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The Modified Exponentially Weighted Moving Average (Modified EWMA) control chart
is widely used in a great variety of practical applications such as finance, medicine, engineering,
psychology and in other areas. There are many situations in which the process is serially
correlation such as in the manufacturing industry, for example, the dynamics of the process will
induce correlations in observations that are closely spaced in time. The Average Run Length (ARL)
is a traditional measurement of the performance of control chart. The main goal of this research
is to derive analytical solutions for the ARL of Modified EWMA control chart when observations are
autoregressive and moving average processes with exponential white noise. In this research, we
establish that the ARL is unique solution to the integral equation under some weak regularity
conditions. Checking the accuracy of results, we compared the results obtained from explicit
formulas with numerical integral equation based on Gauss-Legendre rule. In addition, the
performance of Modified EWMA and the Exponentially Weighted Moving Average (EWMA) control
charts are studied. The explicit formulas for the ARL of Modified EWMA chart can be applied to

real data, empirical data, and real-world situations applications for a variety of data processes.

Keywords: Autoregressive process, Moving Average process, Modified Exponentially Moving

Average control chart, Average Run Length
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Chapter 1

Introduction

1.1 Background and Importance

Statistical Process Control (SPC) plays a vital role in monitoring and detecting changes
in a process, and uses for measuring, controlling and improving quality in many areas such as
industrial and  manufacturing, finance and economics, computer sciences and
telecommunications networks, epidemiology, and other areas of applications (see Frisen
(1992); Knoth (2007); Mazalov and Zhuralav (2002)). Control charts are one of the efficient tools
of SPC for detecting changes in mean or variations of a process. Examples of SPC charts are the
Shewhart control chart proposed by Shewhart (1931), Cumulative Sum (CUSUM) control chart
introduced by Page (1954), and Exponentially Weighted Moving Average (EWMA) control chart
proposed by Roberts (1959). The Shewhart control chart is used for detecting larger
disturbances in process parameters, whereas CUSUM and EWMA charts are used for smaller
and moderate changes. The CUSUM and EWMA control charts are greatly well known for using
not only in several industry and manufacturing processes but also surveillance problem. The
literatures concerning to detect a small shift process are recommended such as Yashchin
(1993), Zhang (1998), Psarakis and Papaleonida (2007), Prajapati (2015) and Mawonike and
Nkomo (2015) shown that the CUSUM and EWMA control charts are much more effective than
the Shewhart control chart in monitoring of small changes with autocorrelated process.

The modified EWMA control chart developed by Patel and Divecha (2011) is a
simplified EWMA control chart for detecting shifts in the process mean regardless of size. It is
used in various fields, especially in a chemical industry which the processes are frequently
autocorrelated. Past observations are considered (similar to the EWMA scheme) along with the
past changes as well as the latest change in the process mean. Khan, Aslam, and Jun (2016)
developed a new EWMA control chart based upon a modified EWMA statistic that considers
the past and current behavior of a process; they compared it with the existing one by Patel
and Divecha (2011) and found that the proposed control chart gains the ability to detect shifts
more quickly.

A basic assumption of control charts is that observations from a process at different
times are independent and identically distributed (i.i.d.) random variables. However, in many

situations, a process does not yield sufficient observations for traditional SPC tools to be used



effectively. However, production process observations often show some autocorrelation.
Continuous product manufacturing operations such as the manufacture of food, chemicals,
paper, and other wood products often exhibit serial correlation. Moreover, autocorrelation
data can also be shown in data arising from computer intrusion detection, wind speeds, and
the daily flow of a river. Several researchers in different fields of study have considered the
problem of data correlation and how it relates to SPC.

Nowadays, there are a lot of techniques to analyze and forecast time series data. One
of the widely used techniques is autoregressive integrated moving average (ARIMA) model.
This technique uses univariate time series data to analyze its own trend, seasonal, and forecast
future cycle. The general function model employed by the ARIMA model was discussed by
Box and Tiao [3]. When an ARIMA model includes other time series as input variables, the
model is sometimes referred to as an ARIMAX model. Pankratz (1991) refers to the ARIMAX
model as a dynamic regression. Exponential white noise coordinated with time series has also
been investigated. Jacob and Lewis (1971) studied autoregressive moving average process
order (1,1) denoted by ARMA (1,1) when observations were exponentially distributed with
exponential white noise. The exponential white noise was also used to analyze the
autoregressive model, proposed by Mohamed and Hocine (2010).

The evaluation of the performance of a control chart is performed by Average Run
Length (ARL). Generally, the ARL is evaluated for a zero shift in the process level by its in-
control ARL, which is denoted by ARL,. The ARL, is the average number of observations taken
before the signals. The ARL should be large when the process is in control and has no change.
And for each level of shift values; on the other hand, it should be detected quickly by its out-
of-control ARL, which is denoted by ARL,, whereas the ARL; should be small when the process
is out of control and undergoes a change.

Three standard methods that are often used to evaluate Average Run Length for the
in control process (ARL,) and the Average Run Length for the out of control process (ARL,) are
the Markov Chain Approach (MCA), the Numerical Integral Equation (NIE), and the Monte Carlo
simulation (MC) methods. However, these methods have the following characteristics. The NIE
method is the most advanced method but it requires a lot of programming and computation.
MCA requires a discretization of the continuity of the process into many steps and a large
number of calculations of matrix inverse. MC is a simple to program and good for checking

accuracy but it requires a large number of sample trajectories. Therefore, this method is



usually very time consuming; in addition, it is also difficult and laborious to find the optimal
designs. All of the previous methods have limitations when computing ARL with the exception
of the NIE method. This can also be extended to explicit formulas.

In this research, we derive explicit formulas for detecting changes in mean of the time
series processes of Modified EWMA control chart with exponential white noise. The
performance of the explicit formulas and the numerical integral equation method of ARL are
compared. In addition, the performance of Modified EWMA and EWMA control charts are
studied, and also apply the explicit formulas for the ARL of Modified EWMA chart to practical

and empirical data.

1.2 Objectives

The objectives of the research project are as follows:

1.2.1 To derive explicit formulas and approximate the numerical integral equation
method of average run length on Modified EWMA control chart for moving average process in
the case of exponential white noise.

1.2.2 To derive explicit formulas and approximate the numerical integral equation
method of average run length on Modified EWMA control chart for autoregressive process with
exogenous variable (ARX(p,r)) in the case of exponential white noise.

1.2.3 To compare the efficiency of the explicit formulas and the numerical integral
equation method of ARL.

1.2.4 To compare the performance of Modified EWMA and EWMA control charts.

1.2.5 To apply the explicit formulas for the ARL of Modified EWMA chart to real data

or other control charts for a variety of data processes

1.3 Scope of the Study
In this study, we focus on analytical explicit formulas and numerical integral equation
approximation of ARL for Modified EWMA and EWMA control charts. These include:
1.3.1 We define the parameters of the exponential distribution on Modified EWMA and
EWMA control chart as follows:
Parameter ¢, =1, where the process is in-control.
Parameter o, =(1+9)a,, oy >1, where the process is out-of-control and ¢ =0.005,

0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07, 0.08, 0.09, 0.10, 0.20, 0.50, 1.00, 2.00, 5.00



1.3.2 The recursive equation of the Modified EWMA control chart is as follows:
Z, =(1-A)Z ,+ A, +(Y,-Y,) .t=12,..
where A is a smoothing parameter, 0 <A <1 . The corresponding stopping time shows out-
of-control as equation z=inf{t>0;Z, >b}, b>u, where b is a control limit and
A =0.05,0.1 with initial value Y, =u=1.

1.3.3 The autoregressive process with exogenous variable (ARX(p,r) is defined as
Y=pu+e —dY oY, _"'_¢th—p + Zﬁixit
i=1

where | ¢ |<1 for ¥V, =12,... and & ~ Exp(a).

1.3.4 The moving average process with exogenous variable (MAX(q,r)) is defined as:
Yy=pu+e —0¢& -0 ,—..— 0,6, +Zﬂi Xi
i=1

where |8 |<1for V,=12,... and & ~ Exp(a).

1.3.5 Fredholm Integral Equation of Second Type is used to analyze explicit formulas
of ARL, and ARL, .

1.3.6 Gauss-Legendre quadrature rule is used to approximate of ARL, and ARL, in
the numerical integral equation method.

1.3.7 Set in-control ARL: ARL, =370 and 500.

1.3.8 The ARL result obtained from the NIE method uses the division point m =1,000
nodes.

1.3.9 The comparisons of numerical result between the explicit formulas and NIE
method are determined with the absolute percentage relative error (Diff) to verify the accuracy

of the ARL results.

1.4 Utilization of the Study

1.4.1 The explicit formula of ARL for MA(l), ARX(p,r) processes with exponential
white noise for modified EWMA control chart could be applied in real applications, for instance
economics and financial, environment and ecologic, manufacturing process, and etc.

1.4.2 The explicit formulas of ARL, and ARL, by using Fredholm Integral Equation of
second type technique can be extended to another process, for example ARIMA(p,d,q),

and etc. and can be applied in a new control chart.



Chapter 2

Literature Review

This chapter comprises four sections. Section 2.1 contains the characteristic of control
charts and their properties. Section 2.2 is presented the process observations used in this
study. An evaluation of the ARL is discussed in Section 2.3, while the Gaussian rules are
described in Section 2.4, and finally, numerical methods for solving the NIE are detailed in

Section 2.5.

2.1 Characteristics of Control Charts and Their Properties
2.1.1 Exponentially Weighted Moving Average (EWMA) control chart
The EWMA control chart was first introduced by Roberts (1959). The EWMA control chart
can be expressed by the recursive equation below,
Z =(1-A)Z _,+AX,,t=12,3,..., (2.1)
where A is an exponential smoothing parameter, which is 0<A <1 The starting value is

Z, =X, and the target value 4, and X, are the process with mean x and variance o”.

A i
Then, the variance of Z, is oy :az(ﬂj@—(l—ﬂ)z ) If i gets large, the term

(1—/1)2i converges to 0. Therefore, the general upper control limit (UCL) and lower control

limit (LCL) to detect the sequence Z, is given by,

UCL=y,+Lo /ZL : (2.2)
LCL= —LO'"L (2.3)
/’lO 2_/1 ’ .

where 14, is the target mean, o is the process standard deviation, and L is the
appropriate control width limit.
The stopping time of EWMA chart is given by
7, =Inf{t>0; Z, >h},h>u, (2.0)
here 7, is the stopping time and h is the upper control limit (UCL).

2.1.2 Modified Exponentially Weighted Moving Average (modified EWMA) control chart
A modified EWMA control chart statistic that is a correction of the original EWMA control
statistic and is also free from the inertia problem was developed and presented by Patel

and Divecha (2011). It is very effective at detecting small and abrupt shifts in the process



mean for observations that are independent and normally distributed or autocorrelated.
Subsequently, the modified EWMA control statistic was redesigned by Khan et al. (2016) to
be more efficient than either the traditional or modified EWMA control charts.
The modified EWMA control chart can be defined by the recursive equation below,
Z, =1-A)Z, _,+AX +c(X, - X, ), t=1273,..., (2.5)
where Cis a constant.
The mean of the modified EWMA control statistic is E(Z,) = 4, . It may be shown that
Z =(1-1)Z _,+AX,+c(X, - X,,)
=(1-1) [(1—/1)Zt_2 +AX  +C(X, ;- Xt_z)]+ AX, +c(X, =X, )
= (1—/1)3Zt_3 +A(1-1)° X+ (1—/1)20(Xt_2 - X )+ AL-A)X,
+(@-A)c(X, =X ) +AX, +(1- /1)°C(Xt - Xiy)-
And continuing like this recursively for Xt_j :j1=12,3,...,t , we obtain
Z = zia-mixt [ +(1-2)'Z, +cle(;(1—/1)i(xtj —- X ).
J= J=

t-1 )
Hence, CZ:(l—/I)‘(Xt_j — X, ;1) accounts for sum of the past and latest change in the
j=0

process. The unaccounted current fluctuations accumulated to time t in EWMA statistic.
t-1 _

Let Z,=(1=2)'Zy+ >, A=) [(A+C)(X; —CX ;) |.
i=0

Take the expectation on both side, we have

E(2)= M- D'E(2,)+ 3 -V E[(+0X,, X, 1, ]

Since
t . [1—(1—,1)‘] ) [1—(1—/1)t]
Jz_;‘(l_ﬂ) -] A
Then,
1-(1-A)
E(Zt):(l_l)t:uo+¥[(l+c)ﬂo_cﬂo]
= (1= A) 1ty — (A= A) ty + 1
E(Zt):/uo

(l+2&c+202)
2—-1

And variance is V (Z,) =[ ]az. The derive of the variance of Z,is



V(Z)=(1=2)"V (Z,)+ T_l -2 [(A+ 0V (X, )+ eV (X, )]
~2(A+ c)czil(l— A)PHCOV(X ., X ia)

j=0

1-(1-2)* ]
=0+ -1_(1_/1)2 = [(l+c)2 +CZJ[02]

1-(1-21)*

+%[—2(1+C)C(1—2)]|:p02]

For simply, we consider case p —0,
1-(1-21)*
( t)z%[/f+2/Ic+02+c2—2&c—202+2/12c+2&c2][02]

/1 2 2

A+2ic+2¢%
=—O0
2—-4

v(Z,)

Therefore, the upper control limit (UCL) and lower control limit (LCL) of the modified

EWMA control chart are as follows,

el 0 \/(2,+22,c+202) 00
=1 + , .
Hy o 51
(/’L+2/’Lc+2c2)
UCL = 4, - Qo o 2.7)

where 4, is the target mean, o is the process standard deviation, Q is the appropriate
control width limit, and X, is a sequence of observations. Z,=U and X, =V are the initial
values and 4 is an exponential smoothing parameter that is 0 < A <1.
The stopping time of the EWMA chart is given by
7, =inf{t >0;,Z, >b},b>u (2.8)
where 7, is the stopping time and b is the upper control limit (UCL).

2.2 Process Observations
Autocorrelation is a characteristic of data that shows the degree of similarity among
values of the same variables over successive time intervals where the basic assumption of

instance independence, which underlies most conventional models, is violated. It frequently



exists in datasets in which the data are from the same source, and since it occurs mostly
due to dependencies within the data, the observations collected periodically need to be
checked by applying a statistical analysis for time series. Various processes of time series

modeling have been used in many applications.

2.2.1 Moving Average Process
Let MA(Q) process be observations of the g-order of moving average process. This can
be described by the following as a recursion,
Xi=p+ée—0¢,-0,6 ,—..— 0,6 ,, (2-9)
where &, is a white noise process assumed with the exponential distribution, @ is a
moving average coefficient and |6,| <1;1=12,3,...q. In other word, the first order moving
average MA(D) can be written in the form as following

X, =u+eg —0¢ . (2-10)

2.2.2 The Moving Average Process with explanatory variables

Let {Zt t :1,2,....,} be a sequence of MAX(q,r) process given as
Z, = u+(1-6,B-0,B*~..-0, B‘*)gt+iﬂixit, (2-11)
i=1
and {{t t =1,2,....,} be a sequence of SMAX(Q,r),. process given by the expression
G = i+ (-0, B =0, B~y B®)5+ Y A Xy, 212
=

where g; is a exponential white noise process,

4 IS @ process mean,

1-6,B-6, BZ—...—Gq BY) is the moving average polynomials in B of order q.

Q-6 B"—¢92L BZL—...—GQL B?)is the seasonal moving average polynomials in B of
order Q; Lis a natural number,

B is the backward shift operator, i.e., Blg = Er_q

Xt is exogenous variable and f; is a coefficient of X;;.

2.2.3 The Autoregressive Processes with explanatory variables (ARX(p,r))

The ARX(p,r) process is defined as

.
Yt=5+¢1Yt-1+¢2Yt—2+---+¢th—p+Zﬂjxj+5t 1=123,.., (2.13)
j=1



where & is a constant(§>0), ¢ is an autoregressive coefficient for i =1,2,...,p (<1< ¢ <1) ;

& s an independent and identically distributed (iid) sequence;g ~Exp(a); X

explanatory variables of Y;; and ﬂj are coefficients of Xj 1 j=12,..,r. The initial value for the

are

ARX(p,r) process mean is Yy_g,Y;_5,...,Y_p =1 and the initial value for the explanatory variables

Xl, X2,..., Xr :1

2.2.4 Exponential Distribution
The sequential observations Y,,Y,,Y,,... are sequence of independent and identically
distribution random variables with a probability density function f(y, ). The change-point
time (a) for exponential distribution can be written as
) { Exp(f,)t=1234,..,a-1
! EXp(,Bl) t=a,a+la+2,...

The probability density function of exponential distribution is

-y

1 _7

—e’:y>0,4>0
typ=1 5% V0P

0 . otherwise,

where f is exponential parameter.

The mean and variance of the exponential distribution are as following

E(Y)=8 and V(Y)=5".

2.2.5 White Noise
An example of stationary process with constant mean and covariance or no correlation
between time series in different lag time or constant variance is called white noise. A time
series X, is a white noise process if for all t=1,2,3,... satisfies
(1) E(X,)=pu,
@)V (X)=E(X,~ ) =E(X, ) =0* <0, ¥meNand
(3) Cov(X,, X )=E[(X, = u)(X,y—#)]=0, VmeN.
These properties indicated that the white noise is the process with a constant mean
and variance of independent identically random variables. In this study the error g term is
assumed to be the exponential distribution. It can be written in the form of probability

density function of ¢, in the form as

—&

f(gt):%eﬁ;gt>0,,8>0, (2-14)
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where f is shift parameter in the quality control or rate parameter of exponential

distribution with the man and variance as mentioned above.

2.3 Evaluation the Average Run Length

The evaluation of ARL was proposed by Crowder in 1987. He carried out in the case of
Gaussian distribution and evaluated the ARL by using Fredholm integral equation of the
second kind. Afterward, Srivastava and Wu proposed the ARL for a continuous-time model
and discrete process by using Fredholm integral equation of the second kind method. In this
section, the main concept of method for evaluation of ARL on the modified EWMA control
chart will be given.

Let L(u) be the average run length on the modified EWMA control chart and suppose
that Z, is the modified EWMA statistics by given in Equation (2-5). Assume that process is in-
control at time t if the modified EWMA statistics Z, is in range LCL <Z, <UCLand the
process is out-of-control if Z, <LCL or Z, >UCL. To define function L(u) following

ARL=L(u)=E_(7) (2-15)
where E_is the expectation and 7 is stopping time.

According to Equation (2-5), the modified EWMA statistics Z, can be written is this
form

Z, =(1-A)Z ,+AX,+c(X,— X, ,),
where t = 1,2,3,..., 0< A <1. So,
Z, =(1-A)Z,+(A+Cc)X,—cX,.
If Z, give an in-control process forZ,, then LCL <Z, <UCL. So,
LCL <(1-2)Z,+(A+c)X,—cX, <UCL. (2-16)
The observations will be produce before out-of-control signal occurs. The inequality in

Equation (2-16) can be rewritten as following
LCL-(1-4)Z, +cX, UCL-(1-A)Z +cX,
A+cC A+cC '
The bounds of Equation (2-17) are satisfied probability X, with the probability distribution

(2-17)

< X, <

function f(x,) as following

LCL—(1-1)Z,+cX,
A+C
f(y)dy | (2-18)
UCL—(1-4)Zy+¢X,
A+C

where f(y)is the probability density function.
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If the initial values in the process mean are set as Z,=u, X, =V, then following Champ

and Ridgon’s (1991) method, the formula for L(u) can be expressed in the form

L(u) = 1_p{LC|——(1—1)U+CV <X < UCL—(l—i)u+cv}
A+cC A+cC

A+C
+ [ (+L(@-Au-cv+(a+0)y)) f(y)dy
LeL-(1-A)u+ev
A+cC
UCL-(1-A)u+ev
A+C
—14 I (1+L(@-2u—cv+(a+c)y)) f(y)dy,

A+C

The integration variable is changed, we have
UCL
L(u) _1p L j L(y)f (y—(l—i)u+cvjdy’ (2-19)
A+C 4L A+cC

where f(:) is the probability density of X,. In this study, the upper control limit is on

focused for the nonnegative random variable X, . Therefore, the case of nonnegative X,
due to Z, >0, we can assume LCL=0 and UCL =b. The Equation (2-19) can be written in

the form as

(2-20)

L(u):1+i_TL(y)f(y_(l_)“)u“chjdy
A+cCy

A+cC
In the other hand, the ARL, is also evaluate by the Equation (2-20) where f(-)is probability

density function with an out-of-control parameter .

2.4 Numerical Methods for Solving the Integral Equation

The quadrature rule is used to approximate the integral equation by a finite sum. Since
quadrature rule is defined by a set of points {aj, | :1,2,3,...,n} on the interval [LCL,UCL]
and set of constant weights {Wj, j=123,.., n}. The approximation of the integral equation

is given as following
ucCL

[ W) f()dy=>w,f(a), (221

LCL
where W(y) and f(y) are given function. Therefore, the Equation (2-19) is approximated of
Equation (2-21). It can be approximated by L(u) as the system of algebraic linear equations:
a;—(1-4)a +cv

A+cC

~ 1 &~ .
L(a)=1+—— La)f ;1=123,...,n. 2-22
(a) +;t+cjz_l“w’ (a,) [ j i n (2-22)
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The system of m linear equations is showed as:

( -1~ /1)a1+cvj

. 1 & ~
L(a)=1+—— E La)f
( ) +ﬂ+Cj:1WJ (aj)

a, —(1-4)a,+cv

- 1 & . 1
L(a2):l+ij=;WjL(aj)f( P J

—(1-A)a,+cv
A+cC

. 1 & a.
L =1+—— La)f| -
() +}V+CJZ_;,WJ (a;) E

- 1 & - a,—(l-A)a, +cv
L(@a)=1+——>» w.lL(a)f| - " .
(a,) /1+ch=;{ iL(a)) ( j

A+cC

The n equations as mentioned above can be rewritten in a matrix form as following

me1:1mx1+Rmxmme1 or (Im_Rmxm)melzlmxl or melz(lm_Rmxm) mx1 (2 30)
L(a) 1
L(a,) : 1
where L, = : , 1,=diag(01...,.) , 1.,= |-
L(a,) 1
and
1 Wlf(ai—(l—/l)a1+cvj 1 an(an—(l—/l)aﬁcvj
A+cC A+cC A+cC A+cC
1 Wlf(ai—(l—/i)aﬁcvj 1 W f a —(1-A)a, +cv
R.,=| A+C A+cC A+cC A+cC
1 wf a—-(1-4)a,+cv 1 W f a,—(1-A)a,+cv
| A+C A+cC A+cC A+cC l

Therefore, an approximation the NIE method for function L(u) is

- 1 < a —(1-A)u+cv
Lu)=1+—> wlL(a)f| - .
) A+CJZ=;‘ L) ( A+c j

(2-23)



Chapter 3
Methodology

In this research, the explicit formulas and NIE for the evaluation of the ARL on a
modified EWMA control chart are proposed when the observations follow MA(Q), and
ARX (p, r) processes with exponential white noise. In addition, the explicit formulas for the
ARL of Modified EWMA chart can be applied to real data or other control charts. The
solution for the integral equation is implemented to derive explicit formulas based on the
Fredholm integral equation of the second kind. The NIE method produces an approximated
ARL by applying the Gauss-Legendre quadrature rule. Moreover, the performances of the
modified EWMA and EWMA control charts are compared by applying the ARL using explicit

formulas and NIE.

3.1 Planning of the Study
In this research, the evaluation ARL on modified EWMA control chart for autocorrelated

observation is planned as following

3.1.1 To derived explicit formulas and approximation of numerical integral equation for
ARL on modified EWMA control chart for the first-order moving average (MA(1)) process with
exponential white noise.

3.1.2 To derived explicit formulas and approximation of numerical integral equation for
ARL on modified EWMA control chart for ARX(p,r) process with exponential white noise.

3.1.3 To derived explicit formulas and approximation of numerical integral equation for

ARL on CUSUM control chart for with MAX(qg,r) and SMAX(Q,r), processes

3.2 Step of the Study
In this research, the steps of the study of evaluation ARL on modified EWMA control
chart are proceeded as following
3.2.1 The ARL of MA(I) process with exponential white noise for modified EWMA
control chart.
3.2.1.1 Derive the explicit formulas for MA(1) process with exponential distribution
white noise by using the Fredholm integral equation of second type technique on modified
EWMA control chart.
3.2.1.2 Compute the ARL, by setting in-control ARL, =370 and 500.
3.2.1.3 Compute the ARL, of the out-of-control process
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3.2.1.4 Approximate the ARL on modified EWMA control chart by using NIE
method.

3.2.1.5 Compare the ARL results between explicit formulas and NIE method.

3.2.1.6 Compare the performance of ARL result between modified EWMA and
EWMA control charts.

3.2.2 The explicit formulas and approximation of numerical integral equation for ARL

on modified EWMA control chart for ARX(p,r) process with exponential white noise.

3.2.2.1 Derive the explicit formulas for ARX(p,r) process with Exponential white
noise by using the Fredholm integral equation of second type technique on modified
EWMA control chart.

3.2.2.2 Compute the ARL, by setting in-control ARL, =370 and 500.

3.2.2.3 Compute the ARL, of the out-of-control process

3.2.2.4 Approximate the ARL on modified EWMA control chart by using NIE
method.

3.2.2.5 Compare the ARL results between explicit formulas and NIE method.

3.2.2.6 Compare the performance of ARL result between modified EWMA and EWMA
control charts.

3.2.3 The explicit formulas and approximation of numerical integral equation for ARL

on CUSUM control chart for MAX(q,r) and SMAX(Q,r), processes

3.2.3.1 Derive the explicit formulas for MAX(q,r) and SMAX(Q,r), processes with
exponential distribution white noise by using the Fredholm integral equation of second type
technique on CUSUM control chart.

3.2.3.2 Compute the ARL, by setting in-control ARL, =370 and 500.

3.2.3.3 Compute the ARL, of the out-of-control process.

3.2.3.4 Approximate the ARL on CUSUM control chart by using NIE method.

3.2.3.5 Compare the ARL results between explicit formulas and NIE method.

3.2.3.6 Compare the performance of ARL result between CUSUM and EWMA control
charts.



Chapter 4

Experimental Results

The evaluation of the ARL by using explicit formulas and NIE are presented. The
performances of the EWMA and modified EWMA control charts were revealed by applying
the ARL by using explicit formulas and NIE method. The results of the study are organized
into three sections: the first three contains evaluations of the ARL for MA(1) process on
modified EWMA and EWMA control charts. Next, the explicit Formulas for the ARL of the
Modified EWMA control chart for an ARX(p,r) process with exponential white noise are
presented while the third section the explicit formula of ARL for modified EWMA is

applied to other control chart.

