insurance plan
which provided hedpitalization at a nominal cost. After the man ha_d
put his wife ipybht: hospital his work immediately improved to his
normal level 7YY

A 1‘ec01d§éh as this makes it possible to visualize the progress I{lz}de
by an .apj’rrentice or a new employes, and to weed out the unpromlsmg
011&3\1-33{01-9 too much money has been spent in trying to tram them.
It\en’couragcﬁ pride of workmanship. It provides a basis f‘-‘f’ promo-
tion entirely free from aceusations of favoritism. It leads to ymproves
ment of equipment and produﬁtion methods. Not only in forglng‘ bu.t
also in many other manufacturing operations where operator skill is
paramount, personnel control charts have proved their value as tools
of management.
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CASE HISTQRY XIII. PRODYUCTION VOLUME OF INDIVIDUAL
WORKERS

In a certain plant operating with an incentive pay plan, standard
production quotas had been set for each kind of Job by means of time
studies. Production workers earned extra pay for production over and
above the standard task. Management desired, in addition to the
incentive set up in the union contract, to publish every three months
an honor roll of employecs who had produced an cxceptlom-mily\high
volume, in order to add to the monetary benefits o pride incendive.

This was accomplished by means of a eontrol chart on,Braduction,
Each worker’s per eent of production above standard ¥a caleulated
eacth month, and an average of three months’ figuresiwas calculated
and plotted as on Chart X11I. The average (?}1:-ll‘t’5h{3\\-'6:'\\’]li ch workers
were significantly superior in total output: thés range chart shows
which ones were consistent in their output (h Wy point on the range
chart indicatles consistency). The originaldata was set up in 1he form
shown in Table 18. A\

TABLENS)

AVERAGE Provroradn. ABove STANDARD

N b

T uuuu;e‘\:-{‘,"“l"g ]
Cl?ck Tan ‘1‘{(;{] Mar. 3-Month 3-)Mrmth
No. / Average | Range
V\\
501, Peng | 2.0, | 429 289 2.19
S02¢™, 2.0 11.46 17.0 0.2 15.0
:SQS.}“ 7.9 8.8 4.0 6.9 4.8
xt\.": . . .
O
NN X =11.29
™ E 11.6%
Ar = 1.028
Dy =0
Dy = 2574

Limits: X & AoR = 23.0%, 09,
X & AsR X 3% = 19.1%, 3.3%
Dy = 09,
Iy = 2079,

Each employee worked on many different short-run jobs during any
month, so thai the subgrouping method chosen ineluded all variations
due to normal differences botween jobs; the long period of time covered
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PRODUCTION VOLUME

CASE HISTORY XIL

/

SYILOUT DATINDIFUOD m.ﬁﬁwo SFeIoAy  CPITPUTIS DAOGR (U05 18J  SI0NI0M [BOPIAIPTI JO QUNGA WOVANPOLT  “TITX 1R
£ 3

o A 1aquinu %20} sakojdwy
009 06% 084 nLs Q9% 055 [0} 4] Qgs 025 018 00s
» s 3 [ 3 0]
A B B R IV R d T B
L/ & A g < P A b3
] 7 fi)
- o m..!. . o mno -y - L ] m R eM
- . e - , Sy - — 02 sd
% E .
B e qll_.m.llll....riollll _— ES
. = oy aBuey -~
/) ©
| o ¢ b —
saBues ..awn@msu ov
>
m‘~‘ v 4
ERY
- 4 4 - -4 0
. ¢
AU ST SRR, -/~ -_— —_— »
. . . e e o W Eegenuny . 3
b . * . \ . .« * - .m._w
[ . S o1
] ¥ L W P =
* ‘e * hd L .\ ., . W‘ W.
. g . s A% * m
. . Q g
I|I||ll|l..]..|...l..|||.|l..l.llIulllllll..l..lllM.lllll\«msl A &
207+ g M &
o — — Wy, S— — A A d— —— ————— e, — ————— B — =
Eor o, (& &
sofesonr 10} Weyn OF AT X \:\ =3
A .

cE



124 CASE TISTORIES OF CONTROL CITARTS

{three months) made it possible to include in the sample the normal
variations in production caused by each worker’s emotional habits and
personal circumstances.  Exeluded from the samples was any signifi-
cant difference hetween the workers as Lo skill, ability, hard work, and
other factors defermining their volume of oulput. Sueh factors, if
present in significant degree, would show up as an out-of-control point
on the average chart.  An onut-of-control range point would indieate
somc Ingtability in the particular worker coneerned.

The X + AR limit showed three workers with exceptionadlf large
volume: clock numbers 508, 513, aud 516, Number 508 was also out
on the range chart. The fact that all these points ‘\veye\'ﬁm\ong the
lower clock numbers raised the possibility of long servieeNss an assign-
able cause.  Investigation proved that the three wheWhre out of con-
trol were indeed among the oldest employees, amﬂw"izru all recognized
as outstandingly skillful.  This finding, ineideidally, went far toward
offsetting the complaint sometimes heard (haf certain workors were
always given the “coft jobs.”  If employeéknown to lack skill, train-
ing, or hard work had appearcd out o[utrol, those complaints would
have been justified. Such, howe\-"ef,: was not the ease.  Certainly,
acknowledged skill and experience Swefe sufficient, reasons for a superior
volume of productissy @#ﬂﬂh?malﬁﬁ%tﬁo accusntion of favoritism,

Number 508's out-of-eontfibrange point was found upon investigs -
tion to be caused by his,ferking for two weeks upon a special job at
standard rates with oq’g’iﬁﬂcenti\f(z pay.

For the purpesc b@p‘i‘(spa.rinrg an honor roll it was consideved advis-
able to include wlare than threo out of 55 employecs. X £ 24408
limits therefm;e;'w'ére used. Five names appeared on the roll, corre-
sponding tothe five points outside this closer limit: Nos. 508, 513, 516,
560, a,rq:h?ﬁ. On 1he other hand, five workers were unusually pootr
produgess, falling below the X — 244,77 limit. These werc given
spe.gifé:l attention in order to improve their volume.

o~ This method of separating the significantly good and significantly
\poor workers from the mass is especially valuable in building morale,
because it enables honor and rebukes to be given on the basis of genuine
known reasons and not on the basis of foremen’s whims or occasional
flashy performance. Tt puts reward and punishment on & foundation
of reasonable conerete causos and appeals to everyone's sense of justice.

