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Abstract: In this study, autocorrelated processes following ARMA (1, 1) were examined with an
attempt to evaluate the performance of different adjustment rules based on Deming ’s Funnel
experiment. The performance of each adjustment policy was assessed by considering the mean squared
error (MSE). The results indicate that the most appropriate adjustment rule depends on the shift
magnitude and process autocorrelation.
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INTRODUCTION

Statistical process control (SPC) is a procedure which focuses on process monitoring and control by
separating common causes from assignable causes. However, because of the advanced measurement technology
and shortened sampling interval, the independence assumption is violated. The lack of independence among
each sample always comes in the form of serial correlation, which can be either positively or negatively
correlated. This behavior of process outputs will significantly downgrade the performance of control charts.
For this reason, another control approach, automatic process control (APC), is utilized to control processes,
since it disregards the pattern of the observations.

Literature Review:

The funnel experiment was utilized by Deming (1982) to demonstrate the tampering with a system against
the system improvement. Tampering is the attempt to compensate for an undesirable result in a stable process,
and it leads to more variation in the process. The adjustment policy in this experiment is categorized into four
rules. For rule 1, the position of the funnel is fixed and aimed at the target throughout the experiment. If rule
2 is deployed, the funnel will be moved from its last position to compensate for the last error at each drop.
For rule 3, it is similar to rule 2, but, instead of moving the funnel from the last position, it is moved from
the target in order to compensate for the last deviation. Rule 4 is equivalent to a random walk process, since
the funnel is set upright over the position of last drop. According to Deming, when the process is stable,
adjustment rule 1 results in the lowest deviation from the target. Otherwise, other adjustment rules lead to the
over-adjustment and more variation in the process.

The key assumption behind the funnel experiment is that the process has a fixed mean at the target and
does not vary over time (MacGregor, 1990). However, most industrial processes are continuous, and the
process mean is not constant (drifting or shifting process mean) due to uncontrollable disturbances. For this
reason, the control action or the adjustment is required to keep the process mean on the target.

Moreover, the funnel experiment is also used to demonstrate the importance of assumptions underlying
Shewhart charts, before the experimental data is plotted on the chart (Sparks and Field, 2000). The violation
of the assumption (e.g. autocorrelation in the data) affects the performance of control charts, and this can be
compared to applying rule 1 to the control the autocorrelated data.

The feedback control action is the position of the funnel (Del Castillo, 2002), while the deviation of the
quality characteristic from the target is the distance from the target. For this reason, rule 1 is equivalent to
SPC, while the remaining rules lead to the adjustment that depends on the last observed deviation. If the
process is autocorrelated and nonstationary (process mean is wandering from the target), the adjustment rule
2 and 3 might be useful in keeping the process mean on the target. Since the adjustment rules are known to
be effective in controlling the processes. The purpose of this paper is to assess the performance of each
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adjustment rule under the situations that there is a shift in the autocorrelated processes.

Data Simulation:

The uncorrelated process was simulated by utilizing the random generator, while the model to generate
the correlated observation was adopted from Nembhard (1998). It was the disturbances in the baking process,
which were derived in the form of ARMA (1, 1) as follows:

  (1)

which is equivalent to                             .

This ARMA process was arranged in the form of state-space by

  (2)

where  

Therefore, the above ARMA model was shown in the form of state-space as:

   (3)

As shown in Figure 1, the discrete state-space block diagram in SIMULINK ® was used to generate the
kARMA noise process. The white noise at time k (a ) was created by the random generator block with variance

at 9 (Nembhard, 1998). The output data was generated for 150 periods. Shifting process mean was simulated
at period 100 by using the step function generator, and the shift size was set to 2, 5 and 10 (Montgomery et

al., 1994)

Fig. 1: SIMULINK model to generate ARMA (1, 1) data.

According to Figure 3, the Ljung Box-Q statistic indicates that the observations have the significant
autocorrelation at the first lag. This result signifies that the observations follow ARMA (1, 1).

