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Abstract

In this research, a formula is presented for calculating the average run length of a triple moving average (TMA)
control chart, which is used to measure control chart performance and determine control chart width. To apply
appropriately to data in various processes, a TMA control chart is used to detect small changes in a process by
finding the average value of the data over a specified period of time (w). However, determining measure control
chart performance and control chart width is difficult because the formula for calculation is not created. The
performance of the control charts is measured using the standard normal distribution probability properties and
compared with the moving average (MA) control charts and the double moving average (DMA) control charts.
The analysis results show that TMA is very effective at detecting small changes, when w is set to have a small
value. The study determines that the data within the process are normally and non-normally distributed.
Detecting changes on real data by TMA charts has the best detection performance compared to MA and DMA.
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1 Introduction

In the midst of traveling to a future world filled with
disruptive technologies, along with the post-COVID-
19 situation, industrial and service business sectors in
various areas around the world have set goals to
compete for market share. The solution to this crisis is
the “quality” of products and services, therefore,
developing the industry is critical to meet all needs.
Monitoring the changing times and emergencies,
including industry guidelines will meet the production
needs of the future. It must be aware to achieve the
same standard of quality throughout the production
process. This makes consumers trustworthy and
accepts the product as a by-product of the evolution of
various technologies that occur in the Industry 4.0 era,
in terms of machines, equipment, and all information.
They can be connected through the 10T network,
sending product-related information through the
production chain. It uses various types of robots to
produce products according to specific customer

needs. Machinery that can quickly adjust production
as needed, including collecting production status
information from different connections and using
those data for analysis for remote monitoring,
reducing maintenance costs and increasing efficiency
in monitoring the production process.

Therefore, in controlling the quality process of
the production process in Industry 4.0 plants,
enterprises must be extremely aware of the importance
of product quality and service especially those
involved in the business establishment. The
importance of using statistical quality control tools
(Statistical Quality Control: SQC) must be considered
to control, monitor, detect, and improve the quality of
the process. The most effective statistical tools are
control charts and sample selection plans for product
quality inspection. In general, control charts can be
divided into two types according to the quality
characteristics that are detected. A variable control
chart is a chart used to control the production process
when the measured quality properties or characteristics
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can be weighed, such as the diameter of the workpiece,
average volume of drinking water, average volume of
packaging the average, lifespan of the product, etc.
These quality properties are quantitative data or
numerical. Examples of charts that correspond to this

type of data include mean control chart ( X chart),
range control chart (R chart), and standard deviation
control chart (S chart), which are considered standard
control chart. It was first proposed for use by Shewhart
[1] when the process has a normal distribution and is
effective in detecting large changes [2]. The
shortcoming of standard control charts is that they do
not provide accuracy important to historical data. This
characteristic is a property of the chart called
"memoryless"”, so it cannot record small changes that
occurred in the past, and these small changes
accumulate over time. Therefore, several researchers
have studied the properties of giving weight to data or
consideration of data based on time.

It has proposed a control chart that gives
importance to past data by giving the chart the
property of being able to remember changes from the
past until the present, This property is the ability to
remember, making it possible to overcome the
disadvantages of the chart can control standards.
Because the control is effectively controlled, it will
analyze the changes in the data with the average value,
which is calculated by averaging various factors in the
data. It emphasizes historical data through weighting.
For example, the Cumulative Sum Control Chart
(CUSUM chart) was first proposed by Page [3]. In
1959, Roberts [4] proposed the Exponentially
Weighted Moving Average Control Chart (EWMA
chart) with emphasis on historical data with weight
decreasing/increasing exponentially. Both control
charts have gained widespread popularity due to their
ability to detect small process changes [2]. Later, in
1994, Butler and Stefani [5] introduced the Double
Exponentially Weighted Moving Average control
chart (DEWMA chart), which extended from the
EWMA chart to detect small to moderate shifts. A
Moving Average Control Chart (MA chart) was
created later in 2004 by Khoo [6], utilizing a
straightforward concept to compute the MA statistics
by providing a span of average (w). The efficiency of
this control chart is suitable for small to moderate
shifts, and it is simple to calculate and implement [7]-
[9]. The MA chart is investigated to monitor not only
a change in the process mean but also process
dispersion [10]-[12]. Khoo and Wong [13] jointly
developed a Double Moving Average Control Chart

(DMA chart). DMA chart are effective in detecting
changes in the process mean at small change levels.
The DMA chart outperformance the MA chart for
small shifts in which the explicit formulas of the
average run length (ARL) are derived [14], [15].
Recently, Alevizakos et al., [16] proposed the triple
moving average control chart (TMA chart) to enhance
the performance of the DMA chart for detecting a
small change in process mean under normal
distribution. They also corrected the part of the
variance of the DMA chart. Unfortunately, the explicit
formulas of the average run length (ARL) of the TMA
chart which the explicit formulas of ARL did not yet
proven and presented.

