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Phase II

In Phase II, the information obtained in Phase I (OCAP, process µ, σ
are used to determine control chart limits for monitoring real time
data. When an out of control signal is encountered, the OCAP is used
to determine what adjustment is needed to bring the process back into
control.
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Phase II

In order to use control charts effectively to remove assignable cause
variability in Phase II monitoring, the Automotive Industry Action
Group recommends the following preparatory steps be taken.

Establish an environment suitable for action

Define the process

Determine the characteristics to be charted

Define the measurement system
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The Need for More Sensitive Control Charts for Phase
II Monitoring

A 1.5σ shift in the mean lowers process capability from 1.5 to 1.0
or 1.0 to 0.5

ARL for detecting a 1.5σ shift in the mean is 2.5 for an X-chart
with subgroups of 4 (or 10 total observations)

ARL for detecting a 1.5σ shift in the mean is 10 for a Shewhart
individuals chart

Adding Western Electric Rules to make an X-chart more sensitive
decreases the in-control ARL from 370 to 92 (more false alarms).

Time Weighted Control Charts Plot Cumulative Sums of Past
Observations and are More Sensitive to Small Shifts in the Mean

Average Time to Signal = ARL×(time between Subgroup
Measurements)

ATS can be reduced by taking individual observation more
frequently
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Comparison of Shewhart Individuals Chart and Time
Weighted Chart
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Comparison of Shewhart Individuals Chart and Time
Weighted Chart
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Comparison of Shewhart Individuals Chart and Time
Weighted Chart

Although the mean shift is apparent there are no control limits
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The Tabular Cusum Chart

The constant k = 1/2 is chosen to detect a 1σ shift in the mean, and
control limits ±h with h = 5 to make ARL0 = 465.
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The Tabular Cusum Chart
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The Tabular Cusum Chart
The function cusum() in the qcc package plots C+

i on the upper half
and −C−i on the lower side of the graph
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The Tabular Cusum Chart
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The Tabular Cusum Chart
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Headstart or Fast Initial Response FIR

When the process is stopped due to an out-of-control signal, and an
adjustment is made, the FIR allows faster detection of another
out-of-control signal due to misadjustment
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Headstart or Fast Initial Response FIR
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ARL for Shewhart and Cusum for Phase II
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ARL for Shewhart and Cusum for Phase II
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EWMA - Weighted Cumulative Sums

For 0 < λ < 1, weights λ(1− λ)m decrease exponentially
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EWMA - Weighted Cumulative Sums
For λ > .9, EWMA ≡ Shewhart individuals; for λ < .1, EWMA ≡
Cusum
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Control Limits for EWMA
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Producing an EWMA Chart with R
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EWMA as a Forecast

The calculated EWMA at the ith observation, zi, is the forecast of the
process, xi+1, at the (i+ 1)st observation

Knowing this can help in deciding how to adjust the process to be back
on target before the next observation, after an out-of-control signal.
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ARL for an EWMA

The xewma.arl() function in the R package spc calculates the ARL
for an EWMA Chart
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Comparing ARL’s for Different Charts
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EWMA with FIR Feature

Modified Control Limits
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The Need to Detect Changes in σ during Phase II
Monitoring
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Hawkins(1981)

If xi ∼N(µ,σ2),

then

√
|yi|−.822
.349 ∼N(0,1),

where yi = (xi − µ)/σ.

Changes in the standard deviation of xi result in changes in the mean
of vi
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Hawkins(1981)
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Phase II Monitoring of µ and σ

The mean of
√
|yi| and vi not only change when the process

standard deviation (σ) changes but also when the process mean
(µ) changes

If the process standard deviation (σ) changes not only do the
means of

√
|yi| and vi change, but the chance of a false alarm

when monitoring the process mean increases.

This is analogous to the case when monitoring with subgrouped
data, and for that reason X and R charts are kept together.

Hawkins(1993) recommends keeping Cusum Chart of yi together
with Cusum Chart of vi when monitoring individual values in
Phase II.
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Hawkins(1981) Recommended Cusum Chart for
Monitoring vi

This Cusum Chart has an ARL0 = 250.805 and an ARL for detecting
a 32% increase in the standard deviation is 33.51
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An EWMA Chart for Monitoring vi
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An EWMA Chart for Monitoring vi
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Comparing ARL of Charts for Monitoring σ with
Individual Values
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Example 1 Cusum Chart to Monitor Variability

As an example of a Cusum chart to monitor process variability with
individual values, consider the data shown in the R code below. This
data comes from (Summers 2000) and represents the diameter of
spacer holes in surgical tables.
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Example 1 Cusum Chart to Monitor Variability

In the code below, mu and sigma Are assigned the values that would
result in Cpk = 1.33
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Example 1 Cusum Chart to Monitor Variability

It seems strange that the variability would increase and immediately
return to a in-control state.
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Example 1 Cusum Chart of Standardized Values yi

