Thailand Statistician
January 2021; 19(1): 69-80
http://statassoc.or.th
Contributed paper

Detection Capability of the Modified EWMA Chart for the Trend
Stationary AR(1) Model

Piyatida Phanthuna, Yupaporn Areepong* and Saowanit Sukparungsee
Department of Applied Statistics, Faculty of Applied Science, King Mongkut’s University of
Technology North Bangkok, Bangkok, Thailand.

*Corresponding author; e-mail: yupaporn.a@sci.kmutnb.ac.th

Received: 26 May 2019
Revised: 30 August 2019
Accepted: 31 October 2019

Abstract

A performance of control chart is frequently evaluated by using the average run length (ARL)
which is calculated with several methods. Regarding this research paper, an explicit formula is a
presented technique for computing the ARL of the modified EWMA chart with the trend AR(1)
model in the scope of exponential white noise. The numerical integral equation (NIE) method is
compared to the performance with the explicit formula. Accordingly, the results show that the explicit
formula can find the solutions correctly and quickly. Moreover, the modified EWMA chart is used
to compare a capability with the EWMA scheme. As a result, the performance of the modified
EWMA control chart is better for small and moderated shifts. In addition, this explicit formula of the
ARL is applied by using the real data of a health field.
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1. Introduction

A statistician used the statistical process control (SPC) as a quality control for an autoregressive
model of time series. In addition, a control chart was a well-known measurement. For instance, Jiang
(2001) proposed to analyze the average run length of the autoregressive moving average (ARMA)
chart applied to an ARMA(1,1) model. Furthermore, Lu and Reynolds (2001) investigated the
cumulative sum (CUSUM) chart on the first autoregressive (AR) process. Costa and Castagliola
(2011) also showed a performance of x chart on an AR(1) model. Additionally, Suriyakat et al.
(2012) presented the AR(1) process on the exponentially weighted moving average (EWMA) chart.
According to a statistical analysis of time series, a real trend may exist on numerous models.
However, one of the most popular models is the first autoregressive model with trend or the trend
AR(1) model which can be applied to many fields. Regarding the previous research, Yue and Pilon
(2003) studied the annual mean daily streamflow data of 15 watersheds with a linear trend and an
AR(1) process. In the study of Hamed (2009), the first order autocorrelated series with a linear trend
were used for hydrologic data. Moreover, Karaoglan and Bayhan (2012) presented a case study on
the peroxide values of stored vegetable oil for the trend stationary first order autoregressive model.
Regarding to this reason, the trend AR(1) model will be analyzed on a control chart.
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This research studies the first autoregressive model with trend, thus, the researcher has looked
for a suitable control chart with autocorrelated processes. The modified exponentially weighted
moving average or modified EWMA chart were presented by Patel and Divecha (2011) and
developed from the EWMA chart which was a primal control chart created by Roberts in 1959.
Additionally, both charts were appropriate for a small shift detection. However, the modified EWMA
chart was invented for highly autocorrelated observations. Recently, a modified EWMA statistic is
brought to study in the new research; see Khan et al. (2017), Herdiani et al. (2018). In addition, the
stationary error term of this model is studied on an exponential distribution called an exponential
white noise which is non-Gaussian white noise. An exponential white noise was studied by Andel
(1988), Ibazizen and Fellag (2003), Pereira and Antonia Amaral-Turkman (2004). Therefore, the
modified EWMA chart is chosen to study on the trend AR(1) model with a condition of an
exponential white noise.

