Individuals Control Charts and Levey- Jennings Charts

It is important to ensure that measurement systems or test methods are stable,

i.e., consistent and predictable over time. The best way to do this is to chart a / %
standard or a control over time. Once you have the data, you can calculate the L
test method average and some limits and apply these to the chart. From there, \
you can make conclusions about the consistency and predictability of the test @
method. Two common ways of monitoring a test method are the Levey-Jennings

chart and the individuals (X-mR) control chart.

This publication compares these two methods to see which one is better for monitoring a test method
over time.
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Importance of Test Methods

We measure to know where we are. Are things improving? Getting worse? Staying the same? We
tend to look at a test result as being the “true” value of the sample. Of course, we know it is not. Test
methods, like all processes, have variation. You most likely will not get the same result if you test the
same sample multiple times.

We want test methods to be accurate and precise. One method of ensuring this is to monitor the
accuracy and precision of the test method over time. This is done by testing a standard over time. If the
average of the standard results is close to the true “value” of the standard, then the test method is
accurate. If the repeat measurements on the standard are close together, then the test method is
precise. A standard is something that we know the true value. If you don’t have a standard, you can use
a control in its place. For example, in a PVC plant, there is not a known standard that has a certain
particle size, moisture, density or some other metric. In this case, you set aside a large sample of the
material and use it as a control.

How do we tend to “rate” a test method? Gage R&R studies are used to find out the repeatability and
reproducibility of the test method. Then the % variance due to the test method can be found. The basic
equation describing the relationship between the total variance, the product variance and the test
method variance is given below.

0\ = Op’+ Oc?
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where o, = total variance of the product measurements, o,% = the variance of the product, and .’ = the
variance of the test method. The % of the total variance due to the test method is then given by
100(ce?/ 6:).

Separating Noise from Signals in Test Methods

The reason for monitoring test methods over time by running

a control or a standard is to see if the test method has ™

changed. What is needed is a good method of separating the A

noise from signals. Noise is the natural variation in the o8 [0} fKQ M v,
. - . |5) y ~

process, what is called common causes of variation. Signals

represent the variation that is not supposed to be there — what
is called special causes of variation. Control charts, done
properly, are an excellent method of separating signals from
the noise.

__________________________ LcL

In a control chart, points are plotted over time. The average is

<+— Out of control point

calculated and added to the chart. Two additional linesare ... -
calculated and added to the chart. One is the upper control /\ j\@\

limit (UCL). This is the largest value you would expect with Qb o) f\Q e
just common cause of variation present (the noise). The other <V K \C/d EX

is the lower control limit (LCL). This is the smallest valueyou i

Out of control point —

would expect with just common cause of variation present. As
long as there are no points beyond the control limits and no
patterns in the data, there is only noise present. The process is consistent and predictable. If there are
points beyond the control limits or a pattern (such as a run above the average), the process is not
consistent and predictable, and signals are present.

The Levey-Jennings and X-mR charts both use this approach. One difference between the two —and a
major difference — is the way the variation in individuals values is calculated. The Levey-Jennings chart
uses the “global’ standard deviation. This is the calculated standard deviation, e.g., by using all the data
and Excel’s STDEV function. The X-mR chart estimates the variation in individual values from the
average range on the moving range chart. This value is called sigma. The other major difference is that
the Levey-Jennings chart is one chart — where the individual results are plotted - while the X-mR chart is
actually two charts: one where the individual results are plotted and one where the moving range
between consecutive points is plotted. These two differences are critical in deciding which method to
use.

Example Data

A test method measures a person’s cholesterol level. To monitor the stability of the test method, the
lab runs a control daily. The results for the last 45 days are shown below in Table 1. The control has a
known value of 200 mg/dL.

These results will be used to compare the Levey-Jennings chart and the X-mR chart. The Levey-Jennings
chart will be considered first.
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Table 1: Control Results

Sample X Sample

200.0 24
2 189.5 25
3 202.0 26
4 211.0 27
5 181.5 28
6 189.0 29
7 199.5 30
8 199.5 31
9 199.5 32
10 224.5 33
11 199.0 34
12 196.0 35
13 196.0 36
14 187.5 37
15 205.0 38
16 194.0 39
17 198.0 40
18 187.5 41
19 219.5 42
20 208.0 43
21 209.5 44
22 203.5 45
23 200.0

Levey-Jennings Chart Results

X
199.5
199.0
202.5
199.5
202.5
199.5
203.0
204.0
199.5
201.5
210.5
211.5
224.5
193.5
188.5
206.5
218.5
198.0
200.5
200.5
200.0
202.0

The Levey-Jennings charts begins by plotting the individual sample results over time. The average is
then calculated and added to the chart. Since the value of the control is known, you could use that
value instead of the average. You could also use the known value to determine if the test method is
accurate. We will use the average value for our purposes here. The control limits are then calculated

and added to the chart.