This appears to be due to the fact that the mean changed at the the
same time as the temporary change in the standard deviation.
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Example 2 Change in σ but no change in µ
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Example 2 Change in σ but no change in µ
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Time Weighted Control Charts Using Phase I Estimates
of µ and σ
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Time Weighted Control Charts Using Phase I Estimates
of µ and σ

50% of the time σ̂ = R/d2 will be less than σ

10% of the time σ̂ = R/d2 will be less than 90% of σ

Width of control limits is a multiple of σ̂ = R/d2, and they will be
too narrow 50% of the time

ARL0 is decreased and chance of spurious out-of-control signals is
increased

To prevent tampering, the multiplier of σ̂ in the formula for
control limits should be increased.
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Time Weighted Control Charts Using Phase I Estimates
of µ and σ

Gandy and Kvaloy(2013) recommended that a control chart be
designed so that the ARL0 achieve the desired value with a
specified probability.

They propose a method based on bootstrap samples to find the
90th percentile of the control limit multiplier to guarantee the
ARL0 be at least the desired value 90% of the time.
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Time Weighted Control Charts Using Phase I Estimates
of µ and σ

SPCproperty() can be used in place of xewma.crit() to find a
control chart multiplier that will result in a desired ARL0

Gandy and Kvaloy(2015) found this only increases ARL1 slightly
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Example-Time Weighted Control Charts Using Phase I
Estimates of µ and σ

The process mean is µ = 50, and the process standard deviation is
σ = 5, but these are unknown. The R code below simulates 100
observations from a Phase I study
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Example continued 1
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Example continued 1
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Example continued 2
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Example continued 2
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Example continued 3

This detected a one σ shift in the mean at observation 9 with
ARL0 > 465.48
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Time Weighted Control Charts for Phase II Monitoring
of Attribute Data
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Time Weighted Control Charts for Phase II Monitoring
of Attribute Data

When λ is small normal approximation to Poisson used to obtain
control limits for the c-chart is poor, and you cannot find an
out-of-control signal for a reduction in non-conformities. The averaging
from time-weighted charts is better.
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Time Weighted Control Charts for Phase II Monitoring
of Attribute Data
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Time Weighted Control Charts for Phase II Monitoring
of Attribute Data

Lucas’s Cusum control scheme for counted data

The ARL is shorter than comparable c chart

The Cusum is robust to the distribution assumption (i.e.,
Binomial or Poisson)

Lucas(1985) provided extensive tables of ARL indexed by H and k
for detecting increase or decrease in mean count with or without
FIR

An R function will be shown below to calculate ARL
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Consider the application presented by White et. al.
(1997)
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Application presented by White et. al. (1997) 2
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ARL function

The function arl in the R package IAcsSPCR (that contains the data
and functions from this book) was used to calculate ARLλ=1.88, and
ARLλ=3.2 for the Cusum control scheme for counted data with k held
constant at 2.0, and various values for h. The function calls in the
block of code below were used to calculate the entries in Table 6.9.
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Application presented by White et. al. (1997) 4
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Application presented by White et. al. (1997) 5
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Application presented by White et. al. (1997) 6
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Application presented by White et. al. (1997) 7
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ARL Comparison of c-chart and Cusum for Attribute
Data
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EWMA for Counted Data (Borror, Champ, and Rigdon
1998)
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EWMA for Counted Data (Borror, Champ, and Rigdon
1998)
Example: Assuming µ0=3, λ = .3, A = 2.8, and using the count data
from Table 14.2 in Christensen et. al., the EWMA chart is made with
the following R code.
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EWMA for Counted Data (Borror, Champ, and Rigdon
1998)
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ARL for Counted Data EWMA (Borror, Champ, and
Rigdon 1998)
Assuming µ0=4.0, λ = .3, A = 2.8, what is ARL0 for a false positive
signal.
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ARL for Counted Data EWMA (Borror, Champ, and
Rigdon 1998)
µ0=5.0 ARL0 for a false positive signal.
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ARL for Counted Data EWMA (Borror, Champ, and
Rigdon 1998)

µ0=6.0 ARL0 for a false positive signal.
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ARL for Counted Data EWMA (Borror, Champ, and
Rigdon 1998)

µ0=7.0 ARL0 for a false positive signal.
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ARL for Counted Data EWMA (Borror, Champ, and
Rigdon 1998)

µ0=8.0 ARL0 for a false positive signal.
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ARL for Counted Data EWMA (Borror, Champ, and
Rigdon 1998)

µ0=10.0 ARL0 for a false positive signal.
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ARL for Counted Data EWMA (Borror, Champ, and
Rigdon 1998)

µ0=15.0 ARL0 for a false positive signal.
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ARL for Counted Data EWMA (Borror, Champ, and
Rigdon 1998)

µ0=20.0 ARL0 for a false positive signal.
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