UC Riverside
UC Riverside Previously Published Works

Title
A Simple Approach for Monitoring Business Service Time Variation

Permalink
https://escholarship.org/uc/item/3620x3r5

Authors

Yang, Su-Fen
Arnold, Barry C

Publication Date
2014

DOI
10.1155/2014/238719

Peer reviewed

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/3620x3r5
https://escholarship.org
http://www.cdlib.org/

Hindawi Publishing Corporation

The Scientific World Journal

Volume 2014, Article ID 238719, 16 pages
http://dx.doi.org/10.1155/2014/238719

Research Article

A Simple Approach for Monitoring Business

Service Time Variation

Su-Fen Yang' and Barry C. Arnold’

! Department of Statistics, National Chengchi University, Taipei 116, Taiwan
2 Department of Statistics, University of California, Riverside, CA 92521, USA

Correspondence should be addressed to Su-Fen Yang; yang@nccu.edu.tw

Received 31 August 2013; Accepted 8 April 2014; Published 7 May 2014
Academic Editors: V. Bagdonavicius and Y. Zhang

Copyright © 2014 S.-F. Yang and B. C. Arnold. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Control charts are effective tools for signal detection in both manufacturing processes and service processes. Much of the data
in service industries comes from processes having nonnormal or unknown distributions. The commonly used Shewhart variable
control charts, which depend heavily on the normality assumption, are not appropriately used here. In this paper, we propose a new
asymmetric EWMA variance chart (EWMA-AV chart) and an asymmetric EWMA mean chart (EWMA-AM chart) based on two
simple statistics to monitor process variance and mean shifts simultaneously. Further, we explore the sampling properties of the
new monitoring statistics and calculate the average run lengths when using both the EWMA-AV chart and the EWMA-AM chart.
The performance of the EWMA-AV and EWMA-AM charts and that of some existing variance and mean charts are compared. A
numerical example involving nonnormal service times from the service system of a bank branch in Taiwan is used to illustrate the
applications of the EWMA-AV and EWMA-AM charts and to compare them with the existing variance (or standard deviation)
and mean charts. The proposed EWMA-AV chart and EWMA-AM charts show superior detection performance compared to the

existing variance and mean charts. The EWMA-AV chart and EWMA-AM chart are thus recommended.

1. Introduction

Control charts are commonly used tools in process signal
detection to improve the quality of manufacturing processes
and service processes. In the past few years, more and more
statistical process control techniques have been applied to
the service industry, and control charts are also becoming
an effective tool in improving service quality. There have
been a few studies in this area, like those of MacCarthy and
Wasusri [1], Tsung et al. [2], and Ning et al. [3]. Much service
process data come from processes with variables having
nonnormal or unknown distributions so the commonly
used Shewhart variables control charts, which depend on a
normality assumption, are not suitable. Hence the following
question arises: “how to monitor the process with nonnormal
or unknown distribution data?” Some research has been done
to deal with such a situation; see, for example, Ferrell [4];
Bakir and Reynolds [5]; Amin et al. [6]; Chakraborti et al.
[7]; Altukife [8, 9]; Bakir [10]; Chakraborti and Eryilmaz [11];

Chakraborti and Graham [12]; Chakraborti and van der Wiel
[13]; Li et al. [14]; and Zou and Tsung [15]. Little research has
been done to deal with process variability monitoring; see, for
example, Das and Bhattacharya [16].

A major drawback of the previous nonparametric
approaches is that they are not easy for practitioners to apply
because they are not statisticians and do not quite understand
the proper way to implement the schemes. Yang et al. [17]
proposed a new sign chart for variables data to monitor
the deviation of the process measurement from the target
without the assumption of a normal process distribution or
a distribution of known form. Yang and Cheng [18] proposed
a CUSUM mean chart to monitor small shifts in the process
mean. Yang et al. [19] addressed a new mean chart based
on a simple statistic to monitor the shifts of the process
mean. Their approaches are quite easy to use, and even easier
than some of the above published nonparametric approaches.
However, the mean charts based on an asymmetric binomial
distribution (i.e., when p#1/2) do not exhibit a regular
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in-control run length. Moreover the corresponding out-of-
control average run lengths do not uniformly decrease as
sample size increases as they should. Further, Yang and Cheng
[18], Yang et al. [17], and Yang et al. [19] did not consider a
variance chart.

In this paper, we propose an improved asymmetric
EWMA mean chart (EWMA-AM chart) and a new asymmet-
ric EWMA variance chart (EWMA-AV chart) for variables
data to effectively monitor the process mean and variance
simultaneously. The approach is still quite easy to use and
has better detection ability than the existing mean and
standard deviation charts. The paper is organized as follows.
In Section 2, we propose the exponentially weighted moving
average (EWMA) chart, EWMA-AM chart, to detect the
out-of-control process mean and measure its performance.
In Section 3, we discuss the construction of a newly pro-
posed EWMA-AV chart to detect the out-of-control process
variance and its performance. In Section 4, we propose to
combine the two EWMA charts, EWMA-AM chart and
EWMA-AV chart, to detect both the out-of-control mean
and variance and measure the performance. In Section 5,
we describe the estimates for the unknown process mean
and variance. In Section 6, a numerical example of a service
system in a bank branch was used to construct the proposed
EWMA-AM chart and EWMA-AV chart to monitor the
quality of service time and their performance compared with
those of existing charts. Section 7 summarizes the findings
and provides a recommendation.

2. The Proposed EWMA-AM Chart

Assume that a critical quality characteristic, X, has a mean u
and variance o”.

Following Yang et al. [17],letY = X — g and p = P(Y >
0) = the “Process Proportion.” If the process was in control
then p = p,,,, and if the process was out of control, that is,
had shifted; then p = p,,; # Po- If Po is not given, it will be
estimated using a preliminary data set.

To monitor the process mean, a random sample of size n;,

Xy, X5, .05 X, » is taken from X. Define
1, ifY;>0
Yi=X.-u, I,=1" / ’ i=1,2,...,n. (1
PTATR 10, otherwise, -

Let M, be the total number of Y; > 0 at time #; then M, =
Z;’;l I; would follow a binomial distribution with parameters
(1, pyyo) for an in-control process.

Based on the distribution of M, the M chart could be
constructed to monitor the process proportion. Monitoring
the process mean shifts is equivalent to monitoring the
changes in process proportion.

2.1. 'The Control Limits of EWMA-AM Chart. To overcome
the defects of using the symmetric mean chart and to have
superior performance in detecting small shifts in the process
mean, a new improved asymmetric EWMA mean chart
(EWMA-AM chart) is proposed. The EWMA control charts
have been demonstrated to have better performance for
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detecting small shifts in process parameters when compared
with Shewhart-type charts (e.g., see [20]). The new improved
asymmetric EWMA mean chart (EWMA-AM chart) has
upper control limit (UCLgya,, ), central line (CLgyya,,)>
and lower control limit (LCLgyy,,) defined as follows:

A
UCLgwwma,, =M Pmo + k3 \/—lnlpmo (1= o)

2-1))
CLewma,, = "1 Pmo> (2)
Ay
LCLgwma,, = M Pmo — K4 m’ﬁpmo (1= Pmo)>
1

where k, and k, are appropriately chosen coeflicients for the
UCLgwma,, and LCLgy 4, » respectively.