4.1 Evaluation the ARL for MA(1) Process
4.1.1 Explicit formulas of ARL for MA(1) process
The first order moving average process denoted by MA(1) is described by the follow as
recursion
X =p+g b, (4-1)
where g, is a white noise process assumed with exponential distribution, @ is a moving
average coefficient which | |<lor—1< 6 <land given the initial value of g, =s.
Therefore, the modified EWMA statistics Z, can be written is this form
Z, =Q1-A)Z ,+AX, +c(X,— X, ;)
=(-A)Z_ +A(u+e -0 )+c(u+e—0s,—X,)
=(1-2)Z_ —cX +(A+C)g —(A0+cO) e +(A+cC)u
where t = 1,23,.., 0<A<1 and the initial value in the process mean Z,=u, X,=V,
& =S,LCL=0and UCL=b. So,
Z,=(1-2)Zy—cXy+(A+C)e +(A+C)u—(10+cO)s
=(1-Au-cv+(A+c)g+(A+c)u—(A0+ch)s.
The stopping time of modified EWMA chart is given by
7, =inf{t >0;Z, >b},b>u (4-2)
where 7, is the stopping time, b is the upper control limit (UCL). Assume that process is in-
control at time t if the modified EWMA statistics Z, is in range 0<Z, <b and the process is
out-of-control if Z,>b. Let L(u) denote the ARL for MA(1) process. To define function
L(u) following
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ARL = L(u)=E,_ (7, (4-3)

where E_is the expectation.

If & give an in-control process forZ,, then 0<Z, <b. So,

0 <@-A)u—cv+(A+c)e—(A0+ch)s+(A+c)u <b (4-4)
The inequality in Equation (10) can be rewritten as following
—(1-2)u+cv+(A0+cO)s—(A+C)u < e b—(1-A)u+cv+(10+cO)s—(A+c)u

A+C T A+cC
According to method similar to Crowder (1987) and VanBrackle and Reynold (1997),

we can write the formula for L(u) by the integral equation

b—(1-2)u+cv+(A6+ch)s—(A+c)u
A+l
L(u)=1+ J' L[ @-A)u—cv+(A+c)y—(20+cO)s+(A+c)u]f(y)dy Ch
—(1-2)u+cv+(A0+c0)s—(A+¢)u
A+l

ange the variable, we obtain

(4-5)

L(u):1+LJ'L(k)f (k—(l—/i)u+cv+(/w+c9)s_ﬂjdk.
A+cCy

A+cC

The L(u) is a Fredholm integral equation of the second kind. If Y ~ EXp(f), then we have

1
f(y)==e"”?, y>0. So,
B

1 b 1 k 1-2)u cv (26+ch)s u
L(u)=1+/1—JL(k)-E-e plase) ghrie) g AAe) g Flie) gk (4-6)
+Cy
Suppose that
(1-A)u ov (A6+cO)s 4

Cu)=e”""9.e /)¢ /49 e/ s 0<u<h

and
k

b k.
D :jL(k)-e A4+9dk , where Dis a constant.
0

So, we have
C(u)

Bi+c)

L(u)=1+ (4-7)

Consider
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v (A-A)k ov (A0+c0)s 4 )
b - b \B(a+c) , B(A+ B+ s
:Ie ﬂ(/l+c)dk+-.‘e Ve M e M el e A+ Dk
0 5 B(A+c)
I L b ov (40+cO)s 4 b Ak
= _ﬂ(/1+C) e B(A+c) _}_Le B(A+c) e B(A+c) ~eﬂje ﬂ(/1+c)dk
. B(A+c) )

b ov (26+c6)s 4 __ ab
=—p(A+c)le " —1}%e puse) g M) oh {e Alaxe) —1}

—ﬂ(ﬂ+c){eﬁ(““) —1]

D= oV (A0+c0)s 4 [ b (4-8)
1+/11e plise) g P oh [e Blae) —1}

Finally, the equation (4-7) is substituted by equation (4-8). The solution for the integral

equation in equation (4-5) as following
C(u)

L(u)=1+ D
W B(A+c)
i b

(1-A)u cv (A0+c0)s 4 ] _,B(ﬂ + C) e B(A+c) 1

Be) o B o BO)  of
—14] 8 € € € .

cv (149+C9)S u b
ﬂ(;t—f-C) | 1+£e Blare) o Blate) .eﬁ I:e B(2+c) _1:|

(I-A)u oV (16+¢O)s u
=1-— eﬂ(ﬂ%) .e B(2+¢) e B(A+c) 'eﬂ )

(1-A)u cv (26+c0)s b
/»Le/i(iw) e B(A+¢) e B(2+¢) |:e B(2+¢) _1:|
_(20+0)s —u (A0+ch)s cv b
e B(A+c) [ﬂ’eﬂ e B(A+c) ie B(A+c) {e B(A+c) 1:“

@A b
/Ieﬁo(ﬂw) e Bo(A+¢) _1:|

L(u)=1-

—u ov (A6+c0)s b (4-9)
Ae b, eﬂo(ﬂ%) .e Bo(A+c) +e Po(A+c) -1

The expectation of stopping time in equation (4-9) corresponds to the L(u)= ARL,
when 3, =1. An out-of-control process when 4 >1 we obtain L(u) = ARL,.
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4.1.2 Numerical Integral Equation of ARL for MA (1) process
From the integral equation in equation (4-5) follow as
k—(1-A)u+cv+(A6+ch)s
-4 ( ) —,u}dk.
A+cC

1 b
L(u) :1+m£L(k) f (

The numerical method for solving the integral equation by quadrature rule approach is
approximated the integral by finite sum of areas of rectangles with base b/m with heights
chosen as the values of f at midpoints of the one-sided interval which divide[0,b] into a
partition 0<a <a,<..<a ,<b and a set of constant weightsw;=b/m=>=0. The

approximate for an integral can be expression by

b m
IL(k)f(k)dkzZij(aj) , (4-10)
0 j=t

where a; =%(j—%j and w; = ;1=12,3,...m

m
The integral equation (4-5) can be approximated by using the Gauss-Legendre

quadrature rule as follows

(4-11)

y —(1-Aa A6+
L(ai)=1+izwjuaj)f(al (L-A)a +ov+(A0+c )S_ﬂ]
A+cT

A+cC

where ;1=12,3,...,m, a; :%[j—%j and w; =% ; 1=12,3,...,m

The system of m linear equations is showed as:

—(1-A)a, +cv+(A0+ch)s
A+C a

L(a,) ~ 1+/1—Zw L(a )f(aj

L(a)~ 1+TZW L)1 (1—A)a2+cv+(/w+ce)s_ﬂJ

A+cC

L(a,) ~ 1+/1—Zw L(a;)f e

E (1—/1)a3+cv+(/10+06’)s_ﬂ]
5

La)~ 1+TZW La)t (1—/1)am+cv+(/w+c9)s_luj

A+cC

It can be written by matrix form as

mel :lmxl + Rmxm mel or ( Im - Rmxm) mel = 1mx1 or mel = ( I m- Rmxm )_1 1mxl (4_12)
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L(a)
L(a,) . 1
where L, =| . , 1, =diag(1y...) , 1 .=|.|.
L(a,) 1
and
f wt ai—(l—ﬂ)a1+cv+(/w+00)s_ﬂ 1 W f am—(l—/i)ai+CV+(,w+c(9)s_y T
A+cC A+cC A+cC A+cC
1 w f ai—(l—/l)a2+cv+(/16?+c49)s_# 1 W, am—(l—/l)a2+cv+(ﬂt9+c€)s_ﬂ
R =| A+C A+c A+c A+c
-(@-A)a, +cv+(A0+cO)s a,—-(1-A)a, +cv+(160+ch)s
1 w f a8, —(1-4)a, +ov+(10+ )_ﬂ 1 w2 (- A)a, +ev+(10+ )—,u
| A+C A+cC A+cC A+c |

An approximation the NIE method for function L(u) is

- m —[1-4 AG+cl
L(u)=1+ﬁZWjL(aj)f[a' @L-Au+cv+(A0+c )S—yj, @13
+ce

A+cC

where aj:R(j—lj and WJ.:R ; 1=12,3,...,m.
m 2 m



Table 4-1 Comparison of ARL for MA(L) on modified EWMA control chart by using
explicit formulas for ARL, =370, A=0.1, gx=2and 6=0.1 with
c=54, 104, 154,201 .

Shift c=51 c=101 c=151 c=201
size (b = 0.49058401) (b = 0.413935708) (b = 0.45153011) (b = 0.5099272685)
()

0.00 370.0000691020 370.0000309970 370.0001954173 370.0000435986

0.005 | 217.2408039291 127.6995634708 100.3531155158 87.8016095772
0.01 153.4066744579 77.2119607183 58.2153981235 50.0311299754
0.02 96.2192991774 431673895860 31.7935230083 27.0856419508
0.03 69.8186997007 29.9952343685 21.9659955933 18.6908127359
0.04 54.6283560236 23.0075901833 16.8377631296 14.3395005117
0.05 447661512893 18.6791852178 13.6898843745 11.6782708920
0.06 37.8522379425 15.7361573040 11.5617663552 9.8832524829
0.07 327401757436 13.6061885354 10.0275786767 8.5911905151
0.08 28.8095491949 11.9940081173 8.8695901874 7.6170170786
0.09 25.6953252186 10.7318510554 7.9648895720 6.8565294360
0.10 23.1687163301 9.7173402740 7.2388375370 6.2465726992
0.20 11.4755918453 5.1205235779 3.9593181049 34943690487

0.50 45099214488 2.4242569533 2.0352387883 1.8782006479
1.00 24518399866 1.6105506917 1.4487568794 1.3828124251

2.00 1.5992992378 1.2606655170 1.1933351586 1.1656302034

5.00 11979163923 1.0887275633 1.0662536122 1.0569228987

20

Table 4-1 reports the ARL by using explicit formulas versus NIE for the MA()

process on modified EWMA control chart for 4=2,0=0.1 and 4A=0.1. For ARL,=370

with ¢=54, 104, 154, and 204, the results indicated that when ¢ was increased, the ARL

gradually decreased by small amounts. Subsequently, ¢ =1 was employed to evaluate the

ARL in the rest of the experiments.

Next, the evaluation of the ARL obtained by applying the explicit formulas and the NIE

method with 1,000 nodes on the modified EWMA control chart for the MA(1) process with

exponential white noise is presented.



Table 4-2 Comparison of ARL for MA(L) on modified EWMA control chart by using

explicit formulas versus numerical integral equation for ARL, =370,

u=2and 8=0.1 with 1=0.05,0.1.

snitsize|  1=0.05 (b=0.408730497) 4=0.1 (b=0.413935708)
(0) Explicit NIE Diff Explicit NIE Diff
000 | 370.000048935 | 370.000045565 370000030997 | 370.000024645
9.107 x107 1.717 x107
(0.000) (19.188) (0.000) (19.438)
0005 | 135115656100 | 135.115655125 127.699563470 | 127.699562241
7.215 x107 9.624 x107
(0.000) (19.188) (0.000) (19.344)
001 | 826505751194 | 826505745638 772119607183 | 77.2119601018
6.722 x107 7.985 x107
(0.000) (19.157) (0.000) (19.360)
002 | 465318371778 | 46.5318368860 43.1673895860 | 43.1673892938
6.271 x107 6.769 x107
(0.000) (19.250) (0.000) (19.329)
003 | 323937161010 | 323937159070 29.9952343685 | 29.9952341825
5.989 x107 6.201 x107
(0.000) (19.157) (0.000) (19.266)
004 | 24.8564642024 | 24.8564640590 23.0075901833 | 23.0075900491
5.769 x107 5.833 x107
(0.000) (19.313) (0.000) (19.484)
005 | 201748191795 | 20.1748190671 18.6791852178 | 18.6791851142
5.571 x107 5.546 x107
(0.000) (19.984) (0.000) (19.594)
006 | 169861431966 | 16.9861431049 157361573040 | 15.7361572205
5.399 x107 5.306 x107
(0.000) (19.142) (0.000) (19.437)
0.07 | 146757215370 | 14.6757214603 13.6061885354 | 13.6061884660
5.226 x107 5.101 x107
(0.000) (19.391) (0.000) (19.344)
008 | 129255345606 | 129255344951 11.9940081173 | 11.9940080584
5.067 x107 4.911 x107
(0.000) (19.126) (0.000) (19.391)
009 | 11.5545317625 | 11.5545317057 10.7318510554 | 107318510044
4.916 x107 4.752 x107
(0.000) (19.250) (0.000) (19.344)
0.0 | 10.4520618174 | 104520617675 9.7173402740 | 9.7173802295
4.774 x107 4.579 x107
(0.000) (19.251) (0.000) (19.281)
020 | 54533669974 | 5.4533669778 51205235779 | 5.1205235607
3.594 x107 3.359 x107
(0.000) (19.390) (0.000) (19.391)
050 | 25258096911 | 2.5258096868 24242569533 | 2.4242569495
1.702 x107 1.567 x107
(0.000) (19.142) (0.000) (19.609)
1.00 16482054592 | 1.6482054582 16105506917 | 1.6105506908
6.067 x10° 5.588 x10°8
(0.000) (20.062) (0.000) (19.515)
2.00 12742928186 | 1.2742928184 12606655170 | 1.2606655169
1,569 x10° 7.932 x10°?
(0.000) (20.608) (0.000) (20.108)
5.00 1.0925601855 | 1.0925601855 1.0887275633 | 1.0887275633
0.000 x107 0.000 x107
(0.000) (19.968) (0.000) (19.999)

21



Table 4-3 Comparison of ARL for MA(1) on modified EWMA control chart by using

explicit formulas versus numerical integral equation for ARL, =370,

pu=2and 8=-0.1 with 1=0.05,0.1.

sniftsize|  A=0.05 (b =0.333987011) 4=0.1 (b=0.337683969)
(0) Explicit NIE Diff Explicit NIE Diff
0.00 | 370.000088128 | 370.000085899 370.000045250 | 370.000041103
6.023 x107 1.121 x10°
(0.000) (19.203) (0.000) (19.234)
0.005 | 129368446676 | 129.368446059 121.977760605 | 121.977759847
4.767 x107 6.218 x107
(0.000) (19.329) (0.000) (19.828)
0.01 | 783785837061 | 78.3785833571 73.0616312145 | 73.0616308355
4.453 x107 5.187 x107
(0.000) (19.281) (0.000) (19.157)
0.02 | 43.8283778836 | 43.8283777012 40.5837742809 | 40.5837741013
4.162 x107 4.425 x107
(0.000) (19.640) (0.000) (19.001)
0.03 | 30.4255790759 | 30.4255789548 28.1261295453 | 28.1261294309
3.980 x107 4.067 x107
(0.000) (19.439) (0.000) (19.142)
0.04 | 23.3084775806 | 23.3084774913 215422828411 | 21.5422827586
3.831 x107 3.830 x107
(0.000) (19.532) (0.000) (19.219)
0.05 | 18.8979332134 | 18.8979331435 174728622911 | 17.4728622274
3.699 x107 3,646 x107
(0.000) (19.454) (0.000) (19.235)
0.06 | 15.8985529165 | 15.8985528596 14.7099776779 | 14.7099776266
3.579 x107 3.487 x107
(0.000) (19.421) (0.000) (19.750)
0.07 | 13.7277906602 | 13.7277906126 12.7125612735 | 12.7125612309
3.467 x107 3,351 x107
(0.000) (19.266) (0.000) (19.281)
0.08 | 12.0849068085 | 12.0849067679 11.2020224738 | 11.2020224376
3.360 x107 3.232 x107
(0.000) (19.500) (0.000) (19.313)
0.09 | 10.7989508728 | 10.7989508376 10.0203022006 | 10.0203021694
3.260 x10” 3,114 x107
(0.000) (19.797) (0.000) (19.250)
0.10 | 97655660837 | 9.7655660529 9.0710522097 | 9.0710521824
3,154 x107 3.010 x107
(0.000) (19.437) (0.000) (19.172)
020 | 50909701574 | 50909701454 47794459115 | 4.7794459010
2357 x107 2.197 x107
(0.000) (19.329) (0.000) (19.313)
050 | 23731513934 | 23731513908 22799397980 | 22799397957
1.096 x107 1.009 x107
(0.000) (19.329) (0.000) (19.204)
1.00 15707976721 | 1.5707976714 15368909759 | 1.5368909753
4.456 x108 3.904 x108
(0.000) (19.703) (0.000) (19.547)
2.00 12359759882 | 1.2359759881 12239327502 | 1.2239327501
8.091 x10° 8.170 x10°
(0.000) (20.187) (0.000) (19.891)
5.00 10776705703 | 1.0776705703 10743419594 | 1.0743419594
0.000 X107 0.000 x107
(0.000) (20.109) (0.000) (19.797)
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The values in parentheses are CPU times in the explicit formulas and NIE method (seconds)



Table 4-4

Comparison of ARLfor MA(l) on modified EWMA control chart by using

explicit formulas versus numerical integral equation for ARL, =370,

u=2and 8=0.3 with 4=0.05,0.1.

Shift size 2=0.05 (b=0.500416482) 2=0.1 (b=0.5078210852)
(5) Explicit NIE Diff Explicit NIE Diff
0.00 370.000037555 | 370.000032443 370.000021198 | 370.000011412
1.382 x10°® 2.645 x10°
(0.000) (19.188) (0.000) (17.534)
0.005 141.365833037 | 141.365831489 133968118708 | 133.968116699
1.095 x10® 1.499 x10°®
(0.000) (19.609) (0.000) (19.189)
0.01 87.3893405734 | 87.3893396843 81.8485965093 | 81.8485954972
1.017 x10°¢ 1.237 x10°¢
(0.000) (19.172) (0.000) (19.640)
0.02 455721131988 | 45.5721127297 46.0922055086 | 46.0922050291
1.029 x10° 1.040 x10°®
(0.000) (19.859) (0.000) (19.438)
0.03 34.6191639509 | 34.6191636381 32.1221812787 | 32.1221809738
9.035 x107 9.492 x107
(0.000) (19.313) (0.000) (19.562)
0.04 26.6120557010 | 26.6120554695 24.6797238073 | 24.6797235875
8.699 x107 8.906 x107
(0.000) (19.266) (0.000) (19.422)
0.05 21.6257283472 | 21.6257281654 20.0582469267 | 20.0582467570
8.407 x107 8.460 x107
(0.000) (19.921) (0.000) (19.251)
0.06 18.2236441802 | 18.2236440319 16.9107669375 | 16.9107668006
8.138 x107 8.095 x107
(0.000) (19.173) (0.000) (19.235)
0.07 15.7554375488 | 15.7554374244 14.6300579943 | 14.6300578805
7.896 x107 7.779 x107
(0.000) (19.219) (0.000) (19.266)
0.08 13.8838344586 | 13.8838343523 12.9021228096 | 12.9021227129
7.656 x107 7.495 x107
(0.000) (19.220) (0.000) (19.172)
0.09 12.4164876510 | 12.4164875587 11.5482611883 | 11.5482611047
7.434 x107 7.239 x107
(0.000) (19.250) (0.000) (19.360)
0.10 11.2356855651 | 11.2356854839 10.4592857838 | 10.4592857107
7.227 x107 6.989 x107
(0.000) (19.345) (0.000) (19.329)
0.20 5.8687516934 5.8687516612 55135573322 5.5135573037
5.487 x107 5.169 x107
(0.000) (19.142) (0.000) (19.329)
0.50 27023142781 27023142709 2.5919056831 2.5919056768
2.664 x107 2.431 x107
(0.000) (19.157) (0.000) (19.297)
1.00 1.7386942496 1.7386942479 1.6970258272 1.6970258257
9.777 x108 8.839 x107
(0.000) (19.422) (0.000) (19.500)
2.00 1.3196959577 1.3196959573 1.3043639109 1.3043639106
3.031 x108 2.300x108
(0.000) (19.797) (0.000) (19.999)
5.00 1.1104892940 1.1104892940 1.10611525%94 1.1061152594
0.000 x107 0.000 x107
(0.000) (19.718) (0.000) (20.031)




Table 4-5 Comparison of ARL for MA(1) on modified EWMA control chart by using
explicit formulas versus numerical integral equation for ARL, =370,
u=2and 0=-0.3 with 1=0.05,0.1.

Shift size A=0.05 (b =0.2730080154) A=0.1 (b=0.275661646)
() Explicit NIE Diff Explicit NIE Diff
0.00 370.000059817 | 370.000058340 370.000096869 | 370.000094148
3.993 x107 7.353 x107
(0.000) (18.985) (0.000) (18.876)
0.005 | 124.031896772 | 124.031896380 116701897449 | 116701896978
3.156 x107 4.038 x107
(0.000) (19.079) (0.000) (19.110)
0.01 74.4835209978 | 74.4835207777 69.3024972666 | 69.3024970321
2.955 x107 3.384 x107
(0.000) (19.298) (0.000) (19.189)
0.02 41.3942561115 | 41.3942559970 382716959977 | 38.2716958865
2.766 x107 2.906 x107
(0.000) (19.328) (0.000) (19.204)
0.03 28.6625016773 | 28.6625016014 26.4614633783 | 26.4614633074
2.648 x107 2,679 x107
(0.000) (19.297) (0.000) (19.126)
0.04 21.9257283323 | 21.9257282764 20.2407247026 | 20.2407246515
2.550 x107 2.525 x107
(0.000) (19.376) (0.000) (19.360)
0.05 177595096535 | 17.7595096099 16.4032325840 | 16.4032325445
2.455 x107 2.408 x107
(0.000) (19.547) (0.000) (19.204)
0.06 14.9302560132 | 14.9302559777 13.8012538432 | 13.8012538114
2.378 x107 2.304 x107
(0.000) (19.407) (0.000) (19.141)
0.07 12.8847709963 | 12.8847709667 11.9220242644 | 11.9220242380
2.297 x107 2.214 x107
(0.000) (19.188) (0.000) (19.219)
0.08 11.3380063142 | 11.3380062889 105019946579 | 10.5019946355
2.231 x107 2133 x107
(0.000) (19.484) (0.000) (19.094)
0.09 101281525340 | 10.1281525122 9.3918313761 | 9.3918313568
2.152 x107 2.055 x107
(0.000) (19.360) (0.000) (19.032)
0.10 9.1565357524 | 9.1565357332 85005935705 | 85005935536
2.097 x107 1.988 x107
(0.000) (19.329) (0.000) (19.126)
0.20 47711256680 | 4.7711256606 44798048938 | 4.4798048873
1551 x107 1.451 x107
(0.000) (19.313) (0.000) (19.125)
0.50 22398739905 | 22398739889 21544387573 | 2.1544387560
7.143 x10 6.034 x107
(0.000) (19.220) (0.000) (18.923)
1.00 15040903607 | 1.5040903604 14736329236 | 1.4736329233
1.995 x10°8 2.036 x10°®
(0.000) (19.282) (0.000) (19.312)
2.00 12034664108 | 1.2034664107 11928656596 | 1.1928656595
8.309 x10? 8.383 x10?
(0.000) (19.890) (0.000) (19.765)
5.00 10652660139 | 1.0652660139 10623934678 | 1.0623934678
0.000 x107 0.000 x107
(0.000) (19.921) (0.000) (19.719)
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The values in parentheses are CPU times in the explicit formulas and NIE method (seconds)
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Tables 4-2 to 4-5 show the ARL by using explicit formulas versus NIE for the MA(1)
process on modified EWMA control chart for z=2,60=0.1,-0.1,0.3,-0.3 with 1=0.05,0.1.
For ARL, =370,500 the results from both methods are excellent agreement. However, the

CPU time when using explicit formulas was 0 second whereas it was around 20 seconds for
NIE.

Table 4-6 Comparison ARL for MA(@) on EWMA and Modified EWMA control
charts using by Explicit formulas for ARL, =370, u=2and 8=0.1 with

A1=0.050.1.

Shift size A=0.05 A1=0.10

EWMA Modified EWMA Modified
(@) (h=0.000000691135) (b=0.408730497) (h=0.034133896) (b=0.413935708)
0.00 370.0000 370.0000 370.0000 370.0000
0.005 338.2197 135.1157 355.7906 127.6996
0.01 309.4438 82.6506 342.2527 77.2120
0.02 259.7080 46.5318 317.0453 43.1674
0.03 218.7135 32.3937 294.1084 29.9952
0.04 184.8066 24.8565 273.2048 23.0076
0.05 156.6673 20.1748 254.1253 18.6792
0.06 133.2381 16.9861 236.6847 15.7362
0.07 113.6682 14.6757 220.7193 13.6062
0.08 97.2712 12.9255 206.0837 11.9940
0.09 83.4913 11.5545 192.6487 10.7319
0.10 71.8767 10.4521 180.2995 9.7173
0.20 18.7872 5.4534 98.5052 5.1205
0.50 1.8231 2.5258 25.7014 2.4243
1.00 1.0357 1.6482 6.8447 1.6106
2.00 1.0014 1.2743 2.2199 1.2607
5.00 1.0000 1.0926 1.1884 1.0887




26

Table 4-7 Comparison ARL for MA(L) on EWMA and Modified EWMA control
charts using by Explicit formulas for ARL, =500, g=2and 6=-0.3

with 4 =0.05,0.1.
Shift size A=0.05 A4=0.10

EWMA Modified EWMA Modified
() (h=1.3943043x10°) | (b=0.2734313281) (h=0.08324898) | (b=0.2760602695)
0.00 500.0000 500.0000 500.0000 500.0000
0.005 457.9318 1359195 482.3789 127.1542
0.01 419.7648 78.6269 465.5354 72.8675
0.02 353.6066 42.6511 434.0220 39.3388
0.03 298.8649 29.2629 405.1639 26.9690
0.04 253.4160 22.2771 378.6987 20.5372
0.05 215.5577 17.9904 354.3935 16.5979
0.06 183.9212 15.0937 332.0411 13.9390
0.07 157.4013 13.0068 311.4571 12.0248
0.08 135.1032 11.4326 292.4766 10.5818
0.09 116.2992 10.2038 274.9525 9.4556
0.10 100.3964 9.2184 258.7528 8.5528
0.20 26.7119 4.7878 148.6098 4.4940
0.50 2.2719 2.2430 42.9740 2.1572
1.00 1.0590 1.5051 12.1432 1.4745
2.00 1.0024 1.2038 3.5904 1.1932
5.00 1.0001 1.0654 1.4368 1.0625

Tables 4-6 and 4-7 summarize the ARLs using the explicit formulas on both standard

and modified EWMA control charts for the MA(1) process given ARL, = 370, 500; u=2,

A=0.05 and 0.1; and @=0.1,-0.3. The results indicated that the modified EWMA control

chart immediately reduced ARL, by more than the standard one when detecting a small

shift in the process mean, except for shift sizes of 0.5, 1, 2, or 5 for = 0.1 and shift sizes of

1, 2, or 5 for @=-0.3 in the case of 4 = 0.05.
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4.2 Evaluation the ARL for ARX(p,r) Process
4.2.1 The Explicit formulas of ARL for ARX(p,r) process

Explicit formulas for the ARL of the modified EWMA control chart for an
ARX(p,r) process are derived as follows:

The modified EWMA control chart proposed by Khan et al. (2016) is defined as

M, :(1—/1)Mt_1+/1Yt+k(Yt—Yt_1) 1=123,...,
where M is the modified EWMA statistic, Y; is the sequence of the ARX(p,r) process with
exponential white noise, A is an exponential smoothing parameter (0<A<1), and K is a
constant (k >0).
Substituting Y, into My, then

My =(1-A)M 3 +(A+K)S+(A+K) @Y, g +..+ (A +K)BpY

r
+(A+K) D B X +(A+k)g —KY; .
j=1
If Y, gives the out-of-control state for My, Mg=u and Y, =V, then
;
Mp=(1-2)u+(A+Kk)S+(A+K)gV+..+ (A +K)gov +(A+K) D B X +(A+k) e —kvif & is
j=1

the in-control limit for My, then 0<M; <h.

