Chapter 13
Quality Control Charts by Variables

13.1 Variables and Attributes Defined

The most common type of varying number that arises in production or inspection
is the measurement. Measurements are made on quantities as length of a hub,
inside or outside diameter of a cylinder, electrical characteristics, such as capac-
itance, temperature, weight, tensile strength of a material, or the time taken by a
certain operation.

Whether the measuring instrument is simple or complex, accurate or inaccurate,
the measurement provides a single number descriptive of the characteristic being
studied. In the terminology of statistics, when the quality of an item is indicated by
a dimension it is said, to be expressed by variables.

Inspection is the process of measuring, examining, testing, gaging, or otherwise
comparing a unit of product with applicable requirements.' In inspection by
variables a specified quality characteristic on a given product is measured on a
continuous scale. Such measurement is recorded for use in the decision to be made
whether a lot, or process, is in control in product assurance terms.

Often it is either uneconomical or impossible actually to measure at great
degree of precision a given characteristic of an item. All we can do is to determine
whether or not the item conforms to more or less carefully defined specifications.
For example, an item may have a crack or it may not, it may be of a certain color
or it may not, a motor may run or it may not, the item may have been welded in all
of the required places or it may not have been welded.

In other words, an item may “go” or it may “not go” according to rules set by
inspection. When inspection, or testing, is done in a manner similar to those just
mentioned, the testing or inspecting is said to be done by attributes. Both variables
and attributes are tools of quality control.

Whether by variables or by attributes, statistical quality control charts present
their user with a simple, comprehensive but dynamic picture of product assurance

' The unit of product is the entity inspected to determine its measurable quality characteristic.
This may or may not be the same as the unit of purchase, production or shipment.
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characterizing a given process. They make possible to state in a factual and
documented manner whether this process is in control, is drifting out of control, or
is already out of control. Statistical quality control operates through four main
elements, three of which are charts developed in the 1930s by Walter A. Shewhart,
an American statistician:

1. Control chart for measurable quality characteristics.

This includes charts for variables, typically for the mean X, range R, and
standard deviation s.

2. Control chart for fraction defective, also called p chart.

3. Control chart for number of defects per unit, or ¢ chart, and

4. Sampling theory which deals with quality protection given by any specified
sampling acceptance procedure (Chap. 9).

As the careful reader will recall, a vital subject in statistical quality inspection is
the size of the sample. Chance fluctuations in percent defective will be greater with
small lots than with large lots—but inspection of large lots is costly, and if pushed
to extremes it can eliminate the competitive advantages of SQC. There are two
pertinent questions:

e What is the optimum size of a sample, and
e How many samples should be drawn before a control chart is plotted?

In regard to the first query, over several decades of practice was to consider that
a sample size of n = 5 is the best. More recently, quality control engineers believe
that the optimum size of n lies 7 or 8, but n = 5 is still widely used because it
facilitates the computation of the mean.

Regarding the second query, the plotting of SQC charts depends on continued
sampling of materials or devices passing through the production line. The issue of
control limits for these charts is discussed in Sect. 13.3, and the practical imple-
mentation of SQC charts for product assurance purposes is presented in Sect. 13.4.

Statistical quality control charts impose procedural requirements necessary to
substantiate an SQC plan. For instance, a minimum of 25 samples should be drawn
before a SQC chart is plotted, and this is equally valid of quality control by
variables and by attributes.

A question often asked in my seminars is whether the better method is by
variables or by attributes. The answer is that each and both of these methods have
advantages. Although inspection by variables will almost always give more spe-
cific information regarding the control of a process, the method of attributes will
be somewhat faster and easier.

The choice made over the years by industrial engineers is also an important ref-
erence. While the method by variables is more essential, at times it appears that most
quality control applications strive to reduce their procedures to that of inspection by
attributes. This may be attested by the number of “go-no-go” snap gages, or maxi-
mum-minimum depth and angle gages, used in quality control processes.
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Table 13.1 Advantages of variables and attributes in statistical quality control

Variables Attributes

1. Smaller samples 1. Less time, less skill

2. No problems in borderline cases 2. Less quality control equipment
3. Better guidance on quality 3. Less paperwork

4. Visual picture of quality, easier to interpret 4. Less arithmetic

5. More sensitive to changes 5. Easy to implement

6. Points faster toward corrective action 6. Easy to explain to the layman

If the quality can be controlled by the information contained about an item by
means of attributes, it is preferable to use this method because of the all-important
time element. Thus, more samples may be tested per unit length of time and this
enables a better control of the process. The factor of final cost must also be taken
into account before a decision on whether to use “attributes” or “variables” is
made.