If any monitoring statistic EWMA,; exceeds UCLgyyya,,
orif EWMA,, falls below LCLgyyy > the process is deemed
to exhibit some out-of-mean-control signal.

The monitoring statistic EWMA,, based on the statistic
M is defined as follows:

EWMA,, =AM, + (1 -1,) EWMA,,

3)

0<A <1, t=1,23,....

Let the starting value, EWMA,) , be the mean of M; that

is, EWMA,, = 1, p,, for an in-control process. Hence the
mean and variance of EWMA,, are

E(EWMAy, ) = 1, o

A[1-(1-2)"]
2- 1,

Var (EWMA,, ) = (11 Pmo (1= Pruo) -

(4)

The asymptotic variance of EWMA,, is

A
Var (EWMAMt) =3 __IA (11 Prno (1= Prng)) - (5)
1

To measure the performance of the proposed new
EWMA-AM chart, we calculated the average run length
(ARL). The in-control ARL, ARL,,,,, of the EWMA-AM chart
depends on the values of n,, ks, k,, A;, and p,,,. The two
parameters, k; and k,, for a specified A and n, = 10(1)30
are chosen to satisfy a required in-control average run length
(ARL,,,) = 370 using a Markov chain approach [21], and the
calculation procedure follows that used in Yang [22]. Table 1
shows the values of k; and k, with A, = 0.05 and ARL,, =
370 for n, = 10(1)30 and p,,, = 0.1(0.1)0.9.

2.2. The Out-of-Control Average Run Lengths of the EWMA-
AM Chart. For the out-of-control process it is assumed that
the mean y has shifted, and the process proportion has
become p,,; (# p,0)- Let ARL,,; be the out-of-control ARL
of the EWMA-AM chart. A small ARL,,; indicates superior
out-of-control detection performance of the control chart.
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TaBLE 1: The k; and k, with ARL,,, = 370 for various n, and p,,,, given A, = 0.05.

" Pmo
0.10 0.20 0.30 0.40 0.5 0.6 0.7 0.8 0.9
o ko260 k254 k249 k246 k244 k240 k231 k229 k209
k, 236 k, 244 k, 249 k, 253 k, 254 k, 259 k, 272 k, 273 k, 289
L k260 k254 k249 k244 k245 k244 k239 k232 k210
k, 236 Kk, 244 k, 248 k, 254 k, 253 k, 254 k, 259 k, 267 Kk, 317
b k260 k253 k249 k245 k245 k242 k240 k233 k235
k, 236 Kk, 244 k, 248 k, 253 k, 254 k, 257 k, 257 k, 265 Kk, 262
5 ko258 k255 k248 k245 k244 k240 k237 k236 k234
k, 238 k, 243 k, 250 Kk, 253 k, 254 k, 258 k, 261 Kk, 262 k, 263
u ko238 k251 k249 k247 k245 k241 k238 k237 k235
k, 235 k, 247 k, 249 k, 250 k, 253 k, 257 k, 260 k, 261 k, 260
5 k25 k251 k249 k247 k241 k239 k236 k243 k241
k, 237 k, 247 k, 249 k, 25 k, 258 k, 260 k, 264 Kk, 255 Kk, 253
6 k25 k251 k246 k247 Kk, 244k, 243 k239 k237 k245
k, 238 k, 246 Kk, 252 k, 250 k, 254 k, 255 Kk, 260 k, 262 k, 25
b ok 25 k251 k248 k242 k244 Ky 240 k239 k206 k244
k, 241 k, 246 k, 250 k, 256 k, 255 k, 259 k, 259 k, 263 k, 253
s k25 k251 k247 k244 k244 k240 k23 k237 k239
k, 240 k, 246 k, 251 k, 254 k, 254 k, 259 k, 262 k, 261 k, 259
o k25 k251 k248 k247 k247 k243 k, 227 k220 k246
k, 241 k, 247 k, 250 k, 25 k, 251 k, 25 k, 279 k, 294 k, 251
o ko 255 ko 251k, 246k, 247k, 244k, 242 Ky 242 k242 k25
k, 242 k, 246 Kk, 25 k, 250 k, 255 k, 255 k, 256 Kk, 256 k, 2.48
o k255 k249 k247 Kk, 246 k245 ky 242 k250 k240 k25
k, 242 k, 248 k, 251 k, 252 k, 254 k, 256 k, 248 k, 257 k, 248
5 k255 k251 k248 k243 k242 k236 k229 k242 k247
k, 242 k, 247 k, 251 k, 25 k, 257 k, 264 k, 276 k, 257 Kk, 25
s ko 256k 250k, 249k, 246k, 245 k247 k232 k247 k26
k, 241 k, 248 k, 247 k, 252 k, 253 k, 250 k, 271 k, 251 Kk, 24
k254 ko 250k 247k, 245k, 244k, 234 k243 k243 k232
k, 242 k, 248 k, 250 Kk, 253 k, 254 k, 269 Kk, 255 Kk, 255 k, 245
s ke 256k, 250 k248 Kk, 245 k246 k235 k243 k237 k228
k, 241 k, 248 k, 250 k, 252 k, 255 k, 268 k, 256 k, 262 k, 274
o ko 256 ko 249k, 247k, 245 k245 k242 k244 k243 k243
k, 24 k, 249 k, 250 k, 254 k, 253 k, 256 k, 255 k, 254 Kk, 253
ke 254 ko 250k, 247k, 246k, 249k, 245 k242 k240 k237
k, 242 k, 248 k, 25 k, 252 k, 249 k, 253 k, 256 k, 258 Kk, 2.0
o ko 255 ko 249k, 247k, 246k, 235k, 240 k240 k235 k230
k, 242 k, 249 k, 25 k, 25 k, 267 k, 259 k, 258 Kk, 266 k, 271
o k254 k250 k248 k244 Kk, 246 Kk, 241 k245 k244 k228
k, 243 Kk, 248 k, 251 k, 255 k, 252 k, 257 k, 255 k, 254 k, 275
w0 ko 28 k250 ko 247k, 247k, 237k, 243k, 242 k242 k207
k 2.44 k 2.47 k 2.51 k 2.51 k 2.63 k 2.55 k 2.56 k 2.56 k 3.02

Fe
Fe
Fe
Fe
<
Fe
Fe
Fe
Fe




TaBLE 2: The ARL,,; of the EWMA-AM chart (A, = 0.05, p,,,, = 0.1
with ARL, ,, = 370).
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TABLE 3: The ARL,,; of the EWMA-AM chart (A, = 0.05, p,,, = 0.3
with ARL, ,; = 370).