Consequently, this research aims to propose the
explicit formulas of the ARL of the TMA chart for both
cases of normal and non-normal process observations.
In addition, the performance of the TMA chart is
compared with the DMA, MA and Shewhart charts.

2 Control Charts and Properties

In this research, the time-varying control chart via
moving average control charts are investigated as
follows: single moving average, double moving
average and triple moving average control charts, as
well as the Shewhart chart. The performance of the
TMA chart is compared with the performance of an
MA, DMA and Shewhart charts by considering the
average running length when the production process is
out of control (ARL,) as a criterion for comparing
efficiency. In this section, therefore, the literature on
control charts and related theories are discussed as follows.

2.1 Moving average control chart (MA chart)

In 2004, a statistician named Khoo invented the
moving average control chart. It is a control chart that
can detect small-size parameter changes (small-size
are in the range 0 to 1) well, which is a chart that
weights historical data using a moving average. It has
a movement time of w, which allows for good
detection of small to medium changes by definition of
chart statistics and control limits. The following
statistics define the MA chart:

%Zt: ; T<w
MA =< ' : (1)
&

1
w;

A. Kraichok et al.,
Parameter of Normal and Non-normal Process. ”

“Explicit Formulas of Average Run Length for Triple Moving Average Control Chart to Monitor Changes in Mean



Applied Science and Engineering Progress, Vol. 18, No. 2, 2025, 7596 3

From Equation (1), it is transformed into a linear
equation as follows Equation (2):

MA = Zt:

i:max(l,t—w+1)

amA : xi (2)

where X, is the observed value of the process with
mean , and variance o, W is the width of the MA
chart and a't* is the constant coefficient of X as
following Equation (3), where

MA _
it

©)

S|l =1k

The mean of the MA chart is

E(MA)= 1

and its variance is

¢ 2

V(MA)=| > at| o
i=max(1,t-w+1) '

The control limits of the MA control chart are given

as Equation (4),

UCL /LCL =E(MA )Ly, -V (MA) 4

where L,,, is the control limit coefficient of the MA
chart.

2.2 Double moving average control chart (DMA chart)

In 2008, Khoo and Wong developed a new control
chart. It is based on the MA chart, namely the double
moving average chart. It is a control chart that is good
at detecting small-size parameter changes (small-size
are in the range 0 to 1). It has a movement time equal
to w by definition of the chart's statistics and control
limits. The following statistics define the DMA chart:

1 t
{ZMA Dot<w
DMA = . R . (5)
= > MA ; tzw
Wi:t—w+1

From Equation (5), it is transformed into a linear
equation that follows Equation (6):

DMA = i al™ . X, (6)

i=max(L,t-2w+2)

where X, is the observed value of the process with
mean 4 and variance is o’, W is the width of the
DMA chart and a3™* is the constant coefficient of X
as following Equation (7), where

b t<w
at=4<b’ ; w<t<2w-1. )
b, t>2w-1
Period t <w,
t
b, = }Zl Ci<t.
t55 )

Period w<t<2w-1,

H w-1
[%j-ﬁ-i > E Di<t—w+l
w Wj:t—w+l]
_ w-1
b? = (t V\ZH}L— 1 ot—wHl<i<w,
' w WSS )
t+12—| , P> w
w
and period t >2w-1,
j—(t—2w+1
i Gl ( 5 ) Doi<t—-w+2
3 _ w
it .
t+12_J Cixt-w+2
w
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The mean of the DMA chart is
E(DMA)=u

and its variance is

z a-iD(MA Jz 0_2 .

i=max( ,t—2w+2)

|

The control limits of DMA chart are given

UCL, / LCL, = E(DMA )+ Loy, -V (DMA)

where L,,, is the control limit coefficient of the
DMA chart.

