Evaluating the Measurement Process — Part 1

Measurements are critical. They tells us where we are now. They tell
us if we are improving performance based on past measurements — or
just staying the same — or if our performance is declining. No doubt
about it — we need measurements — good measurements.

So, what makes a good measurement? How do we know our
measurements are “good?” Don’t we simply need to perform a Gage
R&R study and find out what % of our variance is due to the
measurement system? Then we simply use the AIAG
recommendations — less than 10% means that the measurement
system is acceptable, 10 to 30% means that the measurement system
may be acceptable for some application, and greater than 30% means
that the measurement system is unacceptable.

Suppose you do this for a key product characteristic. You find out that your measurement system is
responsible for 44% of the total variance. What will the customer say? Should you panic? Maybe, but
then again maybe not. We need to change the paradigm of how we evaluate the measurement system.

This publication takes a look at a different method of
classifying the measurement system. This procedure

v . o (developed by Dr. Donald Wheeler) divides the
- A A 1 2 measurement system into four categories — First Class
/& ) . P 7 monitors, Second Class monitors, Third Class monitors
e and Fourth Class monitors. These categories give insight
| | - into the puzzle that is our measurement system —in
o - particularly these three characteristics of the

measurement system:

1. How the measurement system can reduce the strength of a signal (out of control point) on a
control chart.

2. The chance of the measurement system detecting a large shift.

3. The ability of the measurement system to track process improvements.

These insights give you a very good understanding of the relative usefulness of the measurement
system.
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Introduction

This publication challenges you to take a different look at how you define how useful a measurement
system is. Much more information is available from Dr. Donald Wheeler in his book Evaluating the
Measurement Process & Using Imperfect Data (available from www.spcpress.com). Definitely a book to
add to your library. This procedure involves estimating the various components of variance (total,
process and measurement system), much like you do when performing an ANOVA Gage R&R. The
change in paradigm comes in how you interpret the results.

Relationship between Total, Product and Measurement Process 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.

o = 0 + ¢

where c% = total variance of the product measurements, ¢, = the variance of the product, and 6% = the
variance of the measurement system.

We will use the ratio of the product variance to the total variance to define the “Intraclass Correlation
Coefficient.” This will be used to define how useful the measurement system is. It sounds worse than it
actually is.

Intraclass Correlation Coefficient

e

According to Dr. Wheeler, the “Intraclass Correlation Coefficient” is the
traditional measure of association used to characterize the relative usefulness of
a measurement system.” When [ first was introduced to this, | wondered why |
had not heard this term when learning about measurement systems. You might
be thinking the same thing. Well, it is the name that throw me off. Probably you
too. The Intraclass Correlation Coefficient is simply the ratio of the product
variance to the total variance and is denoted by p:

2
%
0%

p=

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. This is
essentially what we look at in ANOVA Gage R&R analysis. So, you may not have heard the term
“Intraclass Correlation Coefficient” but you have been exposed to the basic concept most likely.

The product variance is not easy to estimate so the value of p is usually rewritten to be:
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So, to find the value of p, we need to estimate the total variance and the measurement system variance.
Let’s take a look at one way we can do this and then determine what the value of p is telling us.

Calculating the Intraclass Correlation Coefficient

Suppose one of our critical to customer metrics is the viscosity of our product. We measure the
viscosity four times a day. The data for the last 20 days are shown in Table 1.

Table 1: Product Viscosity Data

Day X1 X2 X3 X4 Day X1 X2 X3 X4

1 54.6 56.2 57.8 56.6 11 50.7 51.4 49 52.6
2 47.8 51.3 55 49.7 12 48.2 51.2 50.7 48.8
3 46.6 50.3 39.3 45.4 13 39.5 39.9 46.4 39.6
4 53.7 55.2 50.8 53.6 14 53.9 55.4 49 50.3
5 53.2 55.4 55.1 52.2 15 52.9 56.1 53.2 53
6 55.9 52.9 53.3 48 16 59.9 64 71.9 69
7 52.5 53.2 52.2 49.4 17 51.8 57.2 49.2 56
8 56.3 55.3 53.4 52.7 18 49.9 50.4 50.6 50.2
9 61.6 63.3 55.9 57.1 19 59.1 50.3 52.6 56.7
10 53.8 48.2 49.4 52.3 20 51 52.2 50.3 54.1

You can analyze these data using an X-R chart and then, based on the stability of the R chart, the
average range can be used to estimate the total variance in product measurements. The charts are
shown in Figures 1 and 2 below.