The function G(u) can be derived by the Fredholm integral equation of the second
type (Mititelu et al., 2010), and thus G(u) can be written as

G(u) =1+ [G(M) f (e1)d(s1) , (4-14)
by substituting & with Y. Therefore, the function G(u) is obtained as

: Q- u+(A+Kk)S+(A+K)AV+..+ (2 +k)ppv
G(u)=1+£L +(/1+k)zr:,6’jxj —kv+(A+k)y
j=1

f(y)dy.

Let W:(l—/l)u+(/1+k)5+(/1+k)¢lv+...+(ﬂ,+k)¢pv+(/1+k)zr:,8jxj —kv+(2+k)y.
j=1

By changing the integral variable, we obtain the integral equation as follows:

G(u)=1+ iikgG(w) f {Wz/gl-‘_—kﬂ;)u +(/1k:k)—5—vé¢‘ — jZi:lﬂij}dW. (4-15)

-y
If Yt~Exp(a) thef(y)zlea ; ¥y=0, 50
a

1 w—(l—/i)uL kv
1 n 1e al (A+k)  (a+k)

G(u):l+/1+k£6(w)5

P
D) /”jxj}
== dw
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p r
VX4 X BiX|
="

i=1

(1-2)u kv
« « , then we have

s
Let the function D(u) — p@(#+K) a(l+k) «a
—-W
L(w)e "™ aw 0<u<h.

G(u)zl+%£

—-W

h
Let ¢ =IG(W)e“(“k)dw, then G(u)=1+
0

D(u)

W - g . Consequently, we obtain
a(A+
p L g
(-2)u kv L5Lvi§1¢‘ . Elﬂj :
ea(ﬂwrk) a(i+k) @ a =« g

a(A+k)

G(u)=1+
(4-16)

Solving a constant g

W

)dw

g=|[G(w)e

a(A+k
—w
a(/1+k)dw+

e

—=
«©«
O
—~~
=
~—
@
2
~
+
=
SN—"
o
=

0

(4-17)

Substituting g from Equation (4-17) into Equation (4-16), then
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(1-2)u —h
/16‘a</1+k) ea(/1+k) 1

Gu)=1- : (4-18)
oS Vaﬁ E PiXi —2h
Ae“(’“k) a «a a n ea(/1+k) 1

When the process is in the in-control state with exponential parametera = o, we

obtain the explicit solution for ARL, as follows:
(1-2)u -h
leao(ﬂﬂrk) eao(/1+k) -1

ARLy =1- . (4-19)
kv 1) V,zlﬂ jz_: FiXi —-h
//Leao(ﬂﬂ() ap ap ap + eao(/1+k) _1

Similarly, when the process is in the out-of-control state with exponential

parameter a = ¢, the explicit solution for ARLy can be written as
(1-2)u -h
ﬂ,eal(ﬂ-i—k) ea’]_(ﬂ+k) _1

ARL; =1- — . (4-20)
X
kv S ng‘ j%lﬂ] ! —2h
ﬂeal(ﬂA-k) o o o + ea]_(ﬂ+k) _1

4.2.2 Numerical Integral Equation of ARL for ARX(p,r) process
An integral equation of the second type for the ARL on the modified EWMA control
chart for the ARX(p,r) process can be approximated by using the quadrature formula. In this
study, the Gauss-Legendre quadrature rule is applied as follows:

Given f( )—f{ ((1 A3 kv -0— VZ¢ Z,BJ } (4-21)

A4K) (24K

The approximation for the integral is in the form

j'G w)dw ~ wa( i)

IE!
where a; zﬂ(j—lj and w; :H;jzl,z,...,m
m 2 m
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Using the quadrature formula, the numerical approximation é(u) for the integral

equation can be found as a solution of the linear equations as follows:

é(ai):“ﬁgwié(ai)f{ J_(l—i)a- (;Lka)_é' VZQ Zﬂj };i=1,2,...,m

(1K)

Thus,
G(al):1+%j%W,é(aj)f{ajE;lgk/;)au(/lk:k)_&_vég}'_éﬂjxj}’
G(az):HTkji_leé(aj)f{aj—(ilgka))az (;«k)_(g Vligzs. Jiﬂ,x}
G(as) =L+~ %wjé(aj)f{ajE,(:kﬂ))a%(zk:k)_&_vég}'_gﬁjxj}’

(A+k) (A+k)

3 —(1-2)a, p r
i (aj)f{a‘ (1-4)a P —5—VZ¢,—Z,BJ-XJ}.
i=1  j=1

The set of M equations with M unknowns can be rewritten in matrix form. The

column vector of G(ai) is G =(G(a)),G(ay),...,.G(a)) . Since 1,4=@1...1)is a

th

column vector of ones and Ry, is a matrix, we can define mto m" as elements of matrix

R as follows:

1 a; —(1-41)a; kv P r
|:RI]:|z ij{ ] ( ) + —5—V§¢,—JZ_‘1IBJXJ},

A+k (A+k) (A+k)

and m—dlag(ll )|s a unit matrix of order m. If (I—R)_1 exists, the numerical

approximation for the integral equation in terms of the matrix can be written as
-1
Gmxl :(Im - Rmxm) 1m><1'
Finally, by substituting & by U in G(ai), the numerical integration equation for
function G(u) can be derived as

G(u)= J~(aj)f{aj (—ﬂ(i—kf)i)“ +(/1‘i’k)—5—\é¢, —éﬁjxj} (4.22)

A comparison of the efficacies of the NIE method (G(u)) and the explicit formulas
(G(u)) for the ARL of an ARX(p,r) process on the modified EWMA control chart is presented.
The parameter values were set as ARLg =370 and 500; 4 =0.01, 0.05, 0.1, and 0.2; the in-
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control parameter ¢, =1; and the shift size was varied as 0.01, 0.02, 0.03, 0.04, 0.05, 0.1, 0.3,
and 0.5. In general, the popular setting the initial value is equal to the expected value of the
distribution. For setting the in-control parameter, o =1 which is the initial value as 1. The
coefficient has a value from -1 to 1, which can be specified as any value. The configuration
does not affect the accuracy of the explicit formulas and the NIE methods. The absolute

percentage difference to measure the accuracy of the ARL is defined as

G(u)-G(u)

Diff(%)z‘ 0 x100.
u
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Table 4-8 Comparison of the ARL on a modified EWMA control chart using explicit formulas
with the NIE method for ARX(1,1) with u=1l v=1 k=1 p =02, and

ARL, =370.
1 S & h shift Explicit NIE Time? Diff%

0.00 370.514622 370.51416 13.468 0.000123

0.01 185.632808 185.63263 13.555 0.000093

0.02 123.215119 123.21501 13.494 0.000082

0.03 91.885107 91.885037 13.428 0.000076

0.1 2.11284 0.04 73.065410 73.065357 13.551 0.000072

0.05 60.520993 60.520951 13.552 0.000068

0.10 32.116753 32.116734 13.504 0.000058

0.30 10.731776 10.731772 13.546 0.000037

0.50 6.457709 6.457707 13.440 0.000026

00 ° 0.00 370.424900 370.42415 13.511 0.000201
0.01 274.686377 274.68590 13.563 0.000172

0.02 214.349128 214.34880 13.478 0.000153

0.03 173.294237 173.29399 13.511 0.000140

-0.1 2.61195 0.04 143.823485 143.82329 13.446 0.000130

0.05 121.811602 121.81145 13.445 0.000122

0.10 64.531777 64.531713 13.421 0.000098

0.30 17.824627 17.824616 13.541 0.000060

0.50 9.519466 9.519462 13.452 0.000042

0.00 370.555941 370.55586 13.502 0.000021

0.01 90.098635 90.098626 13.498 0.000010

0.02 51.385975 51.385971 13.460 0.000008

0.03 35.997312 35.997309 13.434 0.000007

0.2 0.69141 0.04 27.736604 27.736602 13.467 0.000007

0.05 22.584474 22.584472 13.485 0.000006

0.10 11.823565 11.823565 13.518 0.000005

0.30 4.369675 4.369675 13.506 0.000003

0.50 2.902154 2.902154 13.467 0.000002

010 ! 0.00 370.273926 370.27373 13.537 0.000052
0.01 105.208634 105.20860 13.519 0.000025

0.02 61.437849 61.437836 13.532 0.000020

0.03 43.452288 43.452281 13.542 0.000018

-0.2 1.04870 0.04 33.653645 33.653639 13.449 0.000017

0.05 27.439870 27.489866 13.471 0.000016

0.10 14.478770 14.478768 13.508 0.000013

0.30 5.327500 5.327500 13.488 0.000008

0.50 3.494115 3.494115 13.434 0.000005
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Table 4-9 Comparison of the ARL on a modified EWMA control chart using explicit formulas
with the NIE method for ARX(2,1) with u=1, v=1, 6§=0, k=1 B =0.2and

ARL,y =370.
Jl 4 4 h shift Explicit NIE Time Diff%

0.00 370.104536 370.104178 13.492 0.000097

0.01 164.156587 164.156470 13.512 0.000072

0.02 105.192627 105.192560 13.467 0.000063

0.03 77.258066 77.258020 13.551 0.000059

0.1 1.90196 0.04 60.970239 60.970204 13.466 0.000056
0.05 50.307351 50.307324 13.532 0.000054

0.10 26.685128 26.685116 13.545 0.000046

0.30 9.216663 9.216660 13.436 0.000029

005 01 0.50 5.688211 5.688210 13.529 0.000020
0.00 370.111274 370.110694 13.520 0.000157

0.01 218.233870 218.233600 13.487 0.000124

0.02 153.301535 153.301368 13.495 0.000109

0.03 117.350069 117.349952 13.416 0.000100

-0.1 2.34842 0.04 94.565641 94.565553 13.479 0.000094
0.05 78.865508 78.865438 13.492 0.000089

0.10 41.847694 41.847663 13.492 0.000074

0.30 13.172037 13.172030 13.492 0.000047

0.50 7.603031 7.603028 13.517 0.000033

0.00 370.299172 370.298515 13.519 0.000178

0.01 144.464904 144.464768 13.518 0.000094

0.02 89.685034 89.684969 13.459 0.000073

0.03 65.007924 65.007883 13.455 0.000063

0.2 1.78838 0.04 50.973254 50.973225 13.535 0.000057
0.05 41.920612 41.920590 13.490 0.000052

0.10 22.222112 22.222103 13.425 0.000041

0.30 7.893825 7.893823 13.482 0.000024

010 01 0.50 4987173 4987172 13.499 0.000016
0.00 370.115966 370.114002 13.501 0.000531

0.01 286.090889 286.089671 13.542 0.000426

0.02 228.394081 228.393273 13.492 0.000354

0.03 187.010941 187.010376 13.531 0.000302

-0.2 2.78993 0.04 156.285272 156.284860 13.569 0.000264
0.05 132.822686 132.822375 13.438 0.000234

0.10 70.157635 70.157527 13.440 0.000153

0.30 18.713286 18.713273 13.557 0.000072

0.50 9.832924 9.832919 13.520 0.000047

0.00 370.295141 370.292831 13.437 0.000624

0.01 137.992552 137.992202 13.490 0.000253

0.02 84.820251 84.820109 13.462 0.000168

0.03 61.246548 61.246469 13.427 0.000130

0.1 1.95666 0.04 47.941844 47.941792 13.486 0.000108
0.05 39.398626 39.398589 13.534 0.000093

0.10 20.908407 20.908394 13.466 0.000060

0.30 7.523560 7.523557 13.512 0.000028

0.20 0.2 0.50 4.802271 4.802270 13.539 0.000018
0.00 370.002909 369.998734 13.478 0.001128

0.01 183.558057 183.556989 13.456 0.000582

0.02 121.435201 121.434716 13.457 0.000399

0.03 90.409051 90.408773 13.539 0.000307

-0.1 2.49307 0.04 71.822583 71.822402 13.520 0.000252
0.05 59.455236 59.455108 13.515 0.000215

0.10 31.519801 31.519760 13.498 0.000129

0.30 10.562568 10.562562 13.519 0.000054

0.50 6.382784 6.382781 13.433 0.000033
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The results in Tables 4-7 and 4-8 report the numerical values of the ARL derived
from the explicit formulas and NIE method, and the absolute percentage difference
between them. From the results, we can see that the ARL values derived from the explicit
formulas give the same results as the NIE method. The numerical approximations had an
absolute percentage difference of less than 0.003%. However, the computational time of
the NIE method was 13.42-13.58 s whereas that of the explicit formulas was < 1 s.

We use the relative mean index (RMI) to compare the performance of the ARL of

an ARX(p,r) process on the EWMA and modified EWMA control charts. The RMI is defined as

10 ARLgpite i _Min[ARLshift,i]

RMI ==Y

nia Min| ARLgyit |

where ARLgpir j is the ARL of the control chart when the position process shift, Shift,i is
the shift size for 1=12,...,n, Min[ARLshift'i] denotes the smallest ARL of two control
charts in comparison when the position process shift. The control chart with a smallest RMI
performs the best in detecting mean changes on the whole.

For the comparison of the ARLs on the EWMA and modified EWMA control charts
for an ARX(1,1) process, the parameter values were set as ARLy=370; 1= 0.05, 0.1, and
0.2; the in-control parameter « =1: the shift size was varied as 0.001, 0.003, 0.005, 0.007,
0.009, 0.01, 0.03, 0.05, 0.07 and 0.09. The results are reported in Table 4-9.
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Table 4-1 0 Comparison of the ARL of EWMA and modified EWMA control charts using explicit
formulas for an ARX(1,1) with u=1l v=1 o6=1 k=404, B =02 and

ARL, =370.
A=0.05, ¢ =02 A=01 ¢ =02 2=02, ¢ =02

shift EWMA Modified EWMA EWMA Modified EWMA EWMA Modified EWMA

b=2.5496x10"® h =1.3590441 b =0.00107964 h =2.7665764 b =0.04441 h = 5.734902
0.00  370.071291 370.076891 370.004307 370.003373 370.722568 370.715572
0.00 362.264617 257.030787 365.787507 239.166659 362.075941 233.363671
0.00  347.186399 159.726241 357.521610 140.347811 345767724 134.327916
0.00 332.792484 115.984299 349.473732 99.484050* 330.655613 94.494822*
0.00  319.049437 91.124031* 341.637371 77.151829*% 316.615806 72.994088*
0.00 305.925567 75.090081* 334.006238 63.075235% 303.540954 59.537517*
0.01  299.586374 69.033841* 330.265724 57.823254*% 297.335678 54.535706*
0.03  198.799944 26.743266* 264.852791 22.105174* 206.492192 20.787108*
0.05  134.056104 16.821242* 214.163689 13.957965* 153.166554 13.153305*
0.07 91.808369 12.393346* 174.541323 10.348427* 118.601180 9.778282*
0.09 63.828457 9.886695% 143.313881 8.311410* 94.690406 7.875239*

RMI 3.763440 0 7.445925 0 5.824404 0
A=005, ¢ =-0.2 A=01 ¢ =-02 A=02, 4 =-02

shift EWMA Modified EWMA EWMA Modified EWMA EWMA Modified EWMA

b=3.8036x10"° h = 2.0452044 b =0.0016149 h = 4.200333 b =0.067334 h =8.88252
0.00 370.075490 370.074437 370.035318 370.040056 370.017072 370.021854
0.00 362.413120 272.589846 365.971526 257.425111 362.407567 254.808465
0.00 347.604772 178.698291 358.000435 160.267524 347.947355 157.288491
0.00  333.457209 133.038467 350.232942 116.523643 334.419802 113.936839
0.00  319.938646 106.040681 342.663148 91.643263* 321.740040 89.431083*
0.00  307.018935 88.205073* 335.285344 75.588906* 309.833149 73.676321*
0.01  300.774653 81.379575* 331.666704 69.523408* 304.148484 67.735772*%
0.03  201.120167 32.306069* 268.119397 27.141638* 218.327779 26.405507*
0.05  136.616346 20.420367* 218.476210 17.187944* 165.516539 16.743211*
0.07 94.217093 15.067503* 179.369496 12.742094* 130.215179 12.432517*
0.09 65.938916 12.022993* 148.318390 10.222777* 105.253345 9.990907*
RMI 3.062808 0 6.078151 0 4.802528 0

*The smallest ARL on each shift size according to the case.

From the results in Tables 4-9, it is evident that the ARL values derived from the
explicit formulas for the modified EWMA control chart are less than those for the EWMA
control chart for every value of 4. For example, when ¢ =0.2, 4 =0.05 and shift = 0.05,
the ARL is 332.792484 from the EWMA control chart while the ARL is 115.984299 from the
modified EWMA control chart, which corresponds to the RMI values for the modified EWMA
control chart being less than those for the EWMA control chart.

We applied the explicit formulas for the ARLs on the EWMA and modified EWMA
control charts for an ARX(1,1) process using 55 real-world data observations on the value of
exports and imports of agricultural products to and from Thailand (Unit: Ten billion baht)

from January 2016 to July 2019, where the value of the imports is the explanatory variable
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(data from the Office of Agricultural Economics of Thailand). The parameters were set as
A =005 0.1, and 0.2; o =U=0.589259; shift size values of 0.001, 0.003, 0.005, 0.007,
0.009, 0.01, 0.03, 0.05, 0.07, and 0.09; and autoregressive coefficients ¢ =0.326152,
0 =6.652233, v=10.4918, p =0.933313, and X; =4.1439. The results are given in Table
4-10.

Table 4-11 Comparison of the ARL of ARX(1,1) of EWMA and modified EWMA control charts
for the value of exports and imports of agricultural products for ARLy =370.

A=0.05 (k =1004)* A=01 (k =402) 2=02 (k =601)

shift EWMA Modified EWMA EWMA Modified EWMA EWMA Modified EWMA

b=327104x10"® _ 0007128814 b=1.3617x10""% h =0.0044711692 b =5.446519%x1072 h = 0.0153495067
0.00 374.505189 374.51027 370.015353 370.013368 370.026479 370.02620
0.00 348.463281 80.027591 348.920418 79.529679* 276.359424 71.606027*
0.00 301.920274 31.405097 310.520857 31.227647* 178.925791 27.747820*%
0.00 261.864143 19.690008 276.644980 19.575453% 128.916300 17.383968*
0.00 227.356776 14.422145 246.734101 14.334171* 98.643720 12.748838*
0.00 197.600498 11.428518 220.280627 11.355250% 78.453653 10.121645*
0.01 184.287726 10.369330 208.221352 10.301213* 70.713067 9.193284*
0.03 48.289170 3.899445*% 70.946841 3.863411* 17.089659 3.535219*%
0.05 14.280238 2.596183* 26.449591 2.568076* 6.766353 2.397466*
0.07 5.028239 2.046506* 10.869219 2.022750* 3.406272 1.917426*
0.09 2.310792 1.748461* 5.049280 1.727746* 2.092499 1.656939*
RMI 8.975697 0 11.224773 0 4.159967 0

k for the modified EWMA control chart. ®a constant value. *The smallest ARL on each shift

size according to the case.

From the results in Tables 4-10, it is evident that the ARL values derived from the
explicit formulas for the modified EWMA control chart are less than those for the EWMA
control chart for every value of 4. For example, when 4 = 0.05 and shift = 0.009, the ARL is
197.600498 from the EWMA control chart while the ARL is 11.428518 from the modified
EWMA control chart. This corresponds to an RMI value of 0 for the modified EWMA control
chart, which is less than that for the EWMA control chart. The results from Tables 4-10 is
plotted on the charts in Figure 4-1.
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Figure 4-1 Comparison of the ARL for an ARX(1,1) on EWMA and modified EWMA control
charts for real data in table 6, where 4 =0.10.

From Figure 4-1, it can be seen that the ARL values derived from the explicit
formulas for the modified EWMA control chart are less than those for the EWMA control
chart for every case. For example, when shift = 0.009, the ARL from the modified EWMA
control chart is less than that of the EWMA control chart.

4.3 Evaluation the ARL for MAX(q,r) and SMAX(Q,r), Processes
4.3.1 Explicit formulas of ARL for MAX(q,r) and SMAX(Q,r), processes
The derivations of the explicit fomulas for the ARL of CUSUM chart, when
observations are MAX(q,r) and SMAX(Q,r), processes with exponential white noise are
presented as follows:

1.The explicit formula C(s) for the ARL of MAX(q,r) process with an exponential white

noise is
h A(s—a+u—Bi&_1—0r6_p—..~0q& +iﬂixi )
C(s)=1+[C(y) e o TET ey gy
0
—/1[3—5—#+'915t—1+925t—2+---+‘9q5t—q_Zr:ﬁiXit]
1-e T (o) jseo,a) (4.23)

h
Let g be constant as g =.[C(y)e_’1ydy.
0

C(s) can be written as
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r r
A(s—a+u—6ie_1-0&_o—~Oge_q+ 2 FiXit) —/1[3‘5—#+9181—1+925th ot O q = ) A ]
i=1 i=1

C(s) =1+ Age +/1-e C(0)
For s=0, then
Z(—a+ﬂ—315171—925t72 —=6gétq +_Zr:/3i xit} —/1[3—#*'918171*'925172 +"'+9q5t—q_iﬂi Xitj
C(0)=1+Age =t +|1-e i=1 C(0)
i(a—y+31£t,l+925t,2 +. 4646 —Zr: Bi Xit]
=e = +10.
Then
A(s—a+u—0i5_1-her_r—..~0q&1_q +_Z,Bi Xit)
C(s)=1+A4ge =
—A[a—s—y+61g[,1+925‘,2 +.4056q —iﬂ, Xit] ﬂ.[a—y#—ﬂla“,l-ﬁ—ﬂzsl,z+...+9q£‘,q —i i Xit ]
+1-e =L e i=1 +19
/‘i(a—,u+€13t,l+925t,2+...+9q.9t,q —Zr:ﬂixit] 2
=1+e =L +1g-¢e*
i[a—m&lgt,ﬁ&zgt,z o tOyE_q —Zr: Gi Xit]
=1+Ag+e = —e? (4-24)
Now, constant g can be found as the following
" yl
g :IC(y)e‘ Ydy
0
h Z{a—u+191£t,l+¢925t,2+...+€q£t,q —ZrlﬂanJ
=[@+2g+e s e ye Mdy
0
A[a—y+615t,1+928t,2+...+9qgl,q—iﬂiXitj h h
=|1l+Ag+e =

[eHdy—[e?"dy
0 0

r
Ah af,u+015t_1+9251_2+...+6q51_q—Zﬂixn]
i-1

{
=e—(1—e’””‘) l+e —he.
A
Substituting the constant g into Equation (7), then
A a7ﬂ+€13t—1+‘928t—2+"'+9q£&—q72ﬂixil
C(s)=e™ 1+e[ = ]—/lh —e®, s>0.

As previously mentioned, the value of exponential parameter A =4,, ; this implies
that the process is an in-control state. Hereby, the explicit analytical solution for ARL, can

be written as

.
Ao(a—u+015t71+925172 +ot0,6 _Elﬂ‘ Xi )

ARLy = e’"[1+e —Jgh |-e%% s>0, (4-25)
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On the contrary, if the process is in an out-of-control state, the value of exponential

parameter A = A,(1+0), where 4 > A4;, and & is the shift size. The explicit analytical

solution for ARL; can be written as

i=1

ﬂ,l(a—ﬂ+916‘t71+928t72+...+9q8t7q—

> B X,
ARL = e4M|1+e | )

2. The explicit formula D(s) for the ARL of SMAX(Q,r), process is

h A(s—a+u—0 & —6r 6oL —-—OLé—qL +iﬂi Xit) )
D(s) =1+ [D(y)Ae ey
0
_ﬁ{a_s_ﬂ‘*'ngt—L+'92L5t—2L+"-+gQL5t—QL_Zr:ﬂixit]
+l1-e i=1 D(0) :se[0,a)

h
Let k be constant as k =J‘D(y)e_’1ydy.
0

D(s) can be written as

r
A(s—a+p—6 & | —6r & 21 —-—OLE QL *Z BiXit)
D(s) =1+ Ake El

.
4%(&$—y+9@LL+@Lq4L+m+@lq4l—§:MX“
+|1-e

) D(0).

