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Abstract

This paper presents a study of a new procedure, which is based
on integrating a powerful nonparametric test for the two-sample prob-
lem and EWMA control scheme to on-line sequential monitoring. The
proposed procedure, based on individual observation per sample, can
be used to monitor the location and the scale parameters of a uni-
variate continuous distribution, simultaneously. An iterative compu-
tation procedure is developed for computing the monitoring statistics.
A search algorithm for the control limit based on Monte-Carlo simu-
lation and bisection method is derived and a table is provided. The
sensitivity analysis on the procedure is studied in detail. Monte-Carlo
simulation results show that the proposed procedure is quite robust
to non-normally distributed data, and moreover, it is efficient in de-
tecting various process shifts. A real data example from a chemical
reaction process is shown to illustrate the application of our proposed
procedure.
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1 Introduction

Control charts have been widely used in many areas, not only in industry, but
also in areas such as transactional and service businesses, signal and image
processing ([30]), health care and public health surveillance ([45]), and so
forth. In addition to standard text book such as [31], interested readers
could also refer to [35] for recent development on statistical process control
(SPC) and to [49] for control charts for high-quality processes. Application
of SPC charts involves two stages, i.e., Phase I and Phase II. In Phase I,
a set of process data is collected and analyzed (retrospective analysis) all
at once to determine whether the process has been in control. After Phase
I, we have a “clean” set of process data that is representative of in-control
(IC) process performance. In Phase II, control chart is used to monitor
the process by comparing the sample statistic to the control limits for each
successive sample as it is collected from the process. Performance of a Phase
IT SPC procedure is usually measured by the average run length (ARL),
which is the average number of observations that must be collected before
an observation indicates an out-of-control (OC) condition ([31]). This paper
focuses on Phase II monitoring of univariate processes in cases when process
observations are not normally distributed, i.e., there is lack of knowledge
about the underlying distribution.

In the literature, many Phase II SPC charts have been proposed, includ-
ing different versions of the Shewhart chart, the cumulative sum (CUSUM)
chart, the exponentially weighted moving average (EWMA) chart, and the
chart based on change-point detection (cf., e.g., [23, 31, 35]). Many of these
control charts are based on the assumption that the observations of a pro-
cess follow a particular probability distribution, usually normal distribution.
In practice, the process observations may, however, not follow the specified
(e.g. normal) distributions. In such cases, [37, 38] show that results from
the charts mentioned above would be unreliable, i.e., the actual IC ARL
(denoted as ARLy) values of the conventional CUSUM chart ([34]) are much
smaller than the nominal ARLq values when the true process distribution is ¢
or x2, especially with small degree-of-freedom, which implies that the related
process would be stopped too often by the control chart and consequently a
considerable amount of time and resource would be wasted in such cases.

It is necessary to develop appropriate control procedures that do not
require the normal distribution assumption in cases when the process distri-
bution is actually non-normal. To this end, a number of distribution-free or



nonparametric SPC (NSPC) charts have been developed. [10, 6] give thor-
ough overviews on existing research in the area of univariate NSPC. [47, 48]
also encourage research of nonparametric methods. For some recent devel-
opment, for Phase I, see, for instance, [5] propose distribution-free procedure
for univariate observations based on recursive segmentation and permuta-
tion. [26, 25] propose distribution-free control charts for subgroup location
and scale, respectively. [42, 43] construct a standard deviation and X control
chart derived from the trimmed mean, respectively. [44, 53] propose robust
estimators for location. [33] study robustness of control charts for moni-
toring process mean. For Phase II, to name a few, [2] propose an extrema
chart based on the extrema of a sample of observations. [28] propose two
nonparametric analogs of the CUSUM and EWMA control charts based on
the Wilcoxon rank-sum test for detecting process mean shifts. [50] propose
a non-parametric CUSUM mean chart. [39] investigate the performance of
two CUSUM chart combinations that can be made to be robust to non-
normality. By integrating the omnibus Kolmogorov-Smirnov and Cramer-
von-Mises tests into the widely researched change-point model framework,
[40] present two distribution-free charts that can detect arbitrary changes
to the process distribution. [22] develop a nonparametric tool based on the
change-point model. [7, 8] propose control charts based on runs and prece-
dence statistics with runs-type signaling rules, respectively. [16, 15] propose
nonparametric charts for variability and location, respectively. [20, 21] pro-
pose nonparametric EWMA charts for monitoring location based on signed-
rank and precedence test, respectively. [19] develop a bivariate signed-rank
test for location parameters. [51] develop a multivariate sign EWMA control
chart for location parameters.