The average run length (ARL) is the usual performance measure of control charts. Besides, the
ARL is the expected number of observations that must be plotted for a specified control chart until
an out-of-control signal is obtained. Regarding a control chart, the ARL should be large before a
process started and when a mean shift occurs, the ARL should be small. For example, The ARL was
used to compute the efficacy of exponential EWMA charts by Gan and Chang (2000). The average
run length was used to study small shifts of the process mean on a synthetic control chart from the
work of Wu and Spedding (2000). Faraz et al. (2017) evaluated the in-control performance of the np
control chart with estimated parameters on the ARL measure. According to the previous research, the
ARL could be approximated by numerous techniques, such as Monte Carlo simulation, Markov
Chain approach, Martingale approach, and the numerical integral equation method. In the study of
Areepong and Novikov (2008), the martingale approach was used to approximate ARL of an EWMA
control chart. Next, the average run length of the multivariate exponentially weighted moving average
(MEWMA) chart and the combined control chart were evaluated with Monte Carlo simulation by
Zhang et al. (2009). Moreover, Khoo et al. (2016) presented a Markov chain approach for computing
the ARL of EWMA charts. Peerajit et al. (2018) also estimated the average run length of a CUSUM
chart for long-memory process by using the numerical integral equation (NIE) method. For other
methods, the explicit formula is a method which provides an accurate value of ARL and a fast
computation. For example, Suriyakat et al. (2012) proposed an explicit formula of the ARL on an
EWMA control chart for AR(1) process with exponential white noise. Meanwhile, Suriyakat et al.
(2012) also derived the ARL solution with an explicit formula for the trend exponential AR(1)
processes on the an EWMA chart. Besides, Busaba et al. (2012) also solved the explicit formulas of
the average run length on CUSUM chart with the trend stationary first order of the autoregressive
model by using an integral equation approach. Moreover, Petcharat et al. (2015) also found the
average run length of a CUSUM chart on a moving average (MA) process of the order q with
exponential white noise by using an explicit formula. Then, Petcharat (2016) analyzed the average
run length by using the explicit formula on an EWMA chart for a seasonal moving average model of
order q with exponential white noise. Furthermore, Sukparungsee and Areepong (2017) presented the
explicit formulas of ARL for an EWMA chart. Moreover, they also observed an autoregressive
model. Recently, Sunthornwat et al. (2017) had found an analytical ARL for the long memory
autoregressive which fractionally integrated moving average (ARFIMA) process on an EWMA
control chart. The latest study of Zhang and Busababodhin (2018) derived the explicit formula for
the average run length of a CUSUM control chart on autoregressive integrated moving average
(ARIMA) process observations with exponential white noise. According to various past research, the
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author is interested in developing the explicit formula of the average run length for performance
evaluations of the modified EWMA control chart on the trend AR(1) model.

The purpose of this paper is to further investigate the explicit formulas of the average run length
on the modified EWMA control chart for the trend stationary AR(1) process with exponential white
noise. The explicit formula is compared with the numerical integral equation (NIE) method by using
the absolute percentage relative error (APRE) (Sunthornwat et al. 2018) in order to check an
infallibility of solutions. Moreover, a performance of the modified EWMA control chart is tested
against an EWMA scheme on the same process for both simulated data and real data.

2. A Modified EWMA Control Chart
Definition 1 (Modified EWMA Statistic) For the modified EWMA control chart, given
{X,,t=L12,...} as a sequence of the trend AR(I) model with the target mean u and constant

variance o°. A modified EWMA statistic is developed from an EWMA statistic which is
Z,=(1-A)Z,_, +AX, and can be written as follows
Z,=(1-0)Z,_ + 21X, +(X,-X,_)), (1)

where A is an exponential smoothing parameter with A € (0,1] and the first value Z is p.

Definition 2 (Modified EWMA Control Chart) The upper and lower control limits of the modified
EWMA control chart are

24(1-4
UCL_/J-i-BO'\/ 4 +¥,
2-1 2-1
20(1-4
LCL—,u—Bo-\/ 2 20-2) @
2-1 2-1

where B is a suitable control width limit and the control bound of the EWMA chart is
A
+*Bo,|—.
el Py,

3. Stationary AR(1) Model with Trend
Regarding time series, the general autoregressive process is denoted the AR(p) process where a
parameter p is an order of the autoregressive process (Brockwell and Davis 2002). Therefore, the

trend stationary first order autoregressive model is the AR(1) process with a linear trend and a
stationary error term.

Definition 3 (AR(1) Process) The equation of observations for the first autoregressive process with
trend or the trend AR(1) process in the case of exponential white noise is defined as
X, =n+yt+¢X,  +¢, 3)

where 1 is a suitable constant, y is a slope, ¢ is an autoregressive coefficient (|¢| <1) and &, is

exponential white noise sequences.

Remark 1 From (3), the process X, is said to be trend stationary if
X, =f()+e, 4)
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where f(¢) is a function f:R — R for any time ¢, &, is a stationary process. Moreover, &, is a

white noise process if ¢, is uncorrelated sequences with a constant mean, and a finite variance.