For s=0 , then

r r
l[—a*'/l—gl_gt—l_ =0 &2 —-—OqLE—qL +Z BiXie ] —i[a—ﬂJfngt-L +05 6oL+ 0oL E—qL —Z Bi X
D(0) =1+ Ake = +|1-e !
r
A a—p+O 6 | +0y 6 o+ HOLa QL2 B Kit
=e = + K.
Then,
r
A(s—a+p—06 & | —6r & 21 ——OLEqL *_Z BiXit)
D(s) =1+ Ake =

r r
[ —1[3—5—/“'9&& +0y1 611+ 0L QU= 2 ﬂixi\] ){a_/”'ngl—L+92L8!72L+'"+9QL‘9!7QL =2 BiXi
+|1-e = e

r
i{afmﬂ,_gt_,_ *%L&-ZL*---*%L&-QL*Z Bi Xitj s
=1+1ik +e = —-e

Now, constant k can be found as the following

h
k=[D(y)e dy
0

—ih|-et, s>0.

=1 ] + Ak

(4-26)

(4-27)

oo

(4-28)
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r
i[a_lﬁ'ngt—L +O & o+ HOoLE oL~ 2 B XKit J
i1

h
=[@+2k+e —eM)eMdy
0

r
a—p+0 & +0y &g +-+0oLE U2 Fi Xt

4( ] h h
=| L+ Ak +e E [eHdy—[eHdy
0 0

.
2h h ﬂ(a—u+0|_gt_|_+92|_st_2|_+...+9QLgt_QL—Zﬁi XitJ h
=7(1—67 ) 1+e =1 —he™.

D

Substituting the constant k into Equation 4-28, then
l[a—y-v—&',_g‘,,_+492,_g‘,2,_+...+6QLg,,QL—Zr:ﬁ|X"] X
D(s)=e""|1+e T/ ah|-e®, s>0.
As previously mentioned, the value of exponential parameter A= 4,,; this implies
that the process is an in-control state. Hereby, the explicit analytical solution for ARL, can

be written as

;
Ay (a—y+49L5th +0, & o A0 5oL _Elﬁi Xt )

ARLy = el 1+e —Jph |-eh%, s>0 (4-29)

On the contrary, if the process is in an out-of-control state, the value of exponential
parameter 4 = 4,(1+0), where 4 >4,, and & is the shift size. The explicit analytical

solution for ARL; can be written as

ARL; = ehh [1+e (4-30)

Ai(a_y_Fngt—L +92Lgl—2L+"'+9QL‘91—QL_i§lﬂiXit) ltheﬂis, s>0
4.3.2. Numerical Integral Equation of ARL for MAX(q,r) and SMAX(Q,r), processes
The numerical integral equation method can evaluate the solution by the Gauss-

Legendre quadrature rule as

1 m
ARL(a)=1+——) w.ARL(a.)f
( |) ﬂ+1z J ( J)

j=1

aj—(l—/l)ai+v+(/19+0)s_
A+1 .

where 1=123,.,m, aj:%(j—%j ancwy =25 =12,3,.m

It can be rewritten in matrix form as

ARmel :1m><1 + RmxmARmel or ARmel = ( Im - Rmxm)
ARL(a,) 1
ARL (a,)

-1

1

mx1

) 1
where ARL, , = , 1, =diag(LL...,1), 1, =|.

ARL(a, ) 1
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and
i ~(1-A)a, +V+(10+0)s a -(1-A)a +v+(10+0)s ]
1 w f a—-(1-A)a +v+(10+6) ] 1 w, t| B 1-2)a,+v+(16+0) iy
A+1 A+1 A+1 A+1
-1-A A0+0 -1-4 A0+0
1 wf a-(1-A)a, +v+(10+ )S_ﬂ 1 Wt a,—(1-A)a, +v+(10+ )s_ﬂ
Rom =| A+1 A+1 A+1 A+1
-(1-A)a A0+0 a —(1-A)a A0+60
1 w f & —(1-A)a, +v+(40+ )S—y 1 wf[ 2 (L-A)a, +v+(A0+ )s_y
_ﬂ+1 A+1 A+1 A+1 ]

Therefore, the approximation of average run length is evaluated by the numerical

integral equation method for ARL(u) is

1 m
ARL(u)=1+——) w.ARL(a,)f
(u) /le JARL(q;)

j=1

a,—(1-Au+v+(10+0)s
A+1 A

where a. :E(j—lj and w. :H, 1=12,3,...,m.
] ]
m 2 m

An absolute percentage relative error (APRE) criterion is used as a performance criterion,

and the APRE can be expressed as

ARL(S),,, - ARL(S
APRE (o) 4 AR ARLE)

% | x100%
ARL(s)

exp

where ARL(S),,,is the ARL results from the explicit formula and ARL(S),,, is an

exp app

approximation of ARL from NIE method.
The numerical procedure for obtaining optimal parameters for MAX designs

1. Select an acceptable in-control value of ARL, and decide on the change parameter
value (4,) for an out-of-control state,;

2. For the given values A,and T, find the optimal values of @ and h to minimize the
ARL, values given by Equation 4-26, subject to the constraint that ARL, = T in Equation 4-25,
i.e., & and h are solutions of the optimality problem.

In addition, the numerical procedure for obtaining optimal parameters for SMAX
designs is the same as the MAX procedure, by using Equations 4-29 and 4-30 for ARL, and
ARL,, respectively. The optimal (a,h) values for T = 370 and magnitudes of change are

shown in Table 4-15.
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Table 4-12 ARL values for in control process for MAX (2,1) using explicit formula against NIE
given B, =0.5for ARL, =370

a 6 6 nh Explicit ~ NIE APRE (%)
0.1 02 4.889 370.485 369.123(12.821) 0.365197
to 0.1 -0.2 5442 370211 368.657 (12.885) 0.317387
0.1 0.2 3971 370.432 369.123(12.897) 0.353371
= 0.1 -0.2 4.887 370.008 368.657 (12.777) 0.365127
0.1 0.2 3265 370.225 369.087(12.818) 0.307381
’ 0.1 -0.2 3811 370.154 368.879 (12.843) 0.344451

Table 4-13 ARL values for in control process for SMAX (3,1);, using explicit formula against
NIE given S, =0.5 for ARL, =370

a 0, 0, 0 h Explicit NIE APRE (%)
0.1 0.2 03 3525 370411 369.202(13.159) 0.326394
t 0.1 -02 03 4145 370.071 369.652 (13.258) 0.396805
0.1 0.2 03 3525 370411 369.202(13.810) 0.326394
= 0.1 -02 03 4145 370.132 368.797 (13.574) 0.360682
01 02 03 2906 370.008 368.979 (13.763) 0.278102
’ 0.1 -02 03 3392 370.202 369.029 (13.564) 0.316854

Table 4-14 Comparison of ARL values for MAX (2,1) process using explicit formula against
NIE given a=3,4 =0.1,6,=0.2, #,=0.5, h=3.265 for ARL, =370and
h=3.588 for ARL, =500

0 ARLy =370 APRE (%) ARL, =500 APRE (%)
(shift size)  Explicit NIE Explicit NIE

0.00 370.225 369.087 (12.235) 0.307381  500.080 498.380 (11.088) 0.339946
0.01 347.839 346.783 12.684) 0.303589  468.139 466.570 (11.137) 0.335157
0.03 308.154 307.243 (12.486) 0.295631 411.811 410.466 (11.199) 0.326606
0.05 274.253 273.462 (12.264) 0.28842  364.017 362.859 (10.497) 0.318117
0.07 245,143 244.453 (12.994) 0.281468  323.248 322.245 (10.706) 0.310288
0.1 208.758 208.191 (11.092) 0.271606  272.684 271.869 (11.218) 0.298881
0.3 86.578 86.391 (11.165) 0.21599 107.354 107.100 (11.242) 0.23660
0.5 45.641 45.561 (11.441) 0.175281 54.493 54.389 (11.282) 0.19085
1.0 16.512 16.494 (11.559) 0.109012 18.611 18.588 (11.670) 0.123583
1.5 9.183 9.176 (11.412) 0.076228 10.045 10.037 (11.363) 0.079642
2.0 6.288 6.256 (11.012) 0.38610 6.761 6.758 (11.360) 0.044372
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Table 4-15 Comparison of ARL values using explicit formula against NIE for SMAX(3,1);,
given a=3, ©,=0.10,=02,0,;=03, £ =05 h=2.906 for ARL, =370 and
h=3.223 for ARL, =500

S ARL, =370 ARL, =500

(shift APRE (%) APRE (%)
ize) Explicit NIE Explicit NIE

0.00 370.008 368.979 (13.753)  0.278102  500.438 498.887 (13.859) 0.309929
0.01 348.077 347.120 (13.961) 0.274939  469.150 467.714 (14.024) 0.306085
0.03 309.124 308.294 (13.439)  0.268501  413.854 412.618 (14.150) 0.298656
0.05 275.763 275.040 (11.606)  0.262182  366.803 365.733 (14.016) 0.29171
0.07 247.047 246.414 (11.660)  0.256227  326.556 325.625 (14.204) 0.285097
0.1 211.048 210.525(13.293)  0.247811  276.476 275.714 (13.411) 0.275612
0.3 88.943 88.764 (13.893) 0.201252  110.871 110.625 (11.886) 0.221879
0.5 47.311 47.233 (13.971) 0.164867 56.868 56.764 (11.878) 0.18288
1.0 17.208 17.190 (14.135) 0.104603 19.542 19.518 (12.244) 0.122812
1.5 9.530 9.523(13.920) 0.073452 10.493 10.484 (11.859) 0.085771
2.0 6.486 6.482 (14.323) 0.061671 7.011 7.006 (12.324) 0.071317

Table 4-16 Optimal design parameters and ARL; of MAX (1,2) and SMAX (2,2),, processes

for ARL, =370
S MAX (1,2) SMAX (2,2),,
(shift ARL] ARL;
size) a h a h
0.01  1.66999118602 5973714487571 315357 2354154802 54156807185 165.571
005 166999118587 5973714491718  207.994  2.360429504  5.2839458794  126.065
0.1 1.66999118585 5973714492065 12853  2.361119789 5.2874245951  87.092
0.3 1.66999118582 5973714493059  29.355  2.361410035 5.2778673182  29.659
0.5 1.66999118582 5973714493059  13.552  2.361410035 5.2778673147  16.122
1.0 1.66999118585 5973714492065  7.619  2.361410035 5.2778673174  8.158
2.0 166999118611 5973714485385  4.936  2.354154797 5415680824  4.641

The numerical results were obtained from the simulation. The chart was set up with

reference value (a) that is greater than s, where s is an initial value (s =0). The parameter

a could be any number but it combines with the control limit (s) that corresponds to the

in-control. ARLy =370 and 500. In this paper, the parameter a is varied between 1.5 to 3.0.

A comparison of the solution of the explicit formula (Explicit) with the NIE method for the

CUSUM chart, when 4, =18, =05 for MAX(2,1) and SMAX (3,1),, are reported in Tables 4-11
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and 4-12 for ARL,=370,500 with which they are in good agreement. Notice that the
absolute percentage relative error is small. In Tables 4-13 and 4-14, we use Equations 4-25
and 4-26 to show ARL, and ARL; for the MAX(2,1) process with parameter a=3 and the
coefficient parameters of the process ¢ =0.1,6,=0.2, and f =0.5. For Equations 4-29 and 4-
30, the parameters a=3,0,=0.1, ©,=0.2, ®;=0.3, and S =05. were used for the SMAX
(3,1)1, process. The parameter value 4,=1 was applied to the in-control process.
Meanwhile, for the out-of-control process (4 >4,), parameter values A =4,(1+5) were
used, with shift sizes of 0.01, 0.03, 0.05, 0.10, 0.30, 0.50, 1.0, 1.5, and 2.0. The first row in
both tables shows that the results of ARL, with the explicit formula were close to the NIE
method, when ARL, approached 370 and 500. The values in parentheses are the CPU times
of the ARL from both methods. The ARL values of the explicit formula and the NIE method
were similar and tended to decrease when the level of the shift size increased. Note that
the absolute percentage relative error was very small and the CPU time with the explicit
formula was just a fraction of a second, while the NIE method took around 11-13 minutes.
In Table 4-15, the results in terms of the optimal reference value (a) and optimal width
of the control limit (h) and the minimum ARL (ARL) of MAX (1,2) and SMAX (2,2);,
processes for ARLy =370 are shown. For example, if we want to detect a parameter change
from 4y =1 to 4 >4, and the ARL, is 370, then the optimality procedure given above will
give the optimal parameter values a=1.66999118582 and h = 5.9737144930593 and
ARL, value = 13.552. The suggested explicit formulas are useful to practitioners, especially
when finding the optimal parameters of the MAX and SMAX processes for the CUSUM chart.
Application to real-world data was conducted to evaluate the ARL by the explicit
formula and NIE method, as reported in Table 4-17. The AEONTS share prices in the SET with
two exogenous variables, the US/THB exchange rate and the interest rate, were collected
monthly from January 2012 to December 2016 as the dataset of real observations. The first-
order MA model is suitable for fitting the AEONTS share price with two exogenous variables,
because the error of estimation is smallest compared to other models. Therefore, the first-
order MA model was constructed with the process coefficient
1 =650.0555, g =0.746083, 5, =—-11.773, 5, =—61.94972, and the error as exponential
white noise with A, =6.9094. For the ARL performance comparison, the boundary values
h=22.48, 2471 for the CUSUM control chart and x=0.5333, 0.8791 for the EWMA
control chart were used with conditions of ARLy =370 and ARL, =500, respectively. The

smoothing parameter of the EWMA control chart was set to 0.1. The results in Table 4-16 are
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similar to the results in Tables 4-13-4-14, in that the NIE results approached the explicit
formula results. In Table 4-17, the performance of CUSUM control chart with the explicit
formula is compared with EWMA control chart by using the NIE method. The results of
performance comparison show that the CUSUM control chart provided a smaller ARL; than
the EWMA control chart when the shift size was small, but when the shift size was 6 > 0.015,
the EWMA control chart performed better than the CUSUM control chart.

Table 4-17 Comparison of ARL using explicit formula against NIE for MAX (1,2) when given
a = 550, 6, =0.746083, B, = —11.773, 3, = —61.94972,h = 22.48 for ARL, =370
and h=24.71 for ARL, =500 A,=6.9094

o) ARL, =370 APRE ARL, =500 APRE (%)
(shift size)  Explicit NIE (%) Explicit NIE

0.00 370.437 369.302 (10.642) 0.306394  500.389 498.693 (10.630) 0.338936
0.01 367.082 365.959 (11.017) 0.305926  495.596 493.919 (11.0590 0.33838
0.05 354.056 352.981 (11.106) 0.303624  477.007 475.406 (11.122) 0.335634
0.1 338.617 337.598 (11.103) 0.300929  455.083 453,511 (11.586) 0.345431
0.3 285.049 284.222 (10.352) 0.290125  379.214 378.000 (11.111) 0.320136
0.5 242.186 241.508 (10.965) 0.279950  319.135 318.150 (10.628) 0.308647
0.7 207.537 206.976 (11.193) 0.270313  271.011 270.204 (10.755) 0.297774
1.0 167.067 166.638 (11.902) 0.256783  215.395 214.787 (11.016) 0.282272
2.0 90.192 89.995 (11.758) 0.218422  112.120 111.851 (11.116) 0.239922
3.0 55.293 55.189 (11.212) 0.188088  66.776 66.639 (11.467) 0.205164

Table 4-18 Performance comparison of CUSUM and EWMA control charts using explicit
formula for MAX (1,2) when 4, =6.9094for ARL, =370 and ARL, =500

0 ARL, =370 ARL, =500

(shift CUSUM EWMA CUSUM EWMA

size) h=0.5333 h=0.8791
0.000 370.437 370.423 (16.215) 500.389 500.433 (16.036)
0.005 368.755 369.083 (16.202) 497.985 498.303 (16.265)
0.010 367.082 368.191 (16.112) 495.596 495.817 (16.085)
0.015 365.420 365.311 (15.489 493.221 490.892 (16.878

(

) )
0.050 354.056 348.928 (16.156) 477.007 471.804 (16.966)
0.1 338.617 335.141 (15.005) 455.083 453,656 (16.255)
0.3 285.049 275.716 (16.485) 379.214 375.205 (16.255)
0.5 242.186 229.117 (15.152) 319.135 313.385 (16.008)
)

(
(
(
(
(
(
(
1.0 167.067 149.136 (15.156) 215.395 207.585 (16.026




CHAPTER 5

CONCLUSIONS

The focus of this study was on the derivation of explicit formulas for the ARL on a
modified EWMA control chart when the observations are autocorrelated with exponential
white noise. In this chapter, the findings from the study are summarized. Then, suggestions

for further study are presented at the end.

5.1 Conclusions

Explicit formulas for the ARL on a modified EWMA control chart for MA(1) and ARX(p,r)
processes with exponential white noise are proposed. In addition, the explicit formulas for
the ARL of modified EWMA chart can be applied to real data or other control charts.
Furthermore, an NIE method for approximating the ARL on the modified EWMA and CUSUM
control charts was obtained by using the Gauss-Legendre quadrature rule. The accuracy of
the explicit formulas for the ARL was compared with the NIE method using the relative of
absolute percentage error. In addition, the performance of the ARL by using explicit formulas
was determined by a comparison on the modified and EWMA control charts.

The results indicate that the ARL by using the explicit formulas and NIE method were in
excellent agreement in that the values obtained with the NIE method were smaller than
those with the explicit formulas by an absolute percentage difference of less than 0.001%.
Therefore, the explicit formulas are highly appropriate for evaluating the exact ARL. In
addition, the CPU time for the ARL obtained by the NIE method were around 19-23 seconds
while explicit formulas were 0 second. Thus, the explicit formulas for the ARL on the
modified EWMA control were easy to derive and they substantially saved on the
computation time.

The findings reveal that the modified EWMA control chart performed excellently in
monitoring and detecting the small shift size in the process mean. The experimental results
indicated that the performance of the modified EWMA control chart was apparently worse
than the standard chart for detecting a large shift in the process mean when the smoothing
parameter was 0.05. Subsequently, a smoothing parameter value of 0.10 is considered to be

appropriate for efficiently applying the modified EWMA control chart. In the application of
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the proposed method to real observations, the modified EWMA control chart performed

more efficient than the standard one for all smoothing parameter values.

5.2 Further Study

The derivation of the explicit formulas of the ARL on a modified EWMA control chart for
MA(1) and ARX(p,r) processes with exponentially distributed white noise were proposed. This
approach could be extended to areas involving serially correlated observations in control
schemes for detecting shifts in the process mean as follows.

5.2.1 The explicit formulas approach could be extended to obtain the two-sided of
ARL on the modified EWMA control chart when the observations are MA or ARMA processes
with exponential white noise.

5.2.2 Other types of autocorrelated observations in processes such as ARIMA(p,d,q) and
ARFIMA(p,d,q) processes could be considered when developing the ARL using explicit
formulas on the modified EWMA control scheme.

5.2.3 The explicit formulas of ARL, and ARL; by using Fredholm Integral Equation of

second type technique can be can be applied in a new control chart.
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Abstract: The aim of this study was to derive explicit formulas of the average run length (ARL) of a
cumulative sum (CUSUM) control chart for seasonal and non-seasonal moving average processes
with exogenous variables, and then evaluate it against the numerical integral equation (NIE) method.
Both methods had similarly excellent agreement, with an absolute percentage error of less than
0.50%. When compared to other methods, the explicit formula method is extremely useful for finding
optimal parameters when other methods cannot. In this work, the procedure for obtaining optimal
parameters—which are the reference value (2) and control limit (1)—for designing a CUSUM chart
with a minimum out-of-control ARL is presented. In addition, the explicit formulas for the CUSUM
control chart were applied with the practical data of a stock price from the stock exchange of Thailand,
and the resulting performance efficiency is compared with an exponentially weighted moving average
(EWMA) control chart. This comparison showed that the CUSUM control chart efficiently detected a
small shift size in the process, whereas the EWMA control chart was more efficient for moderate to
large shift sizes.

Keywords: CUSUM control chart; moving average process with exogenous variable; average run
length; explicit formula; numerical integral equation

1. Introduction

Statistical process control (SPC) has been widely used to monitor processes and services, so as
to avoid any instabilities and inconsistencies. The control chart is the main tool for SPC. Page
first introduced the cumulative sum (CUSUM) control chart [1] and Roberts initially devised the
exponentially weighted moving average (EWMA) control chart [2]. The CUSUM and EWMA control
charts were developed from the Shewhart control chart [3], which is suitable for processes with a
large shift size in the parameters of interest (the mean or variance) when the observations follow
a normal distribution. Meanwhile, the CUSUM and EWMA control chart can detect small shift
sizes in the parameters of interest and they are suitable for observations following more complex
patterns, such as auto-correlated observations, trending and seasonal observations, and changing point
observations [4-6].

SPC has been adopted for monitoring production and service processes in several fields, such
as medical sciences, industrial manufacturing, network analysis, mechanical trading on securities,
and healthcare. A systematic review of the researches on the limitations and benefits of SPC for the
quality improvement of healthcare systems can be found in [7,8], and a comparison of SPC to several
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control charts that were implemented in the manufacturing industry was given by Saravanan and
Nagaragan [9]. Moreover, range and X-bar control charts to monitor production at Swat Pharmaceutical
Company were researched by Muhammad [10], while SPC in a computer-integrated manufacturing
environment was investigated by Montgomery and Friedman [11] and traffic observations for IP
networks that were monitored by CUSUM, Shewhart and EWMA control charts were studied and
analyzed by Matias et al. [12].

An advantage of the CUSUM control chart is that it is suitable for detecting unstable processes
for a subgroup of data and single observations. The following researches focus on the application of
the CUSUM control chart for real observations. Sunthornwat et al. [4] designed optimal differencing
and smoothing parameters for EWMA and CUSUM control charts to evaluate average run length
(ARL) with an autoregressive fractionally integrated moving average (ARFIMA) model. The practical
observations were obtained from the time intervals in days between explosions in mines in Great
Britain from 1875 to 1951 [13]. Meanwhile, Sheng-Shu and Fong-Jung [14] reported that the CUSUM
control chart performed better than the EWMA control chart in monitoring the failure mechanism
of wafer production quality control. Benoit and Pierre detected the persistent changes in the mean
and variance in the state of marine ecosystems, while using indicators of North Sea cod from the
International Bottom Trawl Survey [15]. Their results showed that the CUSUM control chart is suitable
for detecting small, persistent changes.

The observations or data in practical situations are often collected from stochastic processes
that are dependent on time-space or time series. In other words, the models established under the
econometric models are sometimes specified in time-series models. The observations in econometrics
as a time-series model comprise of autoregressive (AR) and moving average (MA) elements. Moreover,
itis very simple to identify the movement patterns of time-series observations in MA models and, often,
the seasonal factor can be embedded in the observations, being modeled as a seasonal moving average
(SMA) model. Moreover, the error, which is the difference between the exact value and approximated
value, should be considered in the modeling. A smaller error signifies better accuracy. The error of a
time-series model, which is called white noise, usually follows a normal distribution, but another form
of time-series model with auto-correlated observations is exponential white noise [16-20].

Econometric models are related to the economic indicators or variables that affect economic
forecasting. An exogenous variable is a variable that is not affected by other variables in the system.
For example, the exogenous variable may depend on the government’s investment policies. Exogenous
variables that are popularly used in econometric models are the exchange rate, interest rate, and inflation
rate, among others. These variables affect the econometric model when forecasting economic situations
in the future. When forecasting in economics and other fields, if the forecasting model includes an
exogenous variable, the model is usually more accurate than one without it. X denotes the exogenous
variable in economic models, and models that are based on an MA or SMA time series with an
exogenous variable are denoted as MAX and SMAX, respectively. For the quality control of processes
and services, the efficiency of a control chart can be measured in terms of the proposed ARL [5,21].
The ARLs for the in-control state (ARL() and the out-of-control state (ARL;) are evaluated as the
efficiency criteria; a large ARLj means that the control chart can be applied to efficiently control
the process, whereas a small ARL; demonstrates that the control chart can detect a change in the
process quickly. The Numerical Integral Equation (NIE) method is widely used for the continuous
distribution of observations in real-world applications. Furthermore, Banach’s fixed-point theory
has been adopted to prove the existence and uniqueness of the ARL in the following researches.
Sunthornwat et al. investigated an explicit formula for the ARL on an EWMA control chart for the
Autoregressive Fractionally Integrated Moving Average (ARFIMA) model with exponential white
noise [4], while Mititelu et al. [22] solved one representing the ARL on a CUSUM control chart based
on observations in a hyper-exponential distribution. Their findings show that the explicit formula
ARL was more quickly evaluated than the NIE ARL. Petcharat et al. derived an explicit formula
ARL, while using an integral equation method on a CUSUM control chart for an MA model with
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exponential white noise [23], with its existence and uniqueness being proved via Banach'’s fixed-point
theory. However, the optimal parameters could not be obtained in an MA model.

As mentioned in this literature review, the ARL, for measuring the efficiency of a CUSUM control
chart, is very important for comparing control chart performance. Moreover, the application of control
charts to detect shifts in the processes from autocorrelated data, which needs a high accuracy model
with the study of exogenous variables, is very interesting. For example, the MAX and SMAX models
are widely used in the field of economics. In addition, finding the optimal values for the parameters
in a CUSUM chart is important for these models to detect changes in a process as fast as possible.
Therefore, the aim of this research was to evaluate the ARL on a CUSUM control chart of MAX and
SMAX processes, and to apply Banach’s fixed-point theory to prove the existence and uniqueness of
the ARL. The stock price for Aeon Thana Sinsap (Thailand) PCL (AEONTS) with exogenous variables,
which are the USD/THB exchange rate and the interest rate, were applied to analyze the ARL of a
CUSUM control chart. The rest of this paper is organized, as follows. In the next section, preliminaries
regarding the definitions and theory used in the study are given. Section 3 illustrates the explicit
formula. Section 4 presents the existence and uniqueness of the explicit formula, the NIE method
and the numerical procedure for obtaining optimal parameters for ARL. The computational results,
a comparison, and an application to real data are reported in Section 5. Section 6 consists of the
conclusion and a discussion of this research.

2. Preliminaries

In this section, the definitions and theories related to the fixed point theorem, MAX and SMAX
processes, CUSUM control chart, and characteristic are proposed, as follows:

2.1. The MAX(q,r) and SMAX(Q,r)r Processes
Definition 1. Let {Z;, t =1,2,...,} be a sequence of MAX(q,r) process given as

.
Zi=p+(1-0:B— 0,82 —...— 0,8+ Y piXa, )
i=1

and (G, t =1,2,...,} be a sequence of SMAX(Q,x)1, process given by the expression

r
Go=p+(1- 0B = 0B — .. - 0B )er + ) piXa, @
i=1

where

€t is a exponential white noise process,

U is a process mean,

(1-01B—0,B>—...~ 04B1) is the moving average polynomials in B of order q.