Pm
0.1 0.2 03 04 05 06 07 08 09

m

Pm
0.1 0.2 0.3 04 05 06 07 08 09

n

10 3703 104 49 33 25 21 19 1.7 1.3
11 372.0 9.8 46 31 25 21 19 1.7 1.3
12 3704 9.3 44 30 23 20 18 14 11
13 3701 8.9 42 29 22 19 16 13 1.0
14 3719 8.5 41 27 22 19 16 13 1.0
15 3713 8.2 40 27 21 1.8 1.5 1.2 10
16 3703 7.9 38 26 21 1.8 1.6 12 1.0
17 369.4 7.7 37 26 20 17 14 11 1.0
18 371.0 7.4 37 25 20 16 1.3 11 1.0
19 368.8 7.2 35 24 20 17 1.3 11 1.0
20 368.8 7.0 35 24 19 16 1.2 10 10
21 370.2 6.8 34 24 19 1.7 1.3 10 10
22 369.9 6.6 33 23 19 1.5 1.2 10 10
23 370.2 6.5 32 23 18 14 11 1.0 10
24 369.9 6.3 31 22 19 1.5 12 10 10
25 3701 6.2 31 22 18 14 11 1.0 10
26 369.8 6.0 3.0 21 1.7 1.3 11 1.0 10
27 369.8 59 30 22 18 14 11 1.0 10
28  369.7 5.8 29 21 1.7 1.3 1.0 10 10
29 369.4 5.7 29 21 16 12 10 1.0 10
30 369.9 5.6 29 21 1.7 1.3 1.0 10 10

10 73 171 3737 170 74 48 37 29 23
1 68 160 3700 160 70 46 34 28 23
12 65 151 3701 151 6.7 44 34 28 22

13 63 144 3698 144 64 42 32 26 21
14 61 137 3704 138 62 41 31 25 21
15 59 131 3699 132 60 40 30 24 20
16 57 127 3698 126 57 38 29 23 20
17 55 122 3698 122 56 37 28 22 20

8 54 17 3701 1.8 54 36 27 22 20
9 52 13 3702 14 52 35 27 21 20
20 50 1.0 3701 1.O 51 34 26 21 20
21 49 107 3701 107 50 33 25 21 20

22 48 104 3700 104 49 32 25 20 20
23 47 101 3699 102 48 32 24 20 20
24 4.6 9.9 369.7 9.9 47 31 24 20 20
25 45 9.6  370.0 9.7 46 31 23 20 20
26 4.4 94  370.0 9.5 45 30 23 20 20
27 43 9.2 370.5 9.3 44 30 22 20 20
28 43 9.0 370.0 9.1 43 29 22 20 19

29 42 88 370.1 8.9 42 29 22 20 20
30 41 8.7 3698 8.7 42 28 22 20 20

Similar to the calculation of ARL,,,, ARL,,; can be obtained
by a Markov chain approach for various p,,; under a specified
Pino> M1> k3, kg and A .

The ARL,,,;s of the EWMA-AM chart under the combina-
tions of n, = 10(1)30, p,,, = 0.1(0.1)0.9 with ARL,, ~ 370
and A, = 0.05when p,,, = 0.1,0.3,0.5 and the corresponding
ky and k, are calculated and listed in Tables 2, 3, and 4,
respectively.

It can be seen that the values of the ARL,, s behave
appropriately; that is, they change inversely with #,, and the
ARL,,;s decrease when p,,, is far away from p,,,.

When one compares the out-of-control average run
lengths between the EWMA-AM chart (Table 4) and the
symmetric EWMA mean chart (Table 5) in Yang et al. [17],
for example, with A, = 0.05, p,,,, = 0.5, and ARL,,, = 370,
one finds that the EWMA-AM chart shows slightly superior
out-of-control detection performance.

3. The Proposed EWMA-AV Chart

To monitor the process variance, a random sample of size n,,
Xy, X5+, X, , is taken from the process, X. Assume that
the sample size n, is even for convenience (if not, delete one
observation).

Define

i (6)
* (X”Z B X”zfl)
Ynz/z = 2 ’

!

E(Y;)=0’ j =1,2...,05n,

for j' = 1,2,...,0.5n,.

{1, if Y5 > o?
Ijl= J

0, otherwise
Let V be the total number of Y;, > g% thenV = Z(;;S:? I i
will have a binomial distribution with parameters (0.5x,, p,,)
for an in-control process where p,, = P(Y}; > 0°). The value
of p,, will depend on the distribution of the X;’s. For example,
if the X;’s are normally distributed then p,, = P(Y; >
0?) = P(Z* > 1) where Z ~ N(0,1). Thus in this case
Pvwo = 0.3147. If the distribution of X,, -X, _; is unimodal, as
it frequently is, the version of the Tchebychev inequality for
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TABLE 4: The ARL,,, of the EWMA-AM chart (A, = 0.05, p,,,, = 0.5
with ARL,, = 370).

TaBLE 5: The ARL, of the symmetric EWMA mean chart (A, = 0.05,

pml
01 02 03 0.4 0.5 0.6 07 08 09

10 39 52 82 194 3695 188 81 52 39
m 37 50 77 182 3699 177 76 50 37
12 35 48 74 172 3697 167 73 47 35
13 34 46 71 163 3696 158 70 45 34
14 32 44 68 155 3703 152 67 44 32
15 32 42 65 151 3700 144 64 42 32
16 31 41 63 143 3702 139 62 41 31
17 31 40 61 137 3700 134 6.0 39 3.0
8 30 39 59 133 3700 129 59 38 3.0
9 29 37 57 127 3700 126 57 37 29
20 29 37 56 124 3700 121 55 37 29
21 28 36 54 120 3699 18 54 36 28
22 28 35 53 1.8 3695 14 53 35 28
23 27 34 52 114 3699 12 52 34 27
24 27 34 51 11 3700 109 50 34 27
25 26 33 50 108 3700 107 49 33 26
26 24 33 49 105 3703 104 48 33 24
27 25 32 48 102 3693 102 48 32 25
28 23 32 48 104 3699 9.8 47 32 23
29 23 31 4.6 9.9 370.0 97 46 31 22
30 22 31 4.6 9.9 369.8 9.5 45 31 22

m

unimodal variables implies that the quantity p,, is bounded
above by 4/9. The value of p,, can be arbitrarily small but it
usually will be in the range 0.25-0.50. Note that, although
the resulting chart is a 0.5n, p,, chart, this is a new chart in
that the binomial variable is not the count of nonconforming
units in the sample but rather the number of pairs of X values
in a sample that is in control with respect to the process
variance. Monitoring process variance shifts are equivalent to
monitoring the changes in process proportion, p,,. For the in-
control process, we may define the monitoring statistic V, as
the number of Yj* s> o at time t; hence, V, ~ B(0.51,, p,o).