4. Explicit Formulas of Average Run Length on the Modified EWMA Chart for the Trend
AR(1) Model
Before finding the explicit formula of the ARL, the trend AR(1) process is enforced on the
modified EWMA chart by using (3) to put into (1). Thus, Z, can be rewritten as follows:

Z,=(1-A)Z, +An+yt+ X, +e)+(m+yt+ X, +&5 -X,)),

=(1-A)Z,_ | +(Ag+o-DX,_ +A+ D+ 1+ D)yt +(1+ A)e,. %)
After the initial values are givento be Z, =u and X, =v, the equation would be
Zi=(1-Du+Ag+o -+ 1+ D+ 1+ D)y +(1+ Ve, (6)

For this scheme, the explicit formula of the ARL is presented to change the upper control bound,
in which 0<Z, <b and b is the upper control limit of Z, for an in-control process. When (6) is

used instead of Z, and the interval of Z, is formatted to be &, it can be written as
-(1-ADu—-(Ag+¢-1v b-—(1-ADu—-(Ag+g-1v
(A=Au=Gprg=ly o b=(=Au-(g+¢-D
a+A) 1+2)
When L(u) is set to be the ARL that is derived by the method of Champ and Rigdon (1991) and
applies Fredholm integral equation of the second kind (Zemyan 2012), the equation would be

-(n+y). (7

b
1 k—(1-ADu—-(Ag+p—-1)v
Ly =1 [ 1 f [ EEEEIEOZIY ®)
1+ 1 ° 1+21)
This research studies on the error term &, ~ Exp(/f), so
(-Du  (Ag+-Dv iy .
BU+D) [, BU+D) B -
L =1+ jL(k) P04 g ©)
LA+ A)

For an in-control process, the average run length is called ARL, and the exponential parameter
() is determined with g, in this stage. However, the average run length is called ARL, if the
exponential parameter (f) is changed to B = (1+0)f, where B, >, and ¢ is a shift size for

B = B, an out-of-control process.
b k.
For solving the explicit formula of the average run length on this chart, H = J. L(k)- e g
0
A-Au  (Ag+¢-v  n+y
and G(u) =P .e PUD o B where 0<u <b are given and substituted into (9). Therefore,

it can be rearranged as follows

Gu)
p+2)
From (10), H is separated to analyse as follows

H = j[ _G® j/”(;f“dk
B+ 1) ’

L(u)=1+ (10)
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b G-y iy [ _-ab
=1+ 1) P 1 —%e PUD) o B | PR _1 |

-+ z)[eﬂ(%” —J

= ) (11)
(Agrg-ly iy [ —2b
e pU+2) B L/f'(lwl) _J
For the next step, the solution of A is replaced into (10), and L(u) is obtained as
(1-Du  (Ag+p-D)v  n+y [ -b }
pA+A)  , B+, B _ BA+4) _
L(u):1+e e e L+ A)Le 1 ’
B+ 1) QAg+g-lyv iy [ —ab
1o Lo BUsD L, B | B0A) g
A
(1-2)u ( -b j
B+a) | _B(1+1)
1 Ae e 1 . (12)
(Ag+-1)v+(1+2)(n+y) —2b
de B(1+2) +e/3(1+,1) 1

Therefore, this solution of L(u) is the explicit formula of the ARL on the modified EWMA
control chart for the trend AR(1) model.

5. Solution Comparison of Average Run Length
The numerical integral equation ( NIE) method is one of the techniques that used for

approximating the ARL of the modified EWMA control chart on the trend AR(1) model. L(x) is set

to be an estimated value of the ARL with the m linear equation systems by using the composite

midpoint quadrature rule (Phanthuna et al. 2018) as well as others. Therefore, this solution can be

explained as

a,—(1-Du—-(Ag+¢-1)v
1+4)

~ 1 m
L(u)~1+m;W;(L(ak)f[ —(77+7/)j, (13)

. . . . 1
where a, is a set of the division points on the interval [0,b] as: g, = (k _Ej we; k=12,...m, w,

is a weight of the composite midpoint formula as: w, = b/m, and &, ~ Exp(f).

