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VARIABLE SAMPLING METHODS

A considerable amount of work has been done on methods which allow varying sample sizes
and varying sampling intervals based on information as it is obtained from the process. For
example, if it appears that a process is drifting from target, then the next sample is taken sooner
or the sample size for the next sample is increased. Allowing for variable sample size and/or
sampling intervals allows for quicker detection of process shifts, although it increases the
administrative complexity of the monitoring scheme. For an introduction to these ideas, the
reader is referred to Reynolds, Amin, and Arnold (1990); Costa (1997); Crowder et al. (1997);
Zimmer, Montgomery, and Runger (1998); and Tagaras (1998).

ECONOMIC DESIGN METHODS

There have been and continue to be many papers appearing on the economic design of
control charts based on ideas originally proposed by Duncan (1956). With economic models,
various costs are assigned to sampling, non-conforming parts, repairs, and so forth. Also a
number of time-oriented parameters must be specified, such as the average time until the
process shifts to a given out-of-control condition, the time required for sampling, and the time
required to investigate a false alarm. Once the input parameters are specified, the sample size,
sampling interval, and decision rule are determined using optimization techniques to minimize
the expected cost. Recent reviews of this area are given by Ho and Case (1994) and Keats et
al. (1997). A critique of the economic design approach is given by Woodall (1987). Economic
approaches to the design of attribute charts are referenced in the bibliography by Woodall
(1997). Because economically designed charts can have poor statistical properties and are, in
general, incapable of detecting process improvements, the use of statistical constraints is
recommended, as proposed by Saniga (1989).

CHANGE-POINT ESTIMATION

Some readers may recognize a similarity in the purpose of control charting and that of
change-point estimation. In change-point estimation the focus is usually on estimating the time at
which a change in the process occurred once the change has been detected. Control charting
has typically been focused more on detecting such a change as quickly as possible after it
occurs. Obviously, the two areas are related, and there has been some recent work combining
them. See, for example, Yashchin (1997) and Samuel, Pignatiello, and Calvin (1998). For a
review of change-point methods, see Zacks (1991). Change-point methods also have a Phase
I/Phase Il distinction, as does control charting.

ENGINEERING PROCESS CONTROL AND SPC

The SPC goal of controlling a process to target with minimal variability is shared with
engineering feed-forward and feedback control. A number of researchers have studied how
engineering process control and SPC can be combined to take advantage of the strengths of
each (see, e.g., MacGregor (1987); Vander Wiel et al. (1992); Montgomery et al. (1994); Box
and Lucefo (1997); and Box, Coleman, and Baxley (1997)). This research area is closely tied to
the study of control charting with autocorrelated data.

NONPARAMETRIC APPROACHES
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There are a number of nonparametric approaches to control charting; see Bakir (1998) and
Chakraborti, Van der Laan and Bakir (1999) for reviews. Some recent approaches are studied
by Pappanastos and Adams (1996), Willemain and Runger (1996), and Jones and Woodall
(1998). There would appear to be an increasing role for non-parametric methods, particularly as
data availability increases. Abundant data would cause the loss of power associated with
nonparametric methods to become less of an issue. Nonparametric methods would seem
especially useful in the multivariate case in which an assumption of multivariate normality is
required for most methods proposed thus far. Several nonparametric multivariate methods have
already been proposed, for example, by Ajmani, Randles, and Vining (1998) and Chang and
Fricker (1998).

GENERAL TRENDS AND RESEARCH IDEAS

Several research ideas arose from the Journal of Quality Technology (JQT) panel discussion
edited by Montgomery and Woodall (1997). Some of these are incorporated into the list of
trends and ideas in this section. The reader is also referred to Montgomery (1992), Kolesar
(1993), and MacGregor (1997) for additional ideas and perspectives.

i. Most SPC methods have been developed and modified over the years to maximize the
information obtained from relatively scarce data. Now in industry there is often an
overwhelmingly large amount of data. Thus, SPC methods are needed for massive data sets.
Some work on this topic is reported by Runger et al. (1997) and Yashchin (1998). We would
expect nonparametric methods to be particularly useful in this data-rich environment. Also, it
may be necessary to desensitize standard methods in the presence of a large amount of data to
prevent detection of very small instabilities of no practical importance.

