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Effect of estimation of the process parameters on
the control limits of the univariate control charts
for process dispersion

P. E. Maravelakis, J. Panaretos and S. Psarakis

Abstract— Control charts are extensively used In many real
world appplications. Since process parameters are rarely
known common practice is to estimate them. Then, the con-
trol imits are modified and become actually random vari-
ables, In this paper, we deal with the univariate control
charts for dispersion for both rational subgroups and indl-
vidual measurements. We study the effect of estimating the
process parameters of this chart on the first two moments of
the run length distribution. The results are used for propos-
ing appropriate values of sample size and number of samples
in order to make the estimated control limits perform as the
theoretical ones.
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I. INTRODUCTION

Control charts are used for controlling and monitoring
variables in any product or process. They have found con-
siderable applications in industry for improving the quality
of the products. The most known are the Shewhart type
control charts for monitoring process mean and dispersion.

Quesenberry [7], was the first to examine the effect of
estimation of the process mean and standard deviation on
the control limits of the Shewhart chart for the mean for
both rational subgroups and individual observations. Chen
[1], extended this work by using three different estimators
of the standard deviation in the X chart case. Nedumaran

and Pigniatiello {5], investigated the estimation effect on .

the T? control charts. Woodall and Montgomiery {12] em-
phasized the need for much more research in this area since
it is proved that more data than usually recommended, are
needed for the control charts to behave as expected from
theory. In the same paper, Woodall and Montgomery state
that much work has been done concerning the control of
the process mean but not that much for the process dis-
persion. In an earlier paper Lowry et al. [4], examined the
effect of run rules on the performance of control charts for
detecting shifts in process standard deviation. Recently,
Klein [3] proposed modified S-charts for keeping stable the
process variability. In this paper, we examine the effect of
estimation of the process parameters on the control limits
of charts for process dispersion for both rational subgroups
and individual observations.

The paper is organized as follows. In section 2, we
. present the classical § chart with three sigma limits and
extensive numerical calculations of the cffect of estimat-
ing the process standard deviation on the values of average
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run length (ARL) and standard deviation of the run length
(SDRL). Section 3, outlines the S chart using probability
limits and results of estimating the process standard devi-
ation on the ARL and SDRL values again. The X chart
for individual observations is presented on section 4 and its
use for process dispersion when we have estimated limits is
suggested. Finally, in section 5 some conclusions are listed.

II. THE S (THREE SIGMA) CONTROL CHART

Assvme that X;;, ¢ = 1,..m and j = 1,..,n are observa-
tions from a stable N{u,0?) process comprising m samples
of size n each, In this process we want to keep its variabil-
ity in control. In order to develop control limits we need
to know the value of the true standard deviation o. If this
value is known the control limits are

UCL

(C4+.‘3 l—cﬁ)a (1)

LCL (c‘—z 1—c§)a (2)

It

Usually, we do not know the value of & and therefore we
have to estimate it from past data. The estimate used is

1l &
S=;§Si

where m is the number of past samples used, S? =
S\ 2

4 50 (X5= Xi) s the unbiased estimator of 7% and

n is the sample size. However, we know that S is not

an unbissed estimator of o. It has been proved (see e.g.
Rvan [10}), that an unbiased estimate of 0 is § /cy where

2 \1/2

oy = (n—l) F(n-1)/%)
of S equals 71/1 — ¢2. The upper and lower control limits
of the chart known as the S chart are:

. 3 —— . .
(1 o Ji- cﬁ) $ )
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Approaches making use of these limits are known as the
three sigma approaches based on the normal approximation
proposed by Shewhart in the early thirties. However, it is

and that the standard deviation

UCL

1!

LCL
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easy to prove that this approximation is not satisfactory
since, as is known

(5)

Although this approximation is not accurate, it is usually
used as a first check.

Let A; denote the event that the ith sample standard
deviation S; exceeds UCL or is exceeded by LCL. Then.
since S and S} are independent for ¢ # j, the sequence
of trials 4; and A; are independent meaning that they
constitute a sequence of Bernoulli trials.  The mean and
standard deviation of the run length distribution, ARL and
SDRL respectively, of this process is that of a geometric
distribution given by the following formulas

1
ARL = =3 (6)

_ VB -
SDRL = =3 (7

where 8 =1~ Pr(4;) = Pr(LCL < S; SUCL).

