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ABSTRACT

In recent years, a few researchers had proposed different types of single charts
that jointly monitor the process mean and the variation. In this project, we use the
weighted average loss (WL) to construct WL control charts for monitoring the process
mean and variance simultaneously while the target value may be different from the
in-control mean. This statistic WL applied a weighted factor to adjust the weights of
the loss due to the square of the deviation of the process mean from the target and the
variance change. So the WL charts are more effective than unadjusted loss function
charts. We not only construct the fixed parameters (FP) WL chart but also the adaptive
WL charts which included variable sampling interval (VSI) WL chart, variable sample
size and sampling interval (VSSI) WL chart and variable parameters (VP) WL chart.
We calculate the average run length (ARL) for FP WL chart and using Markov chain
approach to calculate the average time to signal (ATS) for adaptive WL charts to
measure the performance and compare each other. From the comparison, we find the
adaptive WL charts are more effective than the FP WL chart. We also proposed the
optimal adaptive WL charts using an optimization technique to minimize ATS; (ARL;)
when the process was out-of-control. In addition, in order to detect the small shifts of
the process mean and variance effectively, we construct the WL charts using the
EWMA scheme. The proposed charts are based on only one statistic and are more
effective thanthe X —S chart. And the WL charts are easy to understand and apply
than using two charts for detecting the mean and variance shifts simultaneously.
Keywords: Statistical process control; Weighted average loss; Adaptive control chart;

Markov chain; Optimization technique; EWMA scheme
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CHAPTER 1. INTRODUCTION

In statistical process control, control charts are used to monitor processes and
detect the assignable cause(s) which changed the process mean and variance.
Shewhart (1924) first developed the control charts to monitor the process. The
Shewhart control charts have been widely used for industrial processes ever since. An
X chart is usually used to monitor the process meanand an S (or R) chart is used
to monitor the variation of a process. However Shewhart charts are insensitive in
detecting small shifts, in 1954, Page (1954) first introduced the cumulative sum
(CUSUM) chart to combat this drawback. Then in 1959 Roberts (1959) introduced the
exponentially weighted moving average (EWMA) control chart to detect small shifts in
the process mean.

When dealing with a quality characteristic of a variable, it is usually necessary to
monitor both the mean value and its variability simultaneously. Two control charts are
usually required to monitor the process mean and the process variability respectively.
Shewhart’s X —S or X —R control charts are the common choices, in which X
chart monitors the process mean while S (or R) chart monitors the variation.
However, this approach is laborious and time-consuming. Hence, it is advantageous to
consider using a single chart based on only one statistic to monitor the process mean
and the variation simultaneously.

In recent years, a few researchers had proposed different types of single charts that
jointly monitor the process mean and the variation. They are of Shewhart-types,
EWMA-types and CUSUM-types. Chen and Cheng (1998) proposed the Max chart
which has effectively combined the X chartand S chart into one single chart. The
main advantage of the Max chart is that one can monitor both the process mean and the

process variance by looking at one chart. Chao and Cheng (1996) developed the
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Semicircle (SC) chart. This chart combines the detection of the mean shift and the
variability change into one chart, and is simple to use and easy to understand. The
advantage of the SC chart is that it is easy to attribute an out-of-control signal to the
cause of the mean shift or/and the variability change. However, the SC chart is
insensitive to small changes within a process. In order to improve the SC chart, Chen et
al. (2004) used the statistic of the SC chart to construct a new chart, EWMA-SC chart.
This chart not only could monitor both the process mean and the process variance
simultaneously, but also it is sensitive to small changes in the mean shift or/and the
variability. However, the EWMA-SC chart is slow in detecting the most common
assignable causes that had shifted the process mean but did not change the process
variance. In order to improve this chart’s deficiency, Costa and Rahim (2006)
introduced a new statistic to construct an EWMA chart that gave better overall
performance. Khoo, Wu, Chen and Yeong (2010) proposed a single EWMA X —R
chart by combining the X and R charts which monitors the mean and variance
simultaneously and identifies the source of the signal(s).

Loss function is used broadly in industry to measure the cost due to poor quality.
Several researchers have developed the loss chart based on the concept of the loss
function. From Cyrus (1997), the average loss L is proportional to the sum of squares
of the deviations of the quality characteristic from the in-control process mean. Wu and
Tian (2006) proposed the weighted loss function chart based on the average weighted
loss function which uses a weighted factor to adjust the weight of the loss due to the
square of the mean shift and the variance change. This single chart is able to monitor
the mean shift and the variance increase simultaneously and is more powerful than the
X —S chart. However, they assumed that the process mean was target.

The charts mentioned above are monitoring a process with a fixed sampling

interval, sample size and control limits. Their effectiveness for detecting process shifts
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in mean and variance becomes less for today’s manufacturing environment. A method
to improve the problem is to construct the adaptive control charts. Reynolds et al.
(1988) and Chengalur et al. (1989) first studied the use of X charts with variable
sampling intervals (VSI) to detect mean shifts. Prabhu et al. (1994) studied the
propertied of the X chart with both the sample sizes and the sampling intervals
variable (VSSI). Costa (1999a) proposed a variable parameters (VP) X chart which
all design parameters were variable, including sample size, sampling intervals and
control limit coefficient. Costa and De Magalhaes (2007) investigated the performance
of X-bar and R charts with VVSSIs. Yang and Su (2007) addressed the adaptive control
schemes for monitoring mean and variance in two dependent process steps. Ko and
Yeh (2010) studied the effect of VSI economic chart with minimum average loss. Yang
and Chen (2010) proposed VSI mean and variance control charts to monitor dependent
process steps.

Some researches of using a single chart to monitor the mean and variance
simultaneously with the adaptive control schemes had been studied in recent years. Wu,
Tian and Zhang (2005) proposed a control chart based on the average weighted loss
function (WLF) with VVSSI scheme. Zhang and Wu (2006) use the average weighted
loss function to construct a new chart with CUSUM scheme and with variable
sampling intervals. Wu, Zhang and Wang (2007) proposed a VSSI WLF chart which is
a CUSUM chart based on the weighted loss function with VVSSI scheme. Yang and Lin
(2009) proposed a New VP Loss function chart allowing process mean not to be the
target.

In this project, we propose a new chart -- the weighted average loss (WL) chart to
monitor the two-sided mean shifts and the variance changes while the target value may
be different from the in-control mean. The WL chart’s monitoring statistic WL is

derived from Taguchi’s (1986) loss function. This statistic applied a weighted factor to
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adjust the weights of the loss due to the square of the deviation of the process mean
from the target and the variance change. We described the derivation in chapter 2. The
difference of the statistics between the WL chart and Wu’s weighted loss function chart
is that the in-control mean may not equal to the target in the WL chart but equal to
target in Wu’s.

The fixed parameters (FP) WL chart monitors a process with fixed sampling
interval, sample size and false alarm rate. Based on the WL, we also developed the
adaptive charts (VSI WL chart, VSSI WL chart and VP WL chars). The VSI WL chart
uses variable sampling intervals. The VSSI WL chart uses variable sampling intervals
and sample sizes. The VP WL chart uses variable sampling intervals, sample sizes and
false alarm rates. We also proposed the optimal adaptive WL charts using an
optimization technique. In addition, in order to detect the small shifts of the process
mean and variance effectively, we also construct the WL charts using the EWMA

scheme further.



CHAPTER 2. THE DISTRIBUTION OF THE WEIGHTED AVERAGE LOSS

2.1 Taguchi Loss Function and its Expectation and Estimator

Taguchi (1986) claimed that “quality is the loss a product causes to society after
being shipped, other than any losses caused by its intrinsic functions”. Furthermore
Taguchi quantifies the deviations of a product characteristic from the target in terms of
monetary units by using a quadratic loss function defined as

L(X)=K(X -T)? 1)

where X is the quality characteristic, T is the target value for X and K is the quality
loss coefficient. We can derive the expectation of the loss function to explain the

average loss per unit product from equation (1), that is

E(L)=E[K(X=T)]

= K[O'2 +(,u—T)2]

where x and o? are the mean and variance of X.

2.2 The Estimator of the Expectation of the Loss Function and Weighted
Average Loss
Since the mean and the variance of a process are usually unknown, so is the
average loss function. Hence we have to estimate it and the estimator is proportional to

the sum of squares of the deviations of the quality characteristic X from the target, i.e.

D Yo S
E(L) =L ——— =T 8%+ (X -T), @)

It is clear that the estimator comprises the sample variance and the square deviation of
the sample mean from the target.

We now would modify the estimator of the average loss function (eq. (2)) to a



weighted average loss (WL), that is

WL =aS? +(L—a)(X —-T)? (3)
where the weighting factor “a” (0 <a<1) is used to adjust the weight of the loss due
to the variance shift and the square of the mean shift from the target. We will use the
weighted average loss (WL) to construct the WL control chart. The chart could monitor

the mean shift from the process target and the variance change simultaneously.

2.3 The Approximate Distribution of Weighted Average Loss

In order to construct control chart based on WL, we need to find the distribution
of the WL statistic. Since we can’t get the exact expression of this distribution, we
would apply Patnaik’s (1949) and Moschopoulos and Canada’s (1984) results to get the
approximate distribution of WL. Patnaik (1949) illustrated the transformation of a
non-central chi-square distribution to a central chi-square distribution. Moschopoulos
and Canada (1984) proposed a method to get the approximate cumulative probability
function (c.d.f.) for the linear combination of the central chi-square random variables
(see Appendix 1).

Assume X follows a normal distribution with mean x and variance o2, that is
X ~ N(u, %) . The weighted average loss (WL) (eq. (3)) is

WL=aS*+(1-a)(X -T)*

where 0<a<l1.

Since

n—1)S?
%~12(n—1 (4)

where ;(Z(H) is a central chi-square distribution with (n—1) degrees of freedom,

n(xX —T)?
( ] ) ~ZZLT (5)
(o2

where y? _ is a non-central chi-square distribution with 1 degree of freedom and a
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n(u-T)"

non-centrality parameter z, 7= 5

O
From equations (4) and (5),
2 2
S (n— 1)7( (n-1) (6)
— gz
(X _T)2 - ?Zzl,r (7)
And then
2 2
WL=aS’+(l—-a)(X -T)? ~a( 1);( iy T (- a) - ;(2“

which is a linear combination of a central chi-square distribution and a non-central
chi-square distribution. However, its exact distribution is untractable. We would try to
find its approximate distribution.
The following steps show how to find the approximate c.d.f. of WL.:
Step 1. Use Patnaik’s method to transform a non-central chi-square distribution
into a central chi-square distribution.
Transform equation (5) to a central chi-square distribution using Patnaik’s method

(1949):

n()z—T)Z _Zzl,r 2
op o p VA

where ;(Z(V) is a central chi-square distribution with v degree of freedom, and

2

0= 1+—— and v=1+
1+7 1+27

The distribution of (X —T)? is derived as

()z _T)2 i pZ ) (8)

From equations (6) and (8), we have

2 2
WL =aS?+(1—a)(X —T)? AT 1);5(n1)+(1 a) p;f(v)

which is a linear combination of central chi-square random variables.
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Step 2. Use the method of Moschopoulos and Canada (1984) to obtain the
approximate distribution of WL.

The distribution of WL statistic is a linear combination of central chi-squares:

2 2

o 2 op >
WL~aml (n—1)+(1_a)TZ W) 9)
02 0'2
Let Cl:a(n—l)’ c,=(-a) np' v,=n-1 and v, =v.

Using the method of Moschopoulos and Canada (1984) (See Appendix 1), WL is

approximate the distribution of Q with parameters nand z . That is,

WL=Q,,. (10)
The c.d.f.of Q.. (Moschopoulosand Canada (1984)) is

F 00 =POWL £ =b, Y a, !9, (y)dy (1)

s+j—le—y/2<:1

y
(2¢,)"' (s + )

where g;(y) = is the p.d.f. of Gamma distribution, I'(s+ j,2c,),
with the shape parameter s+ j and scale parameter 2c,,and s=m +m,,

forj=0,1,2..., m1=V_21

bz=(§—l)”"ﬂ a; = A(C,, j) Wwith A(ci,j):(mi)j(lf!cl/ci)‘

2
m, :VEZ and (m), =m.(m +1)----- (m, +r-1).

Now we will give the in-control process and out-of-control process distributions
of X, and derive the c.d.f. of the statistic WL.

For the In-control process:

X~ N(/Jmo-g)

Let the process target be T, and

T -1, =08,0,, 8,>0. (12)



The relationship of T and 4, is shown in figure 1 below:

5,0,

370

Ky T

Figure 1. The Relationship between the Target and 4,

Following (9), we get the distribution of WL below:

WL=aS*+(l—-a)(X -T)?

2 2
Oy 2 Oy Py 2
~a—0 +(1—a)2fo
(n—l)Z (n-1) ( ) v X ()
2 2
N(e, —T
where p, =1+ o v(,:1+T—0 and roz(ﬂo—z):ndf.
1+, + 27, o,
Hence,
WL =~ Q

n,z, *

Thec.d.f.of C _ is
F... ()=PWL<xX|WL=Q,,)
For the out-of-control process:
X ~N(z4,07)
where = 1, - 6,0,, 6,20 and of =05;0;, 5, #1.

The distribution of WL is then

WL=aS’+(1-a)(X -T)?

(13)

(14)



2 2

., 2 91 P
a—n X oy +(1-2) n X () (15)

* *2

T T
where =1+——, v, =1+ —and 7 =
A 1+7 ' 0,

< _ Ny~ 8,0, -T) -n 6+, 2
1+27 e '

Hence,
(16)

The c.d.f. of Q:’; is

F .()=PWL<xWL=Q .) (17)
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CHAPTER 3. DESIGN AND ARL ANALYSIS OF THE FP, VSI, VSSI

AND VP WL CHARTS

3.1 Design of the FP WL Chart
The FP (fixed parameters) WL chart uses fixed sampling interval hy, sample size

noand false alarm rate ¢, . From (14), the upper control limit (UCL) and lower control

limit (LCL) of the FP WL chart are:

UCL=F (1—%) ,

Ny, 7o

LCL=F (%) .

The performance of a control chart can be measured by the average run length
(ARL), which is the average number of samples required to get the first signal. The
out-of-control ARL; is used to measure the detection effectiveness of the control chart
and the in-control ARL, measures the false alarm rate. When the process is

out-of-control, the ARL; is calculated by:

1-f=1-P(LCL<WL <UCL|WL=Q’ .)

* _ (04 * _ (04
=1-F (R, (1—70))— R (R (?o)).

Ny, 7o

Then

ARleﬁ

Ideally ARL; should be as small as possible.
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3.2 Design of the VP WL Control Chart
The VP (variable parameters) WL chart uses variable sampling intervals hg,
sample sizes nq and false alarm rates «, q =1, 2. It has the warning limits (UWL,

and LWL,) and the control limits (UCL4 and LCL,) that divide the chart into three

regions: central region, warning region and action region, see Figure 2.

action region
UCL
wammg reglon
e O\, %
central region
B CL q
central region
LWL,
warning region
- ' LCL 4
action region

Figure 2. The Structure of VP WL Chart

Let ho, npand ¢, are the sampling interval, sample size and false alarm rate for
FP WL chart. The variable sampling intervals hy, sample sizes ny and false alarm rate

a,,q=1,2, are adopted where 0<h, <h;<h <o, 0<n <n,<n, <o,
O<a, <oy <a, <o.From (14), the UCLy and LCL of the VP chart are

~ a
ucgzﬁ;a—fo

LCL, = F‘l
where z, =n.5;,0=1,2.
If the statistic WL falls into the central region, the next sampling interval should be
long, sample size should be small and false alarm rate should be small, (hy, ny,

a, ),with corresponding control limits (UCL4, LCL;) and warning limits (UWL,, LWL,)
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for the next sample. If WL falls into the warning region, the next sampling interval
should be short, sample size should be large and false alarm rate should be large, (hy,
N2, «,), with corresponding control limits (UCL,, LCL;) and warning limits (UWL;,
LWL,). If WL falls into the action region, an out-of-control signal would have
occurred.

In order to compare the performance of VP and FP chart, we should demand the
same average sampling interval, sample size and false alarm rate when the process is

in-control process. That is,

p1h1 +(1- pl)hz i h0 (18)
P+ - p1)n2 =N, (19)
ah+(@1-p)a, = (20)

where

p, = P(LWL, <WL <UWL, | LCL, <WL <UCL_,WL ~ an,‘rq) ,q=1,2.

which is the probability of the WL falls in the central region under the in-control
process.
The derivation of the warning limits is as follows:

Specify n,,n,n,, h,, h,, a,ande;, we could calculate the value of p; from (19):

_no_nz

p
' n —n,

and the values of the h, and a,:

From (18) and (19),

— ho(nz — nl) — hz (no — nl)
hl B n, —N, .
From (19) and (20),
_ay(n—n)—ay(ny—n,)
B n—n, .

2

Let the cumulative probability of the center line (CL) be p”, that is
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F..(CL)=p,q=12 (21)
and let the probability of WL falling between LWL and CL, equal to the probability of
WL falling between CL4 and UWL,, i.e.

P(LWL, <WL <CL, [WL +Q, _)=P(CL, <WL<UWL,[WL~Q, .)  (22)

Hence
p, = P(LWL, <WL <UWL, | LCL, <WL <UCL, WL <Q, )
~ P(LWL, <WL <UWL, [WL=Q, )
~ P(LCL, <WL<UCL, [WL*Q, )
That is,

P(LWL, <WL <UWL, |WL =Q, _)=P(LCL, <WL <UCL, |WL~Q, .)-Pp,
From (22),
P(LWL, <WL<CL, |WL=Q, . )+P(CL, <WL <UWL, |WL=Q, )=(l-a,)-p,
Then,
P(LWL, <WL <CL, |WL*an’Tq):(l—aq)-% (23)
P(CL, <WL <UWL, |WL*an’Tq)=(1—aq)-% (24)
Simplify (23),
F,.(CL)~F, , (LWL)= (1—aq)-%
Hence, the LWL could be derived as
LWL, =F” (., (CL) - @-a)-2)

Fromeg. (21), F, . (CL))= P,

LWL, =F.) (0~ (-a)-2)

T

Similarly, we could derive the UWL,
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UWL, =F," (p"+(1~a,) -%)

The performance of a control chart could be measured by the average time to
signal (ATS;), which is the average time required to signal a process shift after it has
occurred. The ATSy is the average time until a false alarm occurred.

Apply the Markov chain approach to derive the ATS;, and all possible process
states are defined in Table 1. Table 1 shows the 3 possible process states based on
Markov property. States 1 and 2 are transient states since they may transit from one to
other states, while state 3 is an absorbing state because it cannot transit to any other

states. After the states are defined, the transition probability from state i to j with

sampling intervals hq, sample sizes nq and false alarm rate «,, pIJ (hyng, ), 1, J=1, 2,

3, could be calculated.

Table 1. Definition of Process States for the VP WL Chart
Next Sampling Interval ,

- Size and False Alarm
State Region Alarm State Status

Rate (h,,n,, 2,)

Central No (hy,n1, ) Transient
Warning No (ho,n2, ) Transient
Action Yes Stop Absorbing

Transition probability :

prs (N, 0p) = P(LWL, <WL <UWL WL = Q. )=F (UWL)-F  .(LWL,)
i, (0, 1y, @) = P(LCL, <WL < LWL, or UWL, <WL <UCL, [WL=Q )

= (F; - (LWL)=F_.(LCLY)+(F; .(UCL)~F, .(UWL)
iy (R Ny, ) =1~ P(LCL, <WL <UCL, [WL = Q ) =1-(F. .(UCL)-F .(LCL))

Pru(h,in,, @) = P(LWL, <WL <UWL, [WL= Q' .)=F  .(UWL,)-F (LWL,

15



P22 (M., @,) = P(LCL, <WL < LWL, or UWL, <WL <UCL, [WL~Q, )
=(F . (LWL)-F .(LCL))+(F .(UCL,)-F .(UWL,))

Py (M, Ny, @,) =1~ P(LCL, <WL <UCL, WL = Q" .)=1-(F  .(UCL,)~F  .(LCL,))

p;l = pgz =0, pgs =1
The transition probability from state i to j can be expressed by a square matrix
Pn P Ps
P = Por P Pas |
0O 0 1

The transition probability matrix which contains the transient probability from

transient state i to transient state j

o {pgl p£2:|
P Py

The ATS; is derived as

ATS, =r"(1-Q")'h,
where 1 is the identity matrix of order 2, h =(h,,h,) isa (1x2) vector of sampling
time for transient state i, i=1,2, r" =(r,,r,) isa (1x2) vector with the steady-state
starting probability, r, i=1, 2, for transient state i. The r  can be obtained by solving

the equation

2
r'Q" =r" and Z =1
i=1

That is,
1— P Py
r = Pt Py r = Por + Py
1 * * 2 * *
1- P n Pay 4 1— P n Pay .
Pt P2 Put Py an Pt Pz Put Py

16



We also use the average number of observations to signal (ANOS) to measure the
performance of a control chart, which ANOS is the average number of observations

required to signal a process shift after it has occurred. It is derived as
ANOS =r"(1-Q")'n, (25)

where n'=(n,,n,) isa (1x2) vector of sample size for transient state i, i=1,2.

When o, = ¢, = a,, the VP design can reduce to the VVSSI design. The derivation
of the control limits and warning limits and the calculation of the ATS; and ANOS are
the same as the VP chart.

When o, =a, =a, and n, =n, =n,, the VP design can reduce to the VSI

design where p, = LEZ is calculated from (18). The derivation of the control limits
'k

and warning limits and the calculation of the ATS; are the same as the VP chart.

3.3 ATS; Analysis and ATS; Comparison among the FP, Specified VSI, VSSI
and VP WL Charts

(1) ARL; Analysis of FP WL Chart

Under x4, =0, oZ=1, n,=5, h,=1, a,=0.0027 (or ARL,=370.37) and
a=0.6. Consider the levels of the parameters, ¢, =(0.5,1.2,15), J, =(1.1,15, 2)
and o, =(0, 1, 2). The 27 combinations of &,, J, and &, are arranged by

Orthogonal Arrays (O.A.) L27(3"). The ARL;s of the 27combinations of the FP chart

are listed in Table 2.
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Table 2. ARL; for FP WL Chart

No. | & | 8, | & | ARL, | ANOS | No. | & | & | &, | ARL, | ANOS
1 05| 11| 0 | 10954 | 54770 | 16 | 1.2 | 2 | 0 | 1.88 9.41
2 05|11 1 38.67 19335 | 17 | 12| 2 | 1 | 159 7.96
3 10511 2 29.36 14681 | 18 | 12| 2 | 2 | 163 8.12
4 05|15 0 7.79 3893 | 19 | 15| 11| 0 | 98 | 49.32
5 | 05|15 1 5.90 2951 | 20 | 15| 11| 1 | 270 | 1351
6 | 05| 15 | 2 6.20 31.02 | 21 | 15| 11| 2 | 204 | 1019
7 (05| 2 | 0 2.36 1180 | 22 | 15| 15| 0 | 301 | 1507
8 |05 2 | 1 2.31 1155 | 23 | 15 | 15| 1 | 179 8.97
9 |05 2 | 2 2.66 1332 | 24 | 15| 15| 2 | 164 | 818
10 |12 11| 0 21.67 10835 | 25 | 15| 2 | 0 | 167 8.34
11 |12 11| 1 5.10 2551 | 26 | 15| 2 | 1 | 139 6.97
12 | 12| 11 2 3.60 1799 | 27 | 15| 2 | 2 | 139 6.95
13 | 12|15 0 4.14 20.72
14 |12 |15 | 1 2.42 12.09
15 | 12 | 15| 2 2.21 11.05

In order to compare the ANOS among FP, VSSI and VP charts later, we have to

calculate the ANOS of FP chart by letting ns=n;=ngand o, =a, =¢, inthe

equation (25) of the VP design.

To investigate the effect of 6,, 0, and o, onthe ARL;, the response table and

response diagram show the results of the sensitivity analysis (Table 3 and Figure 3).

Table 3.

FP WL Chart— Response Table of s,, ,, 6 and ARL,

& | ARL | 6 | ARL | J | ARL
05 | 2276 | 11 | 2473 | 0 | 17.99
12 | 492 | 15 | 3.9 1 6.88
15 | 2.83 2 1.88 2 5.64
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Average ARL1

Figure 3. FP WL Chart— Response Diagram of &,, 6,, &, and ARL,

From Table 3 and Figure 3, we found the average ARL;
a. Is decreasing when g, increasing,
b. is decreasing when &, increasing,

c. isdecreasing when o,increasing o,.

(2) ATS; Analysis of VSI WL Chart and ATS; Comparison between FP WL

Chart and Specified VSI WL Chart
Under x4, =0, oZ=1, n,=5, h,=1, a,=0.0027 (or ARLo=370.37) and
a=0.6. Consider the levels of the parameters, o, =(0.5, 1.2,1.5), J, =(1.1, 1.5, 2),
5,= (0,1, 2), (h2, hy) = (0.2, 2), (0.5,1.5), (0.8, 1.2) and p" =(0.4,0.5,0.6) . The 27

combinations are arranged by L,7(3"%). The ATS;s of the 27combinations of the VSI

chart are listed in Table 4.
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Table 4. ATS; for VSI WL Chart and ATS; saved % Compared to FP WL Chart

Specified VSI (hy, hy) FP ATS,
No | o 5, | & | p | (hahy) ATS, ARL; | saved %
1] 05 |11] 0| 06 | (02,2 | 10858 | 109.54 | 0.87%
2 | 05 | 11| 1| 05| (0515) | 3249 38.67 | 15.99%
3 | 05 | 11| 2| 04 |(0812) | 2625 29.36 | 10.60%
4 | 05 | 15| 0| 06 | (022 5.56 7.79 28.64%
5 | 05 | 15| 1 | 05 | (0515) 4.24 5.90 28.18%
6 | 05 | 15| 2 | 04 |(0812) | 542 6.20 12.63%
7 1 05| 2 |01 06 (022 1.24 2.36 47.28%
8 | 05 | 2 | 1| 05 | (0515) 1.52 2.31 34.41%
9 | 05 | 2 | 2| 04 |(0812| 230 2.66 13.87%
10 | 1.2 | 1211] 0 | 05 | (0515) | 1631 2167 | 24.75%
11 | 1.2 | 11| 1 | 04 |(0812)| 416 5.10 18.42%
12 | 12 | 11| 2 | 06| (022 1.27 3.60 64.81%
13 | 1.2 | 15| 0 | 05 | (0.515) 2.71 4.14 34.66%
14 | 12 | 15| 1 | 04 | (08,12 | 1.98 2.42 17.97%
15 | 1.2 | 15| 2 | 06 | (022 0.90 2.21 59.42%
16 | 1.2 | 2 | 0| 05 | (0515) 1.14 1.88 39.28%
17 | 1.2 | 2 | 1| 04 | (0812 | 131 1.59 17.71%
18| 12 | 2 | 2| 06 | (022 0.71 1.63 56.19%
19 | 15 | 11| 0 | 04 |(0812) | 823 9.86 16.56%
20 | 15 | 11| 1 | 06 | (0272 0.77 2.70 71.45%
210 | 15 | 11| 2 | 05 | (0515) 1.05 2.04 48.46%
22 | 15 | 15| 0 | 04 |(0812) | 249 3.01 17.33%
23 | 15 | 15| 1| 06 | (02,2 0.59 1.79 67.19%
24 | 15 | 15| 2 | 05 | (0515) 0.89 1.64 45.77%
25 | 15 | 2 | 0| 04 | (0812 | 137 1.67 17.78%
26 | 15 | 2 | 1| 06 | (022 0.50 1.39 64.31%
27| 15 | 2 | 2 | 05 | (0515) 0.80 1.39 42.85%

Note: ATS; saved % = (FP—ARL1 —VSI-ATS ) / FR-ARL %

To investigate the effect of o,, ¢, and &, onthe ATS,, the response table and

response diagram show the results of the sensitivity analysis (Table 5 and Figure 4).
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Table 5. VSI WL Chart— Response Table of s,, §,, 5, and ATS,
8 | ATS, 5, ATS, | 05 | ATS,
05| 2276 | 1.1 | 2473 | 0 | 17.99
1.2 | 4.92 1.5 | 390 | 1 | 6.88
1.5| 2.83 2 1.88 | 2 | 5.64

.

K 1
aaaaaaaaaa detta3

Figure 4. VSI WL Chart— Response Diagram of &,, 5,, ¢; and ATS,

Average ARL1

From Table 4, Table 5 and Figure 4, we found

a. ATS; saved % from 0.87% to 71.45%

b. the ATS, is decreasing wheng, increasing.

o

the ATS, is decreasing when ¢, increasing.

d. the ATS, isdecreasing when dJ;increasing.

(3) ATS; Analysis of VSSI WL Chart and ATS; Comparison between FP WL
Chart and specified VSSI WL Chart

Under s, =0, o2=1, ny,=5, hy=1, a, =0.0027 (or ARL,= 370.37),

p"=0.5 and a=0.6. Consider the levels of the parameters, &, = (0.5, 1.2, 1.5),
0, =(1.1,15,2), 5, =(0,1,2),h,=(0.1,0.5,0.9) and (nz, n): (2, 6), (3, 10), (4, 20).

The 27 combinations are arranged by L,7(3"). The ATS;s of the 27combinations of the

VSSI chart are listed in Table 6.
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Table 6. ATS; and ANOS for VSSI WL Chart and ATS; Saved % and
ANOS Saved % Compared to FP WL Chart

Specified VSSI (ny, ny, hy) FP ATS; ANOS
No. o 0, 0, (n,n,) h, h ATS; ANOS ARL, ANOS saved % saved %
1 05 | 1.1 0 (2,6) 0.1 3.70 93.73 551.38 109.54 | 547.70 14.44% -0.67%
2 05 | 1.1 1 (3,20) 0.5 1.20 21.84 169.04 38.67 193.35 43.53% 12.57%
3 05 | 1.1 2 (4,20) 0.9 1.01 12.55 104.90 29.36 146.81 57.26% 28.55%
4 05 | 15 0 (2,6) 0.5 2.50 5.00 38.35 7.79 38.93 35.84% 1.48%
5 05 | 15 1 (3,20) 0.9 1.04 3.40 28.80 5.90 29.51 42.37% 2.39%
6 05 | 15 2 (4,20) 0.1 1.06 2.02 32.83 6.20 31.02 67.45% -5.83%
7 0.5 2 0 (2,6) 0.9 1.30 1.94 12.06 2.36 11.80 18.00% -2.19%
8 0.5 2 1 (3,20) 0.1 1.36 0.53 13.73 2.31 11.55 77.05% -18.90%
9 0.5 2 2 (4,20) 0.5 1.03 1.22 20.37 2.66 13.32 54.40% -52.90%
10 12 | 11 0 (4,20) 0.1 1.06 4.62 59.55 21.67 108.35 78.69% 45.04%
11 12 | 11 1 (2,6) 0.5 2.50 2.09 22.78 5.10 25.51 59.12% 10.71%
12 12 | 11 2 (3,10) 0.9 1.04 1.39 14.94 3.60 17.99 61.50% 16.92%
13 12 | 15 0 (4,20) 0.5 1.03 1.18 22.93 4.14 20.72 71.58% -10.67%
14 1.2 | 15 1 (2,6) 0.9 1.30 1.86 12.02 2.42 12.09 23.08% 0.55%
15 1.2 15 2 (3,10) 0.1 1.36 0.25 12.63 2.21 11.05 88.60% -14.23%
16 1.2 2 0 (4,20) 0.9 1.01 1.06 19.04 1.88 9.41 43.47% -102.28%
17 1.2 2 1 (2,6) 0.1 3.70 0.30 8.44 1.59 7.96 81.01% -6.00%
18 1.2 2 2 (3,10) 0.5 1.20 0.68 11.10 1.63 8.12 57.93% -36.68%
19 15 | 11 0 (3,10) 0.1 1.36 1.06 31.23 9.86 49.32 89.28% 36.67%
20 15 11 1 (4,20) 0.5 1.03 0.53 20.06 2.70 13.51 80.37% -48.44%
21 15 11 2 (2,6) 0.9 1.30 1.48 9.84 2.04 10.19 27.32% 3.36%
22 15 15 0 (3,10) 0.5 1.20 0.91 14.75 3.01 15.07 69.70% 2.09%
23 15 15 1 (4,20) 0.9 1.01 0.94 19.72 1.79 8.97 47.43% -119.90%
24 15 15 2 (2,6) 0.1 3.70 0.20 8.51 1.64 8.18 87.63% -3.97%
25 15 2 0 (3,10) 0.9 1.04 1.06 11.04 1.67 8.34 36.33% -32.34%
26 15 2 1 (4,20) 0.1 1.06 0.19 19.23 1.39 6.97 86.05% -176.09%
27 15 2 2 (2,6) 0.5 2.50 0.70 7.54 1.39 6.95 49.56% -8.46%

Note: ATS; saved %: (FP-ARL, ~VSSI-ATS, )/FP-ARL, % ,ANOS saved %: (FP-ANOS-VSSFANOS/ FR ANO%4

To investigate the effect of 6,, 0, and J, onthe ATS; and ANOS, the response

table and response diagram show the results of the sensitivity analysis (Table 7, Figure
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5 and Figure 6).

Table 7. VSSI WL Chart —Response Table of &,, ,, &5, VS. ATS,
and &, §,, & VS. ANOS

& ATS, | ANOS 5, ATS, | ANOS 53 ATS, | ANOS

05 | 1861 | 111.14 | 1.1 | 19.09 | 115.62 0 13.82 | 86.11

1.2 | 216 | 20.19 1.5 | 252 | 2021 1 5.88 | 35.88

1.5 | 2.07 | 15.98 2 1.23 | 1148 2 314 | 2532

Average ATS1

°
.
| /
Average ANOS
N 3 o ® © B
o 8 & 8 8 8 8
o1 v 7]

1.0 . o 15 2’0
delta1 detaz  dema3

Figure 5. VSSI WL Chart —Response Figure 6. VSSI WL Chart —Response

Diagram of &;, 6,, o, and ATS Diagram of &, o,, 6, and ANOS

From Table 6, Table 7, Figure 5 and Figure 6, we found

a.

b.

