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CHAPTER 1: INDUSTRIAL PROCESS CONTROL

1.1 Introduction

Control schemes can take many forms. In particular, Shewhart contrel charts
and cumulative sum charts are frequently employed for what is called Statistical
Process Control (SPC). By contrast, various forms of feedback, feedforward, and
feedforward-feedback systems are used for what may be called Automatic Process
Control (APC). The people responsible for SPC and those responsible for APC are
usually from different departments and different technical backgrounds so it is hardly
surprising that occasionally there is controversy and misunderstanding between the
two groups. One reason for this is that there are different purposes for which control
schemes are used and, consequently, different meanings for the words process control.
On the one hand, the principal purpose may be to learn about the process and to
eliminate assignable causes of disturbance so as to produce and maintain the process
in a ““state of control’”’. On the other hand, the principal purpose may be to regulate
the process so as to maintain it as close as possible to some desired target value.
Although SPC is principally concerned with the first purpose and APC with the
second, these goals are not mutually exclusive and may be pursued concurrently.

This chapter presents arguments showing how and why each kind of control
scheme serves a valuable purpose when used in a suitable context, but can fail and

mislead if employed inappropriately.



1.2 Some Control Schemes for Detection and Removal of Special Causes
Shewhart control

In Lewis Carroll’s Through the Looking Glass, the White Queen says to Alice,
“‘Now, here, you see, it takes all the running you can do to keep in the same place’”.
This remark applies to the real world, not just Looking Glass Land. In the parts
industry, for example, good quality requires that we manufacture the same thing
consistently. It would be nice if this could be done by once and for all adjusting and
setting the machine and then letting it run. Unfortunately, this would rarely result in
the manufacture of uniform parts, at least not for any length of time. Alternatively,
consider some routine task in a hospital such as the taking of blood pressure. Once a
best way for taking blood pressure is decided, we would like it done that way
consistently. Experience shows, however, that this consistency will not happen unless
extraordinary precautions are taken to ensure it. The truth is that we live ina
nonstationary world, that is, a world in which external factors never stay still. Indeed,
the ideas of stationarity and stability in which things stay put over time is, in reality, a
purely conceptual and imaginary concept. It is useful, only because it supplies a
standard against which the real unstable, nonstationary world can be judged.

The manufacture of parts is an operation involving machines and people. The
parts of a machine are not fixed entities; they wear out, change their dimensions, and
lose their adjustment. ﬁe people who run the machines differ in their behavior. A
single operator forgets things over time and may fail to communicate with others, and

when many operators are involved opportunities to vary from the standard procedure



are multiplied. Thus, stationarity, stability, and uniformity over time is not the norm,
as many statistics texts would have us believe, but is an unnatural state that we must
work hard to achieve. The Shewhart chart is a very important tool in this endeavor.

Its tremendous virtue is the simple fact that successive observations are plotted in time
order, so that time patterns of normal and abnormal behavior of the process can be
clearly seen and mulled by a viewer who is familiar with the process. To aid with the
assessment of what might be and what might not be normal process behavior, limit
(control) lines are often placed at £ 3G about the target line T. Because many
processes tend to r_cmain stable over short periods of time, a measure of this short term
standard deviation, o, is usually employed to judge normal behavior. This standard
deviation is determined from short lengths, called rational subgroups, of normal
operation of the process. Control lines are plotted under the assumption that, under
stable operating conditions, the data would vary in a roughly N(T,o?) distribution,
i.e., a normal distribution having mean equal to the target value T with standard
deviation G.

The process is said to be in a state of control when its usual operation isin
conformance with the N(T ,0'2) model. The occasional occurrence of a suspicious
pattern which is unlikely under this model may then produce a search for what
Shewhart called an *‘assignable cause”. Deming calls this a special cause and he
attributes the normal variation of the process about the target value to common causes.
Thus the effort expended in process improvement can be classified into two

categories. Once the process is in a state of control, the occasional occurrence of



suspicious patterns can initiate “‘find and fix’’ investigations associated with special
causes. These investigations remove ‘‘bugs’’ from the process but do not basically
change it. On the other hand, fundamental management-induced system changes are
needed to deal with common causes. Such changes may improve quality by
producing a change in the mean level, W, or reducing the standard deviation, G, or
both. For example, because of management introducing a new machine for painting

cars a higher gloss may be obtained or a more uniform gloss or both.