Let k = the number of samples. In this example, k = 45. The average is given by:

k

where Xi is the i" test result for the control. The average for the 45 test results in Table 1 is 201.43.

The control limits for the Levey-Jennings chart are given by the following:

UCL=X+3s
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LCL=X-3s

where s = the calculated standard deviation of the test results for the 45 controls and is given by:

k-1

The standard deviation is 9.07. This is the value you will get if you use the STDEV function in Excel. The
control limits are then:

UCL =X + 3s = 201.43 + 3(9.07) = 228.64
LCL=X—3s=201.43 —3(9.07) = 174.22
The finished Levey-Jennings chart is shown in Figure 1.
Figure 1: Levey-Jennings Chart
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The chart contains the individual test results, the average, and the control limits. The UCL and LCL are
+/- 3 standard deviations from the average. There are also two other lines plotted above the average
and two other lines plotted below the average. These lines represent +1 and +2 standard deviations
above the average and -1 and -2 standard deviations below the average. These lines are used to help
interpret the Levey-Jennings chart.

The chart is now finished, and it is time to interpret the chart —i.e., look to see if signals are present or if
there is just noise present and the test method is consistent and predictable. To discover this, you
apply some tests or rules. For the Levey-Jennings chart, these are called the Westgard rules. A signal
occurs if one of the following patterns exists:
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e A point falls outside one of the three standard deviation limits

e Two successive points fall outside one of the two standard deviation lines

e  Four successive points fall outside one of the one standard deviation lines

e Ten successive values all fall on the same side of the central line

e Two successive values are on opposite sides of the central line and are both beyond the two
standard deviation lines

None of these patterns exist in Figure 1. The conclusion using the Levey-Jennings chart is then that the
test method is consistent and predictable. For more information on the Levey-Jennings chart, please
see our SPC Knowledge Base article Levey-Jennings Charts.

What does the X-mR chart tell you about this test method?
Individuals Control Chart Results

The X-mR is really two charts: the X chart and the moving range (mR) chart. The individual test results
(the X values) for the control are plotted on the X chart. In addition, the moving range between
consecutive points is plotted on the mR chart. There is no moving range for the first sample since you
need two results to calculate the moving range. The first sample result in Table 1 is 200. The second
sample result is 189.5. The first moving range is then |189.5 — 200| = 10.5. Note the moving range is
always positive. The third sample result is 202.0. Thus, the second moving range is |202.0 — 189.5| =
12.5.

Once the X and the moving range values are plotted on their respective charts, the averages and control
limits are calculated and added to the charts. The control limits are calculated differently for the X-mR
than for the Levey-Jennings chart.

The calculations for the moving range chart are given below:

k-1
UCLr = 3.268R

where R is the average moving range, UCLr is the upper control limit for the range chart. There is no
lower control limit for the moving range chart when a moving range of 2 (between consecutive points)
is used. The average moving range is 8.59. The UCLr is then:

UCLr = 3.268R = 3.268(8.59) = 28.07
The calculations for the X chart are given below.

T K1Xi
k

UCLx =X + 2.66R
LCLx = X - 2.66R

where UCLx and LCLx are the upper and lower control limits respectively for the X chart. The 2.66 and
3.268 used in the equations above are constants based on using a moving range of 2 in the analysis. The
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average (201.43) for the X chart is the same as the average for the Levey-Jennings chart . However, note
that the control limits on the X chart are calculated differently than for the Levey-Jennings chart. The
control limits for the X chart are:

UCLx = X + 2.66R = 201.43 + 2.66(8.59) = 224.28
LCLx = X - 2.66R = 201.43 + 2.66(8.59) = 178.58
The X chart and the moving range chart are shown in Figure 2 and 3, respectively.

Figure 2: X Chart
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Now, the charts can be interpreted for signals. There are rules for looking for signals with the X-mR as
well. The most common rules are the zone tests. These are based on dividing the X chart into three
zones above and below the average line. Each zone has a width of one sigma. Zone Cis the zone
between the average and 1 sigma, Zone B is the zone between 1 and 2 sigma, and Zone B is between 2
and 3 sigma. These zone tests are also called the Western Electric tests and are given by:

e One point beyond the LCL or UCL

e Two out of three consecutive points in Zone A or beyond
e Four out of five consecutive points in Zone B or beyond
e Eight or more points in Zone C or beyond
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Figure 3: mR Chart
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The Westgard rules are actually variations of these tests. There are additional tests for interpreting the
X-mR for stability. For more information on interpreting the X-mR chart (as well as other control charts),
please see our SPC Knowledge Base article Applying the Out of Control Tests. You can also learn more
about X-mR chart with our SPC Knowledge Base article Individuals Control Charts.