ATS; saved % from 14.44% to 89.28%.

ANOS saved % from -176.09% to 45.04%.

the ATS, is decreasing when o, increasing.

the ATS, is decreasing when ¢, increasing.

the ATS, is decreasing when o, increasing.
the ANOS is decreasing when ¢, increasing.
the ANOS is decreasing when &, increasing.

the ANOS is decreasing when ¢, increasing.

(4) ATS; Analysis of VP WL Chart and ATS; Comparison between FP WL

Chart and Specified VP WL Chart
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Under u,=0, o2=1, n,=5, h =1, a,=00027 (or ARL, =370.37),

p =0.5 and a=0.6. Consider the levels of the parameters, o, = (0.5, 1.2, 1.5),
5, =(1.1,15,2), 5, =(0,1,2),h,=(0.1, 0.5, 0.9), (n1, n2): (2, 6), (3, 10), (4, 20)
and @, =(0.00135, 0.002025, 0.0027). The 27 combinations are arranged by L,7(3").

The ATS;s of the 27combinations of the VP chart are listed in Table 8.
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Table 8. ATS; and ANOS for VP WL Chart and ATS; saved % and
ANOS Saved % Compared to FP WL Chart

Specified VP (ny, ny, hy, ;) FP ATS, ANOS
No.| & | &, [ & | (nynp) | hy | Iy a a, | ATS; | ANOS | ARL,; | ANOS | saved % | saved %
1 [05|11| 0 | (26) | 0.1 | 3.70 | 0.0027 | 0.0027 | 93.73 | 551.38 | 109.54 | 547.70 | 14.44% | -0.67%
2 [ 05|11 | 1 | (310) | 05 | 1.20 | 0.0020 | 0.0044 | 18.02 | 138.14 | 38.67 | 193.35 | 53.39% | 28.55%
3 05|11 2 | (420) | 09 | 1.01| 0.0014 | 0.0230 | 8.49 | 64.41 | 29.36 | 146.81 | 71.08% | 56.12%
4 | 05|15| 0 | (26) | 05 | 250 0.0027 | 0.0027 | 5.00 | 3835 | 7.79 38.93 | 35.84% | 1.48%
5 05|15 | 1 | (310) | 0.9 | 1.04 | 0.0020 | 0.0044 | 3.14 | 26.26 | 5.90 2051 | 46.74% | 11.01%
6 | 05|15 | 2 | (420) | 0.1 | 1.06 | 0.0014 | 0.0230 | 2.13 | 28.22 | 6.20 31.02 | 65.64% | 9.03%
7 /05| 2 | 0 | (26) | 09| 1.30| 0.0027 | 0.0027 | 1.94 | 12.06 | 2.36 11.80 | 18.00% | -2.19%
8 | 05| 2 | 1 | (310) | 0.1 | 1.36|0.0020 | 0.0044 | 055 | 13.27 | 231 1155 | 76.30% | -14.88%
9 [ 05| 2 | 2 | (420) | 05 | 1.03| 0.0014 | 0.0230 | 1.40 | 19.35 | 2.66 13.32 | 47.46% | -45.26%
10 [ 12 | 11| 0 | (420) | 01| 1.06 | 0.0020 | 0.0128 | 4.24 | 4546 | 21.67 | 108.35 | 80.46% | 58.05%
11 (12|11 | 1 | (26) | 05| 250 0.0014 | 0.0032 | 1.97 | 21.52 | 5.10 2551 | 61.31% | 15.65%
12 [ 12 | 11| 2 | (310) | 0.9 | 1.04 | 0.0027 | 0.0027 | 1.39 | 14.94 | 3.60 17.99 | 61.50% | 16.92%
13 | 12 | 15| 0 | (420) | 05 | 1.03 | 0.0020 | 0.0128 | 1.39 | 21.85 | 4.14 20.72 | 66.53% | -5.45%
14 |12 | 15| 1 | (26) | 09| 1.30| 0.0014 | 00032 | 1.81 | 11.71 | 242 12.09 | 25.06% | 3.18%
15 | 1.2 | 1.5 | 2 | (3,10) | 0.1 | 1.36 | 0.0027 | 0.0027 | 0.25 | 1263 | 221 11.05 | 88.60% | -14.23%
16 | 1.2 | 2 | 0 | (420) | 0.9 | 1.01| 0.0020 | 0.0128 | 1.19 | 1822 | 188 9.41 | 37.05% | -93.60%
17 |12 2 | 1 | (26) | 01| 3.70 | 0.0014 | 0.0032 | 0.30 | 8.34 1.59 7.96 | 80.94% | -4.75%
18 12| 2 | 2 | (310) | 0.5 | 1.20 | 0.0027 | 0.0027 | 0.68 | 11.10 | 163 8.12 | 57.93% | -36.68%
19 | 15| 11| 0 | (310) | 0.1 | 1.36 | 0.0014 | 0.0061 | 0.93 | 24.67 | 9.86 49.32 | 90.53% | 49.97%
20 [ 15 | 11| 1 | (420) | 05| 1.03| 0.0027 | 0.0027 | 0.53 | 20.06 | 270 1351 | 80.37% | -48.44%
20 [ 15| 11| 2 | (26) | 09| 1.30| 0.0020 | 0.0029 | 1.46 | 9.69 2.04 10.19 | 28.44% | 4.86%
22 15| 15| 0 | (310) | 0.5 | 1.20 | 0.0014 | 0.0061 | 0.88 | 1358 | 3.01 15.07 | 70.87% | 9.85%
23 [ 15| 15| 1 | (420) | 0.9 | 1.01| 0.0027 | 0.0027 | 0.94 | 19.72 | 1.79 8.97 | 47.43% | -119.90%
24 | 15| 15| 2 | (26) | 01| 3.70| 0.0020 | 0.0029 | 0.20 | 8.43 1.64 8.18 | 87.66% | -3.06%
25 (15| 2 | 0 | (310) | 0.9 | 1.04 | 0.0014 | 0.0061 | 1.06 | 10.78 | 167 8.34 | 36.74% | -29.14%
26 [ 15| 2 | 1 | (420) | 0.1 | 1.06 | 0.0027 | 0.0027 | 0.19 | 19.23 | 1.39 6.97 | 86.05% | -176.09%
27 1 15| 2 | 2 | (26) | 05| 250 0.0020 | 0.0029 | 0.70 | 7.51 1.39 6.95 | 49.70% | -7.95%

Note: ATS; saved %: (FP-ARL, —VP-ATS, )/FP-ARL, % , ANOS saved %: (FP-ANOS —VP-ANOS )/FP-ANOS %

To investigate the effect of o,, 0, and J, onthe ATS; and ANOS, the response

table and response diagram show the results of the sensitivity analysis (Table 9, Figure

7 and Figure 8).
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Table 9. VP WL Chart —Response Table ofs,, 6,, &, VS. ATS
and &, &,, & VS. ANOS

& FSl ANOS | &, | ATS, | ANOS | & FSl ANOS

0.5 | 14.93 99.05 | 11| 1453 | 9892 | 0 | 12.26 | 8182

1.2 1.47 1842 | 15| 175 2008 | 1 | 3.05 30.92

1.5 0.77 14.85 2 | 089 1332 | 2 | 186 19.59

Average ATS1
Average ANOS

12 15 11 15
deltal delta2

1 H d b 1.5 1
delta3 deltal delta2 delta3

Figure 7. VP WL Chart —Response Figure 8. FP WL chart —Response
Diagram of ¢,, 4,, 0; and ATS, Diagram of &,, 6,, 5, and ANOS

From Table 8, Table 9, Figure 7 and Figure 8, we found

a. ATS; saved % from 14.44% to 90.53%.

b. ANOS saved % from -176.09% to 58.05%.

c. the ATS, is decreasing wheng, increasing.

d.the ATS, isdecreasing when ¢, increasing.
e. the ,Fslis decreasing when ¢, increasing.
f.the ANOS is decreasing when &, increasing.
g.the ANOS is decreasing when &, increasing.

h. the ANOS is decreasing when ¢, increasing.
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CHAPTER 4. DESIGN AND DATA ANALYSIS OF THE OPTIMAL FP, VSI,
VSSI AND VP WL CHARTS
4.1 Design of the FP WL Control Chart with Optimal Weight
The design of the optimal FP WL chart is to search for an optimal value of weight
a that minimizes the ARL; under the specified &,, J,, J;, No, hpand ¢, .
The optimization model:
Min. ARL;
s.t. 0<a<l
The design algorithm has been implemented in the optimization technique PORT

routine in R program.

4.2 Design of the Optimal VSI WL Control Chart
In this part, we consider two situations: (i) a is specified and (ii) a is not
specified.
()  ais specified
The design of the optimal VSI WL chart is to search for the optimal values of hy,

h, and p”that minimize the out-of-control ARL; at the specified &,, J,, &, No, ho

and «, . The optimization model is

Min. ATS;

st. O<h <h,<hy<h <h; <o

(i) a isoptimal
The design of the optimal VVSI WL chart is to search for the optimal values of hy,

h,, p and a that minimize the out-of-control ARL; at the specified &,, &,, &, no,

ho and «, . The optimization model is
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Min. ATS;

st. O0<h_<h,<hy<h <h; <o

0<P <P <P <1

0<ax<1l

4.3 Design of the Optimal VSSI WL Control Chart
Like section 4.2, we consider two situations: (i) a is specified and (ii) a is not
specified.
(i) aisspecified
The design of the optimal VSSI WL chart is to search for the optimal values of ny,

Ny, hp and p” that minimize the ARL; at the specified &,, &,, J;, No, hpand «,. The

optimization model is

Min. ATS;
st. O<n <n <ny,<n,<n; <o

O<h <h,<h;<w

(i) a isoptimal

The design of the optimal VSSI WL chart is to search for the optimal values of ny,
Ny, hp, P~ and a that minimize the ARL; at the specified &,, J,, &, No, o and

a, . The optimization model is

Min. ATS;
st. O<n <n <n,<n,<n; <o

O<h <h,<hy<o

0<P <P <P <1
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0<ax1l

4.4 Design of the Optimal VP WL Control Chart

As above, we consider two situations: (i) a is specified and (ii) a is optimal.
() aisspecified
The design of the optimal VP WL chart is to search for the optimal values of ny, ny,

h,, @, and p”that minimize the ARL; at the specified &,, J,, &, No, hoand ¢ .

The optimization model is
Min. ATS;
st. O<n <n <n,<n,<n; <o
O0<h <h,<hy<eo

O<ao <oq<a,<1

(i) a isoptimal
The design of the optimal VP WL chart is to search for the optimal values of ny, ny,
h, @,, p  and a that minimize the out-of-control ARL; at the specified &, &,,

05, N, hpand ¢, . The optimization model is
Min. ATS;
st. O<n_ <n <ny<n,<n; <o
O0<h <h,<hy<o
O<g <a<a,<1

0<P <P <P <1

0<ax<1l
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4.5 ATS; Analysis and ATS; Comparison among Optimal FP, VSI, VSSI and VP

WL Charts

Under w4, =0, of=1, n,=5, h,=1 and ¢, =0.0027 (or ARLo= 370.37).
Consider the levels of the parameters, 5, = (0.5, 1.2, 1.5), ¢, =(1.1,1.5,2) and o,
= (0, 1, 2). The 27 combinations of &,, &, and &, are arranged by L27(3"%). When a
is specified which give a = 0.6, the ATS;s of the 27 combinations of the optimal VSI,
VSSI and VP charts are listed in Table 12, Table 16 and Table 24. When a is not
specified, the ARL;s of the 27 combinations of optimal FP chart are listed in Table 10,
the ATS;s of the 27 combinations of the optimal VSI, VSSI and VP charts are listed in

Table 14, Table 20 and Table 28.

(1) ARL; Analysis of optimal FP WL Chart and ARL; Comparison between FP

WL Chart and Optimal FP WL Chart with optimal a
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Table 10. ARL; for Optimal FP WL Chart and ARL; saved % Compared to

FP WL Chart
Optimal FP (a") FP
No. | 6, | 6, | 6, | a | ARL | LCL" |ucL| ARL ARL, saved %
1 [05|11] 0| 080 | 1030 | 004 | 201 | 109.54 90.60%
2 05| 11| 1| 041 | 2932 | 011 | 404 | 3867 24.18%
3 | 05|11 2| 080 | 2354 | 036 | 393 | 29.36 19.84%
4 |05|15| 0| 08 | 258 | 004 | 201 | 7.79 66.81%
5 |05[15| 1| 060 | 590 | 011 | 358 | 5.90 0.03%
6 | 05|15 2 | 080 | 403 | 036 | 393 | 6.20 35.05%
7 |os| 2 | 0| 08 | 145 | 004 | 201 | 236 38.43%
8 05| 2 | 1| 065 | 227 | 011 | 358 | 231 1.59%
9 |05| 2 | 2] 080 | 18 | 036 | 393 | 266 30.60%
10 |12 210 | 020 | 331 | 004 | 201 | 2167 84.75%
11 [ 12|11 ] 1| 028 | 325 | 009 | 463 | 510 36.26%
12 [12|11] 2 | 037 | 312 | 068 | 7.78 | 3.60 13.40%
13 12| 15| 0 | 080 | 215 | 004 | 201 | 414 48.04%
14 [ 12]15] 1| 050 | 225 | 011 | 376 | 242 6.90%
15 |12 15| 2 | 059 | 221 | 056 | 575 | 221 0.12%
16 [ 12| 2 | 0| 080 | 136 | 004 | 201 | 188 28.01%
17 [ 12] 2 |1 | 058 | 159 | 011 | 360 | 159 0.28%
18 12| 2 | 2| 080 | 146 | 036 | 393 | 163 10.25%
19 | 15| 11| 0| 020 | 185 | 002 | 189 | 986 81.23%
20 | 15| 11| 1 | 027 | 185 | 009 | 468 | 270 31.73%
21 | 15| 11| 2 | 037 | 180 | 069 | 7.84 | 204 11.65%
22 | 15| 15| 0 | 028 | 166 | 002 | 1.89 | 301 44.95%
23 | 15| 15| 1 | 046 | 165 | 011 | 385 | 179 8.30%
24 | 15| 15| 2 | 055 | 1.63 | 058 | 6.03 | 164 0.68%
25 | 15| 2 | 0| 080 | 130 | 004 | 201 | 167 22.10%
26 | 15| 2 | 1| 055 | 1.38 | 011 | 363 | 139 0.88%
27 | 15| 2 | 2 | 080 | 133 | 036 | 393 | 139 4.27%

Note: ATS; saved %: (FP—AF&L1 —Opt.FP-ARL, ) / FP-ARL, %

To investigate the effect of &,, 5, and &, onthe ARL;, a” and ARL; saved %, the

response table and response diagram show the results of the sensitivity analysis (Table
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11, Figure 9, Figure 10 and Figure 11).

Table 11. Optimal FP WL Chart —Response Table of s,, 6,, &, Vs.

ARL, ,
8, 8, & Vs. ax and &, 5,, & VS. ARL, saved %
3, ARL, | a* | ARL, saved % S, ARL, | a* | ARL saved% | 0, | ARL, | a* | ARL, saved%
05 | 9.03 | 0.72 34.13% 1.1 | 870 | 041 43.74% 0 | 2.88 | 0.61 56.10%
1.2 | 230 | 055 25.33% 1.5 | 2.67 | 0.60 23.43% 1 | 550 | 0.48 12.24%
1.5 | 1.60 | 0.48 22.87% 2 1.55 | 0.73 15.16% 2 | 455 | 0.65 13.98%
Figure 9. Optimal FP WL Chart — Figure 10.  Optimal FP WL Chart-

Response Diagram of o,, 6,, ¢ and ARL

Average ATS1 saved%

K . a 15 200 o 1
aaaaa delta2 defta3

Figure 11. Optimal FP WL Chart —
Response Diagram of o,, 6,, & VS. ARL, saved %

From Table 10, Table 11, Figure 9, Figure 10 and Figure 11, we found

a. ARL; saved % from 0.03% to 90.60%.

b. the ARL, isdecreasingas o, increasing.

c. the ARL, isdecreasingas o, increasing.

Response Diagram of s,, &,, 5, and a*

d. the ARL, is first increasing then decreasing as ¢, increasing.

e. the a”isdecreasingas ¢, increasing.
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f the a” is increasing as ¢, increasing.

g. the a" s first decreasing then increasing as J, increasing.
h. the ARL, saved% is decreasingas &, increasing.

i. the ARL, saved% is decreasingas &, increasing.

J. the ARL, saved % is first decreasing then increasing as ¢, increasing.

(2) ATS; analysis of Optimal VSI WL Chart and ATS; Comparison between FP
WL Chart and Optimal VSI WL Chart with a =0.6
Let h, =0.1and hy =4, then the optimization model is
Min. ATS;

st. 0.1<h,<h,<h <4

0<P <P <P <1

According to the model, it needs a appropriate range for p”, otherwise it can’t find the

optimal values. So we use the grid search method, let P, increase from O with a size
0.001 and R, decrease from 1 with a size 0.001 and use the optimization technique

PORT routine in R program to calculate until the optimal values could be found. The

ATS;s of the optimal VSI chart are listed in Table 12.
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Table 12. ATS; for Optimal VSI WL Chart and ATS; saved % Compared to
FP WL Chart whena = 0.6

Optimal VSI (h,", h,", Otp.p") FP ATS,
No. | & | &, | & | (h,hy") | Optp” | LCL™ | LWL" | UWL™ | UCL™ | ATS, ARL: | saved %
1 [05|11| 0 | (©114)| 028 | 003 | 028 | 049 | 278 | 77.61 | 10954 | 29.15%
2 /05|11 1 |(114)| 021 | 011 | 044 | 076 | 357 | 14.69 38.67 | 62.02%
3 /05|11 2 |(.114)| 027 | 055 | 1.44 | 194 | 563 | 11.27 29.36 | 61.62%
4 |05|15| 0 |(0.114) | 018 | 003 | 017 | 040 | 278 | 245 7.79 68.50%
5 |05|15| 1 |(.114)| 017 | 041 | 036 | 071 | 357 | 159 5.90 72.99%
6 (05|15 2 | (011,4) | 016 | 055 | 1.05 | 1.71 | 563 | 1.89 6.20 69.55%
7 (05| 2 | 0|(114) | 016 | 003 | 015 | 038 | 278 | 048 2.36 79.67%
8 05| 2 | 1| (114)| 016 | 011 | 032 | 069 | 357 | 051 2.31 77.79%
9 (05| 2 | 2 |(0114) | 016 | 055 | 1.05 | 1.71 | 563 | 0.79 2.66 70.18%
10 |12 11| 0 | (0.11,4) | 015 | 0.03 | 013 | 037 | 278 | 455 21.67 | 79.02%
11 |12 |11 | 1 | (0114 | 012 | 041 | 012 | 064 | 357 | 0.59 5.10 88.48%
12 |12 |11| 2 | (0.11,4) | 012 | 055 | 058 | 1.63 | 563 | 0.1 3.60 88.70%
13 |12 |15| 0 | (011,4) | 016 | 0.03 | 015 | 0.38 | 278 | 0.74 4.14 82.02%
14 |12 |15| 1 | (011,4) | 012 | 011 | 012 | 0.64 | 357 | 0.30 2.42 87.39%
15 [ 1.2 | 15| 2 | (0.11,4) | 045 | 055 | 099 | 169 | 563 | 0.29 2.21 86.74%
16 [ 12| 2 | 0 | (011,4) | 016 | 0.03 | 014 | 038 | 278 | 0.30 1.88 83.97%
17 |12 | 2 | 1 | (011,4) | 021 | 011 | 044 | 076 | 357 | 0.25 1.59 84.57%
18 12| 2 | 2 | (011,4)| 016 | 055 | 1.05 | 1.71 | 563 | 0.27 1.63 83.40%
19 [ 15|11 | 0 | (011,4) | 012 | 0.03 | 004 | 034 | 278 | 1.28 9.86 87.03%
20 |15 (11| 1 |(©114)| 012 | 011 | 012 | 064 | 357 | 0.30 2.70 88.94%
21 | 15|11 2 | (©11,4) | 012 | 055 | 058 | 1.63 | 563 | 0.22 2.04 88.97%
22 |15 |15| 0 | (0.11,4) | 013 | 003 | 009 | 035 | 278 | 041 3.01 86.33%
23 | 15|15 1 |(©11,4) | 012 | 011 | 012 | 064 | 357 | 021 1.79 88.53%
24 | 15|15 2 | (0114) | 012 | 055 | 058 | 1.63 | 563 | 0.19 1.64 88.47%
25 |15 2 | 0 |(114) | 016 | 003 | 014 | 038 | 278 | 024 1.67 85.84%
26 | 15| 2 |1 |©114) | 015 | 011 | 032 | 069 | 357 | 0.18 1.39 87.18%
27 |15| 2 | 2 |(©114) | 016 | 055 | 1.05 | 1.71 | 563 | 0.19 1.39 86.09%

Note: ATS; saved %: (FP-ARL, ~OptVSI-ATS, ) /FP-ARL, %

To investigate the effect of o,, 0, and o, onthe ATS; and ATS; saved %, the

response table and response diagram show the results of the sensitivity analysis (Table

13, Figure 12 and Figure 13).
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Table 13. Optimal VSI WL Chart —Response Table of &, §,, J; VS. ATS
and &, 6,, 8 VS. ATS, saved%

o) ATS, ATS, saved % 0, ATS, ATS, saved % S, | ATS ATS, saved %
0.5 | 12.3657 80.18% 1.1 | 12.3236 80.18% 0 |9.7851 80.18%
1.2 | 0.8556 89.44% 1.5 | 0.8983 89.44% 1 | 2.0684 89.44%
1.5| 0.3575 90.50% 2 | 0.3570 90.50% 2 | 1.7254 90.50%
Figure 12. Optimal VSI WL Chart — Figure 13. Optimal VSI WL Chart —
Response Diagram of o;, J,, 0, and ATS, Response Diagram of ¢,, J,, 0, and ATS, saved %

From Table 12, Table 13, Figure 12 and Figure 13, we found

a. ATS; saved % from 29.15% to 88.97%.

b. the ATS, isdecreasing wheng, increasing.

c. the ATS, isdecreasing when ¢, increasing.

d. the ATS, isdecreasing when &, increasing.
e. the ATS, saved % is increasing when o, increasing.
f. the ATS saved % is decreasing when o, increasing.

g. the ATS, saved % is decreasing when J;increasing.

35



(3) ATS; Analysis of Optimal VSI WL Chart and ATS; Comparison between FP
WL Chart and Optimal VSI WL Chart with optimal a

Let h, =0.1and h, =4, then the optimization model is

Min. ATS;

st. 0.1<h,<h,<h <4
0<P <P <P <1

0<a<l
The method of finding the optimal values is the same as the method in the part (2) of

this section. The ATS;s of the optimal VSI chart are listed in Table 14.
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Table 14. ATS; for Optimal VSI WL Chart and ATS; saved % Compared to

FP WL Chart when a is Optimal

Optimal VSI (h,", h,", Opt.p", a")

FP ATS,
No. | & | 6, % (hyhy) | Optp” | a | LCL LV*VL UWL" | UCL" | ATS; | ARL; | saved %
1 | 05 |11] 0 |(0.114)| 037 | 080 | 004 | 043 | 069 | 201 | 950 | 109.54 | 91.33%
2 | 05 |11 1 |(114) | 017 | 026 | 009 | 032 | 068 | 470 | 8.08 | 3867 | 79.11%
3 |05 (11| 2|(114) ]| 018 | 043 | 066 | 1.41 | 216 | 7.18 | 834 | 29.36 | 71.59%
4 | 05 [15| 0 |(0.114) | 020 | 080 | 0.04 | 023 | 049 | 201 | 1.21 7.79 84.46%
5 | 05 |15| 1 |(0.114) | 018 | 060 | 011 | 038 | 072 | 358 | 1.62 5.90 72.63%
6 | 05 |15| 2 |(0114) | 015 | 0.80 | 036 | 0.70 | 1.19 | 3.93 | 1.19 6.20 80.88%
7 | 05| 2 |0 (©114) | 016 | 077 | 0.04 | 017 | 044 | 236 | 0.44 2.36 81.44%
8 [ 05| 2 |1 |(114) | 016 | 071 | 010 | 031 | 067 | 3.65 | 0.49 2.31 78.79%
9 [ 05| 2 | 2 |(114)| 016 | 080 | 036 | 0.71 | 119 | 3.93 | 050 2.66 81.42%
10 | 1.2 | 11| 0 | (0.114) | 012 | 020 | 002 | 003 | 017 | 1.89 | 043 | 21.67 | 98.03%
11 | 12 [11| 1 | (0114) | 012 | 027 | 009 | 015 | 061 | 4.67 | 0.36 5.10 92.92%
12 | 1.2 | 11| 2 |(0114) | 012 | 037 | 0.68 | 0.89 | 212 | 7.81 | 0.35 3.60 90.33%
13 | 1.2 | 15| 0 | (0.11,4) | 0.16 | 023 | 0.02 | 0.08 | 020 | 1.88 | 0.36 4.14 91.34%
14 | 1.2 | 15| 1 | (0.114) | 012 | 047 | 0.11 | 017 | 0.65 | 3.84 | 0.28 2.42 88.54%
15 | 1.2 | 15| 2 | (0.11,4) | 015 | 058 | 056 | 1.05 | 1.75 | 581 | 0.29 2.21 86.70%
16 | 1.2 | 2 | 0 | (0.114) | 016 | 032 | 0.02 | 010 | 025 | 1.92 | 0.25 1.88 86.72%
17 | 1.2 | 2 | 1 | (0114) | 016 | 056 | 0.11 | 034 | 070 | 3.62 | 0.23 1.59 85.43%
18 | 1.2 | 2 | 2 |(0114) | 016 | 080 | 036 | 073 | 1.19 | 3.93 | 0.24 1.63 84.98%
19 | 15 | 11| 0 | (0.11,4) | 012 | 020 | 0.02 | 0.03 | 017 | 1.89 | 0.21 9.86 97.89%
20 | 15 [ 11| 1 | (011,4) | 012 | 026 | 0.09 | 015 | 0.61 | 4.68 | 0.20 2.70 92.49%
210 | 15 [ 11| 2 | (0114) | 012 | 037 | 0.69 | 0.90 | 212 | 7.84 | 0.20 2.04 90.28%
22 | 15 | 15| 0 | (0.11,4) | 012 | 022 | 0.02 | 0.03 | 018 | 1.88 | 0.20 3.01 93.30%
23 | 15 | 15| 1 | (0114) | 012 | 045 | 011 | 017 | 0.65 | 3.91 | 0.19 1.79 89.63%
24 | 15 | 15| 2 | (0114) | 012 | 054 | 059 | 0.77 | 1.76 | 6.11 | 0.19 1.64 88.57%
25 | 15 | 2 | 0 | (0.11,4) | 0.16 | 0.28 | 0.02 | 0.09 | 023 | 1.88 | 0.19 1.67 88.67%
26 | 15 | 2 | 1 |(0114)| 016 | 052 | 011 | 034 | 070 | 3.70 | 0.8 1.39 87.37%
27 | 15 | 2 | 2 |(0114) | 016 | 080 | 036 | 0.73 | 1.19 | 3.93 | 0.19 1.39 86.33%

To investigate the effect of &5,, &, and &, onthe ARLy, a” and ARL; saved %, the

response table and response diagram show the results of the sensitivity analysis (Table

Note: ATS; saved %:

(FP-ARL, ~OptVSI-ATS, ) /FP-ARL, %
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15, Figure 14, Figure 15 and Figure 16).

Table 15. Optimal VSI WL Chart —Response Table of s,, §,, & VS. ATS,
8, 8, 6 Vs. ax and &, 5,, & VS. ATS, saved %

3, ATS, | a* ATS, saved % S, ATS, | a* ATS saved% | 0, | ATS, | a* ATS, saved %
05 | 348 | 0.66 65.72% 1.1 | 307 | 035 74.88% 0 | 142 | 043 75.73%
1.2 | 031 | 042 84.92% 15 | 061 | 052 81.17% 1| 129 | 045 81.99%
15 | 019 | 041 87.49% 2 0.30 | 0.62 82.08% 2 | 1.28 | 061 80.41%
Figure 14. Optimal VVSI WL Chart — Figure 15. -~ Optimal VSI WL Chart —
Response Diagram of &, 4,, ¢; and ATS, Response Diagram of &,, 5,, &, and a*

ST

1.2 d fi 15 2.1 o 1
dettal delta2 detta3

Figure 16. Optimal VSI WL Chart —
Response Diagram of o,, 4,, & and ATS, saved %

Average ATS1 saved%

From Table 14, Table 15, Figure 14, Figure 15 and Figure 16, we found

a. ATS; saved % from 71.59% to 98.03%.

b. the ATS, isdecreasingas ¢, increasing.

c. the ATS, isdecreasing as &, increasing.

d. the ATS, isdecreasing as o,increasing.

e. the a" isdecreasingas ¢, increasing.
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f. the a" isincreasingas &, increasing.

g. the a” isincreasingas &, increasing.
h. the ATS, saved % is increasing as o, increasing.
I. the ATS, saved % is increasing as &, increasing.

J. the ATS, saved % is first decreasing then increasing as J,increasing.

(4) ATS; Analysis of Optimal VSSI WL Chart and ATS; Comparison between FP
WL Chart and Optimal VSSI WL Chart with a =0.6
Let h, =0.1, n. =2and n, =25, then the optimization model is
Min. ATS;
st. 2<n,<n,<n, <25

0.1<h,<h, =1
0<P <P <P <1

The method of finding the optimal values is the same as the method in the part (2) of

this section. The ATS;s of the optimal VVSSI chart are Listed in Table 16.
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Table 16. ATS; and ANOS for Optimal VSSI WL Chart and ATS; Saved % and
ANOS Saved % Compared to FP WL Chart when a = 0.6

Optimal VSSI (n;", n,", h,", Opt.p") FP ATS, ANOS
No. | & |0, | d5 |(n'n)| hy | hy | Opt.p” | ATS; | ANOS | ARL; | ANOS | saved % | saved %
1 | 05 |11] 0 | (225 | 011 | 113 | 0.46 | 59.81 | 532.72 | 109.54 | 547.70 | 45.40% | 2.73%
2 | 05 |11 1| (225 | 011 |1.11| 045 | 4.84 | 112.16 | 38.67 | 193.35 | 87.47% | 41.99%
3 |05 (11| 2| (225 | 011 [112| 045 | 2838 | 8433 | 29.36 | 146.81 | 90.18% | 42.55%
4 | 05 |15| 0 | (325 | 011 |1.10| 046 | 1.01 | 3741 | 7.79 | 3893 | 86.97% | 3.88%
5 | 05 |15| 1 | (325) | 011 |1.10| 046 | 0.64 | 3243 | 590 | 29.51 | 89.08% | -9.92%
6 | 05 [15| 2 | (325) | 011 |110| 045 | 0.77 | 3520 | 6.20 | 31.02 | 87.63% | -13.47%
7 | 05| 2| 0| (325 | 011 [110| 046 | 024 | 2507 | 236 11.80 | 89.92% | -112.44%
8 | 05 | 2 | 1| (325 | 011 |[110| 046 | 026 | 2507 | 231 11.55 | 88.76% | -117.07%
9 | 05 | 2| 2| (325) | 011 |1.11| 046 | 043 | 2576 | 266 13.32 | 83.89% | -93.40%
10 | 1.2 | 11| 0 | (3,25) | 011 | 1.11| 045 | 1.01 | 4827 | 21.67 | 10835 | 95.33% | 55.45%
11 | 1.2 |11 1 | (225) | 011 [ 1.13| 044 | 012 | 2560 | 510 | 2551 | 97.65% | -0.38%
12 | 1.2 |11 2 | (225) | 011 |1.13| 044 | 011 | 2516 | 3.60 17.99 | 96.85% | -39.89%
13 | 1.2 |15| 0 | (3,25) | 011 |1.10| 045 | 023 | 2665 | 414 | 2072 | 94.37% | -28.63%
14 | 12 |15 1 | (225) | 011 |1.12| 045 | 013 | 2511 | 242 12.09 | 94.72% | -107.70%
15 | 1.2 |15 2 | (225) | 011 |1.12| 044 | 012 | 2507 | 221 11.05 | 94.38% | -126.86%
16 | 1.2 | 2 | 0| (325) | 011 |1.11| 045 | 0.15 | 2492 | 1.88 9.41 92.05% | -164.81%
17 | 12 | 2 | 1| (225) | 041 |1.12| 045 | 013 | 2492 | 159 7.96 91.79% | -212.92%
18 | 1.2 | 2 | 2 | (225) | 041 |112| 045 | 015 | 2483 | 163 8.12 90.91% | -205.65%
19 | 15 |11 0 | (225) | 041 |1.13| 046 | 024 | 2891 | 986 | 49.32 | 97.61% | 41.38%
20 | 1.5 |11| 1 | (225 | 011 [1.13| 044 | 011 | 2501 | 270 1351 | 95.92% | -85.10%
21 | 15 |11| 2 | (225) | 041 [1.13| 044 | 011 | 2500 | 204 | 10.19 | 94.60% | -145.44%
22 | 15 |15| 0 | (225) | 011 [111| 045 | 015 | 2533 | 3.01 15.07 | 95.15% | -68.11%
23 | 15 |15| 1 | (225 | 011 |[1.13| 0.44 | 0411 | 2500 | 1.79 8.97 93.73% | -178.76%
24 | 15 |15| 2 | (225) | 011 |1.13| 044 | 011 | 2500 | 164 8.18 93.13% | -205.56%
25 | 1.5 | 2 | 0 | (225) | 011 [1.12| 045 | 013 | 2494 | 167 834 | 92.19% | -198.87%
26 | 15 | 2 | 1 | (225 | 011 |[1.13| 044 | 012 | 2497 | 1.39 6.97 91.65% | -258.40%
27 | 15 | 2 | 2 | (225 | 011 |[1.13| 044 | 012 | 2493 | 1.39 6.95 91.26% | -258.56%

Note: ATS; saved %: (FP-ARL, —OptVSSI-ATS, ) /FP-ARL, %, ANOS saved %: (FP-ANOS —OptVSSI-ANOS )/FP-ANOS %
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Table 17. The Control Limits and Warning Limits of the Optimal VSSI Chart with
Corresponding (n;", hy") and (n2", hy") which Listed in Table 18

Optimal VSSI (n,", n,", h,", Opt.p")
(n, hy) (ny, hy)
NO * * * * * * * *
el | Lwe,” | uwl, | uch” | oL, | LwL, | uw,” | ucL,
1 0.00 0.02 1.79 5.82 0.22 0.32 0.84 1.27
2 0.02 0.05 2.28 5.75 0.45 0.53 1.32 1.88
3 0.22 0.40 3.99 8.12 1.28 1.44 2.67 3.47
4 0.01 0.02 1.66 4.35 0.22 0.28 0.86 1.27
5 0.03 0.09 2.32 5.35 0.45 0.56 1.34 1.88
6 0.26 0.35 3.93 7.64 1.28 1.37 2.69 3.47
7 0.00 0.02 1.68 4.55 0.22 0.29 0.86 1.27
8 0.03 0.09 2.33 5.43 0.45 0.57 1.34 1.88
9 0.25 0.51 4.04 7.76 1.28 1.50 2.71 3.47
10 0.00 0.01 1.63 4,71 0.22 0.25 0.84 1.27
11 0.01 0.02 2.28 6.51 0.45 0.49 1.29 1.88
12 0.15 0.27 4.03 9.22 1.28 141 2.64 3.47
13 0.00 0.01 1.61 457 0.22 0.24 0.84 1.27
14 0.01 0.06 2.34 6.24 0.45 0.56 1.31 1.88
15 0.19 0.21 3.94 8.46 1.28 1.30 2.65 3.47
16 0.00 0.01 1.64 4.88 0.22 0.27 0.84 1.27
17 0.02 0.06 2.32 6.12 0.45 0.55 1.31 1.88
18 0.21 0.40 4.00 8.17 1.28 1.45 2.67 3.47
19 0.00 0.02 1.79 5.82 0.22 0.32 0.84 1.27
20 0.01 0.03 2.33 7.11 0.45 0.52 1.29 1.88
21 0.15 0.27 4.03 9.22 1.28 141 2.64 3.47
22 0.00 0.01 1.66 5.05 0.22 0.27 0.84 1.27
23 0.01 0.03 2.33 7.11 0.45 0.52 1.29 1.88
24 0.15 0.27 4.03 9.22 1.28 141 2.64 3.47
25 0.00 0.01 1.67 5.27 0.22 0.28 0.84 1.27
26 0.01 0.02 2.29 6.66 0.45 0.50 1.29 1.88
27 0.18 0.24 3.96 8.63 1.28 1.34 2.64 3.47

To investigate the effect of 6,, 0, and J, onthe ATS;, ANOS, ATS; saved % and

ANOS saved %, the response table and response diagram show the results of the
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sensitivity analysis (Table 18, Figure 17, Figure 18, Table 19, Figure 19 and Figure
20).