2.3 Triple moving average control chart (TMA chart)

In 2021, statisticians Alevizakos, Chatterjee and
Koukouvinos presented three moving average control
charts. To develop a DMA chart, the TMA chart has
good performance in detecting small parameter
changes by taking the statistics of the control chart to
average two times. Find the average again one more
time, for a total of 3 repeats of the average by the
definition of the statistic and control limits. The
equation is as follows. The following statistics define
the TMA chart:

t
%ZDMA t<w
TMA =3 8)
= > DMA txw
W':t—w+1

From Equation (8), it is transformed into a linear
equation that follows Equation (9) :

t

>

i=max(1,t-3w+3)

TMA = YR ©)

where X, is the observed value of the process with
mean z and variance is ¢, W is the width of the
TMA chart and a/}"* is the constant coefficient of X
as following Equation (10), where

it

T™A _

; t<w
it

it 1

C

c w<t<2w-1
et 2w-1<t<3w-2

C

4 t>3w-2

Period t <w,

1 _
Ci,t -

Period w<t <2w-1,

it T

[ﬁl[i—(t—WEV\l.+l)J

1G(141 .
=0 = =4 B P23
thi(j;k] '

] ; i<t-w+1

t—-w+l<i<w

i<t-2w+3

;o t—2w+3<i<w

w<i<t-w+2

i>t-w+2

(10)
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and period t>3w-2,

et (- (t-2w+1))

4 tgl{i—(t—&wﬂ)}

it w1 .
& (t+1-i
+
j:gv;rz( W3 j

Zi_:(wv\lp_ij

j=i

i>t—-2w+1

;o t-2w+l<i<t-w+2.

i>t-w+2

The mean of the TMA chart is
E (TMA ) =

and its variance is

V(TMA) = {
The control limits of the TMA chart is given.

UCL, /LCL, = E(TVA )£L,, -V (TVA)

where L;,, is the control limit coefficient of the
TMA chart.

3 Research Results

In this section, the explicit formula for the average run
length of the TMA chart will be presented, and its
performance will be compared with the MA and DMA
charts.

3.1 Explicit formula for average run length

To create a formula for calculating the ARL of a TMA
chart, which is the average of the run length (RL),
where RL is the number of process observations that
are in control before the process observation values
change. Not under control, which RL has a geometric
distribution with parameter p is the probability that the
observed value will not be under control (out of
control: 0.0.c) of the TMA chart by constructing a
formula for calculating the ARL of the TMA chart
with the following details:

Given,
ARL=n and Pr(o.0.c. attimei<ARL)=1.

Let 1=Pr(o.0.c. attimei < ARL)

= f(Pr(TMAi 2UCL,)+Pr(TMA, < LCL,))

2w-2
+ (Pr(TMA, >UCL,)+Pr(TMA, < LCL,))
3w-3

+ Y (Pr(TMA, UCL,)+Pr(TMA, < LCL,))

i=2w-1
Pr(TMA >UC
+(n—(3w-3)) " w2 Lo2) .
+Pr(TMA,, , <LCL, ,)
So,
1=A+B+C +(n -

(3w-3))D

From Equation (11), it can be seen that the formula for
calculating the ARL of the TMA control chart is

1-(A+B+C)

ARL = +(3w-3) (11)

where

[Zz(uﬁl-mpm)—ﬂl}

2
w1 \/Vi 01

A=
= +prl 7 S(,uc_LTMA"\lVi 'Gg)_zui
\/vivf

PI’[Z Z(ﬂoJrLTMA'W)_M]
2w-2 \/Vu'o'lz
o-%°

W - Pr Z<(,U0_L'TMA Vi O-o
T o

: z>(:u0+LTMA Vi O'o
r 2>
3w-3 \/V O-l
i=2w-1 (luo

+Pr| Z <

Lova Vi Go Iul]
D—PF[Z 2(/’0+L'TMA'\IV3WZ'O_OZ)_#1J

C=

N
2
\/ Va2 " 01

(ﬂo —Lowa- ‘\IVSW—Z ‘0_02 ) —H
+Pr| Z< =
\/V3W72 10y
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where 1, and o are mean and variance of process at
not change on parameter, x, and o are mean and
variance of process at change on parameter, W is the
width of the TMA chart, v, :(alft“"’*)2 is the constant

coefficient of variance of X as following Equation
(12), where

v=(am)

and Z is cumulative probability of the standard normal
distribution.

(12)

3.2 Explicit formula for limit of control

From the explicit formula Equation (11) of ARL of the
TMA chart create formulas L,,,, with the following

details by given =0 and n = ARL,.
Let,
orl 7> (/40Jr LTMA"\/Vi 'O'g)*/lo
3w-3 B \/Vi ¥er
= [ (/‘o_LTMA'\/Vi‘O-g)_/‘t)]
+Pr|Z<

A+B+C=

\/vi o7

(Pr(Z 2 Ly ) +Pr(Z <-Lyy,))

w
=
w

Il
™M

w
=
&

((1=Pr(Z < Lywa)) = Pr(Z < L))

w

20
N

w

(1-2Pr(z <Ly,))

~ (3w—-3)(1-2Pr(Z < Ly,,))

JiN

and
(,Uo + Loya @2 ’O'g )_,uo
\/a:%w—z ' 0-12

D=Pr|Z2

(/UO —Lowa V@2 ~G§ )_,Uo

\Aa3w—2 ’ O-:l2

=1-2Pr(Z < Ly,)-

+Pr|Z <

So,

1=(3w-3)(1-2Pr(Z < Ly,))
+(n-(8w=3))(1-2Pr(Z < Ly,))
1=n(1-2Pr(Z < Lyy,)).