Note that most of the procedures above are only designed to detect a sin-
gle shift in the location (e.g., mean) or scale (e.g., standard deviation) of the
process. Generally, the process location and variability may vary simultane-
ously during the monitoring period. Therefore, it is desirable to construct
a procedure that can not only detect changes in the process location, but
also is sensitive to the shifts in the process variability. [12, 29] give overviews
of the control charts in an effort to use only one chart to simultaneously
monitor both process location and scale. There are also some attempts for
single charts in NSPC. Among others, [52] develop a distribution-free control
chart based on the integration of a powerful nonparametric goodness-of-fit
test and the EWMA control scheme. [41] propose a Lepage-type hypothesis
test statistic based on Mann-Whitney test statistic for monitoring process



location and Mood test statistic for monitoring process variability. Com-
bining two popular nonparametric test statistics: the Wilcoxon rank sum
test for location and the Ansari-Bradley test for scale, [32] propose a sin-
gle distribution-free Shewhart-type chart. [13] propose a distribution-free
Shewhart-type chart based on the Cucconi statistic. Recently, [14] extend
the Shewhart-type chart of [32] to CUSUM-type chart. [1] develop a non-
parametric CUSUM by utilizing a smooth bootstrap algorithm along with
an adaptive nonparametric kennel density estimator. The research, however,
is still demanding for nonparametric single charts.

The purpose of this paper is to propose a single NSPC procedure that
can monitor the location and the scale parameters of a univariate continuous
distribution, simultaneously. Most existing NSPC charts mentioned above
are based on ordering or ranking information of the observations obtained at
the same or different time points. Some of them require multiple observations
at each time point (e.g., [20, 21]). In many industrial applications ([31],
Chapter 6), due to practical and cost concerns, it may be impossible to
collect more than one observation per sample. Intuitively, it would lose
much information if we only use the ordering or ranking information in the
observed data for process monitoring. Motivated by works of [24] and [17], we
propose a single NSPC procedure that is based on individual observation and
can monitor the location and the scale parameters of a univariate continuous
distribution, simultaneously. The proposed procedure is compared with some
competing methods in the literature, including the nonparametric likelihood-
ratio EWMA (NLE) procedure of [52], the robust EWMA (RoE) of [3], and
the control chart based on precedence statistics with runs-type signaling rules
of [8] (denoted as Pre).

The rest part of the paper is organized as follows. Our proposed procedure
is described in Section 2. Then some implementation issues are described in
detail in Section 3, including iterative computation of the monitoring statis-
tics, search algorithm for finding control limit and sensitivity analysis of the
effect of the parameters on the performance. A comparison study based
on Monte-Carlo simulation to evaluate the performance in comparison with
some competing procedures is presented in Section 4. An application is dis-
cussed in Section 5 to demonstrate the application of the proposed method
in a real world setting. Some remarks conclude this paper in Section 6. The
simulation procedure by which the ARL values are derived is deferred to
Appendix.



2 Proposed NSPC Procedure

Motivated by the discussions above, a new procedure is described here. We
first give the assumptions and models of the proposed procedure, and then
present the methodology for constructing our NSPC procedure, named RE
procedure.

Assume that X;, X, ..., X,, are a sequence of independent observations
obtained during Phase I process monitoring and Y7, Y5, ..., Y, Y..q1,...) Y,
are a sequence of independent observations obtained during Phase II process
monitoring. The cumulative distribution functions (cdf) of X1, Xo, ..., X,
Y1,Y,, ..., Y, are the same to be F(:) up to an unknown time point 7, and
change to another cdf G(-) after the time point 7 for Y, 41,...,Y,.

As some existing NSPC procedures (e.g., [40, 28]), we assume the IC
cdf F(-) is unknown. As a matter of fact, we assume that an IC dataset
of size m has been collected in the Phase I analysis, and it can be used
for estimating certain IC parameters or the IC distribution F(-). The set
of IC Phase I sample X, Xs,...,X,, is used to represent the IC process
distribution F'(-). Note that, in practice, it might still be an important issue
to do Phase I analysis efficiently in cases when F'(-) is nonparametric and
unknown, although Phase I analysis in such cases is not the focus of this
paper. [26] propose a distribution-free method for defining the IC state of a
process and identifying an IC reference sample. [9, 27| give comprehensive
reviews of Phase I analysis, which is a broad area of quality monitoring
research and has been studied by many researchers. The proposed procedure
in this paper is not applicable in Phase I. And it will also be shown in Section
3.2 that the size m of Phase I sample has great effect on the IC performance
on our proposed procedure.