Table 18. Optimal VSSI WL Chart —Response Table of 4,, 5,, J; VS. ATS,
and &, 6,, 8 VS. ATS, saved%

5, | ATS ATS saved% | 6, | ATS ATS saved% | &, | ATS ATS, saved %
05| 7.88 83.26% 11| 7.69 89.00% 0 | 7.00 87.67%
1.2| 024 94.23% 15| 0.36 92.13% 1| 072 92.31%
15| 0.13 93.92% 2 | 019 90.27% 2 | 053 91.43%
Figure 17. Optimal VSSI WL Chart — Figure 18. Optimal VSSI WL Chart —
Response Diagram of ¢,, ¢,, J; and ATS Response Diagram of ¢6,, ¢,, J, and ATS, saved %

Table 19. Optimal VVSSI WL Chart —Response Table of s,, 6,, 6; V.s. ANOS and
01, 05, O3 VS. ANOS saved %

4, | ANOS ANOS saved % d, | ANOS ANOSsaved% | S5 | ANOS ANOS saved %
0.5| 101.13 -28.35% 1.1 | 100.80 -9.63% 0 | 86.02 -52.16%
1.2 | 27.84 -92.38% 15| 2858 -81.68% 1 | 3559 -103.14%
1.5| 2545 -150.82% 2 | 25.04 -180.24% 2 | 3281 -116.25%
g
: : \\
Figure 19. Optimal VSSI WL Chart — Figure 20. Optimal VSSI WL Chart —
Response Diagram of s,, 6,, 6, and ANOS Response Diagram of &,, 6,, 6 and ANOS saved %
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From Tablel6, Table 18, Figure 17, Figure 18, Table 19, Figure 19 and Figure 20, we
found
a. ATS; saved % from 45.40% t097.65%.

b. ANOS saved % from -258.56% to 55.45%.

c. the ATS, isdecreasing aso, increasing.

d. the ATS, isdecreasing as &, increasing.

e. the ATS, isdecreasingas o,increasing.

f. the ATS, saved% is first increasing then decreasing as g, increasing.
g. the ATS, saved% is first increasing then decreasing as &, increasing.
h. the ATS, saved % is first increasing then decreasing as J,increasing.
i. the ANOS is decreasingas &, increasing.

j. the ANOS is decreasingas &, increasing.

k. the ANOS is decreasing as &, increasing.

l. the ANOS saved % is decreasing as &, increasing.

m. the ANOS saved % is decreasing as &, increasing.

n. the ANOSsaved % is decreasingas o, increasing.

(5) ATS; Analysis of Optimal VSSI WL Chart and ATS; Comparison between FP
WL Chart and Optimal VSSI WL Chart with optimal a
Let h, =0.1, n. =2and n, =25, then the optimization model is
Min. ATS;
st. 2<n,<n,<n, <25
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0.1<h,<h,=1
0<P <P <P <1

0<a<l
The method of finding the optimal values is the same as the method in the part (2) of

this section. The ATS;s of the optimal VVSSI chart are listed in Table 20.
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Table 20. ATS; and ANOS for Optimal VSSI WL Chart and ATS; Saved % and
ANOS Saved % Compared to FP WL Chart when a is Optimal

Optimal VSSI (n;", n,", h,", Opt.p”, &) FP ATS, ANOS
No. | & | &, | & | (m'n) | h' | hy | Opt.p" | @& | ATS | ANOS | ARL; | ANOS | saved % | saved %
1 ]05|11] 0 (2,25) | 011 | 1.13| 0.44 | 020 | 554 | 96.80 | 109.54 | 547.70 | 94.94% 82.33%
2 05|11 1 (2,25) | 011 | 112 | 045 | 0.41 | 269 | 88.08 | 3867 | 193.35 | 93.04% 54.45%
3 /05|11 2 (2,11) | 011 | 142 | 034 | 080 | 239 | 2285 | 29.36 | 146.81 | 91.87% 84.43%
4 |05 |15 0 (2,25) | 011 |1.12 | 044 | 020 | 057 | 37.22 7.79 38.93 | 92.70% 4.38%
5 05|15 1 (325) | 011 |1.10| 0.46 | 0.60 | 0.64 | 32.40 5.90 2951 | 89.09% -9.79%
6 | 05| 15| 2 (325) | 011 |1.10 | 0.46 | 071 | 0.71 | 3241 6.20 31.02 | 88.62% -4.48%
7 /05| 2| 0 (2,25) | 011 | 1.13 | 045 | 020 | 0.16 | 25.88 2.36 11.80 | 93.05% | -119.28%
8 05| 2 | 1 (3,25) | 011 | 1.10 | 046 | 0.76 | 0.24 | 25.00 2.31 11.55 | 89.52% | -116.45%
9 |05 2 | 2 (311) | 011 |133| 037 | 075 | 0.36 | 13.92 2.66 13.32 | 86.68% -4.51%
10 |12 11] 0 (325) | 011 | 111 | 045 | 020 | 012 | 2508 | 21.67 | 108.35 | 99.44% 76.85%
11 [ 1.2 |11 ] 1 (2,25) | 011 | 113 | 044 | 039 | 011 | 25.16 5.10 2551 | 97.82% 1.38%
12 |12 |11 2 (2,25) | 041 | 1.13 | 044 | 052 | 0.11 | 25.20 3.60 17.99 | 96.89% | -40.11%
13 12 |15] 0 (225) | 011 | 112 | 045 | 020 | 013 | 25.04 | 4.14 20.72 | 96.98% | -20.87%
14 |12 |15 1 (2,25) | 011 | 113 | 0.44 | 038 011 | 2542 2.42 12.09 | 95.29% | -110.22%
15 | 1.2 | 15| 2 (225) | 011 | 113 | 044 | 052 012 | 2561 2.21 11.05 | 94.75% | -131.68%
6 (12| 2 | 0 (225) | 011 | 112 | 044 | 020 | 0.12 | 24.98 1.88 9.41 93.78% | -165.45%
17 [ 12| 2 | 1 (2,25) | 011 | 113 | 0.44 | 0.38 | 0.11 | 2546 1.59 7.96 92.84% | -219.74%
18 12| 2 | 2 (312) | 011 | 134 | 037 | 074 | 0.16 | 12.25 1.63 8.12 90.27% | -50.78%
19 [15|11] 0 (2,25) | 041 | 113 | 0.44 | 020 | 0.11 | 25.00 9.86 49.32 | 98.88% 49.31%
20 |15 | 11| 1 (2,25) | 041 | 113 | 0.44 | 0.38 | 0.11 | 25.00 2.70 1351 | 95.93% | -85.02%
21 |15 | 11| 2 (2,25) | 011 | 113 | 0.44 | 052 | 011 | 25.00 2.04 10.19 | 94.60% | -145.45%
22 |15 [ 15| 0 (2,25) | 041 | 113 | 0.44 | 020 | 0.11 | 25.00 3.01 15.07 | 96.28% | -65.89%
23 |15 |15 1 (225) | 041 | 113 | 044 | 038 011 | 25.02 1.79 8.97 93.87% | -178.98%
24 | 15 | 15| 2 (225) | 041 | 113 | 0.44 | 052 | 011 | 25.04 1.64 8.18 93.28% | -206.12%
25 |15 2 | 0 (225) | 041 | 113 | 0.44 | 020 | 0.11 | 24.99 1.67 8.34 93.23% | -199.45%
26 | 15| 2 | 1 (2,25) | 041 | 113 | 0.44 | 0.38 | 011 | 25.07 1.39 6.97 92.03% | -259.79%
27 | 15| 2 | 2 (211) | 011 | 137 | 037 | 074 | 013 | 11.52 1.39 6.95 90.36% | -65.67%

Note: ATS; saved %: (FP-ARL, —OptVSSI-ATS, )/FP-ARL, % , ANOS saved %: (FP-ANOS - OptVSSI-ANOS )/FP-ANOS %
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Table 21. The Control Limits and Warning Limits of the Optimal VSSI Chart with
Corresponding (n;", hy) and (n2", h,") which Listed in Table 22

Optimal VSSI (n;", n,", h,", Opt.p”, a")

\ (', hy) (n2', hy)

o. | LCL, | LWL,” | UWL, | UCL, | LCL,” | LWL, | UWL, | UCL,
1| 0.00 0.00 117 4.02 0.08 0.09 0.32 0.57
2 | 002 0.06 2.50 6.47 0.42 0.53 1.36 2.06
3| ol 0.12 1.90 7.20 0.65 0.68 1.78 2.13
4| 0.00 0.00 1.15 3.94 0.08 0.08 0.32 0.57
5| 003 0.09 2.32 5.34 0.45 0.56 1.34 1.88
6 | 022 0.41 3.42 6.88 1.08 1.25 2.29 2.94
7 | 0.00 0.01 1.22 4.04 0.08 0.11 0.32 0.57
8 | 003 0.07 2.27 5.63 0.44 0.54 1.34 1.89
9 | 022 0.34 2.28 6.54 0.72 0.86 2.03 3.49
10| 0.00 0.01 1.12 351 0.08 0.10 0.32 0.57
11| 0.01 0.03 253 7.19 0.42 0.49 1.34 2.14
12| 017 0.31 4.47 9.89 1.40 155 2.93 4.01
13| 0.00 0.01 1.17 3.80 0.08 0.10 0.32 0.57
14| 001 0.03 2.52 7.13 0.42 0.48 1.34 2.33
15| 021 0.27 4.41 9.42 1.41 1.48 2.95 4.35
16 | 0.00 0.00 1.15 3.93 0.08 0.08 0.32 0.57
17| 0.01 0.02 2.47 6.84 0.42 0.45 1.35 2.55
18| 0.8 0.31 2.34 7.29 0.76 0.92 2.05 3.45
19| 0.00 0.00 1.17 4.02 0.08 0.09 0.32 0.57
20 | 0.01 0.03 2,53 7.22 0.42 0.49 1.34 2.20
21| 0.17 0.31 4.48 9.01 1.41 155 2.93 4.10
22| 0.00 0.00 1.19 4.11 0.08 0.09 0.32 0.57
23| 0.01 0.03 2.54 7.24 0.42 0.49 1.34 2.37
24 | 0.17 0.31 4.49 9.93 1.41 1.56 2.94 4.39
25| 0.00 0.00 1.20 4.16 0.08 0.09 0.32 0.57
26 | 0.01 0.03 2.54 7.25 0.42 0.49 1.34 2.59
27| 017 0.38 2.31 7.49 0.75 0.99 2.03 3.48

To investigate the effect of 5,, &, and &, onthe ATS;, ANOS, a’, ATS; saved %

and ANOS saved %, the response table and response diagram show the results of the
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sensitivity analysis (Table 22, Figure 21, Figure 22, Figure 23, Table 23, Figure 24 and

Figure 25).

Table 22. Optimal VSSI WL Chart —Response Table of s,, ,, J; VS.

ATS,
8, 8, 6 Vs. ax and &, 5,, & VS. ATS, saved %

8, | ATS ax ATS saved% | &, | ATS ax ATS saved% | 0, | ATS, ax ATS, saved %
0.5 148 | 91.06% 0.514 11 1.26 | 95.93% 0.402 0 0.78 | 95.48% 0.200
1.2 0.12 | 95.34% 0.392 15 0.29 | 93.43% 0.413 1 0.47 | 93.27% 0.450
15 0.11 | 94.27% 0.391 2 0.17 | 91.31% 0.483 2 0.47 | 91.92% 0.647

g % 01

g \‘4 gm«—\_‘ /

Figure 21. Optimal VSSI WL Chart —

Response Diagram of ¢,, ,, 6 and ATS

Average ATS1 saved%

nnnnn

dettaz

1
detta3

Figure 23. Optimal VSSI WL Chart —
Response Diagram of o,, ,, & and ATS, saved %

Figure 22.

Optimal VSSI WL Chart —
Response Diagram of &,, &,, &, and a*

Table 23. Optimal VSSI WL Chart —Response Table of s,, 6,, 6, V.s. ANOS and
01, 0,, O3 VS. ANOS saved %

4, | ANOS ANOS saved % 5, | ANOS ANOSsaved% | 95 | ANOS ANOS saved %
05| 41.62 -3.21% 1.1 | 39.80 8.69% 0 | 34.44 -39.79%
1.2 | 23.80 -73.40% 1.5| 28.13 -80.41% 1| 3295 -102.68%
1.5 | 2352 -128.56% 2 | 2101 -133.46% 2 | 2153 -62.71%
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Figure 24. Optimal VSSI WL Chart — Figure 25. Optimal VSSI WL Chart —
Response Diagram of ¢,, ¢,, d, and ANOS Response Diagram of &,, J,, 6, and ANOS saved %

From Table20, Table 22, Figure 21, Figure 22, Figure 23, Table 23, Figure 24 and
Figure 25, we found
a. ATS; saved % from 86.68% to 99.44%.

b. ANOS saved % from -259.79% to 84.43%.

c. the ATS, isdecreasingas o, increasing.

d. the ATS, isdecreasingas o, increasing.

e. the ATS, isdecreasingas o,increasing.
f. the ATS saved % is first increasing then decreasing as o, increasing.
g. the ATS, saved % is decreasing as J, increasing.

h. the ATS, saved % is decreasing as J,increasing.

QJ*l

i. the is decreasing as o, increasing.

QJ*l

J. the is increasing as o, increasing.

k. the a" is increasing as o, increasing.
I. the ANOS is decreasing as o, increasing.

m. the ANOS is decreasing as &, increasing.

n. the ANOS is decreasing as o, increasing.
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0. the ANOSsaved % is decreasing as o, increasing.
p. the ANOSsaved % is decreasingas o, increasing.

g. the ANOS saved % is first decreasing then increasing as o, increasing.

(6) ATS; Analysis of Optimal VP WL Chart and ATS; Comparison between FP
WL Chart and Optimal VP WL Chart with a =0.6
Let hh, =0.1, n. =2, n, =25and «, =0.001, then the optimization model is
Min. ATS;
st. 2<n,<n,<n, <25
0.1<h,<h, =1

0.001 < ¢, < ¢, = 0.0027

The method of finding the optimal values is the same as the method in the part (2) of

this section. The ATS;s of the optimal VP chart are listed in Table 24,
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Table 24.  ATS; and ANOS for Optimal VP WL Chart and ATS; Saved % and ANOS

Saved % Compared to FP WL Chart when a = 0.6

Optimal VP (n;", n,", hy", ay", Opt.p?) FP ATS, ANOS
No. | & | &, | & | (n'n) | hy | hy a, a, | Opt.p” | ATS | ANOS | ARL, | ANOS | saved% | saved %
1[05|11] 0 | (425 | 011 | 104 | 0.001| 00367 | 048 | 3453 | 24355 | 109.54 | 547.70 | 68.48% | 55.53%
2 |05|11| 1 | (325 |011 | 1.09 | 0.001| 0.0194 | 0.46 | 4.09 | 63.02 | 38.67 | 193.35 | 89.43% | 67.41%
3/05(11| 2 | (325 |011 | 111 | 0.001| 0.0167 | 046 | 2.79 | 5225 | 29.36 | 146.81 | 90.50% | 64.41%
4 105[15| 0 | (325 | 041 | 1.10 | 0.0027 | 0.0027 | 046 | 1.01 | 3741 | 7.79 | 38.93 | 86.97% | 3.88%
5 [05|15| 1 | (325 | 011 | 1.10 | 0.0027 | 0.0027 | 046 | 0.64 | 3243 | 590 | 2951 | 89.08% | -9.92%
6 | 05|15| 2 | (325 | 011 | 1.10 | 0.0027 | 0.0027 | 0.45 | 0.77 | 3520 | 6.20 | 31.02 | 87.63% | -13.47%
7105 2| 0| (325 |011 | 1.10 | 0.0027 | 0.0027 | 0.46 | 0.24 | 2507 | 236 | 11.80 | 89.92% | -112.44%
8 05| 2 | 1| (325 |011 | 1.10 | 0.0027 | 0.0027 | 0.46 | 0.26 | 2507 | 231 | 1155 | 88.76% | -117.07%
9 |05| 2 | 2 | (325 | 011 | 1.11 | 0.0027 | 0.0027 | 045 | 0.40 | 2585 | 2.66 | 13.32 | 85.10% | -94.06%
10 [12|11] 0 | (3825 | 011 | 1.11 | 0.0027 | 0.0027 | 0.45 | 1.01 | 4827 | 21.67 | 108.35 | 95.33% | 55.45%
11 [12|11] 1 | (225 | 011|113 | 0.0027 | 0.0027 | 044 | 012 | 2560 | 510 | 2551 | 97.65% | -0.38%
12 [12|11] 2 | (225 | 011 | 1.13 | 0.0027 | 0.0027 | 0.44 | 011 | 2516 | 3.60 | 17.99 | 96.85% | -39.89%
1312 |15] 0 | (325 | 011 | 1.10 | 0.0027 | 0.0027 | 045 | 023 | 2665 | 414 | 20.72 | 94.37% | -28.63%
14 12 |15] 1 | (225 | 011 | 1.12 | 0.0027 | 0.0027 | 045 | 013 | 2511 | 242 | 12.09 | 94.72% | -107.70%
1512 |15] 2 | (225 | 011 | 1.12 | 0.0027 | 0.0027 | 044 | 012 | 2507 | 221 | 11.05 | 94.38% | -126.86%
16 12| 2 | 0 | (325 | 011 | 1.11 | 0.0027 | 0.0027 | 0.45 | 015 | 2492 | 1.88 9.41 | 92.05% | -164.81%
17 12| 2 | 1 | (225 | 011 | 1.12 | 0.0027 | 0.0027 | 0.45 | 013 | 2492 | 159 7.96 | 91.79% | -212.92%
1812 2 | 2 | (225 | 011 | 1.12 | 0.0027 | 0.0027 | 0.45 | 015 | 24.83 | 1.63 8.12 | 90.91% | -205.65%
19 [15|11] 0 | (225 | 011 | 1.11 | 0.0027 | 0.0027 | 0.45 | 021 | 2888 | 9.86 | 49.32 | 97.88% | 41.44%
20 | 15| 11| 1 | (225) | 011 | 1.13 | 0.0027 | 0.0027 | 0.44 | 0.1 | 2501 | 270 | 1351 | 95.92% | -85.10%
210 |15 | 11| 2 | (225) | 0.1 | 1.13 | 0.0027 | 0.0027 | 0.44 | 0.11 | 2500 | 2.04 | 10.19 | 94.60% | -145.44%
22 |15|15| 0 | (225) | 011 | 1.11 | 0.0027 | 0.0027 | 0.45 | 015 | 2533 | 3.01 | 1507 | 95.15% | -68.11%
23|15 |15| 1 | (225 | 011 | 1.13 | 0.0027 | 0.0027 | 0.44 | 0.11 | 2500 | 1.79 8.97 | 93.73% | -178.76%
24 | 15|15| 2 | (225) | 011 | 1.13 | 0.0027 | 0.0027 | 0.44 | 0.1 | 2500 | 1.64 8.18 | 93.13% | -205.56%
25| 15| 2 | 0 | (225) | 011 | 1.12 | 0.0027 | 0.0027 | 0.45 | 0.13 | 2494 | 1.67 8.34 | 92.19% | -198.87%
26 | 15| 2 | 1 | (225) | 011 | 1.13 | 0.0027 | 0.0027 | 0.44 | 0.12 | 2497 | 1.39 6.97 | 91.65% | -258.40%
27 /15| 2 | 2 | (225) | 011 | 1.13 | 0.0027 | 0.0027 | 0.44 | 0.12 | 2493 | 1.39 6.95 | 91.26% | -258.56%

Note: ATS; saved %: (FP-ARL, —OptVP-ATS, ) /FP-ARL, % , ANOS saved %: (FP-ANOS —OptVP-ANOS )/FP-ANOS %
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Table 25. The Control Limits and Warning Limits of the Optimal VP Chart with
Corresponding (n;", hy", a1) and (ny", h2’, a2”) which Listed in Table 26

Optimal VP (n;", n,", hy", ay", Opt.p?)
(n, hy, ar) (ny, hy', o)
LCL,” | LWL,” | UWL, | UuCL, | LcL,” | LWL, |UWL, |ucCL,
1 0.01 0.03 1.75 3.68 0.31 0.32 0.91 1.03
2 0.02 0.08 2.28 5.60 0.55 0.57 1.34 1.65
3 0.18 0.50 4.05 8.58 144 1.54 2.69 3.18
4 0.01 0.02 1.66 4.35 0.22 0.28 0.86 1.27
5 0.03 0.09 2.32 5.35 0.45 0.56 1.34 1.88
6 0.26 0.35 3.93 7.64 1.28 1.37 2.69 3.47
7 0.00 0.02 1.68 4.55 0.22 0.29 0.86 1.27
8 0.03 0.09 2.33 5.43 0.45 0.57 1.34 1.88
9 0.26 0.35 3.93 7.66 1.28 1.37 2.68 3.47
10 0.00 0.01 1.63 4.71 0.22 0.25 0.84 1.27
11 0.01 0.02 2.28 6.51 0.45 0.49 1.29 1.88
12 0.15 0.27 4.03 9.22 1.28 1.41 2.64 3.47
13 0.00 0.01 1.61 457 0.22 0.24 0.84 1.27
14 0.01 0.06 2.34 6.24 0.45 0.56 1.31 1.88
15 0.19 0.21 3.94 8.46 1.28 1.30 2.65 3.47
16 0.00 0.01 1.64 4.88 0.22 0.27 0.84 1.27
17 0.02 0.06 2.32 6.12 0.45 0.55 1.31 1.88
18 0.21 0.40 4.00 8.17 1.28 1.45 2.67 3.47
19 0.00 0.01 1.66 5.07 0.22 0.27 0.84 1.27
20 0.01 0.03 2.33 7.11 0.45 0.52 1.29 1.88
21 0.15 0.27 4.03 9.22 1.28 1.41 2.64 3.47
22 0.00 0.01 1.66 5.05 0.22 0.27 0.84 1.27
23 0.01 0.03 2.33 7.11 0.45 0.52 1.29 1.88
24 0.15 0.27 4.03 9.22 1.28 1.41 2.64 3.47
25 0.00 0.01 1.67 5.27 0.22 0.28 0.84 1.27
26 0.01 0.02 2.29 6.66 0.45 0.50 1.29 1.88
27 0.18 0.24 3.96 8.63 1.28 1.34 2.64 3.47

To investigate the effect of 6,, 0, and J, onthe ATS;, ANOS, ATS; saved % and

ANOS saved %, the response table and response diagram show the results of the
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sensitivity analysis (Table 26, Figure 26, Figure 27, Table 27, Figure 28 and Figure
29).

Table 26. Optimal VP WL Chart —Response Table of s,, 5,, J; VS. ATS,
and &, 6,, 8 VS. ATS, saved%

o) ATS, ATS, saved % 0, ATS, ATS, saved % S, | ATS ATS, saved %
05| 4.97 86.21% 1.1] 479 91.85% 0 | 418 90.26%
1.2| 024 94.23% 15| 0.36 92.13% 1| 063 92.53%
15| 013 93.95% 2 | 019 90.40% 2 | 052 91.60%
Figure 26. Optimal VP WL Chart — Figure 27. Optimal VSSI WL Chart —
Response Diagram of o,, J,, o, and ATS, Response Diagram of o,, ¢,, d; and ATS, saved %

Table 27.  Optimal VP WL Chart —Response Table of &,, §,, & V.S. ANOS
and &, 5,, J; VS. ANOS saved %

4, | ANOS ANOS saved % S, | ANOS ANOSsaved% | 95 | ANOS ANOS saved %
0.5| 59.98 -17.30% 1.1 | 59.64 1.49% 0 | 5389 -46.28%
1.2 | 27.84 -92.38% 1.5 | 2858 -81.68% 1 | 3013 -100.32%
15| 25.45 -150.82% 2 | 25.05 -180.31% 2 | 29.25 -113.90%
“ H
Figure 28. Optimal VP WL Chart — Figure 29. Optimal VSSI WL Chart —
Response Diagram of s,, 6,, 6, and ANOS Response Diagram of &,, 6,, 6 and ANOS saved %

From Table 24, Table 26, Figure 26, Figure 27, Table 27, Figure 28 and Figure 29, we
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found

a. ATS; saved % from 68.48% to 97.88%.

b. ANOS saved % from -258.56% to 67.41%.

c. the

d. the

e. the

f. the

g. the

h. the

i. the

J. the

k. the

. the

m. the

n. the

ATS, isdecreasing as ¢, increasing.

ATS, is decreasing as J, increasing.

ATS, is decreasing as dJ,increasing.

ATS, saved % is first increasing then decreasing as &, increasing.
ATS, saved % s first increasing then decreasing as &, increasing.
ATS, saved % is first increasing then decreasing as J,increasing.
ANOS is decreasing as &, increasing.

ANOS is decreasing as &, increasing.

ANOS is decreasing as &, increasing.

ANOS saved % is decreasing as o, increasing.

ANOS saved % is decreasing as &, increasing.

ANOS saved % is decreasing as o, Increasing.

(7) ATS; Analysis of Optimal VP WL Chart and ATS; Comparison between FP

WL Chart and Optimal VP WL Chart with optimal a

Let hh, =01, n. =2, n, =25and «, =0.001, then the optimization model

is

Min. ATS;
st. 2<n,<n,<n, <25
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0.1<h,<h,=1

0.001 < ¢, < ¢, =0.0027
0<P <P <P <1

0<a<l
The method of finding the optimal values is the same as the method in the part (2) of

this section. The ATS;s of the optimal VP chart are listed in Table 28.
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Table 28. ATS; for Optimal VP WL Chart and ATS; Saved % Compared to FP WL

Chart when a is Optimal

Optimal VP (n,", n,", hy", oy”, Opt.p”, @) ATS,; ANOS
0, . . . . . . saved % | saved %

No. | &, 5, o) | ohy" | hy a a, Opt.p” | a~ | ATS | ANOS
1 05| 11 | 0| (225 |0.11|1.13| 0.0010 | 0.0140 | 046 |0.20| 529 | 64.65 | 9517% | 88.20%
2 /05| 1.1 | 1| (325 (011|111 | 0.0010| 0.0171 | 0.45 |0.36| 2.15 | 5454 | 94.45% | 71.79%
3 105| 1.1 | 2| (325 |[011|111| 0.0010| 0.0172 | 0.45 |051| 2.23 | 52.87 | 92.40% | 63.99%
4 | 05| 15 | 0| (225) | 011|112 | 0.0027 | 0.0027 | 0.44 |0.20| 057 | 37.22 | 92.70% | 4.38%
5 05| 15 | 1 | (3,25 |0.11|1.10| 0.0027 | 0.0027 | 0.46 | 060 | 0.64 | 32.40 | 89.09% | -9.79%
6 | 05| 15 | 2 | (220) | 0.11 | 1.18 | 0.0027 | 0.0027 | 0.43 |0.72| 0.67 | 29.93 | 89.17% | 3.54%
7 |05 2 0 | (2,25) | 0.11 | 1.13 | 0.0027 | 0.0027 | 0.45 |0.20 | 0.16 | 25.88 | 93.05% | -119.28%
8 | 05 2 1| (325) | 0.11 [ 1.10 | 0.0027 | 0.0027 | 0.46 |0.76 | 0.24 | 25.00 | 89.52% | -116.45%
9 | 05 2 2 | (311) | 0.11 | 1.35 | 0.0027 | 0.0027 | 0.36 |0.75| 0.35 | 13.99 | 87.05% | -5.02%
10 [ 1.2 | 1.1 | 0 | (3,25) | 0.11 | 1.11 | 0.0027 | 0.0027 | 0.45 |0.20| 0.12 | 25.08 | 99.44% | 76.85%
11 [ 12 | 11 | 1 | (2,25 | 041 | 1.13| 0.0010 | 0.0142 | 0.44 |035| 011 | 2511 | 97.82% | 157%
12 [ 12| 11 | 2 | (225) | 0.11 | 1.13 | 0.0010 | 0.0142 | 0.44 {050 | 0.11 | 2517 | 96.89% | -39.96%
13 | 1.2 | 1.5 | 0 | (225) |0.11 | 1.12 | 0.0027 | 0.0027 | 045 |0.20| 0.13 | 25.04 | 96.98% | -20.87%
14 | 1.2 | 15 | 1 | (225) |0.11|1.13| 0.0010 | 0.0143 | 044 |035| 011 | 2541 | 9529% | -110.19%
15 | 1.2 | 1.5 | 2 | (2,25) | 0.1 | 1.12 | 0.0010 | 0.0151 | 044 |050| 0.12 | 25.60 | 94.80% | -131.59%
16 | 1.2 2 0 | (2,25) | 0.1 | 1.12 | 0.0027 | 0.0027 | 0.44 |0.20 | 0.12 | 24.98 | 93.78% | -165.45%
17 | 1.2 2 1| (225) | 0.11 | 1.13 | 0.0027 | 0.0027 | 0.44 |0.38 | 0.11 | 25.46 | 92.84% | -219.74%
18 | 1.2 2 2 | (212) | 0.11 | .34 | 0.0027 | 0.0027 | 0.37 |0.74| 0.16 | 12.41 | 90.34% | -52.76%
19 | 1.5 | 1.1 | 0 | (225) | 0.11 | 1.13 | 0.0027 | 0.0027 | 0.44 {020 | 011 | 2500 | 98.88% | 49.31%
20 | 15| 1.1 | 1| (225 | 041 1.13| 0.0010 | 0.0141 | 0.44 |0.35| 011 | 2500 | 9593% | -85.01%
21 | 15| 1.1 | 2 | (225) | 0.11 | 1.13 | 0.0010 | 0.0140 | 0.44 | 050 | 0.11 | 25.00 | 94.60% | -145.44%
22 | 15| 15 | 0| (225) | 0.11 | 1.13 | 0.0027 | 0.0027 | 0.44 |0.20| 011 | 2500 | 96.28% | -65.89%
23| 15| 15 | 1| (225 | 011 |1.13| 0.0010 | 0.0140 | 0.44 |035| 011 | 2502 | 93.87% | -178.97%
24 | 15| 15 | 2 | (225) | 0.11 | 1.13 | 0.0010 | 0.0140 | 0.45 | 050 | 0.1 | 25.05 | 93.28% | -206.17%
25 | 15 2 0 | (2,25) | 0.11 | 1.13 | 0.0027 | 0.0027 | 0.44 |0.20| 0.11 | 24.99 | 93.23% | -199.45%
26 | 15 2 1| (2,25) | 011 | 1.13 | 0.0027 | 0.0027 | 0.44 |0.38| 0.11 | 25.07 | 92.03% | -259.79%
27 | 15 2 2 | (311) | 0.11 | 1.36 | 0.0027 | 0.0027 | 0.36 |0.74| 0.14 | 10.96 | 90.22% | -57.71%

Note: ATS; saved %:

(FP-ARL, —OptVSSI-ATS, ) /[FP-ARL, % , ANOS saved %: (FP-ANOS —OptVSSI-ANOS )/FP-ANOS %
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Table 29. The Control Limits and Warning Limits of the Optimal VP Chart with

Corresponding (n;", hy’, 1) and (ny", hy", a2”) which Listed in Table 22

Optimal VP (n,", n,", hy", o;”, Opt.p’, a")

(', hy, ar) (ny, hy', o)
NO. * * * * * * * *
LcL,” | LWL,” | UwL, | ucL, LCL,” | LWL, | UWL,” | UCL,
1 0.00 0.02 1.36 5.14 0.10 0.12 0.32 0.47
2 0.02 0.04 2.47 7.02 0.50 0.51 1.38 1.88
3 0.22 0.37 4.42 9.41 1.60 1.62 3.00 3.65
4 0.00 0.00 1.15 3.94 0.08 0.08 0.32 0.57
5 0.03 0.09 2.32 5.34 0.45 0.56 1.34 1.88
6 0.13 0.31 3.10 8.62 0.98 1.18 2.20 3.07
7 0.00 0.01 1.22 4.04 0.08 0.11 0.32 0.57
8 0.03 0.07 2.27 5.63 0.44 0.54 1.34 1.89
9 0.20 0.26 2.24 6.84 0.72 0.79 2.01 3.48
10 0.00 0.01 1.12 3.51 0.08 0.10 0.32 0.57
11 0.01 0.03 2.56 8.37 0.49 0.51 1.35 2.19
12 0.13 0.30 4.56 11.07 1.59 1.64 2.99 411
13 0.00 0.01 1.17 3.80 0.08 0.10 0.32 0.57
14 0.01 0.03 2.55 8.32 0.49 0.51 1.35 2.36
15 0.16 0.18 4.48 10.42 1.60 1.60 3.00 4.43
16 0.00 0.00 1.15 3.93 0.08 0.08 0.32 0.57
17 0.01 0.02 2.47 6.84 0.42 0.45 1.35 2.55
18 0.17 0.31 2.35 7.53 0.77 0.94 2.04 3.44
19 0.00 0.00 121 4.23 0.08 0.09 0.31 0.57
20 0.01 0.03 2.57 8.49 0.48 0.51 1.34 2.27
21 0.13 0.30 4.58 11.22 1.59 1.65 2.99 4.20
22 0.00 0.00 1.19 411 0.08 0.09 0.32 0.57
23 0.01 0.03 2.58 8.52 0.48 0.51 1.34 2.40
24 0.12 0.45 4,70 11.23 1.59 1.73 3.01 4.50
25 0.00 0.00 1.20 4.16 0.08 0.09 0.32 0.57
26 0.01 0.03 2.54 7.25 0.42 0.49 1.34 2.59
27 0.20 0.30 2.25 6.78 0.72 0.83 2.03 3.54

To investigate the effect of 5,, &, and &, onthe ATS;, ANOS, a’, ATS; saved %

and ANOS saved %, the response table and response diagram show the results of the
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sensitivity analysis (Table 30, Figure 30, Figure 31, Figure 32, Table 31, Figure 33 and
Figure 34).