1(, 1
Pr(z < =Z[1-=
(2 <) =3(1-3)
_ ARL, -1
~ 2ARL,
Let,
Lowa = 2,4 (13)

where « is the cumulative probability of the standard
normal distribution from Equation (13). It is equal to
Equation (14) as follows

_ ARL,-1 (14)
2ARL,

where Z, is the statistical value of the cumulative

probability from a standard normal distribution which
is obtained from the cumulative standard normal table
(Table 2)

From the above formula, the control limit value
for the TMA chart can be obtained as follows:

1) when ARL, =200, L =2.8070

2) when ARL, =370, L =2.9997
3) when ARL, =500, L =3.0902

3.3 Performance results

To compare the performance of the MA, DMA, and
TMA charts for this topic, use the ARL values
calculated and a lower chart's ARL value means that
the chart is the best performance, with the equations
and determine the distribution of the observed values
in the process with a symmetric distribution, i.e., a
normal distribution, logistics distribution and Laplace
distribution. The results of the analysis of the
efficiency of the control chart are as follows:

For the process, the data is normally distributed.
It was found that the TMA chart is superior to other
control charts w = 2 and 3, for all magnitude of shift
in process mean. When w = 4, the TMA chart plays a
vital role in detecting small to moderate shifts when

5€[0.1,0.8], when w = 5, the performance of the
TMA chart is better than other control charts to detect
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in the range of &€[0.1,0.6]. In addition, the

numerical results found that as the span value (w)
increases, the TMA control chart's ability to detect
small mean changes decreases as following results;
when w = 10, the TMA chart performed best when the
change value is from 0.1 to 0.3 and when w = 15, the
TMA chart has the best performance when the change
value occurs from 0.1 to 0.2.

For the process of data being distributed
logistically, it was found that

1) When w is equal to 2, the TMA control chart
performed best when the change value was from 0 to 2,
because ARL value in change is min.

2) When w is equal to 3, the TMA control chart
performed best when the change value occurred from
0to 1.

3) When w was equal to 4, the TMA control chart
performed best when the change value was from 0 to 1.

4) When w is equal to 5, it was found that the
TMA control chart has the best performance when the
change value occurs from 0 to 1.

5) When w was equal to 10, the TMA control
chart performed best when the change value was from
0to 0.6.

6) When w was equal to 15, the TMA control
chart performed best when the change value was from
0to0.4.

For the data process with a Laplace distribution,
it was found that when w is equal to 2 and 3, the TMA
chart shows the best performance when the & is
between 0.1 to 2, because of minimum ARL;. For the
case of w =4, the performance of the TMA chart is

superior to other control charts when § varies from
0.1 to 1. For other cases, the small change detection
performance of the TMA control chart decreases with
increasing w value as follows: when w =5, the TMA

chart has the best performance when & €[0.1,0.9],

when w = 10, the TMA chart shows the best
performance when & «[0.1,0.4], and when w=15, the

TMA chart performed best when & [0.1,0.3],

From the results analysis, it is found that the
efficiency of the TMA chart when the value of span
(w) is low for detecting small changes in the change
range from O to 1. However, when the value w is
higher, it is found that the effectiveness of the TMA
chart in detecting changes has decreased for all case
studies (Tables 1-6).

4 Application

In the application of the TMA control chart with the
data in Table 7, the process has a mean of 1.5 and a
variance of 0.01. The control chart used to detect
changes for this data is set to w = 3 and L = 3.3 found
that the MA and DMA charts can detect process mean
changes at an observation value of 20. While the TMA
chart can early detect mean shift at an observation
value of 19. The TMA chart is more sensitive to
monitor than the former chart. The analysis results
reveal that TMA control charts are more sensitive to
detecting changes than MA and DMA control charts
(Figure 1 and Table 8).