E
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CASE HISTORY XIV. FLOW OF PRODUCTION

An application of control charts to production control resulied in a
major manufacturing economy in one plant. Costs in the shipping

40

XLmit=3L1 § f

LN
L]
|
[

Average df:ly valume
i
a<f”
<
¢
]

O \
/

—
=)
|
N

|

| Rlimit=425
40}

48]
=)

Weekly range
(=)
L]

[
Lo

~9
C}}Kt}XIV. Flow of production. Receipts into warehouse.
week (n = 6 days)

Praily average per

"The head of the departrent .clair’ned
that irregular deliveries from the factory required him to rna.-mta.m‘a
larger working force than he needed and to pay a large overtime pre-
mium in order to tuke care of peak deliveries and make prompt shlp-
ments. As proof of his contention he submitted 2 control chart similar
to Chart XTIV,

department seemed unduly high.
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Each point on the chart represented the average daily receipts from
the factory for one week. Significant differences between weeks showed
up as out-of-control points on the X chart. Fxcessive variation from
day to day within any one weck caused lack of control on the range
chart. Both charts were out of control, supporting the shipping de-
partment’s statement that deliveries from the factory were unreason-
ably frregular.  On the average chart the weeks ending February 28,
May 9, and June 6 and on the range chart the week ending May 9
were excessively high, Comparison of payroll reeords for these weeks
with other more normal weels confirmed the fact of execssive overtime
in the shipping department. R\,

Tracing this high-cost factor back into the plant revealod that the
assembly department showed unusually high overtimg“premiums paid
in the Jast week of almost every month.2 Furthel':'invcstigat.ion re-
vealed a progressive breakdown of the woeekly pr't)auct-iorl schedule ag
the product approached completion. The finaluszsembly department
wag under continual pressure from factory, excutives to make as good
a showing as possible each month, becauge tlic accounting records were
kept on a monthly basiz, and top mghigement gauged performance
from monthly rather than weckly redords.

When the expendtven@Rrar B ATREH was pointed out, and greater
emphasis was put on maintaining the weekly production schedule, a
gradusl and consiztent 'Lm}?rov;ément in the regularity of factory deliv-
eries took place. A

\’\ \

CASE)HISTORY XV, COST TOLERANCES

A compan ':\i-'ﬁich manufactured several thousand different products
instituted aéast study to discover the effcct of changing conditions on
its COS{QOH each produet the following data were gathered: 1939-40
average“eost; last year’s average cost; and the current year’s average
coftyBy quarters, Bach of these figures was reduced to a common

\déﬁominator and made comparable with all the others by expressing
it as & per cent of the selling price. The tabulation of these figures
was an extensive one; in order to visualize the facts they were put in
the form of Chart XV. The tops of the solid lines represent 193940
average percentages; the tops of the dotted lines represent last year’s
averages; the individual dots represent quarterly averages for the cur-
rent year. The 193940 average, the current, average, and the eurrent

?For a similar study of officc overtime costs sec the author’s paper “Quality

Control Applied to Business Adminigtration,” Journal of the American Statisticul
Associgtion, June 1943,
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COST TOLERAXNCES

CASE HISTORY XV,
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“break-even” point were plotted as shown on the chart. If the average
cost were to rise to the “broak-even point,”” all operaling profit would
he wiped out.

Though thig chart is not a control chart in the technieal sense, it iz 5
good Mustration of the value of graphic statistics. It applics the con-
eept of toleranee Himnits to costs in g vivid way.  Any individoal produet
falling above the break-cven point or upper tolerance limit was unprof-
itable for one or both of two reasons: (¢) The selling price was too low;
(b} the fuctory cost was too high. N

Trade practices prohibited price adjustments; rising wages and
searcities of raw materials accounted for many 1n&]&djust;ﬁé‘.&t§. The
chart did, however, set up basic facts for long-range plahning, and
enabled management to concentrate upon the mitical“’products auch
action as they were able to take under existing cp 1(1111011& Lept up
quarterly, it brought immediately to cxeeutivg }%h mtion any costs
that showed signs of getting out of line. 1 led to an intensive cost-
catting program and setting up a methpMér gauging the progress
toward lower cosls. v \
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CIIAPTER 6

ORGANIZATION OF A STATISTICAL-QUALITY-CONTROL
PROGRAM

CONSULTANTS ~

Statistics can be put to work in the factory in any of several diffézent
ways., One or more specifie problems can be tackled, leadinghyhgrad-
ual extension fo plant-wide applications of statistical tt;thfC]ues ;or
top management may decide fo install statistical contrels simultane-
ously in a co-ordinated program throughout the fac‘to}y Either of
(hese Lwo approaches can be carried oub by empldying consultants
from outside the organization, or by ulilizing QerIe already employed,
or by hiring new employees for the purpose, £~

Each method has itz advantages and 263 disadvantages. From the
management standpoint, the easiest and fuickest way to gain the full
benefit of statistical techniques is B5CHpREu! fhithrypenlified consulting
firm to make a complete inst-aﬂésfc‘ion. Such a program, ineluding a
thorough educalional campuigﬁ‘ smong executives, foremen, workers,
and inspectors, and folloseéad by & sustaining contract for continued
advisory service, shmll{’\l.%e he most efficient way of sctting up a com-
plete statistical-confrol ‘system in the factory. Given full backing,
with adequate al{‘r‘,ﬁoi“ity, the consultant who can provide.gengine
experts in the &lds of inspection methods, tooling, process engincering,
industrial_spelistics, sampling plans, and factory management can do
a thor(mg}\k\p'r'c)fesﬂional job in the shortest time with maximum bene-
fits to’t}'.'u: company. .

JDfaetical difficulties, however, muke this approach difficult.
r};b(?ﬂ‘é are few consulting firms in existence; even if there were more of
thein, their qualifications would need to be given eareful eonsideration,
beeause there ave not enough men available who combine with & knontl-
edge of their own special fields the necessary tralning and cxperlence
the application of statistical methods. Unqualified personnel from
outside the organization, who embarked upon an all-embracing pro-
gram, posing as experts, casily could destroy the e[Tecti}-'enESS of the
quality-control program permapently. Management in that case
would pay & high fee with no advantage gained, at the cost of serious
disruption and conflict within the compary.

129
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A consultant employed to help in solving a problem of a specifically
statistical nature—sctiing up a sampling inspection plan, for instanee—
should be very effective. Ile comes in without threatening plant-wide
upheavals, without elaiming expertness except in a highly specialized
field, without presuming to tell old-time cmployees how to do their
work., Decause such a consullant does claim to be a specialist, he
really can be one, not only in the theoretical bitt in the practical aspects
of his profession. If he is setting up a scientific sampling inzpection
plan, hie should know by frst-hand cxperience the physical meaning of
“randomness” or “‘representativencss” in a sample, snd some™of the
mechanical difficulties met in gelting the right kind of a safaple from
various kinds of processes. It is easy for the mathematicglytheorist to
assume “‘randomness,” but it is often not af all CASY, ~ti§. vet random-
ness in a panful of small parts prodaced i a machiggshop.

If a consulting statistician with practical expefi@ncc and common
sense can be found, the management of a compahy wishing to install
statistical controls can let one job lead tosanolher until a complete
syslem or program has developed with adnthimum of misunderstand-
ing among regular employees. Such aprogram” could be planned in
advance with enough flexibility to\ picet factory problems as they
arisce, but the “play™ *é’ll‘i]vlﬁ'lf‘iu{ﬂl?ﬁ@ﬂ‘ 8 mercly one job after another,
not & program in the usually a.t-.;éeptcd meaning.

This somewhat cireuitousrottte to statistical control is recommended,
because it can happen that, no matter how thoroughly top manage-
ment is determined t({hs’e the most modern tools in their plant, some
opposition will arige From those in lower levels who do not understand
and may be ingapable of understanding what statistics is and what
it ean do. Theydpparently piecemend approach, if skllfully used, will
luli the Sl{s.gi;ﬁéns and jealousies that otherwise might be aroused by a
publicly\\s;miounccd comprehensive “‘system.”
~O EMPLOYEES

\ Many firms hesitate to take the risks that are involved in gelecting
a consultant. They prefer to hire a qualified man to do the job or to
train someone already in their ranks.