In Figure 2, you can see there are two points beyond the control limits on the X chart and, in Figure 3,
three points beyond the control limits on the moving range chart. These are signals that the test
method has changed. The X-mR picked these signals up. Note that the moving range picked up three
out of control points. This points to the importance of using both the X control chart and the moving
range control chart when monitoring a test method. The Levey-Jennings chart did not pick up these
signals. Why is that?

Comparing the Results

Why does the Levey-Jennings chart show that the test method is consistent and predictable while the X-
mR chart shows there are signals that something has changed? The difference, of course, is in the
control limits. The Levey-Jennings chart uses the calculated standard deviation (for example, from
STDEV in Excel). The equation is repeated below.

The individuals chart uses what is called +/- three sigma limits (not three calculated standard
deviations). The three sigma limits are defined as 2.66R from the control limit equations above. This
can be written as:
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36 =2.66R

where G is called sigma — the estimated value of the standard deviation using the average moving range.
This can be rewritten as the way you normally see it:

o =R/1.128

The values of s and sigma are different: s = 9.07 and sigma = R/1.128 = 8.59/1.128 = 7.62. Sigma is less
than the calculated standard deviation. The value of the calculated standard deviation (s) takes into
account all the data at one time and forms one subgroup. On the other hand, sigma represents the
within subgroup variation as it is based on the moving range between consecutive points. There is a
significant difference between these two values: one is incorrect to use when trying to separate the
signals from the noise, and one is correct to use.

Dr. Donald Wheeler has shown that that is always wrong to use the “global” standard deviation (the
calculated standard deviation) to try to separate signals from noise. Please see Dr. Wheeler’s article
Separating the Signals from the Noise for more information. If you use the global standard deviation,
you are making the assumption that the data are homogeneous. That is not always the case, as shown
above. The out of control points inflate the calculated standard deviation, which leads to a wider range
of control limits for the Levey-Jennings chart — and potentially missed signals. This implies it is better to
use the X-mR chart than the Levey-Jennings chart because of potentially missing signals that the test
method has changed.

This implies then that, if there are no out of control points, the calculated standard deviation is not
inflated, and you should get similar results for the Levey-Jennings chart and the X-mR chart. Let’s see.
Table 2 represents data from a process that is in statistical control.

Table 2: In Control Process Data

Sample X Sample X
1 212.0 11 186.0
2 186.0 12 185.5
3 194.0 13 199.0
4 194.5 14 201.5
5 193.5 15 203.5
6 197.0 16 197.5
7 183.5 17 221.0
8 187.5 18 188.0
9 194.0 19 178.0
10 222.0 20 210.5

Figure 4 shows the Levey-Jennings chart for the data in Table 2. This chart does not show any signals.

Figures 5 and 6 are the X and moving range charts, respectively, for the data in Table 2. Both these
charts are in statistical control
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Figure 4: Levey-Jennings Chart for In-Control Data
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Figure 5: X Chart for In-Control Data
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Figure 6: Moving Range Chart for In-Control Data
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Compare the Levey-Jennings chart to the X chart. They are almost identical. You reach the same
conclusion: the test method is consistent and predictable — no problems seen. This is because the test
method is in statistical control.

The calculated standard deviation of the data in Table 2 is 12.14 . This is the value that was used to set
the control limits for the Levey-Jennings chart in Figure 4. Sigma is estimated from the average range in
Figure 6: sigma = R/1.128 = 13.18/1.128 = 11.68. These two values are very close — as expected since
the process is in statistical control. The control limits are essentially the same in this case for the Levey-
Jennings chart and the X control chart. This will be true when the test method is consistent and
predictable — no signals present. It may not be true if there signals present.

Summary

It is important to monitor the stability of test methods — just like it is for any key process. Two methods
of doing this are the Levey-Jennings chart and the X-mR chart. These differ in the variation used to
separate a signal from the noise. The Levey-Jennings chart uses the calculated standard deviation while
the X-mR chart uses the estimated sigma, based on the average range. The problem is that the
calculated standard deviation is inflated if the test method is not in statistical control. This leads to
signals being potentially missed. This is not the case with the X-mR chart.

For monitoring the stability of a test method, the X-mR chart is preferred because of the way the X-mR
chart separates the signals from the noise. Also, the moving range chart gives additional information
about the stability of the test method, and it should always be used when monitoring the consistency of
a test method.
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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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