Control and improvement

There should of course be no conflict between process control and process
improvement. Indeed, as is emphasized by Imai [23], quality control is essential to
““lock in”’ quality improvement. If this is not done, the history of an improvement
that initially increased the mean for some quality characteristic might resemble the
graph in figure 1.1(a). This is because carefully adjusted machines can become
untuned, people can become less careful and supervision can become lax. To prevent
such regression, Imai emphasizes that it is necessary to build a quality control system

so that, as illustrated in figure 1.1(b), quality is locked in after each new improvement.

Roles of management and worker

Deming and Juran have pointed out that more than 85% of problems are
concerned with the nature of the system itself and so are the responsibility of
management whereas less than 15% are related to deviations from the system

attributable to the workforce. This has sometimes led to the false conclusion that
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worker participation is unimportant since it can address only 15% of the probiems.
However, problem solving teams in which workers participate can work with
management in the solution of system problems as well as nonconformance problems.

In such team efforts, the manager’s role becomes that of a leader and coach.

Cusum and other charts based on likelihood ratios

The Shewhart control chart has the advantage that it does not assume that the
special causes are associated with any particular pattern. In principle any suspicious
pattern might be identified with a Shewhart chart. However, if we were prepared to
look for a specific pattern associated with a particular kind of special cause, then, by
putting the problem into a hypothesis testing framework, we can compute a best test to
detect that pattern. If, for example, we had successfully eliminated a disturbance
giving rise to a sine wave of a particular period but feared that it might return, then
using the appropriate likelihood ratio (Box and Ramirez {14]), we could employ a test
function and a corresponding chart that could detect that particular deviation from
‘randomness more quickly than a Shewhart chart. We could, however, not afford to
use such a specialized test alone since it might be useless to detect unexpected forms
of disturbance. The problem has been likened (Box [8]) to that faced by a small
country wishing to install an early warning radar system against air attack. Very
sensitive radar could be used to monitor certain directions known to be likely sources
of attack but, for safety, a less sensitive multidirectional screen would have to be used
as well. One particular deviant pattern which has received considerable attention

occurs when the process mean changes from one value pt; to another value Y. The



optimal likelihood ratio test is then the Wald-Barnard sequential test leading to the use
of a cumulative sum (cusum) of the deviations from target. Such is the basis for the
commonly used cusum charts (see, for example, Barnard {6], Ewan and Kemp (21],

Lucas {29]).

1.3 Some Control Schemes for Regulation

In a familiar prayér one asks for guidance on how *‘to change what can be
changed, to leam to live with what cannot, and to know the difference.”’ Because the
outside temperature varies markedly with seasons, most dwellings in the U.S. have a
feedback control device—a thermostat driving the furnace to produce an even
temperature in the home. Changes in climatic temperature in the U.S. are
.disturbances that cannot be removed. Similarly, changes in a naturally occurring
feedstock, such as crude oil, cannot be removed (although changes may sometimes be
smoothed out by mixing).!

Regulation becomes necessary for a process where, if left to itself, the quality
characteristics would drift about and the cause for such drifting is not initially

understood or, if understood, cannot be conveniently eliminated.

!Notice that in both examples involving ambient temperature and the characteristics of a
feedstock, feedforward controt is in principle also possible. For example, a sensor outside a house can
be used 1o produce compensatory action by the furnace. Becausc of the robust qualities of feedback
control, the latter is normally used: for example, feedback control can cope with disturbances not bar-
gained for, such as the occasional use of a firepiace or the body heat from a large number of guests.