It is however; true that inspection by variables has some distinct advantages.
Under some conditions variables inspection can give a better look at the product
with less total inspection. Furthermore, a quality control chart by variables enables
inspectors to judge practically in real-time whether a process is drifting out of
control.

Stated in different terms, where exact measurements of critical inspection
characteristics are made, we can get much more information with SQC by vari-
ables than would be possible with attribute plans. Yet variables inspection has one
major disadvantage: the often extensive calculation required to determine product
variability and estimated percentage outside of tolerance requirements. The rela-
tive merits of each method are outlined in Table 13.1.

Whether by variables or by attributes, the quality inspection of a process is
made against control limits. Since no process works on a straight line we accept
that it can fluctuate within limits. Such limits are quality characteristics a pro-
duction process should meet, and they must not be confused with folerances.
Tolerances established at the drawing board, too, have to be met. To assure that the
process is in control, its control limits must fall within the tolerance limits.> They
are usually two of them:

e An upper control limit, and
e A lower control limit.

2 Originally there have been three pairs of limits: (1) specifications connected to engineering, (2)
so-called “tolerance”, reflecting process capabilities through an algorithm, and (3) control
pertaining to operations. This abundance of limits does not provide clarity in the production line
with clear guidance.In this book, the terms folerance and specifications limits are used
interchangeably and they reflect values and other conditions set by engineering design. By
contrast, control limits pertain to the production process, its machines, their fine-tuning, the skills
of people and results from operation.
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But as it has been discussed in connection to sampling, there exist as well cases
with a single limit. A double limit is not an absolute requirement.

Integral part of a statistical quality control plan by variables or by attributes is a
method of classifying defects. Such a method may call for enumeration of
defects—of a stream of products through the manufacturing line, or of the unit of
product—classified according to their importance.

e In the technical language of inspection, an article is defective if it fails to
conform to specifications.

e A defect is a deviation tolerance of other requirements of specifications,
drawings, purchaser descriptions, and more.

However, in many manufacturing plants it is common for some purchased lots
to be rejected initially under the regular acceptance procedures and then finally to
be accepted under some sort of material-review procedures. Whether this is or is
not the case, it is always proper to remember that a 100% inspection does not offer
better protection than a well set statistical quality control plan.

As the reader is already aware, even where the necessary inspections are not
destructive inspection fatigue steps in to prevent 100% inspection from providing
100% insurance of conformance to specification requirements. Defects typically
belong to one of the three classes, though other classes might also be necessary on
certain occasions:

e Catastrophic or critical defects.

A critical defect is one that judgment and experience indicate could result in
hazardous or unsafe conditions for parties using or maintaining such a product. For
big end units of product, such as aircraft or ships, and for units with special
mission (for instance in defense), a critical defect is one that could prevent per-
formance of their mission. Medical equipment which is defective on delivery is
known as “dead on arrival” (see also the discussion on Six Sigma in Chap. 12).

e Major defects.

A major defect, other than critical, is one that could result in failure, short
MTBEF, or materially reduce the usability of the unit of product for its intended
purpose. There is no unique description of what may be a major defect and the best
definition for it will consider both the product and the function it will perform in its
intended implementation.

e Minor defects.

A minor defect is one that does not materially reduce the usability of the
product for its intended purpose. For example, it may be a not so significant
departure from established standards having very little or no bearing on the
effective use or operation of the product assigned to its intended use.

For any practical purpose, the likelihood of defects whose probability is not far
from one makes indispensable the definition of acceptable quality level (AQL), of
which many references have been made in preceding chapters. AQL is a nominal
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value. In quality control by attributes it is expressed in terms of percent defective
specified for a single quality characteristic.

When a range of AQL values is specified, it must be treated as if it was equal to
the value of AQL for which sampling plans are furnished and which is included
within the AQL range. When the specified AQL is a particular value other than
those for which sampling plans are provided to the vendor by the consumer (for
instance a merchandizing company or the military), the particular AQL value to be
used for a single quality characteristic of a given product must be clearly specified.

13.2 Sampling Inspection by Variables and Modes of Inspection

The considerations guiding the hand of the design engineer in establishing spec-
ification limits may be classified into three groups: (1) those related to the service
needs of the unit (and its components) for which specifications are being written;
(2) those related to the capabilities of the production process to produce given
specification limits; and (3) those connected to the means to be used for deter-
mining whether the specifications are actually met by the product.

A sampling plan should be designed to facilitate the observance of tolerances.
In general, the selection of a sampling plan must governed by the risk of accepting
products with various percentage failing to conform to design specifications. This
is fundamental even if the use of a sampling plan implies the willingness to take a
chance on passing some products outside specification limits.

In SQC, this sampling plan and its method of implementation will reflect
themselves in the control chart providing evidence about quality in the production
process. They do so by visualizing in an objective, quantitative manner the choice
inspectors should do about the production process; a choice embedded in the test
of the null hypothesis (Chap. 8).