Now let R;,1 < i < m, be the rank of X; in the pooled sample { X1, Xs, ...,
X, Y1,Y0, .., Y Yoy, ... Y, b Analogously we denote R;,m+1 <i < N,
as the rank of Y; in { X1, Xo, ..., X, Y1, Yo, .., Y2, Yoy, ... Y, }, where N =
m + n. To design a procedure that is able to monitor the location and the
scale parameters of a univariate continuous distribution, a combined statistic
is usually employed, such as the Lepage statistic proposed by [32, 14], which
is the sum of squares of standardized of Wilcoxon rank sum statistic (); and
Ansari-Bradley statistic (Qg,

N N
N+1
Q1 = ;Rﬂi, Q2 = ; |R; — T‘Ii’ (2.1)
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and the Cucconi test statistic proposed by [13], which is a combination of
standardized of sum of the squares of the ranks P, and sum of the squares
of the anti-ranks P,

N N
Pi=) R, P,=) (N+1-R)’I (2.2)
=1 =1

where [; is an indicator variable with I; = 1 when the ' order statistic of
the combined N observations is a Y'; otherwise, I; = 0. Note that R;I; is the
ranks of Y and % is the average of all ranks. It seems that the difference
of the ranks of ¥ and the average of all ranks will help detect the location
and variability change of a process, if any. In Eq. (2.1) and (2.2), the ranks
of X are not evidently included, which motivates us to employ the squared
difference of the average of the ranks of X and Y, i.e., a statistic like

1 m 1 N 2
(E;Ri—gi:%;lm) . (2.3)

We found that, the statistic in Eq. (2.3) is a special case of the statistic
Ty proposed by [24] and [17], which is defined by

k N
Ty, = Z{Zmdy(#)}?, (24)

where b;(+) denotes the j* orthonormal Legendre polynomial,

N = 4] — .
N —n! as m+1<i<N.

mn [ m™t as 1<i<m,
N

The Legendre polynomial P,(z) is defined recursively by

Py(z)=1,P(z) ==z

and
(n+1)Py1(x) = 2n+ )P, (x) — nP,_1(x).

The first few orthonormal Legendre polynomials b;(-) are bo(z) = /1/2,

bi(x) = \/3/22, ba(x) = /5/8(32% — 1), and etc.



[24] and [17] proposed the statistics Ty in Eq. (2.4) for the following
testing problem,

Hy: F(z) =G(z) versus H;: F(x)# G(z),

and they derived the limiting distribution of 7}, and its consistency under mild
conditions, and also showed the efficiency of T} through extensive simulation
studies. The k values are suggested to be a small positive integer, such as 1
and 2.

Based on the consideration of Eq. (2.3) and Eq. (2.4), we construct our
NSPC procedure with 77, which turns out to be the squared difference of the
average of the ranks of X and Y. One may also employ other statistic, e.g.,
T5. We, here, just use 77 to show the idea of this paper, and it can be easily
generalized to Ty. Although 77 is a function of the ranks of all observations
up to time point N, it may not be effective to detect persistent changes in
the process. It is well known that EWMA is more effective for small changes
of process ([20, 21, 28, 52]), we suggest the following EWMA procedure at
time point n,

{ REy =0, (2.5)

RE, = (1 = ANRE,_1 + X1y, for n > 1,

where 0 < A < 1 is the smoothing constant. An OC signal is issued if
RE, > h, where h is the control limit for a prespecified ARLy. For the rest
of this paper, we denote our proposed rank-based EWMA procedure as RE
procedure.

Note that our proposed RE procedure calls for calculating 77 as N in-
creases. That is, regardless of how big N might be, one still has to calculate
T, for small N values. We do not recommend to use the asymptotic dis-
tribution x? derived by [24] in practice to find the control limits. Instead,
we find the control limits through Monte-Carlo simulation based on a search
algorithm (details deferred to Section 3.2).

3 Implementation Issues

We describe some implementation issues of our proposed RE procedure. In
Section 3.1, the computation aspects are described, where we give an iterative
algorithm for computing the monitoring statistics. Then, in Section 3.2,



we show a search algorithm for the control limit h based on Monte-Carlo
simulation and bisection method and study the effect of Phase I sample size
m on the IC performance. Finally, in Section 3.3, the sensitivity analysis of
effects of parameters on ARL values of proposed procedure is discussed.

3.1 Iterative computation

It seems necessary to sort the observations { X1, Xo, ..., X;n, Y1, Y2, ..., Y Yoo,
..., Y,} and obtain the corresponding ranks every time when we get a new
observation Y,, at time point n, which will inevitably cause a tedious compu-
tation and a heavy storage task as n gets large. Fortunately, we can make
the computation much easier using the following iterative algorithm.

Note that

N 2
R, — 0.5
Ty = {E CNibl(T)}
=1

=m+1
3mn (1 1 2
= N (E Z(Ri —05) -~ 'Z (R; — 0.5))
=1 i=m-+1
m N 2
3mn (1 1

Let X1y, X(2),. .., X(m) be the order statistics of X1, Xy, ..., X,,. Before
we start Phase IT monitoring, i.e., n = 0, the ranks of Xy, X2),..., X(m)
are 1,2,...,m, respectively. Then at any time point n(n > 1) when we get
the sample Y,,, we compare Y, with Xy, X(9),..., X, I Y, < X, the
rank of X; is updated by adding one; otherwise, the rank of X;) remains
the same as the original one. Note that the following equation holds

m N

> Ri+ > Ri=N(N+1)/2. (3.6)

i=1 i=m+1
So when we obtain the ranks of X;),7 = 1,2,...,m at any time point

n, we can obtain 3.7 R;, and then obtain SV . R; from Eq. (3.6). The

i=m-+1
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entire computation involves only order m (which is fixed and not growing)
computations for any time point n, and thus the computational task can be
easily managed.