Feedback control

Feedback control may be employed when there exists a known input variabie W,
which can be manipulated 1o cancel deviations of the output Y, from its target value
T. Thus in a dyeing process, a too high value of the dye level Y, in the dyed cloth
might be compensated by a reduction in the dye addition rate W, at the input. Sucha
scheme where the deviation from target ¢, =Y, — T is being “‘fed back’’ to decide the
appropriate degree of compensation W, is an example of regulation by feedback
control.

The simplest form of feedback control is proportional control where the
compensation X, is proportional to the last error e;_; so that the control equation is of
the form

W, = ko + kpe,_, , (1.1
where the k’s appearing in this and subsequent equations are constants. If there is a
trend in the disturbance, this equation produces compensation which persistently lags
behind the trend so that an additional term using the cumulative sum of the errors is
often added to yield a control equation of the form

-1
W, = ko+kpe_y +h1 Y e (1.2)

i=l

This is a discrete version of the control action taken by the familiar proportional-

integral controller or PI controller as it is often called.



Feedforward control

Feedforward control may be employed when knowledge of the value of some
measured but uncontrollable variable U, may be used to partially cancel deviations of
the output Y, from target value T. Thus if it were known that the measured thickness
of the incoming cloth U, affected the output dye 1eve1 Y, then U; could be used
instead of Y; — T to determine the appropriate dye addition rate W,. Such an example
where the input measured variable ‘‘cloth thickness’’ U, is being “‘fed forward’’ to
decide the dye addition rate W, is an example of regulation by feedforward control.
For reasons that are mentioned later it may be desirable to use feedforward and

feedback control together in a feedforward-feedback scheme.

Simple models to illustrate some important issues

To understand how the factors discussed above influence the choice of a control
scheme, we consider some specific models. These models are simple but sufficiently
realistic to illuminate further discussion. For the time being, we will nor explicitly
consider the cost of making adjustments and the cost of observing the process so that
what is said applies strictly to cases where these costs are negligible or where changes

in the scheme do not materially change these costs.

Disturbance models
To represent a nonstationary or drifting disturbance such as ambient temperature,
which we have seen is usually compensated in the home by a feedback device, we use

a model that can represent a nonstationary system as well as a stationary one.



We will define the disturbance as the time series that would be followed at the
output *‘if the system were left to itself””. A flexible time series model which can
represent both a drifting disturbance such is frequently regulated by feedback control
as well as uncorrelated random noise about a fixed mean representing a process in a
state of control (see, for example, Box and Jenkiqs [12] and Astrom [5]) is

a1 -2 = Gy — O 0<6<=1 (1.3}
where {a,} is a white noise sequence of ‘‘random shocks’’, that is, a sequence
normally and independently distributed about a zero mean. The model may aiso be
written as

Ziel = L+ ain (1.4)
When 0 < 0 < 1, Z; is an exponentially weighted moving average (EWMA) of past
data
7 = woZy+wiz + - with w; = (1 -6)¢ (1.5)
and 0 is sometimes called the smoothing constant. This is a nonstationary model in
which each new observation is generated by an exponentially weighted average of the
past observations plus a random shock. Thus, for example, the drifting disturbance
shown in figure 1.2 is generated by equation (1.3) with 8 = 0.5. The exponential
weight function is illustrated by a bar chart above the series. It is easily shown that
conditional on knowledge up to time ¢, the exponentially weighted average z, in (1.4)
is the minimum mean square error forecast of the next observation z,,;.
When 8 = 1, (1.4) becomes the familiar stationary model where the errors are

D (independent and identically distributed) about a fixed mean u
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Figure 1.2: A Time Series Generated by the Model
of Equation (1.3) With 6 = 0.5 (y=10.5)
Showing Exponential Weight Funtion
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Il = Bt dry (1.6)
for, as 6 tends to unity, the weights are spread more and more evenly over the remote

past and Z; tends to E(z) = where, in the limiting case, each new observation is
generated by the mean y plus a random shock a;.