Hy: The production process is in an acceptable state of statistical control
H;: The production process is not in an acceptable state of statistical control

For every sample drawn from the production process a point is plotted on the
control chart. The abscissa of the point represents the time the sample was taken;
the ordinate is the value of the statistic computed from the sample. Typically, what
we plot is the mean X, but it may also be the range R or standard deviation s. In a
general classification, we distinguish three types of SQC by variables with the
following criteria:

e Known-sigma plans, where the decision on acceptance or rejection of a lot is
based on the sample average alone,

e Unknown-sigma plans, where the decision is based on the sample average, in
combination with a measure of sample dispersion,

e The lot plot, where the decision depends in some way on the frequency distri-
bution of the sample as proxy of the population.
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What these three types have in common is that the criteria for acceptance or
rejection of in-process devices, or of a series of lots, is based on the evidence of the
control chart. Hence the need to define clearly unit of product, quality charac-
teristic(s), quality standard(s), and production process under consideration. All of
them impact on the type of control chart to be used for SQC of the production
process.

If the production process is in control, more precisely in a state of statistical
control, then as already mentioned 25 successive sample means X; can be pooled
together to yield a grand average value X. This is a good estimate of the expected
value of the production process for the statistic in reference. This value is plotted
on the control chart as the center line of the SQC chart by variables. However:

e Before the X and R may be plotted, a scale must be chosen for the chart, and
e The choice of a scale should make it easy to place all X and R values which are
anticipated without having to redraw the SQC chart.

Notice that the sample averages X; have a pattern of variation which is different
from, but related to, the pattern of variation of individual measurements ;. A
comparison related to the frequency distribution of sample averages with the
frequency distribution of individual measurements will help to point out some of
these differences.

In a two-tailed distribution the SQC chart needs upper control limit (UCL) and
lower control limit (LCL); Sect. 13.3 explains how to calculate them. Theoreti-
cally, these are two values on the scale of the control chart situated £3s from the
mean of the means X, so that approximately 99.7% of all possible values of the
production process for the statistic under study would lie between them. These
values of UCL and LCL are also known as three-sigma limits.

If the production is lousy, this will be attested from whether the tolerances fall
inside or outside the UCL and LCL. If the production process is not in a state of
statistical control, then the upper and lower tolerances will fall inside the UCL and
LCL. Therefore prior to proceeding with SQC implementation it is necessary to
tune the process reducing its variance. Otherwise, the SQC chart will indicate that
the process is in control while the tolerances are not met. Figure 13.1 shows two
quality control charts by variables:

e One for X, the mean of sample means
e The other for R, the mean range

We need to plot both X and R when, as the preceding discussion has explained,
this is an unknown-sigma plan. To improve the reader’s understanding, let me
repeat step by step the mechanics of how this statistical quality control chart has
been established:

e We start by defining what we wish to control: the process which will produce a
given product of acceptable quality level.

e For charting purposes we select a random sample of n units, typically 5, from
the production process.
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e We inspect the sample by measuring or testing each of the n units and record
such observations.

e We take 25 such samples to establish the center lines X and R.

o We check whether the tolerances fall outside UCL and LCL. If not, we tune the
production process.

e We continue sampling and compute the values of statistics X and R, plotting
point on the two control charts.

We do so on a permanent basis, computing ¥ and R values from the production
line, plotting them and observing whether they fall within the control limits have
been established on the chart. The decision which we make on whether the pro-
duction process is or is not in control is essentially a test of hypothesis.

In regards the actual state of the production process, if the plotted points X and
R fall between the control limits, then we accept the statement that the process is
producing the desired acceptable quality. By contrast, if the X and/or R points fall
outside the control limits, then we reject the statement that the process is producing
acceptable quality.

Processes have trends, and a statistical quality control chart reflects such trends.
A rule of thumb is that if three successive X; or R point in the same direction, there
is a probability that the next X; or R will fall outside the control limit (the upper or
lower, whichever is in the direction of the three successive X; in the trend).
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Whatever has been discussed so far in connection to SQC charts is a straight
process of cause and effect (Chap. 12), hence of statistical inference. A plotted
point falling outside the control limits indicates that the production process must
be investigated for assignable causes of the loss of a state of statistical control.

By combining the recorded measurements into a frequency distribution, the
quality control engineer obtains a factual picture of the process pattern of variation
as revealed by the samples. Taken in order of production, this pattern can be also
profitably used for two other purposes:

e To make a comprehensive control chart on the production process, and
e To document whether or not the mode of inspection is satisfactory or it should
be changed.