Assume now that we are in the case when the true value
of the standard deviation is not known, which is the most
usual case. Let B; denote the event that the ith sam-
plle\st,andard deviation S; exceeds UCL or is exceeded by
LCL. The formulas (6) and (7) for ARL and SDRL are
not valid any more because the events B; and BJ are not in-
dépendent for i # j. We can prove that E(U C, L) UCL

(1+ \F—T) 02“

ing these relations we prove, after some calculatlons, that

and Var(UCL) = and us-

Cov(8; ~ UCL,S; — ECL) = Var(UCL)
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Var(S; — UCL) o%(1~cf)

Therefore the correlahon between the random vanablcs

S; - UCL and S; - [CLis

Var(UCL)
‘ ar(S - l'CL)
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It is obvious that the correlation is a function of m and
n only. In table 1 we present values of the correlation for

Curr(ﬁ - UCL, S - LCL) =
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combinations of m and n. From this table we see that as
the sample size and the number of samples increases the
correlation decreases. For small or moderate sample size
(n < 20) we need 200 samples for the correlation to be
negligible. However, for larger sample size we can afford
m = 50,

In order to examine the values of the first two moments
of the run length distribution, we performed a simulation
study based on various numbers of samples and various
sample sizes. In particular. the number of samples and
samples sizes considered were m = 3, 10, 20, 30. 50, 100,
200, 500, 1000 and n = 5, 10, 20. For every combination of
m and n we simulated m samples of size n from a N(u,03)
distribution and computed U 7CL and LCL. Then, we sim-
ulated samples from a N (,u o?) distribution until we ob-
tained a value above [7CL or below LCL. The number of
samples simulated up to the one that led to a value outside
the control limits constitutes one observation of the run
length distribution. This procedure was repeated 10000
times in order to get an estimate of the values of ARL
and SDRL. Representative results for n = 5, 10,20 are
presented in tables I1-XI.

From these tables certain conclusions are drawn. We
see that we have results only for upward shifts when n > 5.
This happens because for n < 5 the lower control limit is set
to zero. Therefore, it can never be crossed by a simulation
study, or in reality. For upward shifts, as m increases,
the ARL and SDRL values decrease and approach their
theoretical values. For downward shifts as m increases the
same thing happens for n = 50. For n = 10,20 the ARL
and SDRL values do not follow a specific trend. In the in-
control state we also do not have a clear pattern for either
ARL or SDRL values. What we can say in every case is
that ARL and SDRL values behave in the same way.

As m increases the ARL is getting closer to the theoret-
ical value faster than the SDRL. Moreover, as n increases
the theoretical values, in the in-control state, approach the
ones from a normal distribution which are ARL = 370.4
and SDRL = 369.9. The same, of course, happens for the
out of control states.

If we use this type of chart for identifving shifts in process
dispersion we have to use samples of size n at least 20 for
minimizing the effect of estimating S. 'If n is less than
this value the practitioner will face an increased number
of false alarms. The effect of estimation is also severe for
m < 20. especially in the in-control state and for small
shifts. For values 30 < m < 50 the effect is moderate and
for values of 100 or larger the effect is small enough. A
last point to make is that, when we have smail downward
shifts for n < 20,the ARL and SDRL values are larger
than the corresponding in-control values. Consequently, in
such cases special care must be taken and it is better to use
control charts for small shifts like CUSUM and EWMA.

I THE S (PROBABILITY LIMITS) CONTROL CHART

A modification of the control limits (1), (2) and (3), (1)
uses probability limits in place of the three sigma limits
(see e.g. Ryan [10]). If the value of the standard deviation
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a is known, the control limits (in place of {1) and (2} are:

ver = ov“',‘)"’.-‘"v‘i’
Lor = n\/:\iom
n—-1

In these limits, if the process variability operates in con-
trol, the probability that the standard deviation of future
subgroups will fall between them is 0.998, which is approx-
imately equal to the 0.9973, the probability assumed when
using the 3 sigma ones. If the true standard deviation is
not known we use its unbiased estimate S /¢3. The limits
then become (in place of (3) and (4)):