When 0 = 0, (1.4) becomes the random walk model
iyl S 4L TG (1.7)
Here all the weight is applied to the last observation so that Z; = z, and each new
observation is generated from the previous observation plus a random shock.

As 0 approaches unity, (1.4) behaves more and more like the stationary model
(1.6) and as 0 approaches zero, the process becomes less and less stable and closer and
closer to the random walk. Thus, in general, the model can be thought of as an
interpolation between the IID model and the random walk model.

An alternate form for (1.4) is

: _

Zel =74 +Yi§ae (1.8)
where y=1-6. When 8 =0 (y=1) equation (1.8) gives the random walk (1.7) in the
form

t

i =21+ Ela; (1.9)

More elaborate models of this ARIMA class (see, for example, Box and Jenkins [12})

may be used to model more complex situations but this model will suffice for the

present discussion.

12



Models for dynamics and delay

The time series model (1.3) is an example of a stochastic difference equation
(i.e., a difference equation ‘*driven’’ by the random process ;). Difference equation
models may also be used to characterize inertia and delay in a system. The effect on
an output variable X, of an adjustment in an input variable W, may be immediate or it
may not take effect for b units of time. In addition, it may take time for the full effect
to develop due to the inertia of the system. Thus, if we use x; to represent the change
X, — X,-; at the output for a change in level w, = W, — W;_, in the input, then the
relationship between x and w when there are b units of delay and g is the gain in the
system may be represented as

Xy = Cg+8Wrp (1.10)

where ¢ is a constant. The slightly more general difference equation model
Xe1 = Co+x, +g(1=8)wp 0<d<1 (1.1D)

can take account of inertia in the system as well as delay where, in general, 1 - 3 is
the proportion of the eventual output response that occurs in the first ime interval
after the step change in the input.

Figure 1.3(a) shows the response X, at the output to an input step change W, of
one unit for a delayed system described by equation (1.10) withg =2 and b =4.
Figure 1.3(b) shows the response X, to a unit step input for a system described by

equation (1.10) with 8=0.5,g =2,and b = 4.

13



X
5 —
4 — g=2 b=4 §6=05
3 =
2
1 —
I I A L L[]
0 15
We= In?)ut
Change

Figure 1.3(b): Output for A One Unit Change in Inputatt=10

14



' A simple example of a feedback control scheme
Consider again the exampie of feedback control applied to the dyeing process of
§1.2. Suppose the dynamics and delays are represented by equation (1.10) with one
step of delay (b = 1) and the disturbance of the output is to be regulated by equation
(1.3). The error at the output is e, =Y, — T =z, — X, and it is easily shown (Box and
Jenkins [12]) that the following controller (control equation) minimizes the mean

square error, E(e?).

t
W, = kg+kpe,+k1 X e (1.12)

i=1

where the constants &p and &; depend on the gain g in the system, the constant of

inertia 3, and the time series constant 0 in the following way:

Y
kp = ——— and

NPT
where y=1—0. Thus the level W, at which the dye addition rate should be set at

k= L 1.13
1 P (1.13)

time ¢ depends on the last deviation from target, ¢, = Y, — T, and on the sum of the
deviations up to time . This is seen to be the discrete equivalent of the familiar
proportional plus integral (PI) controller? given earlier in equation (1.2).

It may also be shown that this scheme is equivalent to forecasting the deviation
from target, ¢, = z;+| — X;4+ from the origin ¢ with an appropriate EWMA of past
values of the disturbance z, and then manipulating W, so that X, cancels this

predicted deviation. The error made at the output is then the one step ahead forecast

2Controllers where the compensation is a linear combination of a term involving control propor-
tional to the last error and the integrat of all previous errors are called proportional plus integral (PT)
controllers. A modified form in which an additional term involving the first derivative with respect to
time of the error is included is called a PID controller. In this paper, we will be referring to the discrete

15



eTTOr, 2,41 — Z; = G141 = €4+1. Notice that minimization of mean square error at the
output is equivalent to rninimization of quadratic off-target cost. Thus, if we could
assume the cost at time ¢ of being off-target was proportional to e? =(y,—T)? and if
there were no adjustment cost and no monitoring cost, then this feedback scheme
would minimize the total cost. Note also that we have assumed that the object is to

regulate the process and not to discover the cause of the disturbance.