The second bullet is important in connection to the way statistical quality
control is exercised. There are essentially three modes of quality control inspec-
tion: Normal, tightened, and reduced. Associated to them are sampling plans.

At start of an inspection aimed at statistical quality control we use what is
typically called normal inspection which is more or less a reflection of practices
prior to SQC—unless otherwise designated. During the longer term of inspection
procedures, however, normal inspection should be used when inspection condi-
tions are such that tightened or reduced inspection is not required.

o Tightened inspection must be instituted when the estimated process average
computed from the preceding ten samples, or such other number of samples that
has been specified, is greater than the AQL.

Another criterion in connection to tightened inspection is when more than a
certain number M of lots under inspection have estimates of the percent defective
exceeding the AQL. Different companies tend to apply their own rules. My per-
sonal rule is when the process gets out of control by breaking one of the control
limits, as shown in Fig. 13.2.

Normal inspection is reinstated if the estimated process average of samples
under tightened inspection is less than the AQL. Many companies add to this other
criteria specific to their case.

® Reduced inspection may be instituted when a number of conditions established
by engineering and quality control are fully satisfied.

For instance, a specified number of samples, as designated, have been under
normal inspection and none has been rejected. Or, the estimated percent defective
for each of preceding lots which were tested is a number well below the applicable
lower limit of defects in AQL. For certain sampling plans there is as well the
requirement that the estimated lot percent defective is equal to zero for a specified
number of consecutive lots.

Still another, often encountered, condition for reduced inspection is that of a
production at steady rate. Normal inspection must however be reinstated if any one
of the following events occurs under reduced inspection: Production becomes
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Fig. 13.2 A statistical quality control chart where the sample breaks the control limits

irregular or delayed. A lot is rejected; or the estimated process average is greater
than the AQL. Such conditions warrant that normal inspection should be
reinstated.

13.3 The Calculation of Control Limits

When we say that a given process is in control, what we essentially mean is that it
is governed by a constant cause system. This is practically equal to stating that the
process is at a satisfactory level with respect to mean and dispersion; therefore, it is
sufficiently uniform.

The upper and lower control limits: UCL, LCL allows us to keep an eye on the
variance. As long as they remain valid, they constitute standard values able to
providing the boundaries of variability in current production. Indeed, the reason of
taking periodic samples of the production process is to detect any significant
changes in the process by means of X, R, UCL and LCL.

e If the control chart indicates that the cause system has changed,
e Then it is up to the quality control specialist and process engineer to discover the
cause of the change, and to correct the trouble.

Criteria must be established for effectively detecting lack of control, keeping in
mind that one of the merits of an SQC the assistance it provides in controlling the
ongoing production process. Such criteria must account for the fact that since
almost any unusual pattern of variability may be a cause of suspicion, the sub-
jective element involved in interpreting control charts cannot be entirely elimi-
nated. Hence, the interest in defining specific patterns which are generally
recognized as being warning signals. Examples of such signals are as follows:
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e A point outside its control limits. Provided the population is normal, the prob-
ability of a mean going outside of a three-sigma control limit when the process
is in control is minimal. If this happens, it is a warning.

e Several points near together are a reason to worry. This is especially true of
several successive points that are close to a control limit, or beyond some
secondary limit such as a two-sigma limit (used by some firms).

e A run of successive points on one side of the central value, or a cluster of a
larger number of points, most of which are on one side of the central value. Also
important is the trend characterizing these points.

Let us however always keep in mind that once computed, control limits are not
forever; they have to be reevaluated. It is also good to remember the difference
between the initial setting of control limits based on the analysis of historical data
through which UCL and LCL are drawn, and their reevaluation while using sta-
tistical control charts during production.

1. The control limits UCL and LCL for an X control chart by variables represent
the two values which 99.7% of the x values will fall if the process is in a state of
statistical control, and

The formulas used to calculate the control limits when the process mean u
(which is the population mean of which ¥ is a proxy) and process standard devi-
ation ¢ are known, are:

UCL = p+ 30
LCL =u—30

Basically, the process mean, u, and process standard deviation, o, are almost
always unknown, but we do know X and R where (as already stated) X is the mean
of sample averages, and R is the average of sample ranges. X is an approximate but
still best available estimate of i based on the information we gather. The standard
deviation of the population, ¢, is approximately equal to:

R
o= —
dy
where d, is a factor found in Table 13.2 for sample sizes up to 10. If the process
mean and process standard deviation are unknown, the following algorithms can
be used to calculate the control limits:

_ R
UCL, =x+3—
d>

_ R
ILCL,=x—-3—
x &

It needs no explanation that it is important to examine the relation of control
limits to engineering tolerance limits. In principle, tolerances must be compared
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Table 13.2 For small
samples the d, divisot
provides a rapid calculation
of s from R

Sample size n d,

1.128
1.693
2.059
2.326
2.534
2.704
2.847
2.970
10 3.078

O 00 N N LW

with control limits for x; and not with control limits for X;. In addition, both
location and spread of the control limits in relation to engineering specification
limits (tolerances) are important.