According to (13), the average run length of the numerical integral equation method is
approximated by partitive points (m) 1,000 nodes. Also, the solutions of the NIE method are
compared to the explicit formula for the trend AR(1) model of a modified EWMA chart by using the
time of ARL computations and the absolute percentage relative error (APRE), which can be
calculated as
L(u)— L(u)

L) x100%. (14)

APRE (%) =

In speed comparison, the time calculations of two methods are presented by the central
processing unit (CPU) time (PC System: Windows 10 Education, i7-6500U CPU @ 2.50GHz
Processor, 8.00 GB RAM, 64-bit Operating System) in seconds.
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In addition, the modified EWMA control chart is compared to performance with the EWMA
chart on the trend AR(1) process; therefore, the ARL should be a low value in order to indicate the
occurrence of the mean which is shift quickly. For 3o control limits of a control chart, ARL, is

1/0.0027 or 370. In this research, the initial parameter values are studied at ARL ;=370 and another
one ARL,= 500, and given ¢ =0.5,-0.5 (|¢| <1l), 4=0.05,7=2,y=0.8 and S, =1 for the in-
control process. For the out-of-control process, a shift size () of g is displayed to be 0.01, 0.03,

0.05, 0.08, 0.10, 0.30, 0.50 and 1.00.
Table 1 shows the ARL on the trend AR(1) process at ¢ = 0.5 by using the explicit formula and

the NIE method for the modified EWMA chart with an initial upper bound » = 0.0999752411 at
ARL, = 370and b = 0.1001416741 at ARL, =500 and the explicit formula for the EWMA chart
with an initial upper bound b = 3.812665x10% at ARL, = 370 and b = 5.15588%x10% at ARL, =
500, respectively. The APRE (%) and CPU time are used to compare the performance of the explicit
formula and the NIE method for a modified EWMA chart. Therefore, the results present very low
APRE (%) showing that both methods can be used to calculate the ARL. However, the CPU time of
the explicit formula is much faster than the NIE method for all results. In addition, the ARL of an
EWMA chart on the trend AR(1) model is found by using the explicit formula. After that, this result
is compared to performance with the modified EWMA control chart. When the mean shift of process
occurs, the ARL of the modified EWMA scheme decreases abruptly whereas the ARL of the EWMA
chart decreases slowly. A performance of the modified EWMA control chart is better than the EWMA
control chart for small and intermediate shifts and worse than the large shift at the same shift size.
According to Table 2, the ARL of explicit formulas and the NIE method on the trend AR(1)
process is shown at ¢ =-0.5 for the modified EWMA chart with an initial upper bound b =

0.273008016 at ARL, = 370 and b = 0.273431328 at ARL, = 500 and for the EWMA chart with
an initial upper bound b = 1.03639x10°% at ARL, = 370 and b = 1.401513x10°® at ARL, =500.
The results are the same direction with in the case of ¢ =0.5, as the ARL of the explicit formula

and the NIE method is not obviously different. Moreover, the modified EWMA control chart are
still shown a good performance for small and intermediate shifts.

6. Application for Real Data

With the use of real data, the trend AR(1) model with exponential white noise is tested with the
observations of the annual male melanoma incidence (Andrew and Herzberg 1985) that best fits with
this model. The data of the annual male melanoma incidence in Connecticut of the United States in
1936-1972 is recorded, which included 37 observations and can be predicted for the trend AR(1)
model by using parameter values 77 = 0.522004, y =0.121989, and ¢ = 0.408647. The performance

of control charts that are the modified EWMA chart and the EWMA chart is compared by using the
ARL with the initial parameter values as 4 =0.05, 5, =0.4698, ARL =370 and 500.
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Table 1 Explicit formula against the NIE method on the modified EWMA control chart and
performance comparison with the EWMA chart given ¢ =0.5 for ARL; =370 and 500
ARL,  Shiftsize Modified EWMA PRE EWMA
(5) Explicit NIE %) (Explicit)
(CPU time) (CPU time)

370 0.00 370.000(223%%31(; 370.0000?;5;66965) 523x10° 370.000
0.01 59.0695%(14;%%4111) 59.069835.13315;; 3.86x1078 293.965