A simple example of a feedforward control scheme

Suppose now that in a feedforward control scheme cloth thickness U, is
measured as the cloth enters the machine and it takes one unit of time to reach the
output so that the contribution at the output of U, is given by y; = ¢ + hU,_; where ¢
and h are constants. Suppose further that the dynamics and delays linking the
compensating variable W, and the output are again represented by equation (1.11)
with b = 1. Then the control action w, which exactly compensates (at least
theoretically) for cloth thickness is readily shown to be (Box and Jenkins [12]):

w = cog+c U +cUi (1.14)

with

___h oy = MO
g(1-3) 27 g(1-9)

Feedback and feedforward control each has advantages and disadvantages which

cy = (1.15)

may be of greater or lesser importance in different applications. In particular,

feedback control has the advantage that it is much less dependent on exact knowledge

analog of these controllers, and in particular, to the PI controller.
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of the model but it has the disadvantage that the corrective signal could be greatly
delayed by process dynamics. Notice that a mixture of feedback and feedforward
control can combine the merits of both. Thus, in the dye level example, it is likely
that only partial compensation could be achieved by adjusting for cloth thickness
whereas feedback control could compensate for other drifting disturbances. Notice
that in this feedforward scheme as in the feedback scheme we have tacitly supposed

that no account need be taken of adjustment cost or observation cost.

1.4 Criticisms of SPC and APC
Because the aims and assumptions of SPC and APC are different, it is not
unusual to find misunderstandings between those responsible for SPC and those

responsible for APC. The SPC practitioners may criticize APC for (as they see it)

i) compensating disturbances rather than removing them,
ii) concealing assignable causes rather than revealing them, and
ili) overcompensating for disturbances resulting in increased variation. In
particular, in the parts industry, rumors of improvement when automat-
ic controllers are disconnected are common.

On the other hand, those responsible for APC may argue that, for example,

i) SPC is inefficient for regulating a process,
ii) SPC takes no account of the dynamics of the system, and
iii) the supposition that a process can always be brought to a state of con-
trol by standardizing conditions is often unrealistic. Feedback or feed-
forward compensation is often necessary to deal with such disturbances
as ambient temperature and quality of feedstock.

The objectives of process improvement on the one hand and process regulation on the

other should, of course, not be regarded as rivals; both are necessary but some tension
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between these objectives is to be expected. As we shall show, however, these
objectives can be pursued concurrently. We now address these specific issues in more

detail.

Can we remove disturbances?

When processes are affected by nonstationary variation such as the quality of
feedstock or ambient temperature we have two alternatives: we may try to eliminate
the cause of variation or we can compensate for it. Thus, a switch to an alternative
supplier may result in a more uniform feedstock. However, particularly if a feedstock
is a naturally occurring one such as a metallic ore, crude oil or lumber from a forest,
achievement of approximate uniformity may not be possible or too expensive to
c'ontemplate and we must instead try to compensate for differences by feedback or
feedforward control'. Again, if we find that the temperature variation in Wisconsin
from winter to summer is too extreme, some of us may move to California, but if for
other reasons we wish to stay in Wisconsin we should compensate for the cold
weather by using a furnace controlled by a thermostat supplying appropriate feedback

control.

Are disturbances concealed by automatic control?