2. Based on engineering specifications we establish tolerance limits as the values
within which the X values must fall to be acceptable.

Let us recall that by answering the question: Is the process in statistical control?
The control chart tells us what is happening to the pattern of variation in the
production process. For this reason when the process is in control, the control
limits indicate:

e The boundaries of the pattern of variation.
e Whether we manufacture our product within engineering tolerances.
e Amount of improvement needed to make product within tolerances.

Borrowing a leaf from Six Sigma (Chap. 12) if the sample standard deviation is
small, which can be rapidly tested by calculating the sample’s R and using
Table 13.2, we can assume that X; is a proxy of x; in the sample of, say, five units.
Alternatively, if this hypothesis is rejected we better reexamine the process and
recalibrate it, as well as our metrics. This is not always done in statistical quality
control.

Let us take a practical example. In Table 13.3 are listed 25 observations on the
first grind of edge widths x of piston rings. The observations were recorded in
inches to the nearest 0.0001 inch. This data has been used in a statistical control
chart.

From Table 13.2 we see that the divisor of % = 2.236. The largest R in these five

samples is equal to 0.0010; %: 9000 = 0.000443; and 2.98 x 0.000443 =

0.00133. The x of this small sample of 5 is equal to 0.13966. It does not look
unreasonable to take X as proxy of x;.

Ad hoc tests have not been part of the SQL mainline. Nevertheless because
every industry and every factory have not only general quality assurance problems
but also special ones, ad hoc solutions have been developed which observe the
general rules but also have some added value. Improvements should be welcome.
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Table 13.3 Five samples of five observations, X and R

0.1397 0.1399 0.1402 0.1394 0.1393
0.1400 0.1398 0.1399 0.1397 0.1395
0.1401 0.1393 0.1398 0.1397 0.1395
0.1393 0.1393 0.1392 0.1400 0.1398
0.1394 0.1396 0.1392 0.1395 0.1393
X 0.1397 0.1396 0.13966 0.13948 0.3954
R 0.0007 0.0006 0.0010 0.0006 0.0005

They may for example indicate that quality control needs to be tightened and/or
the technology of the production process ameliorated, in order to meet specifi-
cations because the SQC charts ate steadily in the borderline.

Alternatively, an experimental design (Chap. 11) might reveal that the pro-
duction process is of a higher quality than necessary, or quality control procedures
are unduly severe. For stochastic thinking to be a valuable means of assistance in
process control, such studies should be done periodically. This is akin to auditing
the statistical quality control plan already adopted.

There are as well other conditions to be accounted for; for instance, the case
when a controlled process should meet not one but two specification limits on
individual values, x,,x and x,;, In that case, all possible situations may be grouped
into three general classes:

e The spread of the process (6s)° is less than the difference between the specifi-
cation limits (Xpax—Xmin);

e The spread of the process is greater than the difference between specification
limits.

e The spread of the process is approximately equal to the difference between the
specification limits.

A merit of the control chart is that under a variety of conditions it helps in
quality decisions because it tells when to leave a process alone as well as when to
take action to correct the trouble. The elimination of the assignable causes of
erratic fluctuation is described as bringing the process in control and is responsible
for the many savings in cost resulting from statistical quality control.

To gain the most from stochastic inference, the reader should appreciate that the
variable chosen for control charts must be one feasible to measure and express
quantitatively. In order to be manipulated in an effective manner, the observation
must be divided into what Shewhart has called rational subgroups for control
charts.

One important consideration in sub grouping is order of production, since
control charts are used to detect shifts in the process average that may come out
due to a change in manufacturing procedures or settings. Whether by variables or
by attributes (Chap. 14) when control charts indicate that a process if out of

3 6 s should not be confused with 6 ¢ in Chap. 7. In the present case it comes from ¥ = 3s.
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control, it is vital to establish through appropriate and timely research what is
necessary to permit the manufacturing process to make a product that meets
established specifications for quality.

The careful implementer of SQC will also remembered, however, that estimates
of means, variances, and percent defectives are subjected to sampling errors.
Therefore any conclusions obtained from a short period of time, such as time is
tentative. This is as well true of the 25 samples—the recommended minimum
number of samples on hand before a control chart is plotted and analyzed. In my
practice I stress the point that, contrary to tolerance limits, control limits must be
regarded as:

e Tentative and
e subject to confirmation.

Experience teaches that change comes as the control chart is implemented over
a period of time, therefore as more evidence becomes available. Moreover, the
construction and implementation of quality control charts is just a step in the chain
of manufacturing control. It is a means, not the ultimate objective (see also
Chap. 15).