(1-6rBt — 0B — ... - GQLBQL) is the seasonal moving average polynomials in B of order Q; L is a
natural number,

B is the backward shift operator, i.e., Ble; = &4, and

Xt is exogenous variable and f; is a coefficient of Xj;.

2.2. Fixed Point and Metric Space
Definition 2. The point s* is called a fixed point in the domain of the function ARL(s) if ARL(s*) = s".
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Definition 3. Let M be a nonempty set and R denote the set of real numbers. A distance function from x to y,
p:MxM — R is said to be a metric on M denoted by (M, p) if it satisfies the following conditions. For all,
x,Y,z€M,

(1) p(x,y) =0i.e., p is finite and non-negative real valued function.
(2)  p(x,y) =0if, and only if, x = y.

3)  p(x,y) = p(y,x), (Symmetric property)

4  p(x,z) <p(x,y)+ p(y, z), (Triangular inequality).

Definition 4. A sequence (x,) of points of (M, p) is a Cauchy’s sequence if p(Xm,xn) — 0 for m, n — oco.

Definition 5. A metric space is a complete metric space if every Cauchy’s sequence converges to x € M. That is
to say, if p(xm,xn) — 0 as m, n — oo, then there exists x € M, such that p(x,,,x) — 0 as m — co.

Definition 6. An operator C*: M — M is a contraction mapping, or contraction, if there exists w € [0,1)
such that p(C*x, C'y) < wp(x,y), forall x,y € M.

Definition 7. An element x € M is a fixed point of an operator C*, if C* x = x.

Definition 8. A supremum norm ||.||e in the domain of continuous function ARL(s) : Dom(ARL(s)) — R
is defined as ||.|lo = sup |ARL(s)| = sup{|ARL(s)| : s € Dom(ARL(s))}.

0<s<h

Definition 9. ARL : [0,h] — R is a twice differentiable function, being denoted by ARL € C?[0, h].

Theorem 1. (Banach’s Fixed Point Theorem (see Richard [24]))
If C*: M — M is a contraction mapping on a complete metric space (M, p), then there exists an unique
solution s € M of C*s = s.

2.3. CUSUM and EWMA Control Charts for the MAX(q,r) and SMAX(Q,r), Processes

The CUSUM statistic under the assumption {Y;; t = 1,2,3, ...}, as a sequence of i.i.d continuous
random variables with common probability density function, is considered. The CUSUM statistic (Y})
is referred to as an upper CUSUM statistic, being based on MAX(g,r) and SMAX(Q,r);, processes. Y;
can be expressed by the recursive formula, as

Yy = max{0, Y1+ Z;—a},fort=1,2,..., 3)

where Z; is a sequence of the MAX(gq,r) and SMAX(Q,7). processes with exponential white noise, the
starting value Y( = s is an initial value; s € [0, ], where } is a control limit and 4 is usually called the
reference value of CUSUM chart. The CUSUM stopping time (7;,) with predetermined threshold # is
defined as

T, =inf{t > 0; Yy > h}, forh > u 4)

Meanwhile, the EWMA statistic for constructing EWMA control chart with smoothing parameter
1 € (0,1], mean y, variance 02, initial value of the process mean: My = y is defined as

MtZ(1—17)Mt_1+T]Zt,‘t:1,2,3,...,7’l (5)

where Z; is generated from the MAX(g,r) and SMAX(Q,r);. processes with exponential white noise.
The control limits of EWMA control chart consist of

Upper control limit: UCL; = u + ko \/ﬁ[l -(1- T])Zt]
Center Line: CL =
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Lower control limit: LCL; = u — ko \/# [1 -(1- r})Zt]
where « is the width of the control limits.

2.4. Characteristics of Average Run Length

Let {e;, t = 1,2,3,...} be a sequence of independent and identically distributed random variables
with a probability density function f(x) with the parameter A = A, which is before a change-point
time O < oo; the parameters Ay > A are after the change-point time. Generally, the change-point
times are considered. The expectation Eg(.) for fixed 6 under probability density function f(x) with
parameter A is that the change-point occurs at point 0. The appropriate chart provides a large ARL
for O = co. There is the behavior of in-control state of ARL, being denoted by ARLy, or the state of no
change (A = Ap). The expectation of the run length 7/, in the -control state can be defined as

ARLg = Eg(t)

Meanwhile, if @ = 1, in the case of the change-point time from A to Ay, then the ARL is evaluated
as the out-of -control state of ARL, being denoted by ARL;, which can be defined as

ARL; = Eg(ty|t;, > 1)

3. The Explicit Formulas for Average Run Lengths with MAX(g,r) and SMAX(Q,r);, Processes

In this section, the derivations of the explicit formulas for the ARL of CUSUM chart, when
observations are MAX(q,r) and SMAX(Q,7); processes with exponential white noise from the integral
equations, after checking the existence and uniqueness of the solutions for the ARL, are presented,
as follows:

Theorem 2. The explicit formula C(s) for the ARL of MAX(q,r) process with an exponential white noise is

r
A(IZ—H+61 Ep-1 +92€f-2+...+9q¥f7q_421 ﬁiXit)
i—

C(s) =eM(1 +e —Ah) —e*;5>0

Proof. Let C(s) be the explicit ARL of MAX(q,r) process with an exponential white noise.

h

C(s) =1+ fC(y)/\e

0

r
A(s—a+pu—01€e4-1—02€1p—..—Oge1—g+ Y., BiXi
( p=01e41—62¢1 2 pr— i:lﬁl lt)e_Aydy

—Aa—s—p+6161_1+0261-o+..+0p 1 —i iXit)
+(1—e a—s—p+01¢1+62¢1 2 gét=g™ L BiXit ]C(O);S e [0,4) (6)

Let g be constant as
h
g= f Cly)e dy.
0

C(s) can be written as

r
*/\(Q*S*W'@lEt—l+928z72+~~-+9q8z—qi21 BiXit)
iz

C(s) =1+ Age

’
/\(S*ﬂ‘HJ*@lé’[_l*62&,2*...*0,18[,44—.Z BiXit)
i=1 +|1-e
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For s = 0, then

r T
/\(*ﬂwtyf@ls[_l7628[,27...76qqu+_Zl BiXit) . -Ma—pu+616-1 +62€t,2+...+9q€t7q*.21 BiXit)
i= i=

C(0) =1+ Age —e
r
/\(ﬂ-#*’*@l&r,l+62€t_2+.‘.+9q£t_q—lz ,BiXit)
X i=1 + /\g
Subsequently,
T
A(s—a+pu—01e,_1-02¢r_2—...—0get—q+ ¥ BiXit)
C(s) =1+ Age i=1
r r
~Ma—s—p+016-1+62e12+..+0qer—g= L BiXit) | Aa—p+0181-1+02642+...+0e1-9— ¥ BiXit)
+|1-e i=1 e i=1 +Ag
( Y. fiXa)
A a—[.l+91€t71+92€t_2+...+9,7€t_q— IBiXit
=1+e i=1 +Ag—e"
r
A(ﬂ—[.l+91€[_1+92£t_2+...+9q€f_q— Y. BiXit)
=1+e i=1 +Ag—els
r
Ma—p+018,1+02er 2+ +0pe1-g— L. BiXir)
—1+Ag+e =1 el @)

Now, constant g can be found as the following

h
g= f Cly)edy
0

h r
AMa—u4-01e1+02et2+.. 40614 3., BiXit)
_f(1+)\g+e 1€t-1+02€42 ) t—e/\y)e_/\ydy
0

r h h
AMa—p+-0164-14+02¢e1p+..+05e1—g— Y., BiXit)
N agre 1€0-1+02612 90" L ‘]fe—Aydy—feW—Aydy
0 0
= %(1 — e—/\h) 14 e/\(a—y+618f_1+928t—2+---+9q5t—q‘i§] ﬁinf)] — heM

Substituting the constant g into Equation (7), then

Aa—u+61e_1+626i0+...+6 '7—£ i Xi
C(s)—e/\h(l—l—e(ay 1€-1+02¢12 qetqizlﬁ t)—Ah]—e/\s, 6> 0.

As previously mentioned, the value of exponential parameter A = Ag,; this implies that the process
is an in-control state. Hereby, the explicit analytical solution for ARLj can be written as

i=1

1+e

ARLy = e)loh )\o(a—H+91EH+92€t-2+...+9q€r—q_): BiXit) _ th} _ e/\Os, s> 0. (8)
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On the contrary, if the process is in an out-of-control state, the value of exponential parameter
A1 = Ap(1+6), where A; > Ag, and ¢ is the shift size. The explicit analytical solution for ARL; can be
written as

.
A (a—p+61€11 +925t—2+---+6q5t—q__21 BiXit)
=

ARL; = M1 +e —Mh|=ehs, s>0. 9)

Theorem 3. The explicit formula D(s) for the ARL of SMAX(Q,r);. process is

.
(a—p+0pesp+60zrer o1+ 4+00r 0L~ '21 BiXit)
iz

A
D(s) =eM(1 +e —Ah) —eM;5>0

Proof. Let D(s) be the explicit ARL of SMAX(g,r) process with an exponential white noise.

D(s) =

h r
14 fD(y)/\e/\(S_aJF#_eLé't—L_92L5t—2L‘~~~_6QL5t—QL+i):1ﬁixit)e_/\ydy
0

—Ala—s—p+0pep_p+601 -0 +...+O0L €4 —Zr:  Xit)
+{1_e p+0Ler-1+0orr-21 QLE-QL i=1ﬁ t )D(O);S c [O,tl) (10)

Let k be constant as ,
k= fD(y)e_Aydy.
0
D(s) can be written as

r
A(s—a+u=0re-1 -0z er-ar—~0Ogrer—qu+ L BiXit)
D(s) =1+ Ake i=1

D(0).

r
—Ma=s—p+0rer- L +0arep-or+..+0grer-gr— X BiXit)
+|1-e i=1

For s = 0, then

D(O) =1+ Ake/\("H’P’OLS;‘—L’021,5[—21,’---*OQLSf—QL+i§r‘1 BiXit) B e’/\(”’,LH’OLQ—L+02L5t—21,+-~-+0QL5}—QL”§‘1 ﬂz’Xz’f)JD(O)
( ¥ BiXi)
Aa—u+0peL+60sp €00+ +0gr 1oL 1. BiXit
=e i=1 + Ak
Afterwards,
.
AMs—a+p—0per 1~ p1—..—Ogreror+ L. BiXit)
D(s) =1+ Ake i=1

r r
—Ma—s—p+0pe;1+0zrer-o1++00L €1-QL~ '21 BiXit) | Ala—p-+0resp+6zrer—op+.+00Ler-QL— '21 BiXit)
i= e i=

+{1-e + Ak

Aa—pu+0rer—+6arerpr+...+00L €1 —iﬁiXi)
14 Mk te Lér-L+021 €21 oLét-oL- L Pitit _ s (1)
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Now, constant k can be found as the following

h
k= [ Dly)eay
0

h r
AMa—u+06pe; 1 +0p et op +..+0grer_orL— X PiXir)
= f (1+Ak+e i=1 —eM)e My
0

r h h
Ma—p+6 11 +0a1€1a1+A001e1-0L— T BiXi
(14 Ak e OOt i):lﬁXt)]fe_/\ydy_fe/\y_/\ydy

0 0

Ah

= 67(1 - e_/\h)

r
AMa—p+0prep-L+0ar-or +..+0grer-qr— X BiXit) I
1+e i=1 —he

Substituting the constant k into Equation (11), then

> 0.

.
Ma—p+0rep 1 +0reror+..+0gre—or— X BiXir)
D(s) = e/\h[l +e i=1 —Ah|=e®, s

As previously mentioned, the value of exponential parameter A = Ag,; this implies that the process
is an in-control state. Hereby, the explicit analytical solution for ARLy can be written as

T
Ao (ﬂ—H+9L€t—L+92L€t—2L+-~+9QL€t7QL—Zl BiXit)
=

ARLy = A I

- th] —ehs, 5> 0. (12)

On the contrary, if the process is in an out-of-control state, the value of exponential parameter
A1 = Ap(1+6), where A; > Ag, and ¢ is the shift size. The explicit analytical solution for ARL; can be
written as

,
M (”_H+9L5r—L+62L5t—2L+---+6QL5t—QL__Zl BiXit)
=

ARL, = M1 e

- Alh] —eM5, 5> 0. (13)

4. Explicit Formulas and Numerical Integral Equation Method for Average Run Length

In this section, the existence and uniqueness of the explicit formulas for the analytical ARLs and
numerical integral equation method for numerical ARLs are shown as the following.

4.1. Existence and Uniqueness of the Explicit Formulas for Average Run Lengths

Theorem 4. Explicit formulas for ARL(s)—C(s) and D(s)—derived from the integral equations on the
CUSUM control chart of MAX and SMAX processes with exponential white noise, respectively, have existence
and uniqueness.

Proof (Existence). Let Con [0,/] be a set of all continuous functions of ARL on [0,h]. Let ARLj €
Con([0,h] and (ARL;), be a Cauchy’s sequence of explicit formula ARL that satisfies ARL,, ;1 =
C*ARL,,.

p(ARLy41, ARL,) = p(C*ARL,, C°*ARL,_1)

< wp(C*ARL,, C'ARL,_1); w € [0,1).
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Repeatedly, p(ARL, 11, ARL,) < 0" p(ARL1, ARLy), for n > 0.
Thus, forn >m

p(ARL,, ARL,,) < p(ARLy, ARLy_1) + ...+ p(ARLy1, ARL,,)

< (@" ' 4...+ &™) p(ARLy, ARLy)

m

W
< ARLq, ARL
= 1= wP( 1/, 0)

(ARLy),s( is a Cauchy’s sequence and lim C**ARL, — ARL. Thatis, C'"ARL = ARL. O
- n—oo

Proof (Uniqueness). Let

r
A(s—a-+p—01e41-02¢4-2—..~0gét-g+ X, BiXit)
k(s,y) = e s e

,
AMs—a+p—0per 1~ e pp—..—Ogrer_or+ L. BiXit)
k(s,y) = Ae i=1 e

be a kernel function of integral equation for C(s) and be a kernel function of integral equation for
D(s) representing ARLs, where k : [0,h] x [0,h] = R and Z; is MAX or SMAX process. The inequality
h

sup f ‘k(s, 0 |dy < 1 will be shown to prove that C* is a contraction mapping on the complete metric
0<y<h |0
space (Con([0,h]), |Illeo)-

For any ARL;, ARL; € Con([0,h]),

h
| C*ARL; — C'ARL; || = sup f K(s, ¥)[ARLi(y) — ARL;(y)}dy

0<y<h
Y="%

h
< sup [ |k, )] [IARLi () - ARL () |y
OSyshO

h
< w||ARL; — ARL/| ., where @ = sup f|k(s, y)’dy <1. O
0<y<h\0

Therefore, the explicit formulas ARL on the CUSUM control chart of MAX or SMAX processes
with exponential white noise have existence and uniqueness.

4.2. The Numerical Integral Equation Method

According to the integral equation in Equations (6) and (10), the numerical integral equation
method can evaluate the solution by the Gauss-Legendre quadrature rule as

1 & aj—(1-A)a;+v+ (A0 +0)s
ARL(EZZ') = 1+/\_+1]._21 ijRL(aj)f( 11 —u

where I . "
i=1,2,3,...,m, aj = a(j—i)andwj = a;j: 1,2,3,...,m

It can be rewritten in matrix form as

ARLysct = Lyt + RusxnARLyisct 0F ARLyet = (In = Ronsem) ™ L
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where
ARL(ay)
ARL(az)
ARmel — . ’ Im - dlag(l, 1, ooy 1), 1m><1 -
ARL(ay,) 1
and
1 a—(1-A)ay +v+(A1640)s 1 ay—(1-A)ay +v+(A0+0)s
pe=id¥i eS| o B = T -
1 a1 —(1-A)ap+v+(A0+0)s 1 ay—(1-A)ap+v+(A0+6)s
LS ( = - #) Trwnf ( pEs - #)
Rmxm =
1 a1—(1-A)ay+o+(A0+6)s 1 aym—(1-A)ay+v+(A040)s
mwlf( : A+ - H) o mwmf( A+1 B H)

Therefore, the approximation of average run length is evaluated by the numerical integral equation
method for ARL(u) is

1 & aj—(1-ANu+v+ (A0 +0)s
ARL(L[) =1+ /\_‘HJZ‘ w]ARL(a])f( 111 - y)

%(j—%)andwj =L i-1,23..,m

An absolute percentage relative error (APRE) criterion is used as a performance criterion and the
APRE can be expressed as

where a i=

ARL(s)eXp — ARL(s)
ARL(s)

APRE(%) = w

x100% (14)

exp

where ARL(s) oy, is the ARL results from the explicit formula and ARL(s)
ARL from the NIE method.

app is an approximation of

4.3. The Numerical Procedure for Obtaining Optimal Parameters for MAX Designs

Step 1. Select an acceptable in-control value of ARLy and decide on the change parameter value
(A1) for an out-of-control state;

Step 2. For the given values A¢ and T, find the optimal values of 2 and /1 to minimize the ARL;
values that are given by Equation (9), subject to the constraint that ARLy = T in Equation (8), i.e., 2 and
h are solutions of the optimality problem.

In addition, the numerical procedure for obtaining optimal parameters for SMAX designs is the
same as the MAX procedure, by using Equations (12) and (13) for ARLg and ARL;, respectively. Table
shows the optimal (a, ) values for T = 370 and magnitudes of change.

5. Computational Results and Real Application

In this section, the results of the ARL with the explicit formula and the NIE method are provided
and compared.

The ARL results of the proposed explicit formula (explicit) were compared with the NIE method
while using the Gauss-Legendre quadrature rule with 1000 nodes for the CUSUM chart, based on
the APRE criterion in Equation (14). The numbers in parentheses are CPU time (minutes) with the
NIE method.
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5.1. Numeric Results

The numerical results were obtained from the simulation. The chart was set up with reference
value (a) that is greater than s, where s is an initial value (s = 0). The parameter a could be any
number, but it combines with the control limit (s) that corresponds to the in-control ARLy = 370 and
500. In this paper, the parameter a is varied between 1.5 to 3.0. A comparison of the solution of the
explicit formula (Explicit) with the NIE method for the CUSUM chart, when Ag = 1, 1 = 0.5 for MAX
(2,1) and SMAX (3,1)1,, are reported in Tables 1 and 2 for ARLy = 370,500, with which they are in
good agreement. Notice that the absolute percentage relative error is small. In Tables 3 and 4, we use
Equations (8) and (9) to show ARLy and ARL; for the MAX (2,1) process with parameter 2 = 3 and the
coefficient parameters of the process 61 = 0.1, 0, = 0.2, and 1 = 0.5. For Equations (12) and (13), the
parametersa = 3, ©1 = 0.1, @, = 0.2, ®3 = 0.3, and 1 = 0.5. were used for the SMAX (3,1)1, process.
The parameter value Ay = 1 was applied to the in-control process. Meanwhile, for the out-of-control
process (A1 > Ag), parameter values A; = Ap(1+ 0) were used, with shift sizes of 0.01, 0.03, 0.05, 0.10,
0.30, 0.50, 1.0, 1.5, and 2.0. The first row in both tables shows that the results of ARLy with the explicit
formula were close to the NIE method, when ARLj approached 370 and 500. The values in parentheses
are the CPU times of the ARL from both of the methods. The ARL values of the explicit formula and
the NIE method were similar and tended to decrease when the level of the shift size increased. Note
that the absolute percentage relative error was very small and the CPU time with the explicit formula
was just a fraction of a second, while the NIE method took around 11-13 min.

Table 1. ARL values for in control process for MAX (2,1) using explicit formula against numerical
integral equation given p; = 0.5 for ARLy = 370.

a 0, 0, h Explicit NIE APRE (%)
15 0.1 02 4.889 370.485 369.123 (12.821) 0.365197
’ 01 -02 5442 370211 368.657 (12.885) 0.317387
25 0.1 02 3971 370432 369.123 (12.897) 0.353371
’ 01 -02 4.887 370.008 368.657 (12.777) 0.365127
3 0.1 02 3265 370.225 369.087 (12.818) 0.307381

01 -02 3811 370.154 368.879 (12.843) 0.344451

Table 2. ARL values for in control process for SMAX (3,1)1, using explicit formula against numerical
integral equation given p; = 0.5 for ARLy = 370.

a 0O 0, O3 h Explicit NIE APRE (%)

01 02 03 3.525 370.411 369.202 (13.159) 0.326394
01 -02 03 4.145 370.071 369.652 (13.258) 0.396805

01 02 03 3.525 370.411 369.202 (13.810) 0.326394
01 -02 03 4.145 370.132 368.797 (13.574) 0.360682

01 02 03 2906 370.008 368.979 (13.763) 0.278102
01 -02 03 3.392  370.202 369.029 (13.564) 0.316854

1.5

2.5

3
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Table 3. ARL values for MAX (2,1) process using explicit formula against numerical integral equation
givena = 3,01 =0.1,0, = 0.2, 1 = 0.5, h = 3.265 for ARLy = 370 and h = 3.588 for ARLy = 500.

) ARLy=370 ARLy=500
APRE (%) APRE (%)
(Shift Size) Explicit NIE Explicit NIE
0.00 370.225 369.087 (12.235) 0.307381 500.080 498.380 (11.088) 0.339946
0.01 347.839 346.783 12.684) 0.303589 468.139 466.570 (11.137) 0.335157
0.03 308.154 307.243 (12.486) 0.295631 411.811 410.466 (11.199) 0.326606
0.05 274.253 273.462 (12.264) 0.28842 364.017 362.859 (10.497) 0.318117
0.07 245.143 244.453 (12.994) 0.281468 323.248 322.245 (10.706) 0.310288
0.1 208.758 208.191 (11.092) 0.271606 272.684 271.869 (11.218) 0.298881
0.3 86.578 86.391 (11.165) 0.21599 107.354 107.100 (11.242) 0.23660
0.5 45.641 45.561 (11.441) 0.175281 54.493 54.389 (11.282) 0.19085
1.0 16.512 16.494 (11.559) 0.109012 18.611 18.588 (11.670) 0.123583
1.5 9.183 9.176 (11.412) 0.076228 10.045 10.037 (11.363) 0.079642
2.0 6.288 6.256 (11.012) 0.38610 6.761 6.758 (11.360) 0.044372

Table 4. ARL values using explicit formula against numerical integral equation for SMAX (3,1);, given
1=30; =01,0, =02,05; =03,B; = 0.5, 1 = 2.906 for ARLy = 370 and 1 = 3.223 for ARL( = 500.

5 ARLy=370 ARLy=500
APRE (%) APRE (%)
(Shift Size) Explicit NIE Explicit NIE
0.00 370.008 368.979 (13.753) 0.278102 500.438 498.887 (13.859) 0.309929
0.01 348.077 347.120 (13.961) 0.274939 469.150 467.714 (14.024) 0.306085
0.03 309.124 308.294 (13.439) 0.268501 413.854 412.618 (14.150) 0.298656
0.05 275.763 275.040 (11.606) 0.262182 366.803 365.733 (14.016) 0.29171
0.07 247.047 246.414 (11.660) 0.256227 326.556 325.625 (14.204) 0.285097
0.1 211.048 210.525 (13.293) 0.247811 276.476 275.714 (13.411) 0.275612
0.3 88.943 88.764 (13.893) 0.201252 110.871 110.625 (11.886) 0.221879
0.5 47.311 47.233 (13.971) 0.164867 56.868 56.764 (11.878) 0.18288
1.0 17.208 17.190 (14.135) 0.104603 19.542 19.518 (12.244) 0.122812
1.5 9.530 9.523 (13.920) 0.073452 10.493 10.484 (11.859) 0.085771
2.0 6.486 6.482 (14.323) 0.061671 7.011 7.006 (12.324) 0.071317

In Table 5, the results in terms of the optimal reference value (2) and optimal width of the control
limit (k) and the minimum ARL; (ARL]) of MAX (1,2) and SMAX (2,2)1, processes for ARLg = 370
are shown. For example, if we want to detect a parameter change from Ayp = 1 to A; > Ap and
the ARLy is 370, then the optimality procedure given above will give the optimal parameter values
a =1.66999118582 and h = 5.9737144930593 and ARL;" value = 13.552. The suggested explicit formulas
are useful to practitioners, especially when finding the optimal parameters of the MAX and SMAX
processes for the CUSUM chart.

Table 5. Optimal design parameters and ARL] of MAX (1,2) and SMAX (2,2)1 processes for ARLg = 370.

)

MAX (1,2)

SMAX (2,2)12

e ARL] ARL,
(Shift Size) a h a h
0.01 1.66999118602 5.9737144875716 ~ 315.357 2354154802 54156807185 165571
005 166999118587 5.973714491718  207.994 2360429504 528394587940  126.065
0.1 166999118585 5.9737144920653  128.53 2361119789 528742459511  87.092
0.3 1.66999118582 5.9737144930593  29.355 2361410035  5.2778673182 29.659
0.5 166999118582 5.9737144930593  13.552 2361410035  5.2778673147 16.122
1.0 166999118585 5.9737144920654  7.619 2361410035  5.2778673174 8.158
2.0 166999118611 5.973714485385  4.936 2354154797 5.415680824 4.641
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5.2. Real-World Application

Application to real-world data was conducted to evaluate the ARL by the explicit formula and NIE
method, as reported in Table 6. The AEONTS share prices in the SET with two exogenous variables, the
US/THB exchange rate, and the interest rate, were collected monthly from January 2012 to December
2016 as the dataset of real observations. The first-order MA model is suitable for fitting the AEONTS
share price with two exogenous variables, because the error of estimation is the smallest as compared
to other models. Therefore, the first-order MA model was constructed with the process coefficients
u = 650.0555, 61 = 0.746083, 1 = —11.773, po = —61.94972, and the error as exponential white noise
with Ag = 6.9094. For the ARL performance comparison, the boundary values h = 22.48, 24.71 for the
CUSUM control chart and x = 0.5333, 0.8791 for the EWMA control chart were used with conditions
of ARLy = 370 and ARL(y = 500, respectively. The smoothing parameter of the EWMA control chart
was set to 0.1. The results in Table 6 are similar to the results in Tables 3 and 4, in that the NIE results
approached the explicit formula results. In Table 7, the performance of CUSUM control chart with
the explicit formula is compared with EWMA control chart by using the NIE method. The results of
the performance comparison show that the CUSUM control chart provided a smaller ARL; than the
EWMA control chart when the shift size was small, but the EWMA control chart performed better than
the CUSUM control chart when the shift size was 6 > 0.015.