E Xg.gg.o

gy n=1

0L = _5 /,\‘3.001‘
Cyq n-1i

1t is obvious that these limits are based on property (3).
In the same way of thinking (as in the case of three sigma
limits) we can prove that

UCL

Var(U’C\'L) = [o?(1 - cﬁ)xgm]/[(n — 1)cim]
and consequently

Cov(S; — UCL,S; — ICL) = Var(UCL) =

- ‘12_(1 =~ )G o0
(n—1)ctm
Moreover,

: 2
_UOLY = o2(1 — . X0.999
Var(Si —UCL) = 0*(1 ~ ¢3) [1 + - 1)0:_;"1]

and finally

T
Corr(S: - UCL, S; ~ [CL) = — & WCL)
Var(S; ~UCL)
—- X3.000
X9 + (n = 1)chm’

As in the case of three sigma limits, this correlation de-
pends only on m and n. In table XII' we calculated the
correlation for various combinations of m and n. From this
table we conclude again that as the sample size and the
number of samples increases the correlation decreases. The
recommendation for sample sizes and number of samples is
the same as in the previous section.

We computed the ARL and SDRL values for sev-
eral values of m and n via simulation along the same
lines as in the three sigma limits. The number
of samples and samples sizes considered were m =

5.10.20, 30,50, 100, 200.500. 1000 and n = 3, 10.20.50.
Representative results for v = 5,10 are presented on ta-
bles XIH-XVE From the results we deduce the following

points.  For upward shifts. as m increases, the ARL and
SDRI values generally decrease and approach their theo-
retical values. For downward shifts as m increases the same
thing happens for n = 20, 50. For n =5, 10 the' ARL and
SDRL values do not follow a specific pattern. In the in-
control state the ARL and SDRI values increase till they
get close to their theoretical values. As an overall conclu-
ston we can say that the ARL and SDRL values behave in
the same way except that as m increases the ARL is getting
closer to the theoretical value faster than the SDRL.

When we are in-control we need at least m = 200, oth-
erwise the practitioner will face many false alarms whereas
the value of n is not equally important. In the out-of-
control situations the value of n is important for min-
imizing the effect of estimating S. Specifically, when
03/03 = 1.2 the ARL values for n = 5.10,20,50 are
239.29.178.10, 117.98,50.77, respectively. Therefore, we
observe a dramatic reduction as n becomes larger. A sim-
ilar situation occurs for downward shifts. Consequently,
large values of n, larger than 20, are recommended. The
effect of estimation is severe for m < 20, especially for small
shifts. For values 30 < m < 50 the effect is moderate ard
for values of 100 or larger the effect is small enough. When
we have small downward shifts for n = 5,and for n = 10
when m < 10, the ARL andg DRL values are larger than
the corresponding in-control values. In such a situation it
is better to use control charts for detecting small shifts like
CUSUM and EWMA.

IV. THE X CHART FOR MONITORING PROCESS"
DISPERSION

Let X,,i = 1,..,n denote independen§ and identically
distributed observations from a N{u,0%) process. If the
parameters 4 and 0 are known, the control limits are

UCL = p+3c
CL = p
LCL = p-30c

Usually, these parameters are not known and they have
to be estimated. In this case. the variability is usually
controlled using moving ranges. Nevertheless, Nelson [6],
Roes et al. [9] and Rigdon et al. [8] have recommended
either against the use of the moving range chart or its use
together with the classical X chart. Moreover, Sullivan
and Woodall [11] showed that a moving range control chart
does not contribute significantly to the identification of out
of control situations. Therefore. the use of the X control
chart for monitoring the process standard deviation is rec-
ommended. The control limits of the X control chart are

UCL = X+3
('7 = X
ICL = X-35
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where X is an unbiased estimate of the mean of the process
and @ is an estimate of the standard deviation ¢ of the
process. Usually, the estiniate of the standard deviation
used is MR/dy where MR denotes the average of the mov-
ing ranges and dy is a constant used to make the estima-
tor unbiased. However, Cryer and Ryan [2] showed that a
preferable estimate of o is $/cy where ¢, is defined in the
same way as in the case of rational subgroups and s is the
standard deviation of the observations.