In conclusion, in establishing control lines the culture of stochastic thinking is a
big “plus” because after control chart data has been collected it must be inter-
preted and corrective steps taken whenever necessary. Deliberately in this book no
fixed rules are laid down regarding the appropriate action based on the interpre-
tation of statistical qualities of control chart data. The person who takes decisions
about the appropriate action must understand both the:

e Process under investigation.
e General principles underlying statistical control chart analysis.

While the calculation of control limits and their upkeeping, the themes of this
section, require skill and experience there are also other issues to which must be
placed attention. The good news is that all of them blend into manufacturing
engineering and major strides can be made in product assurance if design engi-
neering and manufacturing collaborate all the way from tolerances to statistical
control limits and beyond.

13.4 Using SQC Charts by Variables

Section 13.2 presented the reasons why we use statistical quality control charts for
in-process quality assurance. They help in keeping track of the tendency of every
manufacturing process to drift outside engineering tolerances. As we have seen
through practical examples, control is done in a visual manner and in a compre-
hensible way, so that corrective action can be taken whenever needed for it is
indicated.
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The analysis of control charts, like those in Figs. 13.1 and 13.2, is reduced to a
problem of telling when a high or low point on the graph is an indication of the
presence of nonrandom variations due to a change in the manufacturing process;
or, it is due only to the random variation within that process.

Working with the problem of quality control in industry, Walter A. Shewhart
was the first to realize that the solution to questions of evaluating a dynamic
process like manufacturing lay in the field of engineering statistics. He made the
hypothesis that it would be possible to set limits upon the natural variation of a
given process so that:

e Fluctuations within these limits could be explained by chance causes, and
e Variations outside these limits would indicate deviations in the process which
should be sought out and corrected.

As we have already seen, statistical quality control of a manufacturing process
by the method of variables can be exercised through a control chart for means, X,
and a control chart for ranges (R). Or, alternatively, through a control chart for X
and a control chart for standard deviations, s. The reason only one chart, for
instance only X or only R, is not enough for sound SQC procedures should be found
in the fact that one statistic cannot fully describe a statistical distribution:

e X is a measure of central tendency,
e R and s are measures of spread.

A process may not change in central tendency, yet it may spread outside the
specification limits, as in Fig. 13.3a. Or, it may keep a constant range but shift in
central value, as in Fig. 13.3b. A sampling inspection plan taking account of only
the sample mean of the variable under study is often misleading, as the mean
might well be within control limits while the individual observations might be
located above or below these control limits.

To avoid errors of this type, R or s charts are plotted along with X charts for
each sample. As it has been explained, if the variance is known the s chart is not
needed, but the way to bet is that in most cases the variance is not known. These
charts, x—R or X—s, can give an accurate indication both of the central value and of
the variability, of the variable under consideration, within the sample.

In addition, a chart showing directly the sample mean and range of values
gives a good indication of the trends and stability within the manufacturing
process. There are, however, some special cases where it is recommended to use
the X—s instead of the X—R charts.

For example, when sample sizes are fairly large or when each measurement is
comparatively expensive, and therefore we wish to extract all possible information
from the measurement, the X—s chart is desirable. Its advantage is that it gives an
estimate of the theoretical standard deviation of the variable which is subject to a
smaller average error than the estimate obtained from the range.

The reader should also notice that in some plants it is considered preferable to
plot on the control chart the sum of » measurements in each subgroup rather than
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(b)

Fig. 13.3 One statistic is not enough to accurately describe the behavior of a process (Upper
tolerance limit, lower tolerance limit of the widening and shifting distributions)

the average of these measurements. This procedure might simplify the necessary
computations, but sometimes it may result in a misleading interpretation of the
charts.

There is some truth in this argument. By using control limits for standard
deviations rather than ranges we gain somewhat in efficiency. What this discussion
suggests us that there is no lack of opinions on the best way to proceed with SQC,
as far as practical applications are concerned.

Where the different opinions expressed by implementers converge is that for valid
estimates of quality assurance parameters, the data on which SQC will be based must
come from a process which is in control. If control limits are computed from esti-
mates made from a process that is out of control, then, this data will most likely bear
little relationship to what is needed for corrective action. Neither does this data
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represent what can be expected in the future when the process is in control. When
they are based on unreliable data, statistical quality control charts may result in:

e False alarms, and
e Failures to activate corrective procedures when trouble is developing.

I had cases where manufacturing people asked for changes in engineering
tolerances when they were not able to meet them. Their argument was that the
company’s manufacturing process, and its machines, are not at the level assumed
by the engineers. According to their opinion, this was the reason for SQC alarm.