3.1. The Control Limits of EWMA-AV Chart. The variance
chart based on an asymmetric binomial distribution has
similar defects to those of the corresponding mean chart. It
exhibits an irregular in-control average run length and its
out-of-control average run length does not change appro-
priately as sample size increases. A new EWMA asymmetric
variance chart (EWMA-AV chart) based on the statistic V is
constructed as follows:

UCLgwma, = 0.5m,p, + L3 \j( 0.51,p,0 (1= pyo),

Ay
2-1,)

CLewma, = 0.51,pq,

A,
LCLgwma, = 0.51,py0 — L4\/(2 1 )0 51300 (1= Pro)s
(7)

Poo = 0.5 with ARL,, = 370).
", Pm

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
10 4 5 8 19 371 19 8 5 4
1 4 5 8 18 370 18 8 5 4
12 4 5 7 17 380 17 7 5 4
13 3 5 7 16 377 16 7 5 3
14 3 4 7 15 378 15 7 4 3
15 3 4 7 15 386 15 7 4 3
16 3 4 6 14 371 14 6 4 3
17 3 4 6 14 384 14 6 4 3
18 3 4 6 13 375 13 6 4 3
19 3 4 6 13 388 13 6 4 3
20 3 4 6 12 389 12 6 4 3
21 3 4 5 12 379 12 5 4 3
22 3 4 5 12 383 12 5 4 3
23 3 4 5 1 383 1 5 3 3
24 3 3 5 1 381 1 5 3 3
25 3 3 5 1 377 1 5 3 3

where L; and L, are appropriately chosen coeflicients for
UCLgwma, and LCLgyya,

If any monitoring statlstlc EWMAy, exceeds UCLgy iy,
or if EWMA, < LCLgy\,,» the process is deemed to show
some out-of-variance-control signals.

The monitoring statistic EWMA,, based on the statistic
V, is thus defined as follows:

EWMAy = A,V + (1 -1,) EWMA,,
(8)
0<Ay<1, t=12,....

Let the starting value, EWMA,, , be the mean of V; that is

EWMAy, = n,p,, for an in-control process. Hence the mean
and variance of EWMA,, are

E(EWMAy, ) = 0.5m,p,,

A [1-(1-2,)%]

Var (EWMA,, ) = o) (0.5n,p,0 (1= po))-
2
)
The asymptotic variance of EWMA, is
Var (EWMA,, ) = ﬁ (0.5m,p,0 (1= py)).  (10)
2

The ARL is also used to measure the performance of the
proposed new EWMA-AV chart. The in-control ARL, ARL,,
of the EWMA-AV chart depends on the values of n,, L, L,
Ay, and p,,. In a manner similar to that used to obtain k,
and k, in Section 2, the two parameters, L5 and L,, may be
obtained when the values 0of 0.5#, and p,, are given and hence



TABLE 6: The L, and L, with ARL , = 370 for various 0.5n, and p,,
given A, = 0.05.

0.5, Puo
0.10 0.20 0.30 0.40
5 L, 269 L, 258 L, 25 L, 249
L, 226 L, 239 L, 245 L, 248
. L, 266 L, 258 L, 251 L, 248
L, 228 L, 239 L, 246 L, 248
, L, 262 L, 25 L, 25 L, 247
L, 23 L, 239 L, 246 L, 252
g L, 263 L, 254 L, 249 L, 247
L, 23 L, 242 L, 248 L, 251
. L, 262 L, 254 L, 25 L, 245
L, 234 L, 243 L, 245 L, 253
o L 260 Ly 254 L, 249 L, 246
L, 236 L, 244 L, 249 L, 253
4 Lso260 L, 254 L, 249 L, 244
L, 236 L, 244 L, 248 L, 254
b La 260 L, 25 L, 249 L, 245
L, 236 L, 244 L, 248 L, 253
5 Lo 258 L, 25 L, 248 L, 245
L, 238 L, 243 L, 250 L, 253
w L2388 Ly 251 L, 249 L, 247
L, 235 L, 247 L, 249 L, 250
s L2571y 25 L, 249 L, 247
L, 237 L, 247 L, 249 L, 25l

N
N
N
N

one sets ARL,, = 370 using Markov chain approach. The L,
and L, with A, = 0.05 and ARL,, = 370 for 0.5n, = 5(1)15
and p,, = 0.1(0.1)0.4 are illustrated in Table 6.

3.2. The Out-of-Control Average Run Lengths of the EWMA-
AV Chart. To measure the out-of-control detection perfor-
mance of the EWMA-AV chart, we calculate the out-of-
control average run length (ARL,;) for the combinations of
0.5n, = 5(1)15, out-of-control proportion p,; = 0.1(0.1)0.9
with ARL,, = 370 and A, = 0.05 for adopting p,, = 0.1,0.4,
and corresponding L, and L, using Markov chain approach.
The results are listed in Tables 7 and 8.

The results look reasonable since the values of the ARL,;s
change inversely with n,, and the ARL,;s decrease when p,,
is far away from p,.

4. Performance Measurement of
Using EWMA-AM Chart and EWMA-AV
Chart Simultaneously

Using both the EWMA-AM chart and EWMA-AV chart we
may monitor the process mean and variance simultaneously.
We will use the overall average run length (ARL) to measure
the performance of using both the EWMA-AM chart and
EWMA-AV chart.

The Scientific World Journal

TABLE 7: The ARL,, of the EWMA-AV chart for A, = 0.05and p,, =
0.1.

0.5n, Pu
01 02 03 04 05 06 07 08 09

5 3753 161 71 47 35 29 24 21 20
6 3742 143 64 42 32 27 23 21 20
7 3701 130 59 38 28 23 20 19 16
8 3699 120 55 36 28 23 20 19 16
9 3688 111 52 35 27 23 20 19 16
10 3703 104 49 33 25 21 19 17 13
11 3720 98 46 31 25 21 19 17 13
12 3704 93 44 30 23 20 18 14 11
13 370.1 89 42 29 22 19 16 13 10
14 371.9 8.5 41 27 22 19 16 13 10
15 371.3 82 40 27 21 18 15 12 10

TABLE 8: The ARL,, of the EWMA-AV chart for A, = 0.05and p,, =
0.4.

0.5n, Pu
01 0.2 0.3 0.4 0.5 06 07 08 09

5 72 1.8 302 3701 298 119 74 54 44
6 6.6 106 26.6 3705 262 107 6.7 49 4.0
7 61 97 240 3700 233 97 62 46 37
8
9

58 90 218 3696 214 90 57 43 34

54 84 204 3701 196 84 54 40 33
10 51 79 189 3699 184 79 51 38 31
11 49 75 177 3699 172 75 49 3.6 3.0
12 46 72 167 3700 163 71 46 35 29
13 45 68 158 3697 155 69 45 34 28
14 43 66 150 3701 149 66 43 33 28
15 41 63 143 3701 143 64 42 32 26

Since the statistics EWMA,, and EWMA,, are inde-
pendent, the in-control overall ARL, ARL,, of the newly
proposed EWMA-AM and EWMA-AV charts is well approx-
imated as follows (see Hawkins (1992)):

ARL,

1
1/ARL,,, + 1/ARL,, — ((1/ARL,,) (1/ARL,y)) (1)

1
1/ARL,, + 1/ARL,,’

The ARL; of using both the EWMA-AM chart and
EWMA-AV chart with any combinations of (n;,n,) and
(Pwmo» Pyo) are all approximately 185 because of

1 1

ARL, = = .
" 1/ARL,, + 1/ARL,  1/370+1/370

(12)

If the process is out-of-control because the mean y has
shifted, the process proportion becomes p,,; (# p,,0). If
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TaBLE 9: The ARL, of the EWMA-AM and EWMA-AV charts for
A=A, =0.05and p,,, = p,o = 0.1.