As often practiced, feedback and feedforward control conceal compensated
disturbances and thus reduce the chance of removing the causes for them. However,
this concealing of disturbances does not need to happen. If the equation governing a

particular control scheme, such as (1.11) is known and a record of the actions taken
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{W, ) and the deviations observed (e} is available, then the nature of the disturbance
that has been affecting the system is easily back calculated. By inspection of this
reconstructed disturbance the nature of long term fluctuations, suspicious patterns, and
unusually large individual deviations is revealed and can be studied. Thus, the pattern
of the reconstructed disturbance over time might suggest the identity of a previously
unknown explanatory variable. Process improvement could then resuit. In some
cases it might be possible in future to hold this variable fixed; alternatively it might be
measured and fed forward. In either case this would result in a major change in the
system. In addition, individual deviations from the overall trend could indicate
assignable causes leading to *‘find and fix’” initiatives exactly parallel to those used

with a Shewhart control chart.

Overcompensation?

The equations (1.12) and (1.13) for a simple feedback system and (1.14) and
(1.15) for a simple feedforward system were derived under specific assumptions about
the nature of the disturbance equation (1.3) and dynamics of the represented system,
equation (1.11). If these assumptions are inappropriate the control achieved may be
poor and in some instances may be worse than no control. In particular it may take
the form of overcompensation.

An extreme example could occur when an improperly tuned feedback controller
was applied to a process having a purely random disturbance and already in a state of
control. This would result in increasing rather than reducing variation. Notice,

however, that such a difficulty would not occur if the system had been properly

19



identified. Consider, for example, the control equation (1.12) applied to a process
which is already in a state of control so that the disturbance was in fact white noise
corresponding to the model of equation (1.3) with 8= 1. Now, if we substitute the
value 8 = 1 (y=0) in equation (1.13), we obtain zero values for both constants kp and
k; which determine the amount of proportional and integral control. So the correct
feedback control system to be applied in this case is no control. But this is the control
system which would be obtained if we took the trouble to correctly identify the
disturbance.

Now the original rationalization for proportional-integral controllers for which
equation (1.12) supplies the discrete analog, was not based on S)}stem identification
but was empirical (see, for example, Mayr [36]). Also, it is known from experience
that these controllers tend to be very robust to moderate misspecification. In practice,
therefore, a standard PI controller will often simply be hooked up to a system, the
characteristics of which have not been identified. These standard controllers can be
tuned (i.e., the constants for proportional and integral control can be varied) but this
tuning process is not always done very well. Furthermore, in recent years, controllers
of the type developed for the process industries have sometimes been transferred to
the parts industries without sufficient thought being given to their applicability. This
is undoubtedly the basis for stories about disconnection of a controiler having reduced
the variance. Formal identification of the disturbance by fitting an appropriate time
series model and of the dynamics by carrying out appropriate experiments could avoid

these problems but in many cases would be too tedious for routine use. A practical,
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but less than perfect alternative, is to pay more careful attention to the tuning of the
controller using experimental design methods to obtain the optimal setting. For
example, if it is decided that the objective function should be the mean square error of
Y about the target value, or preferably the logarithm of the mean square error, then
response surface experiments (Box and Draper [7]) may be run using the settings of
the control constants of the controller as variables. Such a procedure can be used to
correctly identify the best settings of the control variables to produce minimum mean
square error. In particular, such a procedure will lead to the conclusion that no
feedback control is needed in appropriate circumnstances and so avoid
overcompensation. Other criteria, of course, such as immediacy of response can also

be optimized in this way.
1.5 Criticism of SPC by APC Practitioners

Shewhart control charts inejjjicient for regulating a process?

It is the essence of SPC philosophy that you do not react to apparent process
changes unless they are established as statistically significant by, for examnple, a
Shewhart chart or cusum chart. For a nonstationary system where the mean is shifting
from time to time this can result in sluggish reaction as compared to a feedback
system in which adjustments are made at each interval. It can also resuit in a much
larger mean squared deviation from target. Thus, on the assumption of a quadratic
loss associated with being off-target, a feedback scheme may produce a much smaller