To my book, such arguments are defensive and have little value, if any.
Engineering specifications are “the master” and should be attained by production
unless it can be a thorough study documents that the specs are really not attainable
because of a retrograde manufacturing establishment.

People with practical experience from applications of statistical quality control
charts come up with several suggestions in improvements, some of which worth
recording. One of them regards criteria for judging the control chart on the basis of
evidence of a high degree of control when no more than / out of 35 points (or no
more than 2 out of 100) fall outside the upper and lower control limits.

One should try to capitalize on this observation, though it may not apply to all
cases. A common problem with different suggestions, particularly those involving
a sort of general criteria, is that they do not have the mathematical background
which can be properly tested. Because of this, there is a risk of rejecting the
hypothesis of a controlled process while the process is in control. Similarly, tests
determined to suit the needs of a particular type of application do not answer
necessarily more general requirements.

On the other hand, it may be helpful to plot in time the variation in UCL and
LCL as documented by the output of the process under quality control (Fig. 13.4).
This helps in identifying possibilities for quality improvements, or cost reduction,
after the reasons for such variation in control limits have been established.

A rule of thumb is that the calculation of a 5-day moving average is simplified
by carrying a moving total to which is added each day the algebraic difference
between the value of today and the value of 5 days ago. I have tried it but I am not
convinced of its value in statistical inference.

Still another suggestion coming out of practical applications of SQC, is that a
control chart’s role can be enhanced by evaluating past patterns of process
behavior and deriving from them certain specific rules. For instance, that a strange
pattern of the X and R points, even though within (but close) to a control limit, may
be an indication that the process is getting out of control.

“A production is not probable because we think so... (But also) there is little
likelihood of our discovering a method of recognizing particular probabilities,
without any assistance whatever from intuition or direct judgment,” said John
Maynard Keynes, the British economist. The same is true of technical develop-
ments adjunct to statistical quality control theory, based on practical experience.
They should be given a chance while being carefully watched. Many of them have
to do with variance.
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Provided that the hypothesis of population homogeneity is upheld, whether the
background process which we aim to control obeys or does not obey the normal
distribution, the variation in the measurement of its deliverables is very important.
Our best means of control are based on the observed pattern of such variation
which we hope to keep under control. The fact that change is visualized through
charting helps in building quality into manufacturing processes. As a reminder:

e Control charts reflect the rule that variation will follow a stable pattern as long
as the system of chance causes remains the same, and

e Once a stable system of chance causes is established, the quality control limits
for the resulting pattern of variation can be determined.

When these conditions prevail, future data streams can be expected to fall
within the same limits as past data, unless there is a change in the system of causes.
This change will by all likelihood have to do with the dynamics of the production
process, but there may also be a case of change in the specs. Tolerances are
established not only through the engineering department’s initiative but also by
specific client requests. A new order by a client (for instance, the military) may
require new more stringent tolerances which the production facility as is cannot
meet.

Outside of these conditions, when a process has been stabilized and then sud-
denly data fall outside the upper and lower control limits, an investigation must be
made to determine the cause of the change in pattern. If the job stream and/or the
manufacturing environment changed, then both the central tendency of the chart
and the limits must be adjusted.

In conclusion, statistical quality control techniques are easy to adapt to
developing conditions because they have a rich inventory of tools from which to
choose. Different types of control charts serve different functions. A reference to
what this flexibility means for the end user is that while quality control limits are
established from past and present performance they serve as a guide to future
performance.
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13.5 The Statistical Quality Control Chart Is a Model

A statistical quality control chart is the model of a real life situation; namely, the
quality assurance provided by current production. Whether by variables or by
attributes, it lays down the relationships which exist between a given product, its
specifications, available production capabilities, skills, and resulting quality level.

Models are working analogies models emulating prevailing conditions. One of
the simplest forms of a model is the scale drawing; a common design tool for
graphically analyzing, for instance, a piece of equipment or the motion of what
may be a complex linkage.

As long as it is accurate (not necessarily also precise), a good model represents
motion of the linkage and serves as a helper that can be put to work on a practical
problem. The SQC does so with the control of quality. Most importantly, a model
is an instrument for thinking. Thinking is, so to speak, movement without move-
ment. We contemplate then simulate a move,

e Trying to guess what it involves, and
e If possible, project the aftereffect of the movement.

This may sound simple, but it is a complex process. Millions of years of
evolution have been devoted to make the process of thinking, as we know it, a
reality. The diagram which controls the brain functions and whose exact pattern is
still unknown (including matters of behavior) is still a black box. A great deal of
effort is today expanded in reverse engineering this process, along the hypothesis
that the nature of learning and of all sorts of human activity, including aggression,
is the key to understanding behavior.