3.2 Search algorithm

A search algorithm for the control limit A is based on Monte-Carlo simula-
tion and bisection method. The Fortran program used is available from the
authors upon request. A user can also code his own computer program by
the guidelines below for finding A.

Step 1: Input parameters to be specified by the practitioners, including AR Ly,
Phase I sample size m and smoothing constant .

Step 2: Set the maximum of h to, e.g., hyae = 0.1 (such that the ARL value
is larger than ARLg) and the minimum of h to h,;, = 0 and set
h = (hmaz + hmzn)/2

Step 3: Set REy = 0 and RL = 0. Generate standard normal random variables,
update RL to RL = RL 4+ 1 and compute 77 to obtain RFE, until
RE, > h.

Step 4: Repeat Step 3 B times, which is the Monte Carlo sample size and
obtain the average of the RL, i.e., ARL. If ARL > ARLy, update h,,q.
to h; otherwise, update h,,;, to h.

Step 5: The algorithm is not stopped until the absolute difference of ARL and
ARLyg is less than a prefixed value £; or the absolute difference of the
current h and the h in the last iteration is less than another prefixed
value &,.

Based on the search algorithm above, all the results are implemented in
Fortran 95 with IMSL package. Routine “rnnor” is used to generate standard
normal random variables. Note that the proposed RE procedure is nonpara-
metric and hence the ARL values are nearly the same for other non-normal
continuous distributions, such as ¢(3) and x2 used in Section 3.3, which can
be generated by routine “rnstt” and “rnchi”, respectively. The computation
time depends highly on the total Monte Carlo sample size B, the prefixed
values €1 and €5,. Hence larger value of B and smaller values of £; and &5



will lead the result with higher accuracy, but more time consuming, and vice
versa. To balance the time and accuracy, we recommend that B = 5000,
e; = 1 and 9 = 107*. The execution time is about several minutes on a
Pentium 4 with CPU processor 3.00 GHz.

Numerical computations in Fortran software, based on the search algo-
rithm above, are used to determine h. The results, which are displayed in
Table 1, show a pretty stable and meaningful estimates of the ARLy,. We
have chosen m = 20, 50, 100,200 and 500 for the reference sample size and
A = 0.05,0.10,0.20 and 1.00 for the smoothing constant. The A values in
Table 1 are for ARLg = 200,370 and 500, respectively. Thus, for example,
when 200 reference observations and smoothing constant 0.05 are available
and an ARLg of 200 is desired, the h for the RE chart is given by 0.02133.
From Table 1, we see that for any fixed combination of (m, ) values, the
higher the nominal ARLq values, the higher the values of h. Further, for
fixed A, the h increases with the increase in the reference sample size m, and
for fixed m, the h also increases with the increase in the \.

Insert Table 1 about here.

As a Phase II NSPC procedure, it is assumed for the proposed RE chart
that the IC process is represented by a Phase I reference sample of size m.
The size m would affect how well the IC process is estimated and how well
the RE chart performs in Phase II. It should be pointed out that when m
is not large, there would be considerable uncertainty in the estimation of
the process, which in turn would distort the IC run length distribution of
the RE control chart. Figure 1 shows the standard deviation of run length
(SDRL) values for the corresponding ARL values in Table 1. We also show
the SDRL and ARL for geometric distribution, as the run length distribution
can generally be approximated by geometric distribution ([31, 35]). From
Figure 1, we can see that the SDRL-ARL profiles would get more similar to
that of geometric distribution as m increases. Furthermore, as long as m >
200, the SDRL values are quite stable for all the A considered. Therefore,
we suggest collecting at least 200 IC observations before Phase II process
monitoring.

Insert Figure 1 about here.

To deal with the situation when a sufficiently large reference data set is
unavailable, one possible method is the bootstrap method, such as those of
(11, 18].
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3.3 Sensitivity analysis

For our proposed RE procedure, there are 3 parameters: the change point
7, the size of Phase I observations m and the smoothing parameter A\. To
show the effects of these parameters on ARL, the IC distribution is chosen
to be one of the following three distributions: N(0,1), #(3) and x3. Among
these distributions, ¢(3) represents symmetric distributions with heavy tails,
and 2 represents skewed distributions. It is also assumed the pre-specified
ARLq value is 370. For the three parameters, we choose 2 different levels for
each parameter, i.e., 7 = 10 or 50, m=100 or 200, A =1 or 0.1. Figure 2 and
Figure 3 show the ARL values under the settings above for mean shifts and
variance shifts, respectively.

Insert Figures 2 about here.

Insert Figures 3 about here.