ii. The scope of SPC should be broadened to include a much wider variety of methods for
understanding variation over time, not just traditional control charting. Multi-step production
processes and measurement processes should be considered. Some work has been done in
this direction, but much more is needed. See, for example, Hawkins (1991). The study of the
transmission of variation through the process is important as discussed recently by Lawless
(1998) and Fong and Lawless (1998). In the current manufacturing environment, multiple
measurements are often made on each manufactured unit at multiple times during production.
Methods are needed to take full advantage of this information. In auto making, for example, it
may then be easier to trace the source of a defect found in final inspection to a root cause early
in the assembly process. Palm et al. (1997) refer to this capability as traceability and consider it
a major step forward in the application of SPC.

iii. Most of the research on SPC methods has been focused on monitoring the process mean
(or mean vector). Process variability is just as, or more, important. There has been a trend
toward more research on monitoring process variability, but more work is needed on this topic.
The multivariate case, in particular, has received relatively little attention although some recent
results are reported by Tang and Barnett (1996a, 1996b). Also, much of the early work on
monitoring process variability did not address the detection of decreases in variability, that is,
process improvement.

iv. It has already been mentioned that more research is needed on the effect of parameter
estimation on control chart performance.
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v. Given the difficulties associated with interpreting signals from multivariate control charts,
more work is needed on graphical methods for data visualization. Data reduction methods are
also important.

vi. Industry has been moving away from the use of attribute data toward the use of continuous
measurements. Variables data enables tighter control of processes with smaller sample sizes.
Still, there are some open research topics involving attribute data, as listed by Woodall (1997).

vii. The trend in the economic modeling and design of control charts is to incorporate statistical
constraints. The development of an economic model which incorporates process improvement
as well as quality deterioration would be a major advance.

viii. It is very likely that there are many results in the change-point literature which could be
applied to SPC problems. A greater synthesis of these two areas is needed. There has already
been some movement in this direction, but we expect much more.

ix. There are review papers needed on topics such as the effect of parameter estimation on
control chart performance. Review papers tend to spark new research ideas.

x. Since many new methods are unlikely to be used unless computer programs are available,
there is an opportunity to program existing methods. Some journals (e.g., JQT) publish computer
programs.

xi. There is an opportunity for cross-fertilization of ideas from other areas of statistical science,
for example, epidemiology, outlier detection, and even economics and finance (see for example,
Stoumbos (1999)).

xii. There is a need for publication of case studies illustrating the benefits of SQC. This
presents an opportunity for those in academia to work with those in various industries.
Practitioners have the applications and data but rarely the time and motivation to publish case
studies.

xiii. A number of mathematical statisticians have worked on process monitoring topics (see,
for example, Lai (1995)). Work is needed to make the most useful mathematical results more
accessible to quality practitioners.

RELEVANCE AND ACCEPTANCE OF RESEARCH RESULTS

Kolesar (1993), Banks (1993), and others have questioned the relevance of much of the
research on SPC. Going still further, Gunter (1998), referring to the control chart, stated, "The
reality of modern production and service processes has simply transcended the relevance and
utility of this honored but ancient tool." Although Gunter (1998) admitted that his opinions were
outspoken to stimulate discussion, it is clear from a review of virtually any set of industrial
training materials that most of the methods taught are roughly fifty years old. Thus they are not
directly suitable for many modern manufacturing environments. Many of the advances in the
understanding and use of SPC methods which could increase their relevance and utility have
not had a significant impact. As Crowder et al. (1997) state, "There are few areas of statistical
application with a wider gap between methodological development and application than is seen
in SPC."

There are several reasons for the considerable gap between the useful theory and actual
practice of SPC. Many, if not most, of the users of control charts have had relatively little training
in statistics. Thus there is a reluctance to introduce more complex topics, such as the study of
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autocorrelation, into training materials. Also, changes in SPC practice have been actively
discouraged by a number of people, including W. E. Deming, by far the most influential
statistician who has worked in the quality area. Finally, many researchers have generally
considered their work ended with the publication of their results. There is usually little effort to
see the work implemented in practice. If new ideas are implemented in creative and useful ways,
the advances are not publicized often enough through case study papers. User-friendly
computer applications are rarely developed. In many cases the work is written in such a way that
very few industrial practitioners can understand it. Many of the changes in general practice that
do occur are due to textbook authors, software developers, and consultants. Thus the time
required for useful research to be implemented is much too slow. Unfortunately, some of the
new methods which do get promoted are ineffective ones.