The X chart has some points beyond the control limits. This means that
there are special causes present that created the differences in those
subgroup averages. However, the R chart is in statistical control. This
means we can use the average range (5.69) to estimate the total variance in
the product measurements as follows:

2 (R 2— (5'69)2— (2.76)% = 7.64
%%=\a,) = \2059) = /="

d, is a constant that depends on subgroup size and is equal to 2.059 for a
subgroup size of 4.

So, we now have our estimate of the total variance due to the product measurements. We now need
only an estimate of the total variance due to the measurement system to calculate p.
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Figure 1: X Chart for Product Viscosity

- UCL=56.8

- Avg=52.7

1A

- LCL=48.5 -

12 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Day Number

Figure 2: R Chart for Product Viscosity
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Suppose our lab has been testing the viscosity of a standard for the past 25 days using the measurement
system. The data are shown in Table 2.
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Table 2: Viscosity of Standard

Sample Viscosity Sample Viscosity Sample Viscosity
1 37.6 10 42.5 18 40.9
2 38.8 11 39.2 19 36.0
3 38.3 12 39.1 20 39.1
4 37.0 13 42.0 21 40.1
5 41.2 14 39.6 22 38.0
6 41.5 15 37.2 23 40.1
7 41.0 16 42.1 24 38.5
8 38.5 17 39.7 25 39.0
9 38.8

We can analyze these data using an individuals control chart
and, depending on the results, use the moving range to
estimate the measurement system variance. Remember, this is
running the same sample over and over. So, the variation in
results is due to the measurement system. Figures 3 and 4
show the individuals (X) chart and the moving range chart.

Both the X and moving range chart are in statistical control —
there are no out of control points. The measurement system is
consistent and predictable. Since the moving range chart is in
control, we can estimate the measurement system variance as follows:

R 2 2
o? = ( mR > = (2'06) = (1.83)2 =3.35

1.128 1.128

Now we can estimate the Intraclass Correlation Coefficient as follows:

What does this value mean? It means that, when the process is in statistical control, 56.1% of the
variation in the product measurements will come from the product variation and 43.9% of the variation
will be due to the measurement system.

What would the AIAG guidelines say about a measurement system that is responsible for almost 44% of
the variation? It would say it is unacceptable. But look at Figure 1. This “unacceptable” measurement
system was still able to detect the out of control points. It is clear we need to change our paradigm of
what is “acceptable” and what is “unacceptable.” The next section takes a look at what the value of p is
telling us about the relative usefulness of the measurement system.
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Figure 3: X Chart for Repeated Viscosity Measurements for the Standard
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Figure 4: Moving Range Chart for Repeated Viscosity Measurements for the Standard
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Classifying the Measurement Process

Dr. Wheeler uses the Intraclass Correlation Coefficient to place the measurement system into one of
four classes. Table 3 summarizes these classes and the characteristics of those classes.
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Table 3: The Four Classes of Process Monitors

Abili Track
Type of Reduction of Process | Chance of Detecting bi Il)t:/otcc;ssrac
P Monitor Signal 3 Std. Error Shift
Improvements
o
0.8t0 1.0 First Class Less than 10% g/lu(?;elthan 99% with Up to Cpso
o
0.5t00.8 Second Class From 10% to 30% g/lu(?;elthan 88% with Up to Cpso
More than 91% with
1 0, o)
0.2t0 0.5 Third Class From 30% to 55% Rules 1,2, 3 and 4 Up to Cpao
0.0t0 0.2 Fourth Class More than 55% Rapidly Vanishing Unable to Track

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

7 Fourth Class monitor — with “First” being the best. In the viscosity example
above, p = 0.561, so the viscosity measurement system is classified as a
“Second Class” monitor. Remember that the % of the variance due to the
measurement system is 1 — p. So, as you move from a First Class to a Fourth
Class monitor the % of variance due to the measurement system is
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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. The viscosity measurement system is a Second Class monitor which has a
10 to 30% reduction in signal. Even so, it was still able to pick up the out of control points shown in

Figure 1.

