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Abstract:

e We present a new adaptive sampling method for statistical quality control. In this
method, called LSI (Laplace sampling intervals), we use the probability distribu-
tion function of the Laplace standard distribution to obtain the sampling instants,
depending on a k parameter that allows control of sampling costs. Several algebraic
expressions concerning the statistical properties of the LSI method are presented.
We compare the LSI method with fixed sampling intervals (FSI) and variable sam-
pling intervals (VSI) methods using a Shewhart X-bar control chart and evaluate the
sensitivity of these sampling methods when the lower sampling interval is truncated.
The results obtained show that the new method is a viable alternative in various
critical contexts and situations.
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1. INTRODUCTION

The success of a statistical quality control method is directly related to the
type of control chart and especially to the sampling method used. The variabil-
ity of the process is due to random causes (inherent to the process) or to the
presence of assignable causes. The former cannot be economically identified and
corrected, whereas the latter should be detected and eliminated. The choice of the
control chart depends upon the characteristic being controlled. The quantitative
characteristics are controlled using variable control charts (X-charts, R-charts,
or s-charts, for example) or special control charts (EWMA or CUSUM charts for
continuous random variables, for example). For a long time the control charts
used had fixed parameters (sampling intervals, sample sizes, and control limits).
However, since final of the 1980s, new adaptive control charts have been devel-
oped for improved performance. In terms of their implementation, these charts
can be classified in two broad categories. The first category encompasses control
charts with adaptive parameters (sampling intervals, sample size, and control
limits, depending on the sample information; see, for example, Reynolds et al.
(1988), Daudin (1992), Prabhu et al. (1993), Costa (1994), Prabhu et al. (1994),
Stoumbos & Reynolds (1997), Costa (1999), Rodrigues Dias (1999), Carot et al.
(2002), Mahadik & Shirke (2009)). The second category encompasses control
charts with predetermined parameters (parameters determined before the begin-
ning of the process to be controlled; see for example, Banerjee & Rahim (1988),
Rahim & Banerjee (1993), Lin & Chou (2005) and Rodrigues Dias & Infante
(2008)).

Several measures have been developed to assess the statistical quality con-
trols method’s performance across time regarding to how quickly they detect
assignable causes. The frequency of false alarms and the number of samples
and analysed items are two examples. The ARL (“average run length”) is per-
haps the most widely used statistical measure for assessing the performance
of a statistical control chart. The ARL is defined as the average number of
samples that needs to be drawn before an out-of-control indication is given.
If the control methods have constant and equal sampling intervals, then the time
interval up to the detection of a change is directly proportional to the ARL.
In the case of non-constant sampling intervals, the proportionality above fails
and the ARL is not a measure of the efficiency of the control method. The AATS
(“adjusted average time to signal”), also known in the literature as “steady-state
performance”, is defined as the average interval of time from the instant at which
a failure occurs in the system to the instant at which the control chart detects the
failure. In the case of a Shewhart control chart with variable sampling intervals,
AATS = E(G) + E(D)x(ARL — 1), where E(D) is the average sampling interval
and G represents the time interval between the instant at which the system fails
and the instant at which the first sample, after the failure, is drawn. The AATS
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is a measure that suits most practical situations. Morais (2002), Carmo (2004)
and Rodrigues Dias & Carmo (2009) are important sources on the previously
described approaches. In Morais & Pacheco (2001), stochastic order relations are
established using the RL (“run length”), allowing comparison of different quality
control methods without numerical computation of their performance.

In the following sections, we present a new sampling method called LSI
(“Laplace sampling intervals”), an adaptive and continuous sampling method in
which the sampling intervals are obtained on the basis of the probability density
function of the Laplace standard distribution and depends on a scale parameter, k.
The AATS will be used in section 3 to examine the statistical properties of this
method and to compare its effectiveness with that of the FSI (“fized sampling
intervals”) and VSI (variable sampling intervals) methods. In section 4, the sen-
sitivity of this new method is compared to the sensitivity of the above mentioned
methods. Finally, in section 5, conclusions are drawn and future work is proposed.

2. NEW SAMPLING METHOD: LSI
(LAPLACE SAMPLING INTERVALS)

2.1. Methodology

Let X be a continuous quality variable so that when the system is in control
state, X is a random variable with expected value u = up and standard devia-
tion ¢ = 0¢. If x1,x9, ..., x, are identical and independently distributed random
variables with the same distribution of X, where n is the sample size, then X has
the same expected value py and standard deviation og//n. As a consequence of
the one assignable cause, corresponding to a failure of the system, the process
state may change and then p and o may assume new values 1 = pg + Aog, and
o1 = og, with A > 0. If ¢; denotes a sampling instant of order ¢ and Z; is the
sample mean value of order ¢, according to the LSI method, the next sampling
at the instant of order ¢ 4 1 is given by