Table 30. Optimal VP WL Chart —Response Table of s,, 5,, J; VS. ATS,
8, 8, 6 Vs. ax and &, 5,, & VS. ATS, saved %

3, ATS, | a* ATS, saved % S, ATS, | a* ATS saved% | 0, | ATS, | a* ATS, saved %
0.5 1.37 0.48 91.40% 1.1 1.15 0.35 96.18% 0 0.75 0.20 95.50%
1.2 0.12 0.38 95.35% 15 0.29 0.40 93.50% 1 0.41 0.43 93.43%
15 0.11 0.38 94.26% 2 0.17 0.48 91.34% 2 0.44 0.61 92.08%

% \/4 g 0'47\—4 /

Figure 30. Optimal VP WL Chart — Figure 31. Optimal VP WL Chart—
Response Diagram of &,, 5,, 8; and ATS, Response Diagram of &,, §,, &, and a*

Average ATS1 saved%
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Figure 32. Optimal VP WL Chart —
Response Diagram of o,, ,, & and ATS, saved %

Table 31. Optimal VSSI WL Chart —Response Table of s,, 6,, 6, V.5. ANOS and
01, 0,, O3 VS. ANOS saved %

4, | ANOS ANOS saved % 5, | ANOS ANOSsaved% | 95 | ANOS ANOS saved %
05| 37.38 -2.07% 1.1| 35.82 9.03% 0 | 3087 -39.13%
1.2 | 2381 -73.57% 15| 27.85 -79.51% 1| 29.22 -100.73%
1.5 | 23.45 -127.68% 2 | 2097 -132.85% 2 | 2455 -63.46%
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Figure 33. Optimal VPWL Chart —

Response Diagram of s,, 6,, 6, and ANOS

Average ANOS saved%
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Figure 34. Optimal VP WL Chart —

Response Diagram of &,, 6,, 6 and ANOS saved %

From Table 28, Table 30, Figure 30, Figure 31, Figure 32, Table 31, Figure 33 and

Figure 34, we found

a.

b.

ATS; saved % from 90.22% to 99.44%.

ANOS saved % from -259.79% to 88.20%.

the

the

the

the

the

the

the

the

the

the

the

the

ATS, is decreasing as ¢, increasing.

ATS, is decreasing as d, increasing.

ATS, is first decreasing then increasing as J,increasing.

ATS, saved % s first increasing then decreasing as o, increasing.

ATS, saved % is decreasing as J, increasing.

ATS, saved % is decreasing as dJ,increasing.

a" isdecreasing as &, increasing.

a" isincreasing as &, increasing.

a’ isincreasing as &, increasing.

ANOS is decreasing as o, increasing.
ANOS is decreasing as d, increasing.

ANOS is decreasing as J, increasing.
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0. the ANOSsaved % is decreasing as o, increasing.
p. the ANOSsaved % is decreasingas o, increasing.

g. the ANOS saved % is first decreasing then increasing as o, increasing.

4.6 ARL; Comparison among the WT-WL, Max and One-Sided FP WL
Control Charts

(1) One-sided Optimal FP WL Chart, WT-WL Chartand X -S Chart
Wu and Tian (2006) proposed the WL chart (say WT-WL chart) to detect mean

and variance simultaneously. They let T =, =0(5,=0), o/ =1,n=5and
o =0.0027 . The plotted statistic is WT-WL =aS*+(1—-a)(X —x,)" The statistic of

the WT-WL chart is greater than I' when X<u,—z or X> u,+2,

1 e 2
or uy—z<X<p+z and g > LU /) \ypere Z:'/lL'
a —

Thus, PIWT-WL>T)=P,+P,+P,

—ﬁ(z+5lao))

where P,=P(X<y, —2)=®(
6,0,

ﬁ(z—élao))

P,=P(X>1, +2)=1-d(
0,0

Ho+Z
and P,= j p(X) f (X)dX,

Ho—2

(52‘70)2

where X~N(z, + 9,0, ) and

p(X) = P(WT-WL >T)
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oy T=(-a)(X—u)°
=P(s" > " )
(n—1)s? N (n-)[I-1-a)X - 1)]
(52(70)2 a(5200)2
(n-D[T—A-a)(X - )]
a(5260)2

=P( )

)

=1_Zn—1(

where y, ,(-) isachi-square r.v. with d.f. (n-1).

The ARL; is calculated by

ARL, = 1

P(WT —WL >UCL,,)

under ARL, =370.

For various (&,,5,), the ARL; are listed in Table 32.
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Table 32. ARL; Comparison among the X —S, WT-WL and One-sided Optimal FP
WL Control Charts with Optimal a

5,\6, 0.0 02 | 04 | 06 | 08 |10 | 12 | 14| 16| 1.8 | 20
1.0 X-S 369.99 | 230.34 | 86.56 | 31.40 | 12.79 | 6.06 | 3.35 | 2.14 | 1.56 | 1.26 | 1.12
WT-WL | 370.00 | 210.97 | 76.93 | 29.15 | 12.49 | 6.13 | 3.46 | 2.22 | 1.61 | 1.30 | 1.14

Opt. FPWL | 370.35 | 177.77 | 56.86 | 21.76 | 9.78 | 5.01 | 2.92 | 1.92 [ 1.43 | 1.19 | 1.07

a 020 | 0.0 | 0.20 | 0.20 |0.20 | 0.20 [ 0.20 | 0.20 | 0.20 | 0.20

1.2 X —S 4446 | 37.42 | 2399 | 1358 | 7.65 | 4.56 | 2.95 | 2.08 | 1.60 | 1.33 | 1.17
WT-WL | 4138 | 3266 |19.27 | 10.75 | 6.25 |3.91 | 2.65 | 1.94 | 1.53 | 1.30 | 1.16

Opt. FPWL | 37.08 | 3165 | 19.49 | 10.77 | 6.17 |3.79 | 253 | 1.83 | 1.44 [ 1.22 | 1.10

a 044 | 039 | 032 | 027 | 0.24 | 0.22| 0.20 | 0.20 | 0.20 | 0.20 | 0.20

1.4 X —S 12.43 | 1151 | 9.31 | 6.87 | 487 |3.48| 256 | 1.97 | 1.60 | 1.36 | 1.21
WT-WL | 11.47 | 1029 | 7.83 | 555 | 3.93 | 287 | 218 | 1.75 | 1.46 | 1.28 | 1.16

Opt. FPWL | 10.19 | 950 | 7.71 | 569 | 406 |293| 219 | 1.72 | 1.42 | 1.23 | 1.12

a" 044 | 042 | 038 | 034 | 032 | 029 0.27 | 0.26 | 0.24 | 0.23 | 0.21

1.6 X-S 561 | 539 | 481 | 407 | 332 | 268|218 | 1.81 | 1.55 | 1.36 | 1.23
WT-WL 521 | 493 | 426 | 349 | 280 |227| 1.88 | 1.60 | 1.40 | 1.26 | 1.16

Opt. FPWL | 471 | 453 | 407 | 346 | 284 |231| 1.89 | 1.59 | 1.37 | 1.23 | 1.13

a 044 | 043 | 041 | 038 | 036 |0.33| 031|030 028|027 | 0.25

1.8 X-S 335 | 327 | 307 | 278 | 246 |2.15| 1.87 | 1.65 | 1.47 | 1.33 | 1.23
WT-WL 315 | 306 | 281 | 250 | 218 | 1.90 | 1.66 | 1.48 | 1.34 | 1.23 | 1.16

Opt. FPWL | 2.90 | 284 | 2.67 | 243 | 2.16 | 1.89 | 1.66 | 1.47 [ 1.32 | 1.21 | 1.13

a 044 | 044 | 042 | 040 | 038 | 036 0.34 | 032 | 031|030 | 0.28

2.0 X-S 238 | 234 | 225 | 212 | 1.96 |1.80 | 1.64 | 1.50 | 1.38 | 1.29 | 1.21
WT-WL 226 | 222 | 211 | 1.97 | 1.81 | 165 1.50 | 1.38 | 1.28 | 1.21 | 1.15

Opt. FPWL | 211 | 209 | 201 | 1.90 | 1.76 | 1.62 | 1.48 | 1.36 | 1.26 | 1.18 | 1.12

a" 044 | 044 | 043 | 041 | 040 | 038|036 |0.35 (033|032 | 031

From Table 32, we found that the ARL; of the one-sided FP WL chart with optimal

a is always smaller than Shewhart X —S chart and most ARL; of the one-sided FP

WL chart with optimal a are smaller than or same as the ARL; of WT-WL chart.
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(2) One-sided Optimal FP WL Chart vs. Max Chart

Chen and Cheng (1998) proposed the Max chart to monitor the mean and variance
simultaneously. They let T =, =0(5,=0), o2=1,n=5and «=0.0054 .
The construction of the Max chart is as follows:

Define

u=X=m) N(0,2)

T

Y% :CD‘l{H(w;n —1)}~ N(0,2)
(o

where H(w;v)=PW <w|v) for W ~ 42.

And the statistic of the Max chart is M (n) =max{|U ||V [} . The distribution of
M(n) is

F(y;n)={®(y) -0 (-y))" = P(x? < y*)?

The control limits of the Max chart are

4

ucL,,, = {Zjﬁ,l}z
LCL,, =0

And the ARL; is calculated by

1
P(Max >UCL,,, )

ARL, =

under ARL, =185.

For various (5,,5,), the ARL, are listed in Table 35.
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Table 33.  ARL; Comparison among the Max and One-Sided Optimal FP WL
Charts with Optimal a

0,\ 0, 0 0.5 1 2

1 Max. 185.2 30.7 45 1.6
Opt. FPWL | 185.19 22.25 3.82 1.04

a’ 0.2 0.2 0.2

1.5 Max. 7.3 5.2 2.7 1.6
Opt. FP WL 5.13 3.93 2.23 1.09

a 0.44 0.38 0.31 0.22

2 Max. 2.3 2.1 1.7 1.4
Opt. FP WL 1.89 1.77 1.5 1.09

a 0.44 0.42 0.38 0.29

From Table 33, we found that the ARL; of the one-sided FP WL chart with optimal

a is always smaller than the Max chart.
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CHAPTER 5. DESIGN AND ATS; ANALYSIS OF THE FP AND VSI EWMA

WL CHARTS

5.1 Design of The FP EWMA-WL Chart

Exponentially weighted moving average (EWMA) control chart is effective in
detecting small changes in process parameters. Two EWMA charts are generally used
for monitoring the process mean and the process variance simultaneously. However,
this is inconvenient and time-consuming. So we propose a single EWMA chart based
on statistic WL for monitoring both the process mean and process variance.

The FP EWMA WL control chart uses fixed sampling interval hy, sample size ng
and false alarmrate ¢,. The EWMA statistic is

EWMA = AWL + (1- A)EWMA

where, 0<A<1.
The mean and variance of WL =aS*+(1—a)(X —T)? are derived as follows.

E(WL)=E(aS?+(@1-a)(X -T)?)
=ao; + (1—a)M

Var(WL)=Var(aS®+(1-a)(X -T)?)
+-a)? 2(1+22r)661

0 Ny

20,
= a2 —0

Hence the control limits of the FP EWMA WL chart are

UCL = E(VVL) + Ll\/ﬁ |:1— (1_1)2i :|Var(VVL)

and

LCL=EWL)-L, \/(2f—/1) [1-(1- ) Var(w)
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where, the L; and L, are the control factors.

When i is large, the control limits converge to

Var(WL) (26)

UCL=EWL)+ Ll\/(zf/l)

and

A
LCL=EWL)-L, |——Var(WL 27
(W) ZJ(Z_A) (W) (27)

We use the Markov chain approach (Saccucci and Lucas (1990)) to derive the
ARL;. Before calculating the ARL; we have to find the control factors L; and L to set
the EWMA chart with specified ARL,.The procedure to determine Ljand L; is:

First, we divide the interval between the UCL and LCL into t subintervals of width 23

where o0 = % and define the t transient states in Figure 35.

UCL
Statel= (S5, —8,5,+8)
Stare2=(5,-8.5,+8)
[ ]
:
[ ]
:
.
:
Statet-1= (S, ~ 0.5, +0)
Statet =(S,- 8,5, +5)
LCL

Figure 35. The Structure of FP EWMA WL Chart

Therefore, there have t transient states which

State (j): S;—6 <EWMA <S§;+06 where S; isthe midpoint of the ji™ interval.
j=1,2, 000t

After having defined the states, the transition probability from state j transient to Kk,
p; could be evaluated:

65



p; =P(goingto S, [in S;)

=P((S, —8) <EWMA <(S, +5)[EWMA , =S}

((sk— 5) <AWL, + (1— ) EWMA, , (Sk+§)‘EWMA4:Sj)

((s ~5)- (1 A)EWMA , WL < (S, +3)—(1- )EWMA EWMA, =S, WL, < Qj

Il
o

A

(S —9)- (1 A)S; _WLig(SkJra);(l_l)Sj |W|—i‘Qno,roj

Il
T

The transition probability matrix which contains the transient probability from state i

transient to state j is

I P P Pz Py |
Py P Pyt
Q=] p; - :
_ptl Py o o ptt_
The ARLy is,
ARL, =r'(1-Q)"

where 1 is the identity matrix of order tand r’ is a (1xt) vector with the steady-state

starting probability for transient state which r' =(r,,r,,.....,r.) s.t.

t
rQ=r'styr =1,
j=1
The procedure in getting the control factors L; and L is as follows:

Step 1: Determine L, value.

Set false alarm rate «,, and let ARL, = 2 . The control limits of the chart are
2

UCL=EWL)+ Ll\/( 4 )Var(\NL) and LCL =0_Using Zero(s) in Fortran IMSL

subroutine which applied Muller’s method to solve the equation, r'(I1-Q)™ - 2 =0.
Q,
The Ly is thus calculated, and UCL is obtained.
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Step 2: Determine L, value.

A

@ )Var(\NL) Using the same

GivenUCL instep 1,and LCL=E(WL)-L \/

. . ' 1
approach in step 1 to solve the equation, r'(I-Q)"——=0, to get L.
2
5.2 Design of The VSI EWMA-WL Chart
The variable sampling intervals (VSI) EWMA WL control chart uses variable

sampling intervals hq, g = 1, 2, fixed sample size npand false alarm rate ¢, .

Then the VSI EWMA WL control limits and warning limits are

UCL= E(WL) + \/ h—@-2)? par)

(2-2)

ﬂ’ 2i
UWLzE(\NL)+W1\/m[1—(1—,1) Varwr)

LWL = E(WL) —W. \/ - @-2)? arwi)

(2-4)

LCL=EWL)-L, \/(2f—/1) [1- (- 2)* Var(wL)

where 0< <1 andthe L;, Ly, W31 and W; are the control factors and warning factors.

When i is large, the control limits and warning limits converge to

UCL=E(\NL)+L1\/( :1 )Var(\NL)

)
W, = E(WL) +W, \/mVar(\NL)

)
W, = E(WL) -W. \/ o A)Var(\NL)
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2
LCL= E(WL)-L, \/mVar(\NL)

The variable sampling intervals hg, q = 1, 2, are adopted where 0<h, <h, <h, <o
and hg is the sampling interval for FP EWMA WL chart.

Use the same approach above to derive the ATSo.

First, we divide the interval between the UCL and LCL into t subintervals and each
interval with width 25, where o6 :%, and midpoint S;,j=1,2,...,t For

the interval including UWL, we divide it into 2 subintervals and let the subintervals be

state t; and t, where state t; = (S, —74,S, +7,) and t2= (S, =75, S, +7,), where t,=

t; + 1. Same to the interval including LWL, where 7, + 7, =7, +7, =6 . Hence the total

number of intervals is t+2, or the process with t+2 states, See Figure 36.

ucL

State 1= (S, - .5+ &)

:
2p W State 4 :(Szl _;'VloSzl +1'V1)
2¥, i
; T State t, =(S, —1,.5, +7,)
2:13' ——r - -
o yicL  Statet; =(S, — 3.5, +75)
¥

H State t, =(S, —7,.S, +7,)

Statet+2=(8,,—8.5,.,+8)
LCL

Figure 36. The Structure of VSI EWMA WL Chart

If the statistic EWMA WL falls into the central region, the next sampling interval
should have long interval hy. If EWMA WL falls into the warning region, the next
sampling interval should have short interval h,. If EWMA WL falls into the action
region, an out-of-control signal would have occurred. The relationship between the

position of the current sample and the next sampling interval could be expressed in
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Table 34.

Table 34. Definition of Process States for the VSI EWMA WL Chart

State Region Alarm | Next Sampling Interval (hg)
state t, to state t, Central No hy
state 1 to state t,
and Warning No h,
state t, tostate t+2

After having defined the states, the transition probability from state j transient to Kk,

P Is:

p; =P(goingto S, [in §;)

= P((S, - 8) <EWMA < (S, +5)[EWMA , =S, )

= P((S, — &) < WL, +(1— ))EWMA , <(S, +3)|EWMA , = S, )

- P ( (Sk B 5) T (1; i) EWMA—I SWLi < (Sk + 5) g | (1; /1) EWMAFl ‘EWMA4 = Sj 'WLi - Qno,ro J

P((Sk _5);(1—/1)31. WL < (S, +5);(1—ﬁ)5- J

WL < Q

for j=12,....,t+2 and k=t,t,,t,t,.

Py, = P(goingto S, [inS;)
=P((S, —7,) SEWMA < (S, +7,)|EWMA , =5, )

P((S, —74) S AWL, + (1~ ))EWMA ; < (S, +7,)[EWMA , =S|
[(Stq “7)-Q-DEWMA, (S, +70)-(1-AEWMA,,

P i
A A

_ P{(Stq _]/q)_(l_/l)sj <WL < (Stq +7/q)_(1_/1)sj

[EWMA , =S; WL, + Qj

— . WL ~
p) i 2 | i Qno,r0 J

for j=12,...,t+2 and g=12,34.

The transition probability matrix which contains the transient probability from state i to

state j is
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I Pu P P o P |
P2 Pz P22
Q=| psy - :
L Pu P = Pruage A
The ATS is obtained by
ATS =r'(1-Q)*h

where | is the identity matrix of order t+2, h =(h,,...,h, k...,
H_J

h,h,,..h) isa
%/_/

tl t3- t1 t+2- t3
1x(t+2) vector of sampling time for transient state i, i =1, * « +, t+2 and r' isa

1x(t+2) vector with the steady-state starting probability for transient state

t+2
where ' =(1, 1, 1,,) St r'Q=r" st > r, =1. The transition probabilities,
=1

steady-state starting probabilities and ATS could be calculated by Fortran program.
The procedure in getting the control factors L;, Ly, W3 and W is as follows:
Step 1: Determine L; and L values.
The L; and L, are known by FP EWMA WL chart.

Step 2: Determine W; and W, values.

Give W>=10.5, 1.0, 1.5... <L,. The false alarm rate «,, so ARL, = i

20
Using Zero(s) in Fortran IMSL subroutine which use Muller’s method to solve the

function r'(1-Q)*h L =0. Then we can find W, under different W,.

20

We choose the combination of L;, L,, W4 and W, which minimizes the ATS; to

construct the VSI EWMA WL chart under the given combination of s, and (h,,h,).
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5.3 Data Analysis and ATS; Comparison among the FP EWMA, VSI EWMA

a=0.6. Consider the levels of parameters, o, =(0.5,1.2,1.5), ¢, =(1.1,15, 2),

0, =(0,1,2)and h,= (0.1, 0.5, 0.9). The 27 combinations are arranged by Lo7(3%).

and FP WL Charts

(1) ARL; Analysis of FP EWMA WL Chart and ARL; Comparison between FP
EWMA Chart and FP WL Chart

Under x, =0, of

=1, n,

=5, h,

Similar to Section 5.1, the values of L; and L, under the combinations of

=1, a,=0.0027 (or ARLo=370.37) and

2=0.05, 0.1, 0.2, 0.25, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9 and 55= 0, 1, 2 are listed in Table

35.
Table 35. ~ The Values of Ly and L, under Various Values of . and &,

A | 0.05 0.1 0.15 0.2 0.25 0.3 0.4 0.5 0.6 0.7 0.8 0.9

L, | 274 | 315 | 341 | 361 | 3.78 | 392 | 416 | 435 | 450 | 462 | 471 | 4.76
93 =0 L, | 227 | 229 | 226 | 221 | 216 | 210 | 1.99 | 189 | 179 | 170 | 1.61 | 153

L, | 268 | 305 | 328 | 345 | 359 | 371 | 3.90 | 406 | 418 | 428 | 435 | 4.39
95 =1 L, | 232 | 238 | 236 | 233 | 229 | 225 | 216 | 207 | 198 | 190 | 1.82 | 175

L, | 263 | 295 | 314 | 327 | 338 | 347 | 361 | 373 | 382 | 389 | 3.95 | 3.98
03 =2 L, | 238 | 248 | 249 | 248 | 246 | 244 | 238 | 231 | 225 | 219 | 213 | 2.08

Table 36.
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Table 36. ARL; for FP EWMA WL and ATS; Saved % Compared to FP WL Chart

under A = 0.05

No.| 6 | & |6 | | 2 |ue | el | TVMA | AR
ARL, ARL; | saved %

1 05(11] 0 2.74 2.27 0.87 0.52 25.50 109.54 76.72%
2 0511 1 2.68 2.32 1.32 0.87 10.23 38.67 73.55%
3 |05]|11] 2 2.63 2.38 2.63 1.96 8.92 29.36 69.61%
4 05(15| 0 2.74 2.27 0.87 0.52 5.47 7.79 29.74%
5 05]15]| 1 2.68 2.32 1.32 0.87 481 5.90 18.43%
6 |05]|15] 2 2.63 2.38 2.63 1.96 5.30 6.20 14.60%
7 05| 2 0 2.74 2.27 0.87 0.52 2.71 2.36 -15.00%
8 05| 2 1 2.68 2.32 1.32 0.87 2.81 2.31 -21.77%
9 |05] 2 2 2.63 2.38 2.63 1.96 3.36 2.66 -26.09%
10 (1211} O 2.74 2.27 0.87 0.52 7.02 21.67 67.59%
11 (1211 1 2.68 2.32 1.32 0.87 3.75 5.10 26.44%
12 | 12|11 2 2.63 2.38 2.63 1.96 3.44 3.60 4.34%
13 11215 0 2.74 2.27 0.87 0.52 3.69 4.14 10.93%
14 11215 | 1 2.68 2.32 1.32 0.87 2.83 2.42 -16.83%
15 |12 (15| 2 2.63 2.38 2.63 1.96 2.86 2.21 -29.40%
16 | 12| 2 0 2.74 2.27 0.87 0.52 2.30 1.88 -21.94%
17 | 12| 2 1 2.68 2.32 1.32 0.87 211 1.59 -32.64%
18 |12 2 2 2.63 2.38 2.63 1.96 2.30 1.63 -41.35%
19 (1511 0 2.74 2.27 0.87 0.52 4,79 9.86 51.49%
20 115111 2.68 2.32 1.32 0.87 2.88 2.70 -6.44%
21 15|11 2 2.63 2.38 2.63 1.96 2.71 2.04 -32.89%
22 |15]|15] 0 2.74 2.27 0.87 0.52 3.06 3.01 -1.56%
23 |15]|15] 1 2.68 2.32 1.32 0.87 2.36 1.79 -31.27%
24 115|115 2 2.63 2.38 2.63 1.96 2.38 1.64 -45.17%
25 | 15| 2 0 2.74 2.27 0.87 0.52 2.09 1.67 -25.16%
26 | 15| 2 1 2.68 2.32 1.32 0.87 1.88 1.39 -35.25%
27 | 15| 2 2 2.63 2.38 2.63 1.96 2.01 1.39 -44.75%

Note: ARL; saved %: (FP—ARL1 — FP.EWMA ARIT)/ FR ARL%

To investigate the effect of 6,, 0, and J, onthe ARL; and ARL; saved %, the
response table and response diagram show the results of the sensitivity analysis (Table

37, Figure 37 and Figure 38).
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Table 37. FP EWMA WL Chart —Response Table of s,, 5,, & V.S. ARL, and &,
8,, 03 V.S. ARL, saved% under A=0.05

6, | ARL, ARL, saved % o, | ARL, ARL, saved % 0; | ARL, ARL, saved %
05| 7.68 24.42% 11| 7.69 36.71% 0 | 629 19.20%
1.2 | 337 -3.65% 15| 3.64 -5.61% 1| 374 -2.86%
15| 2.68 -19.00% 2 | 240 -29.33% 2 | 370 -14.57%
Figure 37. FP EWMA WL Chart — Figure 38. FP EWMA WL Chart —
Response Diagram of s,, 6,, & Response Diagram of o,, 6,, &
and ARL, under A =0.05 and ARL, saved% under A = 0.05

From Table 36, Table 37, Figure 37 and Figure 38, we found

a. ARL; saved % from -45.17% to 76.72%.

b. the ARL, isdecreasingas o, increasing.

c. the ARL, isdecreasingas o, increasing.

d. the ARL, isdecreasingas o;increasing.
e. the ARL, saved % is decreasing as ¢, increasing.
f. the ARL, saved % is decreasing as &, increasing.

g. the ARL, saved % is decreasing as o;increasing.

The ARL;s of the 27combinations of &,, 6, and &, under A= 0.1 are listed in

Table 38.
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Table 38.

ARL; for FP EWMA WL and ARL; Saved % Compared to FP WL Chart

under A=0.1

No. | & | 6 | 6| L 2 |uel | el |BMMALT AR

ARL, ARL, saved %
1 05| 11 0 3.15 2.29 1.00 0.45 28.42 109.54 74.06%
2 05| 11 1 3.05 2.38 1.48 0.77 9.73 38.67 74.84%
3 05| 11 2 2.95 2.48 2.85 1.80 8.20 29.36 72.06%
4 05| 15 0 3.15 2.29 1.00 0.45 493 7.79 36.63%
5 05| 15 1 3.05 2.38 1.48 0.77 4.26 5.90 27.80%
6 05| 15 2 2.95 2.48 2.85 1.80 4.64 6.20 25.19%
7 05 2 0 3.15 2.29 1.00 0.45 2.42 2.36 -2.42%
8 05 2 1 3.05 2.38 1.48 0.77 2.48 2.31 -7.23%
9 0.5 2 2 2.95 2.48 2.85 1.80 2.92 2.66 -9.53%
10 12 ] 11 0 3.15 2.29 1.00 0.45 6.47 21.67 70.13%
11 12 ] 11 1 3.05 2.38 1.48 0.77 3.27 5.10 35.85%
12 12 ] 11 2 2.95 2.48 2.85 1.80 2.95 3.60 17.96%
13 12|15 0 3.15 2.29 1.00 0.45 3.27 4.14 20.99%
14 12|15 1 3.05 2.38 1.48 0.77 2.46 2.42 -1.90%
15 12|15 2 2.95 2.48 2.85 1.80 2.46 2.21 -11.35%
16 1.2 2 0 3.15 2.29 1.00 0.45 2.05 1.88 -8.66%
17 1.2 2 1 3.05 2.38 1.48 0.77 1.87 1.59 -17.07%
18 1.2 2 2 2.95 2.48 2.85 1.80 2.00 1.63 -22.83%
19 15| 11 0 3.15 2.29 1.00 0.45 4.28 9.86 56.66%
20 15| 11 1 3.05 2.38 1.48 0.77 2.49 2.70 7.81%
21 15| 11 2 2.95 2.48 2.85 1.80 2.31 2.04 -13.55%
22 15|15 0 3.15 2.29 1.00 0.45 2.70 3.01 10.32%
23 15| 15 1 3.05 2.38 1.48 0.77 2.05 1.79 -14.44%
24 15|15 2 2.95 2.48 2.85 1.80 2.04 1.64 -24.82%
25 15 2 0 3.15 2.29 1.00 0.45 1.87 1.67 -11.74%
26 15 2 1 3.05 2.38 1.48 0.77 1.67 1.39 -19.67%
27 15 2 2 2.95 2.48 2.85 1.80 1.75 1.39 -26.04%

Note: ARL; saved %: (FP—ARL1 — FP.EWMA ARIT)/ FR ARL%

The response table and response diagram show the results of the sensitivity analysis

(Table 39, Figure 39 and Figure 40).
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Table 39. FP EWMA WL Chart —Response Table of s,, 5,, & V.S. ARL, and &,
5y, J; V.S. ARL, saved% Under A=0.1
6, | ARL, ARL, saved % o, | ARL, ARL, saved % 0; | ARL, ARL, saved %
05| 7.56 32.38% 11| 757 43.98% 0 | 6.27 27.33%
1.2 | 2.98 9.24% 15| 3.20 7.60% 1| 3.36 9.55%
15| 235 -3.94% 2 | 211 -13.91% 2 | 325 0.79%
Figure 39. FP EWMA WL Chart — Figure 40. FP EWMA WL Chart —

Response Diagram of s,, 6,, &
and ARL, under A=0.1

Response Diagram of o,, 6,, &
and ARL, saved% under A =0.1

From Table 38, Table 39, Figure 39 and Figure 40, we found

a. ARL; saved % from -26.04% to 74.84%.

b. the ARL,

c. the ARL,

d. the ARL,

e. the

f. the

g. the

is decreasing as o, increasing.

is decreasing as &, increasing.

is decreasing as o, increasing.

ARL, saved % is decreasing as ¢, increasing.
ARL, saved % is decreasing as &, increasing.

ARL, saved % is decreasing as o, increasing.