Table 6. Comparison of ARL values using explicit formula against numerical integral equation for
MAX (1,2) when given a = 550, 61 = 0.746083, 1 = —11.773, f, = —61.94972, h = 22.48 for ARLy = 370
and h = 24.71 for ARLy = 500 Ag = 6.9094.

5 ARL(=370 ARLy=500
APRE (%) APRE (%)
(Shift Size) Explicit NIE Explicit NIE
0.00 370.437 369.302 (10.642) 0.306394 500.389 498.693 (10.630) 0.338936
0.01 367.082 365.959 (11.017) 0.305926 495.596 493.919 (11.0590 0.33838
0.05 354.056 352.981 (11.106) 0.303624 477.007 475.406 (11.122) 0.335634
0.1 338.617 337.598 (11.103) 0.300929 455.083 453.511 (11.586) 0.345431
0.3 285.049 284.222 (10.352) 0.290125 379.214 378.000 (11.111) 0.320136
0.5 242.186 241.508 (10.965) 0.279950 319.135 318.150 (10.628) 0.308647
0.7 207.537 206.976 (11.193) 0.270313 271.011 270.204 (10.755) 0.297774
1.0 167.067 166.638 (11.902) 0.256783 215.395 214.787 (11.016) 0.282272
2.0 90.192 89.995 (11.758) 0.218422 112.120 111.851 (11.116) 0.239922
3.0 55.293 55.189 (11.212) 0.188088 66.776 66.639 (11.467) 0.205164

Table 7. Performance comparison of cumulative sum (CUSUM) and exponentially weighted moving
average (EWMA) control charts using explicit formula (Explicit) for MAX (1,2) when Ag = 6.9094 for
ARLg = 370 and ARL(y = 500.

S ARLQ =370 ARLO =500
EWMA EWMA
(Shift Size) CUSUM CUSUM

h=0.5333 h=0.8791
0.000 370.437 370.423 (16.215) 500.389 500.433 (16.036)
0.005 368.755 369.083 (16.202) 497.985 498.303 (16.265)
0.010 367.082 368.191 (16.112) 495.596 495.817 (16.085)
0.015 365.420 365.311 (15.489) 493.221 490.892 (16.878)
0.050 354.056 348.928 (16.156) 477.007 471.804 (16.966)
0.1 338.617 335.141 (15.005) 455.083 453.656 (16.255)
0.3 285.049 275.716 (16.485) 379.214 375.205 (16.255)
0.5 242.186 229.117 (15.152) 319.135 313.385 (16.008)

1.0 167.067 149.136 (15.156) 215.395 207.585 (16.026)




Symmetry 2020, 12,173 14 of 15

6. Conclusions and Discussion

In the theoretical computation, the ARL that was calculated from the explicit formula was in
excellent agreement with the ARL obtained from the NIE method with the percentage error at less
than 0.50%. However, the CPU time of the NIE method took between 10 and 16 min., whereas that
of the explicit formula was less than one second. Moreover, the explicit formula for evaluating the
ARL of the CUSUM control chart could not only significantly reduce the computational time, but also
obtain the optimal parameters. In addition, the results from the experiment using a real-world dataset
were similar to those of the theoretical computation. This shows that the CUSUM control chart is good
for detecting processes with a small shift size, while the EWMA control chart can efficiently detect
processes with a moderate to large shift size. Thus, it is suggested that the explicit formulas for the ARL
of the CUSUM chart have real-world applications for a variety of data processes, including finance,
agriculture, hydrology, and environmental. These issues should be addressed in future research. Future
research could compare the results of the ARL for the CUSUM control chart with nonparametric control
charts, such as the Tukey control chart. Moreover, a variety of data processes could be extended to
other models or the explicit formula of ARL could be developed for other observations that correspond
to the exponential family.
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ABSTRACT: Statistical process control methods are widely used in several fields for monitoring and detecting process
problems. One of them is the control chart which is powerful and effective for monitoring many types of processes, and
its capability is usually measured using the average run length (ARL). In this article, we investigate explicit formulas
for both the one- and the two-sided ARL on a modified exponentially weighted moving-average (EWMA) control chart
for a first-order moving-average process with exponential white noise. The accuracy of the solution obtained with the
modified EWMA control chart was compared to the numerical integral equation method and extended to a comparative
performance with the standard EWMA control chart. The results show that the ARL obtained by the explicit formulas
and the numerical integral equation method are in close agreement. The performance comparison shows that the
modified EWMA control chart is dramatically more sensitive than the standard EWMA control chart for almost all of
the studied exponential smoothing parameters and magnitudes of shift size. To demonstrate its capability, the proposed

approach was applied to Thailand/US monthly foreign exchange rates data, yielding in good performance.

KEYWORDS: autocorrelated data, explicit formulas, monitoring process, statistical process control
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INTRODUCTION

Currently, the quality control of products or ser-
vices, which plays an important role in business,
industry, and manufacturing, can help in determin-
ing the characteristics of a product corresponding
to customer demand. Moreover, products or ser-
vices should have consistently maintained quality
and standards. One of the most powerful sets of
problem-solving tools for achieving process stability
and improving capability through the reduction of
variability is collectively called statistical process
control (SPC) [1]. There are quite a few tools
available for monitoring processes and detecting
process deviation, and a most popular one is the
control chart.

The first control chart widely used for moni-
toring processes and detecting out-of-control occur-
rences is the Shewhart control chart. It is effective
for detecting large changes in the process mean and
variance, but its performance will be degraded when
small changes are detected, or the distribution of
the assumption is not freeform. Many researchers

have later proposed various control charts that are
effective in detecting small changes, such as the
cumulative sum (CUSUM) [2] and the exponen-
tially weighted moving-average (EWMA) [3]. These
control charts are well known for detecting SPC
problems. More detection methods for small pro-
cess shifts have been suggested by Yashchin [4],
Zhang [5], Psarakis and Papaleonida [6], Prajap-
ati [7], and Mawonike and Nkomo [8]. They have
shown that the CUSUM and EWMA control charts
are more effective than the Shewhart control chart
for monitoring small changes and for autocorrelated
processes. Recently, Patel and Divecha [9] proposed
the modified EWMA control chart, developed from
the original one, which is effective in detecting small
and abrupt shifts in the mean of the monitored pro-
cess. One of the benefits of using this control chart
is that it performs well with observations that are
serially correlated. Afterwards, Khan et al [10] pro-
posed a new generalized structure for the modified
EWMA statistic. The performance of the proposed
control chart was compared with the original EWMA
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and modified EWMA control charts, as determined
by their ARLs. The results indicate that the proposed
control chart performed better than the two existing
ones with each exponential smoothing parameter
value.

One of the comparative performance methods
for control charts is the average run length (ARL),
which can be classified into two categories: ARL,
and ARL,, indicating the average number of points
or observations plotted within the control limit until
there exists a point or observation falsely identified
as outside of the control limit. ARL, is accepted
if it is large enough to maintain false alarms at
an acceptable level and thus it should be large.
Meanwhile, ARL; is the average number of points
or observations plotted within the control limit from
the change point time until there is a point or
observation falsely identified outside of the control
limit. ARL,, should be large whereas ARL, should be
as small as possible.

Many methods have been used to solve the
exact solution of the ARL of a control chart, such
as explicit formulas, along with several approaches
to estimate the ARL, such as the Markov chain,
Monte Carlo simulation, Martingale, and numerical
integral equation (NIE).

Previous literature has focused on approxima-
tion of the ARL to represent an efficient control
chart using many methods. Mastrangelo and Mont-
gomery [11] evaluated the ARL of the traditional
EWMA chart for serially correlated processes by
using the Monte Carlo simulation method. Van-
brackle and Reynold [12] investigated EWMA and
CUSUM control charts using the NIE and Markov
chain approaches to find the ARL for a first-order
autoregressive (AR(1)) process with additional ran-
dom error. Fu et al [13] determined the run length
and the ARL on CUSUM, EWMA and Shewhart
control charts based on the Markov chain approach.
Zhang et al [14] studied the efficiency of the EWMA
control chart to further enhance the monitoring of
the coefficient of variation when the process mean
and standard deviation were not constant to deter-
mine the ARL, which was evaluated using Monte
Carlo simulation approach.

In addition, there have been several researchers
who computed the ARL by deriving explicit formulas
and then comparing the ARL results with other
methods to check the accuracy. Sukparungsee and
Areepong [15] implemented an explicit formula for
the ARL on a EWMA control chart, and compared
the accuracy of the numerical results via Monte
Carlo simulations. Busaba et al [16] analyzed
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explicit formulas for ARL on a CUSUM control
chart for the case of a stationary AR(1) process
and compared them with the NIE method. Mean-
while, Suriyakat et al [17] used the NIE method
to solve the ARL and derived an explicit expression
for AR(1) procedure on the EWMA control chart
process. Areepong [18] proposed the explicit for-
mulas on the moving-average (MA) control chart
when observations are binomially distributed. Ad-
ditionally, the new formulas were compared with
the numerical simulation results of the Shewhart
and EWMA charts. After that, Petcharat et al [19]
derived explicit formulas for the ARL on an EWMA
control chart for an MA process. Petcharat et al [20]
analyzed explicit formulas and used the NIE method
for the ARL on a CUSUM control chart when the
observations comprised an MA of order q (MA(q)).
Phantu et al [21] proposed explicit formulas to eval-
uate the ARL of an MA control chart for an AR(1) se-
rially dependent Poisson process. Peerajit et al [22]
compared the efficiency of explicit solutions to the
NIE method of ARL on a CUSUM control chart for a
long memory process with a seasonally adjusted au-
toregressive fractionally integrated moving-average
(ARFIMA) model. Later, Suntornwat et al [23] pro-
posed an analytical solution for the ARL on EWMA
control chart for an ARFIMA process by comparing it
with the integral equation technique. Their findings
show that the proposed methods of evaluation were
in good agreement, but the explicit formulas had a
faster computational time than the numerical ARL.

The performance of the EWMA and CUSUM
control charts has been compared by a number
of researchers. Vargas et al [24] , Areepong[25],
Suriyakat et al [26] and Phanyaem et al [27] which
were determined by the ARL of the control charts.
The results of these studies indicate that the EWMA
control chart is more powerful than the others,
and as previously mentioned, the modified EWMA
control chart is more effective than the standard
one for detecting the small shifts in the process and
for autocorrelated data. The findings also indicate
that the ARL is useful for comparing the efficiency
of the control charts and that explicit formulas take
much less computational time to evaluate the ARL
than the other methods. Therefore, the derivation
of explicit formulas on a modified EWMA chart is
of interest in this study. The focus of this paper is
on a comparison of explicit formulas with the NIE
method by comparing their efficiencies on a mod-
ified EWMA control chart for a first-order moving-
average (MA(1)) process with exponential white
noise.
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MODIFIED EWMA CONTROL CHART

The EWMA control chart continually monitors and
detects small changes in the process mean. This was
first proposed by Robert [3] in 1959. The EWMA
control chart can be expressed by the recursive
equation below.

Z,=(1-A)Z,_,+2X,, t=1,2,3,..., (1)
where 0 < A < 1 is an exponential smoothing pa-
rameter. The starting value is Z, = X, the target
value u,, and X, is a processes with mean u and
variance o>. Then, the variance of Z, is 0} =
Uz(ﬁ)(l —(1—2)%). When i gets large, the term
(1 —2)%*) converges to 0. Therefore, the general
upper control limit (UCL) and lower control limit
(LCL) to detect the sequence is given by,

UCL =y +Loy/ 25, @)

LCL = po—Loy/ 225, (3)

where u, is the target mean, o is the process
standard deviation, and L is an appropriate control
width limit.

A modified EWMA was developed and pre-
sented by Patel and Divecha [3] in 2011. It is a
correction of the EWMA control statistic, and it is
also free from the inertia problem. This is effective
in detecting small and abrupt shifts when monitor-
ing the process mean for observations that are inde-
pendent and normally distributed or autocorrelated.
Subsequently, the modified EWMA control statistic
was redesigned by Khan et al [3] in 2017. They
proposed the structure of control statistic which was
developed of this chart to the more efficient with the
traditional of EWMA and modified EWMA control
charts.

The newly modified EWMA chart can be defined
by the recursive equation below.

Z,=(1—-A)Zq + AX (X, — X, 1), @

where ¢ is a constant. The expected value and
the variance of the modified EWMA control statistic
are E(Zy) = uo and V(Z,) = [%]02, respec-
tively. Therefore, the upper control limit (UCL) and
lower control limit (LCL) of the modified EWMA

control chart are as follows,

UCL = o +Qoy/ 2552, (5)
LCL = o — Qo y/ 222’ (6)

111

where u,, is the target mean, o is the process stan-
dard deviation, Q is an appropriate control width
limit, and X, is a sequence of observations. Z, =u
and X, = v are the initial valuesand 0 < A < 1 is an
exponential smoothing parameter.

The stopping time of the EWMA chart is given
by

T, =inf{t >0: Z, <l or Z, > h}, @)

where 7, is the stopping time, h is the upper control
limit (UCL) and [ is the lower control limit (LCL).

ARL FOR MODIFIED EWMA CHART OF MA(1)

Let MA(1) be observations of the first-order moving-
average process. This can be described by the
following recursion.

X, =u+e —0e,_,, €)

where ¢, is a white noise process assumed with the
exponential distribution and 6 is a moving-average
coefficient with an initial value of €, =s.

Therefore, the modified EWMA statistics Z, can
be written as,

Zi=1-MZ, 1 —X 1+ (A +c)e,
—(A0+60c)e,1 +(A+)u,

where 0 < A < 1 and the initial values Z, = u, X, =
v, €g =S, LCL = a, and UCL = b. Thus,

Z, =(1—-Au—v+(A+c)e;—(A0+60c)s+(A + c)u.

The stopping time of the modified EWMA chart is
given by

T, =inf{t >0 : Z, <a or Z, > b}, C))

where 7, is the stopping time, b is the upper control
limit (UCL), and a is the lower control limit (LCL).

Let L(u) denote the average run length on the
modified EWMA control chart. The integral equa-
tion can be written in the form

b—w

L(u)=1+f T L+ Ay +w) FO)dy,

a—w

Atc

where w := (1-A)u—v—(A18+6¢)s+(A+c)u. Chang-
ing the variable, the integral equation becomes

1 ’ k—w
Lw)=1+ 7L_+CL L(k)f (A_-i-c) dk. (10)
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Therefore,
1 b 1 K+(1—A)u—v—(A0+0¢)
L) =1+—— |L(k)=e  #@a  *5 dk
=15 g
C(u)
=1+————D, (11)
B(A+c)
where C(u) = T4 and
b k
D=J L(k)e o+ dk
a
’ c(k) .
= 1+ ——=—D |e 0+ dk
Jal: B(A+c) ]
b b (=Ak—v—(A0+0c)s |
—|emods | 2T e mopdk
a « BA+o)

—B(A+c) [efﬁ — efm]

Y _(As+ec)s+ [_ Ab __2a ]

1+ e B+~ B0 e B0+ —e BA+o)

Therefore,

(1=Du—v—(A6+00)s
e B(A+c)

B(A+c)
—B(A+¢) [e_m —e_ﬁ]

1 V= (/10+9£)s+ 2b a7
1+ 3 e  BG+9 [e BO+) —e [5(A+c):|

u
B

Lw)=1+

X

Hence, the explicit two-sided formula of average run
length for the first-order moving-average process on
the modified EWMA control chart can be defined
using the Fredholm integral equation of the second
kind as follows,

n
Aeﬁ( [e /3(/1+C)—e ﬁ(MC)]
ARLy_gigeqa = 1— i 000 b Y
Ae® B+ 4@ B0+ —e B+
(12)
When a = 0, the explicit one-sided formulas of

average run length on the modified EWMA control
chart can be defined as follows,

(-2)u __b
A eBG+o) [e BA+e) — 1]

v+(A8+6¢)s __Ab
PO+ e o+ — 1]

ARLlfsided =1—- ) (13)

Ae? Tt
with in-control process parameter f = 3, = 1 and
out of control process parameter 3 = f3; > 1.

EXISTENCE AND UNIQUENESS OF ARL

The solution of average run length shows that there
uniquely exists the integral equation for explicit
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formulas by the Banach’s Fixed-point Theorem. In
this study, let T be an operation in the class of all
continuous functions defined by

b
1 ket (1—A)u—v—(A0+0¢)s

L)% T g,
A+ca) ), B

T(L(u))=1+
(14)

According to Banach’s Fixed-point Theorem, if an
operator T is a contraction, then the fixed-point
equation T(L(u)) = L(u) has a unique solution. To
show that (14) exists and has a unique solution, the
following theorem can be used.

Theorem 1 (Banach Fixed-point) Let (X,d) be a
complete metric space and T : X — X be a contraction
mapping with contraction constant 0 < r < 1 such
that |T(L;) — T(Ly)|| < r||Ly — Ly|| for all Ly,L, €
X. Then there exists a unique L(-) € X such that
T(L(u)) = L(u), i.e., a unique fixed-point in X [28].

Proof: To show that T defined in (14) is a con-
traction mapping for L, L, € C[a, b], we will show
that ||T(L;)— T(Ly)|| < r||L; — Ly|| for all Ly,L, €
Cla,b] with 0 < r < 1 under the norm ||L||o, =
SUP,e(q,p)| L(w)|. From (11) and (14),

IT(L1) =T (L)l o

ﬁfxﬂ)f(L (k)—Ly(k)) e 70 dk‘

= sup
< sup 11— Lylloo Olu) (7757 — &7 )
u€(a,b)
— —b
=111 = Lyllos sup |C(w)| |eT — e
u€(a,b)
S|y — Lol oos
— —b
where 1 = sup,cp|CWl ‘eﬁﬂic) —efGa | and
(A=A)u—v—(A6+0c)s , u (1=2A)u v
Cu)=e DR — @G+ BG+O B ;0<r<1.

Therefore, the existence and the uniqueness of
the solution are guaranteed by the Banach’s Fixed-
point Theorem. O

NUMERICAL INTEGRAL EQUATION METHOD

According to the integral equation in (10), the nu-
merical integral equation (NIE) method can be used
to evaluate the solution using the Gauss-Legendre
quadrature rule as follows.

L(a;) = 1+—ZW L(a; )f(w+6 —,u)

(15)
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. b—ar. 1
wherei=1,2,3,...,m,q; = =-=(j—3)+a, and w; =
b—a

m

,j=1,2,3,...,m.
This can be rewritten in a matrix form as

mel = 1m><1 +Rm><mLm><1

or Lyg= (Im _Rmxm)_1 1x1s (16)
L(a;) 1
where L, = : , Lo = , I, is the
L(a,,) 1
wifi Wi fim
. . 1 w1 fo Wi fom
identity, and R,,xn = 1< . . s
Wlfml Wmfmm
when f;; :=f(w +0s—u).

Therefore, the approximation of average run
length is evaluated by NIE method for L(u) is

a;—(1-Autv

L(uw) = 1+%ﬂjz=1:ij(aj)f ( T +95—,u).

(17)

NUMERICAL RESULTS

In this section, the ARL was approximated by NIE
method using the Gauss-Legendre quadrature rule
on a modified EWMA control chart with 1000 nodes.
The accuracy of ARL was used to measure the abso-
lute percentage relative error (APRE),

|L(w)—L(w)

APRE (%) = —— 5

x 100, (18)

where L(u) is an approximation of ARL using NIE
method. The numerical results are computed by
MATHEMATICA. The evaluation of numerical results
using (12) and (13) are shown in Table 1 and
Table 2, respectively. The explicit one-sided formula
of ARL and NIE method on modified EWMA control
chart for the first-order moving-average when given
ARL, = 370, ¢ = 50A, A = 0.05,0.1, and O =
—0.1,0.1,—0.5,0.5 were in dramatic agreement.
But, the computational time of the explicit formulas
is not much, while the numerical integral equation
method took around 22 s for the one-sided of ARL
and 28-30 s for the two-sided of ARL.

COMPARISON OF PERFORMANCE FOR EWMA
AND MODIFIED EWMA CHARTS

In this section, the numerical comparative results
of ARL on the modified EWMA and EWMA control
charts are investigated. The proposed expression of
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0 > - o
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Exponential smoothing parameter A=0.05

E:poneznﬁalgsmogthinsg pareameger k8=0.10
Fig. 1 The ARL of the EWMA and modified EWMA control
charts with real data: (a) A =0.05 and (b) A =0.10.

modified EWMA chart was computed by (12) and
(13). The explicit formulas of average run length
in EWMA control chart for moving average order ¢
process with exponential white noise was applied to
the first-order moving-average process, as proposed
by Petcharat et al.

Table 4 and Table 5 present the ARL of explicit
formulas on EWMA and modified EWMA control
charts for the first-order moving average process
when ARL, = 370,500, u =2, A = 0.05,0.1, 6 =
—0.2,0.2,—0.4,0.4, which are obtained by the up-
per control limit and lower control limit (Table 3).
The results indicated that modified EWMA immedi-
ately reduced the ARL; more than the EWMA con-
trol chart when detecting the mean shift process. It
can be said that the performance of modified EWMA
control chart is more powerful than the performance
of EWMA control chart for most scales of shift size.

APPLICATION

In this section, real data was applied to determine
the average run length by the explicit formulas on
modified EWMA and EWMA control charts for the
Thailand/US foreign exchange rates observed from
April 2014 to March 2019. This data is a station-
ary time series. By looking at the autocorrelation
function (ACF) and partial autocorrelation (PACF).
The data was analyzed and fitted with the first-
order of moving-average process with the signifi-
cant of mean and coefficient 33.567 and —0.869,
respectively, and the white noise was significantly
exponentially distributed with mean 0.8207. The
average run lengths on modified EWMA and EWMA
control charts with the results of real data are shown
in Table 6 and Fig. 1.

Table 6 shows that the results are in similar
agreement to Table 4 and Table 5. The modified
EWMA control chart offers an ARL; that is more
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Table 1 The one-sided of ARL for MA(1) on the modified EWMA chart using explicit formula and NIE when ARL, = 370,

u =2, and c = 50A.

0 Shift size A=0.05" A=01"
(8) Explicit NIE APRE Explicit NIE APRE
—0.1 0.00 370.0000867370  370.0000858815  2.312x 107 370.0000606318  370.0000591485  4.009 x 10~
(21.918) (21.809)
0.01 44.0439249625 44.0439249000  1.419x 1077  35.5693493235 35.5693492821  1.164x 1077
(21.980) (22.059)
0.03 16.3214268274 16.3214268070  1.250x 107  13.1229621168 13.1229621050  8.992 x 1078
(21.949) (21.995)
0.05 10.2080506715 10.2080506598  1.146x 107  8.2715123064 8.2715122999  7.858 x 1078
(22.012) (22.028)
0.07 7.5274541620 7.5274541541  1.049x 1077  6.1546487285 6.1546487241  7.149x 1078
(22.012) (22.105)
0.10 5.4963051443 5.4963051391  9.461x107%  4.5543136310 4.5543136282  6.148 x 1078
(22.106) (22.090)
0.30 2.3371054262 2.3371054251  4.707 x107¢  2.0669730690 2.0669730685  2.419 x 1078
(22.152) (21.996)
0.50 1.7313103221 1.7313103217  4.707x 108  1.5875989978 1.5875989976  1.260 x 1078
(22.183) (22.074)
0.1 0.00  370.0000191101  370.0000178192  3.489x 1077 370.0000939896  370.0000917457  6.065 x 1077
(21.886) (21.784)
0.01 46.3721160788 46.3721159797  2.137x 1077  37.4509233915 37.4509233251  1.773x 1077
(21.924) (21.895)
0.03 17.2560948857 17.2560948533  1.878 x 107  13.8543677226 13.8543677037  1.364x 1077
(22.013) (21.893)
0.05 10.7988295175 10.7988294989  1.722x 1077  8.7312602017 8.7312601912  1.203 x 1077
(22.028) (21.784)
0.07 7.9626558548 7.9626558422  1.582x 1077  6.4928549093 6.4928549023  1.078 x 1077
(22.086) (22.014)
0.10 5.8110939946 7.9626558422  1.411x1077  4.7989996955 4.7989996909  9.585 x 1078
(22.098) (21.998)
0.30 2.4548556274 2.4548556256  7.332x107%  2.1594952549 2.1594952585  1.667 x 1077
(22.174) (22.087)
0.50 1.8060957035 1.8060957028  3.876 x107®  1.6469191130 1.6469191126  2.429 x 1077
(22.192) (22.124)

“b=0.4626313926 for 6 =—0.1 and b = 0.565666747 for 6 = 0.1.
b =0.763204934 for 6 =—0.1 and b = 0.933777249 for 6 =0.1.

promptly deducted and very small for all shift sizes
and exponential smoothing parameter values. This
means that the performance of the modified EWMA
chart was more powerful than the EWMA chart for
all cases when monitoring and detecting the change
of mean.

The exchange rate is an indicator that is mea-
sured in terms of national currency per US dollar. It
is defined as the price of national currency in rela-
tion to the US dollar, and is expressed as the average
rate for a period of time. In this case, there were
60 observations of monthly Thailand exchange rates
of Thailand/US Dollar from April 2014 to March
2019 analyzed. The mean and standard deviation
of the time series data were 33.5904 and 1.45699,
respectively. The upper and lower control limits
were established by (2) and (3) for the modified
EWMA control chart and (5) and (6) for the EWMA
control chart. The detection of the process with
real data is presented in Fig. 2. These show that
the modified EWMA control chart is superior to the
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EWMA control chart at the 5th observation when
detecting changes, while the EWMA control chart
can detect at the 25th observation for the out-of-
control process.