(2.1) tit1 :ti—i-k.l(ui), 1=0,1,2, ...,

where u; = EU;O“O\/E, to =0, Zo = po, l(u;) = %e"”i', n is the sample size, k is a
convenient scale constant and [(+) is the density function of the standard Laplace
variable. Therefore, according to (2.1), this sampling method considers consecu-
tive sampling intervals §; = t; —t;—1 = k.l(u;—1) = k x 0.5 X e lwi-1l 5 =123, ...
These are values from independently and identically distributed continuous ran-
dom variables D;, i = 1,2, 3, ..., with the same distribution of a generic variable D.
When we obtain the value of & we have only sampling intervals, D;, under control
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(E(D|A=0)=1); when we obtain the values of the AATS we have only sampling
intervals out-of-control, subject to different shifts of the sample mean. Thus,
D is a function of X and, consequently, of U, given by

_ kr.e_‘)?‘:“\/ﬁ‘ _
=g =

The constant k& depends on several factors and, especially, on the costs associated

(2.2) kA(U) .

with the production process (not imposing, so far, any limits on the control chart
for means) and U = (X — p) y/n/o . Using this adaptive and continuous method,
the sampling frequency decreases (the sampling instants are spaced further apart
in time) when the sample mean is marked close to the mean of the distribution.
When the sample mean is marked close to control limits, the probability of a
shift in the mean increases, and the sampling frequency increases (the sampling
instants are less distant in time). Like the VSI sampling method, the LSI method
is an adaptive method in which the time interval to the next sample depends on
the information in the current sample. The disadvantage is that the sampling
intervals function of the LSI chart is a continuous function of the chart statistic
(and this implies an infinite number of possible sampling intervals). However,
the sampling interval function is a very simple function of the chart statistic.
It can be easy to implement in practice, particularly, in automatic monitoring.
The NSI (normal sampling intervals) method, presented by Rodrigues Dias (1999)
and studied in Infante (2004), showed limitations in practical applications.
In this method the sampling instants are obtained using the density function
of the standard Normal distribution; the smallest sampling interval is very small,
which reduces the application of this sampling method. The idea emerged to
study one analogous method in which the smallest sampling interval would be
greater than in the NSI method which, therefore, allowed practical applications.
Regarding the skewness and shape, the Laplace density function is similar to the
Normal density function, as in the Cauchy density function, but having heavier
tails. This fact addresses some of the difficulties seen in the practical application
of the NSI method. In our preliminary work we simulated sampling intervals for
three probability density functions (pdf(x, p,c)): those of the Normal, Cauchy,
and Laplace distributions. Considering “3-sigma” control limits and a time unit
average sampling interval, in control, the following results were obtained:

a) Normal distribution: pdf(0,0,1) = 0.399, k = 3.535, smallest sampling
interval = 0.016, largest sampling interval = 1.410.

b) Cauchy distribution: pdf (0, not defined, not defined) = 0.318, k = 4.778,
smallest sampling interval = 0.152, largest sampling interval = 1.521.

¢) Laplace distribution: pdf(0,0,1) = 0.500, k = 3.813, smallest sampling
interval = 0.095, largest sampling interval = 1.907.

Based on these results, we selected the Laplace distribution’s probability den-
sity function. All the parameters are defined such that the sampling frequency
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decreases close to the central region and the smallest sampling interval is more
likely to apply in practice. In addition, the smallest and largest sampling intervals
are approximately equal to the sampling pair most frequently used in the VSI
method ((dy,d2) = (0.1,1.9)). We are considering general sampling interval func-
tions that are continuous functions of the chart statistic. Stoumbos et al. (2001)
study what function would be the optimal function in some sense.

2.2. Statistical Properties

In the remainder of this paper we assume that X follows a normal dis-
tribution with expected value p = pog and standard deviation o = 9. We will
consider a Shewhart chart with LCL and UCL, respectively, lower and upper
control limits, given by:

0o 0o

Vi Vi

where L is the coefficient of the control limits (in practice, typically around three
units of standard deviation). As mentioned above, after shift, u takes on the

(2.3) LCL = po— L UCL = po+ L

new value p1 = pup = Aog, where A > 0 is the magnitude of the mean shift (in
the present work, only mean shifts are considered). Therefore, if u; denotes the
standard sample mean, for values to |u;| > L the process is considered to be
out-of-control, although this might be a false alarm.

Considering the assumptions in (2.2) and (2.3), and that f*(Z) is the cor-
responding conditional density function of Z, given by

(2.4) @) = ﬂ{”@ R = e
g ™

then f*(T)dzZ is the elementary probability of T € |Z,T + dz| and the average
sampling interval is given by

UCL
E(D|\n, L) :/ k(@) (@) dz
LCL
(2.5) UCL _[z=no n(T—po—A00)>
:/ k-fLe [ T 207 }df,
oL 2B00V27

where 3 is the probability of the sample mean lies between the control limits, and
is given by

(2.6) B =®(L—\v/n)—®(~L—Avn).

