The Impact of Measurement Error on Control Charts

You have just completed your ANOVA Gage R&R study. The results indicate that
your measurement system is responsible for 50% of the total variance. It doesn’t
sound very good, does it? You have read that the % GRR variance should be less
than 10%. This measurement system needs improvement. Or does it?

This publication examines the impact of measurement error on its ability to detect
a process shift. It demonstrates that a measurement system that is responsible
for 50% of the total variance can still detect signals from a control chart that
something in the process has changed. This, by itself, shows the fallacy of setting
these somewhat arbitrary standards for what makes a measurement system
acceptable.

Instead, we need a method of classifying a measurement system that makes sense in terms of our
process. Dr. Donald Wheeler has developed such a system. This method of classifying a measurement
system is covered in this publication.

In this issue:

e Relationship between Total, Product and Measurement Variation

e An “Acceptable” Measurement System

e Control Chart Tests

e The Perfect Measurement System

e Adding in Measurement Error

e Dr. Wheeler’s Method of Classifying a Measurement System

e Summary
e Quick Links

Relationship between Total, Product and Measurement Variation

You take a sample from your process. You test that sample using your measurement system. You get a
result (X1). You take another sample and test that sample. You get another result (X2). Usually X1 does
not equal X2. What are in these results? Two major components are present in each result: the
variation in the product itself and the variation in the measurement system.

The basic equation describing the relationship between the total variance, the product variance and the

measurement system variance is given below.
of = o + 0

where c% = total variance of the product measurements, c?, = the variance of the product, and % = the
variance of the measurement system.

The % variance to the measurement system is simply the following ratio:

% variance due to the measurement system = 100(0Z /52)
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An “Acceptable” Measurement System

There are several ways of determining the total, product and measurement system variances.
Regardless of how the variances are calculated, what is an acceptable number for % variance due to the
measurement system? AIAG recommends the following in Table 1.

Table 1: AIAG Measurement System Criteria

% Variance due to

Measurement System
Less than 1% The measurement system is acceptable.
Between 1% and 9% The measurement system is acceptable
depending on the application, the cost of
the measurement device, cost of repair, or
other factors.
Greater than 9% The measurement system is not acceptable
and should be improved.

Acceptability

One of our earlier publications contains the following statement:

A precise measurement system is defined as one that is in statistical control with respect to variation
(i.e., the range chart) and that is responsible for less than 10% of the total process variance.

| don’t agree with the 10% anymore. It seems like a good goal, but measurement systems can have
significantly larger values and still be very useful. After all, a major reason for taking measurements is to
see if something has changed. At the heart of this is the control chart. The control chart will send you a
signal if the process has changed.

Why my change of heart on what makes a measurement system acceptable? His name is Dr. Donald
Wheeler and the book is “EMP Ill: Evaluating the Measurement Process.” He has developed a great
method for classifying how useful a measurement system is. This publication is based on some of the
material in Chapter 15 of his book. If you don’t have this book, you should get it (www.spcpress.com).

Control Chart Tests

In the analysis below, we will be interpreting control charts. To find signals on the control charts, we will
use these four Western Electric zone tests:

e Rule 1: a point is beyond the lower or upper control
limit

e Rule 2: two out of three consecutive points on the same
side of the average are more than two standard
deviations away from the average

e Rule 3: four out of five consecutive points on the same
side of the average are more than one standard
deviation away from the average

e Rule 4: Eight consecutive points are above or below the
average
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The Perfect Measurement System

Now suppose there is a perfect measurement system. It always generates the same result for a sample.
It has no variation. Then the % of variation due to the measurement system is 0. This is the best it can
be — never attainable though.

Let’s investigate how this perfect measurement system detects signals on a control chart. To begin, we
need a stable, in control process. The random number generator in Excel was used to generate 80
random numbers from a normal distribution with an average of 0 and a standard deviation of 1.