In order to assess the effect of the number of observa-
tions on the control limits of the X chart we performed a
simulation study. The results'are presented in table XVIL
For each value in the table, we simulated x)'\valu&! fi’-l"
a N(p,08) distribution, we computed the UCL and LCL
and subsequently we generated values from a V(u, o) dis-
tribution until we obtained-a value above U CL or below
LCL. The number of samples simulated up to the one
that was outside the control limits constitutes one observa-
tion on the run length. This procedure was repeated 32000
times in order to get an estimate of the values of ARL and
SDRL.

From tables XVII and XVIII we see that we do not have
results for downward shifts. This happens because a de-
creasing standard deviation will never cause a value below
the lower control limit. The simulation reveals that the
ARL and SDRL values decrease till they approach their
theoretical values. We need at least 300 observations to
minimize the effect of estimation in the control limits of
the X chart.

V. CoNCLUSIONS

In this paper, we examined the effect of estimation on the
control limits for process dispersion on charts using rational
subgroups and individual observations. Extensive numeri-
cal studies for several combinations of numbers of samples
and of sample sizes in the case of rational subgroups and
of numbers of observations in the case of individual control
charts were presented. These values were used for propos-
ing the m and n values that a practitioner should use in
order to reduce the estimation effect on the univariate dis-
persion control charts.

In the rational subgroups case we propose larger n values
than usual and someone may argue that this is a problem.
However, Woodall and Montgomery [12] remarked that in
industry now there are large data sets available in contrast
to the past. Therefore, such values for the sample size
should not be a problem, generally. On the other hand. if
for some special applications this still remains a problem,
the practitioner should keep in mind the great influence on
the estimated control chart performance displayed on the
tables of this work.

"
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APPENDIX

TABLE I
CORRELATION FOR SEVERAL VALUES OF M AND N.

n

S R T
5 1 0.16581 1 0.37055 | 0.30735 ] 0.25370
1077030362 0.22741 § 0.18158 | 0.14528
207 0.17898 . 0.12829 | 0.00936 - 0.07833 |

. 30 0.13680 | 0.08935 | 0.06886 | 0.05362 |
#7750 1 0.08020 | 0.05560 | 0.04249 | 0.0323%
- 7100 T 0.64178 | 0.02859 | 0.02171 ; 0.01671 |
200 | 0.02133 | 0.01450 | 0.01097 | 0.00843 |
:"500 | 0.00864 | 0,00585 | 0.00442 | 0.00339 |
{1000 7 0.00434 | 0.00203 | 0.00221 | 0.00170 |

TABLE II

ARL VALUES FOR THE S {THREE SIGMA) CONTROL CHART WHEN N=3.,

o2/od .
177 12 1.4 i6 | 1.8 |
m | ARL | ARL | ARL | ARL ' ARL
5 | 1-10° | 22235 | 594.02 | 105.38 | 37.41 .
10 1 22001 | 310.65 | 86.99 | 39.29 </ 21.06 |
20 | 551.16 | 13942 | 54.88 [ 2747 | 16.48
30 T415.06 | 112556 | 48.74 | 25.79 | 15.52
50 | 316.68 | 101.62 | 43.32 | 23.36 | 14.73
100 129859 | 91.09 | 40.75 | 22.35 | 14.20
200 | 276.08 | 85.28 | 39.28 | 21.55 | 13.93
500 | 262.29 ; 85.00 | 38.55 | 2L.75 | 13.94
({000 | 253.76 | 84.37 | 37.32 | 2097 | 13.59 |
co | 24931 | 8244 | 37.72 | 21.22 | 13.69
TABLE 111
SDRL VALUES FOR THE S{THREE SIGMA) CONTROL GHART WHEN
N=5,
L ‘ kit
; P11 12 1.4
. m | SDRL} SDRL | SDRL
5 08 710" 124100 |
P10 0 3-10% T 2287 | 33039
: 16997 | 297.08 | 95.14 |
TR0 18288 ¢ TLTS |
C 50 54572 113006 | A543
TT100 0705 U 106.99 | 442
200 93.97 ¢ 4112
300 88.07