The ARL;s of the 27combinations of &,, 6, and &, under A= 0.15 are listed in

Table 40.
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Table 40. ARL; for FP EWMA WL and ARL; Saved % Compared to FP WL Chart

under A=0.15

No. | 6 | & |4 | L 2 | weL | e | BY™MA i AR

ARL, ARL, saved %
1 051 11 0 3.41 2.26 111 0.40 32.85 109.54 70.02%
2 051 11 1 3.28 2.36 1.61 0.70 9.97 38.67 74.21%
3 051 11 2 3.14 2.49 3.03 1.68 8.15 29.36 72.24%
4 05| 15 0 3.41 2.26 111 0.40 4.75 7.79 38.99%
5 05| 15 1 3.28 2.36 1.61 0.70 4.04 5.90 31.60%
6 05| 15 2 3.14 2.49 3.03 1.68 4.37 6.20 29.63%
7 05 2 0 3.41 2.26 1.11 0.40 2.28 2.36 3.31%
8 05 2 1 3.28 2.36 1.61 0.70 2.32 2.31 -0.48%
9 0.5 2 2 3.14 2.49 3.03 1.68 2.71 2.66 -1.76%
10 12 | 11 0 3.41 2.26 111 0.40 6.42 21.67 70.38%
11 12 | 11 1 3.28 2.36 1.61 0.70 3.06 5.10 39.96%
12 12 | 11 2 3.14 2.49 3.03 1.68 2.72 3.60 24.35%
13 12|15 | 0 3.41 2.26 111 0.40 3.10 4.14 25.24%
14 12| 15 1 3.28 2.36 1.61 0.70 2.30 2.42 5.09%
15 12 |15 | 2 3.14 2.49 3.03 1.68 2.27 2.21 -2.62%
16 1.2 2 0 3.41 2.26 1.11 0.40 1.93 1.88 -2.50%
17 1.2 2 1 3.28 2.36 1.61 0.70 1.75 1.59 -9.60%
18 1.2 2 2 3.14 2.49 3.03 1.68 1.85 1.63 -13.85%
19 15| 11 0 3.41 2.26 1.11 0.40 4.10 9.86 58.46%
20 15| 11 1 3.28 2.36 1.61 0.70 2.31 2.70 14.54%
21 15| 11 2 3.14 2.49 3.03 1.68 2.12 2.04 -4.07%
22 15|15 | 0 3.41 2.26 111 0.40 2.54 3.01 15.63%
23 15| 15 1 3.28 2.36 1.61 0.70 191 1.79 -6.30%
24 15| 15 2 3.14 2.49 3.03 1.68 1.88 1.64 -14.85%
25 15 2 0 3.41 2.26 111 0.40 1.76 1.67 -5.45%
26 15 2 1 3.28 2.36 1.61 0.70 1.56 1.39 -12.28%
27 15 2 2 3.14 2.49 3.03 1.68 1.63 1.39 -16.91%

Note: ARL; saved %: (FP—ARL1 — FP.EWMA ARIT)/ FR ARL%

The response table and response diagram show the results of the sensitivity analysis

(Table 41, Figure 41 and Figure 42).
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Table 41.

FP EWMA WL Chart —Response Table of &, 4,,

5; V.S. ARL, and &,

8,, 03 V.S. ARL, saved% under A=0.15

6, | ARL, ARL, saved % o, | ARL, ARL, saved % 0; | ARL, ARL, saved %
05| 7.94 35.31% 11| 797 46.68% 0 6.64 30.45%
12| 282 15.16% 15| 3.02 13.60% 1 3.25 15.19%
15| 220 3.20% 2 1.98 -6.61% 2 3.08 8.02%

Figure 41. FP EWMAWL Chart —
Response Diagram of s,, 6,, &
and ARL, under A =0.15

Figure 42. FP EWMA WL Chart —
Response Diagram of o,, 6,, &
and ARL, saved% under A = 0.15

From Table 40, Table 41, Figure 41 and Figure 42, we found

a. ARL; saved % from -16.91% to 74.21%.

b. the ARL,

c. the ARL,

d. the ARL,
e. the

f. the

g. the

is decreasing as &, increasing.

is decreasing as o, increasing.

is decreasing as o, increasing.

ARL, saved % is decreasing as ¢, increasing.
ARL, saved % is decreasing as &, increasing.

ARL, saved % is decreasing as o, increasing.

The ARL;s of the 27combinations of &,, 8, and J, under A= 0.2 are listed in

Table 42.
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Table 42.

ARL; for FP EWMA WL and ARL; Saved % Compared to FP WL Chart

under A=0.2

No. | & | 6 |4 | u 2 ol | el | BT AR

ARL, ARL, saved %
1 05| 11 0 3.61 2.21 121 0.36 37.94 109.54 65.37%
2 05| 11 1 3.45 2.33 1.73 0.64 10.58 38.67 72.65%
3 05| 11 2 3.27 2.48 3.20 1.59 8.39 29.36 71.41%
4 05| 15 0 3.61 2.21 121 0.36 4.70 7.79 39.58%
5 05| 15 1 3.45 2.33 1.73 0.64 3.94 5.90 33.26%
6 05| 15 2 3.27 2.48 3.20 1.59 4.24 6.20 31.74%
7 05 2 0 3.61 2.21 1.21 0.36 2.21 2.36 6.48%
8 05 2 1 3.45 2.33 1.73 0.64 2.23 2.31 3.42%
9 0.5 2 2 3.27 2.48 3.20 1.59 2.59 2.66 2.78%
10 12 ] 11 0 3.61 2.21 121 0.36 6.59 21.67 69.60%
11 12 ] 11 1 3.45 2.33 1.73 0.64 2.96 5.10 42.06%
12 12 ] 11 2 3.27 2.48 3.20 1.59 2.59 3.60 27.97%
13 12115 0 3.61 2.21 121 0.36 3.01 4.14 27.29%
14 12| 15 1 3.45 2.33 1.73 0.64 2.20 2.42 9.10%
15 12 15| 2 3.27 2.48 3.20 1.59 2.15 2.21 2.58%
16 1.2 2 0 3.61 2.21 121 0.36 1.86 1.88 1.01%
17 1.2 2 1 3.45 2.33 1.73 0.64 1.68 1.59 -5.21%
18 1.2 2 2 3.27 2.48 3.20 1.59 1.76 1.63 -8.37%
19 15| 11 0 3.61 2.21 1.21 0.36 4.05 9.86 58.90%
20 15| 11 1 3.45 2.33 1.73 0.64 2.20 2.70 18.46%
21 15| 11 2 3.27 2.48 3.20 1.59 2.00 2.04 1.72%
22 15115 | 0 3.61 2.21 121 0.36 2.46 3.01 18.45%
23 15| 15 1 3.45 2.33 1.73 0.64 1.82 1.79 -1.45%
24 15115 | 2 3.27 2.48 3.20 1.59 1.78 1.64 -8.68%
25 15 2 0 3.61 2.21 1.21 0.36 1.70 1.67 -1.74%
26 15 2 1 3.45 2.33 1.73 0.64 1.50 1.39 -7.82%
27 15 2 2 3.27 2.48 3.20 1.59 1.55 1.39 -11.37%

Note: ARL; saved %: (FP—ARL1 — FP.EWMA ARIT)/ FR ARL%

The response table and response diagram show the results of the sensitivity analysis

(Table 43, Figure 43 and Figure 44).
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Table 43. FP EWMA WL Chart —Response Table of s,, 5,, & V.S. ARL, and &,
5,, 03 V.S. ARL, saved% under A=0.2

6, | ARL, ARL, saved % o, | ARL, ARL, saved % 0; | ARL, ARL, saved %
05| 8.54 36.30% 11| 859 47.571% 0 7.17 31.66%
12| 276 18.45% 15| 292 16.87% 1 3.23 18.27%
15| 212 7.39% 2 1.90 -2.31% 2 3.01 12.20%

g \_ § : \ \
Figure 43. FP EWMA WL Chart — Figure 44. FP EWMA WL Chart —
Response Diagram of s,, 6,, & Response Diagram of o,, 6,, &

and ARL, under A=0.2 and ARL, saved% under A =0.2

From Table 42, Table 43, Figure 43 and Figure 44, we found

a. ARL; saved % from -11.37% to 72.65%.

the ARL, isdecreasingas o, increasing.

the ARL, is decreasing as o, increasing.

the ARL, isdecreasingas o;increasing.
the ARL, saved % Is decreasing as o, increasing.
the ARL, saved % is decreasing as o, increasing.

the ARL, saved % is decreasing as o, increasing.

The ARL;s of the 27combinations of 6,, 6, and &, under A= 0.25 are listed in

Table 44.
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Table 44.  ARL; for FP EWMA WL and ARL; Saved % Compared to FP WL Chart

under A=0.25

No. | & | 6 |6 | L1 2 ol | el | MR AR

ARL, ARL, saved %
1 051 11 0 3.78 2.16 131 0.32 43.38 109.54 60.40%
2 051 11 1 3.59 2.29 1.85 0.59 11.43 38.67 70.44%
3 05|11} 2 3.38 2.46 3.35 1.50 8.83 29.36 69.93%
4 05| 15 0 3.78 2.16 131 0.32 4.73 7.79 39.20%
5 05|15 1 3.59 2.29 1.85 0.59 3.91 5.90 33.79%
6 05| 15| 2 3.38 2.46 3.35 1.50 4.18 6.20 32.62%
7 05 2 0 3.78 2.16 1.31 0.32 2.16 2.36 8.39%
8 0.5 2 1 3.59 2.29 1.85 0.59 2.18 2.31 5.84%
9 0.5 2 2 3.38 2.46 3.35 1.50 2.51 2.66 5.63%
10 12 | 11 0 3.78 2.16 131 0.32 6.90 21.67 68.14%
11 12 | 11 1 3.59 2.29 1.85 0.59 2.91 5.10 43.04%
12 12 | 11| 2 3.38 2.46 3.35 1.50 251 3.60 30.19%
13 |12 15| 0 3.78 2.16 131 0.32 2.98 4.14 28.21%
14 (12 |15 | 1 3.59 2.29 1.85 0.59 2.14 2.42 11.62%
15 |12 | 15| 2 3.38 2.46 3.35 1.50 2.08 2.21 5.97%
16 | 1.2 2 0 3.78 2.16 1.31 0.32 1.82 1.88 3.24%
17 1.2 2 1 3.59 2.29 1.85 0.59 1.63 1.59 -2.32%
18 | 1.2 2 2 3.38 2.46 3.35 1.50 1.70 1.63 -4.74%
19 15111 | 0 3.78 2.16 1.31 0.32 4.09 9.86 58.53%
20 | 15| 11 1 3.59 2.29 1.85 0.59 2.14 2.70 20.90%
21 15| 11| 2 3.38 2.46 3.35 1.50 1.92 2.04 5.65%
22 15|15 | 0 3.78 2.16 131 0.32 241 3.01 20.01%
23 15| 15 1 3.59 2.29 1.85 0.59 1.76 1.79 1.73%
24 15| 15 2 3.38 2.46 3.35 1.50 1.71 1.64 -4.52%
25 | 15 2 0 3.78 2.16 131 0.32 1.66 1.67 0.60%
26 | 1.5 2 1 3.59 2.29 1.85 0.59 1.46 1.39 -4.88%
27 15 2 2 3.38 2.46 3.35 1.50 1.50 1.39 -71.70%

Note: ARL; saved %: (FP—ARL1 — FP.EWMA ARIT)/ FR ARL%

The response table and response diagram show the results of the sensitivity analysis

(Table 45, Figure 45 and Figure 46).
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Table 45. FP EWMA WL Chart —Response Table of s,, 5,, & V.S. ARL, and &,

8,, 03 V.S. ARL, saved% under A=0.25

6, | ARL, ARL, saved % o, | ARL, ARL, saved % 0; | ARL, ARL, saved %
05| 9.26 36.25% 11| 935 47.47% 0 7.79 31.86%
12| 274 20.37% 15| 288 18.74% 1 3.28 20.02%
15| 2.07 10.04% 2 1.85 0.45% 2 2.99 14.78%

Average ATS1

4
0.3
0.2
0.1

12 1.5 1.0 1.5 20 o 1
deltal delta2 delta3

N\

12 1. 1.1 1.5 20 o 1
defta1 delta2 defta3

Average ATS1 saved%

Figure 45. FP EWMA WL Chart — Figure 46. FP EWMA WL Chart —
Response Diagram of s,, 6,, & Response Diagram of o,, 6,, &
and ARL, under A =0.25 and ARL, saved% under A = 0.25

From Table 44, Table 45, Figure 45 and Figure 46, we found

a. ARL; saved % from -7.70% to 70.44%.

the ARL, isdecreasingas o, increasing.

the ARL, is decreasing as o, increasing.

the ARL, isdecreasingas o;increasing.
the ARL, saved % Is decreasing as o, increasing.
the ARL, saved % is decreasing as o, increasing.

the ARL, saved % is decreasing as o, increasing.

The ARL;s of the 27combinations of &,, &, and J, under A= 0.3 are listed in

Table 46.
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Table 46.

ARL; for FP EWMA WL and ARL; saved % Compared to FP WL Chart

under A=0.3

No. | 6, |6, |6 | 11 2 |uel | el |[BMALT AR
ARL, ARL, saved %

1 05| 11 0 3.92 2.10 1.40 0.29 48.99 109.54 55.27%
2 05| 11 1 3.71 2.25 1.96 0.55 12.49 38.67 67.70%
3 05| 11 2 3.47 2.44 3.50 1.42 9.42 29.36 67.91%
4 05| 15 0 3.92 2.10 1.40 0.29 481 7.79 38.20%
5 05| 15 1 3.71 2.25 1.96 0.55 3.92 5.90 33.58%
6 05| 15 2 3.47 2.44 3.50 1.42 4.18 6.20 32.70%
7 05 2 0 3.92 2.10 1.40 0.29 2.14 2.36 9.49%
8 05 2 1 3.71 2.25 1.96 0.55 2.14 2.31 7.36%
9 05 2 2 3.47 2.44 3.50 1.42 2.46 2.66 7.51%
10 12| 11 0 3.92 2.10 1.40 0.29 7.34 21.67 66.11%
11 12 ] 11 1 3.71 2.25 1.96 0.55 2.89 5.10 43.30%
12 12| 11 2 3.47 2.44 3.50 1.42 2.46 3.60 31.50%
13 12 (15| 0 3.92 2.10 1.40 0.29 2.97 4.14 28.35%
14 12|15 1 3.71 2.25 1.96 0.55 2.10 2.42 13.19%
15 12 (15| 2 3.47 2.44 3.50 1.42 2.03 2.21 8.28%
16 1.2 2 0 3.92 2.10 1.40 0.29 1.79 1.88 4.68%
17 1.2 2 1 3.71 2.25 1.96 0.55 1.60 1.59 -0.31%
18 1.2 2 2 3.47 2.44 3.50 1.42 1.66 1.63 -2.22%
19 15| 11 0 3.92 2.10 1.40 0.29 4.19 9.86 57.57%
20 15| 11 1 3.71 2.25 1.96 0.55 2.10 2.70 22.42%
21 15| 11 2 3.47 2.44 3.50 1.42 1.87 2.04 8.39%
22 15115 | 0 3.92 2.10 1.40 0.29 2.39 3.01 20.77%
23 15| 15 1 3.71 2.25 1.96 0.55 1.72 1.79 3.90%
24 15| 15 2 3.47 2.44 3.50 1.42 1.66 1.64 -1.53%
25 15 2 0 3.92 2.10 1.40 0.29 1.63 1.67 2.16%
26 15 2 1 3.71 2.25 1.96 0.55 143 1.39 -2.80%
27 15 2 2 3.47 2.44 3.50 1.42 1.46 1.39 -5.11%

Note: ARL; saved %: (FP—ARL1 — FP.EWMA ARIT)/ FR ARL%

The response table and response diagram show the results of the sensitivity analysis

(Table 47, Figure 47 and Figure 48).
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Table 47.

FP EWMA WL Chart —Response Table of &, 5,, & V..
5,, 03 V.S. ARL, saved% under A=0.3

ARL, and &,

o) ARL, ARL, saved % 0, ARL, ARL, saved % 0; | ARL, ARL, saved %
05| 10.06 35.52% 11| 10.20 46.69% 0 8.47 31.40%
12| 276 21.43% 15| 2.86 19.72% 1 3.38 20.93%
15| 205 11.75% 2 1.81 2.31% 2 3.02 16.38%
; \\ i
£ 5 o> \ \
Figure 47. FP EWMA WL Chart — Figure 48. FP EWMA WL Chart —

Response Diagram of s,, 6,, &

and ARL, under A=10.3

Response Diagram of o,, 6,, &
and ARL, saved% under A =0.3

From Table 46, Table 47, Figure 47 and Figure 48, we found

a. ARL; saved % from -5.11% to 67.91%.

g. the

the

the

the

the

the

ARL,

ARL,

ARL,

is decreasing as &, increasing.

is decreasing as o, increasing.

is decreasing as o, increasing.

ARL, saved % is decreasing as ¢, increasing.
ARL, saved % is decreasing as &, increasing.

ARL, saved % is decreasing as o, increasing.

The ARL;s of the 27combinations of &,, &, and J, under A= 0.4 are listed in

Table 48.
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Table 48. ARL; for FP EWMA WL and ARL; Saved % Compared to FP WL Chart

under A=0.4

No. | & | 6 | 6 | L1 2 | uel | el |EMALT AR

ARL, ARL, saved %
1 05| 11 0 4.16 1.99 1.59 0.24 60.32 109.54 44.93%
2 05| 11 1 3.90 2.16 2.19 0.47 15.14 38.67 60.85%
3 05| 11 2 3.61 2.38 3.80 1.28 11.02 29.36 62.47%
4 05| 15 0 4.16 1.99 1.59 0.24 5.07 7.79 34.93%
5 05| 15 1 3.90 2.16 2.19 0.47 4.03 5.90 31.72%
6 05| 15 2 3.61 2.38 3.80 1.28 4.26 6.20 31.33%
7 05 2 0 4.16 1.99 1.59 0.24 2.12 2.36 10.34%
8 05 2 1 3.90 2.16 2.19 0.47 2.11 2.31 8.83%
9 0.5 2 2 3.61 2.38 3.80 1.28 241 2.66 9.38%
10 12 ] 11 0 4.16 1.99 1.59 0.24 8.55 21.67 60.57%
11 12 ] 11 1 3.90 2.16 2.19 0.47 2.95 5.10 42.26%
12 12| 11 2 3.61 2.38 3.80 1.28 2.44 3.60 32.28%
13 | 12| 15 0 4.16 1.99 1.59 0.24 3.02 4.14 27.22%
14 |12 ] 15 1 3.90 2.16 2.19 0.47 2.07 2.42 14.60%
15 12| 15 2 3.61 2.38 3.80 1.28 1.97 2.21 10.85%
16 | 1.2 2 0 4.16 1.99 1.59 0.24 1.77 1.88 6.16%
17 1.2 2 1 3.90 2.16 2.19 0.47 1.56 1.59 2.07%
18 | 1.2 2 2 3.61 2.38 3.80 1.28 1.61 1.63 0.98%
19 15| 11 0 4.16 1.99 1.59 0.24 4,52 9.86 54.20%
20 | 15| 11 1 3.90 2.16 2.19 0.47 2.06 2.70 23.68%
21 15| 11 2 3.61 2.38 3.80 1.28 1.80 2.04 11.78%
22 15| 15 0 4.16 1.99 1.59 0.24 2.39 3.01 20.80%
23 15| 15 1 3.90 2.16 2.19 0.47 1.68 1.79 6.41%
24 | 15| 15 2 3.61 2.38 3.80 1.28 1.60 1.64 2.20%
25 | 15 2 0 4.16 1.99 1.59 0.24 1.60 1.67 3.89%
26 | 15 2 1 3.90 2.16 2.19 0.47 1.40 1.39 -0.29%
27 15 2 2 3.61 2.38 3.80 1.28 141 1.39 -1.73%

Note: ARL; saved %: (FP—ARL1 — FP.EWMA ARIT)/ FR ARL%

The response table and response diagram show the results of the sensitivity analysis

(Table 49, Figure 49 and Figure 50).
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Table 49.

FP EWMA WL Chart —Response Table of s,, 5,, & V.S. ARL, and &,

5,, 03 V.S. ARL, saved% under A=0.4

o) ARL, ARL, saved % 0, ARL, ARL, saved % 0; | ARL, ARL, saved %
05| 11.83 32.75% 1.1 ] 12.09 43.67% 0 9.93 29.23%
12| 288 21.89% 15| 290 20.01% 1 3.67 21.13%
15| 205 13.44% 2 1.78 4.40% 2 3.17 17.73%
% g oz\ \
Figure 49. FP EWMA WL Chart — Figure 50. FP EWMA WL Chart —

Response Diagram of s,, 6,, &
and ARL, under A =0.4

Response Diagram of o,, 6,, &
and ARL, saved% under A = 0.4

From Table 48, Table 49, Figure 49 and Figure 50, we found

a. ARL; saved % from -1.73% to 62.47%.

b. the ARL,

c. the ARL,

d. the ARL,
e. the

f. the

g. the

is decreasing as &, increasing.

is decreasing as o, increasing.

is decreasing as o, increasing.

ARL, saved % is decreasing as ¢, increasing.
ARL, saved % is decreasing as &, increasing.

ARL, saved % is decreasing as o, increasing.

The ARL;s of the 27combinations of &,, &, and J, under A= 0.5 are listed in

Table 50.
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Table 50. ARL; for FP EWMA WL and ARL; Saved % Compared to FP WL Chart

under A=0.5

No. | & | 6 |6 | u 2 |uel | el |BMMA]T AR

ARL, ARL, saved %
1 051 11 0 4.35 1.89 1.78 0.20 71.30 109.54 34.91%
2 051 11 1 4.06 2.07 2.41 0.40 18.39 38.67 52.45%
3 051 11 2 3.73 2.31 4.09 1.16 13.12 29.36 55.31%
4 05| 15 0 4.35 1.89 1.78 0.20 5.42 7.79 30.44%
5 051 15 1 4.06 2.07 2.41 0.40 4.22 5.90 28.45%
6 051 15 2 3.73 2.31 4.09 1.16 4.44 6.20 28.47%
7 05 2 0 4.35 1.89 1.78 0.20 2.12 2.36 10.00%
8 05 2 1 4.06 2.07 2.41 0.40 2.10 2.31 9.00%
9 0.5 2 2 3.73 2.31 4.09 1.16 2.40 2.66 9.76%
10 12 | 11 0 4.35 1.89 1.78 0.20 10.14 21.67 53.22%
11 12 | 11 1 4.06 2.07 241 0.40 3.09 5.10 39.49%
12 12 | 11 2 3.73 2.31 4.09 1.16 2.47 3.60 31.28%
13 12 | 15 0 4.35 1.89 1.78 0.20 3.12 4.14 24.71%
14 |12 |15 1 4.06 2.07 241 0.40 2.07 2.42 14.47%
15 |12 | 15 2 3.73 2.31 4.09 1.16 1.95 2.21 11.67%
16 | 1.2 2 0 4.35 1.89 1.78 0.20 1.76 1.88 6.43%
17 1.2 2 1 4.06 2.07 241 0.40 154 1.59 3.20%
18 | 1.2 2 2 3.73 2.31 4.09 1.16 1.58 1.63 2.58%
19 15| 11 0 4.35 1.89 1.78 0.20 5.03 9.86 49.04%
20 | 15| 11 1 4.06 2.07 241 0.40 2.07 2.70 23.27%
21 15| 11 2 3.73 231 4.09 1.16 1.77 2.04 13.25%
22 15| 15 0 4.35 1.89 1.78 0.20 2.43 3.01 19.44%
23 15| 15 1 4.06 2.07 241 0.40 1.66 1.79 7.41%
24 15| 15 2 3.73 2.31 4.09 1.16 1.57 1.64 4.16%
25 15 2 0 4.35 1.89 1.78 0.20 1.59 1.67 4.49%
26 | 15 2 1 4.06 2.07 241 0.40 1.38 1.39 1.08%
27 15 2 2 3.73 2.31 4.09 1.16 1.39 1.39 0.14%

Note: ARL; saved %: (FP—ARL1 — FP.EWMA ARIT)/ FR ARL%

The response table and response diagram show the results of the sensitivity analysis

(Table 51, Figure 51 and Figure 52).
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Table 51. FP EWMA WL Chart —Response Table of s,, 5,, & V.S. ARL, and &,
5,, 03 V.S. ARL, saved% under A=0.5

1.2 1.1 15 1
detai  deka2 detta3

Figure 51. FP EWMAWL Chart —
Response Diagram of s,, 6,, &
and ARL, under A =10.5

o) ARL, ARL, saved % 0, ARL, ARL, saved % 0, ARL, ARL, saved %
05| 13.72 28.75% 11| 1415 39.14% 0 11.43 25.85%
12| 3.08 20.78% 15 2.99 18.80% 1 4.06 19.87%
15| 210 13.59% 2 1.76 5.19% 2 3.41 17.40%
g 5
g \ % m\ \\

12
delta1

15
detta2

1
delta3

Figure 52. FP EWMA WL Chart —
Response Diagram of o,, 6,, &
and ARL, saved% under A =0.5

From Table 50, Table 51, Figure 51 and Figure 52, we found

a. ARL; saved % from 0.14% to 55.31%.

b. the ARL, isdecreasingas o, increasing.

c. the ARL, isdecreasingas o, increasing.

d. the ARL, isdecreasingas o;increasing.

e. the ARL, saved % is decreasing as ¢, increasing.

f. the ARL, saved % is decreasing as &, increasing.

g. the ARL, saved % is decreasing as o;increasing.

The ARL;s of the 27combinations of &,, &, and J, under A= 0.6 are listed in

Table 52.
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Table 52.

ARL; for FP EWMA WL and ARL; Saved % Compared to FP WL Chart

under A=0.6

No. | 6, | & | 6 | L 2 | wel | e | B8 i ARG
ARL, ARL, saved %

1 05| 11 0 4.50 1.79 1.98 0.17 81.53 109.54 25.57%
2 05| 11 1 4.18 1.98 2.63 0.35 22.11 38.67 42.83%
3 05| 11 2 3.82 2.25 4.38 1.05 15.70 29.36 46.54%
4 05| 15 0 4.50 1.79 1.98 0.17 5.83 7.79 25.10%
5 05| 15 1 4.18 1.98 2.63 0.35 4.48 5.90 24.13%
6 05| 15 2 3.82 2.25 4.38 1.05 4.69 6.20 24.45%
7 05 2 0 4.50 1.79 1.98 0.17 2.15 2.36 8.90%
8 0.5 2 1 4,18 1.98 2.63 0.35 2.12 2.31 8.27%
9 0.5 2 2 3.82 2.25 4.38 1.05 2.42 2.66 9.08%
10 12 ] 11 0 4.50 1.79 1.98 0.17 12.07 21.67 44.28%
11 12 ] 11 1 4.18 1.98 2.63 0.35 3.31 5.10 35.08%
12 12| 11| 2 3.82 2.25 4.38 1.05 2.57 3.60 28.69%
13 12115 | 0 4.50 1.79 1.98 0.17 3.27 4.14 21.16%
14 12| 15 1 4,18 1.98 2.63 0.35 2.10 2.42 13.23%
15 12 (15| 2 3.82 2.25 4.38 1.05 1.96 2.21 11.26%
16 1.2 2 0 4.50 1.79 1.98 0.17 1.77 1.88 6.00%
17 1.2 2 1 4.18 1.98 2.63 0.35 154 1.59 3.52%
18 1.2 2 2 3.82 2.25 4.38 1.05 1.57 1.63 3.26%
19 15| 11 0 4.50 1.79 1.98 0.17 571 9.86 42.14%
20 15| 11 1 4,18 1.98 2.63 0.35 2.12 2.70 21.46%
21 15| 11 2 3.82 2.25 4.38 1.05 1.77 2.04 13.30%
22 15| 15 0 4.50 1.79 1.98 0.17 2.50 3.01 17.02%
23 15| 15 1 4,18 1.98 2.63 0.35 1.66 1.79 7.36%
24 15| 15 2 3.82 2.25 4.38 1.05 1.56 1.64 4.95%
25 15 2 0 4.50 1.79 1.98 0.17 1.60 1.67 4.43%
26 15 2 1 4,18 1.98 2.63 0.35 1.37 1.39 1.65%
27 15 2 2 3.82 2.25 4.38 1.05 1.37 1.39 1.15%

Note: ARL; saved %: (FP—ARL1 — FP.EWMA ARIT)/ FR ARL%

The response table and response diagram show the results of the sensitivity analysis

(Table 53, Figure 53 and Figure 54).
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Table 53.

FP EWMA WL Chart —Response Table of s,, 5,, & V.S. ARL, and &,
5,, 03 V.S. ARL, saved% under A=0.6

o) ARL, ARL, saved % 0, ARL, ARL, saved % 0, ARL, ARL, saved %
05| 15.67 23.87% 11| 16.32 33.32% 0 12.94 21.62%
12 3.35 18.50% 15| 312 16.52% 1 4.53 17.50%
15| 218 12.61% 2 1.77 5.14% 2 3.73 15.85%

2 x ‘%

Figure 53. FP EWMA WL Chart — Figure 54. FP EWMA WL Chart —

Response Diagram of s,, 6,, &
and ARL, under A =0.6

Response Diagram of o,, 6,, &
and ARL, saved% under A = 0.6

From Table 52, Table 53, Figure 53 and Figure 54, we found

a. ARL; saved % from 1.15% to 46.54%.

the ARL,

the ARL,

the ARL,

is decreasing as o, increasing.

is decreasing as &, increasing.

is decreasing as o, increasing.

the ARL, saved % Is decreasing as o, increasing.

the ARL, saved % is decreasing as o, increasing.

the ARL, saved % is decreasing as o, increasing.

The ARL;s of the 27combinations of &,, &, and J, under A= 0.7 are listed in

Tab

le 54.
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Table 54.

ARL; for FP EWMA WL and ARL; Saved % Compared to FP WL Chart

under A=0.7

No. | 6 | 6, | 6 | L 2 |uel | el | BRI ARG

ARL, ARL, saved %
1 051 11 0 4.62 1.70 2.17 0.13 90.77 109.54 17.14%
2 051 11 1 4.28 1.90 2.86 0.29 26.15 38.67 32.36%
3 05| 11 2 3.89 2.19 4.68 0.93 18.70 29.36 36.32%
4 051 15 0 4.62 1.70 2.17 0.13 6.29 7.79 19.18%
5 05| 15 1 4.28 1.90 2.86 0.29 4,78 5.90 18.94%
6 05| 15 2 3.89 2.19 4.68 0.93 5.00 6.20 19.47%
7 05 2 0 4.62 1.70 2.17 0.13 2.19 2.36 7.20%
8 0.5 2 1 4,28 1.90 2.86 0.29 2.15 231 6.88%
9 0.5 2 2 3.89 2.19 4.68 0.93 2.46 2.66 7.66%
10 12 | 11 0 4.62 1.70 2.17 0.13 14.29 21.67 34.07%
11 12 | 11 1 4.28 1.90 2.86 0.29 3.62 5.10 28.99%
12 12| 11 2 3.89 2.19 4.68 0.93 2.72 3.60 24.44%
13 |12 | 15 0 4.62 1.70 2.17 0.13 3.45 4.14 16.77%
14 |12 | 15 1 4.28 1.90 2.86 0.29 2.15 2.42 11.08%
15 | 12| 15 2 3.89 2.19 4.68 0.93 1.99 2.21 9.81%
16 | 1.2 2 0 4.62 1.70 2.17 0.13 1.79 1.88 5.05%
17 1.2 2 1 4.28 1.90 2.86 0.29 154 1.59 3.20%
18 | 1.2 2 2 3.89 2.19 4.68 0.93 1.57 1.63 3.20%
19 15| 11 0 4.62 1.70 2.17 0.13 6.55 9.86 33.57%
20 | 15| 11 1 4.28 1.90 2.86 0.29 2.21 2.70 18.31%
21 15| 11 2 3.89 2.19 4.68 0.93 1.79 2.04 12.08%
22 15| 15 0 4.62 1.70 2.17 0.13 2.60 3.01 13.77%
23 | 15| 15 1 4.28 1.90 2.86 0.29 1.68 1.79 6.52%
24 | 15| 15 2 3.89 2.19 4.68 0.93 1.56 1.64 4.83%
25 | 15 2 0 4.62 1.70 2.17 0.13 1.61 1.67 3.83%
26 | 1.5 2 1 4.28 1.90 2.86 0.29 1.37 1.39 1.79%
27 15 2 2 3.89 2.19 4.68 0.93 1.37 1.39 1.51%

Note: ARL; saved %: (FP—ARL1 — FP.EWMA ARIT)/ FR ARL%

The response table and response diagram show the results of the sensitivity analysis

(Table 55, Figure 55 and Figure 56).
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Table 55.

FP EWMA WL Chart —Response Table of s,, 5,, & V.S. ARL, and &,

5,, 03 V.S. ARL, saved% under A=0.7

o) ARL, ARL, saved % 0, ARL, ARL, saved % 0, ARL, ARL, saved %
05| 1761 18.35% 11| 18.53 26.36% 0 14.39 16.73%
12| 3.68 15.18% 15| 3.28 13.37% 1 5.07 14.23%
15 230 10.69% 2 1.78 4.48% 2 4.13 13.26%
Figure 55. FP EWMA WL Chart — Figure 56. FP EWMA WL Chart —

Response Diagram of s,, 6,, &
and ARL, under A=0.7

Response Diagram of o,, 6,, &
and ARL, saved% under A =0.7

From Table 54, Table 55, Figure 55 and Figure 56, we found

a. ARL; saved % from 1.51% to 36.32%.

b. the ARL,

c. the ARL,

d. the ARL,
e. the

f. the

g. the

is decreasing as &, increasing.

is decreasing as o, increasing.

is decreasing as o, increasing.

ARL, saved % is decreasing as ¢, increasing.
ARL, saved % is decreasing as &, increasing.

ARL, saved % is decreasing as o, increasing.

The ARL;s of the 27combinations of &,, &, and J, under A= 0.8 are listed in

Table 56.
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Table 56.