0.03 21.973()(163%%511) 21.9730?163.927685? 3.47x1078 188.115

0.05 13.4910(145%%112) 13.49104(1?321749) 321x10° 122.523

0.08 8.56344(7<4(4)1'Z)10119) 8.563442;1;‘265‘:)9) 2.88x1078 66.496

0.10 6.90405(173%4:)615) 6.904054(1173'1362(;9) 2.69%10° 45.177

0.30 2-55272(13;‘.1010513 2-5527225’3289072 1.36%10° 2,652

0.50 1'77163(113.20%43 1.77163 111(31295102; 7.34%x107° 1.145

1.00 1.27934(7;(())%4(1)411) 1.279343(())%549135) 2.03%10°° 1.003

500 0.00 500.00()(243%1()513) 500.000(();132)2371(; 577x10° 500.000
0.01 61.6589(195%?)418; 61.65894(11935131‘:;; 3.89%10°% 397.178

0.03 22.32882(183101)515) 22.3288?11 f8239376) 3.49x10°8 254.036

0.05 13.62640(6;5%%213) 13.6264(()16;2526 142) 323x10°8 165.336

0.08 8.6l 8663(1632221’; 8-6186633?9% 2.90%10°8 89.570

0.10 6.94012?}16(())%%71(; 6.94012??3'9{;(;19‘; 2.70x1078 60.741

0.30 2.557292(193%%14; 2.55729??3'663712‘; 1.37x10° 3.235

0.50 1.773434(53(())%(())63 1.77343??3%‘;7;) 732%10°° 1.197

1.00 1.279886(3;3(()).%?)211) 1.27988?133.(;8;;6) 2.04%10°° 1.004
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Table 2 Explicit formula against the NIE method on the modified EWMA control chart and
performance comparison with the EWMA chart given ¢ = —0.5 ARL; =370 and 500

ARL, Shift size Modified EWMA APRE (© EWMA
() Explicit NIE %) (Explicit)
(CPU time) (CPU time)

370 0.00 370.00()(19(?%%015; 370.0002193.775235 3.09%107 370.000
0.01 74.4835(16324(1)613 74.48352?;;4;602) 5 95x10°7 296,880

0.03 28.6625((1233)314; 28.66250?;1'3759572) 2.65%10°7 193.645

0.05 177595?33;%? 17'7595((’19332103 2.46x1077 128.450

0.08 11.3380()(6<4§Z)2()71; 11.3380(()16(‘;2220(;(; 223x10°7 71.531

0.10 9.156535(Ei3§i)z)914; 9.156535?f8j%19‘; 2.09x10°7 49.382

0.30 3.336008(2731)(())73 3.33600802327(;145; 1.17x10°7 3.081

0.50 2.239873(193%4(1)41(; 2.239873?193'35868; 6.94x10°8 1.203

1.00 1.504090(3;6310%314; 1.50409016&{4101%1) 5 36108 1.004

500 0.00 500.000(20322053 500.000(()?3211223) 4.43x10°7 500.000
0.01 78.6268(633%3013 78.6268???281892 5 98x10-" 401.120

0.03 29.2629(27350%411) 29.2629(()17;'76‘;655) 5 66x10-7 261515

0.05 17-9903(3113%30111) 179903??19'5;23 2.47x10°7 173.351

0.08 11.4326(133330811) 11.4326%?&6182252) 224107 96.380

0.10 9.21841(153(())2613) 9.218414(1531530705; 2.10%10°7 66.427

0.30 3.3439(11332?)51; 3.343903;3212()5) 1.18x1077 3.815

0.50 2.24304&233233 2.243o4f?gi(;734; 6.97x 100 1274

1.00 1.50508(2123;(:)215) 1.50508?12836065 237x10°8 1.006
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Table 3 Comparison of the ARL values between the modified EWMA chart and the EWMA chart
for the annual male melanoma incidence in Connecticut of the United States in 1936-1972

Shift size ARL, =370 ARL, =500

) Modified Modified

EWMA EWMA EWMA EWMA
0.00 370.000 370.000 500.000 500.000
0.01 45.764 235.311 47.296 317.860
0.03 16.699 100.647 16.901 135.753
0.05 10.285 46.190 10.361 62.110
0.08 6.608 16.333 6.640 21.734
0.10 5.382 8.933 5.402 11.728
0.20 2.973 1.523 2.979 1.707
0.30 2.213 1.068 2.216 1.093
0.50 1.649 1.004 1.651 1.005

Regarding Table 3, the ARL results are shown for the modified EWMA chart with an initial
upper bound b = 0.216926813 at ARL, = 370 and b = 0.217238851 at ARL, = 500 and for the
EWMA chart with an initial upper bound b = 8.19441x10° at ARL,= 370 and b =
1.108132x107% at ARL, = 500. When the processes start and mean shifts occur, the modified
EWMA chart can detect shifts to fasten the EWMA chart at the earliest stage until shifts have
intermediate size. However, the ARL of the EWMA chart at large shift is lower than the ARL of
the modified EWMA chart. Moreover, this result is similarly shown the simulated data in Tables 1
and 2.