Fig. 2 indicates that the modified EWMA chart
was able to detect the exchange rate at the 17th—
24th, the 26th, 27th, and 32th-34th observations.
These observations were plotted above the upper
control limit. One could suspect that the depreci-
ation has occurred at or before that time. Thus,
the depreciation of the currency is an important
indicator in price determination. This situation
directly affects the direct import business. On the
other hand, if the observations are plotted below the
lower control limit, it means appreciation will occur
and will also impact the export business. Therefore,
tracking changes in exchange rates is the key for
high performance in both economic and financial
areas.
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Table 2 The two-sided of ARL for MA(1) on the modified EWMA chart using explicit formula and NIE for ARL,, = 370,
u =2, and c = 50A.

0 Shift size A=0.05" A=01"
(8) Explicit NIE APRE Explicit NIE APRE
—0.5 0.00 370.0000694633  370.0000687600  1.901 x 107 370.0000980167  370.0000965317  4.014 x 1077
(30.139) (28.533)
0.01 41.5661928805 41.5661928328  1.148x 1077 34.9758342828 34.9758342426  1.149 x 1077
(28.735)
0.03 15.3646262066 15.3646261911  1.009 x 1077 12.9043398195 12.9043398080  8.912x 1078
(28.470) (30.311)
0.05 9.6209444263 9.6209444175  9.147x10™®  8.1405113753 8.1405113690  7.739 x 1078
(28.548) (28.298)
0.07 7.1063784712 7.1063784652  8.443x107%  6.0625383282 6.0625383240  6.928 x 1078
(28.564) (29.032)
0.10 5.2026737276 5.2026737237  7.496x107¢  4.4917979139 44917979111  6.148 x 1078
(28.985) (28.611)
0.30 2.2450744171 2.2450744162  4.009 x10~®  2.0501611023 2.0501611018  2.439 x 1078
(27.753)
0.50 1.6789252310 1.6789252307  1.787x 1078  1.5791522674 1.5791522672  1.267x 1078
(29.469) (27.738)
0.5 0.00  370.0000411179  370.0000394821  4.421x 107 370.0000889780  370.0000866536  6.065 x 1077
(28.954) (29.078)
0.01 46.2382379117 46.2382377884  2.667 x 1077  36.9785201623 36.9785200953  1.812x 1077
(30.108) (28.705)
0.03 17.2318873875 17.2318873473  1.878x 107 13.6814661485 13.6814661295  1.389 x 10~/
(29.515) (28.891)
0.05 10.8006895819 10.8006895588  2.139x 1077  8.6289415891 8.6289415785  1.228 x 1077
(28.345) (29.235)
0.07 7.9756157868 7.9756157711  1.968x 1077  6.4218897912 6.4218897842  1.090 x 1077
(29.731) (28.376)
0.10 5.8317979184 5.8317979081  1.766x 1077  4.7518643793 47518643748  9.470x 1078
(28.096) (30.701)
0.30 2.4815717824 2.4815717801  9.268x107¢  2.1487289737 2.1487289727  4.654x 1078
(28.283) (29.032)
0.50 1.8297312330 1.8297312320  5.465x 1078  1.6424658227 1.6424658223  2.435x 1078
(28.673) (29.297)

“a=0.1, b=0.5168237377 for 6 =—0.5 and a = 0.1, b = 0.7305875693 for 8 = 0.5.
“a=0.1, b=0.858734671 for § =—0.5 and a = 0.1, b = 1.043114241 for 8 = 0.5.

Table 3 Upper control limit and lower control limit of EWMA and modified EWMA charts using explicit formulas.

A=0.05 A=0.1
ARL, 0 EWMA Mofified EWMA Modified
l h a b l h a b
370 —0.4 0.1 0.1000084203 0.1 0.534425014 0.1 0.5148186 0.1 0.875406997
04 0.1 0.100003783309 0.1 0.7049886465 0.1 0.17579211 0.1  1.0228024732
500 —-04 0.1 0.100011387083 0.1 0.5348217905 0.1 0.9169484 0.1 0.8760101704
04 0.1 0.1000051162256 0.1  0.7055255095 0.1 0.210902 0.1  1.2035123745
CONCLUSION absolute percentage errors of less than 9.212 x

Explicit formulas for the ARL on a modified EWMA
control chart monitoring an MA(1) process with
exponential white noise which provides its own
expression that is easy to derive and saves on
computation time was investigated in this research.
The accuracy of the explicit formulas was checked
by comparing its absolute percentage relative error
with that of the NIE method. The results show
that both methods were in dramatic agreement with

1077. The exponential smoothing parameter in the
range of 0.05-0.25 is usually recommended. A
comparison of the ARL performance of the modified
and standard EWMA control charts shows that the
former was more sensitive when shift sizes were
small and performed better when the exponential
smoothing parameter value was 0.1. The exponen-
tial smoothing parameter 0.05 is unsuitable to the
most effective of the modified EWMA chart employ-
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Table 4 Comparison of one-sided of ARL for MA(1) on EWMA and modified EWMA charts using explicit formulas when
u =2 and ¢ = 50A.

A 0 Shift size ARL, = 370 ARL, = 500
6) EWMA Modified EWMA Modified
0.05 —0.2 0.00 370.0000756855 370.0000433201 500.0000550446 500.0000517554
0.01 310.3613470534 42.9524104373 419.3504170920 44.2714306321
0.03 220.6242217364 15.8864511633 297.9986166729 16.0587690464
0.05 158.9071572943 9.9337191786 214.5384272538 9.9990002172
0.07 115.9013063561 7.3256434174 156.3814690365 7.3601034492
0.10 73.8363408663 5.3505613736 99.4968683696 5.3681504949
0.30 6.8797381907 2.2829992334 8.9511975571 2.2853882186
0.50 1.9096782195 1.6971565736 2.2301626398 1.6981625206
0.2 0.00 370.0000465698 370.0000749812 500.0000461456 500.0000637535
0.01 309.1385402792 47.6155843164 417.6968310349 49.2416289066
0.03 218.0802984841 17.7591290169 294.5584663025 17.9747029006
0.05 155.9278248873 11.1174992983 210.5094640643 11.1993602969
0.07 112.9335052931 8.1977303757 152.3680959291 8.2409666592
0.10 71.2352935291 5.9813923738 95.9794555925 6.0034609210
0.30 6.3612841228 2.5190268777 8.2500877220 2.5220254650
0.50 1.7961249424 1.8470923312 2.0766034871 1.8383611231
0.10 —0.2 0.00 370.0000618877 370.0000321922 500.0000893066 500.0000737559
0.01 343.5592416319 34.6891029378 464.817836050466 35.5348763989
0.03 297.4261061703 12.7828116715 403.3251666153 12.8906618547
0.05 258.8319280712 8.0580837849 351.7620972277 8.0988617372
0.07 226.3579081554 5.9978247468 308.2779840985 6.0193780131
0.10 186.7358687239 4.4410088793 255.0797494461 4.4520489607
0.30 64.3155063451 2.0244287200 89.2020341712 2.0259651623
0.50 1.5604846313 2.0244287200 40.7569375637 1.5611422914
0.2 0.00 370.0000576120 370.0000477061 500.0000655915 500.0000331334
0.01 341.8375030358 38.4578607779 462.2452526816 39.5013005888
0.03 293.0596802356 14.2482021597 396.7846634952 14.3827974754
0.05 252.6450009210 8.9792734190 342.4723183628 9.0302521363
0.07 218.9544992262 6.6755150638 297.1358039796 6.7024702255
0.10 178.2991377127 4.9313310869 242.3400934144 4.9451380394
0.30 57.2166373165 2.2098772863 78.2865567375 2.2118022389
0.50 24.6972750753 1.6794079501 33.8062753712 1.6802371690
37 1 (a) modified and standard EWMA control charts were
36 compared using real-world exchange rates data, the
3 N UL result indicating that the modified EWMA control
34 \ chart was more efficient than the standard one.
33 *e .'.0 M Y <
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51 ' Mongkut’s University of Technology North Bangkok and
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4
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Table 5 Comparison of two-sided of ARL for MA(1) on EWMA and modified EWMA charts using explicit formulas
when u =2 and ¢ = 50A.

2 0 Shift size ARLy =370 ARLy = 500
) EWMA Modified EWMA Modified
0.05 —0.4 0.00 370.0000555149 370.0000795892 500.0000440249 500.0000713397
0.01 317.1741116242 41.9969256683 428.5634950788 43.25458952521
0.03 235.1585236152 15.5352072476 317.6537185179 15.6990475039
0.05 176.3481718462 9.7284228105 238.1243548315 9.7904827888
0.07 133.6885773383 7.1854323906 180.4356556364 7.2182005835
0.10 89.9632614742 5.2597771485 121.3057315405 5.2765129737
0.30 10.7691191351 2.2829992334 14.2109276294 2.2686198289
0.50 2.8940179432 1.69237742929 3.5613189677 1.6933433542
0.4 0.00 370.0000314578 370.0000810411 500.0000652911 500.0000523870
0.01 314.6794551262 45.7317530918 425.1899218557 47.2269890336
0.03 229.7650783509 17.0276497843 310.3599859730 17.2247307716
0.05 169.7934005538 10.6713120635 229.2601018536 10.7461007259
0.07 126.9222352329 7.8801356635 171.2852755031 7.9196410929
0.10 83.7224337918 5.7625654284 112.8660125465 5.7827413520
0.30 9.1221667504 2.4553179300 11.9836764191 2.4580722709
0.50 2.4506522991 1.8128724325 29617326913 1.8140418723
0.10 —0.4 0.00 370.0000518336 370.0000614837 500.0000776587 500.0000873733
0.01 352.1496772110 35.1675420174 480.5671128914 36.0364577678
0.03 319.9954347429 12.9784424848 445.5615061301 13.0894176155
0.05 291.9356456494 8.1870306923 415.0336802266 8.2290068857
0.07 267.3327564446 6.0967379490 388.3095198819 6.1189301589
0.10 235.7921446525 4.5165264412 354.1704037426 4.5278976817
0.30 119.5488019007 2.0594906242 234.0545686064 2.0610780140
0.50 73.0760688952 1.5851215979 202.31849758374 1.5858037164
0.4 0.00 370.0000434468 370.0000381773 500.0000679211 500.0000665742
0.01 345.4281185687 36.7693566544 467.64025996536 37.7207921966
0.03 302.2029432208 13.5999906834 410.5608960138 13.7220985121
0.05 265.6509248565 8.5776745459 362.1207155824 9.0302521363
0.07 234.5756240775 6.3841434405 320.7953553002 6.4085834870
0.10 196.1945491439 4.7245233411 269.5427528719 4.7370462384
0.30 72.6935285465 2.1383209265 102.2625833543 2.1400704197
0.50 34.6069696123 1.6357556044 49.3435046695 1.6365094477

Table 6 Comparison of two-sided of ARL for MA(1) on EWMA and modified EWMA charts using explicit formulas
when ARL, = 370, u = 33.567, 6 =—0.869, and 3, = 0.8207.

Shift size A =0.05 A=0.10
(6) EWMA Modified EWMA Modified
h=1.738x10"11 b=1.976 x 10714 h=23226x10"14 b=2.07x10"1°
0.00 370.1606511895 370.9704083281 370.1086602485 370.0950486051
0.01 262.9495082304 240.8173740827 240.8173740827 219.2229808369
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Abstract

Statistical process control (SPC) plays a necessary role in manufacturing industry processes. An essential tool for SPC
used for monitoring, measuring, controlling, and improving quality in various fields is the control chart. The modified
exponentially weighted moving average (modified EWMA) control chart is widely used in various fields, and a measure
commonly used to elucidate its efficiency is average run length (ARL). The main purpose of this study is to derive explicit
formulas for the ARL to detect changes in the process mean of modified EWMA control chart for an autoregressive processes
with explanatory variables (ARX(p,r)) with exponential white noise. In addition, the performances of the modified EWMA are
compared with EWMA control charts based on the relative mean index (RMI). It was found that the explicit formulas for the
ARL of the modified EWMA control chart performed better than on the EWMA control chart for monitoring process mean.

Keywords: average run length, modified EWMA control chart, ARX process, explanatory variables, Integral equation

1. Introduction

Statistical process control (SPC) plays a
necessary role in manufacturing industry processes and is used
for monitoring, measuring, controlling and improving quality
in various fields (science, economics, engineering, finance,
medicine, etc.). An important SPC tool is the control chart
which is used for detecting changes in process means. The
first control chart, introduced by Shewhart (1931), was used
for detecting large shifts in process means (>1.5¢0)
(Montgomery, 2012). The cumulative sum (CUSUM) control
chart proposed by Page (1954) is a good alternative to the
Shewhart control chart for detecting small shifts in process
means (<1.50) (Montgomery, 2012), as has been indicated
by comparative studies on the two (Hawkins & Olwell, 1998;
Lucas & Saccucci, 1990). In addition, another option for
detecting small shifts is the exponentially weighted moving

*Corresponding author
Email address: yupaporn.a@sci.kmutnb.ac.th

average (EWMA) control chart first presented by Roberts
(1959), which has been used in various industries, However,
these charts cannot be used directly for chemical and
pharmaceutical processes due to the observations being
frequently autocorrelated (Patel & Divecha, 2011). The
EWMA technique is used in SPC to monitor the results of
manufacturing processes by tracking the moving average of
the efficiency throughout the lifetime of the process.

The modified EWMA control chart developed by
Patel and Divecha (2011) is a simplified EWMA control chart
for detecting shifts in the process mean regardless of size. It is
used in various fields, especially in the chemical industry, in
which the processes are frequently autocorrelated. Past
observations are considered (similar to the EWMA scheme)
along with past changes as well as the latest change in the
process mean. Khan, Aslam and Jun (2016) developed a new
EWMA control chart based upon a modified EWMA statistic
that considers the past and current behavior of the process;
they compared it with the existing one by Patel and Divecha
(2011) and found that the proposed control chart had the
ability to detect shifts more quickly.
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A commonly used measure for the efficiency of
control charts is the average run length (ARL). Ryu, Wan and
Kim (2010) applied in-control ARL (ARLo), which refers to the
average number of observations on the in-control process
before a false out-of-control alarm is raised, as a measure of
the false-alarm rate. The out-of-control ARL (ARL:), is the
average number of observations required to detect a specific
process mean shift and represents the ability to detect shifts in
the process mean.

Various methods that can be used to find the ARL
of control charts have been proposed, such as Monte Carlo
simulation, Markov chains, Martingales, numerical integration
equations (NIEs), and explicit formulas. A NIE is a method
for evaluating the ARL that has many rules, namely the
midpoint rule, trapezoidal rule, Simson’s rule, and the
Gauss-Legendre rule. In this study, we used the
Gauss-Legendre rule. An explicit formula is a method for
evaluating the ARL that requires an integral equation for its
derivation. In this study, we used the Fredholm integral
equation of the second type (Mititelu, Areepong,
Sukparungsee, & Novikov, 2010). In 1959, Robert (1959)
proposed an EWMA control chart by using Monte Carlo
simulations to estimate the ARL. Crowder (1987) used an NIE
approach to find the ARL for a Gaussian distribution. Harris
and Ross (1991) studied CUSUM with serially correlated
observations via Monte Carlo simulations. Mititelu et al.,
(2010) used a linear Fredholm-type integral equation approach
to derive explicit formulas for the ARL in certain special
cases. The ARL for a CUSUM control chart has been found
when the random observations follow a hyperexponential
distribution and the ARL for an EWMA control chart with
observations following a Laplace distribution. Suriyakat,
Areepong, Sukparungsee and Mititelu (2012) derived explicit
formulas for the ARL of the EWMA statistic for first-order
autoregressive (AR(1)) observations with errors following an
exponential white noise process. Paichit (2016) used an NIE
to find the exact expression for the ARL of an EWMA control
chart for an AR process with exogenous input (ARX(p)).
Paichit (2017) presented an exact expression for the ARL of
the control chart for an ARX(p) procedure. Explicit formulas
for the ARL of a modified EWMA control chart for an
exponential AR(1) process were presented by Phanthuna,
Areepong and Sukparungsee (2018).

The main purpose of this study is to derive explicit
formulas for the ARL for detecting changes in the process
mean of modified EWMA control chart based on Khan et al.
(2016) for an autoregressive processes with explanatory
variables (ARX(p,r)) with exponential white noise. In the
present study, Fredholm-type integral equations are used to
derive explicit formulas of ARLo and ARLi. This paper is
organized as follows. An introduction to the properties of
control charts and the model for an ARX(p,r) process with
exponential white noise is given in Section 2. The solutions
for the ARLs of the EWMA and modified EWMA control
charts for an ARX(p,r) process with exponential white noise
are presented in Section 3. Next, the NIEs for the ARLs of the
modified EWMA control charts are introduced in Section 4.
Furthermore, numerical results for a comparison of the ARLs
on the modified EWMA control charts for ARX(p,r) process
with exponential white noise are offered in Section 5 and
Section 6. The proposed explicit formulas are applied in
Section 7. Finally, conclusions are given in Section 8.

1415

2. The Properties of the Control Charts and
ARX(p,r) Process with Exponential White Noise

2.1 The EWMA control chart

Roberts (1959) introduced the EWMA control chart
for detecting small shifts in the process mean that is defined as

Z = (1-2)Ziy + A, t=123... 2.1)

where Z, is the EWMA statistic, Y, is the sequence of the
ARX(p,r) process with exponential white noise and A is an
exponential smoothing parameter (0 < A <1).

The stopping time will occur when an out-of-
control observation is firstly detected, which is sufficient to

decide that the process is out-of-control. The stopping time 7,
for the EWMA control chart can be written as

7, =inf {t>0; Z, > b}, (2.2)
where b is a constant parameter known as the upper control
limit (b>0). The upper side of the ARL for the ARX(p,r)

process on the EWMA control chart with an initial value
(Z, =u) can be found. Now, the function L(u) is defined as

L(u)=ARL=E,(z,)>T, Zy=u- 2.3)

The mean and the variance of the EWMA control
chart can be written as

E(Z) = (2.4)

Var(Z,) = (ﬁjazf

and the upper control limit (UCL) and the lower control limit
(LCL) of the EWMA control chart is defined as follows:

(2.5)

A
LCL=yy - Lo |——> (2.69)
Ho—Lo 1/ 2-2)
CL =y, (2.6b)
(2.6¢)

/ A
UCL=y,+L ,
Ho T+ LO 2-2)

where g is the target mean, o is the process standard

deviation and L
(L>0).

is an appropriate control width limit

2.2 The modified EWMA control chart

Khan et al. (2016) developed a new EWMA
control chart based upon the modified EWMA statistic that
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considers the past and current behavior of the process. They compared the proposed chart with the existing modified EWMA
control chart developed by Patel and Divecha (2011) that is a simplified EWMA control chart for detecting shifts of all sizes in
the process mean under the assumption that the observations follow a normal distribution. The modified EWMA control chart
proposed by Khan et al. (2016) is defined as

M =(1-2)M g+ A + k(Y = Y1) 1=123,..., 2.7

where M, is the modified EWMA statistic, Y, is the sequence of the ARX(p,r) process with exponential white noise, A is an

exponential smoothing parameter (0 <A <1), and K is a constant (k > 0).

The modified EWMA control chart is based on two constants, 4 and K, and comprises an extension to the existing
EWMA control chart. The modified EWMA control chart by Khan et al. (2016) is reduced to the original EWMA control chart
by Roberts (1959) if k =0 and is reduced to the control chart based on the modified EWMA control chart by Patel and Divecha

(2011) if k =1.
The stopping time 7, for the modified EWMA control chart can be written as

7, =inf{t>0; M > h}, (2.8)

where h is a constant parameter known as the upper control limit (h > 0). The upper side of the ARL for the ARX(p,r) process on
the modified EWMA control chart with an initial value (Mo =U) can be found. Now, we define the function G(u) as

ARL=G(U)=E,(r,)>T, My=u, 2.9)

where T is a fixed number (should be large) and E_(.) is the expectation under the assumption that observations &; have the
distribution F(y;,«@)-
The value of the mean and the variance of the modified EWMA control chart is defined as

E(M) =41 (2.10)

2y 2
t):(ﬂ+2/1k+2k )O' ’ (211)

Var(M
(2-4)

and the UCL and the LCL of the modified EWMA control chart can be written as

2
LCL = 15— Lo /% ' (2.12a)

CL = uq. (2.12b)

2
UCL = sy + Lo /% , (2.120)

where 44 is the target mean, 02 is the process variance and L is an appropriate control width limit (L > 0).

2.3 The ARX(p,r) process with exponential white noise

The ARX(p,r) process is defined as

)
V=S4 Ayt hY et i+ 2 X te t=123.., 2.13)
j=1

where O is a constant (620), ¢ is an autoregressive coefficient for i =1,2,..., p(-1<¢ <) ; & is an independent and

identically distributed (iid) sequence; & Exp(a); X; are explanatory variables of Y,; and Bi are coefficients of

j
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Xj 1 j=1,2,...,r. The initial value for the ARX(p,r) process mean is Yt—let—Za---aYt—p =1 and the initial value for the

explanatory variables X;, X,,..., X, =1.

3. Explicit Formulas for the ARLs of the Modified EWMA Control Chart for an ARX(p,r) Process with
Exponential White Noise

Explicit formulas for the ARL of the modified EWMA control chart for an ARX(p,r) process are derived as
follows:

Substituting Y, from Equation (2.13) into Equation (2.7), then
Mi=(1-2)M_g +(2+K)S+(A+K)hYe g +..+ (A +K)BpYep
r
+H(A+K) D BiXj+(A+k)g —KY 4 .

j=1
If v, gives the out-of-control state for M;: Mg =u and Yy =v, then

Ml:(1—/1)u+(/1+k)5+(/1+k)¢lv+...+(/1+k)¢pv+(i+k)zr:ﬁjxj +(A+k)e —kv
i

If g is the in-control limit for M. then 0 < M, <h.

The function G(u)can be derived by the Fredholm integral equation of the second type (Mititelu et al., 2010), and
thus G(u) can be written as
Gu)=1+ jG(Ml) f(e)d(g) . (3.1

by substituting &1 with Y . Therefore, the function G(u) is obtained as

(1-2)u+(A+K)S+(A+K)Av +...+ (2 +k)gpv

h
G(u):1+£L +(ﬂ+k)jzr::1ﬂjxj—kv+(/1+k)y fly)dy:
Let w= (1= )+ (A +K)3+ (24 K)gy + .t (4 K) gy + (A +K) S B,X, —kv+ (2 +K)y.

=1

By changing the integral variable, we obtain the integral equation as follows:

G(u)=1+ Til(ge(w) f {Wal;k’;)” ; (;i’k) —5—v§¢, - jzr::lﬂjxj}dw- (32)

-y
If Y, 0 Exp(a) the f (y)= tea ; y20,50
[24

G(u)=1+ ! TG(W)le_;
l+k0

(2+K)  (2+K)

1jw—=(1-2)u kv —5—v§¢}—iﬁ-x-
i-1 j:lJ !

dw-

(2

p r
v 2 BiXj
(1-2)u kv o Elﬁﬂzl )

Let the function D(u) = e“(“k) a(i+k) @« a , then we have
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-W

L(W)e“(“k)dw :0<u<h-

D(u)

G(u):1+—a(ﬂ+k)£

h
Let g :jG(W)ea(“k)qu then G(u) :1+&. g - Consequently, we obtain
0 a(A+k)

(1-2)u kv '5 i1 j=1 17
G(U)=1+a 1 ea(i+k) a(A+k) a  «a a g

(A+k)

Solving a constant g

h W h -
—((w)e Mgy =[|1+—2—D(w)[e**Fdw
o-forn o {100
h ——W h W
:je“(“k)dwﬂ'LD(W).e“(“k)dw
0 0 (A+k)
p r
vi4o X BiX|
_h U = R _aw
21k h
=—0{(/1+k) ea(i+k) “1e gea( t) o a “ J‘ea(/l-%—k)dw
a(A+k) 5
p r
VX4 X BiXj
h —kv +5+ i=1 _ j=t h
- d a(2+k) a  «a a —
——a(A+k)| e®) 1| & (A0 g
A
“h
—a(2+Kk)| e+ 1
9= s
vy d X BiXj
—kv i-1 =1
ea(}wrk) a «a —h
14 a(i-%—k) 1
A

(3.3)

3.4

(3.5)
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When the process is in the in-control state with exponential parameter & = ¢, we obtain the explicit solution for

ARLy, as follows:

(1-2)u -h
ﬂeao(ﬂJrk) eao(/1+k) —l
3.6
ARL, =1— L (3.6)
kv o V_Zlﬂ leﬂjxj Ah
i— — _
leao(/1+k) ap ap ap + eao(/1+k) _1

Similarly, when the process is in the out-of-control state with exponential parameter & = (1, the explicit solution

for ARL, can be written as

(-A)u -h
ﬂe“l(}”k) ea1(1+k) 1

X
kv o ng‘ Elﬂj ! —2h
ﬂ,eal(;H—k) 24} o a + eal(ﬂ-i-k) _1

4. The NIE for the ARL on the Modified EWMA Control Chart

An integral equation of the second type for the ARL on the modified EWMA control chart for the ARX(p,r) process
in Equation (3.5) can be approximated by using the quadrature formula. In this study, the Gauss-Legendre quadrature rule is
applied as follows:

_ aj—(1-4)a kv
Given f(a. )= f{-! — 50—V 4.1)
( J) { (/1+k) (/1 k) Zﬂ Zﬁ] }
The approximation for the integral is in the form

h h
JG(w) f (w)dw= Fw;t(a;) where a; = h(,_lj and Wy =1 =1.2,..,m
0 j=1 2 m

Using the quadrature formula, the numerical approximation G(u) for the integral equation can be found as a
solution of the linear equations as follows:

a;—(1-1)a

G(ai)=1+ﬁéwjé(aj)f{ j(/‘t+k) s k)_5 vz¢ Zﬂj };i=1,2,...,m
Thus,
G(al)=1+ﬁgwjé(aj)f{aj E/(11+—k/1))31+(/1k k)_5 VZgb Z,b’] }

G(az):“ﬁiwjé(aj)f{aj—(ilJr—kﬂ)) (,1kvk) 5 VZ¢ Zﬂj }

= =
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sy Lo e -(1-A)ay kv P L L,
G(a3)_1+ﬂ+ij::1wJG(aJ)f{ (A+k) +(/1+k) d ngj' Eﬁjxj}

G(am):1+iiwj(§(aj)f

ﬂ+kj:1

aj-(1-4)an, kv p r .
{ (£+1) *<z+k>‘5‘V§¢*‘jlﬂij}

The set of m equations with m unknowns can be rewritten in matrix form. The column vector of G(ai) is
G = (G(al),é(az),...,é(am))'. Since 1,4 = (1,1,...,1)' is a column vector of ones and Rmxm is a matrix, we can

define mto mth as elements of matrix R as follows:

r

BiXit,
=1

[R"}z L w; f aj_(]'_}b)ai+ kv
U1 k! (2+k) (1+k) J-

and |, =diag (1,1,,__,1)is a unit matrix of order M . If (| - R)’l exists, the numerical approximation for the integral equation

p
-5-V) ¢ —
i=1

in terms of the matrix can be written as

Gma :(Im - Rmxm)_ll

Finally, by substituting @; by U in G (ai ) , the numerical integration equation for function G (u) can be derived as

mx1-

c-ie S [

i+ij::1WjG(aj)f (+K) (24K

i=1 j=1

5. Comparison of the NIE Method and the Explicit Formulas

Here, a comparison of the efficacies of the NIE method (G(u) ) and the explicit formulas (G(u)) for the ARL of an
ARX(p,r) process on the modified EWMA control chart is presented. The parameter values were set as ARL, =370 and 500;

A =0.01, 0.05, 0.1, and 0.2; the in-control parameter ap =1; and the shift size was varied as 0.01, 0.02, 0.03, 0.04, 0.05, 0.1,

0.3, and 0.5. In general, the popular setting of the initial value is equal to the expected value of the distribution. For setting the in-
control parameter, 1o =1, which is the initial value as 1. The coefficient has a value from -1 to 1, which can be specified as any

value. The configuration does not affect the accuracy of the explicit formulas and the NIE methods. The absolute percentage
difference to measure the accuracy of the ARL is defined as

|G(u)-G(u)|
G(u)

Equations (3.5) and (4.2) are used to evaluate the ARL on the modified EWMA control chart for an ARX(p,r)
process with exponential white noise. The number of nodes equal to 500 iterations was used to obtain the ARL results from the
NIE method. The computations for the NIE method were carried out on a Windows 7 Professional 32-bit PC System with RAM
of 2 GB and an AMD E1-1200 CPU.