1032



Aust. J. Basic & Appl. Sci., 4(6): 1031-1035, 2010

Fig. 2: Sample of time series plot (autocorrelated observations).

Fig. 3: Correlogram of autocorrelated observations.

Methodology:

Deming (1982) demonstrated the losses from different adjustments by conducting Monte Carlo experiments
with the funnel. Due to the experiment, the adjustment is the funnel trajectory in the literature, while the value
of the observation (after the adjustment) is the position of marbles after the drops. Each rule of the funnel
experiment is mathematically formulated as follows:

Rule 1; There is no adjustment (the funnel’s position is fixed).

  (4)

k-1Rule 2; Move the funnel the distance –e  from its last position.

  (5)

k-1 Rule 3: Set the funnel over point -y measured from the target.

  (6)

yk-1 Rule 4: Set the funnel right over the spot where it last came to rest (this rule is equivalent to random
walk).

  (7)

k k, while y  is the observation (after the adjustment) at time k,e  is the observed deviation from the target at time
kk, x  is the adjustment (according to each rule) at time k.

RESULTS AND DISCUSSION

Sets of simulated data were generated by SIMULINK to represent autocorrelated and uncorrelated data.
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Moreover, shifts of different sizes (2, 5, 10) were added into the data, and the observations were controlled
by adjustment rules recommended by Deming (1982). The performance of each rule was assessed in the form
of the average mean squared error (MSE) as shown in Table 1and Table 2.

Table 1: Average M SE for uncorrelated data (shift size = 0, 2, 5 and 10).
Shift Size 0 2 5 10
Rule 1 1.055 2.357 9.211 33.699
Rule 2 2.157 2.202 2.369 2.915
Rule 3 11.634 9.924 9.858 16.416
Rule 4 27.994 1314.2 7286.01 28019.03

Table 2: Average M SE for autocorrelated data (shift size = 0, 2, 5 and 10).
Shift 0 2 5 10
Rule 1 20.783 22.123 29.034 53.618
Rule 2 15.63 15.64 15.754 16.21
Rule 3 13.666 12.344 12.861 20.392
Rule 4 2118.45 5095.81 99.263 38564.99

Analysis:

Fig. 4: Average errors (uncorrelated observations after adjustment).

Fig. 5: Average errors (autocorrelated observations after adjustment).
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Fig. 6: Average errors (autocorrelated observations after adjustment when there is a shift of size 5)

The uncorrelated and autocorrelated observations after the adjustment at different shift sizes are shown in
Figure 4, 5 and 6 According to these results, when the observations are uncorrelated with constant process
mean (shift size = 0), applying SPC (no adjustment in the process) or adjustment rule 1 leads to the minimum
loss, since its MSE is as low as 1.054907. If the process mean is shifting to 2, 5 and 10, the adjustment rule
2 will have the capability to keep the mean closer to the target than other policies. When data is autocorrelated
with shift sizes = 0, 2 and 5, the adjustment rule 3 results in the lowest MSE. However, when the shift size
is large (10), rule 2 is an excellent choice to control processes since its MSE is as low as 16.2098 compared
to 20.3 92 (rule 3).

Conclusions:

The tested data was generated and adjusted by following Deming’s funnel experiment. According to rule
1, there is no need to make adjustments in the process, so it is equivalent to the process which is in statistical
control. However, there would be adjustment every time that the deviation from a target exists, if rule 2, 3
and 4 were applied. The scenarios, which follow these rules, are equivalent to the application of automatic
process control (APC). Different sizes of shifts (generated by using step signals) were injected into the process
in order to simulate special causes. In conclusion, the adjustment rule 1 (the utilization of SPC) will work well
in the situation that the observations are random without any shifts or drift in the process mean. However,
when there is a shift occurring in the process, rule 2 is able to compensate for the shift effectively. If the
observations are autocorrelated, rule 3 (for small shift sizes) and rule number 2 (for large shift sizes) are the
best policies to keep process mean on the target.
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