Figure 1 is the X control chart for the randomly generated values. These represent the product value
since there is no measurement component. The control limits are based on the first 50 samples.

Figure 1: Product Values with No Measurement Error (Control Limits based on First 50 Samples)
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This control chart is in statistical control. It is consistent and predictable. None of the four rules have
been violated. The average is 0 which is right on the average used for the random number generation.
The estimated sigma from the moving range chart (not shown here) is 0.88, close to the standard
deviation (1) used for the random number generation.

Now we will add some signals to the control chart. We will look at 1, 2 and 3 sigma shifts in the average.
Remember the control limits in Figure 1 are based on the first 50 samples. The following shifts will be
added:

e Points 51 — 60: One sigma shift (add 1 to each point)
e Points 61 — 70: Two sigma shift (add 2 to each point)
e Points 71 — 80: Three sigma shift (add 3 to each point)

The resulting control chart with the shifts added is shown in Figure 2.
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Figure 2: Product Values with Signals Added (No Measurement Error)
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You can see the impact of the three shifts. The red points represent points beyond the control limits,
which is Rule 1. The three shifts are divided by the vertical black lines.

Note that the 1 sigma shift does not have any points beyond the control limits. However, there are 8
points in a row above the average for that shift. So Rule 4 is violated and the control chart picks up the
1 sigma shift within 10 samples.

The 2 and 3 sigma shifts have points beyond the control limits. So with no measurement error, the
shifts are easily picked up quickly.

Adding in Measurement Error

Measurement error has two impacts on the control chart. When it is present (as it always is), the
control limits will be wider and it becomes more difficult to see the signals from the control charts. We
are going to add in measurement error that is equal to the product variation above. This means the
following is true:

% of total variance due to the measurement system = 50%

That is a lot of variation due to the measurement system. Surely this measurement system has too
much variability. Well, according to the acceptance criteria above, it definitely does have too much
variation since it is greater than 9%. But is it true that this measurement system has too much
variability?

To add in measurement error, the random number generator in Excel was again used to generate 80
random numbers from a normal distribution with an average of 0 and a standard deviation of 1. The
results are shown in Figure 3. Again, the control limits are based on the first 50 samples.
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Figure 3: Measurement Error (Control Limits Based on First 50 Samples)
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The average of the measurement error is - 0.11 which is close to the average (0) entered for the
random number generation. The estimated standard deviation from the moving range chart (not shown
here) is 1.01, which is close to the standard deviation (1) for the random number generation. The
measurement error in Figure 3 is in statistical control.

Now, the product values from Figure 1 and measurement error values from Figure 3 are added together
to generate the results for a process with 50% measurement variation. These results are shown in
Figure 4. The control limits have been recalculated and are based on the first 50 samples again.

The combined control chart is in statistical control. The first thing to note is that adding measurement
error increases the distance between the control limits. The more measurement error there is, the
wider the control limits.

Now, the signals are added back in as above. Let’s see if a measurement system that is responsible for
50% of the total variance can pick up the shifts. The results are shown in Figure 5.

All the points for the 1 and 2 sigma shifts are above the average this time. The measurement system,
with its poor acceptability, still picks up the shifts using Rule 4. The 3 Sigma shift has points beyond the
control limits.

So, should we be so quick to judge a measurement system as “bad” because it is responsible for 50% of
the total variance. It still works — it sends us the signal that the process has changed.
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Figure 4: Product Values + Measurement Error (Control Limits Based on First 50 Samples)
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Figure 5: Product Values plus Measurement Error with Signals Added
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In his book, Dr. Wheeler considered the perfect case, the case where the measurement system was
responsible for 50% of the total variance and the case where the measurement system was responsible
for 80% of the total variance. He considered shifts of 2, 3, 4, 5 and 6 sigma. He did not include the 1
sigma shift. In each of three cases, the control chart picked up the shifts — even the one where the
measurement system was responsible for 80% of the total variance. Pretty amazing that the control
chart can still deliver signals even with that much measurement error.
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Dr. Wheeler’s Method of Classifying a Measurement System

It is obvious that the somewhat arbitrary method of saying a measurement system that is responsible
for 10% or more of the total variance is unacceptable does not hold up in the light of the analysis above.
What is really needed is a method of “judging” a measurement system based on how it actually
performs in a control chart setting. Fortunately for us, Dr. Wheeler has supplied that method for us.