Table 1: ARLs of MA, DMA and TMA charts when ARL, = 200 for the Normal(0,1) process.

o
w  Chart
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 2
MA 200.00 183.89 147.21 108.84 78.00 55.68 40.11 29.33 21.82 16.54 12.78 2.55
2 DMA 200.00 179.09  135.03 93.71 63.66 43.60 3048 21.85 16.10 12.20 951 259
TMA 200.00 175.44  126.62 84.22 5537 37.08 2558 18.27 1352 10.38 825  2.83
MA 200.00 176.75  129.53 87.36 57.97 3899 26.89 19.09 1399 1058 825 238
3 DMA 200.00 16855  112.40 69.68 4357 2830 19.28 13.82 1042 8.24 6.80 293
TMA 200.00 163.19 102.76 60.99 37.29 24.15 16.70 12.34 9.70 8.03 6.94 3.59
MA 200.00 170.13 115.44 72.52 4566 2965 20.06 1419 10.50 8.12 6.53  2.48
4 DMA 200.00 159.44 96.50 55.59 33.39 21.48 14.90 11.12 8.86 7.44 6.52 3.25
TMA 200.00 153.06 87.14 48.56 29.12 19.24 14.00 11.08 9.36 8.29 7.57 4.20
MA 200.00 164.00 103.98 61.78 3751 2392 1615 1158 8.79 7.03 587 259
5 DMA 200.00 151.43 84.73 46.54 27.59 18.07 13.06 10.28 8.64 7.62 6.93 3.45
TMA 200.00 144.40 76.14 41.12 24.99 17.30 13.41 11.30 10.07 9.27 8.69 4.68
MA 200.00  139.03 69.29 35.75 20.95 14.09 10.68 8.83 7.74 7.00 6.44 273
10 DMA 200.00 122.32 55.02 29.56 19.95 15.93 13.99 12.86 12.02 11.26 10.49 3.73
TMA 200.00 115.06 51.68 30.40 22.95 19.94 18.44 17.43 16.56 15.66 14.69 6.08
MA 200.00 121.03 52.83 27.06 1731 1323 1125 10.10 9.26 8.52 779 273
15 DMA 200.00 104.61 45.14 27.72 22.08 19.78 18.42 17.23 15.97 14.57 13.07 3.75
TMA 200.00 99.51 46.74 33.13 2897 2714 2579 2438 22776 2099 19.19 6.68
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Table 2: ARLs of MA, DMA and TMA charts when ARL, = 200 for the Logistic(0,1) process.