Some of the reasons for this unfortunate situation are well-known, but the solutions are not
easy ones. In most of academia, research publications lead to promotion, tenure, and pay
raises. In many academic departments, the status of a journal is directly related to its level of
mathematical complexity. In the view of Box (1990, 1994, and 1995), the use of the
mathematical paradigm in statistics is a serious mistake. Often there is little motivation for
activities beyond journal publication on any research idea, regardless of its usefulness. Thus
some researchers tend to stay focused on narrow subareas without acknowledging that the
entire field of study will suffer unless they also work to improve statistical practice. The academic
environment is different in industrial engineering, the primary engineering area in which SPC
research is done. Here, an important issue is obtaining funding to support research, which often
necessitates an argument of relevance for the results. Sometimes work is done cooperatively
with industry. Indeed, much of the research done in SPC over the years has been done by those
working in industry, often on their own time. In many cases, the problem is not relevance, but the
lack of acceptance and integration of new ideas in what could be considered the base of
knowledge associated with the term SPC.

As in any area of statistical science, some of the research in SPC is not necessarily
immediately and directly applicable to "real-world" processes. Some of it was never intended to
be so. In much of academia, the rewards are for publications, not usefulness. Consequently,
even though an idea is not directly relevant to practical application, but could lead to publication
in a good journal, the idea will typically be pursued. Furthermore, some topics have theoretical
and intellectual value, even though their immediate practical application may not be obvious.
This certainly does not mean that the research is frivolous and will never be useful. A good
example is the theoretical research on alphabetically-optimal experimental designs that started in
the 1950's. There were few applications of these ideas in designing real-world experiments until
the last 10 years. However today, almost every experimental design software package
incorporates D-optimal designs because they are highly useful for experiments with irregular
regions (such as mixture experiments), nonstandard models, or unusual blocking requirements.
Practitioners use these optimal designs routinely to address these problems. There is certainly a
need for a stronger trend toward more relevance in SPC research, but it is even more important
that the traditional base of knowledge for SPC practice be expanded to include new methods
and ideas.

Much of the influence to increase the relevance of SPC research could come from journal
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editors and referees. More could be expected of authors regarding the applicability and
readability of their results. Practical implementation and examples could be required for
publication, as is presently required by JQT and by Technometrics.

Finally, entire areas of research in SPC need to be reassessed from the perspective of their
impact on statistical practice. This is never an easy process since no one welcomes criticism of
their work. Indeed, the work by one of the authors has been strongly criticized by Banks (1993).
Some researchers believe, though, that there has been more research on economic design of
control charts than is justified by practical applications. In his criticism of the relevance of much of
the SPC research, Kolesar (1993) seems to be referring primarily to economic modeling. One
could argue that if the area of economic design of control charts has not had a significant impact
on statistical practice in forty years of development, then perhaps it is time to concentrate
research efforts elsewhere. Economic design consists of sophisticated methods for designing
simple tools. The changing manufacturing environment, on the other hand, calls for simple
methods for designing more complex tools. As a rough estimate, about 20% of the research
effort in SPC has been devoted to economic design methods. On the other hand, cost is a
language that appeals to management, so measuring the impact of an SPC system or
procedure in economic terms might be helpful in attracting management support and other
resources to implement an entire set of quality improvement activities. Also, economic modeling
of control charts brought many individuals from the operations research and engineering
communities into the SPC field and fostered other collaboration of these researchers with
statisticians. So while there has been little direct application of much of the research results, it is
difficult to characterize the work as without value.

CONCLUSIONS

This paper is meant to serve only as an introduction to some research directions,
opportunities, and issues in the area of SPC. For a more detailed technical discussion, the
reader is referred to the JQT panel discussion edited by Montgomery and Woodall (1997). This
panel discussion includes the views of a number of the leading researchers and practitioners in
the SPC area. Montgomery (1992), Gibra (1975), and Vance (1983) provide earlier views of
research on SPC. For a general introduction, the textbooks by Montgomery (1996) and Ryan
(2000) are recommended. They contain many up-to-date references. Also, see Woodall and
Adams (1998).

The reader is encouraged to consider doing research in the SPC area. In one respect the
authors disagree strongly with Deming (1993, p. 180), who stated, "The Shewhart control charts
do a good job under a wide range of conditions. No one has yet wrought improvement." In our
view while Shewhart charts are widely useful, many important advances have been made and
the SPC area offers some exciting areas of research. There are many important, unanswered
questions still to be addressed. Although the contributions of Shewhart, Deming, and others
have been fundamental in nature and monumental in effect, the process of statistical monitoring
and control can benefit, like any process, from continuous improvement. SPC methods must be
adapted to a changing manufacturing environment, which now includes trends towards shorter
production runs, more data, higher quality requirements, and greater computing capability.
ADDED MATERIAL
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