From Figure 2 and Figure 3, comparing the left panel (7 = 10) and the
right panel (7 = 50), we can see that the ARL values are generally larger
when 7 = 50. With similar effect, ARL values are generally larger when
m = 200. These findings are particularly useful, which implies the OC
performance of the proposed RE chart is less affected than IC performance
by the number of Phase I observations. Considering A, it seems that larger
A can obtain better performance.

It seems that the simulation findings above may contradict with some
well-known results for EWMA and Shewhart charts. Firstly, it seems that
larger \ can obtain better performance, even for some cases of small shifts,
which leads to a phenomenon that the Shewhart charts detects small shifts
more quickly than the EWMA chart. The possible reasons may be as follows.
We can note from Table 1 that the control limits are quite small, even as
small as 1072, which implies that the monitoring statistics RE, are also quite
small. In this case, a smaller value of A means that the current statistic T}
receives a smaller weight, and an observation even very far from the IC value
may not result in an immediate OC signal. Moreover, as pointed out by [46],
the maximum value of the signal resistance, which is defined as the largest
standardized deviation (distance) from the IC process value not leading to
an immediate OC signal, of an EWMA type chart increases as the value
of A\ decreases. They also showed through simulation that under a worst-
case scenario, a sample mean more than 15 standard errors from the target
value does not lead to an immediate OC signal. Therefore, they strongly
recommend using EWMA type charts only in conjunction with Shewhart
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limits, especially with smaller values of A, so as to remove much of the adverse
effect of inertia.

Secondly, the ARL values are influenced by 7, i.e. the change point,
especially, for the Shewhart chart (A = 1). It is reasonable that the ARL
values are influenced by 7 for the EWMA chart (A < 1), which is consistent
with the literature, such as [52]. For our RE chart with A = 1, though it seems
like a Shewhart type chart, it is different from the conventional Shewhart
chart, which only uses the current observations, because T is still a function
of the ranks of all observations up to the current time point N. Moreover, as
Ty is squared difference of the average of the ranks of {X;, X»,..., X,,} and
{V1,Y3,...,Y, Y,q,..., Y, }, the larger 7 is, the more of the average of ranks
of {Yri1,...,Y,} will be offset by the average of ranks of {Yy,Ys,..., Y }.
In another word, the average of ranks of {Y,;,1,...,Y,} will be masked to
some extent by the average of ranks of {Y1,Y5,...,Y;}. As a consequence,
the proposed RE procedure will become more ineffective in reacting to some
delayed shifts in the process.

4 Comparison Study

We present some simulation results in this section regarding the performance
of our proposed RE procedure and compare it with some competing methods
in the literature.

The purpose of this paper is to study a NSPC chart based on individual
observation for detecting shifts in both location and scale parameters of a
process in Phase II when both of these process parameters are estimated
from IC Phase I reference sample. It should be clearly noted that there is
no existing meaningful nonparametric EWMA chart for this purpose and
comparing the RE procedure with alternative NSPC methods turns out to
be difficult due to the lack of an obvious comparable method. This is due
to the following two reasons. First, most of the approaches in the literature
were designed for the cases where location shifts or variance shifts separately,
such as the work of [28, 50, 16, 15, 20, 21]. Second, much of the rank-based
work were based on group observations and they can not apply to individual
observation case, such as those of [20, 21, 32, 1, 2, 13, 14].

As far as we know, except for NLE procedure of [52], there is not any
scheme that is based on individual observation and can monitor the location
and the scale parameters of a univariate continuous distribution. Never-
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theless, comparing our RE chart to charts that are designed to detect only
location changes or only variability changes would be also interesting. When
the process distribution is not normal, [3] show that a properly designed
EWMA chart is robust to departures from normality, so the robust EWMA
(denoted as RoE) is compared with our RE chart. Moreover, [8] propose
a precedence chart with runs-type signaling rules and the 2-of-2 version is
suggested. By this version of the chart, a signal of shift is delivered when
two consecutive medians are both on or above the upper bound or both on
or below the lower bound. Although the 2-of-2 version precedence chart is
Shewhart type, it is known that the performance of Shewhart type chart
with runs rules will be greatly improved. Therefore, we also compare our RE
chart with 2-of-2 version precedence chart (denoted as Pre).

Now the proposed RE procedure is compared with NLE procedure of [52],
RoE of [3], and Pre of [8]. As the number and variety of OC settings are
too large to allow a comprehensive comparison and our goal is to show the
effectiveness and sensitivity of the RE chart, and thus we only choose certain
representative models for illustration. Following the robustness analysis of
[52], we consider the following distributions: the standardized version with
mean 0 and standard deviation 1 of one of the following three distributions:
N(0,1), t(3) and x3, as in Section 3.3, which represent two popular symmetric
distributions and a well-known asymmetric distribution. The IC Phase I
sample size m is chosen to be 20000 and 200, which setting is consistent
with [52]. The ARLg value is set to 370 and control limits are searched such
that the actual ARLq approximates 370 well. The zero-state ARL results are
shown in Tables 2-4. All the results in this section are obtained from 10,000
Monte-Carlo replications unless indicated otherwise.