The results in Tables 1-3 report the numerical values of the ARL derived from the explicit formulas and NIE method,
and the absolute percentage difference between them. From the results, we can see that the ARL values derived from the explicit
formulas give the same results as the NIE method. The numerical approximations had an absolute percentage difference of less
than 0.003%. However, the computational time of the NIE method was 13.42-13.58 s whereas that of the explicit formulas was <
ls.

Diff (%) = %100 G.1)
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Comparison of the ARL on a modified EWMA control chart using explicit formulas with the NIE method for ARX(1,1) with u =1,

v=1 k=1, =02 and ARL, =370.

A S @ h shift Explicit NIE Time? Diff%
0.00 370.514622 370.514167 13.468 0.000123
0.01 185.632808 185.632635 13.555 0.000093
0.02 123.215119 123.215018 13.494 0.000082
0.03 91.885107 91.885037 13.428 0.000076
0.1 2.11284 0.04 73.065410 73.065357 13.551 0.000072
0.05 60.520993 60.520951 13.552 0.000068
0.10 32.116753 32.116734 13.504 0.000058
0.30 10.731776 10.731772 13.546 0.000037
005 0 0.50 6.457709 6.457707 13.440 0.000026
’ 0.00 370.424900 370.424156 13.511 0.000201
0.01 274.686377 274.685905 13.563 0.000172
0.02 214.349128 214.348800 13.478 0.000153
0.03 173.294237 173.293995 13.511 0.000140
-0.1 2.61195 0.04 143.823485 143.823298 13.446 0.000130
0.05 121.811602 121.811453 13.445 0.000122
0.10 64.531777 64.531713 13.421 0.000098
0.30 17.824627 17.824616 13.541 0.000060
0.50 9.519466 9.519462 13.452 0.000042
0.00 370.555941 370.555865 13.502 0.000021
0.01 90.098635 90.098626 13.498 0.000010
0.02 51.385975 51.385971 13.460 0.000008
0.03 35.997312 35.997309 13.434 0.000007
0.2 0.69141 0.04 27.736604 27.736602 13.467 0.000007
0.05 22.584474 22.584472 13.485 0.000006
0.10 11.823565 11.823565 13.518 0.000005
0.30 4.369675 4.369675 13.506 0.000003
0.10 1 0.50 2.902154 2.902154 13.467 0.000002
’ 0.00 370.273926 370.273736 13.537 0.000052
0.01 105.208634 105.208608 13.519 0.000025
0.02 61.437849 61.437836 13.532 0.000020
0.03 43.452288 43.452281 13.542 0.000018
-0.2 1.04870 0.04 33.653645 33.653639 13.449 0.000017
0.05 27.489870 27.489866 13.471 0.000016
0.10 14.478770 14.478768 13.508 0.000013
0.30 5.327500 5.327500 13.488 0.000008
0.50 3.494115 3.494115 13.434 0.000005

#The computational times for the NIE methods in seconds (PC System: Windows 7 Professional 32-bit, RAM: 2 GB and CPU: AMD E1-1200)

Table 2.

Comparison of the ARL on a modified EWMA control chart using explicit formulas with the NIE method for ARX(2,1) with

u=lv=15=0k=1 =02 and ARLy =370.

A & #, h shift Explicit NIE Time Diff%

0.00 370.104536 370.104178 13.492 0.000097

0.01 164.156587 164.156470 13.512 0.000072

0.02 105.192627 105.192560 13.467 0.000063

0.03 77.258066 77.258020 13.551 0.000059

0.1 1.90196 0.04 60.970239 60.970204 13.466 0.000056

0.05 50.307351 50.307324 13.532 0.000054

0.10 26.685128 26.685116 13.545 0.000046

0.30 9.216663 9.216660 13.436 0.000029

0.05 01 0.50 5.688211 5.688210 13.529 0.000020
0.00 370.111274 370.110694 13.520 0.000157

0.01 218.233870 218.233600 13.487 0.000124

0.02 153.301535 153.301368 13.495 0.000109

0.03 117.350069 117.349952 13.416 0.000100

-0.1 2.34842 0.04 94.565641 94.565553 13.479 0.000094

0.05 78.865508 78.865438 13.492 0.000089

0.10 41.847694 41.847663 13.492 0.000074

0.30 13.172037 13.172030 13.492 0.000047

0.50 7.603031 7.603028 13.517 0.000033
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Table 2. Continued.

) ) &, h shift Explicit NIE Time Diff%

0.00 370.299172 370.298515 13.519 0.000178

0.01 144.464904 144.464768 13.518 0.000094

0.02 89.685034 89.684969 13.459 0.000073

0.03 65.007924 65.007883 13.455 0.000063

0.2 1.78838 0.04 50.973254 50.973225 13.535 0.000057
0.05 41.920612 41.920590 13.490 0.000052

0.10 22.222112 22.222103 13.425 0.000041

0.30 7.893825 7.893823 13.482 0.000024

010 01 0.50 4.987173 4.987172 13.499 0.000016
0.00 370.115966 370.114002 13.501 0.000531

0.01 286.090889 286.089671 13.542 0.000426

0.02 228.394081 228.393273 13.492 0.000354

0.03 187.010941 187.010376 13.531 0.000302

-0.2 2.78993 0.04 156.285272 156.284860 13.569 0.000264
0.05 132.822686 132.822375 13.438 0.000234

0.10 70.157635 70.157527 13.440 0.000153

0.30 18.713286 18.713273 13.557 0.000072

0.50 9.832924 9.832919 13.520 0.000047

0.00 370.295141 370.292831 13.437 0.000624

0.01 137.992552 137.992202 13.490 0.000253

0.02 84.820251 84.820109 13.462 0.000168

0.03 61.246548 61.246469 13.427 0.000130

0.1 1.95666 0.04 47.941844 47.941792 13.486 0.000108
0.05 39.398626 39.398589 13.534 0.000093

0.10 20.908407 20.908394 13.466 0.000060

0.30 7.523560 7.523557 13.512 0.000028

0.20 02 0.50 4.802271 4.802270 13.539 0.000018
0.00 370.002909 369.998734 13.478 0.001128

0.01 183.558057 183.556989 13.456 0.000582

0.02 121.435201 121.434716 13.457 0.000399

0.03 90.409051 90.408773 13.539 0.000307

-0.1 2.49307 0.04 71.822583 71.822402 13.520 0.000252
0.05 59.455236 59.455108 13.515 0.000215

0.10 31.519801 31.519760 13.498 0.000129

0.30 10.562568 10.562562 13.519 0.000054

0.50 6.382784 6.382781 13.433 0.000033

Table3. Comparison of the ARL on a modified EWMA control chart using explicit formulas with the NIE method for ARX(2,1) with
u=Lv=16=0k=1 ¢ =01 ¢,=-02 A =02 and ARLy=500.

shift A=0.01, h=248512 A =0.05, h=2.61385

Explicit NIE Time Diff% Explicit NIE Time Diff%
0.00 500.488509 500.487979  13.458 0.000106 500.640854 500.639672  13.476 0.000236
0.01 331.637724 331.637386  13.484 0.000102 340.395524 340.394878  13.463 0.000190
0.02 243.153820 243.153579  13.448 0.000099 252.391615 252.391203  13.531 0.000163
0.03 189.153991 189.153809  13.490 0.000096 197.352918 197.352629  13.536 0.000146
0.04 153.035120 153.034976  13.469 0.000094 160.016146 160.015932  13.469 0.000134
0.05 127.342375 127.342258  13.468 0.000092 133.230089 133.229922  13.533 0.000125
0.10 64.915512 64.915458 13.506 0.000083 67.592092 67.592025 13.497 0.000099
0.30 17.675818 17.675808 13.491 0.000056 18.040792 18.040781 13.502 0.000060
0.50 9.459167 9.459163 13.546 0.000040 9.576707 9.576703 13.510 0.000042
shift A1=0.1, h=279202 A1=0.2, h=3.22379

Explicit NIE Time Diff% Explicit NIE Time Diff%
0.00 500.386457 500.383045  13.496 0.000682 500.609662 500.595309  13.455 0.002867
0.01 358.298531 358.296709  13.537 0.000508 434.146693 434.136038  13.552 0.002454

0.02 272.247864 272.246767  13.458 0.000403 368.724286 368.716686  13.482 0.002061
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Table 3. Continued.

shift A1=0.1, h=2.79202 A=0.2, h=3.22379
Explicit NIE Time Diff% Explicit NIE Time Diff%

0.03 215.455768 215.455048  13.496 0.000334 310.585722 310.580379  13.495 0.001720
0.04 175.682830 175.682330  13.486 0.000285 261.603168 261.599405  13.447 0.001438
0.05 146.584892 146.584527  13.469 0.000249 221.388663 221.385984  13.530 0.001210
0.10 73.817022 73.816906  13.579 0.000157 108.236492 108.235857  13.506 0.000586
0.30 18.955138 18.955124  13.516 0.000072 23.381342 23.381309  13.507 0.000139
0.50 9.895165 9.895160 13.461 0.000047 11.381464 11.381456  13.513 0.000072

6. Comparison of the ARLs on the EWMA with modified EWMA control charts
After verifying the accuracy of the explicit formulas in the previous section, we used simulated data and the relative

mean index (RMI) to compare the performances of the ARL of an ARX(p,r) process on EWMA and modified EWMA control
charts. The RMI is defined as

1. ARLgie i — Min[ ARy |

RMI == _ (6.1)
Nz Mln[ARLshiﬁ’i]
where ARLg,i ; is the ARL of the control chart when the position process shift, shift,i is the shift size for i=12,..,n,

Min[ARLshiﬂ,i] denotes the smallest ARL of two control charts in comparison when the position process shift. The control

chart with the smallest RMI performs the best in detecting mean changes on the whole.
For the comparison of the ARLs on the EWMA and modified EWMA control charts for an ARX(1,1) process, the

parameter values were set as ARL, =370; A= 0.05, 0.1, and 0.2; the in-control parameter ag =1 ; the shift size was varied as
0.001, 0.003, 0.005, 0.007, 0.009, 0.01, 0.03, 0.05, 0.07 and 0.09. The results are reported in Table 4.

Table 4. Comparison of the ARL of EWMA and modified EWMA control charts using explicit formulas for an ARX(1,1) with
u=1v=15=0, k=404, 5 =02 and ARLy=370.

A=0.05, ¢ =02 A=01 ¢ =02 A=02, 4 =02
shift EWMA Modified EWMA EWMA Modified EWMA EWMA Modified EWMA
b=25496x10"°  h=1.3500441 b=0.00107964  h=2.7665764 b = 0.04441 h =5.734902
0.000  370.071291 370.0768919 370.004307 370.003373 370.722568 370.715572
0.001  362.264617 257.030787* 365.787507 239.166659* 362.075941 233.363671*
0.003  347.186399 159.726241* 357.521610 140.347811%* 345.767724 134.327916*
0.005 332792484 115.984299* 349.473732 99.484050* 330.655613 94.494822
0.007  319.049437 91.124031* 341.637371 77.151829% 316.615806 72.994088*
0.009  305.925567 75.090081* 334.006238 63.075235* 303.540954 59.537517*
0.010  299.586374 69.033841* 330.265724 57.823254* 297.335678 54535706
0.030  198.799944 26.743266* 264.852791 22.105174* 206.492192 20.787108*
0.050  134.056104 16.821242% 214.163689 13.957965* 153.166554 13.153305*
0.070  91.808369 12.393346* 174541323 10.348427* 118.601180 9.778282*
0.090  63.828457 9.886695* 143.313881 8.311410* 94.690406 7.875239*
RMI 3.763440 0 7.445925 0 5.824404 0
A=0.05, ¢ =-02 A=01 ¢ =-02 A=02, 4 =-02
shift EWMA Modified EWMA EWMA Modified EWMA EWMA Modified EWMA
b=38036x10"°  h=2.0452044 b =0.0016149 h = 4.200333 b =0.067334 h =8.88252
0.000  370.075490 370.074437 370.035318 370.040056 370.017072 370.021854
0.001  362.413120 272.589846* 365.971526 257.425111* 362.407567 254.808465*
0.003  347.604772 178.698291* 358.000435 160.267524* 347.947355 157.288491*

0.005  333.457209 133.038467* 350.232942 116.523643* 334.419802 113.936839*
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Table 4. Continued.

A=005, ¢ =-0.2 A=01, ¢ =-02 A=02, ¢ =-02
shift EWMA Modified EWMA EWMA Modified EWMA EWMA Modified EWMA
b=3.8036x10°  h=2.0452044 b =0.0016149 h =4.200333 b =0.067334 h =8.88252

0.007  319.938646 106.040681* 342.663148 91.643263* 321.740040 89.431083*
0.009  307.018935 88.205073* 335.285344 75.588906* 309.833149 73.676321*
0.010  300.774653 81.379575* 331.666704 69.523408* 304.148484 67.735772*
0.030  201.120167 32.306069* 268.119397 27.141638* 218.327779 26.405507*
0.050  136.616346 20.420367* 218.476210 17.187944% 165.516539 16.743211%
0.070  94.217093 15.067503* 179.369496 12.742094% 130.215179 12.432517*
0.090 65938916 12.022993* 148.318390 10.222777* 105.253345 9.990907
RMI 3.062808 0 6.078151 0 4.802528 0

*The smallest ARL on each shift size according to the case.

For the ARL comparison for an ARX(2,1) process on the EWMA and modified EWMA control charts, the parameter
values were set as ARL, =500; A= 0.05, 0.1, and 0.2; the in-control parameter o =1; shift sizes of 0.001, 0.003, 0.005,

0.007, 0.009, 0.01, 0.03, 0.05, 0.07 and 0.09. The results are reported in Table 5.

Table 5.  Comparison of the ARL of EWMA and modified EWMA control charts using explicit formulas for an ARX(2,1) with u =1, v=1,
5=2, k=504, B, =0.3 and ARL, =500.

A=005 ¢4 =01 ¢ =-0.2 A=01 ¢ =01 ¢ =-01 1=02, 4 =01 ¢ =01

shift EWMA Modified EWMA EWMA Modified EWMA EWMA Modified EWMA

b=15491x10"8 h =0.7568155 b =0.00058356 h =1.378502 b =0.014952 h=2.277413
0.000  500.060978 500.076069 500.324113 500.360304 500.029224 500.022472
0.001  489.114475 267.090908* 494.127012 239.961773* 480.592452 221.762202
0.003  467.997069 138.496237+* 481.998019 117.893325* 445500726 105.295630
0.005  447.870153 93.629467* 470.213191 78.325628* 414.691287 69.234304
0.007  428.683824 70.801160%* 458.761545 58.745762* 387.433378 51.680381
0.009  410.390862 56.975292* 447.632483 47.062407* 363.153404 41.295851
0.010  401.565333 51.923525% 442.185713 42.825869+* 351.983744 37.546730
0.030  262.306360 19.020934* 347.882344 15.647366* 210.659066 13.700820
0.050  174.194272 11.857221* 276.201620 9.822354* 143.484292 8.635854
0.070  117.530522 8.724851* 221.192183 7.284761* 104.938276 6.434339
0.090  80.526574 6.969808* 178.593387 5.865033* 80.339327 5.203939
RMI 7.449113 0 14.096343 0 9.179088 0

A=005 4 =02 4 =-01 2=01 ¢ =02, ¢ =0.1 1=02, ¢ =02, ¢ =02

shift EWMA Modified EWMA EWMA Modified EWMA EWMA Modified EWMA

b=1.2685x10°  h=0.6187533 b=000043188  h=1.0175587 b =0.0122187 h =1.85691
0.000  500.141339 500.150484 500.174945 500.189478 500.055307 500.024614
0.001  489.095541 259.298533* 493.822612 228.318970* 479.729360 214.054265*
0.003  467.792945 132.316088* 481.395919 109.704783* 443.211639 100.188030%
0.005  447.497611 88.958619* 469.329752 72.374872% 411.339382 65.592229%
0.007  428.158412 67.081769* 457.612366 54.098310%* 383.287724 48.862371*
0.009  409.726985 53.891761* 446.232438 43.253693* 358.416006 38.999212+
0.010  400.837290 49.083498* 440.665594 39.332505* 347.010479 35.444488%
0.030  260.830440 17.912907* 344589520 14.318623* 204.669047 12.911676*
0.050  172.580252 11.160506* 272.008910 8.990081* 138.296605 8.143100*
0.070  116.034271 8.212396* 216.634577 6.672959* 100.601078 6.072667*
0.090  79.236668 6.562091* 173.992869 5.378034* 76.705241 4.916320*
RMI 7.883248 0 15.215424 0 9.476407 0

*The smallest ARL on each shift size according to the case.
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From the results in Tables 4 and 5, it is evident that the ARL values derived from the explicit formulas for the modified
EWMA control chart are less than those for the EWMA control chart for every value of 4. For example, in Table 4, when
# =02, A =0.05 and shift = 0.05, the ARL is 332.792484 from the EWMA control chart while the ARL is 115.984299 from

the modified EWMA control chart, which corresponds to the RMI values for the modified EWMA control chart being less than
those for the EWMA control chart.

7. Application

In Section 6, we compared the performance of the ARL of an ARX(p,r) process on EWMA and modified EWMA
control charts by using simulation data. The results show that the ARL values derived from the explicit formulas for the modified
EWMA control chart were shorter than those for the EWMA control chart in every case. Hence, we applied the explicit formulas
for the ARLs on the EWMA and modified EWMA control charts for an ARX(1,1) process using 55 real-world data observations
on the value of exports and imports of agricultural products to and from Thailand (Unit: Ten billion baht) from January 2016 to
July 2019, where the value of the imports is the explanatory variable (data from the Office of Agricultural Economics of Thailand

(2019)) to confirm the above results. The parameters were set as 4 =0.05, 0.1, and 0.2; oy =U =0.589259; shift size values of
0.001, 0.003, 0.005, 0.007, 0.009, 0.01, 0.03, 0.05, 0.07, and 0.09; and autoregressive coefficients ¢ =0.326152, & =6.652233,

v=10.4918, f; =0.933313, and X, =4.1439. The results are given in Table 6.

Another ARL comparison for an ARX(2,1) process on the modified EWMA control charts was conducted using real-
world data on the price of cassava (unit: Baht per kilogram, data from the Office of Agricultural Economics of Thailand (2019))
and diesel oil (unit: Baht per liter, data from Petroleum Authority of Thailand (2019)), with the latter being the explanatory
variable. The parameters used were 1=0.1, 0.15 and 0.2; oy =u=0.136281; shift size values of 0.0001, 0.0003, 0.0005,

0.0007, 0.0009, 0.001, 0.003, 0.005, 0.007, and 0.009; and autoregressive coefficients ¢ = 0.623567 and ¢ =0.292098,
6=0, v=188, 3 =0.064905, and Xy =25.62- The results are summarized in Table 7.

Table 6. Comparison of the ARL of ARX(1,1) of EWMA and modified EWMA control charts for the value of exports and imports of
agricultural products for ARL, =370.

A=0.05 (k =1004)* 2=0.1 (k=402) 2=02 (k =601)

shift EWMA Modified EWMA EWMA Modified EWMA EWMA Modified EWMA

b=327104x10"% h=0.007128814 b=1.3617x10"" h =0.0044711692 b =5.446519x107? h =0.0153495067
0000 374505189 374510271 370.015353 370.013368 370.026479 370.026204
0001 348463281 80.027591+ 348920418 79529679+ 276.359424 71606027+
0003  301.920274 31405097+ 310520857 31.227647+ 178925791 27747820+
0005 261864143 19.690008+ 276.644980 19575453+ 128916300 17.383968+
0007 227356776 14.422145+ 246734101 14334171+ 98643720 12748838+
0009  197.600498 11428518+ 220280627 11.355250+ 78453653 10.121645+
0010 184287726 10.369330+ 208221352 10.301213+ 70.713067 9.193284+
0030 48289170 3.899445: 70946841 3863411+ 17.089659 3535219+
0050 14280238 2596183: 26449591 2568076+ 6.766353 2.397466+
0.070 5028239 2.046506+ 10869219 2.022750+ 3406272 1917426+
0.090 2.310792 1.748461+ 5.049280 1727746 2.092499 1.656939-
RMI 8.975697 0 11.224773 0 4159967 0

k for the modified EWMA control chart. %a constant value. *The smallest ARL on each shift size according to the case.

Table 7. Comparison of the ARL of ARX(2,1) of EWMA and modified EWMA control charts for the price of cassava and diesel oil for
k=404 and ARL,=500.

A=01 1=015 A=02
shift EWMA Modified EWMA EWMA Modified EWMA EWMA Modified EWMA
b=1.2971x10"* b =6.399136x107° b=21239x10"" b=9.600579x107° b=4.0308x10" b =1.2801949x107°
00000  500.039396 500.039009 500179242 500.174921 500.226696 500227872
00001 486931023 108038894+ 473487004 101.389201+ 417839400 98.180795+
00003 461702687 42328712+ 426334701 39.364297+ 311.758448 37.955938+

0.0005  437.968562 26.452894+ 385.987063 24571033+ 246.391305 23680218+
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Table 7. Continued.
A=01 A=0.15 A=02
shift EWMA Modified EWMA EWMA Modified EWMA EWMA Modified EWMA
b=1.2971x10"* b =6.399136x107° b=2.1239x10""® b=9.600579x107° b=4.0308x10"" b=1.2801949x10"°
0.0007 415503914 19307837+ 351191004 17937223+ 202.151348 17.289440+
0.0009 394328865 15245271+ 320856371 14171951+ 170215918 13665109+
00010 384125979 13.807393+ 307.136133 12840435+ 157387407 12383952+
00030 230568928 5011479+ 146.767998 4707794+ 54533946 4564598+
00050 141203211 3229155+ 81.398115 3062145+ 27781114 2.983359+
00070 88045417 2471605+ 48796600 2.362680+ 16.357609 2.311262+
00090 55861517 2057219+ 30.752391 1.979945+ 10453770 1.943442+
RMI 24.968946 0 18129071 0 8344739 0

*The smallest ARL on each shift size according to the case.

From the results in Tables 6 and 7, it is evident
that the ARL values derived from the explicit formulas for the
modified EWMA control chart are less than those for the
EWMA control chart for every value of 4. For example, in
Table 6 when A1=0.05 and shift = 0.009, the ARL is
197.600498 from the EWMA control chart while the ARL is
11.428518 from the modified EWMA control chart. This
corresponds to an RMI value of O for the modified EWMA
control chart, which is less than that for the EWMA control
chart. The results from Tables 6 and 7 are plotted on the charts
in Figures. 1 and 2, respectively.

=@=EWMA  ==@=Modified EWMA
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Figure 1. Comparison of the ARL for an ARX(1,1) on EWMA and

modified EWMA control charts for real data in table 6,
where 1 =0.10.
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Comparison of the ARL for an ARX(2,1) on EWMA and

modified EWMA control charts for real data in table 7,
where 1 =0.15.

Figure 2.

From Figures 1 and 2, it can be seen that the ARL
values derived from the explicit formulas for the modified
EWMA control chart are less than those for the EWMA
control chart for every case. For example, in Figure 1, when
shift = 0.009, the ARL from the modified EWMA control chart
(ARL = 11.355250) is less than that of the EWMA control
chart (ARL = 220.280627).

From Tables 6 and 7 and Figures 1 and 2, it is
evident that the ARL for the modified EWMA control chart is
smaller than that of the EWMA control chart for every case.
Such that the ARL values derived from the explicit formulas
for the modified EWMA control chart outperformed that for
the EWMA control chart.

8. Conclusions

In this study, we derived explicit formulas for the
ARLs on the EWMA and modified EWMA control charts for
an ARX(p,r) process with exponential white noise using real-
world data observations and compared the performance of the
ARL of an ARX(p,r) process on both control charts using the
RMI. The suggested formulas are easy to calculate and
program. The explicit formulas clearly take much less
computational time than the numerical Integral Equation
method (NIE). Our results show that they performed better for
an ARX(p,r) process on the modified EWMA control chart
compared to the EWMA control chart for the case of a one-
sided shift with constant k. However, the conclusions drawn in
this study are only applicable to an ARX(p,r) process and may
not be relevant for other processes. In future work, it would be
of interest to derive explicit formulas for the ARL of other
control charts and processes using the Fredholm integral
equation of the second type technique. Based on the findings,
the ARL explicit formula for an ARX(p,r) process on the
modified EWMA control chart outperformed the EWMA
control chart. Thus, the modified EWMA control chart could
be applied to other processes.
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