w  Chart g
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 2
MA 20000 19484 180.73 16094 139.03 11769 9844 8184 67.92 5643 4701 10.02
2 DMA 20000 19320 17511 150.97 12584 102.84 8326 6725 5443 4425 3620  7.59
TMA 20000 19191 170.86 14384 11691 9332 7400 5873 4685 3766 3055  6.75
MA 20000 19237 172.38 14634 11997 9650 77.02 6143 4917 3960 3213  6.60
3 DMA 20000 189.38 16294 13130 10215 7840 6016 4649 3633 2877 2311 580
TMA 20000 18732 156.86 12238 9241 6923 5219 39.86  30.98 2454 1983  6.18
MA 20000 18997 16475 13406 10525 8139 6279 4869 3809 30.14 2415 543
4 DMA 20000 18583 15264 11646  86.16 6349 4725 3577 2764 21.84 1765  5.86
TMA 20000 18318 14554 10717  77.07 5574 4111 3114 2429 1952 1617  7.05
MA 20000 18764 157.76 12360 9358 70.16 5279  40.16  31.00 2432 1943 507
5 DMA 20000 18249 14374 10481 7470 5359 3926 2955 2292 1834 1513 641
TMA 20000 179.35 136.06 9575 6665 47.35 3480 2661 2118 1752 1500  8.22
MA 20000 17691 13022 8876  60.04 4160 29.90 2241 1753 1428 1207 595
10 DMA 200.00 168.11 11268 7183 4754 3365 2562 2084 1791 1604 1479 966
TMA 20000 163.52 10541  66.63 4525 3370 2730 2363 2142 2002 19.07 13.65
MA 20000 16755 11125 69.85 4526 3120 2307 1822 1524 1334 1206 7.03
15 DMA 20000 15673 9493 5824 3969 3030 2535 2259 2094 1984 19.03 1154
TMA 20000 15194 9038 57.65 4236 3506 3137 2934 2810 2720 2644 17.42
Table 3: ARLs of MA, DMA and TMA charts when ARL, = 200 for the Laplace(0,1) process.
w  Chart J
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 2
MA 20000 191.64 169.98 14235 11501 9121 7185 5662 448 3572 2870 538
2 DMA 20000 189.02 161.83 12954 10004 7620  57.99 4442 3437 2692 2136 447
TMA 20000 186.99 15585 120.81 9051  67.20  50.12  37.81 2895 2254 17.86  4.35
MA 20000 18772 157.97 12382 9369 7010 5255 39.75 3045 2365 18.66  3.97
3 DMA 20000 183.05 14505 10623 7569  53.99  39.08 2889 2187 1698 1353 4.19
TMA 20000 179.88 13711 9650  66.65 46,57  33.36  24.64 1881 14.85 1211  4.90
MA 20000 18397 14747 10931 7864 5645 4097 3027 2283 1759 13.87 3.68
4 DMA 20000 17762 13174 9023 6101 4199 2980 2193 1675 1329 10.92  4.68
TMA 20000 17364 12305 8101 5347 3651 2609 10.60 1545 1274 1093 594
MA 20000 180.37 13824 97.70 6754 4705 3346 2443 1836 1421 1134 3.75
5 DMA 20000 17262 12085 7862  51.36 3477 2467 1841 1444 1186 1013 527
TMA 20000 16801 11199 70.34 4537 3098 2259 1757 1448 1250 1119  6.96
MA 20000 16445 10523 6362 3973 2639 1879 1433 1161 988 874 461
10 DMA 20000 15222 8720 50.39 3233 2334 1865 1606 1452 1352 1279  7.08
TMA 20000 14620 80.83  47.69 3262 2554 2198 20.05 1887 1804 17.37 10.54
MA 20000 15140 8543 4815 2986 20.76 1600 1337 11.80 10.77 1003 4.90
15 DMA 20000 13743 7125 4174 2945 2401 2136 19.86 18.84 17.99 17.15  7.64
TMA 20000 131.86 68.91  44.00 3442 3039 2842 2721 2625 2530 2427 12.81
Table 4: ARLs of MA, DMA and TMA charts when ARL, = 370 for the Normal(0,1) process.
w  Chart g
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 2
MA 37000 33657 26262 18841 131.09 90.98 6379 4543 3293 2432 1832 2.95
2 DMA 37000 32667 23858 159.79 10490 69.52  47.05 3266 2329 1709 1290 2.86
TMA 37000 319.15 22209 14200 89.88  57.99 3854 2650 18.89 13.96 10.70  3.08
MA 37000 321.89 227.89 14803 9477 6158 4104 2816 1993 1456 1099 2.60
3 DMA 37000 30505 19458 11519 6887 4275 2781 19.03 1372 1040 827 3.8
TMA 37000 29403 17588 99.03 5741 3520 2303 1613 1206 958  8.00  3.89
MA 37000 30836 20059 120.64 72.83 4537 2943 19.96 1416 1051 816 268
4 DMA 37000 28648 16410 8938  50.73 3078  20.13 1421 1078 871 740 356
TMA 37000 27332 14592 7606 4255 2618 17.81 1331 1076 924 827 460
MA 37000 29585 17864 101.03 5844 3548 2280 1556 1127 864 696 2.80
5 DMA 37000 27018 14168 7281  40.28 2458 1661 1236 995 851 759  3.82
TMA 37000 25561 12481 6211 3465 2211 1601 1284 11.07 10.00 9.28 516
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Table 4 (continued).