From Figures 1 and 2, two control charts are created by using the observations of the annual male
melanoma incidence with the target mean u =2.7324,the standard deviation o =1.3431, the

exponential smoothing parameter 4 =0.05 and the control width limit B = 3. The results show that
the modified EWMA control chart can detect the abrupt shift at the 7" observation and the EWMA
chart detects the process shift at the 29" observation. Accordingly, the changed detection of the
modified EWMA chart is faster than the EWMA chart.

4 UCL

LCL

1 2 3 4 5 6 7 8 9
Case Number

Figure 1 Plot of the modified EWMA control chart with the annual male melanoma incidence
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4
35 UCL
3
= 2.5 Z
N2 LCL
1.5
1
0.5
0
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29
Case Number

Figure 2 Plot of the EWMA control chart with the annual male melanoma incidence

7. Discussion and Conclusions

In this research, the modified EWMA control chart on the trend AR(1) model with exponential
white noise is evaluated based on the performance by finding the explicit formula of the ARL. The
explicit formula is a method for finding the exact value of the ARL and decreased process time. The
numerical integral equation (NIE) method is used to compare an effect of this explicit formula by
measuring the APRE (%) and CPU time. Therefore, both methods are shown to ARL values closely
but the explicit formula can be computed with a small amount of time. After that, the modified
EWMA chart is tested against the primal EWMA scheme. The results show that the modified EWMA
chart can be detected shifts more quickly for small and intermediate levels. This explicit formula of
the ARL can be applied with real observations of the trend AR(1) process in various fields, such as
economics, environment and health. In addition, the annual male melanoma incidence data is
experimented to calculate on this explicit formula of the ARL. Accordingly, the results are similar to
simulated data. For the future research, this result can be developed for new control charts or other
interesting models.

Acknowledgements

The authors would like to thank the editor and the referees for their helpful comments and
suggestions. The research was funding by King Mongkut’s University of Technology North Bangkok
Contract no. KMUTNB-61-KNOW-014.

References

Andel J. On AR(1) processes with exponential white noise. Commun Stat - Theory Methods. 1988;
17(5): 1481-1495.

Andrew DF, Herzberg AM. Data: A collection of problems from many fields for the student and
research worker. New York: Springer-Verlag; 1985.

Areepong Y, Novikov A. Martingale approach to EWMA control charts for changes in exponential
distribution. J Qual Measure Anal. 2008; 4(1): 197-203.

Brockwell PJ, Davis RA. Introduction to time series and forecasting. 2" edition. New York: Springer-
Verlag; 2002.

Busaba J, Sukparungsee S, Areepong Y. Analytical of ARL for trend stationary first order of
autoregressive observations on CUSUM. WCE 2012: Proceedings of the World Congress on
Engineering 2012; 2012 July 4-6; London. Newswood Limited; 2012; 103-108.



Piyatida Phanthuna et al. 79

Champ CW, Rigdon SE. A comparison of the Markov chain and the integral equation approaches for
evaluating the run length distribution of quality control charts. Commun Stat - Simul Comput.
1991; 20(1): 191-203.

Costa AFB, Castagliola P. Effect of measurement error and autocorrelation on the X chart. J Appl
Stat. 2011; 38(4): 661-673.

Faraz A, Heuchenne C, Saniga E. The np chart with guaranteed in-control average run lengths. Qual
Reliab Eng Int. 2017; 33(5): 1057-1066.

Gan FF, Chang TC. Computing average run lengths of exponential EWMA charts. J Qual Technol.
2000; 32(2): 183-187.

Hamed KH. Enhancing the effectiveness of prewhitening in trend analysis of hydrologic data. J
Hydrol. 2009; 368: 143-155.