ARL; for FP EWMA WL and ARL; Saved % Compared to FP WL Chart

under A=0.8

No. | 6 | 6 | 6 | L 2 ol | el | MR ARLs

ARL, ARL, saved %
1 051 11 0 4,71 1.61 2.37 0.10 98.84 109.54 9.77%
2 051 11 1 4.35 1.82 3.09 0.24 30.37 38.67 21.46%
3 051 11 2 3.95 2.13 4.99 0.82 22.05 29.36 24.90%
4 051 15 0 4.71 1.61 2.37 0.10 6.78 7.79 12.87%
5 05| 15 1 4.35 1.82 3.09 0.24 5.13 5.90 13.08%
6 05|15 ]| 2 3.95 2.13 4.99 0.82 5.36 6.20 13.62%
7 05 2 0 4.71 1.61 2.37 0.10 2.24 2.36 5.13%
8 0.5 2 1 4.35 1.82 3.09 0.24 2.20 2.31 4.98%
9 0.5 2 2 3.95 2.13 4.99 0.82 251 2.66 5.63%
10 12 | 11 0 471 1.61 2.37 0.10 16.69 21.67 22.98%
11 12 | 11 1 4.35 1.82 3.09 0.24 4.03 5.10 21.11%
12 12| 11 2 3.95 2.13 4.99 0.82 2.94 3.60 18.40%
13 (12| 15]| 0 471 1.61 2.37 0.10 3.66 4.14 11.68%
14 |12 | 15 1 4.35 1.82 3.09 0.24 2.22 2.42 8.15%
15 |12 | 15| 2 3.95 2.13 4.99 0.82 2.05 2.21 7.46%
16 | 1.2 2 0 471 1.61 2.37 0.10 181 1.88 3.67%
17 1.2 2 1 4.35 1.82 3.09 0.24 1.55 1.59 2.51%
18 | 1.2 2 2 3.95 2.13 4,99 0.82 1.58 1.63 2.65%
19 15| 11 0 4,71 1.61 2.37 0.10 7.55 9.86 23.47%
20 | 15| 11 1 4.35 1.82 3.09 0.24 2.33 2.70 13.76%
21 15| 11 2 3.95 2.13 4,99 0.82 1.84 2.04 9.52%
22 15| 15 0 471 1.61 2.37 0.10 2.72 3.01 9.79%
23 15| 15 1 4.35 1.82 3.09 0.24 1.71 1.79 4.96%
24 15| 15 2 3.95 2.13 4.99 0.82 1.57 1.64 3.91%
25 | 15 2 0 4,71 1.61 2.37 0.10 1.62 1.67 2.88%
26 | 15 2 1 4.35 1.82 3.09 0.24 1.37 1.39 1.51%
27 15 2 2 3.95 2.13 4.99 0.82 1.37 1.39 1.37%

Note: ARL; saved %: (FP—ARL1 — FP.EWMA ARIT)/ FR ARL%

The response table and response diagram show the results of the sensitivity analysis

(Table 57, Figure 57 and Figure 58).
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Table 57.

FP EWMA WL Chart —Response Table of s,, 5,, & V.S. ARL, and &,

5,, 03 V.S. ARL, saved% under A=0.8

o) ARL, ARL, saved % 0, ARL, ARL, saved % 0, ARL, ARL, saved %
05| 19.50 12.38% 11| 20.74 18.37% 0 15.77 11.36%
12| 4.06 10.96% 15| 347 9.50% 1 5.66 10.17%
15| 245 7.91% 2 1.81 3.37% 2 4.59 9.72%
Figure 57. FP EWMA WL Chart — Figure 58. FP EWMA WL Chart —

Response Diagram of s,, 6,, &
and ARL, under A=10.8

Response Diagram of o,, 6,, &
and ARL, saved% under A =0.8

From Table 56, Table 57, Figure 57 and Figure 58, we found

a. ARL; saved % from 1.37% to 24.90%.

b. the ARL,

c. the ARL,

d. the ARL,
e. the

f. the

g. the

is decreasing as &, increasing.

is decreasing as o, increasing.

is decreasing as o, increasing.

ARL, saved % is decreasing as ¢, increasing.
ARL, saved % is decreasing as &, increasing.

ARL, saved % is decreasing as o, increasing.

The ARL;s of the 27combinations of &,, &, and J, under A= 0.9 are listed in

Table 58.
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Table 58. ARL; for FP EWMA WL and ARL; Saved % Compared to FP WL Chart

under A=0.9

No. | 6, | 6 |46 | L1 2 | weL | el | VA i ARG

ARL, ARL, saved %
1 051 11 0 4,76 1.53 2.57 0.07 105.60 109.54 3.60%
2 051 11 1 4.39 1.75 3.33 0.18 34.60 38.67 10.52%
3 05| 11 2 3.98 2.08 5.30 0.70 25.65 29.36 12.65%
4 051 15 0 4,76 1.53 2.57 0.07 7.29 7.79 6.40%
5 05| 15 1 4.39 1.75 3.33 0.18 5.51 5.90 6.71%
6 05| 15 2 3.98 2.08 5.30 0.70 5.77 6.20 7.08%
7 05 2 0 4,76 1.53 2.57 0.07 2.30 2.36 2.71%
8 0.5 2 1 4.39 1.75 3.33 0.18 2.25 231 2.68%
9 0.5 2 2 3.98 2.08 5.30 0.70 2.58 2.66 3.04%
10 12 | 11 0 4,76 1.53 2.57 0.07 19.19 21.67 11.46%
11 12 | 11 1 4.39 1.75 3.33 0.18 4.52 5.10 11.43%
12 12 | 11 2 3.98 2.08 5.30 0.70 3.23 3.60 10.34%
13 12| 15 0 4,76 1.53 2.57 0.07 3.89 4.14 6.06%
14 12| 15 1 4.39 1.75 3.33 0.18 2.31 2.42 4.43%
15 12| 15 2 3.98 2.08 5.30 0.70 2.12 2.21 4.21%
16 1.2 2 0 4,76 1.53 2.57 0.07 1.85 1.88 1.97%
17 1.2 2 1 4.39 1.75 3.33 0.18 1.57 1.59 1.44%
18 1.2 2 2 3.98 2.08 5.30 0.70 1.60 1.63 1.54%
19 15| 11 0 4,76 1.53 2.57 0.07 8.67 9.86 12.15%
20 15| 11 1 4.39 1.75 3.33 0.18 2.50 2.70 7.70%
21 15| 11 2 3.98 2.08 5.30 0.70 1.92 2.04 5.60%
22 15| 15 0 4,76 1.53 2.57 0.07 2.86 3.01 5.18%
23 15| 15 1 4.39 1.75 3.33 0.18 1.74 1.79 2.79%
24 15| 15 2 3.98 2.08 5.30 0.70 1.60 1.64 2.32%
25 15 2 0 4,76 1.53 2.57 0.07 1.64 1.67 1.56%
26 15 2 1 4.39 1.75 3.33 0.18 1.38 1.39 0.86%
27 15 2 2 3.98 2.08 5.30 0.70 1.38 1.39 0.86%

Note: ARL; saved %: (FP—ARL1 — FP.EWMA ARIT)/ FR ARL%

The response table and response diagram show the results of the sensitivity analysis

(Table 59, Figure 59 and Figure 60).
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Table 59. FP EWMA WL Chart —Response Table of s,, 5,, & V.S. ARL, and &,
5,, 03 V.S. ARL, saved% under A=0.9

o) ARL, ARL, saved % 0, ARL, ARL, saved % 0, ARL, ARL, saved %
05| 21.28 6.15% 11| 22.87 9.49% 0 17.03 5.68%
12| 447 5.88% 15| 3.68 5.02% 1 6.26 5.40%
15| 263 4.34% 2 1.84 1.85% 2 5.09 5.29%

Average ATS1
Average ATS1 saved%

12 1 15 2 0.5 12 15 1.0 15 20 o 1
defta1 deta2z  deka3 delta1 delta2 delta3

Figure 59. FP EWMA WL Chart — Figure 60. FP EWMA WL Chart —
Response Diagram of s,, 6,, & Response Diagram of o,, 6,, &
and ARL, under A=0.9 and ARL, saved% under A =0.9

From Table 58, Table 59, Figure 59 and Figure 60, we found

a. ARL; saved % from 0.86% to 12.65%.

b. the ARL, isdecreasingas o, increasing.

c. the ARL, isdecreasingas o, increasing.

d. the ARL, isdecreasingas o;increasing.
e. the ARL, saved % is decreasing as ¢, increasing.
f. the ARL, saved % is decreasing as &, increasing.

g. the ARL, saved % is decreasing as o;increasing.

From the above results, when the value of A is small (A<0.5), the ARL; saved %
may be negative when the 5, s, and/or &, are large. It is because the EWMA
scheme is more effective under small A when the shifts of mean and/or variance are

small so that the performance compare to FP WL chart is not great under large shifts of
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mean and/or variance.

For different values of A in Tables 36, 38, 40, 42, 44, 46, 48, 50, 52, 54, 56 and 58,
the choice of the A with maximal ARL; saved % for each combination of &,, ¢, and
8, in Ly7(3") is listed in Table 62. That is, we may choose the A for the given

combination ¢,, 6, and &, from Table 60.

Table 60. The Optimal A to Maximize the ARL; Saved % Time

No.| & | J, | 03| A" | ARL;saved% | No. | & s, | &, A~ | ARL, saved %
1 05|11/ 0 | 005 76.72% 16 | 1.2 | 2 0 0.5 6.43%
2 |05 [11|1] 01 74.84% 17 {12 | 2 1 0.6 3.52%
3 /05|11 2]015 72.24% 18 | 12 | 2 2 0.6 3.26%
4 |05 |15] 01 02 39.58% 19 (15|11 0 0.2 58.90%
5 | 05|15| 11025 33.79% 20 | 15 | 1.1 | 1 0.4 23.68%
6 | 05|15| 2| 03 32.70% 21 | 15 | 1.1 | 2 0.6 13.30%
7 105| 2 |0 04 10.34% 22 | 15|15 0 0.4 20.80%
8 | 05| 2 | 1] 05 9.00% 23 | 15|15 | 1 0.5 7.41%
9 | 05| 2 | 2] 05 9.76% 24 | 15 | 15 | 2 0.6 4.95%
10 | 12 | 11| 0 [ 015 70.38% 25 | 15| 2 0 0.5 4.49%
11 (1211|103 43.30% 26 | 15 | 2 1 0.7 1.79%
12 12112 | 04 32.28% 27 | 15 | 2 2 0.7 1.51%
13 [ 12 [15| 0| 03 28.35%

14 [ 12 |15| 1| 04 14.60%

15 |12 |15| 2 | 05 11.67%

The results in Table 60 tell us that we have to choose the biggerA when the values of
5, ¢, and/or ¢, are large. However, the ARL saved % of the combination #1 is
76.72% which is the maximum , that is, the FP EWMA WL chart has the best
performance under A=0.05 when the shifts of the mean and/or variance are much

smaller.
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(2) ATS; Analysis of VSI EWMA WL Chart and ATS; Comparison between VSI
EWMA WL Chart and FP WL Chart

Under x4, =0, of=1, n,=5, h,=1, a,=0.0027 (or ARL,= 370.37) and
a=0.6. Consider the levels of the parameters, ¢, = (0.5, 1.2,1.5), J, =(1.1, 1.5, 2),
0, =(0,1,2)and (hy, hy) = (0.2, 2), (0.5,1.5), (0.8, 1.2). The 27 combinations are

arranged by Ly7(3").

Similar to Section 5.2, the values of L;, L, W; and W, under the combinations of
A=0.05,0.1,0.20305,07,09, 5, =0,1,2and (h,,h) =(0.2 2),(05,15),
(0.8, 1.2) could be found.

Under A = 0.05, The values of W for various values of W,, s, and (h,,h) are
listed in Table 61 and the ATS;s of the 27combinations of &,, ¢, and J, are
calculated. We choose the combination of L1, L, W1 and W, which minimizes the

ATS; and the results are listed in Table 62.

Table 61. The values of Wi for various values of W», s, and (h,,h) under

A=0.05

W,=05 | Wo=1 | W,=15 | W,=2
5, (ha,hy) Ly L, W, W, W, W,
0 (0.2,2.0) 2.74 2.27 0.63 0.16 009 | -018
1 (0.2,2.0) 2.68 2.32 0.62 0.17 007 | -0.16
2 (0.2,2.0) 2.63 2.38 0.62 0.18 005 | -0.15
0 (0.5,1.5) 2.74 2.27 0.82 0.30 0.05 -0.05
1 (0.5,1.5) 2.68 2.32 0.81 0.31 0.06 -0.03
2 (0.5,1.5) 2.63 2.38 0.80 0.32 0.08 -0.02
0 (0.8,1.2) 2.74 2.27 0.82 0.30 0.05 -0.05
1 (0.8,1.2) 2.68 2.32 0.81 0.31 0.06 -0.03
2 (0.8,1.2) 2.63 2.38 0.80 0.32 0.08 -0.02
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Table 62. ATS; for VSI EWMA WL Chart and ATS; Saved % Compared to FP WL
Chart under A = 0.05

VSI
No. | & | & | & | (hphy) L, L, W; | W, | LCL | LWL | UWL | UCL | EWMA i ATS:

ATS, ARL, saved %
1 05 | 1.1 0 | (0.22.0) | 2.74 227 | -0.18 | 2.00 | 0.52 0.54 0.67 0.87 10.53 109.54 90.39%
2 /05|11 | 1| (0515 | 268 | 232 | -0.03 |2.00| 0.87 | 0.90 | 1.08 | 1.32 6.70 38.67 82.66%
3 05 | 11 2 | (0.812) | 2.63 2.38 | -0.02 | 2.00 | 1.96 2.01 2.28 2.63 7.71 29.36 73.73%
4 05 | 15 0 | (0.22.0) | 2.74 227 | -0.18 | 2.00 | 0.52 0.54 0.67 0.87 2.74 7.79 64.87%
5 05|15 |1 | (0515) | 268 | 232 | -003 | 200 | 087 | 090 | 1.08 | 1.32 3.37 5.90 42.92%
6 05 | 15 2 | (0.812) | 2.63 2.38 | -0.02 | 2.00 | 1.96 2.01 2.28 2.63 4.66 6.20 24.95%
7 0.5 2 0 | (0.22.0) | 2.74 227 | -0.18 | 2.00 | 0.52 0.54 0.67 0.87 1.62 2.36 31.27%
8 | 05 2 1 | (0515) | 268 | 232 | -0.03 | 200 | 0.87 | 090 | 1.08 | 1.32 2.11 2.31 8.66%
9 0.5 2 2 | (0.81.2) | 2.63 2.38 | -0.02 | 2.00 | 1.96 2.01 2.28 2.63 3.01 2.66 -12.80%
10 | 1.2 | 11 0 | (0515) | 2.74 2.27 | -0.05 | 2.00 | 0.52 0.54 0.68 0.87 4.67 21.67 78.44%
11 |12 | 11| 1 | (0812) | 268 | 232 | -0.03 |2.00| 087 | 090 | 1.08 | 1.32 3.30 5.10 35.32%
12 |12 | 11| 2 | (0220) | 263 | 238 | -0.15 | 2.00 | 196 | 2.01 | 2.26 | 2.63 1.79 3.60 50.26%
13 | 1.2 | 15 | 0 | (0515) | 2.74 | 227 | -0.05 | 200 | 052 | 054 | 0.68 | 0.87 2.63 4.14 36.49%
14 | 12 | 15 | 1 | (0.812) | 268 | 232 | -0.03 | 200 | 087 | 090 | 1.08 | 1.32 2.52 2.42 -4.38%
15 | 1.2 | 15 | 2 | (0.22.0) | 263 | 238 | -0.15 | 200 | 196 | 201 | 2.26 | 2.63 1.61 221 27.18%
16 | 1.2 2 0 | (0515) | 274 | 227 | -0.05 |2.00 | 0.52 | 0.54 | 0.68 | 0.87 1.77 1.88 6.06%
17 | 1.2 2 1| (0812) | 268 | 232 | -0.03 | 200 | 087 | 090 | 1.08 | 1.32 1.93 1.59 -20.97%
18 | 1.2 2 2 | (0.2,2.0) | 263 | 238 | -0.15 | 2.00 | 1.96 | 2.01 | 2.26 | 2.63 1.43 1.63 12.12%
19 | 15 | 11 | 0 | (0.812) | 2.74 | 227 | -0.05 | 200 | 052 | 054 | 0.68 | 0.87 4.18 9.86 57.65%
20 | 15 |11 | 1 | (0.220) | 268 | 232 | -0.16 [2.00 | 0.87 | 0.90 | 1.07 | 1.32 1.57 2.70 42.10%
21 | 15|11 | 2 | (0515) | 263 | 238 | -0.02 [2.00| 1.96 | 2.01 | 2.28 | 2.63 1.97 2.04 3.34%
22 | 15|15 | 0 | (0.812) | 274 | 227 | -0.05 [ 2.00 | 052 | 0.54 | 0.68 | 0.87 2.73 3.01 9.56%
23 | 15|15 | 1 | (0.220) | 268 | 232 | -0.16 [2.00 | 0.87 | 0.90 | 1.07 | 1.32 1.41 1.79 21.57%
24 | 15 | 15| 2 | (0515) | 263 | 238 | -0.02 [ 2.00 | 1.96 | 2.01 | 2.28 | 2.63 1.78 1.64 -8.99%
25 | 15 2 0 | (0.812) | 274 | 227 | -0.05 |2.00 | 052 | 0.54 | 0.68 | 0.87 1.91 1.67 -14.32%
26 | 15 2 1 | (0.22.0) | 268 | 232 | -0.16 | 200 | 087 | 090 | 1.07 | 1.32 1.26 1.39 9.33%
27 | 15 2 2 | (0515) | 263 | 238 | -0.02 |2.00 | 1.96 | 2.01 | 2.28 | 2.63 1.58 1.39 -13.60%

Note: ARL; saved %:

(FP-ARL - VSL.EWMA ARL)/ FP ARL%

To investigate the effect of o,, 0, and o, onthe ATS; and ATS; saved %, the

response table and response diagram show the results of the sensitivity analysis (Table
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63, Figure 61 and Figure 62).

Table 63. VSI EWMA WL Chart —Response Table of &,, ,, 6; vs. ATS, and ¢,
8,, 03 VS. ATS saved% under A =0.05

5, | ATS ATS saved% | 6, | ATS ATS, saved% | &, | ATS ATS, saved %
0.5 4.72 4518.00% 11 471 57.10% 0 3.64 40.05%
1.2 241 2450.00% 15 2.61 23.80% 1 2.69 24.13%
15 2.04 1185.00% 2 1.85 0.64% 2 2.84 17.35%

Figure 61. VSI EWMA WL Chart — Figure 62. - VSI EWMA WL Chart —
Response Diagram of s,, ¢6,, & Response Diagram of o,, 6,, &
and ATs, under A =0.05 and ATS saved% under A =0.05

From Table 62, Table 63, Figure 61 and Figure 62, we found

a. ATS; saved % from -20.97% to 90.39%.

b. the ATS, isdecreasingas o, increasing.

c. the ATS, isdecreasingas &, increasing.

d. the ATS, is first decreasing then increasing as o, increasing.
e. the ATS, saved % is decreasingas o, increasing.
f. the ATS saved % is decreasingas o, increasing.

g. the ATS, saved % is first decreasing then increasing as J, increasing.
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Under A= 0.1, The values of W for various values of W, ¢, and (h,,h) are

listed in Table 64 and the ATS;s of the 27combinations of &,, 6, and o, are
calculated. We choose the combination of Ly, L, W1 and W> which minimizes the

ATS; and the results are listed in Table 65.

Table 64. The values of W for various values of W, s, and (h,,h) under 2=0.1

W,=05 | Wo=1 | Wp=15 | W,=2
0, (ha,hy) L, L, W, W, W, W,
0 (0.2,2.0) 3.15 2.29 0.66 0.16 -0.10 -0.19
1 (0.2,2.0) 3.05 2.38 0.66 0.18 -0.08 -0.17
2 (0.2,2.0) 2.95 2.48 0.66 0.19 -0.05 -0.15
0 (0.5,1.5) 3.15 2.29 0.87 0.30 0.04 -0.06
1 (0.5,1.5) 3.05 2.38 0.86 0.32 0.06 -0.04
2 (0.5,1.5) 2.95 2.48 0.85 0.34 0.09 -0.02
0 (0.8,1.2) 3.15 2.29 0.87 0.30 0.04 -0.06
1 (0.8,1.2) 3.05 2.38 0.86 0.32 0.06 -0.04
2 (0.8,1.2) 2.95 2.48 0.85 0.34 0.09 -0.02
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Table 65. ATS; for VSI EWMA WL Chart and ATS; Saved % Compared to FP WL

Chart under A=0.1

VSI ATS,
No. | ¢ 0, | 0, (hy, hy) L, L, W, W, | LCL | LWL | UWL | UCL | EWMA AFRPLl saved
ATS; %
1 05|11 | 0 | (0.220) | 315 | 229 -0.19 | 200 | 045 | 048 | 0.66 | 1.00 10.96 | 109.54 | 90.00%
2 05|11 | 1 | (0515) | 3.05 | 2.38 -0.04 | 200| 077 | 082 | 1.08 | 1.48 6.17 38.67 | 84.04%
3 05|11 | 2 | (0812) | 295 | 248 -0.02 | 200| 180 | 190 | 228 | 2.85 7.03 29.36 | 76.04%
4 05|15 | 0 | (0.220) | 315 | 229 -0.19 | 200 | 045 | 048 | 0.66 | 1.00 241 7.79 | 69.09%
5 05|15 | 1 | (0515) | 3.05 | 2.38 -0.04 | 200| 077 | 082 | 1.08 | 1.48 2.96 5.90 | 49.81%
6 05|15 | 2 | (0812) | 295 | 248 -0.02 | 200| 180 | 190 | 228 | 2.85 4.07 6.20 | 34.38%
7 0.5 2 0 | (0.22.0) | 315 | 2.29 -0.19 | 200 | 045 | 0.48 | 0.66 | 1.00 1.48 2.36 | 37.46%
8 0.5 2 1 | (0515) | 3.05 | 2.38 -0.04 | 200| 077 | 082 | 1.08 | 1.48 1.88 231 | 18.61%
9 0.5 2 2 | (0812) | 295 | 248 -0.02 | 200| 180 | 190 | 228 | 2.85 2.62 2.66 1.65%
10 | 1.2 | 11 | O | (0.515) | 315 | 229 -0.06 | 2.00| 045 | 0.48 | 0.67 | 1.00 4.20 21.67 | 80.63%
11 (12 | 11| 1 | (0.812) | 3.05 | 2.38 -0.04 | 200| 077 | 082 | 1.08 | 1.48 2.88 5.10 | 43.65%
12 | 1.2 | 11 | 2 | (0.220) | 295 | 248 -0.15 | 200| 1.80 | 190 | 225 | 2.85 1.55 3.60 | 56.91%
13 |1 12| 15| 0 | (0515) | 315 | 229 -0.06 | 2.00 | 0.45 | 048 | 0.67 | 1.00 2.33 414 | 43.77%
14 | 12 | 15| 1 | (0.812) | 3.05 | 2.38 -0.04 | 200 | 077 | 082 | 1.08 | 1.48 2.21 2.42 8.64%
15 | 12 | 15| 2 | (0.22.0) | 295 | 248 -0.15 | 200 | 180 | 190 | 225 | 2.85 1.43 221 | 35.41%
16 | 1.2 2 0 | (0515) | 315 | 2.29 -0.06 | 2.00 | 0.45 | 0.48 | 0.67 | 1.00 1.60 1.88 | 14.93%
17 | 1.2 2 1] (0812 | 3.05 | 238 -0.04 | 200 | 0.77 | 0.82 | 1.08 | 1.48 1.71 159 | -7.60%
18 | 1.2 2 2 | (0.220) | 295 | 2.48 -0.15 | 200 | 180 | 190 | 225 | 2.85 1.30 1.63 | 19.88%
199 | 15| 11| 0 | (0.812) | 315 | 229 -0.06 | 2.00| 045 | 0.48 | 0.67 | 1.00 3.72 9.86 | 62.33%
20 | 15| 11| 1 | (0.220) | 3.05 | 2.38 -0.17 | 200 | 0.77 | 0.82 | 1.06 | 1.48 1.39 2.70 | 48.65%
21 | 15 | 11| 2 | (0515) | 295 | 2.48 -0.02 | 200 | 180 | 190 | 2.28 | 2.85 1.71 2.04 | 16.15%
22 | 15| 15| 0 | (0812) | 315 | 2.29 -0.06 | 2.00 | 0.45 | 048 | 0.67 | 1.00 241 3.01 | 20.01%
23 | 15| 15| 1 | (0.220) | 3.05 | 2.38 -0.17 | 200 | 0.77 | 0.82 | 1.06 | 1.48 1.28 1.79 | 28.60%
24 | 15 | 15| 2 | (0515) | 295 | 248 -0.02 | 200 | 180 | 190 | 2.28 | 2.85 1.57 1.64 4.03%
25 | 15 2 0 | (0812) | 315 | 2.29 -0.06 | 2.00| 0.45 | 0.48 | 0.67 | 1.00 1.71 1.67 | -2.70%
26 | 15 2 1] (0.220) | 3.05 | 2.38 -0.17 | 200 | 0.77 | 0.82 | 1.06 | 1.48 1.18 1.39 | 15.22%
27 | 15 2 2 | (0515) | 295 | 248 -0.02 |200| 180 | 190 | 2.28 | 2.85 1.42 1.39 | -1.87%

Note: ARL; saved %: (FP-ARL, —VSI. EWMA ARL)/ FR ARL%

To investigate the effect of o,, 0, and o, onthe ATS; and ATS; saved %, the

response table and response diagram show the results of the sensitivity analysis (Table
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66, Figure 63 and Figure 64).

Table 66. VSI EWMA WL Chart —Response Table of &,, ,, 6; vs. ATS, and ¢,
8,, 03 VS. ATS saved% under A=0.1

6, | ATS ATS, saved % 6, | ATS ATS, saved % 6, | ATS ATS, saved %
0.5 | 4.40 51.23% 11| 440 62.04% 0 | 342 46.17%
12| 213 32.91% 1.5 | 230 32.64% 1| 241 32.18%
15| 1.82 21.16% 2 | 166 10.62% 2 | 252 26.95%
Figure 63. VSI EWMA WL Chart — Figure 64. VSI EWMA WL Chart —
Response Diagram of s,, ¢6,, & Response Diagram of o,, 6,, &
and ATS, under A=0.1 and ATS saved% under A=0.1

From Table 65, Table 66, Figure 63 and Figure 64, we found

a. ATS; saved % from -7.60% to 90.00%.

b. the ATS, isdecreasingas o, increasing.

c. the ATS, isdecreasingas &, increasing.

d. the ATS, is first decreasing then increasing as o, increasing.
e. the ATS, saved % is decreasingas o, increasing.
f. the ATS saved % is decreasingas o, increasing.

g. the ATS, saved % is decreasingas J, increasing.
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Under A= 0.2, The values of W for various values of W», ¢, and (h,,h) are

listed in Table 67 and the ATS;s of the 27combinations of 6,, 6, and ¢, are
calculated. We choose the combination of Ly, L,, Wy and W, which minimizes the

ATS; and the results are listed in Table 68.

Table 67. The values of W for various values of W, s, and (h,,h) under A=0.2

W,=05 | Wo=1 | W,=15 | W,=2
5, (hy,hs) L, L, W, W, W, W,
0 (0.2,2.0) 3.58 2.21 0.74 0.17 010 | -0.19
1 (0.2,2.0) 3.49 2.33 0.61 0.11 015 | -0.25
2 (0.2,2.0) 3.29 2.48 0.64 0.16 -0.09 | -0.19
0 (0.5,1.5) 3.58 221 1.04 0.36 0.07 -0.03
1 (0.5,1.5) 3.49 2.33 0.76 0.21 -0.05 | -0.15
2 (0.5,1.5) 3.29 2.48 0.81 0.28 0.02 -0.08
0 (0.8,1.2) 3.58 2.21 1.28 0.48 0.17 0.07
1 (0.8,1.2) 3.49 2.33 0.57 0.08 018 | -0.28
2 (0.8,1.2) 3.29 2.48 0.70 0.21 -0.05 | -0.15
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Table 68. ATS; for VSI EWMA WL Chart and ATS; Saved % Compared to FP WL

Chart under A=0.2

VSl
No.| & | & |6 | (ah) | Li | Lb | W | W, | LCL | LWL |UWL | UCL | EWMA PP | ATSisaved
ARL, %
ATS,
1 05| 11|01 (0220) | 358 |221|-019 | 2.00 | 036 | 039 | 065 | 1.20 | 1515 | 109.54 | 86.17%
2 | 05|11 |1 (515 | 349 |233|-015| 200 | 064 | 0.70 | 1.05 | 1.74 | 6.42 | 38.67 | 83.40%
3 105|112 (0812 | 329 |248|-015 | 200 | 1.59 | 1.72 | 224 | 320 | 713 | 2936 | 75.73%
4 | 05|15 |0 | (0220) | 358 |221|-019 | 200 | 036 | 039 | 065 | 1.20 | 225 7.79 71.10%
5 | 05| 15| 1| (0515) | 349 [233|-015 | 200 | 064 | 070 | 1.05 | 1.74 | 267 5.90 54.79%
6 | 05| 15| 2| (0812 | 329 |248| -015 | 200 | 159 | 1.72 | 224 | 3.20 | 3.69 6.20 40.55%
7 105 | 2 |0 (0220 | 358 [221]-019 | 200 | 036 | 039 | 065 | 1.20 | 1.41 2.36 40.38%
8 | 05| 2 | 1| (0515) | 349 [233|-015 | 200 | 064 | 070 | 1.05 | 1.74 | 168 2.31 27.45%
9 [ 05| 2 | 2| (812 | 329 |248| -015 | 2.00 | 1.59 | 1.72 | 224 | 320 | 232 2.66 13.06%
10 | 1.2 | 1.1 | 0 | (0515) | 358 [221| -0.03 [ 200 | 036 | 039 | 068 | 1.20 | 413 | 21.67 | 80.93%
11 [ 12 | 11 | 1| (0812) | 3.49 |233| -028 | 200 | 064 | 070 | 1.03 | 1.74 | 257 5.10 49.55%
12 [ 12 | 11 | 2 | (0220) | 329 |248| -019 | 2.00 | 159 | 1.72 | 223 | 3.20 | 1.37 3.60 61.91%
13 | 1.2 | 15 | 0 | (0515) | 358 [221|-0.03 | 200 | 036 | 039 | 068 | 1.20 | 216 4.14 47.80%
14 | 1.2 | 15 | 1 | (081.2) | 349 [233|-028 | 200 | 064 | 070 | 1.03 | 1.74 | 195 2.42 19.27%
15 | 1.2 | 15 | 2 | (0.2,20) | 329 [248| -019 | 200 | 159 | 1.72 | 223 | 320 | 1.28 2.21 41.97%
16 | 1.2 | 2 | 0| (0515) | 358 [2.21|-0.03 | 200 | 036 | 039 | 068 | 1.20 | 151 1.88 19.77%
17 | 12| 2 | 1| (0812) | 349 [233|-028 | 200 | 064 | 0.70 | 1.03 | 1.74 | 152 1.59 4.39%
18 | 1.2 | 2 | 2 | (0220) | 329 [248 | -019 | 200 | 159 | 1.72 | 223 | 320 | 1.19 1.63 26.52%
19 | 1.5 | 1.1 | 0 | (081.2) | 358 [2.21] 007 | 200 | 036 | 039 | 069 | 1.20 | 352 9.86 64.35%
20 | 15 | 11 | 1 | (0.2,2.0) | 3.49 | 2.33| -0.25 | 2.00 | 0.64 | 070 | 1.03 | 1.74 | 1.24 2.70 54.09%
21 | 15 | 11 | 2 | (0515) | 329 | 248 -0.08 | 2.00 | 1.59 | 1.72 | 226 | 320 | 150 2.04 26.26%
22 | 15 | 15 | 0 | (0.812) | 358 [2.21| 007 | 2.00 | 036 | 039 | 069 | 1.20 | 222 3.01 26.38%
23 | 15 | 15 | 1 | (0.2,2.0) | 349 |2.33| -025 | 2.00 | 064 | 0.70 | 1.03 | 1.74 | 1.16 1.79 35.23%
24 | 15 | 15 | 2 | (0515) | 329 | 248 | -0.08 | 2.00 | 159 | 1.72 | 226 | 320 | 1.39 1.64 14.85%
25 | 15| 2 | 0| (0812 | 358 [2.21| 007 | 2.00 | 036 | 039 | 069 | 1.20 | 1.60 1.67 4.31%
26 | 15 | 2 | 1| (0220) | 349 |2.33|-025 | 2.00 | 064 | 0.70 | 1.03 | 1.74 | 1.09 1.39 21.75%
27 | 15| 2 | 2 | (0515) | 329 | 248 | -0.08 | 2.00 | 159 | 1.72 | 226 | 320 | 1.28 1.39 8.06%

Note: ARL; saved %: (FP—ARL1 —VSI. EWMA Aer)/ FR ARL%

To investigate the effect of o,, 0, and o, onthe ATS; and ATS; saved %, the

response table and response diagram show the results of the sensitivity analysis (Table
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69, Figure 65 and Figure 66 ).

Table 69. VSI EWMA WL Chart —Response Table of s, 5,, & VSs.
8,, 03 VS. ATS saved% under A=0.2

ATS, and o,

6, | ATS ATS, saved % 6, | ATS ATS, saved % 6, | ATS ATS, saved %
05| 4.74 54.74% 11| 478 64.71% 0 3.77 49.02%
12| 197 39.12% 15| 2.09 39.10% 1 2.26 38.88%
15| 167 28.36% 2 151 18.41% 2 2.35 34.32%

Average ATS1
Average ATS1 saved%

0.6
o5
0.4
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0.2
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1
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Figure 65. VSI EWMA WL Chart — Figure 66. - VSI EWMA WL Chart —
Response Diagram of s,, ¢6,, & Response Diagram of o,, 6,, &
and ATS, under A=0.2 and ATS saved% under A =0.2

From Table 68, Table 69, Figure 65 and Figure 66, we found

a. ATS; saved % from 4.31% to 86.17%.

b. the ATS, isdecreasingas o, increasing.

c. the ATS, isdecreasingas &, increasing.

d. the ATS, is first decreasing then increasing as o, increasing.
e. the ATS, saved % is decreasingas o, increasing.
f. the ATS saved % is decreasingas o, increasing.

g. the ATS, saved % is decreasingas J, increasing.
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Under A= 0.3, The values of W for various values of W», ¢, and (h,,h) are

listed in Table 70 and the ATS;s of the 27combinations of ¢,, 6, and o, are
calculated. We choose the combination of Ly, L, W1 and W> which minimizes the

ATS; and the results are listed in Table 71.