AAAAA L2831 81O

TABLE IV )
ARL VALUES FOR THE S {THREE SIGMA) CONTROL CHART WHEN

N=10.
S }
m_ | ARL T ARL_
606.61 | 236.14
538.65 | 145.57
20 46144 ¢ 106.92
130 430.50 | 95.59
| 750 [ 389.91 | 88.05
i 100 | 359.35 | 380,89
200 | 344.38 | 78.19
500 | 334.53 | 76.10
% 1000 | 334.56 | 75.88
i 00 331.17 | 75.66
TABLE V
SDRL VALUES FOR THE 5 (THREE SIGMA) CONTROL CHART WHEN
N=10.
9%/5
| 1 1.2 1.4 1.6 1.8
I m SDRL | SDRL | SDRL | SDRL : SDRL
.5 1064.81 | 634.06 | 263.87 ; 112.67 | 4i.18
10 919.10 | 329.839 | 99.37 31.64 ¢ 13.87
20 725.80 | 175.82 18.22 19.75 10.34 75
30 626.79 | 137.72 40.07 17.08 9.14 |
50 510.09 | 106.54 | 33.98 15.65 | 8.58 |
100 | 411.69 88.11 30.81 1424 | 816 .
200 367.08 82.25 28.96 13.31 ¢+ 7.58
500 | 340.97 76.60 27.27 ¢ 13.14 1 T7.65
1000 ; 337.96 75.93 27.01 1 13.04 ¢ 748 |
i oo 330.67 75.16 2701, 1296 | 748 |
> TABLE V1

(CONTINUED) ARL VALUES FOR THE S (THREE SIGMA) CONTROL
: CHART WHEN N=10. .

a3/o3
) 63 T 00 | 06 03
“m | ARL | ARL | ARL ARL
) 24.01 | 306.28 | 1019.6 - 1136.2
70 [ 2104 | 25438 10717 13169
20 19.77 | 230.60 10794 14726
30771905 22333, 10565 1569.2
50 1 18447 ¢ 218.20 1 1047.3 16447
100 | 18.21 | 210.57 . 1037.5  1696.2
i 17.95 1205.32 1 1023.1

§ 10091 1
5 1006.7 1T
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TABLE V!
{CONTINVED) SDRL VALUES FOR THE S { THREE SIGMA)} CONTE L
CHART WHEN N=10.

g e e e
02T 04 0.6 0.3
m_ SDRL | SDRL | SDRL | SDRL
3 37.43 1 52037 | 12745 | 14336
{107 25887 ] 377.31 | 12532 | 15147
| 20 | 2262 | 275.74 | 12075 | 1603.1
{7300 172062 124071 | 1155.1 | 1656.9
50 | 19.15 | 229.50 | 1106.2 | 1686.9
100 | 1810 | 21540 | 1061.3 | 1729.9
200-] 17.93 | 20549 | 10278 | 1746.7 |
5 17.79 | 203.14 | 10220 | 1785.0 :
1000 | 17.28 | 204.95 | 1007.9 | 1773.9 |
oo | 17.39 | 205.56 | 1011.2 | 1776.7 !
TABLE VIII
ARL VALUES FOR THE S (THB.EE SIGMA) CONTROL CHART WHEN
N=20.
i/}
1 12 1.4 1.6 1.8
m | ARL | ARL | ARL| ARL - ARL |
5 133272 121.96 | 32.20 [ 11.46 | 5.54
10 | 362.96 [ 92.99 [.23.32 | 8.71. | 162
20,0 37124 75 | 19.63 | 7.87 | 4.32
30. | 372:32 | 68.53 | 18.23 | 7.67 | 1.29
50 | 362.66 | 63.80 1 17.52 | 7.49 | 4.24
100 | 36401 | 6017 | 17.01 | 7.36 | 4.11 |
200 | 359 | 59.56 | 16.61 | 7.15 | .11 |
500 | 355,18 | 59.11 | 16.36 | 7.13 | 109 '
1000 | 35323 | 57.59 | 16.26 | 7.15 | 4.08 |
co [356.50 | 57.37 | 16.39 | 7.15  4.07 |
TABLE IX . .
SDRL VALUES FOR THE S (THREE SIGMA) CONTROL CHART WHEN
N=20,
: /3
| 1 12 14 16 1.8
m | SDRL| SDRL ' SDRL | SDRL ' SDRL
5 | 44002 | 24463 | 78.86 | 27.03 | 10.33
10 | 457.01 | 166.56 | 45.79 | 11.78 i 5.39
20 | 139.25 | 11539 | 25.36 | 8.77 -
| 30 T 43013 7 8690 | 21.81 | 8.17
{50 . 40351 | 76.74 . 1873 | 7.60
| 100 | 39330 T 6557 @ I7.31 1 7.15
200 | 37430 T 60.31 16.15 6.32
[500  358.11 . 5961 | 16.15 1  6.70
i 1000 35328 175723 71579 6.66
| oo . 356.00 | 5637 1588 | 6.63