w  Chart g
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 2
MA 37000 24545 11323 5392 29.06 18.04 1279 10.09 858 763 697 3.0
10 DMA 37000 211.00 8469 4026 2438 1809 1526 13.76 1278 1198 1122 420
TMA 37000 19489 7574 3859 2630 2164 1954 1832 1738 1649 1556  6.88
MA 37000 209.40 8225 3761 2166 1532 1246 1095 996 916 842 301
15 DMA 37000 17435 6375 3370 2458 2120 1950 1825 1701 1567 1421 424
TMA 37000 160.66 6147 3773 3101 2846 2693 2554 2400 2230 2053 7.67
Table 5: ARLs of MA, DMA and TMA charts when ARL, = 370 for the Logistic(0,1) process.
w  Chart g
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 2
MA  370.00 35924 330.09 289.96 24653 20525 168.84 13811 11283 9231 7576 13.98
2 DMA 37000 35580 31853 260.96 220.73 176.88 140.48 11136 8848 7065 5678  9.96
TMA  370.00 353.09 309.84 25573 20340 158.85 12331 9585 7490 5898  46.87  8.46
MA  370.00 35409 312.99 26080 209.45 165.02 129.06 10093 79.25 62.62 4987 851
3 DMA 37000 347.82 29371 231.00 17515 131.06 98.09 7395 5637 4354 3411  6.83
TMA  370.00 34348 281.28 21336 156.46 113.86 8337 6185 46.66 3586  28.10  6.94
MA  370.00 349.08 297.47 23654 18123 136.81 10310 7812 59.74 4620 36.18  6.56
4 DMA 37000 34040 272.83 20195 14484 10348 7467 5478 41.00 3136 2454 651
TMA  370.00 33477 258.30 18360 127.33 88.77  63.07 4596 3447 2665 2124 759
MA  370.00 34422 28331 21609 159.14 11610 8506 6300 4735 3616 2810 5.84
5 DMA 37000 33340 25485 179.32 12323 8524 60.15 4357 3251 2502 1987 6.94
TMA  370.00 32668 239.07 16129 107.48 73.00 5122 3735 2837 2245 1847 873
MA 37000 321.83 22814 14902 9655 6400 4396 3146 2350 1834 1490 6.43
10 DMA 37000 303.02 19224 11518 7139 4722 3366 2582 2115 1825 1639 1041
TMA  370.00 29266 176.09 10286 6429 4418 3339 27.38 2389 2176 2039 1456
MA 37000 30227 19049 11291 6889 4461 3098 2310 1840 1548 1361  7.66
15 DMA 37000 27852 15570 87.25 5418 3802 2978 2536 2284 2129 2023 1267
TMA  370.00 266.67 142.93 8125 5369 41.00 3481 3158 2073 2853 2763 18.77
Table 6: ARLs of MA, DMA and TMA charts when ARL, = 370 for the Laplace(0,1) process.
w  Chart g
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 2
MA  370.00 35258 308.19 25305 200.12 15539 11992 92.65 71.95 56.27 4438 6.94
2 DMA 37000 34713 29165 22790 17163 12755 9480 70.94 53.65 4107 3185 5.39
TMA  370.00 342.89 27958 21087 153.64 11101 80.62 59.24 4418 3349 2584 502
MA  370.00 34444 28391 21683 159.77 11650 8519 62.89 47.02 3565 2745 470
3 DMA 37000 33472 25799 18285 12611 87.13 6110 43.74 3206 2408 1856 4.64
TMA  370.00 32810 24206 16411 10920 7351 50.70  36.02  26.44  20.07 1577 5.29
MA 37000 336.67 26291 18892 13177 9180 6471 4642 33.98 2542 1945 414
4 DMA 37000 32345 23154 15240 99.04 6551 4464 3151 2309 1758 1391 505
TMA  370.00 31509 21412 13458 8474 5512 3748 2677 2011 1586 1308 6.34
MA  370.00 329.22 24459 16683 11137 7497 5152 3633 2636 1970 1517 4.11
5 DMA 37000 313.06 21003 13042 8129 5243 3540 2513 1879 1476 1214 567
TMA  370.00 303.31 19218 11418 6952 4471  30.69 2254  17.65 1462 1268 7.44
MA 37000 296.36 179.98 10297 6077 3806 2555 1841 1420 1161 996 5.3
10 DMA 37000 27054 14372 7644 4496  29.89 2232 1830 16.02 1462 1368 7.82
TMA  370.00 257.07 12922 68.61 4235 3048 2476 2179 2011  19.03 1824 1147
MA 37000 26947 14162 7396 4233 2719 1958 1553 1322 1181 1086 543
15 DMA 37000 239.18 111.10 5776 3660 27.63 2347 2131  20.00 19.02 1816 857
TMA  370.00 22524 10211 5659 39.91 3323 3019 2855 2742 2643 2543 1410
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Table 7: Real application data.

Subgroup
Sample 1 > 3 7
1 1.4483 1.5458 1.4538 1.4303 1.6206
2 1.5435 1.6899 1.583 1.3358 1.4187
3 1.5175 1.3446 1.4723 1.6657 1.6661
4 1.5454 1.0931 1.4072 1.5039 1.5264
5 1.4418 1.5059 1.5124 1.462 1.6263
6 1.4301 1.2725 1.5945 1.5397 1.5252
7 1.4981 1.4506 1.6174 1.5837 1.4962
8 1.3009 1.506 1.6231 1.5831 1.6454
9 1.4132 1.4603 1.5808 1.7111 1.7313
10 1.3817 1.3135 1.4953 1.4894 1.4596
11 1.5765 1.7014 1.4026 1.2773 1.4541
12 1.4936 1.4373 1.5139 1.4808 1.5293
13 1.5729 1.6738 1.5048 1.5651 1.7473
14 1.8089 1.5513 1.825 1.4389 1.6558
15 1.6236 1.5393 1.6738 1.8698 1.5036
16 1.412 1.7931 1.7345 1.6391 1.7791
17 1.7372 1.5663 1.491 1.7809 1.5504
18 1.5971 1.7394 1.6832 1.6677 1.7974
19 1.4295 1.6536 1.9134 1.7272 1.437
20 1.6217 1.822 1.7915 1.6744 1.9404

Table 8: Analytical results of real data with MA, DMA amd TMA charts withw =3 and L = 3.3