Dr. Wheeler’s method involves using the Intraclass Correlation Coefficient to determine the
classification. The Intraclass Correlation Coefficient is simply the ratio of the product variance to the

total variance and is denoted by p:
2
)

p =
oi

This is simply the % of the total variance that is due to product variance. Remembering the basic
equation above, then 1 —p is the % of the total variance that is due to the measurement system.

For more information on the variances are calculated, please see our two-part publication on Evaluating

the Measurement System.

Dr. Wheeler uses the Intraclass Correlation Coefficient to place the measurement system into one of
four classes. Table 2 summarizes these classes and the characteristics of those classes.

Table 2: The Four Classes of Process Monitors

Abili Track
Type of Reduction of Process | Chance of Detecting * bi :)t:otcc;ssrac
P Monitor Signal 3 Std. Error Shift
Improvements
M h % with
0.8to 1.0 First Class Less than 10% Rucl);elt an 99% wit Up to Cpso
PR
0.5t0 0.8 Second Class From 10% to 30% g/lucl);elthan 88% with Up to Cpso
More than 91% with
H 0, 0,
0.2t0 0.5 Third Class From 30% to 55% Rules 1, 2, 3 and 4 Up to Cpao
0.0to 0.2 Fourth Class More than 55% Rapidly Vanishing Unable to Track

v The first column lists the value of the Intraclass Correlation Coefficient. The
: ) :2 second column lists whether it is a First Class, Second Class, Third Class or

% 7 Fourth Class monitor — with “First” being the best. The example above with
the measurement system being responsible for 50% of the total variance is
- g on the border between a Second Class and Third Class monitor. Remember
; "'.’ J l "5 that the % of the variance due to the measurement system is 1 — p. So, as
P 3 7 you move from a First Class to a Fourth Class monitor the % of variance due
"4 {0 the measurement system is increasing.

The third column shows how much of a reduction in a process signal there is. The First Class monitor
has less than a 10% reduction in process signal while a Fourth Class monitor has more than a 55%

reduction in process signal
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The fourth column lists the chance of detecting a + 3 standard error shift within ten samples. This is
what we covered in this publication. Note that the First and Second Class monitors detect Rule 1 very
well. Once you reach a Third Class monitor, you need to apply all four rules to keep the chance of
detecting the shift high. Fourth Class monitors are not good at detecting any shifts essentially.

The fifth column describes the monitor’s ability to track process improvements. This is something we
don’t think about too much. As we improve our processes, the variation due to the measurement
system increases. This last column describes how much process improvement you can have until the
measurement system moves from one class to another. Please see our two-part publication on
Evaluating the Measurement System for more information on this.

Summary

This publication examined the impact of measurement error on a control chart’s ability to detect a
process shift. It demonstrated that a measurement system that is responsible for 50% of the total
variance can still detect signals from a control chart that something in the process has changed. This, by
itself, demonstrated the fallacy of setting somewhat arbitrary standards for what makes a measurement
system acceptable (like less than 9% of the total variance). Dr. Wheeler’s approach of classifying a
measurement based on what the measurement system can really do is a much better approach.

Quick Links

Visit our home page

SPC for Excel Software

SPC Training

SPC Consulting

SPC Knowledge Base

Ordering Information

Thanks so much for reading our publication. We hope you find it informative and useful. Happy charting
and may the data always support your position.

Sincerely,

Dr. Bill McNeese
BPI Consulting, LLC
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