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Setting the Process Aim Part One

Making appropriate adjustments

Donald J. Wheeler

Lean production of multiple products is built on the assumption that the process aim can be
properly set for each short production run. This paper will describe how to set the process aim so
that your short production runs can be on-target.

In a lean production environment, without a bank of in-process inventory to cushion the
impact, and without adequate lead time to allow for reworking or refrabicating the product, a
single off-target run can shut down an assembly operation and create a massive pile of
unintended, in-process inventory. (I once saw 25 jumbo jets parked outside their assembly
building. When I asked why they were parked there, I was told that they were all waiting for
parts—a billion dollar pile of in-process inventory!)

AIM VERSUS CONSISTENCY

A plant had three suppliers for a piece of wire. When a shipment arrived they collected a
sample of five pieces and measured their lengths. These five values were subgrouped together
and placed on an average and range chart. The charts for each of the three suppliers, drawn to
the same vertical scale, are shown in Figure 1.

Shipment 1 2 3 4 1 2 3 4 5 1 2 3 4 5 6

Averages

Ranges

German UsS. Portuguese

Figure 1: Average and Range Charts for Wire Lengths

The specification for this piece of wire was 100 mm + 4 mm. These specifications are shown
on the histograms for these three suppliers in Figure 2.
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Figure 2: Histograms for Wire Lengths

Only one of the 20 pieces from the German supplier was within the specifications! Moreover,
the points outside the limits on the average and range chart for the German supplier show
inconsistency both between the shipments and within the shipments. Based on this performance,
the German supplier was dropped.

The range chart for the U.S. supplier shows great consistency within each shipment, but the
average chart shows completely different average lengths between the shipments. The histogram
for the U.S. supplier reinforces this interpretation by showing four separate clusters. The first
cluster on the right is shipment 5. The next cluster is for shipments 2 and 3. Next comes
shipment 1, followed by nonconforming shipment 4. So while the U.S. supplier has great
consistency within each shipment, they have a real problem with setting the process aim.

This story repeats itself with the Portuguese supplier. They have good consistency within
each shipment but real differences from shipment to shipment. Based on the charts above, the
U.S. supplier and Portuguese supplier were told that their problem was setting up each
production run on target.

THE PROCESS AIM, THE PROCESS AVERAGE, AND THE TARGET

Let the “process aim” denote all that is directly manipulated by the operator: those values at
which the adjustable process inputs are set. Here we restrict our attention to those inputs that are
easily changed, and are therefore part of the “steering wheel” for the process.

Let the “process average” denote the average value of some product characteristic produced
while the process is operated at a given process aim. Since this process average is generally
unknown, it is commonly estimated by the average of measured samples.

Finally let the “target” denote the desired value for the process average.

In the preceding example the target value was 100 mm. The average for each subgroup
approximates the process average for each shipment, and the process aim would consist of those
inputs to the wire fabrication process which the operator can manipulate. Thus, the process aim

is what you set, the process average is what you get, and the target is what you want.
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With this nomenclature, the objective of an aim-setting procedure is to adjust the process aim
until the process average is close enough to the target to result in a satisfactory production run.

Why settle for close? Why not make the process average equal to the target? Simply because
our estimates of the process average are always subject to sampling variation. This guarantees
that no procedure will ever be able to consistently make the process average exactly equal to the
target. The best that can ever be achieved in practice is to consistently get the process average
close to the target.

In order to do this, any effective aim-setting procedure must use an adequate amount of data
in conjunction with an appropriate decision rule. (An inadequate amount of data can be worse
than guessing. The wrong decision rule will waste effort through over adjustment or under
adjustment.)

It is always a mistake to adjust the process aim before you have a detectable signal that the process
average is off-target.

AIM SETTING VERSUS PROCESS MONITORING

Since we will use a process behavior chart as one of our aim-setting procedures, it is
important to pause to consider the difference between setting the process aim and monitoring
process behavior. As the name implies, when we track the operation of a process with a process
behavior chart we are asking the question “Has a change occurred?” Since we do not want to
react to false alarms, the process behavior chart is set up to be conservative. We want to be
reasonably certain that a change has occurred before we intervene. In line with this conservative
approach, decades of practice have taught us that we rarely need anything other than detection
rule one—a point outside the three sigma limits—when monitoring for unknown process
changes.

However, in the aim-setting mode things are different. When we have deliberately changed
the process aim, the question becomes “Has our change had the desired effect?” Here we are no
longer trying to prove that a change has occurred. The burden of proof has shifted. We want to
know if our deliberate change has gotten the process average close to the target.