In certain alrcady established professional fields such as aceconnting
or engineering, the employment of 5 new man with recognized qualifi-
eations o do a specialized job will meet with no opposition and may
even be Jooked upon with favor, If, however, the professional field s
not yet well cstablished nor the profession well-defined, and if the so-
called professional man seemingly has to interfere with the thinking
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and working habits of people who are set in their ways and consider
themselves professionals, his path is apt to be a therny one.  The indus-
trial statizstician especially cmployed for carrying out statistical studies
in the factory may find himsclf in just such a predicament, Ile may
find that, although he has the full backing of top management, he does
not have the prestigpe of a consultant, while his responsibilitics are
heavier. Only if he 15 a widely recognized suthority will he have the
prestige necessary for doing fully effective work. Too few men in the
United States today have such recognition as industrial statisticians,

One recourse 18 left to management in seeking to use statistics for
golving factory problems: Train a man already employed. Ile shauld
have a thorough foundation in theoretical statisties, one or mgreMull
courses in the specific toehnique of eontrol charts, a knuwlgdg‘e\'of the
manufacturing process, » scientific and open mind wii:h:.éngineering
training if possible, and & position and personality jwbich will muke
him acecptable to production men, inspectors, and\$0p management.
It would be wise to give him a trial period on spetific quality and cost
problems before setting up under his guidance 4§ full-fledged statistical-
quality-control program. P \%

If we assume that it iz the avowed il;’s,eht-ion_ of management to use
statistical methods for gathering a}ﬁ&ﬂgﬁﬁﬁ}ﬂ&ﬁ‘fﬂﬁﬁﬁéﬂ data on a
Plant-wide basis, the remarks that, fbﬂéw outline a few of the prineiples
that, in the author’s experience, “underly a successful and permanent
program, K

\< ~/ ATTITUDE

To install and carsy/on a successful statistical-quality-control pro-
gram is not an cag¥ task. Unless the attitude with which all th(:. em-
ployecs of the 1iéli't}'-contml department approach their work is I'lghj[-,
unless t-hey,‘stmiv clearly and sincerely their wish to do only what is
helpful fpledch person they contact, unless they e:n..abl’e other em-
ployeessts do their jobs better, neither the bost statis i.;-ICS in the worl.d,
th ?H,Otit expertly drawn up forms, good orga.nizat‘-lon, influence in
high“places, executive ability, nor any other asset will make the pro-
gram a success. Criticism of others cannot be a.voide(.l,‘ for quality
control is in the unenviable position of a man who advises anothe}r
man how 1o do his job. Very often it may geem that. the company’s
interests will be served best and efficiency increased if the bald bad
facts are laid on the line and a “non-co-operative” man is blufigef)ned
by appeal to higher suthority. Dut when the quality-control engn_le(.:.r
meets opposition in his efforts to push forward his program, he alwa}‘ q
should remember that & missionaty or a pionect is judged more by his
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actions than his words, that few worth-while causes are won except by
persuasion.  If he suceumbs to the temptation to use foree of facts 1o
compel] eo-operation from a recaleitrant opponent, he will make encmics
instead of friends, no matter how right he is. Quality control of the
statisticul kind can be carried out only by friends who are completeiy
sold ou the program and on the quulity-control engincer personally.
The members of the quality-control staff are not the only ones who
believe they are vight.  Almost every man in responsible position is
sure that he knows how to do his job. He is apt to resent unaskad-for
advice, unless it is given with the air of helping rather thun eriticizing,
The quality-control engincer who approaches his job hgr{ihf}_}, admit-
ting that he is not an expert on everything, but insisting, tactfully
and with determination, that what he docs know will e helpful to his

fellow workers, will do much to make the progranf @ success,

QUALIFICATIONS A

A friendly helpful attitude is an egsendial ingredient of suceess, bt
not the only one, The quality-con{rol engineer, whether newly em-
ployed for the job or trained in_the plant, must be o good exceutive,
able to inspire hid e FRbbN AR their work efficiently. He
should know cnough about, mkchinery, tooling, inspection, and engi-
neering fo disenss with factory people their problems, e must know
the technique and phi]_e:{mphy of statistical quality control. ITe should
have a well-ground '(f\im(m-'ledge of general statistics and some experi-
enee in productign or design engincering. It all these qualifications
are not found iPgte man, several men ean contribute to the composite
knowledge yéghired ; but, if it is necessary to use more than one man
n sup olying” all the qualifieations for running a successful quality-
controhprogram, they must be able to work togother as smoothly as a
chamipionship foothall team; and the member of the team who heads

L Ley Brganization must he acknowledged willingly by all to be their
\c‘abtain. Fuctions within the stalf, conflicts of authority, and failure
to present a united front easily can prove disastrous.

When the top management of a company, after deciding to give
statistical quality control a trial, have found a man or men with the
attitudes, knowledge, and practical experience necessary for suecessful
development. of the program, the start should be experimental. Degin-
ning in & modest way with one department, either the fivst department
in the order of the manufacturing process, or with the one that seems
to need quality eontrol the most, or with final inspection where out-
going quality is determined, the program can be oxpanded step by step
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until the whole plant is covered. Parallel with the development of the
program should be the growth of the quality-contro! staff, At first
employing as few people as possible, the staff should be added to only
when more help is imperative. The quality-control engineer can do a
great service to himsel and to his cause by keeping overhead down to
the minimum, not only in personnel but also in forms, chart work,
filing, routine, and responsibility,

In the matter of regponsibility there is an ever-present temptation
to assume some of the inspeetion and supervisory duties in the plant.
These lemptations should be consciously and deliberately resisted. LN
is wise 1o insizt that other departments do their own work and carry
their own overhead, at the same time proving that every bit pf\'e?rt}a
work required of other departments by quality control will ‘pay its
owh way in greater efficiency and better work. N

There will arise many oceasions when statistical mdéthods can be
used in engincering and methods work. Tolerancesydar instance, can
be sct more intelligently and profitably if stati%ical techniques are
called upon to determine what the factory is abl&te’do in holding down
variations in the production process. B-Ieic-h'(}}s study, which is basi-
cally the attempt to improve processes as o guality or quantily of pro-
duction, needs statistics in collectiiy tbuadlbuiny he.facts, and in
determining whether or not an afparent improvement is really a
significant one. [n such projects,however, the funetion of the quality-
control department should b advizory and analytical. The work of
gathering and compiling jc-b?:,\ia.’s::a should be done by the departments
concerncd, in the form *ahd manner requested by the quality-control
departioent, )