Insert Table 2 about here.

Insert Table 3 about here.

Insert Table 4 about here.

From Tables 2-4, in general, the simulation results reveal that for fixed m,
A and a given IC distribution, the OC ARL values decrease sharply with the
increasing shift in the location and also with the increasing shift in the scale.
This indicates that all these nonparametric charts are reasonably effective in
detecting shifts in the location and/or in the scale. However, the performance
of the chart (speed of detection) varies depending on the type of shift and
the type of IC distribution being considered.

Specifically, the performance of our RE procedure is generally much better
than all other charts for most of the location shifts considered, except for
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quite large shift size, say 6 = 3 for RoE and Pre. For example, when m =
20000, 6 = 0.5, A = 0.05 and the IC distribution is normal, the ARL of
proposed RE chart is 14.8, which is about 40% of 36.1 for NLE, 56% of 26.3
for RoE, and 14% of 108 for Pre. When m = 200, the ARL reduction of RE
chart compared with other charts is also quite large. Although the ARL of
RoE is a little smaller than that of RE when 6 = 3, RoE is not indeed robust
and the actual ARL, will deviate from the nominal ARLy, as shown in [38].
In fact, we adjusted the control limits of RoE such that the actual ARL
approximates the nominal ARLy well.

As for scale shifts, our RE procedure is generally no better than the
compared charts for most of cases, except that it is better than RoE when
the IC distribution is x3. A possible explanation for the inferior position of
RE chart may be that we only use the first order of ranks as 7} in Eq. (2.5),
and we may improve the performance of our RE procedure by using second
order of ranks, e.g., Ty, which may warrant further research.

Considering the significant ARL reduction for location shifts and if mon-
itoring the location is considered more important than monitoring the vari-
ability, our proposed RE chart should be a good alternative. And in practice,
a practitioner can not expect whether a process shift is due to location or
variability, our RE chart can guard against both location and variability
shifts, though not so effective for single scale shifts.

5 Real Application Example

We illustrate the proposed RE procedure using a dataset from an aluminum
smelter that produces metallic aluminum from dissolved alumina through a
chemical reaction process. The dataset contains the content of SiO,, FesOg,
MgO, CaO and Al,Oj3 (labeled as z1, z2, 3, 24 and x5, respectively) in the
cryolite/alumina mixture that goes through the chemical reaction process.
More detailed information about this data can be found in [36].

The data have 189 observations. Like many other Phase II SPC pro-
cedures, our procedure assumes that observations at different time points
are independent of each other. Following the suggestions in [36], we first
pre-whiten the data and then try to apply the related procedures considered
in the previous section to the pre-whitened data. The Shapiro-Wilk test
for checking the normality of the IC data gives p-values of 3.272 x 10719,
2.578 x 1072, 1.924 x 1071, 2.301 x 107° and 5.079 x 10~%, which imply that
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the IC data are significantly non-normal for z;, x4 and x5. To this end, the
first 95 observations are used as an IC data, and the remaining observations
are used for testing.

For our RE procedure, the parameters are chosen such that its ARLy
equals 200 and it signals a location shift or variability shift in Phase I process
monitoring as early as possible. The charting statistics are shown in Figure
4. For the RE chart with A\ = 0.1, the charts give OC signals at the 102nd,
118th, 172nd, 113rd, 102nd observation, while for the RE chart with A = 1,
the charts give OC signals at the 101st, 118th, 184th, 114th, 101st observation
for the 5 contents, respectively. Note that [36] show that the process may go
OC around 153. Based on our RE procedure, except for x3, our charts for
other variables give OC signals sooner.

Insert Figure 4 about here.

6 Concluding Remarks

We developed a new NSPC procedure for univariate continuous process in
cases when the process distribution cannot be specified beforehand. It inte-
grates a nonparametric test based on works of [24] and [17] with the EWMA
model. Compared to some existing control procedures, the proposed proce-
dure is robust to non-normally distributed data, and efficient in detecting
various process shifts, especially for location shifts. As it avoids the need for
a lengthy data-gathering step and it does not require knowledge of the under-
lying distribution, our proposed procedure is particularly useful in start-up
or short-run situations. Therefore, this is the NSPC procedure that we rec-
ommend to use in practice.

It is worth pointing out here that apart from quick detecting abnormal
changes, isolating the shifted components or factors that are responsible for
the change is also a fundamental task of SPC, especially for a single control
chart. For example, in the application example from the previous section, it
would be interesting and helpful to determine which factors are responsible
for the change of quality, the location or the variability. The problem of
isolating the causes of our proposed RE procedure after it triggers a signal
warrants further research. Further, although our proposed RE procedure
does not require the specification of the IC distribution, it is assumed that
an IC dataset is available for estimating the IC parameters or the distribution.
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[27, 4] show the need for nonparametric approach to Phase I analysis.
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Appendix

The simulation procedure by which the ARL values (in Sections 3-4) are
derived is described in this appendix. The Fortran program used is available
from the authors upon request. A user can also code his own computer
program by the guidelines below.