The fourth column lists the chance of detecting a £+ 3 standard error shift within ten subgroups. This
column refers to four rules. These are the 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

The “standard deviation” in the Western Electric rules is the standard deviation of what is being plotted
and can be found by dividing the upper part of the control chart into three equal zones and the bottom
part of the chart into three equal zones. For more information, please see our publication on how to
interpret control charts. 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 get the chance of detecting the shift
high. Fourth Class monitors are not good at detecting any shifts essentially.
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The fifth column describes the monitor’s ability to track process
improvements. This is something we don’t think about too much.
Suppose you make a great process improvement. Your Six Sigma
team worked hard and reduced the variation in the process
considerably — resulting in a great improvement in your process
capability value. What happened to your measurement system?
Assuming you did not improve it, the % variance due to the
measurement system increased as you made other improvements.
This last column describes how much process improvement you can
have until the measurement system moves from one class to another.

11
T

One value of process capability is the Cp value where:
USL — LSL
Ch = ——

P 60,

where USL = the upper specification limit and LSL = lower specification limit. The equation for the
Intraclass Correlation Coefficient can be rearranged as follows:

Thus, Cp can be rewritten as:

USL—-LSL USL—LSL
Cp = =

Ve

This equation can be used to generate the following value for Cpso for a First Class monitor:

60, 60,

USL — LSL USL — LSL
T 08—
60'3 6\/§0‘e

If you reduce your process variation to point where the process capability is larger than Cpso, then the
Intraclass Correlation Coefficient becomes less than 0.8 and the measurement system is no longer a First
Class monitor. The values of Cpso (for a Second Class monitor) and Cpyo (for a Third Class monitor) are
calculated similarly:

p80 =

USL — LSL USL — LSL

Cpso = —————"\1—05 = — "~
ps0 6Ue 6\/50'6

USL — LSL USL — LSL

Cppo = ———\NT—02 = ——~

P20 60, 6v1.250,

The viscosity measurement system, our example, is a Second Class monitor. Suppose our product has
the following specifications: USL =65 and LSL =45. We know that ox = 2.76 from our R chart on the
product measurements (Figure 2 above). Our value of Cp is then:
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_ USL—LSL _ 65—45

= =121
60, 6(2.76)

p

As a Second Class monitor, it can track process improvements up to Cpso. We
know ce = 1.83 from the moving chart on the standard (Figure 4 above). Thus:

Cp80 USL—LSL 65— 45

pso 6v2a,  6v2(1.83)

This means that if you reduce process variation to a point where your Cp = 1.29,
the measurement system will move from a Second Class to a Third Class
monitor. In fact, the value of Cpo represents the maximum process
improvement you can track with the current measurement system. In this case:

Cp50

_USL—LSL __65-45 _
6V1.250, 6V1.25(1.83)

C This is the maximum process improvement that the measurement system will be

pzo able to track. At this point, it becomes a Fourth Class monitor and is pretty
much worthless for tracking process improvements. You will need a new
measurement system at this point.

p20

This is the type of insight this method of classifying measurement systems provides. The process is not
more difficult than a basic Gage R&R study —in fact, you should already be maintaining a control chart
on your production process for critical to customer metrics — and running a standard on a regular basis
to monitor the test methods for those critical metrics. If you are you doing this, you already have the
data you need to classify these critical measurement systems.

Summary

This publication examined a different method of classifying the measurement system. This procedure
divides the measurement system into four categories — first class monitors, second class monitors, third
class monitor and fourth class monitors. These categories give insight into three characteristics of the
measurement system:

1. How the measurement system can reduce the strength of a signal (out of control point) in a
control chart.

2. The chance of the measurement system detecting a large shift.

3. The ability of the measurement system to track process improvements.

These insights give you a very good understanding of the relative utility of the measurement system.
This method provides much more insight into the measurement system than the classical Gage R&R
approach — even if you are using the ANOVA approach (as you should over the Average and Range
method for Gage R&R). We will continue taking a look at how to evaluate the measurement process
next month.
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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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