To answer this new question we need to increase the sensitivity of our process behavior
chart, and the proven way to increase the sensitivity without an undue increase in false alarms is
to use the Western Electric zone tests. These detection rules are summarized in the context of
setting the process aim below.

Detection Rule One: Three-sigma limits are defined here as [Target + 3 Sigma(X)]. A single
point outside these three-sigma limits is taken as a signal that the process average is detectably
different from the target value.

Detection Rule Two: Two-sigma lines are defined here as [Target + 2 Sigma(X)]. A run of two
out of three successive values on the same side of the target value and outside the two-sigma
lines is taken as a signal that the process average is detectably different from the target value.

Detection Rule Three: One-sigma lines are defined here as [Target + Sigma(X)]. A run of four
out of five successive values on the same side of the target value and outside the one-sigma lines
is taken as a signal that the process average is detectably different from the target value.

Detection Rule Four: A run of eight or more successive values on the same side of the target
value is taken as a signal that the process average is detectably different from the target value.
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Whenever we detect a signal using any one of these rules it will be appropriate to adjust the
process aim. In applying these rules we will have to have a value for Sigma(X) for the
characteristic being measured. In this context Sigma(X) is a generic reference to any within-
subgroup estimate of the process variation. When working with individual values there are only
two formulas for Sigma(X):

Sigma(X) = Average Moving Range / 1.128
Sigma(X) = Median Moving Range / 0.954

If you do not have a value for Sigma(X) for the characteristic being measured you will need to
use the second of the two procedures given below.

PROCEDURE ONE: THE TARGET-CENTERED X CHART

So how can we use a process behavior chart to set the process aim? We start off with the
assumption that the process aim has been properly set and that the process average is near the
target value. We do this by placing the central line of the X chart at the target value. Call this the
“target-centered X chart.” (We place the central line at the target value because it is always easier
to obtain a contradiction than a confirmation. Moreover, a contradiction provides stronger
evidence than does the absence of a contradiction.)

The limits and lines for the target-centered X chart are:

Three-sigma Limits = Target + 3 Sigma(X)

+

Two-sigma Lines = Target + 2 Sigma(X)
One-sigma Lines = Target + 1 Sigma(X)

As the observations occur, they are plotted on the target-centered X chart. Under these
conditions, any point, or any run, that qualifies as a signal using the four detection rules given
above may be taken as evidence that the process average is detectably different from the target
value, and further adjustments to the process aim are needed.

In making adjustments, the average of the observations collected since the previous
adjustment will serve as an estimate of the current value of the process average. After we make
an adjustment we will start plotting a new series of observations on the target-centered X chart.
We continue in this way until we have ten successive values with no evidence of the process
being off-target.

When you shift from aim-setting mode back to process monitoring mode you will want to
have a moving range chart. If you wish to include a moving range chart with your target-
centered X chart the central line and upper limit may be found using:

Moving Range Upper Limit = 3.685 Sigma(X)

Moving Range Central Line = 1.128 Sigma(X)

When using a moving range chart in the aim-setting mode, do not compute a moving range
at those points where the process aim is adjusted.
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EXAMPLE ONE

Product 16F had a target value of 59.0 units. Process behavior charts provided a Sigma(X)
value of 1.80 for this product. With these values the three-sigma limits were 53.6 to 64.4. The
two-sigma lines were 55.4 to 62.6. And the one-sigma lines were 57.2 to 60.8.

As the production of Product 16F began the first observation was 61. By itself this value did
not indicate any problem with the process aim, so no action was taken. As soon as it was
reasonable, a second observation was taken. This value was 66, which signaled the need to adjust
the process aim. The average of 61 and 66 is 63.5, so they estimated that the process average
needed to be reduced about 4 units. The process aim was adjusted accordingly.

X 61 66
mR 5

65-

60"

55-

50-
Figure 3: Target Centered X Chart
The next observed value was 58. No action needed. In fact the next nine values were 61, 61,
58, 56, 59, 58, 57, 62, and 59. As shown in Figure 4 this sequence of 10 values contained no signals

that the process average was off target. This was taken as an indication that the process average
was reasonably close to the target.