MEBOSITION AND AUTHORITY

ITow to g@‘ji}i‘declua.t.e authority for carrying on his \‘vork is one of
the most difficult problems that can face a pioneer—for, in most plants
where sthtistical quality control is being tried for the first time, pioneer-
Ingig n\(zcessary. VMost big executives are practical men who insist on
haVirg plenty of evidence before they make a decision; and that evi-
dence must be at first hand in their own plant, not derived .fl'om gome
other company’s experience. Consequently, the quality-control
pioncer must prove his worth before getting authority. Because qual-
ity control often demands forms and procedures from the inspection,
production, and engineering departments that they are not used to
and thal seem to demand extra work, and because acceptance of
statistical fechniques requives a differcnt outlock on ma.nufaci?urmﬂg
problems and is apt to distupt tried and true rule-of-thumb methods,
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the officer in charge of manufacturing may hesitate at first to give the
quality-control engincer the authority that he decms necessary for
carrying on the progran,

The quality-control department is in the difficult position of depend-
ing for its data upon the inspection department, of which it roquires
extra work in the filling ont of gpecial forms; it depends for its sneeess
upon the co-operation of production departments in making speeial
investigations and earrying out ils recommendations; it frequently has
to persuade the cngineering department to change ils minghabout
designs and speeifications, upon a type of evidence and logiethat is
not necessarily self-evident to those untrained in statistiesy In order
to surmount these obstacles and to make hiz work uffe{_:j(.ii-{é, the quality-
control engincer needs a position and authority in hecompany that
will ecnable him to moect other department hends é{s an equal, At the
start it is unlikely that he will be granted such ;-Eu'\thority for o now pro-
gram, no matter how econclusively it may hige proved ils value clse-
where.  The quality-control engineer wheig f)ioneering in his company
usually must aceept the fuct that he-tnd his work arc on trial, and
should adapt his demands accordinglyY

It matters Htile where the pregram starts, whether in inspeetion,
production, or cogitechrauliEINNEIBLs started somewhere. If the
quality-control engineer doesya’ good job—and if it is good it is likely
to be spectaculur—he soen will find himsclf the equal of other depart-
ment heads, in fact Lot in nume,  Suppose that the quality-control
engineer reports, Kt{\ith’e beginning, to the chief mspeetor. When he
finds out-of-control*points on his charts, and by climinating them i
able to effeet inipfovcments in the manufacturing proeess that produoc-
tion men rca]i\ze are practical, it shortly becomes elear that the inspec-
tion depagiinent is too restricted a sphere for him: he needs dircct
accessbrthe works manager or general superintendent wilhout having
‘E-O.g‘(:) through the chiof inspeetor ; otherwise the long-established and
aetepted lines of authority between production and inspection may be
yviolated. I the facts revealod by the control charts aic handled tact-
[ully and correctly, the works manager will sooner or later realize their
value and will want a more direct organizational approach to the
quality-control engincer than through the chief inspector. Then will
como the opportunity for quality control to eain ils rightful place in
the business structure as an equul with other mujor departments. To
work the program into a position of real and equal authority should
be one of the chief concerns of the quality-control cngineer. When
that position has been won, de acto, the vest is cusy, for then the officer
in charge of manufacturing needs merely to aceept a sfalus guo, an
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aceomplished fact, in formalizing the authority which the program
deserves. :

PUBLICITY AND ROUTINE

The gnality-control engincer’s selling job is a simple onc: to present
the storics told by his control charts so cffectively that acticn will be
taken on them by other departmoents with confidence and enthusiasm.
It doea no good, and & great deal of harm, to keep the valuable infor-
mation gained from gumality-control work bottled up in the offiee, or
gent through a single channel. 1t should be broadcast—judiciously, 4
of course—to as many people as possible, the higher up the betteq.
The author knows of one program that died because no one in auﬂ\ofﬁfy
realized the value of the work being done: the quality-controlengineer
did not understand the need for publicity, and since he hdd Tailed to
tell other people about his work he was unable to contuaece the “big
boss” when he was asked to justify his budget. \/

One of the best ways to get recognition is for the quality-control
department to earry on as little routine as p &ible, doing only what
is necessary. Routine forms and reports are to a cortain extent un-
avoidable, but a too elaborate system of redords is not to be desived.
A fow basic charts and tabulationgvadpiblemeénited jogr grierial studies
when required, will keep the staffesmiall and the budget reasonable.
The same prineiple applics to work asked of others: the inspection and
production departments will ke quality control better if they are not
agked to take on a great aGass of cxtra record keeping that does not
bring chvions benefits,

No fixed rule can.bfg’ given for the forms and tabulations lneed.cd,
becanse they will bedifferent for each plant where a program is being
carried on. Fofsiniall and medium-sized plants the a.uthor‘ has found
that one fom‘g}nr inspeetion by attributes and onc for .\-'a.rmbles may
be sufficiehf™in process inspection, with different headings, P‘Jl"hﬂ?ss'
for diffe;.‘éﬁt departments; and another form for ::L‘CC-Bptimf_f-C and/or
saufPling inspection at receiving and final inspection stations. All
eo&ﬂing of inspection reports can well be done in the ql_lﬂJhtY'COHtl'Ol
office, where tabulations can be set up on the same shects the control
charts are on. 1f charts are kept at machines, it may l.)e.adxrlsable to
set them up specially, with particular attention to vw.ldnefss, l‘E_szt(‘l-
ability, and ease of plotting; such charts are usually not S&tleﬂ(:EOl}’
a3 permanent office records. Only eharts that are really necessary
should be maintained. When an operation on. which a chart has been
kopt hag reached a state of reasonable sta.‘r.isti'(:al control, thl? c}}m-t
often can be dropped until obvious trouble again appears. The tune
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saved can e put to better use in starting a chart on some other apera-
tion which needs attention. It is preferabie Lo let a fow ont-of-control
points slip by without being charted than to keep dozens or hundreds
of charts that do not tell a story. The original data, however, should
be kept in complete tabular form where, for analysis purposes, an
expericnced quality-control man often can detect assignable causes
without the visual aid of a chart.

Reports going out from the quality-control department should be sa
nonroutine as possible. If, for instance, daily or weekly “hot-epot”
reports are made on routine forms, each should be accompanitd by a
brief explanation telling the story which is implicit in the report. If
no “story” is present it may be better not (o send off)the report,
although it may be a real out-of-control gpot; this I pirticularly true
if the trouble i3 one that has occurred recently anddybeing worked on
at the time. Most production men, onee they hm?e\gntt-en used to the
idea, will wolcome faects that help them inMhéir work, bul if they
already know the facts and are honestly tryide'to eliminate the trouble,
they are apt to resent being told about itlagrain, Or, if the dilliculty 1z
known but is apparenlly insoluble—=a$twhen a cortain product has
to be made on a machine for which it is nof adapted, and no other
machine is availablew-thenutitgigbrgointing out thut problem and
perhaps insisting on investigatfon and action will be resented. If,
again, manufacturing procesiek are so badly out of control that dozens
of reports have to go out sach day, it probably will he good poliey to
send out only as manghof the worst ones as the production supervisors
can handle, In th&uality—eontrol office, too, the problem of follow-
ups may arise. . WHen so many reports go out that they exnnot be fol-
lowed up clogtlyand personally by the quality-control staff they will
lose their cfféetiveness,

W‘Tee}&z..(jr monthly reports of findings, work done, and conclusions
makp,‘fc}ﬂm -ups easier.  Such reports can well be set up in a standard
fortmiiind prepared in o routine manner, but they should never be pre-