Step 0:

Step 1:
Step 2:

Step 3:

Step 4:
Step 5:

Step 6:

Input parameters to be specified by the practitioners, including Phase
I sample size m, change point position 7, smoothing constant A\ and
control limit A, which can be obtained by the algorithm in Section 3.2.

Generate m IC Phase I sample, X, X5, ..., X,,.
Set n =0, RE, =0 and RL = 0.
This step includes 4 different cases as follows.
o If n <7 and RE, > h, then go to Step 2.
e If n <7 and RE, < h, then update n to n = n + 1, generate one

IC Phase II sample Y,,, update RL to RL = RL+ 1, and calculate
RFE,. Go back to Step 3.

e If n > 7 and RE, < h, then update n to n = n + 1, generate
one OC Phase II sample Y,,, update RL to RL = RL + 1, and
calculate RE,. Go back to Step 3.

e If n > 7 and RE, > h, then go to Step 4.

Set RL=RL — .
Repeat Step 2-4 B; times to obtain the average of the RL, i.e., ARL.

Repeat Step 1-5 By times to obtain the average of the ARL values such
that the effect of the size m of Phase I sample is negligible.
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Table 1: The control limits h for various combinations of m, A and ARLyg.

m A ARLy =200 ARL, =370 ARLy=500

20 0.0 0.00773 0.00926 0.00938
0.10 0.01131 0.01352 0.01459
0.20 0.01533 0.01680 0.01977
1.00 0.03252 0.03430 0.03742

50  0.05 0.01383 0.01424 0.01633
0.10 0.01617 0.01805 0.01992
0.20 0.02139 0.02412 0.02619
1.00 0.04119 0.04854 0.05117

100 0.05 0.01693 0.01834 0.01998
0.10 0.02104 0.02562 0.02586
0.20 0.02842 0.03086 0.03350
1.00 0.05257 0.05664 0.05854

200 0.05 0.02133 0.02338 0.02523
0.10 0.02664 0.03023 0.03205
0.20 0.03430 0.03906 0.04023
1.00 0.05891 0.06650 0.07048

200 0.05 0.02750 0.03258 0.03406
0.10 0.03516 0.03875 0.04141
0.20 0.04307 0.04852 0.05045
1.00 0.06875 0.07779 0.08318
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Table 2: The zero-state ARL comparisons among RE, NLE, RoE and Pre under
the normal distribution.

RE NLE RoE Pre
N(0,1) versus N(6,1)
A

m 01005 0.1]0.056 0.1]0.05 0.1
0.00 | 370 369 | 369 370 | 369 371 | 371
0.50 | 14.8 12.4 | 36.1 37.7 |26.3 28.4 | 108
20000 | 1.00 | 7.07 5.67 | 14.1 12.2 | 10.7 9.74 | 25.7
1.50 | 5.02 3.96 | 7.65 6.54 | 6.75 5.80 | 9.10
2.00 | 424 3.32 | 457 4.01 | 498 4.19 | 4.59
3.00 | 3.49 3.02 | 2.08 1.95|3.34 276 | 2.39
0.00 | 369 370 | 371 368 | 372 369 | 371
0.50 | 10.9 9.42 | 372 46.8 | 31.3 31.1 | 121
200 | 1.00 | 5.22 4.38 | 14.3 12,5 | 11.6 9.84 | 30.7
1.50 | 3.72 298 |9.13 7.86 | 7.06 5.83|9.82
200 | 3.23 242 |6.73 5.79 | 5.20 4.29 | 4.81
3.00 | 3.01 2.05 | 4.63 4.07 | 3.50 2.81 | 2.40
N(0,1) versus N(0,6?)
A

m 01005 0.1]0.06 0.1]0.05 0.1
1.00 | 370 369 | 370 370 | 369 371 | 371
1.20 | 219 199 | 57.0 584 | 147 126 | 113
20000 | 1.40 | 149 129 |23.0 224 | 819 63.8|53.3
1.60 | 114 909 | 13.6 12.8 | 53.5 39.5 | 32.1
1.80 | 92.0 73.6 | 9.47 882|382 27.6| 223
200|795 63.1 |7.12 6.66 | 29.2 20.6 | 17.0
1.00 | 369 370 | 370 372 | 372 369 | 371
1.20 | 191 231 | 114 115 | 163 127 | 106
200 | 1.40 | 147 146 | 414 41.2 | 88.8 67.6 | 54.3
1.60 | 98.9 110 | 25.8 22.6 | 59.5 40.0 | 32.1
1.80 | 83.8 81.7| 194 16.4 | 423 279|225
2.00 | 57.3 61.6 | 16.1 13.3 | 32.2 21.2 | 16.9
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Table 3: The zero-state ARL comparisons among RE, NLE, RoE and Pre under
the t(3) distribution.