TaBLE 11: The ARL, of the EWMA-AM and EWMA-AV charts for
A=A, =0.05, p,o = 0.5,and p,, = 0.4.

p, =0.1 p,, =03 p, =07
n;  0.5m, P Pm Pm
01 03 07 01 03 07 01 03 07

Pvl =0.1 Pvl =03 Pvl =07
ny  0.5m, P Pm Pm

0r 03 07 01 03 07 01 03 07

10 5 1864 48 19 70 29 15 24 16 11
12 6 1861 43 18 63 26 14 23 15 10
14 7 185 41 16 58 24 12 20 13 09
16 8§ 18.0 38 16 54 22 12 20 13 09
18 9 180 37 13 51 22 10 20 13 038
20 10 1848 35 12 48 20 10 19 12 0.7

22 1 185 33 12 45 19 10 19 12 07
24 12 181 31 12 43 18 09 1.8 11 0.7
26 13 18.0 30 1.1 42 18 09 1.6 10 07
28 14 184 29 10 41 17 08 1.6 1.0 0.6
30 15 183 29 10 40 17 08 15 10 0.6

10 5 26 38 38 34 64 64 26 39 39
12 6 23 35 35 31 58 57 23 35 35
14 7 21 32 32 28 53 52 21 32 32
16 8 20 3.0 30 27 49 48 20 30 3.0
18 9 19 28 28 26 46 46 19 28 28

20 10 1.8 27 26 25 43 42 18 27 26
22 11 1.8 25 25 24 41 41 18 25 25
24 12 1.7 24 24 23 39 38 17 24 24
26 13 1.6 23 23 21 37 37 16 23 23
28 14 15 23 22 20 36 36 15 23 22
30 15 14 22 21 19 35 34 14 22 22

TABLE 10: The ARL; of the EWMA-AM and EWMA-AV charts for
A, = A, =0.05, p,, =0.3,and p,, = 0.1.

Pvl =0.1 Pvl =03 pvl =07
ny 0.5m, P Pm Pm
01 03 07 01 03 07 01 03 07

10 5 72 1872 37 36 70 24 18 24 15
12 6 6.4 1861 34 32 63 22 17 23 14
14 7 6.0 181 31 30 58 20 15 20 12
16 8 56 1850 29 28 54 19 15 20 12
18 9 53 1847 27 27 51 18 15 20 11

20 10 49 181 26 25 48 17 14 19 11
22 11 47 185 25 23 45 16 14 19 11
24 12 45 185.0 24 22 43 16 13 18 10
26 13 43 18.0 23 21 42 15 12 16 09
28 14 43 185 22 21 41 14 12 16 09
30 15 41 183 22 20 40 14 11 15 09

the process is out-of-control because the variance ¢* has
changed, the process proportion becomes p,,; (# p,o)-

The out-of-control ARL, ARL,, when using the EWMA-
AM chart and EWMA-AV chart simultaneously can be
calculated approximately using

1
1/ARL,, +1/ARL,,"

ARL, = (13)

We calculate approximate ARL;s for the combinations of
n, = 10(2)30,0.51, = 5(1)15, p,; = 0.1,0.3,0.7,and p,, =
0.1,0.3,0.7 with p,, = 0.1, p,y = 0.1, A, = A, = 0.05, and
ARL, = 185. The results are listed in Table 9. The ARL;s for
the combinations of n, = 10(2)30, 0.5n, = 5(1)15, p,,; =
0.1,0.3,0.7,and p,, = 0.1,0.3,0.7 with p,o = 0.3, p,o = 0.1,
ARL; = 185,and A, = A, = 0.05 are calculated and listed in

Table 10. The ARL;s for the combinations of n, = 10(2)30,
05n, = 5(1)15, p,,; = 0.1,0.3,0.7, and p,, = 0.1,0.3,0.7
with p,, = 0.5, p,, = 0.4, ARL, ~ 185, and A, = A, =
0.05 are calculated and listed in Table 11. In Tables 9-11, we
observe that the ARL, changes inversely with »; and n,, and
the ARL, decreases when p,, is far away from p, , and/or p,,
is far away from p,,. This contrasts with the previously noted
inappropriate behavior exhibited by the Vand the M charts.

5. When Population Mean and
Variance Are Unknown

When the in-control process mean, y, and the process
variance, 0%, are unknown, and hence the in-control process
proportions, p,,, and p,, are unknown, we can use the
following two preliminary independent sample data sets:

X Xigrowr Xpws t= 12,0000k,
(14)
X

tn1+1>th1+2""’th1+n2’ t= 1’2""’k

from k sampling periods, each with an even number of
observations, n; and n,, to estimate them (see, e.g., [20]); that
is

k
_ Zt:}{St i (15)
Cy

Q)
[
L@l
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TABLE 12: (a) The service times from the first ten counters in a bank branch (A, = A, = 0.05). (b) The service times from the last ten counters
in a bank branch (A, = A, = 0.05).

(a)