“S¢nted in that way, either to an immediate superior or to top manage-
mont. A speeial memorandum accompanying the fabulation and
describing the high points revealed in the report always will help to
get better veception.  The memorandum should be brief and clear and
should tell an interesting, significant story. It should without excep-
tion follow accepted lines of authority. If, for instance, the quality-
control engineer is independent, the report and its aceompanying note
should be addressed to the appropriate officer of the company, with
copies to the chief inspector, the works manager, and any others of
equal rank who are concerned. In general, reports and memoranda
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concerning particular workmen or foremen should be addressed to the
department head who has supervisory responsibility in the ease, and
not direct to the subordinate. In every way avoid action that might
be construed as being “out of order” in the organizational setup of the
compuny. Sometimes the real responsibilities do not follow the orgun-
ization chart, in which case an intimate and practical acquaintance
with the various upper strata of employees and their relationships to
each other is nceessary. This is basically & matter of knowing the top
men 1n the company and their jobs, so that no false step will be taken
which might hurt the pride or foelings of an important man, or of she
who thinks that because of his position he should be considerédhim-
portant. O ’

A memorandum written gpecially to and for the man whose responsi-
bility it iz to act on it flatters him and therefore er;f’ts g powerful
psyehological effect. Roufine reperts may bec-ome.}o‘ familiar as to
make little impression, but a personal note usuddlywvill be read, and,
if it conies from a man who has something \\-;o(ﬁh’ while 1o say, it gen-
crally will be acknowledged. There is no bétter way of getting action
than Lo talk to o man personally about ohe'ef his problems, particularly
if {-L.C(')I'lst-l'ucti\fc suggestion can l?n:;’.’v m%ﬁﬁﬁ@%’fﬁd Eht;, ,Ieglutir(fn. Carbon
copies of such notes build up an intérestmg hle that car be used, upon
oceasion, to Linpress top m&nag,emeﬁ't with the value of the work being
done. Any report that does Tet immediately arouse the impulse fo
action probably will be forgotten; and if it is forgotten nothing will bp
done about it. The quality-control enginecr who wants to put his
program across quisklivand effectively should cut routine to the bone
and concentrate emwpersonalized action reports. Then the program
will not have tg'he’sold. Tt will sell itself.

0 N
&
A RESULTS
Sﬁ)lﬁt{fimes difficult and puzsling is the problem of how to‘brlﬂg _1311(3
Gality-control work to the attention of top management in an -
I()Kli.tssivc way. That this is necessary goes without saying, but, if the
program is under the wing of nspection or production or cnglncermg_
ot some other manufacturing function, it is not always easy to.know
just how to hreak through the lines of authority_ and g.;et.a hearing a%t
the very top. [Even if the quality-control engincer 1% independent,
With dircet aecess to the man in charge of manuf_act-.umlg, or o S?n"tc-
one of similar rank, it is necessary to approach him in the rlghf “1‘“"‘[.

First of all, reports submitted to top management, through wha ;.“J__(’_‘

channel, should be practical, vouched in language that executives
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understand, nontechnical, and factual. The “pep-talk” type of report
should be avoided. Extravagance or overenthusiasm have no place
in & projeet which elaims to he scientific: onc too optimistic statement
can discredit the whole quality-control program in the mind of an
important man, beeause, if he knows anything at all about it, he knows
that it is based on statisties and mathematics. Tle therefore expocts
from it more accuracy and better judgment than he does from other
departments.  Tor the same reason he oxpecls more results and morve
value for the money spent than from other departments,  The aythor
has diseovercd that excentives generally are inelined to be eritieal of
statistical quality control unlesg it performs near-miracles.’y This
demanding of extra value is partly duc to the technical nélire of tho
work, which to moest execulives is new and some\\-'h:gtfstmnge, and
partly to the sometimes exaggerated claims Uhat arc fitatle for it by iig
converts.  Quality eontrol is not a religion, nor a‘}ﬂ;rc%all, nor infal-
lible; and, while those who believe in it do not s will solve ull prob-
lems, that impression sometimes is left by fhose who lot their enthu-
slasm run away with their good judgmenth, "lain fuctual statements
of what quality control can do and has*donc, based upon aound facts,
correet stalistical analysis of them\and good judgment about the
et AL I~ L QTR B

material and human [JOSEIS{TJﬁﬁ-lle%rﬂi%ﬁggﬁﬂlllt, should get the program
off to & good start; and simi.l:-u:.ﬁéjmrts from time to time telling about
what the program is doing.should keep it in the limelight and win
strong, increasing sulzlpomj{}om top management,

Secondly, these pregress reports are usually most offoetive if the
results are evaluated }r terms of dollurs and cents.  An executive will
be Interested to know that the amount of bad work in a certain depart-
ment has dropptﬁ off 50 per cent, but he probably will be more Im-
pressud if i!;-,,'{&})&inted out that the company is thereby saving $10,000
& month imNincreased production and $5,000 in reduced serap, a total
of $15,800°a month. Such a statement often ¢an be made more strik-
mg:iith'c saving s compared with the cost of the quality-control pro-

N

.%"au in that department.

Thirdly, the quality-control cngineer, in order to get his message to
top management, should enlist support from as many dilferent direc-
tions as possible. One of these, often neglected in quality-control
work, is the sales departmaent. The outgoing quality of a faclory’s
product ig of vital concern o the sales manager, and his eo-operation
and support should be golicited and encouraged by the quality-control
engineer. In the matter of setling acceptable economic standards,
both as to over-all allowable per cent defective and as to gpecifie de-
feels that make the product unsalable or unusable, the sales manager
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should be consulted. No quality committes is complete without his
presence and active participation. Through him it i often possible
to reach the ear of top mansagement from a new direction, one that
may offset unfavorable reactions from some hurt or prejudiced mem-
ber of the factory staff. Here, indeed, is one of the most constructive
jobs that slatistical quality control ean do in any company: to pro-
vide an avenue by which sales and manvfacturing and inspection can
approach each other more closely in their objectives, become more
understanding of each other, and thus synthesize their viewpoints infe,
a unificd policy. The emphasis that quality control places upon the
econome aspect of quality—the compromise between what it pays to
do and what it does not pay to do—effectively concentrates {he aims
of hoth sales and production departments on the real purpdse of busi-
ness, which is fo make o profit. If the quality—cont-ml'enéineér accom-
plislics notling more than this, namely the drawipg}tﬁgether of the
sales manager, the works manager, and the ehiefNhspector to o meet-
ing of minds on what the company can and,shotld do, it will have
proved its value and paid its way many timés ‘over.