X 61 66|58 61 61 58 56 59 58 57 62 59

? <— Decide Aim is Okay —>

50-
Figure 4: Target-Centered X Chart

At this point, as will be explained below, there was better than a 91% chance that the process
average was within +1 Sigma(X) of the target value. So they shifted from the aim-setting mode to

the process monitoring mode.

www.spcpress.com/ pdf/DJW368.pdf 5 May 2020



Donald ]. Wheeler Setting the Process Aim Part One

PROCEDURE TWO: THE TARGET-CENTERED XmR CHART

But what do we do when we do not have a prior estimate of Sigma(X)? We will have to
collect some data to use in estimating Sigma(X). When estimating dispersion we need to use at
least 16 moving ranges before our estimate of Sigma(X) will begin to solidify. Estimates of
dispersion based on fewer moving ranges will be soft.

However, in the problem of setting the process aim, we rarely will have the luxury of
collecting 17 or more observations before we start adjusting the process aim. So, for those cases
where a compromise is needed we start with 10 individual values and update our estimate of
dispersion when we have 16 or more moving ranges available.

To create a target-centered XmR chart we begin with a central line set equal to the target and
plot our observations without the benefit of any limits. We also track the moving ranges for these
first ten values. When we have ten values plotted on the start-up chart we will compute the
average of the nine moving ranges.

Using this average moving range we compute an estimate of Sigma(X) by dividing by d; =
1.128. With this estimate we can generate the lines needed for the target-centered X chart. That is,
we compute the target-centered three sigma limits, the two-sigma lines, and the one-sigma lines
for the X chart. The upper range limit is 3.267 times the average moving range, and the average
moving range will be the central line for the range chart. We plot these limits on the start-up
chart and check for evidence that the process average is off-target.

If the first 10 values signal the need to adjust the process aim we do so and then proceed as
we did when a value for Sigma(X) was available.

If the first ten values fail to signal the need to adjust the process aim, then we continue to
collect additional data and plot these values and their moving ranges on the target-centered XmR
chart. When ten additional data are available we recompute the limits and lines using all of the
moving ranges. If the new limits show no need to adjust the process aim, decide the process is
on-target and switch to process monitoring mode.

Since the mR chart is an option with the first procedure, but is a requirement with the second,
I shall refer to both procedures collectively as a target-centered XmR chart. The user is expected

to understand which procedure is needed from the context.

X 32 37 32 33 33 32 31 34 31 32
mR 55 1.0 1 1 3 3 1
40 * Aim needs to be adjusted upward

A 0
X 5)*: 1 35.0
30 < @

<—— Averagewas 327 ——>

25 1
] <— Average Range was 1.97 —>»
54
mR
0 <

Figure 5: Initial Portion of Target-Centered XmR Chart
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EXAMPLE TWO

A new process is being set up. The target value for the product is 35. After the initial warm-
up period observations are obtained every 2 minutes. The first 10 values are 32, 37, 32, 33, 33, 32,
31,34, 31, and 32. Figure 5 shows the beginning of the target-centered XmR chart.

The run of eight successive values below the target value of 35 is a signal that the process is
not centered on the target. Since the average for these first ten values was 32.7 the aim was
adjusted upward by what was thought to amount to two units.

The average moving range in Figure 5 is 1.97. Dividing by d, = 1.128 we get an estimate of
Sigma(X) of 1.75. Using this value we get target-centered three-sigma limits of 29.75 and 40.25;
two sigma lines of 31.5 and 38.5; and one-sigma lines of 33.25 and 36.75. The upper range limit is
6.4.

These lines could be used to evaluate the first ten observations, but since we already had a
signal that this process was off-target we simply use these lines to evaluate additional

observations from the process as shown in Figure 6.

X 32373233 333231 34 31 32 36 33 37 34 34 32 36 38 37 32
mR 551011331 343024215

409 AimAdjusted Up2Units .~~~ """ T T 4303.255
\
35 L —
30
25 1
mR 57
E

Figure 6: Second Portion of Target-Centered XmR Chart

The next ten values show no evidence that the process average is detectably different from
the target value of 35. So, as with the target-centered X chart we conclude that the process aim is
properly set and switch to using the XmR chart to monitor the process. With ten values showing
no detectable difference between the process average and the target, we can say that the average
is within +1 Sigma(X) of the target with a posterior probability of at least 91%.

With 18 moving ranges now available we recompute the average moving range and target-
centered three-sigma limits. Here the average moving range is 2.44, resulting in target-centered
three-sigma limits of 28.5 to 41.5. The upper range limit becomes 8.0. The revised estimate of
Sigma(X) is now 2.16 units. These revised limits are used for monitoring the process.