N
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TABLE X .
(CONTINUED} ARL VALVES #OKR THE 3 { THREE ¥IGMA} CONTROL
CHART WHEN N==20.

nf/rrg '

I T S A X
m | ARL . ARL . ARL . ARL
532 TIL02 111,01 738343

1.28 0 10,037 9020 123.04
20 1260 921 | 8028 T 4270 .
30 U126 T8OT 7803106
50 124 TB90 ¢ 7570 TH51.20
100 { 125 | 8.68 | 7342 i 450.90
200 1 123 7 870 1 7369 | 447.50
500 | L.24 | 855 | 73.62  141.19
1000 | 1.24 | 854 | 72.08 | 44581
oo | 1.24 | 856 | 72.91 | 449.79

TABLE XI

(CONTINUED) SDRL VALUES FOR THE S (THREE SIGMA) CONTROL
CHART WHEN N==20.

71/93
02 | 04 0.6 0.8

" m | SDRL | SDRL | SDRL | SDRL
|5 0.75 18.83 | 190.51 | 457.13
10 0.6.4 12.23 | 127.11 ! 463.05
20 0.60 9.96 94.68 | 473.45 |
730 0.58 9.20 88.22 | 471.63 |
{50 054 @ 859 80.02 | 469.84
7100 057 | 820 75.19 .1 455.92
20001 054 827 | 7461 | 446.43 |
{500 | 055 | 805 : 7339 | 441.96 |
C 1000 | 056 | 814  71.77 | 44849
oo - 054 T 804 7241 | 41929

TABLE XII

CORRELATION FOR SEVERAL VALUES OF M AND N.

1

n :
“m 15 0720 50
5 1051005 0.39568 ; 0.32137 | 0.26032
10 T 0343107 029663 0191417 0.11961
20 | 0.207i0 . 0.14066 ' 0.10585 | 0.08087
T30 1 0.14831 . 0.09830 . 0.07315 |
507 | 0.09160 . 0.06145 © 0.04521
100 | 0.01965 . 0.03170 , 0.023 -
200 7 0.00872

0 L0.00351
000326 - 0.00236 1 0.00176
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TABLE XIII

. TABLE XVI
ARL VALUES FOR THE § (PRGBABILITY LIMITS] CONTROL CHART SDRL VALUES FOR THEE S (PROBABILITY LIMITS) CONTROL CHART
WHEN N=5. WHEN ¥=10.
A T O A T ) e e Ci
. ARL T ARL T ARL | ARL _ARL o TEDI SORI
L2 1 3599.97 | 267.35 | 17340 | LILLL 7117 B 42299 1330046 20804 130038 6205
! 10146 | 268.52 | 154.68 & 8388 | 47.03 10 156,05 | 307.21 | 155.88 6722 | 2851 |
.20 [ 410025439 | 12740 | 6492 ; 36.69 . 2046937 | 257.65 | 106.07 | 30.18 | 18.33
P 462.04 | 24768 | 115.34 | 58.02 ‘ 33.35 7730 180.11 | 23475 38.70 | 3358 16.15
. 50 [ 47224 239.29 | 108.19 | 5248 | 30.29 S0 TR 20 T e oNET s
| 100 | 139.90 | 2268 | 99.08 | 49.70 | 28.31 00 38890 | 18195 T 6L10 T H.62 | 1569
| 200 [ 19835 [ 221.61 | 94.66 | 48.20 | 27.67_ 200 T 393.03 | 15609 T 5670 T 2150 | 12.66
500 | 50093 | 216.74 | 93.45 & 46.06 | 28.00 500 | 489.97 | 164.74 | 5341 | 2108 | 12.82
1000 | 497.73 | 21301 | 92.29 | 47.12 | 27.31 | 1000 | 48065 | 161.87 | 53.11 | 23.03 | 12.38
oo | 500.02 | 21474 | 9178 | 4651 | 27.33 o 1995 1608 T 5201 T 3585 T 1293