Control Charts

Sample Data Moving Average Double Moving Average Triple Moving Average
Statistic LCL UCL Statistic LCL UCL Statistic LCL UCL
1 1.4998 1.4998 1.1700 1.8300 1.4998 1.1700 1.8300 1.4998 1.1700 1.8300
2 1.5142 1.5070 1.2667 1.7333 1.5034 1.2391 1.7609 1.5016 1.2083 1.7917
3 1.5332 1.5157 1.3095 1.6905 1.5075 1.2755 1.7245 1.5035 1.2336 1.7664
4 1.4152 1.4875 1.3095 1.6905 1.5034 1.3223 1.6777 1.5048 1.2899 1.7101
5 1.5097 1.4860 1.3095 1.6905 1.4964 1.3402 1.6598 1.5024 1.3311 1.6689
6 1.4724 1.4658 1.3095 1.6905 1.4798 1.3402 1.6598 1.4932 1.3506 1.6494
7 1.5292 1.5038 1.3095 1.6905 1.4852 1.3402 1.6598 1.4871 1.3549 1.6451
8 1.5317 15111 1.3095 1.6905 1.4935 1.3402 1.6598 1.4862 1.3549 1.6451
9 1.5793 1.5467 1.3095 1.6905 1.5205 1.3402 1.6598 1.4998 1.3549 1.6451
10 1.4279 1.5130 1.3095 1.6905 1.5236 1.3402 1.6598 1.5126 1.3549 1.6451
11 1.4824 1.4965 1.3095 1.6905 1.5188 1.3402 1.6598 1.5210 1.3549 1.6451
12 1.4910 1.4671 1.3095 1.6905 1.4922 1.3402 1.6598 1.5115 1.3549 1.6451
13 1.6128 1.5287 1.3095 1.6905 1.4974 1.3402 1.6598 1.5028 1.3549 1.6451
14 1.6560 1.5866 1.3095 1.6905 1.5275 1.3402 1.6598 1.5057 1.3549 1.6451
15 1.6420 1.6369 1.3095 1.6905 1.5841 1.3402 1.6598 1.5363 1.3549 1.6451
16 1.6716 1.6565 1.3095 1.6905 1.6267 1.3402 1.6598 15794 1.3549 1.6451
17 1.6252 1.6462 1.3095 1.6905 1.6466 1.3402 1.6598 1.6191 1.3549 1.6451
18 1.6970 1.6646 1.3095 1.6905 1.6558 1.3402 1.6598 1.6430 1.3549 1.6451
19 1.6321 1.6514 1.3095 1.6905 1.6541 1.3402 1.6598 1.6521 1.3549 1.6451
20 1.7700 1.6997 1.3095 1.6905 1.6719 1.3402 1.6598 1.6606 1.3549 1.6451

Bold number is the first time signal to out of control.

MA control chart

(a) Moving average control chart

6

o—eMA ——LCL

UCL

DMA control chart

o—eDMA = LCL = UCL

8

(b) Double moving average control chart
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TMA control chart

—oTMA === LCL == UCL

(c) Triple moving average control chart

Figure 1: Performance of control charts from real data
with MA, DMA and TMA control charts.

5 Conclusions

The results from ARL formula show that the
effectiveness of a TMA chart depends on the value.
When the value w is low, the performance of the TMA
chart is best at detecting small changes. Moreover,
when the value w is higher, the performance of the
TMA chart is best. The TMA chart is less effective at
detecting large changes. Compared with MA and
DMA charts, and found that when the higher the value,
the better the MA chart is at detecting changes. This
makes it evident that TMA chart is appropriate for jobs
with limited data, requiring them to have low values.
However, if the data is large, choosing to use the TMA
chart to detect changes that occur should be set. It has
a low value. Therefore, when working with data, you
should use a variety of control charts to detect changes
that occur comprehensively. The research results show
that in addition to the value that affects the
performance of the TMA chart when w is small or
large, finding multiple moving averages also results in
the control charts in the Moving Average family (MA,
DMA, and TMA) being better at detecting small
changes.

The formula for success obtained from research
shows that in calculating and comparing the
performance of control charts, TMA chart can be
calculated accurately and quickly, which can be
represented and calculated immediately, including
being able to calculate control limits without having to
make estimates or calculate values from data
simulations and create a formula for success in this
research. However, the formula in this research is
approximated with a standard normal distribution,
which may result in non-normally distributed when

measuring the efficiency of the process. There can be
discrepancies.

The formula in the research, it possible to
provide a guideline for calculating the average run
length of MA and DMA charts, and to see the pattern
of successful formulas for multiple average control
charts (4 or more). In the research, the average run
length is estimated by the standard normal
distribution. It means that the process is estimated by
normal processing, so the average run length must be
calculated by exact distribution for calculating.
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