Table 70. The values of Wi for various values of W, s, and (h,,h) under A2=0.3

W,=05 | Wo=1 | W,=15 | W,=2
5, (hy,hs) L, L, W, W, W, W,
0 (0.2,2.0) 3.92 2.10 0.69 0.11 017 | -0.25
1 (0.2,2.0) 371 2.25 0.69 0.14 013 | -0.22
2 (0.2,2.0) 3.47 2.44 0.69 0.18 -0.08 | -0.18
0 (0.5,1.5) 3.92 2.10 0.93 0.26 004 | -0.12
1 (0.5,1.5) 371 2.25 0.92 0.29 0.01 -0.09
2 (0.5,1.5) 3.47 2.44 0.90 0.33 0.06 -0.05
0 (0.8,1.2) 3.92 2.10 0.93 0.26 -0.04 | -0.12
1 (0.8,1.2) 371 2.25 0.92 0.29 0.01 -0.09
2 (0.8,1.2) 3.47 2.44 0.90 0.33 0.06 -0.05
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Table 71.

ATS; for VSI EWMA WL Chart and ATS; Saved % Compared to
FP WL Chart under A=0.3

VSI ATS;
No. | ¢ 0, 0, (hz, hy) L, L, W, W, | LCL | LWL | UWL | UCL | EWMA AI:T_l saved
ATS; %
1 05 | 11 0 (0.2,20) | 392 | 210 | -0.25 | 2.00| 0.29 | 0.31 | 0.63 1.40 21.15 | 109.54 | 80.70%
2 05 | 11 1 (0.515) | 3.71| 225 | -0.09 | 2.00| 055 | 0.60 | 1.06 1.96 7.40 38.67 | 80.86%
3 05 | 11 2 (0.81.2) | 3.47 | 244 | -0.05 | 200 | 142 | 158 | 2.26 | 3.50 7.93 29.36 | 72.99%
4 05| 15 0 (0.2,20) | 392 | 210 | -0.25 | 2.00| 0.29 | 0.31 | 0.63 1.40 2.17 7.79 72.10%
5 05| 15 1 (0.515) | 3.71| 225 | -0.09 | 2.00| 055 | 0.60 | 1.06 1.96 2.67 5.90 54.85%
6 05| 15 2 (0.81.2) | 3.47 | 244 | -0.05 | 200 | 142 | 158 | 2.26 | 3.50 3.64 6.20 41.26%
7 0.5 2 0 (0.2,20) | 392 | 210 | -0.25 | 2.00| 029 | 0.31 | 0.63 1.40 1.34 2.36 43.39%
8 0.5 2 1 (0.515) | 3.71| 225 | -0.09 | 2.00 | 0.55 | 0.60 | 1.06 1.96 1.65 2.31 28.48%
9 0.5 2 2 (0.81.2) | 3.47 | 244 | -0.05 | 200 | 142 | 158 | 226 | 3.50 2.23 2.66 16.40%
10 | 1.2 | 11 0 (0.515) || 392 | 210 | -0.12 | 2.00| 0.29 | 0.31 | 0.66 1.40 4.43 21.67 | 79.54%
11 | 1.2 | 11 1 (0.812) | 3.71| 225 | -0.09 | 2.00| 055 | 0.60 | 1.06 1.96 2.53 5.10 50.35%
12 | 1.2 | 11 2 (0.2,20) | 347 | 244 | -0.18 | 2.00| 142 | 158 | 222 | 3.50 1.33 3.60 62.91%
13 | 12 | 15 0 (0.51.5) | 392 | 210 | -0.12 | 2.00 | 0.29 | 0.31 | 0.66 1.40 2.09 4.14 | 49.69%
14 | 12 | 15 1 (0.8,1.2) | 3.71 | 225 | -0.09 | 2.00 | 0.55 | 0.60 | 1.06 1.96 1.89 2.42 21.67%
15 | 12 | 15 2 (0.2,2.0) | 3.47 | 244 | -0.18 | 200 | 142 | 158 | 222 | 350 1.26 2.21 43.19%
16 | 1.2 2 0 (0.515) | 392 | 210 | -0.12 | 200 | 0.29 | 0.31 | 0.66 1.40 1.44 1.88 23.65%
17 | 1.2 2 1 (0.8,1.2) | 3.71 | 225 | -0.09 | 200 | 055 | 0.60 | 1.06 | 1.96 1.49 1.59 6.59%
18 | 1.2 2 2 (0.2,2.0) | 3.47 | 244 | -0.18 | 200 | 142 | 158 | 222 | 3.50 1.18 1.63 27.38%
19 | 15| 11 0 (0.8,1.2) | 392 | 210 | -0.12 | 2.00 | 0.29 | 0.31 | 0.66 1.40 3.59 9.86 63.61%
20 | 15 | 11 1 (0.2,2.0) | 3.71 | 225 | -0.22 | 2.00 | 055 | 0.60 | 1.03 1.96 1.24 2.70 54.24%
21 | 15 | 11 2 (0.515) | 3.47 | 244 | -0.05 | 2.00| 142 | 158 | 226 | 3.50 1.44 2.04 29.26%
22 | 15 | 15 0 (0.8,1.2) | 392 | 210 | -0.12 | 2.00 | 0.29 | 0.31 | 0.66 1.40 2.13 3.01 29.26%
23 | 15 | 15 1 (0.2,2.0) | 3.71 | 225 | -0.22 | 200 | 055 | 0.60 | 1.03 1.96 1.17 1.79 35.01%
24 | 15 | 15 2 (0.515) | 3.47 | 244 | -0.05 | 2.00| 142 | 158 | 226 | 3.50 1.34 1.64 17.85%
25 | 15 2 0 (0.8,1.2) | 392 | 210 | -0.12 | 2.00 | 0.29 | 0.31 | 0.66 1.40 1.52 1.67 9.11%
26 | 15 2 1 (0.2,2.0) | 3.71 | 225 | -0.22 | 200 | 055 | 0.60 | 1.03 1.96 111 1.39 20.67%
27 | 15 2 2 (0.515) | 3.47 | 244 | -0.05 | 2.00| 142 | 158 | 226 | 3.50 1.25 1.39 10.36%

Note: ARL; saved %: (FP—ARL1 —VSI. EWMA Aer)/ FR ARL%

To investigate the effect of o,, 0, and o, onthe ATS; and ATS; saved %, the

response table and response diagram show the results of the sensitivity analysis (Table
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72, Figure 67 and Figure 68).

Table 72.  VSI EWMA WL Chart —Response Table of &,, ,, 6; vs. ATS, and ¢,
8,, 03 VS. ATS saved% under A=0.3

6, | ATS ATS, saved % 6, | ATS ATS, saved % 6, | ATS ATS, saved %
05| 558 54.56% 11| 5.67 63.83% 0 4.43 50.12%
12| 196 40.55% 15| 2.04 40.54% 1 2.35 39.19%
15| 164 29.93% 2 1.47 20.67% 2 2.40 35.73%

Average ATS1
Average ATS1 saved%

- ool
2ol

12 15 1.0 15 20 o 1
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...........
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Figure 67. VSI EWMA WL Chart — Figure 68. - VSI EWMA WL Chart —
Response Diagram of s,, ¢6,, & Response Diagram of o,, 6,, &
and ATS, under A=0.3 and ATS saved% under A =0.3

From Table 71, Table 72, Figure 67 and Figure 68, we found

a. ATS; saved % from 6.59% to 80.86%.

b. the ATS, isdecreasingas o, increasing.

c. the ATS, isdecreasingas &, increasing.

d. the Fsl is first decreasing then increasing as o, increasing.
e. the ATS, saved% is decreasingas &, increasing.

f. the ATS, saved % is decreasingas &, increasing.

g. the ATS, saved % is decreasingas J, increasing.

Under A= 0.5, The values of W, for various values of W,, 5, and (h,,h) are
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listed in Table 73 and the ATS;s of the 27combinations of &,, 5, and o, are
calculated. We choose the combination of Ly, L, W1 and W> which minimizes the

ATS; and the results are listed in Table 74.

Table 73.  The values of Wi for various values of W, s, and (h,,h) under A=0.5

Wy=0.5 | Wy=1 | W,=15

0, (ha,hy) L, L, W, W, W,

0 (0.2,2.0) 4.35 1.89 0.71 0.05 -0.23
1 (0.2,2.0) 4.06 2.07 0.71 0.10 -0.18
2 (0.2,2.0) 3.73 2.31 0.70 0.15 -0.12
0 (0.5,1.5) 4.35 1.89 0.97 0.20 -0.10
1 (0.5,1.5) 4.06 2.07 0.95 0.25 -0.05
2 (0.5,1.5) 3.73 2.31 0.93 0.31 0.02
0 (0.8,1.2) 4.35 1.89 0.97 0.20 -0.10
1 (0.8,1.2) 4.06 2.07 0.95 0.25 -0.05
2 (0.8,1.2) 3.73 231 0.93 0.31 0.02
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Table 74. ATS; for VSI EWMA WL Chart and ATS; Saved % Compared to FP WL
Chart under A=0.5

VSI ATS;
No. | ¢, 0, 0, (hz, hy) L, L, W, W, | LCL | LWL | UWL | UCL | EWMA Al:j_l saved
ATS; %
1 05 | 11 0 (0.2,20) | 435 | 189 | -0.23 | 150 | 0.20 | 0.30 | 0.62 | 1.78 38.23 | 109.54 | 65.10%
2 05 | 11 1 (0.515) | 406 | 2.07 | -0.05 | 1.50 | 0.40 | 059 | 1.07 | 241 11.07 38.67 | 71.38%
3 05 | 11 2 (0.812) | 3.73 | 231 | 0.02 |150 | 116 | 155 | 229 | 4.09 11.04 29.36 | 62.39%
4 05 | 15 0 (0.2,20) | 435 | 189 | -0.23 | 150 | 0.20 | 0.30 | 0.62 | 1.78 2.34 7.79 69.97%
5 05 | 15 1 (0.515) | 406 | 2.07 | -0.05 | 1.50 | 0.40 | 059 | 1.07 | 241 2.83 5.90 52.05%
6 05 | 15 2 (0.812) | 3.73 | 231 | 0.02 | 150 | 116 | 155 | 229 | 4.09 3.87 6.20 37.60%
7 0.5 2 0 (0.2,20) | 435 | 189 | -0.23 | 150 | 0.20 | 0.30 | 0.62 | 1.78 1.32 2.36 44.11%
8 0.5 2 1 (0.515) | 406 | 2.07 | -0.05 | 1.50 | 0.40 | 059 | 1.07 | 241 1.63 2.31 29.61%
9 0.5 2 2 (0.812) | 3.73 | 231 | 0.02 | 150 | 116 | 155 | 229 | 4.09 2.18 2.66 18.21%
10 | 1.2 | 11 0 (0.515) | 435 | 189 | -0.10 {150 | 0.20 | 0.30 | 0.65 | 1.78 5.89 21.67 | 72.84%
11 | 12 | 11 1 (0.81.2) | 406 | 2.07 | -0.05 | 1.50 | 0.40 | 059 | 1.07 | 241 2.68 5.10 47.43%
12 | 12 | 11 2 (0.2,20) | 3.73 | 231 | -0.12 {150 | 116 | 155 | 222 | 4.09 1.32 3.60 63.33%
13 |1 12 | 15 0 (0.515) | 435 | 189 | -0.10 | 1.50 | 0.20 | 0.30 | 0.65 | 1.78 2.15 414 | 48.21%
14 |1 12 | 15 1 (0.81.2) | 406 | 2.07 | -0.05 | 150 | 0.40 | 0.59 | 1.07 | 241 1.87 2.42 22.83%
15| 12 | 15 2 (0.2,20) | 3.73 | 231 | -0.12 | 150 | 116 | 155 | 222 | 4.09 1.23 2.21 44.46%
16 | 1.2 2 0 (0.515) | 435 | 189 | -0.10 | 150 | 0.20 | 0.30 | 0.65 | 1.78 1.41 1.88 24.97%
17 | 1.2 2 1 (0.81.2) | 406 | 2.07 | -0.05 | 1.50 | 0.40 | 0.59 | 1.07 | 241 1.44 1.59 9.48%
18 | 1.2 2 2 (0.2,20) | 3.73 | 231 | -0.12 | 150 | 1.16 | 155 | 222 | 4.09 1.16 1.63 28.80%
19 | 15 | 11 0 (0.812) | 435 | 189 | -0.10 | 150 | 0.20 | 0.30 | 0.65 | 1.78 4.25 9.86 56.88%
20 | 15 | 11 1 (0.2,2.0) | 406 | 2.07 | -0.18 | 1.50 | 0.40 | 0.59 | 1.02 | 241 1.22 2.70 54.75%
21 | 15 | 11 2 (0.515) | 3.73 | 231 | 002 |150| 116 | 155 | 229 | 4.09 1.39 2.04 | 31.91%
22 | 15 | 15 0 (0.812) | 435 | 189 | -0.10 | 150 | 0.20 | 0.30 | 0.65 | 1.78 2.16 3.01 28.37%
23 | 15 | 15 1 (0.2,2.0) | 406 | 2.07 | -0.18 | 150 | 0.40 | 0.59 | 1.02 | 241 1.15 1.79 36.18%
24 | 15 | 15 2 (0.515) | 3.73 | 231 | 002 |150| 116 | 155 | 229 | 4.09 1.29 1.64 20.97%
25 | 15 2 0 (0.812) | 435 | 189 | -0.10 | 150 | 0.20 | 0.30 | 0.65 | 1.78 1.48 1.67 11.14%
26 | 15 2 1 (0.2,2.0) | 406 | 2.07 | -0.18 | 150 | 0.40 | 0.59 | 1.02 | 241 1.09 1.39 21.82%
27 | 15 2 2 (0.515) | 3.73 | 231 | 002 |150| 116 | 155 | 229 | 4.09 1.21 1.39 13.24%

Note: ARL; saved %: (FP-ARL, —VSI. EWMA ARL)/ FR ARL%

To investigate the effect of 6,, 6, and o, onthe ATS; and ATS; saved %, the

response table and response diagram show the results of the sensitivity analysis (Table
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75, Figure 69 and Figure 70 ).

Table 75.  VSI EWMA WL Chart —Response Table of s,, 5,, & Vs.
8,, 03 VS. ATS saved% under A=0.5

ATS, and o,

6, | ATS ATS, saved % 6, | ATS ATS, saved % 6, | ATS ATS, saved %
05| 8.28 50.05% 11| 857 58.45% 0 6.58 46.84%
12| 213 40.26% 15| 210 40.07% 1 2.77 38.39%
15| 1.69 30.58% 2 1.44 22.38% 2 2.74 35.66%

Average ATS1
Average ATS1 saved%
° ° °
w b n

S

11 1.5 2. o 1 0 5
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Figure 69. VSI EWMA WL Chart — Figure 70. - VSI EWMA WL Chart —
Response Diagram of s,, ¢6,, & Response Diagram of o,, 6,, &
and ATS, under A=0.5 and ATS saved% under A =0.5

From Table 62, Table 63, Figure 69 and Figure 70, we found

a. ATS; saved % from 9.48% to 72.84%.

b. the ATS, isdecreasingas o, increasing.

c. the ATS, isdecreasingas &, increasing.

d. the ATS, isdecreasing as o,increasing.
e. the ATS, saved % is decreasingas o, increasing.
f. the ATS saved % is decreasingas o, increasing.

g. the ATS, saved % is decreasingas J, increasing.
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Under A= 0.7, The values of W for various values of W, ¢, and (h,,h) are

lisedt in Table 76 and the ATS;s of the 27combinations of &,, 6, and o, are
calculated. We choose the combination of Ly, L, W1 and W> which minimizes the

ATS; and the results are listed in Table 77.

Table 76.  The values of Wi for various values of W, s, and (h,,h) under A=0.7

W,=05 | W,=1 | W,=15

5, (hy,hy) L, L, W, W, W,

0 0.2,2.0) | 4.62 1.70 0.72 001 | -0.29
1 0.2,20) | 4.28 1.90 0.72 0.06 -0.23
2 (0.2,2.0) 3.89 2.19 0.71 0.13 -0.15
0 (0515) | 4.62 1.70 1.01 0.14 -0.16
1 (0515) | 4.28 1.90 0.99 0.21 -0.10
2 (0.5,1.5) 3.89 2.19 0.95 0.28 -0.01
0 0.812) | 462 1.70 1.01 0.14 -0.16
1 0.812) | 428 1.90 0.99 0.21 -0.10
2 (0.8,1.2) 3.89 2.19 0.95 0.28 -0.01
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Table 77.

ATS; for VSI EWMA WL Chart and ATS; Saved % Compared to FP WL
Chart under A=0.7

VSI

No. | & | & | & | (hph) | Ls L, A W, | LCL | LWL |UWL | UCL | EWMA i ATS:

ARL, saved %

ATS,

1 05 | 11 0 (0.2,20) | 462 | 1.70 | -0.29 | 1.50 0.13 0.20 0.59 2.17 54.53 109.54 | 50.22%
2 05 | 11 1 (0.5,15) | 428 | 1.90 | -0.10 | 1.50 0.29 0.46 1.04 2.86 16.41 38.67 57.56%
3 05 | 11 2 (0.8,2.2) | 3.89 | 219 | -0.01 | 1.50 0.93 1.36 2.27 4.68 15.87 29.36 45.94%
4 05 | 15 0 (0.2,20) | 462 | 1.70 | -0.29 | 1.50 0.13 0.20 0.59 2.17 2.68 7.79 65.60%
5 05 | 15 1 (0.5,15) | 428 | 1.90 | -0.10 | 1.50 0.29 0.46 1.04 2.86 3.17 5.90 46.26%
6 05 | 15 2 (0.8,2.2) | 3.89 | 219 | -0.01 | 1.50 0.93 1.36 2.27 4.68 4.36 6.20 29.75%
7 0.5 2 0 (0.2,20) | 462 | 1.70 | -0.29 | 1.50 0.13 0.20 0.59 2.17 1.33 2.36 43.77%
8 |05 2 1 (0515) | 428 | 1.90 | -0.10 | 1.50 | 0.29 0.46 1.04 | 2.86 1.65 2.31 28.53%
9 |05 2 2 (0.8,1.2) | 3.89 | 219 | -0.01 | 150 | 0.93 1.36 2.27 | 4.68 2.23 2.66 16.33%
10 | 1.2 | 11 0 (0.5,15) | 462 | 170 | -0.16 | 1.50 0.13 0.20 0.63 2.17 8.24 21.67 61.99%
11 | 12| 11 1 (0.8,1.2) | 428 | 1.90 | -0.10 | 1.50 | 0.29 0.46 1.04 | 2.86 3.11 5.10 39.08%
12 | 12| 11 2 (0.2,20) | 3.89 | 2.19 | -0.15 | 1.50 | 0.93 1.36 219 | 4.68 1.36 3.60 62.19%
13 | 1.2 | 15 0 (0.515) | 462 | 1.70 | -0.16 | 1.50 | 0.13 0.20 0.63 | 2.17 231 4.14 44.21%
14 | 12 | 15 1 (0.8,1.2) | 428 | 1.90 | -0.10 | 1.50 | 0.29 0.46 1.04 | 2.86 1.93 2.42 20.22%
15 | 1.2 | 15 2 (0.2,20) | 3.89 | 219 | -0.15 | 150 | 0.93 1.36 219 | 4.68 1.23 221 44.37%
16 | 1.2 | 2 0 (0.515) | 462 | 170 | -0.16 | 1.50 | 0.13 0.20 0.63 | 2.17 1.42 1.88 24.50%
17 | 12| 2 1 (0.8,1.2) | 428 | 1.90 | -0.10 | 1.50 | 0.29 0.46 1.04 | 2.86 1.44 1.59 9.60%
18 | 12| 2 2 (0.2,20) | 3.89 | 219 | -0.15 | 1.50 | 0.93 1.36 219 | 4.68 1.15 1.63 29.17%
19 | 15| 11 0 (0.8,12) | 462 | 1.70 | -0.16 | 1.50 | 0.13 0.20 0.63 | 2.17 5.48 9.86 44.49%
20 | 15 | 11 1 (0.2,20) | 428 | 1.90 | -0.23 | 1.50 | 0.29 0.46 0.99 | 2.86 1.25 2.70 53.90%
21 | 15 | 11 2 (0.5,15) | 3.89 | 219 | -0.01 | 150 | 0.93 1.36 2.27 | 4.68 1.40 2.04 31.37%
22 | 15| 15 0 (0.8,1.2) | 462 | 1.70 | -0.16 | 1.50 | 0.13 0.20 0.63 | 2.17 2.29 3.01 23.92%
23 | 15| 15 1 (0.2,20) | 428 | 1.90 | -0.23 | 1.50 | 0.29 0.46 0.99 | 2.86 1.14 1.79 36.23%
24 | 15| 15 2 (05,15) | 3.89 | 219 | -0.01 | 1.50 | 0.93 1.36 2.27 | 4.68 1.29 1.64 21.45%
25 | 15| 2 0 (0.8,12) | 462 | 1.70 | -0.16 | 1.50 | 0.13 0.20 0.63 | 2.17 1.49 1.67 10.72%
26 | 15| 2 1 (0.2,20) | 428 | 1.90 | -0.23 | 1.50 | 0.29 0.46 0.99 | 2.86 1.08 1.39 22.18%
27 | 15| 2 2 (0.5,15) | 3.89 | 219 | -0.01 | 1.50 | 0.93 1.36 2.27 | 4.68 1.20 1.39 14.03%

Note: ARL; saved %: (FP—ARL1 —VSI. EWMA Aer)/ FR ARL%

To investigate the effect of 6,, 6, and o, onthe ATS; and ATS; saved %, the

response table and response diagram show the results of the sensitivity analysis (Table
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78, Figure 71 and Figure 72).

Table 78. VSI EWMA WL Chart —Response Table of s, 5,, & VSs.
8,, 03 VS. ATS saved% under A=0.7

ATS, and o,

o) ATS, ATS, saved % 0, ATS, ATS, saved % 6, | ATS ATS, saved %
05| 11.36 42.66% 11| 11.96 49.64% 0 8.86 41.05%
12| 247 37.26% 15| 227 36.89% 1 3.47 34.84%
15| 185 28.70% 2 1.44 22.09% 2 3.34 32.73%
& 53 0.35
Figure 71. VSI EWMA WL Chart — Figure 72. - VSI EWMA WL Chart —

Response Diagram of s,, ¢6,, &
and ATs, under A=10.7

Response Diagram of o,, 6,, &
and ATS saved% under A=0.7

From Table 77, Table 78, Figure 71 and Figure 72, we found

a. ATS; saved % from 9.60% to 62.19%.

the ATS,

the ATS,

the ATS,

is decreasing as o, increasing.

is decreasing as o, increasing.

is decreasing as o, increasing.

the ATS, saved % is decreasing as o, increasing.

the ATS, saved % is decreasing as &, increasing.

the
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Under A= 0.9, The values of W for various values of W», ¢, and (h,,h) are

listed in Table 79 and the ATS;s of the 27combinations of 6,, 6, and ¢, are
calculated. We choose the combination of Ly, L,, Wy and W, which minimizes the

ATS; and the results are listed in Table 80.

Table 79.  The values of Wi for various values of W, s, and (h,,h) under A=0.9

W,=05 | W,=1 | W,=15

5, (hy,hy) L, L, W, W, W,

0 0.2,20) | 476 153 0.75 -0.05 | -0.33
1 0.2,20) | 4.39 1.75 0.74 0.04 -0.26
2 (0.2,2.0) 3.98 2.08 0.72 0.12 -0.17
0 (0515) | 476 1.53 1.06 0.10 -0.21
1 (0515) | 4.39 1.75 1.02 0.19 -0.13
2 (0.5,1.5) 3.98 2.08 0.97 0.27 -0.03
0 0.812) | 476 153 1.06 0.10 -0.21
1 0.812) | 439 1.75 1.02 0.19 -0.13
2 (0.8,1.2) 3.98 2.08 0.97 0.27 -0.03
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Table 80. ATS; for VSI EWMA WL Chart and ATS; Saved % Compared to
FP WL Chart under A=0.9

VSI ATS;
No. | & 0, 0, (hy, hy) L, L, W, W, LCL | LWL | UWL | UCL | EWMA AI:T_l saved
ATS; %
1 05| 11 0 (0.2,20) | 476 | 153 | -0.33 | 1.50 | 0.07 | 0.08 | 055 | 2.57 70.07 | 109.54 | 36.04%
2 05| 11 1 (0.515) | 439 | 1.75 | -013 | 150 | 0.18 | 0.31 1.01 | 3.33 23.10 38.67 | 40.27%
3 05| 11 2 (0.81.2) | 398 | 208 | -0.03 | 150 | 0.70 | 1.14 | 2.26 | 5.30 22.14 29.36 | 24.59%
4 05| 15 0 (0.2,20) | 476 | 153 | -0.33 | 1.50 | 0.07 | 0.08 | 055 | 2.57 3.31 7.79 57.51%
5 05| 15 1 (0.515) | 439 | 1.75 | -013 | 150 | 0.18 | 0.31 1.01 | 3.33 3.70 5.90 | 37.29%
6 05| 15 2 (0.81.2) | 398 | 208 | -0.03 | 150 | 0.70 | 1.14 | 2.26 | 5.30 5.06 6.20 18.50%
7 0.5 2 0 (0.2,20) | 476 | 153 | -0.33 | 1.50 | 0.07 | 0.08 | 055 | 2.57 1.37 2.36 | 41.95%
8 0.5 2 1 (0.515) | 439 | 175 | -013 | 150 | 0.18 | 0.31 1.01 | 3.33 1.72 2.31 25.63%
9 0.5 2 2 (0.812) | 398 | 208 | -0.03 | 150 | 0.70 | 1.14 | 226 | 5.30 2.34 2.66 12.09%
10 | 1.2 | 11 0 (0.515) | 476 | 153 | -0.21 | 150 | 0.07 | 0.08 | 0.60 | 2.57 11.46 21.67 | 47.12%
11 | 12 | 11 1 (0.812) | 439 | 1.75 | -0.13 | 150 | 0.18 | 0.31 | 1.01 | 3.33 3.83 5.10 24.93%
12 | 12 | 11 2 (0.2,20) | 398 | 208 | -0.17 | 150 | 0.70 | 1.14 | 2.15 | 5.30 1.47 3.60 59.24%
13 | 12| 15 0 (0.515) | 476 | 153 | -0.21 | 150 | 0.07 | 0.08 | 0.60 | 2.57 2.58 4.14 | 37.69%
14 | 12 | 15 1 (0.812) | 439 | 1.75 | -0.13 | 150 | 0.18 | 0.31 1.01 | 3.33 2.06 2.42 14.81%
15 | 12| 15 2 (0.2,2.0) | 398 | 2.08 | -0.17 | 150 | 0.70 | 114 | 2.15 | 5.30 1.26 221 | 42.97%
16 | 1.2 2 0 (0.515) | 476 | 1583 | -0.21 | 150 | 0.07 | 0.08 | 0.60 | 2.57 1.45 1.88 22.79%
17 | 1.2 2 1 (0.812) | 439 | 175 | -0.13 | 150 | 0.18 | 0.31 | 1.01 | 333 1.46 1.59 8.16%
18 | 1.2 2 2 (0.2,2.0) | 3.98 | 2.08 | -0.17 | 150 | 0.70 | 1.14 | 2.15 | 5.30 1.16 1.63 28.62%
19 | 15| 11 0 (0.812) | 476 | 153 | -0.21 | 150 | 0.07 | 0.08 | 0.60 | 2.57 7.21 9.86 26.92%
20 | 15| 11 1 (0.2,20) | 439 | 1.75 | -0.26 | 150 | 0.18 | 0.31 | 0.95 | 3.33 1.30 2.70 51.79%
21 | 15| 11 2 (0.515) | 398 | 2.08 | -0.03 | 150 | 070 | 114 | 2.26 | 5.30 1.46 2.04 | 28.18%
22 | 15| 15 0 (0.812) | 476 | 153 | -0.21 | 150 | 0.07 | 0.08 | 0.60 | 2.57 2.51 3.01 16.89%
23 | 15| 15 1 (0.2,20) | 439 | 1.75 | -0.26 | 150 | 0.18 | 031 | 095 | 3.33 1.16 1.79 35.51%
24 | 15| 15 2 (0.515) | 398 | 2.08 | -0.03 | 150 | 070 | 114 | 2.26 | 5.30 1.31 1.64 | 20.23%
25 | 15 2 0 (0.812) | 476 | 153 | -0.21 | 150 | 0.07 | 0.08 | 0.60 | 2.57 1.52 1.67 8.87%
26 | 15 2 1 (0.2,20) | 439 | 1.75 | -0.26 | 150 | 0.18 | 031 | 095 | 3.33 1.09 1.39 22.04%
27 | 15 2 2 (0.515) | 398 | 2.08 | -0.03 | 150 | 070 | 114 | 2.26 | 5.30 1.20 1.39 13.67%

Note: ARL; saved %: (FP-ARL, —VSI. EWMA ARL)/ FR ARL%

To investigate the effect of 6,, 6, and o, onthe ATS; and ATS; saved %, the

response table and response diagram show the results of the sensitivity analysis (Table
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81, Figure 73 and Figure 74).

Table 81. VSI EWMA WL Chart —Response Table of &,, ,, 6; vs. ATS, and ¢,
8,, 03 VS. ATS saved% under A=0.9

o ATS, ATS, saved % 0, ATS, ATS, saved % Oy ATS, ATS, saved %
05| 14.76 32.65% 11| 15.78 37.68% 0 11.28 32.86%
12| 297 31.81% 15| 255 31.27% 1 4.38 28.94%
15| 2.08 24.90% 2 1.48 20.42% 2 4.16 27.57%

Figure 73. VSI EWMA WL Chart — Figure 74. - VSI EWMA WL Chart —
Response Diagram of s,, ¢6,, & Response Diagram of o,, 6,, &

and ATs, under A=10.9 and ATS saved% under A =0.9

From Table 80, Table 81, Figure 73 and Figure 74, we found

a. ATS; saved % from 8.16% to 59.24%.

b. the ATS, isdecreasingas o, increasing.

c. the ATS, isdecreasingas &, increasing.

d. the ATS, isdecreasing as o,increasing.
e. the ATS, saved % is decreasingas o, increasing.
f. the ATS saved % is decreasingas o, increasing.

g. the ATS, saved % is decreasingas J, increasing.
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From the above results, same as the FP EWMA WL chart, when the value of A is

small (A<0.2), the ATS; saved % may be negative when the ¢, 5, and/or 5, are

large.

For different values of A in Tables 62, 65, 68, 71, 74, 77 and 80, the choice of the

A with maximal ATS; saved % for each combination of ¢6,, J,, 6, and (h,,h) in

L7(3") is listed in see Table 82.That is, we may choose the A for the given

combination &,, &,, 6, and (h,,h) from Table 82.

Table 82.  The Optimal A to Maximize the ATS; Saved % Time

No. | & | 6, | & | (uhy | o A5 o | 6 | s | s, (ho,hy) | A7 ATS:
saved % saved %
1 05 | 11 0 (0.2,20) [ 0.05| 90.39% | 16 | 12| 2 | 0 | (0.515)| 0.5 | 24.97%
2 |05 |11 | 1 | (0515 | 01 | 84.04% | 17 |12| 2 | 1 |(0.81.2) | 0.7 | 9.60%
3 05 | 11 2 (0.8,1.2) 0.1 | 76.04% | 18 | 12| 2 | 2 | (0.22.0) | 0.7 | 29.17%
4 |05 |15| 0 | (02200 |03 | 7210% | 19 |15 [11| 0 |(0.81.2) | 0.2 | 64.35%
5 [ 05|15 1 (0515) | 0.3 | 54.85% | 20 | 1.5 | 11| 1 | (0.22.0) | 0.5 | 54.75%
6 | 05| 15| 2 | (0812 | 03 | 41.26% | 21 |15|11| 2 | (0.515) | 05 | 31.91%
7 05| 2 | 0 | (02200 | 05| 4411% | 22 | 15|15| 0 | (081.2) | 0.3 | 29.26%
8 | 05| 2 1 | (0515 | 05 | 29.61% | 23 [ 1.5 |15| 1 |(0.22.0)| 0.7 | 36.23%
9 |05| 2 | 2 | (0812 | 05| 1821% | 24 |15|15| 2 | (0.515) | 0.7 | 21.45%
10 | 1.2 | 11| 0 | (0515) | 02 | 80.93% | 25 |15| 2 | 0 | (0.812) | 0.5 | 11.14%
11 | 12|21 | 1 | (0812 | 03| 5035% | 26 15| 2 | 1 |(0.220)| 0.7 | 22.18%
12 |12 | 11| 2 | (0220) | 05| 6333% | 27 |15| 2 | 2 | (0515) | 0.7 | 14.03%
13 | 1.2 | 15| 0 | (0515 | 0.3 | 49.69%
14 | 12 | 15| 1 | (0812 | 05 | 22.83%
15 | 1.2 | 15| 2 (0.2,2.0) | 05 | 44.46%

It can find that we have to choose the bigger A when the values of 5, §, and/or &,
are large. However, the ATS saved % of the combination #1 is 90.39% which is the
maximum , that is, the VSI EWMA WL chart has the best performance under A=0.05

when the shifts of the mean and/or variance are much smaller.
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5.4 ATS; Comparison among the EWMA- T, EWMA-T and One-Sided

FP EWMA WL Control Charts
(1) One-sided FP EWMA WL chart vs. EWMA- T" Chart

Chen, Cheng and Xie (2004) proposed EWMA T chart to monitor mean and
variance simultaneously. They let T =, =0(5,=0), o7 =1,n=5, ARL,=370.

The statistic of this chart is
*_ n()zi_,uo) (n 1)52

2
Oy O-o

T

The EWMA of the T, is
Q= (1_/1)Qi—1 +Iri* Jd=12,...
where 0< A <1.