THE PERSONAUWAHPROAQHary org.in

The personal approach to quaﬁtfproblems encourages co-operalion
between department heads, gells the program to the men at the top
of the cxecutive pyramid, afid Wwith tact and patience smooths the path
toward full and offceliveuse of statistical-quality-control methaods,
But it goos mueh deepbr than that. It reaches down to the primary
eanses of bad worksEven the most automatic operations in the fae-
tory involve somie of the human clement in setups, mainte.nanct_:, and
inspection ; aggi\as the operations hecome Iess and le:'ss automatic th.e
human el ?Néeﬁt inereases.  People, as workers, are ultimately responsi-
ble in gome way for all bad work. It is logical, thereforc, that t_h(:
anulydieal part of quality control, the determination of causes of varia-

ity should crphasize strongly the study of operator or workman
chi¥racteristics. In the author’s experience this has bteen a more fruit-
ful approsch than machine behavior or product quality or rasy mate-
rial defects, o

In the literature of quality control to date this line of attack on the
problem of bad work has largely been ignored. Several books {1.nd
many articles have been written covering t-horoughl.‘:' the Sf-atl‘st:lc.a.lr
aspects of quality control, the application fo maclulfies, Pmdu}:‘:t*’}' ri"‘“\
materials, and the like, but very little has been PUbI}Sh‘?d_ on tl 1? "? ULY'
of the method in analyzing the work behavior of individual factory
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employees, both productive and supervisory. It is poor work behavior
—ecarelessness, laziness, lack of confidence, fear, poor instruction, poor
supervision, physical or mental maladjustments, inexpericnce—svhich
causes much bad work; and it is the reverse of these which produce
high qualily, The type and condition of machinery, the nature of raw
malerisls, salisfaction with wages and working conditions, and all the
clements that go to make up morale have a strong bearing on the qual-
ity of work. But it is surprising how, under difficult and unpleasant
conditions, & good workman can turn out superior work if he ig given
the help and encoursgement he needs, .

In one quality-control program, this personal approach §vas) used
very effectively, In the department where the program washging given
a trial, there were 200 men working, The first step thdtithe quality-
control engineer took was to set up an individual control chart for
each man, When he had accumulated data for thfge' months he wrote
& four-page memorandum to the department head'pointing out, on the
basis of hiz chart records, the characteri;-;tjc's\}ff cach of the 20 men.
Five of them (he gave names and facts j;o:\shpport his statement) he
found were excellent workmen, needing(little or no supervision. Fight
o'f ’r:hem were goo.d‘k,{)qfw\_g})c%;% ﬁig;l_é\l}'_rzl:%;‘fgilﬂy f_*..onsisl"r.cnt-, b‘ut; two (a:gain
giving names) did superior worksinost of the time with oceasional
flare-ups of poor work; in one gfdhe fwo eases the flarc-ups came when
the man was taken off his rgeylar machine and put on another one; the
other erratic operator hag brouble only with certain jobs. The remain-
ing seven workmen #&td"poor, each showing a specific cause for his
bad work. One, foiinstance, had trouble whenever he sturted a job,
but after he setdléd;down to it turned out a fair quality; another was a
hew employ@e\'with previous experience elsewhere who was showing
steady improgement; a third was about to be drafted; a fourth showed
lack of ’t‘r%ﬁng; a fifth was a helper recently promoted to full operator
statugpand so on right down the list.

~Jhe Tacts that made this report so impressive and valuable to the

‘epartment head were uncovered by clues obtained from the control
charts; the “engineering” investigation (in this case along personnel
lines) showed up clearly in each case what the assignable cause was.
When the cause had become known, appropriate action was tuken to
correet it,  This is, of course, exactly what statistical quality control
can and should do. Applied to people, it works as well as it does on
machines. Within a month from the time the report came out the
amount of bad work being donc in the department dropped from
avound 6 per cent to less than 2 per cent, which, for the particular
process, was extraordinarily good.
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This reduction of bad work to one-third its former level was achicved
through improved supervision, Foremen were instructed to give the
seven poor workers three fourths of their time and to spend most of
the other fourth on the good workers, leaving the superior men with
very little supervision. Each worker who needed watching was guided
by the foreman in a way which would offsct his particulur weakness.
Two or three meorrigibles were given releases, The foremen, too, were
put on their mettle; one, who was incompetent, was laid off, Super-
vision was improved, and its cost was reduced while better work tham,_
ever before was tutned out by the direct workers, .

In another plant, the quality-control program almost failed bbcivse
in the setting of inspection standards the reactions of t-hQﬁmrkcrs
involved had not been considered,  ere, as in many cages,\one of the
first jobg that had to be done before quality control ¢ould Teally got
started was to sct up objective standards for inspestion dwring the
process, This particular operation was almost\ertlirely manual in
nature, depending largely upon the care andysldll of the individual
workers, The finishing work performed in tHis*department had to pass
final inspection, where standards werestpposed to be very stiict,
although none of the bad work \»q*wtaqjﬂrlam]mgrl&/sg{t sepse.

The quality-control engincer, in ¢onsultation with the head of the
final inspeetion department, e }[}’p three classifi :ations,_ A‘, B, oand ¢
for finishing defects. Since process inspection in the finishing depart-
ment had been more or lés® nominal, it soon developed that all the
work done fell into classes’ B and C, with most of it in class €, As a
result, about three faurths of the work began coming back to the finish
department frog final inspection for reworking. The added load on the
workers broughf' it 3 revolt, and a strike was narr:owly averted. .

It was an @mbarrassing moment to the guality-control engieer
when he, 3 nsked for an explanation of this incident by the vieo-
presidetthin charge of manufacturing. When he asked for and was
gi\fenigl-n:c)thcr chance he went about it more tac-tful.ly. He personally
ﬁpaﬁt a week collecting samples of typically defective work produced
by the men, and when he had aceumulated about a hundred sa.,mp‘lez
he asked the viee-president, the chief inspector, and the departmen
head in for » conference on the subject of standards. . The four of ther_n
sat down for soveral hours examining and discussing the faults o
hibited in the sumples. Next, the department head called a;n’ %‘;tr:ig
of his foremen and got their agreernent on the stan('ia.rcjf tto tht l:a IJe':
The agreed-upon defective samples next were submitted to the sales
manager for his approval. Then the foremen w e
of the seleeted samples to show their men, and another s¢

cre given photographs
of prints
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was given to the inspectors for their guidance. When all the people
involved had agreed as to whal could he done economically to produce
an acceptable finish, the standards were put into effect. This time
there was no strike; in faet the quality of the work done improved
markedly, and the morale of the department rose to o new high.

DOUBLE-CHECKING ON THE FACTS

No matter how tactfully people are handled, nor how smoothly(Ghe
program seems to be going, the gquality-control englneer must heSure
that behind every move he malkes, behind every report Jig “i;\isues,
there are solid facts and sound analysis. He cannot afford to'be tripped
up oh his statements: one such errvor will offset nine coy teé't'st'ltements
In order to get zolid facts it iz necessary to Checkkmo%-cheek ancl
double-check the work, to investigate thoroughdyand reazon logically
before pulting any conclusion on paper. In Q{der to get sound anal-
ysis, it is necessary to use sound stalistical #héhniques. For these two
requirements there is no substitute, x\

Tt checking his work, the author has found it desirable not to take
unsupparted (,Vldeqm“:;_.gﬁ;.aﬂ{ii&em ﬁ%i}?y unsupported evidence is
meant data coming from a sourcedht cannot be statistically confirmad.
If inspection at the hammerss8%et up in the forge department, the
inspection reeords should belchecked with those at a subsequent opera-
tion such as trimming;dfythis case the trimming inspeetors should
look not only for trithpming defects but for forging defects as well.
Every job that is f@Pged ean be compared with the quality shown at
trimming, the ¢otdparison being made by the use of control charts on
which both igbpection resulls arc shown, the trimming reports being
plotted on &hc forging control charts in a different color. Both the
forging @uid the trimming peints must be inside lhe control limits
b(,forg‘e’i'ther inspection is acecpted as valid.