In this example the process average was approximately one Sigma(X) below the target to start

with, and the target-centered XmR chart detected this even before we computed any limits.
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Figure 7: Third Portion of Target-Centered XmR Chart
INTERPRETATION

So, when we have ten successive values on the target-centered XmR chart with no evidence of
being off-target after using all four of the Western Electric zone tests, what can we say about the
process average? When we decide to cease to adjust the process aim, how close to the target is
the process average? Figure 8 shows how the target-centered XmR chart works in practice.

Assume Process Average is Target Value Prior Distribution for

somewhere within 12 Sigma(X) the location of the

of Target Value 19% Process Average
(0]

-12 -10 -8 -6 4 -2 0 2 4 6 8 10 12

f Using the

. . Target-Centered X Chart
Turn This Into This! to set the Process Aim

will result in this
Posterior Distribution for

the location of the
Process Average.

Here the Process Average
is within One Sigma(X)
of the Target Value

at least 91% of the time.

91%

2-101 2
Figure 8: How the Target-Centered X Chart Works

Assuming that the process average is initially found to be within 12 Sigma(X) on either side of
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the target, with the more remote values being less likely, we end up with a prior distribution like
that shown at the top of Figure 8.

When we have used the target-centered XmR chart and finally collected ten successive values
with no evidence of being off target we will have turned the prior distribution at the top of Figure
8 into the posterior distribution at the bottom. So, while initially we had about a 19 percent chance
of being within + one Sigma(X) of the target, after setting the aim we have at least a 91 percent
chance of being within + one Sigma(X) of the target.

Figure 9 summarizes the posterior distribution above by listing the probabilities that the

process average is within selected distances from the target.

Distance Posterior
from Probability that

Average Average is Within
to Target stated Distance

1.40 Sigma(X) 0.99

1.25 Sigma(X) 0.97

1.14 Sigma(X) 0.95

1.00 Sigma(X) 091

0.75 Sigma(X) 0.78

0.50 Sigma(X) 0.57

Figure 9: How Close to the Target is the Process Average

For example, using a target-centered XmR chart to set the process aim will give you a 95%
upper bound on the average-to-target distance of no more than 1.14 Sigma(X). The average-to-
target distance is virtually certain to be less than 1.40 Sigma(X), and it will be less than 1.0
Sigma(X) at least 9 times out of 10. (For more about prior and posterior distributions see

appendix one.)

THE ECONOMIC IMPACT

To assess the economic impact of using the target-centered XmR chart to set the process aim
we need to consider the effects of operating when the process average is not exactly equal to the
target value. To do this we combine the posterior distribution in Figure 8 with the concept of the
effective cost of production as outlined in appendix two.

Once we have computed the average effective cost of production that results from using our aim-
setting plan, we can compare it with the minimum possible effective cost of production. Since the
minimum effective cost of production will occur when the process average is exactly on target,
the ratio of the average cost to the minimum cost will characterize the economic impact of our
aim-setting procedure. A curve showing these ratios as a function of the process capability is
given in Figure 10 for the case where all nonconforming product is reworked. In addition there is
a second curve which shows the ratios of the average effective cost of use to the minimum effective cost
of use.

There we see that using the target-centered XmR chart will result in an average effective cost
of production that will always be within 5.6% of the minimum possible. Moreover, the average

effective cost of use will always stay within 2% of the minimum possible.
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The Economic Impact of Using the Target Centered X Chart
when all Nonconforming Product is Reworked.

Ratio of Average Effective Cost of Production

i / to Minimum Effective Cost of Production
105 7 Ratio of Average Effective Cost of Use
: to Minimum Effective Cost of Use
1.00 ‘ | ‘ I—

u I T I u u u u u u u u u u u
0.5 1.0 15 2.0 25 3.0
Capability Ratio for Process

Figure 10: Economic Impact with Reworked Product

So, when all nonconforming product can be reworked, the use of the target-centered XmR
chart will get the average effective cost of production within 5.6 percent of the minimum possible
effective cost of production regardless of the capability ratio for the process.

] e Economic Impact of Using the Target Centered X Chart
L15 1 when all Nonconforming Product is Scrapped.

] Ratio of Average Effective Cost of Production
110 7 to Minimum Effective Cost of Production

] Ratio of Average Effective Cost of Use

1 to Minimum Effective Cost of Use
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\
0.5 1.0 15 2.0 25 3.0
Capability Ratio for Process

Figure 11: Economic Impact with Scrapped Product

However, at the other extreme, when all nonconforming product is scrapped, the posterior
distribution in Figure 8 will result in an average effective cost of production that is within 5% of
the minimum possible only when the capability ratio exceeds 0.70. To get the average effective
cost of production within 3% of the minimum you will need to have a capability ratio of 0.80 or
greater.