Considering ®(u) as the distribution function of the standard normal random
variable, the following expression for the average sampling interval arises

k\f [eWﬁ.A(L, A n) 4 e N B(L A, n)} ,

(2.7) E(D|\n,L) = 5
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where

A(L,\,n) = ®
(2.8)
B(L,\n) = ®

(-1=AVn) —®(—L—-1-xy/n),
(L+1=XVn)—®(1—-XVn).

The expression (2.7) depends on the sample size, n, the coefficient of the control
limits, L, the mean shifts, A\, and § (the probability of a Type II error if the
sample mean is out of the control limits). Assuming that the values of n, L and A
are known, then E(D) is a linear function of k. When the process is in control,
A = 0, the average sampling interval is given by

(2.9) E(D|L) = kf [®(L+1)—o(1)],

where = 2®(L) — 1 and does not depend on the sample size, n. Therefore, if
the average sampling interval is equal to a time unit (without loss of generality,
the sampling period used in the FSI method), the constant k is given by

B
Vel[®(L+1)—o(1)]’

which is equal to 3.8134, based on the usual “3-sigma” limits. This result was

(2.10) k=

obtained by numerical integration using the R software.

The variance of the sampling intervals can be obtained by the equality
Var(D) = E(D?) — [E(D)]?>. The expression for E(D?) is obtained using the
same reasoning applied to derive (2.5), leading to

UCL
E (D*A,nL) = /LCL [k.1(Z))%. f*(z) dz
€2k2 2)\\/ﬁ
(2.11) -0 [e [@(-2-2v7) —@(—L—Q—A\/ﬁ)]

4oV [@(L +2-An) - B(2— )\\/ﬁ)]] ,
which allows us to obtain the desired variance.

As mentioned above, there are different measures that are commonly used
to assess the effectiveness of control charts. In this study we use the AATS to
compare the effectiveness of the LSI method with the effectiveness of the FSI and
VSI methods. Let RL (run length) be a random variable denoting the number of
samples to be drawn before a false alarm or a failure occurrence, regardless of the
sampling method used. RL follows a geometric distribution with the parameter
1 — (3, that is, with a mean and the variance, respectively, given by

1

(2.12) ARLON) = 1= 1
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and

g
(2.13) Var[RL(\)] Tk

In general, a process starts in control. Therefore, the time interval between
occurrence of a failure and its detection is of particular importance. For example,
in a production process in which the malfunction costs are high, the average total
cost of a production cycle may increase. As the failure may occur in the interval
between two samples, it is necessary to adjust the ATS (average time to signal
— which is defined as the average interval of time between the beginning of
the process and an out-of-control sign, eventually a false alarm, being given by
the control chart). Thus, we consider G to be the time interval between the
occurrence of a failure and the moment when the first sample is drawn after the
mean shift. The AATS (adjusted average time to signal) is given by

(2.14) AATS = E(G)+ (ARL—1).E(D),

where the expected value of G has to be determined. In the FSI method,
the expected value of G is, approximately, half of the inspection period used.
However, in this adaptive case, we do not have a constant sampling interval.
The distribution of the variable G depends on when the shift of the mean occurs.
Let us assume that the time when a shift occurs is uniformly distributed in each
sampling interval. If a failure occurs in a sampling interval of length d, the average
time until the next sample is drawn is 0.5 x d. Although the number of sampling
intervals is infinite, we can assume that the probability of the shift occurring in
a sampling interval of length d is proportional to the product of the length of
the interval and the probability of selecting this interval, as long as the process
is in control, as Reynolds et al. (1988) and Runger & Pignatiello (1991) assumed
for the VSI method. Taking into account that the variable G is continuous, the
expression for its expected value can be obtained using the same reasoning that
Reynolds et al. (1988) used in the VSI case. Based on the assumptions stated
above, we obtain the following expression for the expected value of G

E(D?A=0)  k.e’? ®(L+2)-2(2)

(2.15) E(GIL) = 2E(DX=0) 4 OL+1) —2Q1)’
which can be written as

(2.16) E(G) = k.e? x C(L),

with

217) o) — 2L -2

4x [®(L+1)—®(1)]
Expression (2.17) depends only on the control limits and may be simplified to

(2.18) E(G) = 0.036 x ke3/% .
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This simplified expression will be useful in future algebraic treatments. This
simplified version is originated by the data in Table 1, containing approximations
for C(L) for several values of L. It is clear that 0.036 is an excellent approximation
of C(L), particularly for values of L > 2. This approximation is not as good as
one might expect for L < 2. However, this situation can be considered irrelevant
in many applications, as it results in a high number of false alarms.