t X, X, X, X, X, X, X, X, X, X0 M,  EWMA,
1 0.88 0.78 5.06 5.45 2.93 6.11 11.59 1.20 0.89 3.21 2 3.81
2 3.82 13.4 5.16 3.20 32.27 3.68 3.14 1.58 2.72 7.71 3 3.76
3 1.40 3.89 10.88 30.85 0.54 8.40 5.10 2.63 9.17 3.94 4 3.78
4 16.8 8.77 8.36 3.55 7.76 1.81 11 591 8.26 7.19 7 3.94
5 0.24 9.57 0.66 1.15 2.34 0.57 8.94 5.54 11.69 6.58 4 3.94
6 4.21 8.73 11.44 2.89 19.49 1.20 8.01 6.19 7.48 0.07 6 4.04
7 15.08 7.43 431 6.14 10.37 2.33 1.97 1.08 4.27 14.08 5 4.09
8 13.89 0.30 3.21 11.32 9.90 4.39 10.5 1.70 10.74 1.46 5 4.14
9 0.03 12.76 2.41 7.41 1.67 3.70 4.31 2.45 3.57 3.33 2 4.03
10 12.89 17.96 2.78 3.21 112 12.61 4.23 6.18 2.33 6.92 5 4.08
1 7.71 1.05 11 0.22 3.53 0.81 0.41 3.73 0.08 2.55 1 3.92
12 5.81 6.29 3.46 2.66 4.02 10.95 1.59 5.58 0.55 4.10 3 3.88
13 2.89 1.61 1.30 2.58 18.65 10.77 18.23 3.13 3.38 6.34 4 3.88
14 1.36 1.92 0.12 11.08 8.85 3.99 4.32 1.71 1.77 1.94 2 3.79
15 21.52 0.63 8.54 3.37 6.94 3.44 3.37 6.37 1.28 12.83 5 3.85
(®)
t Xll X12 X13 X14 XIS X16 X17 XIS X19 XZO ‘/t EVvlv[ll\\/,
1 3.82 6.29 10.88 30.85 9.9 3.99 1.59 1.71 8.26 41 1 1.19
2 0.24 12.76 11.44 3.2 3.53 0.57 18.23 2.45 2.72 6.92 3 1.28
3 3.82 743 0.12 3.37 1.12 12.61 1.59 1.08 0.89 0.07 1 1.27
4 13.89 3.89 5.16 11.32 4.02 0.57 8.01 6.19 177 6.58 1 1.25
5 5.81 12.76 2.41 1.15 3.53 0.81 11.59 591 4.27 3.33 0 1.19
6 12.89 8.73 10.88 2.89 18.65 10.95 0.41 3.13 4.27 7.71 1 1.18
7 2.89 0.63 0.12 0.22 4.02 10.95 8.01 1.08 10.74 41 0 112
8 16.8 1.05 1.3 3.2 2.34 0.81 4.32 3.13 0.08 1.46 1 112
9 4.21 17.96 5.06 0.22 4.02 3.99 8.01 5.91 0.55 3.33 1 11
10 12.89 8.77 11.44 7.41 1.12 1.81 4.32 5.58 0.89 14.08 1 1.10
11 0.88 8.77 5.06 3.55 8.85 10.95 18.23 5.54 2.33 6.58 2 115
12 7.71 7.43 0.12 2.58 112 2.33 4.23 2.63 4.27 3.33 0 1.09
13 7.71 9.57 0.12 30.85 7.76 1.81 3.14 1.71 2.72 14.08 2 1.14
14 2.89 1.05 2.41 11.32 32.27 8.4 1.97 2.45 11.69 12.83 2 1.18
15 1.36 0.63 3.46 11.32 0.54 10.95 4.23 2.45 2.33 6.34 2 1.22
where The EWMA-AVand EWMA-AM charts are thus con-
structed using these estimated values of p,,, and p,. The
R Zle (M,/n,) ~ Zle (V,/0.5n,) statistics EWMA ; and EWMA,, corresponding to the sam-
mo = T Y i — ples of sizes n; and n, are plotted on the resulting EWMA-
AV and EWMA-AM charts simultaneously. If no points fall
5 (X - Y)2 outsi@e their control limits, then we would deem the process
S, = I to be in control.
n, —1 (16)
t= ok,
6. Example
0.5 k
¢ = ( 2 ) r(0.5m,) , S = &=l St. We will use an example from Yang et al. [17] to illustrate the
n,—1) T(0.5(n,—-1))

new EWMA-AV and EWMA-AM charts.
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TABLE 13: (a) The new service times from the first ten counters in a bank branch (A, = A, = 0.05). (b) The new service times from the last ten

counters in a bank branch (A, = A, = 0.05).

(a)

t X, X, X, X, X, X, X, X, X, X0 M, EWMA,,
1 3.54 0.01 1.33 7.27 5.52 0.09 1.84 1.04 291 0.63 1 3.76

2 0.86 1.61 115 0.96 0.54 3.05 4.11 0.63 2.37 0.05 0 3.57

3 1.45 0.19 4.18 0.18 0.02 0.70 0.80 0.97 3.60 2.94 0 3.39

4 1.37 0.14 1.54 1.58 0.45 6.01 4.59 1.74 3.92 4.82 1 3.27

5 3.00 2.46 0.06 1.80 3.25 2.13 2.22 1.37 2.13 0.25 0 3.1

6 1.59 3.88 0.39 0.54 1.58 1.70 0.68 1.25 6.83 0.31 1 3.00

7 5.01 1.85 3.10 1.00 0.09 1.16 2.69 2.79 1.84 2.62 0 2.85

8 4.96 0.55 1.43 412 4.06 1.42 1.43 0.86 0.67 0.13 0 2.71

9 1.08 0.65 0.91 0.88 2.02 2.88 1.76 2.87 1.97 0.62 0 2.57
10 4.56 0.44 5.61 2.79 1.73 2.46 0.53 1.73 7.02 2.13 1 2.49

(b)

3 Xll XIZ X13 X14 XIS X16 X17 XIS X19 XZO ‘/t’ E\/\]MIAV,
1 5.01 3.88 4.18 0.88 4.06 3.05 4.59 0.63 6.83 0.25 0 114

2 1.59 0.19 0.39 0.54 1.73 1.42 4.11 1.25 7.02 0.62 0 1.08

3 1.59 0.65 1.43 1.00 5.52 1.16 4.11 1.37 3.6 2.62 0 1.03

4 3.54 0.65 1.43 1.00 4.06 6.01 4.59 1.37 1.97 0.31 0 0.98

5 5.01 0.01 1.54 7.27 0.09 2.88 4.11 0.97 7.02 0.63 0 0.93

6 4.96 0.14 0.91 4.12 4.06 6.01 2.69 0.63 2.13 0.13 0 0.88

7 4.96 2.46 1.54 7.27 0.45 1.42 0.53 0.63 2.13 4.82 0 0.84

8 1.37 0.44 1.33 1.00 0.45 2.46 2.22 2.87 7.02 4.82 0 0.80

9 1.59 0.01 0.91 1.58 0.54 1.70 1.84 2.79 2.91 0.62 0 0.76
10 5.01 0.44 0.91 0.88 173 3.05 143 1.74 6.83 4.82 0 0.72
Service time is an important quality characteristic in the (Zgl Vi/5)/15 = 0.24). The EWMA-AV and EWMA-AM

banking industry. To measure the efficiency in the service
system of a bank branch, the in-control sampling service
times (unit: minutes) are measured from twenty counters
every day for 15 days. That is, fifteen samples of size n; +n, =
20, where n, = n, = 10, are available. This in-control data has
been analyzed assuming a nonnormal distribution. For each
sample, the first ten observations illustrated in Table 12(a)
are used to calculate the EWMA, statistic and the last ten
observations illustrated in Table 12(b) are used to calculate
the EWMA,, statistic.

To construct the EWMA-AV and EWMA-AM charts,
the variance and mean of the service time are estimated
by (S/¢,)* and X using the fifteen samples in Tables 12(b)
and 12(a), respectively. The estimate of the variance is 0% =
(§/c4)2 = 30.159 and the estimate of the mean is i = X =
5.77. For each sample in Table 12(b), the monitoring statistic
EWMA,, = total number of (Yj* >30159), j = 1,2,..., 10,
is calculated. For each sample in Table 12(a), the monitoring
statistic EWMA,, = total number of (Y; > 577), j =
1,2,...,10, is calculated. Hence, the estimates of proportions

(P> Pro) e (Bo = (X2, M,/10)/15 = 039, B,y =

charts with A; = A, = 0.05 are constructed as follows based
on the fifteen in-control samples, respectively.

The EWMA-AV chart:
UCLgwpmay = 1.59, LCLgywpmav = 0.83. 17)
The EWMA-AM chart:

UCLEWMA-M = 451, LCLEWMA—M = 3.28. (18)

The monitoring statistics EWMA,, and EWMA,, are
calculated (see Tables 12(b) and 12(a)). The EWMA-AV and
EWMA-AM charts show no signals (see Figures 1(a) and
1(b)).