~fometimes it Is not the process but the inspector that necds to be

chécked. Tf a cortain product hag been running well above the zero
lme on a p chart, and suddenly a point appears below the lower con-
trol limit, it is unlikely that the cause is improvement in the process.
More likely, it will be a flaw in inspection.  Or, if one inspector is sus-
peeted of failing to follow instructions, his reports can he checked with
those of another inspector on the same operator, job, and machine; or
the quality-control engineer personally ean sample-inspeet the lot after
the inspector has inspected it.

Another place where statistical checking is necessary is at final in-
spection. If certain defeets are really eritical and must be 100-per-cent-



DOUBLE-CHECKING 0N THE FACTS 143

inspected, a sample should be taken before and after the 100 per cent
inspection.  The preinspection sample can be used as a gulide for deter-
mining how many defects should be found at detailing; the postinspec-
lion sample gives a cheek on the effectiveness of the detailing,

In accepting the results of enginecring investigations of trouble
spots, the quality-control engincer should use caution. Ho should eon-
firm engineering conclusions by getting information from other sourees,
unless the conclusion is obviously correct. One promising quality-
control program ran into difficulty because the wrong department wa@s
blamed for the trouble. This parlicular fault was off-center broaching:.
An investigation disclosed that apparently the jig was causing t{léb\ad
work, whereupon the tooling department was ealled upon {o\provide
a satisfactory fixture for the broaching machine. A new ore ¥as made
and tried, but the bad work persisted. A further studyshowed that
carclessness at a previous operation was the true caw@h of the trouble;
but by that time the quality-control engineer’s<feport had become
public property and, though he was not to bl;um\r,'he had to shoulder
the responsibility. In another instance ap~Qul-of-control point was
apparently duc to the faet that the foremane¥ the job hud not checked
the work with a gauge but had mﬁ%‘fﬂuHﬁréiii’/u@ilg,i}}?pec’ﬁi”n; he
claimed that no gauge was availablg, ™~ The qualily-control engincer
checked up on the gauges and fouad that actually three or four were
available, that probably the’forélhan simply had not azked for one,
Unfortunately it turned oufuthat, shortly before this incident oceurred,
there had been a change{@péciﬁmﬁons; that the gauges that had been
available had been oldwgnds and that, in fact, a gauge for the new speci-
fications was nof agri-a,il.ablc. However, the damage had been done
when the report ®¥cht cut to the department head that his foreman had
neglected to getla gauge when one was fo be lmd: After several such
instances h\qd“ cceurred, the quality-conirol engineer lost the confi-
dence ofs fJEJe factory men; his prograin never recovered from the loss of
preaj;igé." .

Miéﬁakes of this kind sometimes ean be excused if they are known
ouly to department heads and if the quality-control program honestly
is trying to do a good job, the errors arising because of poor ] udgment
rather than poor intentions, If, however, the top exem;tn-’e hears
about them from an injured party, or if a mistake is found in a report,
the damage may be greater. An enthusiastic memorandum to one
exceutive pointed out that in six months department 4 haFi showlll a
75 per cent decrease in the amount of bad work, COMPATISON being
made between a weck just before negotiations for a nc_w union copt-ract
were begun and a week after the new contract was signed. This fact
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oceurred to the executive (though it had not been stated in the report)
and he recalled that in the earlier week the plant had been almost
closed down owing to friction between workers and management, Tle
questioned the validity of the report and as a result began 1o doubt
the valuc of the quality-control program.

An even more serious flaw developed in another program. This
was at receiving Inspection, where parts from various subcontractors
were sample-inspected, with the acceptuble quality set at 1 per eent
defective.  Statistical tests were set up, based npon sampling .tables,
providing that only a certain number of defective pleces were t0 be
perreitted in the sample. It happened that, beeause of thé \pessure
of consumer demands, the production departments werdwallowed to
overrule inspeetion if in their opinion the parts werd™needod badly
enough. The trouble was that production m-'crrulu{l' mspection fwo
thirds of the time, and the quality-control enging€iitllowed this situa-
tion to continue for months without doing anything about it.

A test that functions only one third of theytime is not a valid test
and should not he used. The quaﬁty-cq&@&& engineer did not realize
this fact. He should have known that\Ms whole program was being
nullified by the action of the produgtion men and should have tuken
steps to correct t-lle“i‘s\i't?ﬁgﬁ(‘;?ffmiﬁ'fg Baft' thought it through, he would
have understood that inspectien standards in this case were not in
line with company policy: it would have been a reluatively simplc mat-
fer to persuade the managemient to set up realistic ruther than idenlistic
standards. But at the€nd of nine months it hecame apparent that the
program wag not preducing results, and, though personal relationships
had been well hapidted by the quality-control engineer, the president
of the compagx’:decided the project was not worth continuing.

&

N

M\Iia'ﬁs{s heen said of quality control that it is nine-tenths engineering
nd one-tenth statistics, Whatever the proportion of cngineering may
be, the author fecls that sound glatisties carries more than 10 per cent
of the weight in a successful program. Any scientific method that is
not ob a firm theoretical basis is apt to fail in o crucial test, and this
applies to stutistical quality control as well ag to cngineering and every
other scientific field. One or two illustrations will clarify this very
important principle,
In Company X, a very large corporation, a young executive was
trying to get approval for a statistical-quality-control program. e
had made & number of special studies, all of which had met with ap-

SOUND STATISTICS
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proval. One day the company received from a certain vendor 500,000
rivets. They passed receiving inspection, but it was discovered too
late that thoy were soft; the problem was how to find out which of
75 supply depots in the plant had received the bad rivets. The young
executive offercd to set up a sampling scheme that would determine
where the faulty rivets were. The scheme was earried out and 26 de-
pots were found to contain bad rivets. These were detailed in order
to remove the defective parts. Unfortunately, during the next weck
three more depots were found to contain some of the rivets, the Jigs
covery being made during the manufacturing process. This failirs
threw doubt on the value of sampling inspection and resultddMn a
decision not to install a quality-control program. O

The mistake was made because the young exceutive hatbnot asked
the question, “What risk is allowable that some bad rivels will not be
located by the sampling scheme?” Sueh g questiony ‘was neccssary,
because there is always an error attached to sampliftg, an error which
however, it is possible to estimate and which ’c{m}bc made as small as
desired by selecting the correct sample Sige§"l‘he number of pieces
taken for inspection from each of the 75"spply depots according to
the scheme used was only large en nggqt@b}i@hi i’ghgl%fmrgtmw per cent:
that is, nine out of ten of the defeativ® bins would have been discov-
sred. Management, however, '\\fa;é,’not willing that any of the rivets
be undiscovered. The mistake Was made because the man who drow
up the sampling plan “-'as‘mfs thoroughly faumiliar with the principles
of sampling theory, antkf\h’efefore used & good method in an incorrect
Way. \