Table 1: Values of C'(L) for different multiples L of the standard deviation.

| o1 s | o2 [ as | o3 | a5 | a4 | a5 | 5 |

| c(z) | 0.0394 | 0.0369 | 0.0361 | 0.0359 | 0.0359 | 0.0358 | 0.0358 | 0.0358 | 0.0358 |

The values of the AATS can be obtained as

(2.19) AATS1sr = 0.036 x k x /2 + <5> xE(D) .

1-p
In this case, the distribution of the sampling interval D; is the conditional dis-
tribution of the sample mean given that the process is out-of-control. Dy, Do, ...
are independent of RL, and the variance of T'S (time to signal) can be written as

(2.20)  Var(TS) = Var(G)+ E(RL — 1) Var(D) + Var(RL — 1) [E(D))?,

for which we need the value of Var(G). To get Var(G), we begin by determining
E(G?). According to Reynolds et al. (1988), for the VSI method, and Infante
(2004), for the NSI method, the algebraic expression is given by

B E(D?”/\ZO) _ k2 et @(L+3)—(I)(3>
(2.21) E(G?) = 3E(DA=0) 12 ®(L+1)—d(1)’

which depends only on L. Therefore, the variance of the variable G is given by
Var(G) = E(G?) - [B(G)]?

k2e* ®(L+3) —®(3) k2e® [®(L+2) — d(2)]°
12 ®(L+1)—®(1) 16 |[®(L+1)—®1)]

From (2.7), (2.11), (2.21) and (2.22) we obtain (2.20).

(2.22)

3. COMPARISONS BETWEEN THE LSI METHOD AND THE
FSI AND VSI METHODS

As mentioned in the previous section, comparisons of the effectiveness of the
LSI sampling method with the FSI and VSI methods is made using the AATS.
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Thus, the two sampling methods in comparison are considered to be both in
control, or in other words, the average sampling intervals are equal to one time
unity (d = 1) and the control limits are “3-sigma” (L = 3). Comparisons are made
for mean shifts, only. Because it is assumed that the characteristic X follows a
normal distribution, the direction of the shift is of no importance at all. Under
these assumptions the value of the parameter k in the LSI method is 3.8134.

3.1. Comparison between the LSI and FSI sampling methods

Assuming a fixed value for the sampling interval, d, the expected value of
G (the random variable previously defined for the FSI sampling method) can be
defined as half of the sampling interval, d. Infante & Rodrigues Dias (2002) and
Carmo (2004), in independent studies, analysed this approximation for different
lifetimes, and both concluded this approximation to be acceptable. Therefore,
the AATS of the fixed sampling method is given by

(3.1) AATSpgr = E(G) + (ARL — 1) X d = 158 —

To compare the effectiveness of the two sampling methods, LSI and FSI, we

N

assume that, in control, the average sampling interval of the LSI method is equal
to the sampling interval of the FSI method (without loss of the generality, d = 1),
obtaining a value of k= 3.8134 for the LSI method. Considering (2.19) and (3.1)
the ratio

AATSps — AATS g1

AATS e, x 100%

(3.2) QLsy/Fs1 =

represents a measure of the relative variation, in %, of the AATS value when
AATSggr is the reference. The results obtained for mean shifts with different
sample sizes are illustrated in Figure 1.

=
@
a—g—0o. n=2
. o= a \a a n=3
= o n=>5
a
£ a/ \u \
=t e N °
I
L ° NN
[5] /° o a
= 8/ N
[Ca— = AN )
™~
< T
&
T T T T T T T
0.0 05 1.0 15 20 25 30

Figure 1:  Qps7/rs1(%), as a function of A and different values of n.
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From Figure 1, the following conclusions arise:

i)

ii)

iii)

iv)

The control chart for means with the LSI method detects small and
moderate mean shifts more quickly than the control chart for means
with the FSI method. This means that the LSI method is more sensi-
tive to changes whose probability of detection is low. The reductions
in the AATS using the LSI method can be very large.

For shifts in which the probability of the detection is high, the FSI
method performs better than the LSI method. This is not surprising,
because this is true for most known adaptive methods. In the situ-
ations described above, the average number of samples taken before
detection of a failure is very small. Therefore, the value of E(G) is
of great importance. It is approximately equal to the time of sys-
tem malfunction because only a single sample is required to detect
the shift. For an average sampling interval, in control, equal to unity,
E(G) = 0.50 in the FSI method and E(G) = 0.61 in the LSI method.
However, the reduction obtained with FSI method, in terms of the
AATS, is limited to a maximum of 22.5% (for n =5), whereas the
reduction obtained with LST method has a maximum of 50.3%.

For the different sample sizes considered, the Qrgsi/rg1 values begin
with an average rate of positive variation, reaching an absolute value
maximum, and then reaching an average rate of negative variation.
The average rate of positive variation increases more quickly as a
function of A when the sample size increases. The average rate of
negative variation increases more quickly as a function of A when the
sample size decreases.

In general, when the sample size increases, the values that maximize
(M) and the reductions obtained with the LSI method decrease. This
makes sense because the probability of detection of the shift increases
with the sample size.