A model like SQC has no claims of establishing the universal truths. Its domain
is limited to quality yet it requires thinking—even if, some people believe that it is
safer not to think at all (while others are afraid of what they might think).

The problem with this attitude is that a thought is like a child inside a woman’s
body. It has to be born. If it dies inside us, we die too. Therefore, thinking must be
part of everybody’s education but this is far from being generally true. In his
Cambridge lecture on August 31, 1837, Ralph Emerson said:

If one is a true scientist, then he is one who THINKS.*

Since 1953, when I learned to apply SQC charts, I look at them as an oppor-
tunity for thinking. Niels Bohr, the nuclear physicist, was teasing his peers and his
students by telling them: “You are not thinking, you are only being logical.” Great
thinkers in history have always appreciated that thinking means:

e Challenging the “obvious”,
e Hence, doubting and experimenting.

* Emphasis added.
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Because it is based on thinking, experimentation is the mother of all sciences.
Thinking should be guiding young and aspiring students when deciding about their
first big investment: higher education. An ambitious young person about to take
the first steps toward his or her professional life should reasonably examine, indeed
speculate, about what sort of qualities and skills the future employer might be
looking for. Employers have goals in their mind:

e When they hire the new generation of employees, and
e When they promote people to senior positions, up the organization ladder.

It is quite fortunate that models made through statistical quality control pro-
cedures prod to thinking, because science without thinking is no science at all. It is
therefore all for the better that a statistical quality control charts helps the people
who implement it and use it in thinking. As long as it does so, it is a scientific tool.
Its continuous presence and dynamic behavior offer distinct advantages given that:

e Researchers are as good as their last experiment, and
e If they do not continue exercising their mind scientists become incompetent.

Not everybody appreciates the creative role of scientific thinking. In her book
“How the Laws of Physics Lie”, published at Oxford in 1983, Nancy Cartwright
advances the thesis that science does not describe a profound physical reality. It
only advances phenomenal models, valid only in a limited space or conditions—
which, therefore, are fictitious. But at the same time they can be creative.

Engineers and physicists are not merchants of dry facts or purveyors of fabri-
cated conclusions. Neither are they, by profession, prone to see through the prisms
of a narrow discipline. The best professionals are those with the more investigative
mind and a great deal of critical spirit.

Both the scientist and the artist attempt to free themselves from the beaten path.
They do so by stepping outside convention to embark on a voyage uniquely their
own—and their creativity leaves its mark on all of us. Facing a blank canvas, a
great painter cannot fully anticipate the completed work.

e Which turns his imagination will take?
e What colors will compose the painting?
e What technique will produce the most thought-provoking impression?

Similarly, “a scientist beginning a research project may have an idea, a hunch.
But where will the adventure lead? To what discoveries?” [1] There is no way of
knowing until the work develops to the point that it gets an interpretation
momentum. In manufacturing engineering the concept of such a momentum
cannot be better explained than through the SQC charts.

The role of SQC charts is as well the role of a model: that role has been that of
creating new knowledge, not just interpreting information by adding to it an ever
greater but uncertain detail. Science involves much more than collecting facts and
data and then trying to interpret them.
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e [t begins where what one knows is too limited, obscure, or incomplete, and
e By trying to bring light into the darkness, it takes off to new frontiers.

This does not always succeed. There are many reasons why we may not reach
our goal in scientific study and discovery. The problem might have been much
bigger, or its variables more interdependent than we thought. The method we used
was too limited. We failed to use the best of our abilities in investigative thinking.

Or, we might have been confronted with model risk. Not every model is the
right one for the work we are doing, let alone being a construct well adapted and
complete. Moreover, what many people forget is that models must be tested, and
the test of a model should be done not at one but at five levels:

1. Test of hypothesis, and associated assumptions

2. Test of whether the problem approximates the normal distribution, or there are
major outliers

3. Stress test of the model. Can it stand up to extreme events? At 5, 10, 15, 20, 25
standard deviations?

4. Implementation test, based on its deliverables and on their acceptance by the
end user(s)

5. Post-mortems and walk-through, including auditing by an independent expert,
to ascertain the quality of the model’s mechanisms and results

This is part of meta-analysis, a statistical technique for rigorous testing, also
used for extracting information from small trials that are not by themselves sta-
tistically reliable. The latter is a good way of looking at an SQC chart and the
message it conveys to its user, given that each X; is based on a small sample of 5-8
items.

In conclusion, when we look at the SQC chart as a model, patterning is the
keyword. Successful prosecutors know that a case is made much stronger if a
pattern of misdeeds can be established. It is easier to cast doubt over evidence
related to one isolated incident than to a whole pattern of incidents which have
been proven. It is as well possible to overlook an isolated case as an outlier, but a
whole pattern cannot be cast aside.
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