For comparison, we constructed the corresponding She-
whart mean and standard deviation (S-X) charts and the
transformed S-X charts by applying X**® transformation
because X is a right-skewed distribution (see [20]). The
Shewhart S-X charts, the transformed S-X charts, and the
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TABLE 14: (a) The service times from the first ten counters in a bank branch (A, = A, = 0.2). (b) The service times from the last ten counters

in a bank branch (A; = A, = 0.2).

(a)

t X, X, X, X, X, X, X, Xq X, X0 M,  EWMA,
1 0.88 0.78 5.06 5.45 2.93 6.11 11.59 1.20 0.89 321 2 352
2 382 13.4 5.16 3.20 32.27 3.68 3.14 1.58 2.72 771 3 3.42
3 1.40 3.89 10.88  30.85 0.54 8.40 5.10 2.63 9.17 3.94 4 3.53
4 16.8 8.77 8.36 3.55 7.76 1.81 111 5.91 8.26 719 7 4.23
5 024 9.57 0.66 115 234 0.57 8.94 554 1169 6.58 4 418
6 421 8.73 11.44 2.89 19.49 1.20 8.01 6.19 7.48 0.07 6 4.54
7 1508 7.43 431 6.14 10.37 233 1.97 1.08 4.27 14.08 5 4.64
8  13.89 030 321 11.32 9.90 439 10.5 170 10.74 1.46 5 471
9 003 12.76 2.41 7.41 167 3.70 431 2.45 3.57 333 2 417
10 1289 1796 2.78 321 112 12.61 4.23 6.18 233 6.92 5 433
n 77 1.05 111 0.22 3.53 0.81 0.41 3.73 0.08 2.55 1 3.67
2 58l 6.29 3.46 2.66 4.02 10.95 159 5.58 0.55 410 3 3.53
13 289 1.61 130 2.58 1865 1077 1823 313 338 6.34 4 3.63
14 136 1.92 0.12 11.08 8.85 3.99 4.32 171 1.77 1.94 2 3.30
15 2152 0.63 8.54 337 6.94 3.44 337 6.37 1.28 12.83 5 3.64
(b)
3 Xll X12 Xl3 X14 XIS X16 Xl7 XIS X19 XZO ‘/t E\/\II\/[IIXV,
1 3.82 6.29 10.88  30.85 9.9 3.99 159 171 8.26 41 1 116
2 0.24 1276 1144 32 3.53 0.57 1823 245 2.72 6.92 3 153
3 3.82 7.43 0.12 337 112 12.61 159 1.08 0.89 0.07 1 1.42
4 1389 3.89 5.16 11.32 4.02 0.57 8.01 6.19 177 6.58 1 134
5 5.81 12.76 2.41 115 3.53 0.81 11.59 5.91 427 333 0 1.07
6 12.89 8.73 10.88 2.89 1865  10.95 0.41 313 427 771 1 1.06
7 2.89 0.63 0.12 0.22 4.02 10.95 8.01 108 1074 41 0 0.85
8 16.8 1.05 13 32 234 0.81 4.32 313 0.08 1.46 1 0.88
9 421 17.96 5.06 0.22 4.02 3.99 8.01 5.91 0.55 333 1 0.90
10 12.89 8.77 11.44 741 112 1.81 432 5.58 0.89 14.08 1 0.92
1 088 8.77 5.06 3.55 8.85 1095 1823 554 233 6.58 2 114
2 77 7.43 0.12 2.58 112 233 4.23 2.63 427 3.33 0 0.91
13 77 9.57 0.12 30.85 7.76 1.81 3.14 171 2.72 14.08 2 113
14 289 1.05 2.41 11.32 32.27 8.4 1.97 245 1169 12.83 2 130
15 136 0.63 3.46 11.32 0.54 10.95 423 2.45 233 6.34 2 1.44

EWMA-S and EWMA-X charts are constructed with bounds
as follows:

UCLg = 880,  LCLg = 1,455,

UCLg = 1098,  LCLy = 0.55,
UCLys = 0732,  LCLyg = 0.121, (19)
UCL,x = 1.77,  LCL,x = 1.08,

UCLgwwma-s = 7.495, LCLpwma.g = 2.485.

The Shewhart S-X charts had two false signals (Samples
2 and 3 on the S chart) (see Figures 2(a) and 2(b)), the

transformed S-X charts had one signal (Sample 11 on the
transformed X chart) (see Figures 3(a) and 3(b)), but the
EWMA-S and EWMA-X charts had no signals (see Figures
4(a) and 4(b)).

To illustrate the out-of-control detection ability of the ser-
vice times from the new proposed EWMA-AV and EWMA-
AM charts for the new automatic service system of the bank
branch, 10 new samples of size 20 and new samples 1-10 were
collected and listed in Table 13(b) (the last 10 observations in
each new sample) and Table 13(a) (the first 10 observations in
each new sample).

Both the corresponding EWMA-AV and EWMA-AM
charts, respectively, detected out-of-control variance signals
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TABLE 15: (a) The new service times from the first ten counters in a bank branch (A; = A, = 0.2). (b) The new service times from the last ten
counters in a bank branch (A, = A, = 0.2).

t X, X, X5 X, X5 X6 X, Xg Xy X0 M, EWMA,,
1 3.54 0.01 1.33 7.27 5.52 0.09 1.84 1.04 291 0.63 1 3.11
2 0.86 1.61 115 0.96 0.54 3.05 411 0.63 2.37 0.05 0 2.49
3 1.45 0.19 4.18 0.18 0.02 0.70 0.80 0.97 3.60 2.94 0 1.99
4 1.37 0.14 1.54 1.58 0.45 6.01 4.59 1.74 3.92 4.82 1 1.79
5 3.00 2.46 0.06 1.80 3.25 2.13 2.22 1.37 2.13 0.25 0 1.43
6 1.59 3.88 0.39 0.54 1.58 1.70 0.68 1.25 6.83 0.31 1 1.35
7 5.01 1.85 3.10 1.00 0.09 116 2.69 2.79 1.84 2.62 0 1.08
8 4.96 0.55 1.43 4.12 4.06 1.42 1.43 0.86 0.67 0.13 0 0.86
9 1.08 0.65 0.91 0.88 2.02 2.88 1.76 2.87 1.97 0.62 0 0.69
10 4.56 0.44 5.61 2.79 1.73 2.46 0.53 1.73 7.02 213 1 0.75
(b)
¢ Xy X1 X3 X4 Xis X6 Xy X X9 X Vi EWMA,,
1 5.01 3.88 4.18 0.88 4.06 3.05 4.59 0.63 6.83 0.25 0 115
2 1.59 0.19 0.39 0.54 1.73 1.42 4.11 1.25 7.02 0.62 0 0.92
3 1.59 0.65 143 1.00 5.52 L16 4.11 1.37 3.6 2.62 0 0.74
4 3.54 0.65 1.43 1.00 4.06 6.01 4.59 1.37 1.97 0.31 0 0.59
5 5.01 0.01 1.54 7.27 0.09 2.88 4.11 0.97 7.02 0.63 0 0.47
6 4.96 0.14 0.91 412 4.06 6.01 2.69 0.63 213 0.13 0 0.38
7 4.96 2.46 1.54 7.27 0.45 1.42 0.53 0.63 213 4.82 0 0.30
8 1.37 0.44 1.33 1.00 0.45 2.46 2.22 2.87 7.02 4.82 0 0.24
9 1.59 0.01 0.91 1.58 0.54 1.70 1.84 2.79 2.91 0.62 0 0.19
10 5.01 0.44 0.91 0.88 1.73 3.05 1.43 1.74 6.83 4.82 0 0.15
EWMA-AV chart
1.7 4.7 EWMA-AM chart
L6 45
1.5
L4 4.3
<>‘F 1.3 5 4.1
3 2 < 39
o Z 37
1
0.9 35
0.8 33
0.7 3.1
4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
Sample number Sample number
—— UCL = 1.59 —— LCL =0.83 —— UCL =451 —— LCL =3.28
--- CL=12 —o— EWMA-AV --- CL=39 —e— EWVA-AM