3.2. Comparison between the LSI and VSI sampling methods

Looking for improvements in the performance of classical control charts,
Reynolds et al. (1988) divided the region of continuation, C' = | — L, L], into two
sub-regions, C; = | — L, —w| U [w, L[ and Cy = | — w, w][, and used two sampling
intervals, d; and dsy , with d; < d < d3. The VSI method allows us to anticipate
the next sample (we use d; if the sample mean belongs to the C; region) or

to delay it (using dy if the sample mean belongs to the Cy region). Reynolds
& Arnold (1989), Reynolds (1989), Runger & Pignatiello (1991), and Reynolds
(1995), in different contexts, gave theoretical justifications for the use of two
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sampling intervals. For two intervals the average sampling interval in the VSI
method is given by:
_dixpn +daXpio

(3.3) E (D|\n) = 3 )

where 3 is given by (2.6), and
pi = ®(L—A/n) — &(w—An) +@(—w —A/n) —®(—L — \/n) ,
pi2 = B(w— AVA) — B~ — AV).

are the probabilities of a sample mean occurring in regions C; and Cb, respec-

(3.4)

tively, when a mean shift occurs. W is given by

1 Q(I)(L)X(d—dl)—l—dz—d

(3.5) W =&~ 2(dy — d) ,

according to the expression presented by Runger & Pignatiello (1991), when the
average sampling interval in the VSI method, in control, is equal to the sampling
period, d, in the FSI method. According to Reynolds et al. (1988), the average
time interval between the instant when a failure occurs and the instant when the
first sample is drawn after the shift occurs is given by

d2 po1 + d3po2
3.6 EG) = —1 2 .
(3.6) @) 2(d1po1 + dapo2)

The adjusted average time to signal, AATS, is given by

d3 po1 + dpo2 dip11 + dapi2

3.7 AATSvys1 = :
(3.7) VST 2 (di por + dapoz) 1-p

where

(3.8) po1 = 2[®(L) — (w)] and  po2 = 2®(w) — 1

are the probabilities of a sample mean belonging to the regions C'; and (', respec-
tively, when the process is in control.

To compare the effectiveness of the LSI and VSI methods, we assume that
the average sampling intervals in both sampling methods are equal to the fixed
sampling interval (d = 1 and k = 3.8134) in the expressions (2.19) and (3.7). Once
again, the ratio

AATSvys1 — AATS1s1

AATSver x 100% ,

(3.9) Qrsi/vst =

represents a measure in % of the relative variation of the AATS value, with
respect to the AATSvyg reference. The results obtained for mean shifts with
different sample sizes are presented in Table 2. The following conclusions are
immediate:
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Table 2:  Qrsi/vsi(%), as a function of A, for different values of n
and different sampling pairs in VSI.
A
n| (di,d2)
0.00 \ 0.25 \ 0.50 \ 0.75 \ 1.00 \ 1.25 \ 1.50 \ 1.75 \2.00 \2.25\2.50\3.0()
(0,], 1.9} 0.1 -—-14 —-59 —-13.2 -—-21.6 —26.0 —19.8 —4.5 10.5 20.7 26.4 31.0
21(0.1,1.5) 0.0 -0.9 —3.7 —-86 —14.9 —-20.5 —-20.9 —-14.0 —4.0 4.4 9.7 14.2
AATS1,s1|370.01 216.71  79.98 29.08 11.31 4.86 2.40 1.41 0.98 0.79 0.70 0.63
(0,], 1.9) 0.1 —-2.2 -89 —-19.0 —-25.9 -—-18.2 1.1 17.0 25.5 29.5 31.2 32.2
3 (0.1,1.5) 0.0 -—-14 -5.7 —-12.8 —-20.1 -—-20.5 -—-10.6 1.2 8.8 12.7 14.4 154
AATS1s1|370.01 175.53 50.46 15.2) 5.27 2.28 1.22 0.86 0.71 0.66 0.63 0.61
(0.1,1.9) 0.1 —-3.7 —-14.6 —-25.7 —154 9.3 23.9 29.6 31.5 32.1 32.3 323
51(0.1,1.5) 0.0 -2.3 —-9.5 —-194 -194 —4.9 7.3 12.8 14.7 15.3 154 15.5
AATS1s1|370.01 122.99 24.81 5.97 1.98 1.01 0.74 0.65 0.63 0.62 0.61 0.61

i)

ii)

iii)

iv)

In sample sizes more widely used in the literature, n > 3, the LSI
method is quicker than the VSI method in detecting shifts of magni-
tude A > 1.5, i.e., in situations whose probability of detection is high.

The effectiveness of the LSI method increases when the sample size
increases for moderate and large shifts in the mean. For small shifts in
the mean, the effectiveness of the LSI method decreases as the sample
size increases.