Herdiani ET, Fandrilla G, Sunusi N. Modified exponential weighted moving average (EWMA)
control chart on autocorrelation data. J Phys.: Conf Ser. [serial on the Internet]. 2018 [cited 2018
Mar 13]; 979: 1-7. Available from: https://iopscience.iop.org/article/10.1088/1742-6596/
979/1/012097/meta.

Jiang W. Average run length computation of ARMA charts for stationary processes. Commun Stat -
Simul Comput. 2001; 30(3): 699-716.

Karaoglan AD, Bayhan GM. ARL performance of residual control charts for trend AR(1) process: A
case study on peroxide values of stored vegetable oil. Sci Res Essays. 2012; 7(13): 1405-1414.

Khan N, Aslam M, Jun CH. Design of a control chart using a modified EWMA statistic. Qual Reliab
Eng Int. 2017; 33(5): 1095-1104.

Khoo MBC, Castagliola P, Liew JY, Teoh WL, Maravelakis PE. A study on EWMA charts with runs
rules — the Markov chain approach. Commun Stat - Theory Methods. 2016; 45(14): 4156-4180.

Lu CW, Reynolds MRJ. CUSUM charts for monitoring an autocorrelated process. J Qual Technol.
2001; 33(3): 316-334.

Ibazizen M, Fellag H. Bayesian estimation of an AR(1) process with exponential white noise.
Statistics. 2003; 37(5): 365-372.

Patel AK, Divecha J. Modified exponentially weighted moving average (EWMA) control chart for
an analytical process data. ] Chem Eng Mater Sci. 2011; 2(1): 12-20.

Peerajit W, Areepong Y, Sukparungsee S. Numerical integral equation method for ARL of CUSUM
chart for long-memory process with non-seasonal and seasonal ARFIMA models. Thail Stat.
2018; 16(1): 26-37.

Pereira IMS, Antonia Amaral-Turkman M. Bayesian prediction in threshold autoregressive models
with exponential white noise. Test. 2004; 13(1): 45-64.

Petcharat K, Sukparungsee S, Areepong Y. Exact solution of the average run length for the
cumulative sum chart for a moving average process of order q. Sci Asia. 2015; 41: 141-147.
Petcharat K. Explicit formula of ARL for SMA(Q). with exponential white noise on EWMA chart.

Int J Appl Phys Math. 2016; 6(4): 218-225.

Phanthuna P, Areepong Y, Sukparungsee S. Numerical integral equation methods of average run
length on modified EWMA control chart for exponential AR(1) process. IMECS 2018:
Proceeding of the 20" International Muticonference of Engineers and Computer Scientists 2018;
2018 March 14-16; Hong Kong. Newswood Limited; 2018; 845-847.

Sukparungsee S, Areepong Y. An explicit analytical solution of the average run length of an
exponentially weighted moving average control chart using an autoregressive model. Chiang
Mai J Sci. 2017; 44(3): 1172-1179.



80 Thailand Statistician, 2021; 19(1): 69-80

Sunthornwat R, Areepong Y, Sukparungsee S. Average run length of the long-memory
autoregressive fractionally integrated moving average process of the exponential weighted
moving average control chart. Cogent Math. 2017; 4(1): 1-11.

Sunthornwat R, Areepong Y, Sukparungsee S. Average run length with a practical investigation of
estimating parameters of the EWMA control chart on the long memory AFRIMA process. Thail
Stat. 2018; 16(2): 190-202.

Suriyakat W, Areepong Y, Sukparungsee S, Mititelu G. On EWMA procedure for AR(1)
observations with exponential white noise. Int J Pure Appl Math. 2012; 77(1): 73-83.

Wu Z, Spedding TA. A synthetic control chart for detecting small shifts in the process mean. J Qual
Technol. 2000; 32(1): 32-38.

Yue S, Pilon P. Interaction between deterministic trend and autoregressive process. Water Resour
Res. 2003; 39(4): 1-7.

Zemyan SM. The classical theory of integral equations. New York: Birkhduser Basel; 2012.

Zhang J, Li Z, Wang Z. Control chart based on likelihood ratio for monitoring linear profiles. Comput
Stat Data An. 2009; 53: 1440-1448.

Zhang L, Busababodhin P. The ARIMA(p,d,q) on upper sided of CUSUM procedure. Lobachevskii
J Math. 2018; 39(3): 424-432.