RE NLE RoE Pre
% Versus % +6
A

m 01005 0.1]005 0.1]0.05 0.1
0.00 | 369 369 | 372 371 | 371 371 | 368
0.50 | 10.3 8.43 | 28.4 26.8 | 27.5 334 | 148
20000 | 1.00 | 5.50 4.35 | 13.3 109 | 10.6 9.76 | 28.4
1.50 | 443 3.42 | 842 6.86 | 6.63 5.73 | 6.67
2.00 | 4.15 3.16 | 6.04 4.89 | 4.87 4.14 | 3.08
3.00 | 3.72 3.04 | 3.74 3.14 | 3.28 2.75 | 2.13
0.00 | 371 371 | 370 371 | 372 369 | 371
0.50 | 7.73 6.37 | 25,5 26.2 | 37.1 504 | 186
200 | 1.00 | 4.15 3.28 | 11.8 10.1 | 194 11.1 | 42.6
1.50 | 3.34 245|816 7.05|6.95 5.82 | 7.96
2.00 | 3.13 219 |6.53 5.66 | 5.15 4.04 | 3.55

3.00 | 3.04 2.05 | 5.01 4.40 | 3.64 2.82 | 2.15

% versus o - %

A

m 01005 01]005 0.1]0.05 0.1
1.00 | 369 369 | 370 369 | 371 371 | 368
1.20 | 241 225 | 127 132 | 178 144 | 170
20000 | 1.40 | 174 155 | 56.7 60.3 | 109 80.2 | 93.8
1.60 | 134 119 | 34.3 344 | 73.1 555 59.6
1.80 | 111 96.3 | 24.2 23.2 | 62.6 48.6 | 41.1
200|946 76.0|18.8 17.6 |43.2 50.1| 30.5
1.00 | 371 371 | 370 369 | 372 369 | 371
1.20 | 281 229 | 206 207 | 203 174 | 179
200 | 1.40 | 18 168 | 95.3 100 | 191 110 | 93.9
1.60 | 159 117 | 50.3 529 | 157 &83.1 | 63.6
1.80 | 112 101 | 33.3 32.5 | 60.1 42.0 ]| 41.6
2.00 | 98.8 80.2|25.8 23.6|46.2 309 | 30.3
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Table 4: The zero-state ARL comparisons among RE, NLE, RoE and Pre under
the X:Q; distribution.

RE NLE RoFE Pre
x\%/—é?) versus x;%,/—g:i +4
A

m 01005 0.1]005 0.1]0.05 0.1
0.00 | 371 370 | 373 370 | 369 371 | 373
0.50 | 10.8 8.84 | 30.7 26.8 | 27.4 29.3 | 253
20000 | 1.00 | 5.88 4.66 | 179 14.4 | 11.0 10.2 | 90.2
1.50 | 4.57 3.59 | 12.3 9.82 | 6.81 5.96 | 33.3
2.00 | 4.05 3.09 | 891 7.12 | 498 422|134
3.00 | 397 2.77 | 511 4.22 ]334 2.77 | 297
0.00 | 371 371 | 373 366 | 368 368 | 370
0.50 | 8.06 6.83 229 229|309 29.6 | 272
200 | 1.00 | 4.34 3.62 | 139 11.9|11.8 10.4 | 118
1.50 | 3.42 2.76 | 10.3 8.85 | 7.37 5.96 | 40.3
200 | 3.04 235|832 7.15|5.15 432|152
3.00 | 3.00 2.00 | 594 5.17 | 3.44 2.80 | 3.28

2 2
X3 -3 . X3_3
s versus ) NG
A

m 601005 0.1]005 0.1]0.05 0.1
1.00 | 371 370 | 374 372 | 369 371 | 373
1.20 | 748 61.3 | 11.0 10.9 | 157 135 51.9
20000 | 1.40 | 43.7 35.0 | 5.69 5.67 | 87.6 T71.6 | 23.3
1.60 | 33.4 26.5 | 4.06 4.06 | 57.1 44.0 | 15.1
1.80 | 28.2 224|335 330|405 304|114
200|253 19.8 292 292309 227|951
1.00 | 371 371 | 370 373 | 368 368 | 370
1.20 | 84.8 102 | 46.2 49.8 | 185 145 | 49.5
200 | 1.40 | 29.1 23.1 229 19.9 994 743|225
1.60 | 194 154 | 17.0 14.2 |62.0 45.5]| 15.0
1.80 | 15.8 12.7 | 14.1 11.7 | 44.8 31.2 | 11.3
2.00 | 143 114|124 10.2 | 349 23.6 | 943
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