TABLE XIV .
SDRL VALUES FOR THE S (PROBABILITY LIMITS) CONTROL CHART TABLE XVII
WHEN N=5. ) ARL VALUES FOR THE X CONTROL CHART.
s L o3/}
i 2 [ 11 ] 16 18| { 1 12 14 | 16 | 18
m | SDRL | SDRL | SDRL | SDRL | SDRL | N | ARL | ARL | ARL | ARL | ARL
5 | 46312 | 40554 | 312.06 | 23157 | 173.0 | 30 | 986.31 | 31536 | 147.93 | 84.36 | 53.74
10_| 49151 | 395.19 | 263.77 | 16101 | 102.77 50 | 614.94 | 229.95 | 116.69 | 60.61 | 47.23
20 [ 495.15 | 350.22 | 199.04 | 106.92 | 58.40 75 | 503.75 | 202.02 | 105.18 | 64.51 | 43.99
{ 30 | 509.78 | 320.05 | 164.81 | 84.90 | 49.45 100 | 467.07 | 190.53 | 100.73 | 61.98 | 12.78
| 50 | 50456 | 295.97 | 137.80 | 65.23 | 3547 200 | 413.88 | 173,68 | 93.36 | 58.63 | 10.67
100 [ 512.64 | 262.50 | 115.37 | 54.68 | 31.03 300 | 308.94 | 167.79 | 92.76 | 57.93 | 41.26
200 | 505.20 | 24021 | 102.45 | 50.97 | 29.10 500 | 387.38 | 167.90 | 90.31 | 56.30 | 39.69
500 | 505.56 | 223.58 | 9524 | 46.00 | 27.60 1000 | 379.32 | 162.96 | 89.12 | 57.03 | 39.90
1000 | 503.09 | 217.36 | 94.50 | 47.08 | 26.70 | : 2000 | 372.64 | 162.70 | 80.45 | 56.35 | 39.62
co [ 49952 | 21424 | 91.28 | 46.01 | 26.82 oo | 370.40 | 162.08 | 89.05 | 56.48 | 39.45 |
TABLE XV
ARL VALUES FOR THE S {PROBABILITY LIMITS) CONTROL CHART TABLE XVIII
’ WHEN N=10. SDRL VALUES FOR THE X CONTROL CHART.
el | j oi/og
1 12 14 | 16 18 1 1.2 1.4 1.6 1.8
T ARL T ARL | ARL 1 ARL | ARL N _["SDRL | SDRL | SDRL | SDRL T SDRL
5331714 Til0.51 | 52.43 | 25.60 30 | 502483 | 1058.44 | 439.79 | 187.50 | 08.54
150108 T 0808 T 8661 | 3661 1772 50 | 1565.0 | 476.60 | 20050 | 107.23 | 66.81
50 T 12895 | 10455 | 70.14 | 3850 | 1196 75 | 94878 | 31854 | 150.77 | 84.15 | 5487
|30 | 41841 | 187.00 | 6503 | 27.33 | 14.20 100 | 77060 | 27454 | 131.39 | 75.26 5048
|50 16428 [ 173.0 | 6027 | 75.81 | 13.61 200 | 51865 | 205.96 | 10577 | 6356 [ 4231
{100 | 479.05 | 169.77 | 56.35 | 2452 | 13.16 300 | 47634 | 187.69 | 10047 @ 6137 | 42,29
200 | 184.86 | 166.70 | 5473 | 2426 | 1281 . .00 | 12945 | 179.39 | 93.58 | 5896 | 40.51
500 | 100.54 | 16132 | 52.91 | 24.02 | 13.11 | 1000 | 40135 | 168.50 | 9110 | 57.78 | 39.85
1000 | 192.16 | 161.60 | 53.81 | 23.60 | 12.70 | | 2000 | 38371 | 16687 | 8941 | 55.82 | 39.17
o0 | 50005 | 161.99 | 5344 | 2346 | 12.74 [ o0 | 369.90 | 16158 | 3835 | 55.98 | 38.95 |
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