If we consider (di,d2) = (0.1,1.9) in VSI, the maximum reductions
obtained with the LSI method are considerable (approximately 32%);
in general, the performance of the LSI improves significantly when the
sample size is larger; if the probability of occurrence of a shift is equal
for all A, using the LSI method could be a competitive advantage.

If we consider (di,d2) = (0.1,1.5) in VSI, the maximum reductions
obtained with the LSI method are significantly smaller (approximately
16%) than those obtained with the other sampling pair in the VSI
method; in general, the performance of the LSI improves as the sample
size gets larger.

An example of application

In sections 3.1 and 3.2 we compared, in a critical way, the performances
of the FSI and VSI methods with the performance of the LSI method in terms
of the AATS. For a better perception in absolute terms of the LSI method, we
present an example of application that allows checking the effectiveness in the

detection of the shift.

Thereby, if there is a mean shift of magnitude A = 1.0, and considering how

unit of the time one hour, for the quality characteristic being monitored:
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i) If we use the FSI sampling method, the first sample after the mean
shift is drawn, on average, after 30 minutes, and we need 240 minutes,
on average, to detect the shift.

ii) If we use the VSI sampling method:

a) with the sampling pair (d;, d2) = (0.1,1.9), the first sample after
the mean shift is drawn, on average, after 54 minutes, and we
need 103 minutes, on average, to detect the shift;

b) with the sampling pair (dy, d2) = (0.1,1.5), the first sample after
the mean shift is drawn, on average, after 44 minutes, and we
need 100 minutes, on average, to detect the shift.

iii) If we use the LSI sampling method: the first sample after the mean
shift is drawn, on average, after 37 minutes, and we need 119 minutes,
on average, to detect the shift.

In this case we can conclude that the use of the LSI method allows us to re-
duce the out-of-control period by 121 minutes, on average, compared to the
FSI method, and increase the out-of-control by either 16 minutes or 19 min-
utes, compared to the VSI method, depending on whether we use the sampling
pair (di,ds) = (0.1,1.9) or the sampling pair (di,d2) = (0.1, 1.5).

On the other hand, if a shift of magnitude is of A = 1.5, for the quality charac-
teristic being monitored:

i) If we use the FSI sampling method, the first sample after the mean
shift is drawn, on average, after 30 minutes, and we need 64 minutes,
on average, to detect the shift.

ii) If we use the VSI sampling method:

a) with the sampling pair (dy,d2) = (0.1, 1.9), the first sample after
the mean shift is drawn, on average, after 54 minutes, and we
need 58 minutes, on average, to detect the shift;

b) with the sampling pair (d;,ds) = (0.1, 1.5), the first sample after
the mean shift is drawn, on average, after 44 minutes, and we
need 48 minutes, on average, to detect the shift.

iii) If we use the LSI sampling method: the first sample after the mean
shift is drawn, on average, after 37 minutes, and we need 44 minutes,
on average, to detect the shift.

We can conclude that the use of the LSI method allows us to reduce the out-
of-control period by 20 minutes, on average, compared to the FSI method, and
by either 14 minutes or 4 minutes, compared to the VSI method, depending
on whether we use the sampling pair (dj,d2) = (0.1,1.9) or the sampling pair
(d1,d2) = (0.1,1.5).

Thus, for this situation and others in which A\ > 1.5, the use of the LSI method
makes it possible to reduce the malfunction costs and makes the product more
competitive by reducing its final price.
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The influence of the sampling interval distribution on the standard devia-
tion must be analysed as well. The values of the coefficient of variation of the TS
for the different sampling methods (for the conditions previously described) are
presented in Table 3. The results shown there allow us to conclude that for all
methods and small mean shifts, the coefficients of variation are very close to 1.

Table 3: Values of the coefficient of variation of T'S
for the FSI, VSI and LSI methods.

A
0.00 | 050 | 100 | 150 | 1.75 | 2.00 | 250 | 3.00

FSI d=1 1.0000 1.0000 0.9998 0.9996 0.9989 0.9977 0.9798 0.9633

(0.1,1.9) | 1.0000 0.9968 0.8022 0.6143 0.6211 0.6261 0.6221 0.6112
(0.1,1.5) | 1.0000 0.9981 0.8609 0.6071 0.6031 0.6087 0.6130 0.6133

LSI 0.9986 0.9818 0.7915 0.6357 0.6715 0.6943 0.7060 0.7067

VSI

For moderate mean shifts, the coefficient of variation for the LSI method is
the smallest, although it is similar to the one of the VSI method when ds =1.9.
For A\ > 1.5, the LSI method has a slightly larger coefficient of variation than the
VSI method for all sampling pairs (due to greater dispersion in the sampling in-
tervals underlying the Laplace distribution), but a smaller coefficient of variation
than the FSI method.

4. SENSITIVITY ANALYSIS

To evaluate the consistency of the LSI method, a sensitivity analysis was
performed. In this section the lower sampling interval is truncated, as it results in
a situation similar to the VSI method. On the other hand, the concern in practical
applications in certain industrial contexts in which one may be physically or
administratively unable to take and analyse samples at very short time intervals
justifies this type of study.