(a) (b)
FIGURE 1: (a) The EWMA-AV chart. (b) The EWMA-AM chart.
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Shewhart S chart X chart
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7 8
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S 5 X 6
4
4
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2 2
1
0 0
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14 16
Sample number Sample number
—— UCL =8.8 —— S —— UCL = 10.89 —— LCL =0.55
—— LCL = 1.455 --- CL=5.77 —— X
() (®)
FIGURE 2: (a) Shewhart S chart. (b) Shewhart X chart.
Transformed Shewhart S chart Transformed Shewhart X chart
0.8 1.9
0.7 1.8
06 1.7
1.6
0.5
“” o< 1.5
= 04
& 1.4
0.3
1.3
0.2 12
0.1 1.1
0 1
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
Sample number Sample number
—— UCL =0.732 —— TS —— UCL =177 —— LCL = 1.08
— LCL=0.121 --- CL = 1425 —— TX

(a)

()

FIGURE 3: (a) The transformed Shewhart S chart. (b) The transformed X chart.

from the eighth sample onward and the out-of-control mean
signal from the fourth sample onward (samples 8-10 on
EWMA-AV chart and samples 4-10 EWMA-AM chart) (see
Figures 5(a) and 5(b)). That is, the variance and mean of
the new service times are significantly reduced because of
the improved new automatic service system. However, the
corresponding Shewhart S-X charts produced only four true
out-of-control standard deviation signals (samples 2, 5,7, and
9 on S chart) (see Figures 6(a) and 6(b)), the transformed
Shewhart S-X charts produced only two out-of-control mean
signals (samples 2 and 3 on transformed X chart) (see
Figures 7(a) and 7(b)). Both the corresponding EWMA-S and

EWMA-X charts detected only out-of-control mean signals
from the fourth sample onward (samples 4-10 on EWMA-X
chart) (see Figures 8(a) and 8(b)).

Construction of the Shewhart S-X charts, the trans-
formed S-X charts, and the EWMA-S and EWMA-X charts
requires a normality assumption but this is not the case for the
proposed EWMA-AV and EWMA-AM charts. In this exam-
ple, neither the S-X charts nor the transformed S-X charts
detected most of the out-of-control signals. The new EWMA-
AV and EWMA-AM charts showed superior detection ability
than the existing charts in monitoring and detecting process
variance and mean shifts. As a consequence, in the final
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(a) (b)
FIGURE 4: (a) The EWMAg chart. (b) The EWMAy chart.
EWMA-AV chart EWMA-AM chart
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—— UCL = 1.59 —— LCL =0.83 —— UCL = 11.02 —— LCL =0.53
— CL=12 —e— EWMA-AV —— CL =577 —— EWMA-AM
(a) (b)
FIGURE 5: (a) The EWMA-AV chart. (b) The EWMA-AM chart.
Shewhart S chart 12 Shewhart X chart
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FIGURE 6: (a) The Shewhart S chart. (b) The Shewhart X chart.
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Transformed Shewhart S chart
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Transformed Shewhart X chart
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(a) (b)
FIGURE 7: (a) The transformed Shewhart S chart. (b) The transformed Shewhart X chart.
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analysis, the EWMA-AV and EWMA-AM charts appear to be
the best.

Alternatively, if we take A; = A, = 0.2 then the EWMA-
AV and EWMA-AM charts are as follows based on the fifteen
in-control samples in Tables 12(b) and 12(a).

The EWMA-AV chart:

UCLpwyay = 193,  LCLpwyay = 047.  (20)

Sample number

—— UCL =5.39
—— LCL =241

—— EWVA-AM

(®)

= 0.2. (b) The EWMA-AM chart with A, = 0.2.

The EWMA-AM chart:

UCLgwaan = 539  LCLpwaan = 241 (21)

The monitoring in-control statistics EWMA,; and
EWMA,, are listed in Tables 14(b) and 14(a). The EWMA-AV
and EWMA-AM charts show no signals (see Figures 9(a)
and 9(b)).
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FIGURE 10: (a) The EWMA-AV chart with A, = 0.2. (b) The EWMA-AM chart with A, = 0.2.

The monitoring statistics of the EWMA-AM and EWMA-
AV charts for the new automatic service system of the bank
branch were listed in Tables 15(a) and 15(b).

Both the corresponding EWMA-AV and EWMA-AM
charts, respectively, detected out-of-control variance signals
from the fifth sample onward and the out-of-control mean
signal from the third sample onward (samples 5-10 on
EWMA-AV chart and samples 3-10 EWMA-AM charts) (see
Figures 10(a) and 10(b)). That is, the EWMA-AV and EWMA-
AM charts with A, = A, = 0.2 detected the out-of-control
variance and mean earlier than that of the EWMA-AV and
EWMA-AM charts with A; = A, = 0.05. The reason is that
the mean and variance had larger shifts; that is, the p,,,, = 0.39
changed to p,,; = 0.04 and p,, = 0.24 changed to p,; = 0.00.
A good rule of thumb for using EWMA control chart is to use
a larger weight, A, to detect larger shift (see [20]).

7. Conclusions

In this paper, we propose using both the new EWMA-AM
and EWMA-AV charts, based on two simple independent
statistics to monitor the variance and mean shifts in the
process simultaneously when the distribution of a quality
characteristic is not known or is not believed to be nor-
mal. The EWMA-AM and EWMA-AV charts improve the
detection ability of the symmetric mean chart and symmetric
variance chart constructed using binomial distributions.
Furthermore, the new EWMA-AM and EWMA-AV charts
provide more intuitive and reasonable in-control and out-
of-control average run lengths. A numerical example of
service times from a bank branch with a right skewed
distribution illustrated the application of the new EWMA-
AM and EWMA-AV charts which were compared with some
existing charts. The new EWMA-AM and EWMA-AV charts
showed superior detection ability than the existing charts
in monitoring and detecting both the process mean and
variance shifts. The new EWMA-AM and EWMA-AV charts
are thus recommended.
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