loss than a Shewhart scheme.
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However, in the above the tacit assumption is made that it costs nothing to adjust
the process. This turns out to be a critical assumption. Suppose instead that to make
an adjustment the process must be shut down for a short time, or an expensive tool has
to be replaced. Then some cost $C, is associated with each adjustment. In that case,
as js shown later, minimumn cost control schemes look much more like Shewhart
control schemes. In particular, if the drifting location is represented by the
nonstationary model (1.3), minimum cost is obtained using a chart in which an
exponentially weighted moving average (EWMA) of the data is plotted against
parallel action lines. The EWMA has a smoothing constant 8 equal to the parameter 6
of the disturbance of equation (1.3). When 8 =0, so that the disturbance is a random
walk, then (equation (1.9)) the EWMA is simply the last observation which is plotted
between two parallel lines as with the Shewhart chart. In such a scheme, however, the
position of these lines is not decided on the basis of 3o-limits but on the relative costs
of adjustment and of being off-target. The point to notice is that with different
assumptions about costs, a scheme much like the Shewhart control chart is optimal
and any scheme involving straight feedback is more costly. More generally, the
relative values of various costs is of great importance in deciding the optimal choice

of a control scheme.

Shewhart control does not allow for system dynamics
The inertia of a system is an important determinant of optimal control.
Particularly in the process industries, a correction applied to the process at time zero

may not be fully effective until some considerable later time. Naive attemnpts at
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compensation which ignore this fact can produce very inadequate control. In the parts
industries, however, need for such allowance for dynamics is less common and

controllers built to deal with dynamics and inappropriately tuned may be ineffective.

State of control model unrealistic?

In the parts industry after a considerable and continuing effort it is often possible
to bring and maintain the process in a state of control modelled by

»=T+a (1.16)

where T is the target value and g, is a white noise process roughly distributed as
N(0,02). By contrast, in the process industries we are typically dealing with some
disturbances which cannot be stabilized and must be compensated for. To represent
such disturbances nonstationary time series are usually necessary with optimum

control being provided by feedback of feedforward systems.

Costs
The schemes so far discussed are not the only kinds of control schemes that may
be appropriate. One important consideration is the relative value of various costs. In

particular:

Off-target cost. Ideally, the output quality characteristic y, would al-
ways be maintained at the target value T. In practice, some deviation
must occur and this will have an associated cost.

Minimum mean square error control such as can be achieved with feed-
back and feedforward schemes in the manner illustrated in section (1.3)
will be minimum cost schemes on the assumption that

a) the cost of being off-target is a quadratic function of the de-
viation from target.
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b) this is the only cost that changes as we change the scheme.

Adjustment cost. For some processes it costs nothing to adjust to a
new level. But, for example, when a machine must be stopped and a
new tool fitted, an appreciable cost will be associated with adjustment
and a minimum cost scheme must take account of both the cost of be-
ing off-target as well as the adjustment cost.

Observation cost. Some processes are such that it costs no more to take
data frequently than to take them less frequently. In others, particularly
where expensive analyses must be made, there is a cost associated with
frequency of data taking.

Thus, minimum cost schemes might in general take into account off-target costs,

adjustment cost, and observation cost.

1.6 Summary and Preview

Some of the factors which determine the appropriateness of a control scheme are:

a) the purpose of the scheme

b) the nature of the disturbances which affect the output system

¢) the dynamics and delays in adjusting the system

d) whether or not there is a particular input W, that can be manipulated to
partially compensate disturbances at the output in a feedback control
scheme

e¢) whether or not the disturbances of the output is partly determined by an
input U, which can be measured and used in a feedforward control
scheme

f) the cost of being off-target

g) the cost of making adjustments

h) the cost of observing the process

The effect of these factors in the choice of contol schemes is considered in this

thesis. In particular this makes it possible to address the following questions

1) How often should data be collected from the process to see how close
the process is to a desired target?

2) When should the process be adjusted so as to maintain it near the tar-
get?
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3) What size of adjustment should be made?

Chapter two considers the above questions when there are fixed costs of
monitoring and adjustment and when adjustments are made without delay or
dynamics. Chapter three considers these questions when there are system dynamics
and when both the mean squared deviation from target and the variance of changes in
an input variable are important. Chapter four summarizes the results and introduces

some possible extensions to the research.
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