D is the random variable that represents the time interval between consec-
utive inspections, and d; is the smallest sampling interval possible. Hence, we
have:

2 2
(4.1) D<d g.e—“"gdl — u2—ln< 7{d1> Vv ugln( ifll),

where L* = — ln(zx—kdl) is a multiple of the standard deviation that can be inter-
preted as W in the VSI method. Let us consider D* as the time interval between
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consecutive samples when the sample mean is between po £ L*ogn~%5. The dis-
tribution of D* is the conditional distribution of the mean, given that D* falls
between the control limits for the given mean shifts. The probability density
function of D* is given by

= —A 2
Jn _ n(&—po—Ado)

2
20§

(4.3) B = ®(L* = A\yn) — ®(—L* — A\V/n).

Through reasoning similar to that which has been applied in the statistical
properties of the LSI method, we have

(44)  E(D*|L*,An) = \fﬁk [e’\‘/ﬁxA(L*,)\,n)+e"\\/ﬁxB(L*,)\,n)},

where

A(L* A\ n) = ®(=1 = Av/n) —(=L* —1—Ay/n),
(45) B(L*, A\ n) = ®(L* +1—Ayn) —®(1—Ay/n),

and k* depends on the value of L*. Thus, the probability of using the sampling
interval d; is given by

p1 = P(D:dlp\)

g0 S (o) S
4.6 =1-P — L=< X< L*— | LCL< X < UCL
(46) (- 2% < X <o+ 2% | pon < X < v
5*
=1-=.
B

Based on the assumptions stated, the average sampling interval is given by

(47) B(D) = Bﬁ* « E(D*) + dy x (1 - %) .

Considering (4.7), “3-sigma” control limits and a unit average sampling interval,
in control, the values of £* and L*, obtained by simulation are presented in Table 4
for the considered values of d.
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Table 4: Values of k* and L* obtained by simulation
for different values of d;.

[ | & [ L7 |
0.1 | 38134 29480
0.2 | 3.8099 22539
0.5 | 37942 18443
0.4 | 37591  1.5473
0.5 | 3.6976 13077

Examining the results in Table 4, we conclude that the value of k* gets
smaller as the value of d; increases, reducing the multiples of the standard devia-
tion. This feature shows how the LSI method can be equated to the VSI method
because when we increase the smaller sampling interval in the VSI method, the
W value decreases.

To assess the impact of truncation of the lower sampling interval in terms
of the AATS values, we rewrite expression (2.14), adapted to the new conditions,
as

E(D*) B* + di (8 — B*)
1-3 ’

(4.8) AATS = E(G)+ (ARL—1)E(D) = E(G) +

where E(G) value is obtained by simulation and is used in comparisons between
the LSI method and the remaining methods. Intuitively, an increase in the value
of di leads to an increase in its probability of use. To prove that this intuition is
correct, we perform a sensitivity study of the LSI method. We compare the AATS
values obtained using the LSI method in its original form with those obtained
using the LSI method with truncation of the lower sampling interval.

The results are presented in Figure 2, using a measure of relative variation
(sensitive to the lower sampling interval change) and the values of k* and L*,
expressed in terms of % of the AATS value (being AATS1g1 the reference)

AATSy g — AATS 81

AATS e x 100% .

(4.9) QLsr/LsT =

Analysing this figure, one concludes that the differences in the AATS values in-
crease as the probability of detecting mean shifts increases, reaching its maximum
for shifts of magnitudes of A = 1.25. From this point onward, the effectiveness
of the methods tends to converge, becoming identical for large magnitudes of
mean shifts. However, for d; = 0.4 and d; = 0.5, there are strong increases in the
AATS for some mean shifts. Even when d; is three times greater than the initial
value, the maximum relative reduction in the AATS using the non-truncated LSI
method is only 12.7%.
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Figure 2:  Qugr-/181(%), as a function of A for different values of dj,
with n = 5.

Comparison between the LSI* and FSI* sampling methods

For the conditions mentioned in the previous section, the AATS values for
the truncated LSI method and the FSI method for a sample size of five were
compared. The assessment measures the effect that the change in the lower
sampling interval can have on the performance of the LSI method, compared to
what occurs in the FSI method. Thus, one considers the measure of performance
presented in (3.2), taking into consideration the new values of the AATS in LSI
(AATSys1+). From the results of Qg+ /psr, only for mean shifts, we can conclude
the following: when the lower sampling interval is truncated, the LSI* method
is more effective than the FSI* method for the same mean shifts; the increase in
the sampling interval is not proportional to the reduction in effectiveness of the
method; the FSI* method detects large mean shifts more quickly than does the
LST* method, maintaining the effectiveness presented previously.