Using a target-centered XmR chart to set the process aim when the capability ratio is less than
0.70 and nonconforming product is scrapped will result in an average cost of production that will
be more than 105% of the minimum possible effective cost of production. Thus, Figure 11 defines
the zone where the target-centered XmR chart will no longer be adequate as an aim-setting
procedure. Here we will need an aim-setting procedure with a greater ability to get the process
on-target. Such procedures will be covered in part two.
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SUMMARY

The target-centered XmR chart may be used to get the average-to-target distance to be less
than 1.0 Sigma(X) at least 91% of the time. This will result in good process economics whenever
the process capability ratio exceeds 0.70 or 0.80. When nonconforming product is reworked
rather than scrapped the target-centered XmR chart may also be satisfactory with smaller process
capabilities.

A target-centered XmR chart may be used as an effective aim-setting procedure that is easily
changed into a continuing process monitor when needed. This eliminates the need for multiple
procedures and is easy to use in production environments. In aim-setting mode we use the
Western Electric zone tests to boost the sensitivity of the chart since we do not have to prove that
we have made a change when we adjust the process aim.

When we do not have an estimate of Sigma(X) available we may use the target-centered XmR
chart to first obtain a provisional estimate of Sigma(X), and then to update this estimate as more
data become available.

Alternative aim-setting techniques that may be used to reliably get the process average closer
to the target will be covered in part two.

APPENDIX ONE: EXPLANATION OF FIGURE 8

The posterior distribution for the average-to-target distance given at the bottom of Figure 8 is
the distribution that gives the answers we want to know. It gives the probabilities that a state of
nature exists (the process is on-target) given a specific observed outcome (the X chart shows no
evidence that we are off-target after collecting 10 values). Thus, the posterior distribution tells us
what we need to know in order to interpret a specific observed outcome.

Probability theory gives us conditional distributions. These are the opposite of the above since
they give us the probability of a specific outcome (the X chart shows no evidence that we are off-
target after collecting 10 values) given that a certain state of nature exists (the average-to-target
distance takes on a specific value). Here the conditional distribution comes from the tables of the
power function for an XmR chart in reference [1].

To turn a conditional distribution around to obtain a posterior distribution we have to use a
prior distribution for the average-to-target distances. A prior distribution assigns a probability to
each value for the average-to-target distances (prior to the process aim being adjusted).

By using the prior distribution with the conditional distribution according to the laws of
probability theory (Bayes’ theorem) we can obtain the posterior distribution, and it is the posterior
distribution that answers the important question of what is the probability of a state of nature
given a specific observed outcome.

The prior distribution shown in Figure 8 is sufficiently conservative to give reasonably stable
results for the posterior distribution. For example, using a prior that allows the average-to-target
distance to range between +6 Sigma(X) would be only half as wide as the one in Figure 8. Yet
with this less conservative prior the posterior probability that the average-to-target distance is
less than 1.0 Sigma(X) would only be 92% versus the 91% found with the more conservative prior.
So, by using a sufficiently conservative prior distribution we can usually obtain a reasonably

stable posterior distribution that will provide a way to interpret our observed outcomes.
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APPENDIX TWO: EXPLANATION OF FIGURES 10 AND 11

The process capability ratio, C, and the centered capability ratio, Cpy, will define an effective
cost of production (and also an effective cost of use) for the products produced by your process.
The details of this relationship are fully explained in references [2] and [3] and are used in
references [4] and [5].

When Cyy is equal to Cy, the effective cost of production will be as small as possible for that
value of C,. This will be the minimum possible effective cost of production for that capability. Here
the average-to-target distance will be zero.

As the average-to-target distance increases the value of Cy will drop relative to C, , and for
each combination of the capability ratios there will be a different effective cost of production.

The posterior distribution defines a probability for each average-to-target distance. Thus,
when we hold the value for C, constant, these probabilities may be used across all the values of
Cpk to compute an average effective cost of production for that capability.

Once we have an average effective cost of production, we can compare it with the minimum
possible effective cost of production for that capability. These ratios of the average effective cost
of production to the minimum effective cost of production will serve to characterize the economic
consequences of using the target-centered XmR chart to set the process aim.

In addition to the effective cost of production, the above exercise can also be carried out with
the effective cost of use to characterize the impact of the target-centered XmR chart upon using the
conforming product. These two sets of ratios are plotted in Figures 10 and 11.
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