Because T, ~ xZ, the mean and the variance of Q, are

E(Q)=E(T)=n
ino 204
Var(Q) = 1-(1-A)* |Var(T") = .
(2- )[ J (2-4)
Then the control limits of EWMA T’ chart are
UCL=n+L -2 and LcL=0

where 0< A <1 and L is the control factor.

The control limits of our one-sided FP EWMA WL chart are

UCL=E(WL) + L\/(zﬂ“ Var(WL) and LCL =0

- 1)
where 0< A <1 and L is the control factor.

To compare the ARL in the two chart, we let the FP EWMA WL chart have the
same A value as with the EWMA T chart. We would try to find the optimal a” that

minimizes the ARL; of the one-sided FP EWMA chart. That is
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Min. ARL;

st. O<ax<l

The ARL;s of the one-sided FP EWMA WL chart and ARL;s of EWMA T" chart for

various ¢, and o, are listed in Table 85.

Table 83. Values of ARL of the FP One-sided EWMA-WL Chart with Optimal

Weight and Optimal EWMAT" Chart.

52 0 0.25 0.5 1 15 2 2.5 3

A 0.05 0.05 0.05 0.05 0.365 0.655 0.9 0.98

. EWMAT | 369.99 78.75 23.66 5.33 2.26 1.30 1.04 1.00

ARL EWMA 370.00 73.54 15.33 3.72 154 1.07 1.00 1.00
WL a*=0.2 a*=0.2 a*=0.2 a*=0.2 a*=0.2 a*=0.2 a*=0.2 a*=0.2

A 0.05 0.05 0.05 0.265 0.465 0.675 0.885 0.975

EWMAT 9.80 8.80 6.73 3.47 1.89 1.27 1.06 1.01

120 ARL | EWMA 11.80 10.40 7.25 2.77 1.52 1.11 1.01 1.00
WL a*=0.45 | a*=0.35 | a*=0.25 a*=0.2 a*=0.2 a*=0.2 a*=0.2 a*=0.2

A 0.05 0.05 0.275 0.365 0.555 0.7 0.87 0.95

EWMAT 4.48 4.28 3.71 244 1.64 1.24 1.07 1.01

Lo ARL | EWMA 5.24 5.00 3.66 2.26 1.47 1.13 1.02 1.00
WL a*=0.45 a*=0.4 a*=0.4 a*=0.3 a*=0.3 a*=0.2 a*=0.2 a*=0.2

A 0.465 0.465 0.485 0.555 0.655 0.785 0.88 0.95

EWMAT" 1.98 1.93 1.84 1.58 1.33 1.16 1.07 1.03

? ARL EWMA 1.97 1.94 1.85 157 1.30 1.12 1.03 1.01
WL a*=0.45 | a*=0.45 a*=0.4 a*=0.4 a*=0.35 a*=0.3 a*=0.3 | a*=0.25

A 0.655 0.655 0.655 0.675 0.755 0.845 0.88 0.98

EWMAT" 1.38 1.35 1.37 1.27 1.18 1.11 1.06 1.02

25 ARL EWMA 1.38 1.38 1.35 1.27 1.17 1.09 1.04 1.01
WL a*=0.45 | a*=0.45 | a*=0.45 a*=0.4 a*=0.4 a*=0.35 | a*=0.35 | a*=0.3

A 0.775 0.785 0.785 0.815 0.845 0.88 0.93 0.93

EWMAT" 1.18 1.17 1.17 1.14 1.10 1.07 1.04 1.02

3 ARL EWMA 1.18 1.18 1.17 1.14 1.10 1.06 1.03 1.01
WL a*=0.45 | a*=0.45 | a*=0.45 | a*=0.45 a*=0.4 a*=0.35 | a*=0.35 | a*=0.35

From Table 83, most ARL; of optimal FP WL chart are smaller than or close to
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the ARL; of EWNMAT chart under &, >0.5and &, >1.25, but when &, <0.5 and

1<, <1.25, FP EWMA WL chart performs poorer than the EWMA T chart.

(2) One-sided FP EWMA WL Control Chart vs. EWMA T
Costa and Rahim (2006) proposed the EWMA T chart to monitor mean and

variance simultaneously. They let x4, =0, &7 =1,n=5, ARL,=370. The statistic

of the EWMAT chart is
T; :Z(Xij —Hy +§i0-0)2 .
j=1

They also define

e =X, — 4, and

d,if e >0(X, > )
—d,if & <0 (X, < 1)

whend =0,
T 5 N5
Gy T
when d > 0,
2
LGEL)
Ti ~ZZ ﬂ,*_ é‘2
5.0.) nAt S L H)2 _
( 20'0) Mllf Xi<ﬂo

2

where d is equal to &;.

The EWMA of the T

A
W, =(1-AW,_, + AT, ,i=12,.....

where 0< A <1.

The control limits of EWMA T chart are

UCL=ko; and LCL =0
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Let o =P(W,>UCL)=0.0027 and UCL could be computed by Markov chain

approach.

To compare the ARL; of the EWMAT chart and the one-sided FP EWMA WL
chart with optimal a, we have to determine optimal a by
Min. ARL;
st. O<axl
The ARL;s of the one-sided FP EWMA WL chart, the EWMAT chart and X —R
chart are listed in Table 84 and Table 85 under 2 =0.1 and A1 =0.2. Here, the

control limits of X —R chart with control limits of X at sz, +3.1900,/+/56 and

upper control limit of R chart at 5.3974,.
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Table 84. Values of ARL of the One-sided FP EWMA WL Chart with Optimal
Weight, EWMAT Chartand X —R Chart under 1=0.1

5,=0(d =0) 5, =1(d =1)
EWMAT EWMA WL EWMAT | EWMAWL
S, 0, | X-R k=6.954 a k=16.5737 a
1.0 370.4 370.4 370.4 3704 | 370.4
1.25 336 11.6 115 0.45 14.2 155 | 06
o0 15 8.9 49 48 0.45 5.9 6.2 0.6
2.0 2.6 2.3 2.3 0.45 2.8 2.8 0.6
1.0 178.0 147.3 83.0 0.2 80.3 218 | 0.25
1.25 26.4 10.3 10.0 0.4 11.3 8.9 0.6
0.2 15 8.1 4.7 45 0.4 55 4.8 0.6
2.0 25 2.3 2.2 0.4 2.7 2.5 0.6
1.0 49.0 333 15.7 0.2 16.3 75 | 025
1.25 14.9 7.6 6.8 0.3 7.2 55 | 045
oS 15 6.3 4.1 3.9 0.35 4.4 38 0.6
2.0 23 2.2 2.1 0.4 2.5 2.3 0.6
1.0 15.1 11.6 6.1 0.2 6.8 43 | 025
1.25 7.7 5.4 43 0.2 47 3.7 0.4
o7 15 44 35 3.2 03 35 3.1 05
2.0 2.1 2.1 2.0 0.4 2.3 2.1 0.6
1.0 5.8 6.0 3.4 0.2 40 29 | 025
1.25 4.2 3.9 2.9 0.2 3.3 28 | 035
Lo 15 3.1 2.9 25 0.25 2.8 25 | 045
2.0 1.9 1.9 1.8 0.35 2.1 1.9 0.6
1.0 18 2.7 17 0.2 2.2 16 0.2
1.25 18 2.3 17 0.20 2.0 1.8 03
Lo 15 17 2.0 16 0.20 1.9 17 0.4
2.0 15 16 15 0.30 16 15 05
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Table 85. Values of ARL of the One-sided FP EWMA WL Chart with Optimal
Weight, EWMAT Chartand X —R Chart under 1 =0.2

5,=0(d =0) 5, =1(d =1)
EWMAT EWMA WL EWMAT | EWMAWL
S, 0, | X-R k=8.337 a K=18.644 a
1.0 370.4 370.4 370.4 3704 | 370.4
1.25 336 12.2 12.3 0.45 15.2 168 | 06
o0 15 8.9 46 45 0.45 55 5.9 0.6
2.0 2.6 2.1 2.1 0.45 2.4 2.5 0.6
1.0 178.0 1745 96.9 0.2 96.8 287 | 0.25
1.25 26.4 10.6 10.5 0.4 11.5 9.1 0.6
0.2 15 8.1 4.3 4.3 0.4 5.0 45 0.6
2.0 25 2.1 2.0 0.45 2.4 2.3 0.6
1.0 49.0 416 18.1 0.2 17.8 80 | 0.25
1.25 14.9 75 6.8 0.3 6.8 5.4 05
oS 15 6.3 38 37 0.35 4.0 35 0.6
2.0 23 2.0 2.0 0.4 X 2.1 0.6
1.0 15.1 126 6.3 0.2 6.4 41 | 025
1.25 7.7 5.1 4.2 0.25 4.2 35 0.4
o7 15 44 3.1 3.0 03 31 28 | 055
2.0 2.1 1.8 18 0.4 2.0 1.9 0.6
1.0 5.8 5.8 33 0.2 3.6 27 | 025
1.25 4.2 35 2.8 0.2 2.9 25 | 035
Lo 15 3.1 2.6 23 0.3 2.4 2.2 05
2.0 1.9 1.7 17 0.35 18 17 0.6
1.0 18 2.4 16 0.2 1.8 15 0.2
1.25 18 2.0 16 0.2 17 16 03
Lo 15 17 18 15 0.2 16 16 0.4
2.0 15 14 14 0.3 15 14 | 055

From Table 84 and Table 85, we found the EWMA WL chart has smaller ARL;s than

the EWMAT chart and X —R chart under &,=0 for 2=0.1 and 1=0.2.

However, the EWMA WL chart has smaller ARL;s than the EWMA T chart when

0,#0 under §,=1 for 2=0.1 and 1=0.2.
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CHAPTER 6. AN EXAMPLE

An example is provided to illustrate the application of the FP EWMA WL, the
VSI EWMA, the FP WL, the optimal VSI WL and the optimal VP WL control charts.
We also construct the Y —S? and EWMAY —EWMA In(S?) charts to compare with
our charts.

Consider the thickness data of gold films form Yang, Lin and Hung (2008).

25 samples are used to construct the control charts. First, we define the design
parameters:
Thickness target = 18 x#m, sample size n = 4, ARL, (ATSp) = 370.37, a=0.5,
A=0.05 and Y =T — X, where X is the thickness.

First, we use the normal probability plot to check the normality. From Figure 75,

it shows the p-value is 0.261, larger than 0.05. So X seems to fit a normal distribution.

Probability Plot
Normal - 95% CI

Mean 15.62
StDev 08426
N 100
, AD 0.457
P-Value 0261

Percent
8

T T T T T T T T
12 13 14 15 16 17 18 19
Sample

Figure 75. The Probability Plot for X

We then construct the FP WEMA WL, the VSI EWMA WL, the FP WL, the
optimal VSI WL, the optimal VP WL, the Y —S? and the EWMAY —EWMA In(S?)
charts and compare their performances. The values of plotting statistics of these charts

are evaluated and listed in Table 86.
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Table 86.

Thickness and Various Plotting Statistics

_ _ EWMA | EWMA | EWMA

No. | X, X, | X, X, X S S? Y WL _
WL Y InS?
1 | 158 | 158 | 167 | 162 | 1613 | 043 | 018| 1.88 | 1.85 | 309 | 236 | -1.05
2 | 153 | 159 | 168 | 168 | 1620 | 0.74 | 054 | 1.80 | 1.89 | 3.03 | 233 | -1.03
3 | 17 | 156 | 157 | 175 | 1645 | 095 | 090 | 155 | 1.65 | 2.96 | 229 | -0.98
4 | 171 | 163 | 154 | 167 | 1638 | 073 | 053 | 1.63 | 1.59 | 289 | 226 | -0.9
5 | 162 | 165 | 158 | 157 | 1605 | 037 | 014| 195 | 197 | 285 | 224 | -1.02
6 | 155 | 153 | 161 | 169 | 1595 | 072 | 052| 205 | 236 | 28 | 223 | -1.00
7 | 154 | 157 | 145 | 152 | 1520 | 051 | 026| 280 | 405 | 288 | 226 | -1.02
8 | 163 | 158 | 167 | 16 | 1620 | 039 | 015| 1.80 | 170 | 283 | 224 | -1.06
9 | 148 | 163 | 15 | 159 | 1550 | 072 | 051| 250 | 338 | 28 | 225 | -1.04
10 | 157 | 168 | 153 | 167 | 1613 | 074 | 055| 1.88 | 203 | 281 | 223 | -1.02
11 | 151 | 158 | 154 | 157 | 1550 | 0.32 | 010 250 | 318 | 2.83 | 225 | -1.08
12 | 145 | 148 | 169 | 142 | 1510 | 123 | 150 | 290 | 496 | 294 | 228 | -101
13 | 15 | 145 | 145 | 149 | 1473 | 026 | 007| 328 | 540 | 306 | 233 | -1.09
14 | 146 | 155 | 158 | 153 | 1530 | 051 | 026| 270 | 378 | 310 | 235 | -1.10
15 | 154 | 149 | 151 | 141 | 1488 | 056 | 031| 313 | 504 | 319 | 239 | -111
16 | 159 | 143 | 146 | 152 | 1500 | 071 | 050 | 3.00 | 475 | 327 | 242 | -1.09
17 | 145 | 163 | 151 | 14 | 1498 | 099 | 098| 303 | 507 | 336 | 245 | -1.03
18 | 14 | 143 | 15 | 152 | 1463 | 057 | 032| 338 | 586 | 349 | 249 | -1.04
19 | 152 | 142 | 159 | 155 | 1520 | 073 | 053 | 280 | 418 | 352 | 251 | -1.02
20 | 156 | 163 | 175 | 148 | 16.05 | 115 | 1.31| 1.95 | 256 | 347 | 248 | -0.95
21 | 151 | 163 | 164 | 166 | 1610 | 068 | 046 | 1.90 | 204 | 340 | 245 | -0.94
22 | 159 | 164 | 168 | 158 | 1623 | 047 | 022| 178 | 168 | 331 | 242 | -097
23 | 151 | 153 | 158 | 17 | 1580 | 085 | 073| 220 | 278 | 329 | 241 | -0.94
24 | 167 | 148 | 165 | 156 | 1590 | 088 | 077 | 210 | 259 | 325 | 239 | -091
25 | 143 | 145 | 153 | 153 | 1485 | 053 | 028 3.15 | 510 | 335 | 243 | -0.93

Xo= | So=
1562 | 0.67
Use Xo=15.62, %20.73 to estimate # and % where C;=0.9213 js the factor
A
of S chart.
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(1) FPEWMA WL Chart

From data, we obtain

A 2
7 = n(ﬂo&—zT) — 43231
0

A+17,)68

E(WL)=ad; +(1-a) =3.17

A A4
Var(WL):azzﬂJr

2 201+ 250)&5‘ _0.80

(1-a)

A A S

(o]

=3.29

We canget L =2.60 and L, =2.41 under ARL,= 370.37 based on section 5.1. The

FP EWMA WL control limits are:

Var(WL) =3.54,

UCL= E(WL)+ Ll\/(z_/l)

A

2-7) Var(WL) =2.82.

LCL = EQWL)- Lz\/

Then we plot the values of EWMA WL on the FP EWMA WL chart (Figure 76).

3.6
UCL=3.542

3.5

3.4

3.3

3.1

3.0

2.9

. LCL=2.824

2.8

Figure 76. FP EWMA WL Control Chart

Sample #10 is out-of-control, so we delete the sample and reconstruct the FP
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EWMA-WL chart. The data and the EWMA plotting statistics for WL are listed in

Table 87.

Table 87. Thickness Data after Deleting Sample #10 and Their EWMA WL Values

No. | X, X, X, | X, X S EWMA
1 | 158 | 158 | 167 | 162 | 16.13 | 0.43 3.15
2 | 153 | 159 | 168 | 168 | 16.20 | 0.74 3.09
3 17 156 | 157 | 175 | 1645 | 0.95 3.01
4 | 171 163 | 154 | 167 | 1638 | 0.73 2.94
5 | 162 165 | 158 | 157 | 16.05 | 0.37 2.89
6 | 155 | 153 | 161 | 169 | 1595 | 0.72 2.87
7 | 154 | 157 | 145 | 152 | 1520 | 051 2.93
8 | 163 | 158 | 167 | 16 | 1620 | 0.39 2.87
9 | 148 | 163 | 15 | 159 | 1550 | 0.72 2.89
11 | 151 | 158 | 154 | 157 | 1550 | 0.32 2.91
12 | 145 | 148 | 169 | 142 | 1510 | 1.23 3.01
13 15 145 | 145 | 149 | 1473 | 026 3.13
14 | 146 | 155 | 158 | 153 | 1530 | 051 3.16
15 | 154 | 149 | 151 | 141 | 1488 | 056 3.25
16 | 159 | 143 | 146 | 152 | 1500 | 0.71 3.33
17 | 145 | 163 | 151 | 14 | 1498 | 099 3.42
18 14 143 | 15 | 152 | 1463 | 057 3.54
19 | 15.2 142 | 159 | 155 | 1520 | 0.73 3.57
20 | 156 | 163 | 175 | 148 | 1605 | 1.15 3.52
21 | 151 163 | 164 | 166 | 1610 | 0.68 3.45
22 | 159 | 164 | 168 | 158 | 1623 | 047 3.36
23 | 151 153 | 158 | 17 | 1580 | 0.85 3.33
24 | 16.7 148 | 165 | 156 | 1590 | 0.88 3.29
25 | 143 | 145 | 153 | 153 | 1485 | 053 3.38

Xo= | So=
1560 | 0.66

The estimates of u, and o, are X,=15.60and S5° _ 72.

4

From data, we obtain
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A 2
= n(“oa—zT) — 44.49
0

A+17,)68

E(WL)=ad; +(1-a) =3.22

N ~4
Var (WL)=a* 20y

=0.81

AN\ ad
+ (l_ a)2 2(1+r2]22-0)00

T—fo =66, 8-t _334

A

Oy

We calculated L =2.59 and L, =2.42 under ARLo= 370.37 using previous

approach. The FP EWMA WL control limits are

UCL= EWL)+ Ll\/ Var(WL) =3.59.,

A
(2-4)

7 SRR, |\
LCL=EWL)-L, \/(Z_X)Var(\NL) 2.87.

Then we plotted the values of EWMA WL on the FP EWMA WL chart (Figure 77).

3.64 UCL=3.590

3.5
3.4
3.3
E 3.2
3.1
3.0

297 VAL LCL=2.870

2.8+

0 5 10 15 20 25
Sample

Figure 77. FP EWMA WL Chart

Samples #6 and #8 are out-of-control, so we delete the both samples and reconstruct
the FP EWMA-WL chart. The data and the EWMA plotting statistics for WL are listed

in Table 88.
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Table 88. Thickness Data after Deleting sample #6 and #8 and Their EWMA WL

Values
No. X, X, X, X, X S EWMA WL
1 15.8 15.8 16.7 16.2 16.13 0.43 3.26
2 15.3 15.9 16.8 16.8 16.20 0.74 3.19
3 17 15.6 15.7 17.5 16.45 0.95 3.11
4 17.1 16.3 15.4 16.7 16.38 0.73 3.04
5 16.2 16.5 15.8 15.7 16.05 0.37 2.98
7 15.4 15.7 14.5 15.2 15.20 0.51 3.04
9 14.8 16.3 15 15.9 15.50 0.72 3.05
11 15.1 15.8 15.4 15.7 15.50 0.32 3.06
12 14.5 14.8 16.9 14.2 15.10 1.23 3.16
13 15 14,5 14,5 14.9 14.73 0.26 3.27
14 14.6 15.5 15.8 15.3 15.30 0.51 3.29
15 15.4 14.9 15.1 14.1 14.88 0.56 3.38
16 15.9 14.3 14.6 15.2 15.00 0.71 3.45
17 14.5 16.3 15.1 14 14.98 0.99 3.53
18 14 14.3 15 15.2 14.63 0.57 3.65
19 15.2 14.2 15.9 15.5 15.20 0.73 3.67
20 15.6 16.3 17.5 14.8 16.05 1.15 3.62
21 15.1 16.3 16.4 16.6 16.10 0.68 3.54
22 15.9 16.4 16.8 15.8 16.23 0.47 3.45
23 15.1 15.3 15.8 17 15.80 0.85 3.41
24 16.7 14.8 16.5 15.6 15.90 0.88 3.37
25 14.3 14,5 15.3 15.3 14.85 0.53 3.46
Xo=1555 | So=0.67

The estimates of u, and o, are X,=15.55and 5°—g g7.

C,
From data, we obtain

A 2
£ = n(”‘;—zT) — 4477
0

A+17,)62

E(WL)=as; +(1-a) =333

A ~4
Var (WL)=a* 2%, +(1-a)

, 201+ 2?_@))&(‘,1 _ 088
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We calculated L =2.60 and L, =2.42 under ARLo= 370.37 using previous

approach. The FP EWMA WL control limits are

Var(WL) =3.72,

UCL = EWL)+ Ll\/(zf/l)

A
(2-4)

LCL = EWL)- L, \/ Var(WL) = 2.98.

Then we plotted the values of EWMA WL on the FP EWMA WL chart (Figure 78).

3.84
UCL=3.718

3.74

3.6+

BioH

3.2

Sl

! LCL=2.975

2.94

Figure 78. FP EWMA WL Chart

From Figure 78, there is no signal, hence we would use this chart to monitor mean and

variance simultaneously from now on.

In order to compute the ATS;, we use sample #6, #8 and #10 to derive the

out-of-control distribution, and compute the shift parameters s, and &5, of the mean

and variance.
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Table 89. The Three out-of-control Points

No. X, X, X, X, < S

6 15.5 15.3 16.1 16.9 15.95 0.72

8 16.3 15.8 16.7 16 16.20 0.39

10 15.7 16.8 15.3 16.7 16.13 0.74
X:=16.09 | S;=0.62

For out-of-control process, the estimates of 4 and o, are X, =16.09, and

S =0.67 by Table 89. So we could compute the values of 51 and 52 :
C4
by = i, _5‘16-0 :>$1 /UoA_/Jl =-0.74
Oy

~2
A2 Q2 A2 & |07
Gl —520_0 352— A—2—092
Vao

Hence, the ATS; of the FP EWMA WL chart is  ATS, =7.22.

(2) VSI EWMA-WL Chart
Use the data in Table 88 where the original samples #6, #8 and #10 were deleted

to construct the VSI EWMA WL control chart. The values of 7,, E(WL), Var(WL),

A A

5,, 6, and &, are the same as the FP EWMA WL control chart.

Adopt ARLy=370.37, L, =259 and L,=2.42 fromthe FP EWMA WL chart.

We could obtain W, under W,=0.5,1, 1.5 2and (h,,h) =(0.2,2.0), (0.5, 1.5),

(0.8, 1.2) based on the procedure in Section 5.2.
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Table 90. The Values of W; and ATS; for Various W, and (h,,h))

(h,,h) (W1 W) ATS;
(0.2,2.0) (0.62,0.5) 4.20
(0.5,1.5) (0.80,05) | 5.27
(0.81.2) (0.80,05) | 6.44
(0.2,2.0) (0.19 1) 5.42
(0.5,1.5) (0.33,1) 5.98
(0.81.2) (0.33,1) 6.72
(0.2,2.0) (-0.04,15) | 7.24
(0.5,1.5) (0.09,15) | 7.01
(0.8,1.2) (0.09,1.5) 7.14
(0.2,2.0) (-0.14.2) 9.65
(0.5,1.5) (-0.01,2) 8.37
(0.81.2) (-0.01,2) 7.68

We use the combinations of (h,,h) =(0.2,2.0) and (W,,W,)=(0.62,0.5) to

construct the chart. In Table 90, the combinations (h,,h) =(0.2,2.0) and (W W,) =

(0.62, 0.5) gave the minimal ATS; , so we use them to construct the VSI EWMA WL

chart. The control limits are

Var(WL) =3.72,

UCL = EWL)+ Li\/(2

)
_ 4 varwL) =3.43
(2-1 T

UWL = E(WL)+W,

A

- J)Var(\NL) =3.26,

LWL = E(WL)—W,

J
J

A

)
7 l)Var(\NL) =2.98.

LCL = EQWL)- Lz\/

We plot the values of the EWMA WL on the VSI EWMA WL chart (Figure 79).
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Figure 79. VSI EWMA WL Chart

From Figure 79, all samples fall inside the control limits, hence we would use the chart
to monitor the mean and variance from now on. The ATS; of the VSI EWMA WL chart

is ATS, =4.20.
Use the data in Table 86, the FP WL, the VVSI WL, the VP WL, the Y —S? and

the EWMAY —EWMA In(S?) chart are constructed. The estimates of 4, and o,

are ?0:15.62 and &:0.73.

Cs

(3) FPWL Chart
The control limits of the FP WL chart are UCL = 6.54 and LCL = 1.14. We plot the

values of WL on the FP WL chart (Figure 80).

UCL=6.54

WL
iS

LCL=1.142

T T T T T T
0 5 10 15 20 25
Sample

Figure 80. FP WL Chart
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From Figure 80, no samples fall out of the control limits, hence we would use this

chart to monitor the mean and variance from now on.

(4) Specified VSI WL Chart
We give the values of the optimal parameters, (h,,h,)=(0.2,2) and p =0.5
under h,=1, n,=4,and &, =3.29. The control limits and warning limits of the

optimal VSI WL chart are UCL = 6.540, LCL = 1.14, UWL = 3.63 and LWL = 2.60.

Then we plot the values of WL on the specified VVSI WL chart (Figure 81).

UCL=6.54

54
-
s 4 i
WUCL=3.63

ATV
e N

T T T T T T
0 5 10 15 20 25
Sample

Figure 81. VSI WL Chart

w
L

N
N

LCL=1.14

From Figure 81, all samples fall inside the control limits, hence we would use the

control chart to monitor the mean and variance from now on.

(5) Specified VP WL Chart

We give the values of the optimal parameters, (h,,n,,a, ) =(1.09,2,0.0027),

(h,,n,,a,)=(0.1,25,0.0027) and p =0.5under h,=1, n,=4 and &, =3.29.

The control limits and warning limits of the optimal VP WL chart are UCL; = 8.49,
LCL;=0.67, UWL;=5.71, LWL; = 1.40, UCL, = 4.40, LCL,=2.16, UWL, = 3.74,

LWL, = 2.54. Then we plot the values of WL on the specified VP WL chart (Figure 82).
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And the sample points are listed in Table 91.

UCL1=8.49

UWL1=5.71

UCL2=4.4
UWL2=3.74

LWL2=2.54
LCL2=2.16

uwL2i=1.4

LCL1=0.67
L ——— (g om0 )

Sample (hy.ny.0): ———- &

Figure 82. Optimal VP WL Chart

From Figure 82, all samples fall inside the control limits, hence we would use the

control chart to monitor the mean and variance from now on.

Table 91. The Plotting Statistics for Optimal VP WL Chart

No. (h.,n;) WL Which region W_L chert
signal?
1 | (h,n e )=(1.09,2,0.0027) 2.42 Central region No
2 | (h,,n,,,)=1(0.1,25,0.0027) 1.26 Warn region No
3 | (h,,n,,,)=(0.1,25,0.0027) 2.17 Warn region No
4 | (h,,n,e)=(109,2,0.0027) 3.56 Central region No
5 | (h,n,e)=(109,2,0.0027) 3.06 Central region No
6 | (h,n, e )=(1.09,2,0.0027) 412 Central region No
7 | (h,,n,,,)=(0.1,25,0.0027 ) 6.03 Warn region No
8 | (h,,n,,a,)=1(0.1,25,0.0027) 3.94 Warn region No

(6) Y —S? Chart

The false alarm rate for the Y —S? chart is set at « =0.0027 , S0 we give
a; =0.00135 for Y chartand a =0.00135 for S® chart respectively. When the

a, =0.00135 , the factor of the control limits of Y chart is 3.205.
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The control limits of S? chart are

A2
O
UCL52 = n _01;(5.00135/2,n—1 =2.00

A2
Oy 2

LCLSz = m X1-000135/2,n-1 = 0.00

The control limits of Y chart are

%o

n

UCL, =T — /2, +3.205°% =3.55
CL, =T—-0,=238

LCL, =T — 2, -3.205° =1.22

In

Plot the values of S® and Y on the two charts (Figure 84).

3.0 2.991 354

0.0 0.003

Sample Sample

Figure 83. Y -s? Chart

T
20

T
25

UCL=3.545

CL=2.384

LCL=1.223

From Figure 83, all samples fall inside the control limits, hence we would use these

charts to monitor the mean and variance from now on.

(7) EWMAY —EWMA In(S®) Chart

The control limits for the EWMA In(S?) chart are

A

2

UCL =4, + L) @7
A

LCL =16 =L e, @27

where
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1 1 1

n-1 3(n-1° 15(n-1)°

o2 2 4 16
> n-1 (n-2)* 3(n-1)° 15(n-1)°

# =~ In(ag) ~

The EWMA plotting statistics of In(S?)are
R =4, IN(S?)+ (- A.)R ;,i=12,3.. with R,=p,.
The control limits for EWMA Y chart is

~2
A G

2-1) n

UCL=T -/, +L,

&
(2=4) n

UCL=T -, -L,

The EWMA plotting statistics of Y are
Q=AY +1-4)Q,,i=123..with Q =T -4 .

0

We could use the Markov chain (Lucas and Saccucci (1990)) approach to calculate

the ARL for the EWMA chart. Under ARL, =740.74 and A =0.05, using Zero(s) in

Fortran IMSL subroutine to obtain L ., and L,.So L .=278and L, =2.77. The

control limits of these two charts are

EWMA InS? chart EWMA Y chart
UCL =-0.58 UCL =255
LCL=-1.44 LCL =2.22

Plot the values of EWMA InS? and EWMA Y on these two charts (Figure 84).
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From Figure 84, all samples fall inside the control limits, hence we would use these

charts to monitor the mean and variance from now on.

From the above results, the FP EWMA WL and the VSI EWMA WL charts have

three out-of-control samples but the other charts have none. It indicates that the FP

EWMA WL and the VSI EWMA WL charts are more effective than other charts.

However, we are concerned with the mean shift and/or the variance shift which is the

cause of the three signals. So we could look into the statistic WL. Since WL combines

the statistic S and (X —T)?, we could compute the deviations of S? from &2

and (X —T)* form (4, —T)?. Then the bigger one of the two deviations can

determine the main cause of the signal.
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CHAPTER 7. CONCLUSION AND FUTURE RESEARCH

The traditional approach to monitor the mean and the variance of a process is
using two control charts. But it is laborious and time-consuming. In this project, we
proposed a single chart for monitoring the mean and the variance simultaneously. The
main advantage of this chart is that the users could control a process by looking at only
one chart.

We proposed the FP, VVSI, VSSI, VP, optimal FP, optimal VSI, optimal VVSSI
optimal VP, FP EWMA and VSI EWMA WL charts to monitor the mean and variance
simultaneously when the in-control mean may not equal to the target of a process.
Comparing to the X —S chart, the WL chart is not only more powerful but also
simpler to design and implement. One advantage of the WL chart is that it could vary
the weight a to change the weights between the statistics S? and (X —T)* such that
the performance is more effective under various shifts of the mean and the variance.
However, from the performance comparison, the adaptive WL charts have smaller
ATS; than the FP WL chart and the optimal WL charts outperform the specified WL
charts. Especially the optimal WL charts with the optimal weight a, their ATS; (ARL,)
are smaller than the ATS; (ARL;) of the specified WL charts when the shifts of mean
and variance are small. We have shown that the weight a is an important element
which could affect the performance of the WL charts. Furthermore, the design is

facilitated by the design table provided in this project. The users could find the proper
weight a and control limits from table according to the specified ¢6,, 0, and o;.

Comparing with the FP WL chart, we found the optimal VVSSI and the optimal VP
WL charts with the optimal a could save more ATS;. Most of the ATS; saved % of the

two charts are bigger than 90%. And when the shifts of the mean and the variance are

140



small, they also have large ANOS saved % than the other charts. About the specified
FP EWMA and VSI EWMA WL charts, they have great performance when A4 is
small for small mean and variance shifts. The ATS;(ARL;) saved % of the two EWMA
charts is larger than the ATS;(ARL;) saved % of the specified adaptive WL charts and
the optimal adaptive WL charts with the optimal a under small 4 when the mean and
the variance shifts are small. As a result, the optimal adaptive WL charts with the
optimal weight a have the best performance among these charts proposed in the
project.

The design of the WL charts could be easily found. So it makes the WL chart a
better choice for the further development of more advanced charts, for example, to
construct a chart by CUSUM scheme. And we could also construct the VSSI EWMA
or the VP EWMA WL charts. The effectiveness of these charts may be sensitive to

small shift of a process.
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APPENDIX:
Calculation of the Cumulative Probability Function (c.d.f.) of a Linear

Combination of the Central Chi-square Random Variables

Moschopoulos and Canada (1984) proposed the method of the calculation of the

approximate distribution of a finite linear combination of independent central
chi-square random variables. Let ¢=(c,......,c,)" be a vector of real non-zero
constants and n=(n,,.....,n )" avector of integers where n,>1,1=1,+++ p. Then
the linear combination of central chi-square random variables is

Qe =Y ax'™n)
where z*(n,),i=1,..., pare independent chi-square random variables with n, degrees of

freedom. Let

b =(c/c)™ and A((;i,r):(mi)r(]-;ICl/Ci)r

where m;=n;/2 and (m;), =m,(m; +1)----- (m, +r-1).

The approximate c.d.f. of Q could be found by

F)=PQ<w = [b)3a; g,(ndy @

i=2
where

. j :
40<k<100, a, =A™ A" => AP AEc,j-K), i=34,...,p, j=012,...,
k=0

j-1,-Y/2

y
(2¢,)" (s + j)

r=012..., A =A{,r) and g,(y)= is a p.d.f. of

p
Gamma(s+j, 2c1) where s=>"m;.
i=1
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