Comparison between the LSI* and VSI* sampling methods

Using a similar methodology, the LSI* and VSI* methods were compared
for the same and for new conditions. Considering a sample size of 5 units and
the same number of false alarms, we truncate the lower sampling interval in both
methods to the same values. To compare the effectiveness of the two methods, the
performance measure defined in (3.9) is used, replacing AATSys1 with AATSy g1+
and AATSvysr with AATSygr+. From the results presented in Table 5, for mean
shifts, we can draw the following conclusions:

i) In general, the performance of the LSI* method improves when the
lower sampling interval gets larger for small shifts. In particular, when
A =1and d; > 0.3, LST* is more effective than VSI*.

ii) For moderate to large shifts, the performance of LSI* is better than
VSI*, except when the lower sampling interval increases.
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iii) When we use the VST* method, the increases obtained are significantly
greater than the reductions for the different sampling pairs.

Table 5: Qg+ vsi- (%), as a function of A, for different values of d;
equal to the smaller sampling interval in VSI.

A

d| dud) |0.25| 050 [ 0.75 | 100 | 125|150 1.75 [ 2.00 | 2.25 | 2.50 | 5.00

(0.1,1.9)| 0.1 —-3.7 —-14.6 -25.7 —-154 9.3 239 29.6 31.5 32.1 322 323
(0.1,1.5)| 0.0 —-2.3 —9.5 —-194 —-194 —-49 7.3 128 14.7 153 154 155

(0.2,1.9)| 01 —27 —97 —145 —49 120 223 265 280 284 28.6 28.6
021 .2,1.5)| 00 —-15 -59 —105 -83 07 7.6 108 11.8 122 123 12.3

(0.3,1.9)| 01 -18 —-63 —80 —0.6 11.0 186 222 23.6 241 243 243
0.3 (0.3,1.5)| 0.0 —-1.0 —-35 —56 —-3.6 1.6 5.6 7.5 83 86 86 86

(0.4,1.9)| 0.0 —1.3 —40 —44 08 85 142 173 187 193 194 195
041 (0.4,1.5)| 0.0 —-06 -21 -30 —1.8 08 28 39 44 46 46 46

(0519 00 -08 -25 -25 09 57 97 121 133 139 140 14.1
051 0515 |00 -04 -12 -18 -14 —06 00 02 03 03 03 03

0.1

For the purpose of illustration, consider the case of the lower sampling
interval for the LST* method being truncated to dq = 0.2. For the example given
at the end of section 3.2 and for a mean shift of magnitude A = 1.5, we conclude
that the use of the LSI* method allows us to reduce the malfunction period by
18 minutes, on average, compared to the FSI* method, and by either 13 minutes
or 4 minutes, compared to the VSI* method, depending on whether we use the
sampling pair (dy,da) = (0.2,1.9) or the sampling pair (dy,d2) = (0.2,1.5). These
results demonstrate the good performance and sensitivity of the LSI* method.

Results concerning the robustness of the method have been obtained by
Carmo et al. (2013) for a case in which the distribution of quality has a t-Student
distribution and another case in which the distribution of quality is a mixture of
two normal distributions with different standard deviations. In both cases the
performance of the LSI method is better than the performance of FSI and VSI
methods, and there are situations in which the LSI method detects mean shifts
more quickly than the VSI method.
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5. CONCLUSIONS

The LSI method detects small and moderate mean shifts in quality more
quickly than the FSI method. For large mean shifts, FSI is more efficient. How-
ever, the gains achieved with the use of LSI are greater. In a production system
in which the sampling costs are very significant (for example, in the production
of a touchscreen display for the iPhone 5; 44 U.S. dollars per unit), and in which
the quality changes are small or moderate, the use of LSI offers a competitive
advantage in reducing sampling and malfunction costs.

When we use the sample pair (di,ds) = (0.1,1.9) in VSI, the adaptive meth-
ods are subject to the same conditions. In other words, the smallest and largest
sampling intervals in the LSI method are approximately the same. In LSI, the
smallest interval is 0.095 and the largest interval is 1.907. For the sampling pairs
considered, LSI detects moderate and large mean shifts more quickly.

We consider the LSI method to be not very sensitive because it has a
similar performance to that of the non-truncated method for several mean shifts,
particularly when the smallest sample interval is smaller than three times the
original smallest interval.

For the reasons explained, and for simplicity, the use of the LSI method
can offer a competitive advantage in automating tasks and using nano-scale mea-
surement instruments.

Future research will involve a different approach to the calculation of E(G),
using different distributions for the lifetime of the system and assessing its impact.
We will extend the study of the statistical properties and performance to the use
of joint control charts (X-chart and S-chart or X-chart and R-chart) and special
control charts (CUSUM and EWMA charts) to compare the LSI method with
other adaptive methods (for example, VSS, VSSI, and VP).

Finally, it is our intention to conduct a study to determine the k value that
minimizes a cost function by production cycle.
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