A fina] example o the dangers that a lack of sound statistical train-
ing abound in ig t}}e\ Story of a recently appointed quality-control engi-
neer who \\*&s\u’ﬁble to fulfill the promises he had made, becausc he
used the wrehg kind of control chart, His problem was that on each
assembletnit of product many different kinds of defects were found,
somefof Wili(:h were expensive to correet and others of which were very

wor.” It was not practical to run a control chart on every type of
dofeet, beeanse too many charts would have been required. Hﬁ: com-
hined the different types of defects into a weighted total by assigning
arbitrary weights to each kind of fault. Bub whe1:1 he plotted the
resulting points on his p chart as a per cont defective, it was found that
the limits had no meaning. Out-of-control points, which should have
pointed at trouble in the process, often proved to be the result of normal
variations; and many points which were in control nevertheless tu'rn(:d
out to be real indicators of trouble. If the quality-control engincer
himself had discovered these flaws in his charts it might not have been
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such a serious matter; but, sivce they were discovercd by the produe-
tion men us a result of making investigations that showed no trouble,
or of not making investigations when trouble existed, the Factory lost
confidence in the quality-control program. Becanse ihe quality-
control engineer did not realize his predicament and did not sce that
his statistics were poor, the program was dropped.

There are several alternative ways in which the problem of chart-
ing different kinds of defects on a single unit of product ean be handled.
Two or three of the most eritical or expensive deloets can he cha ed,
each onc on a separate chart, with either p charls or X and (B charts,
depending on whether inspection is by attributes or by aarMables, ail
others being Iumped into one chart; another 1‘11ethogljs"t-o caleulate
the total cost of rework or serap on a succession ofsumits and run an
X and R chart on the total cost; a {hird way 13 tq'\r:"la.ssify the defects
into categorics such as eritical, major, and miged’snd run a chart on
each category., Which of these altornativegsighised will depend upon
the purposce of the chart; but certainly 1‘0\13\ Alangerous to try to com-
bine many different systems of cauges onone chart, because the chart
then will not deseribe any system of ¢auses at ull, Tn describing the
physical charaecteristics of ho 38 and donkeys it would be misleading
to use the appearante \E\;fﬁ a%‘f?fa’gsg{lfé Rxtterion.

Enough has been said to grrlph’asizc the necessity of a quality-control
program being based on @und statistical mothods. 8o numerous urce
the pitfalls to a man, inéxpericnced in statisiical fundamentals that no
program should be unhdertaken unless adequate statistical knowledge
is available. Equdlly necessary are solid well-tested facts. 1f the man
who is running the program is not only factually minded but also
meticulous ifHe use and presentation of his fucts, the program will
be woll oathe road to success.

O

™
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classification of, 1%, 26
independent, 88

Defocts, machine, 25
manual, 25
raw material, 26
getup, 20
Deming, W. Edwards, 13, 41
Dispersion, of averages, 45
of individnal observations, 117
of small samples, 117 ,J}‘
range, 18 measure ofy '45 :
see afsn Limits, Va,.;fﬁ&l’}i'lity
Dodge, H. F., 17,:28,83
Double disking, A8
ng

N

AN

Eugineeliné\iﬁvcst-igat-ions, 41, 66

F igda-i)‘lé causes, see Assignable causes
j{‘m@immﬂéﬂhlﬂhr‘y_m-g_m
\ Grinding, 25, 47-8
see alse Polishing

[, formmula for, it
uze of, 117
valoes of, 47
Tneentive pay plan, 122
Trdustrial Quality Control, 12
[nspeetion, sontrokchart plan, 846
destructive, 19, 28
failure of, 941-5, 142
firsh pisce, 32
human error in, 31, 93
pilot, 26, 143
Proceas, 246
purposes of, 4, 18, 28
reduced, 83
sampling, see Sampling
gorling, 18-23
gtandards, 141-2

Kerr, Willam A., 12

Lathe operation, 47-8
Timnits, averages, 45
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Limits, eontrol-chart, defined, 45
relationship to specifications, 33

ceonomical, 61-2

individual obzervalions, 115

p chart, 69, 7T6-7

pn chart, 70

projecied, 55-6

recaleuluting, 64-5

%54,F, use of, 124

X and R churts, 45

see also Dispersion, Variation
Loltery drawing, 36-7

Metal knobs, 47-56
Milling, 102

Nature, 11

Officc of Production Rescarch and
Developinent, 37-8

Pearson, Fgon 8., 68
Plating, chrome, 05
Iolishing, 7
see also Crinding
Predictability, see Stalistical contr():[
Production, flow of, 125
volume of, 122

W, dbraulibf&r
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Quality, acceptable,
definition of, 1
differcnces in, 78,3
of process, 5, ‘\

Qualily contr@L~5w Statistical contrel

C{:ﬂi{j—contml program

Qua].ity»«o\ Hrol program, attitude, 131

authorlty, 134

) (-\Guordmatmn of, 2

7\\edonaomic aspect, 189

/ forms, 44, 135
mistakes, 59, 61-2, 143-6
qualificationy, 132
respongibilities, 133
sales manager, 138-9
aelling of, 135, 137-8
specd, 44
starting of, 43-4, 132, 134

)
2\\..

]

Radar tube, 93
Range, as measure of dispersion, 45
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| Rational belief, degree of, 340
Rational subgroups, 38-42, 44
Rockwell tosts, hi-2

Romip, H, G., 23, %3

Rubber product, 1--2

Runs, 64, 100, 102, 115

o, formuls for, 6%, 78
Salestoan, analysis of, 3
Sample size, p charls, 81-3
charts for calenluting, 76; 88N
too small, 81, 116
X wad B charts, 62 5
larger thaun, 10, Gf)
SBampling, aorcptanw, 23—4 265-8
Army Ordnance ])Iau 18, 24, 53
control-charigplan, 84-6
Daodge-Rdfly plan, 23, 83
P charts,\{6, 83
I_)_recg}iﬁdns, 568
}{'s@’d 2 charls, £2-3
Scdrter, see Variation
'mh*lfl ‘LD.CI. bearing, 9-10
\Shell fuse, necaracy of, 11
YR W A 17, 68
Bimon, Leslic F‘, 19, 84
Stamping, 117
Btandard values, p', L, 831
X, R, 56
Btutiztics, classical versus modern
339
deflnition of, 3
goundness of, 144
Statistieal control, advantages of, 5-14,
36, 38
definitions of, 2
relationship Lo specilications, 33
stato of, 6, 16, 20-34, 36, 42
steps in vperation of, 2, 42
where used, 34
Btraightening, 8-9
String, cotton, 380
Subcontracting, 27, 97-102
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Terminology, 44-5

Thread gauge, 04

Tippett, L. H. C,, 68

Tool wear, 103, 105, 115

Tube, metal, 55-61, 49
radar, 93
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Upsetting, 10 Variation, milling operation, 103
ses also Dispersion, Limits
Valid prodictions, see Statistieal control
Variation, assignable causes of, 14-15 Welding, 78-81
causes of, 20 Whitney, EIi, 17
control of, 29 Wrenches, ratchet, 71, 81
execssive, 33 sockel, 30
limits of, 20 with burrs, 91-3
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