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Abstract: The Average run lengths (ARLs) of the modified X chart are computed by 
simulation using MATLAB software in this paper. The modified X chart, based on sum 
of chi-squares theory is able to counter the autocorrelation in the observations. Various 
optimal schemes of modified X  chart for sample size (n) of 10 are proposed at different 
levels of correlation (Φ). The ARLs of the modified X  chart are also validated and 
compared with the ARLs obtained by Artificial Neural networks (ANNs). It is found that 
when the level of correlation (Φ) increases for a particular sample size (n), the 
performance of all the schemes deteriorates. It is concluded that the modified X  chart 
offers more robustness compared to Shewhart X  chart for autocorrelated data at various 
levels of correlation (Φ) and shifts in the process mean. 

Keywords: Modified X chart, average run lengths, sample size (n), artificial neural 
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1.   Introduction 

Control charts have been used to monitor and control production process and generate 
some sort of signal when there are indications to the effect that the process has gone out of 
control. A process is said to be in control if process mean and standard deviation do not 
deviate from their target values. If actual process mean and standard deviation are μ and σ 
respectively and their target values μ0 and σ0, the process is under control if μ = μ0 and σ 
= σ0, and out of control otherwise. Shewhart [1] developed the X  control charts to 
monitor the process mean with two limits, known as upper control limit (UCL) and lower 
control limit (LCL). These limits are defined as   LCL = X  - 3σ’/√n and UCL = X + 
3σ’/√n, where X is the target mean, σ’ is population standard deviation and n is the 
sample size.  In general, it is assumed that the observations from the process output are 
independent and identically distributed (IID). However, for many processes; the 
observations are correlated and when this correlation build-up automatically in the entire 
process, it is known as autocorrelation. Autocorrelation among the observations can have 
significant effect on the performance of a control chart. Woodall and Faltin [2] found that 
the positive correlation is more often encountered in practice than negative 
autocorrelation. Autocorrelation is inherent to many processes like, pharmaceutical 
chemical, manufacturing and service sectors. If process measurements are autocorrelated, 
then standard constructions of control charts will violate the assumption that samples are 
independent. The performance of a chart is usually measured in terms of the average run 
length (ARL), which is the average number of samples before getting an ‘out-of-control’ 
signal. The main effect of autocorrelation is reduction of ‘in-control’ ARL, leading to a 
higher false alarm rate. It has been studied by Alwan and Roberts [3] and Cheng and 
Thaga [4] and other researchers that autocorrelation among the observations has a 
significant effect on the performance of the, exponentially weighted moving average 
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(EWMA) and cumulative sum (CUSUM) charts. Next section deals with the research 
done so far in the development of X charts for the autocorrelated data.  

2.    Notation 
Symbol Legend 

μ   or X  Actual process mean  
μ0 Target process mean  
σ0 Target standard deviation  

σ’   or σ population standard deviation of the process 
ARL Average run length 
IID Independent and identically distributed  
Φ Level of correlation 

UCL Upper control limit 
LCL Lower control limit 

n Sample size 
UWL Upper warning limit 
LWL Lower warning limit 

L Width of Control limits 
W Width of warning limits 

3.   Literature Review 

Yang and Hancock [5] presented a correlation model to describe the correlated data in a 
sample. They studied the effect of correlated data on the design of warning limit X charts 
by combining Gordon and Weindling’s [6] cost model with their correlation model. Based 
on the study, it is observed that only the significant run length was affected by the 
correlated data. Chiu and Yan [7] suggested that neural networks can be used to identify 
shifts in correlated process parameters. They developed and trained the back propagation 
neural networks to identify shifts in process parameter values. Hwarng [8] proposed a 
neural-network-based identification system for both mean shift and correlation parameter 
change. The identifier was trained to detect mean shift, to recognize the presence of 
autocorrelation, and to identify shift and correlation magnitudes. Pacella and Semeraro [9] 
presented a new neural-based procedure for building a time series model for quality 
control in the case of serially correlated data. They presented performance comparisons 
between the neural-based algorithm and several control charts in order to validate the 
approach. Different magnitudes of the process mean shift, under the presence of various 
levels of autocorrelation, are also considered. The simulation results indicate that the 
neural-based procedure performs better than other control charting schemes in several 
instances for both small and large shifts. Claro et al. [10] proposed the Double Sampling 
(DS) X chart for monitoring processes in which the observations followed a first order 
autoregressive model, AR(1). They considered sampling intervals, sufficiently long to 
meet the rational subgroup concept. They claimed that DS X chart is substantially more 
efficient than the Shewhart X chart and the variable sample size (VSS) chart. Prajapati 
and Mahapatra [11] found that the CUSUM and EWMA charts can catch the shift on 
process average if there is a single and sustained shift but are unable to detect the changes 
when samples are not taken from same stream. For such a situation, they proposed a new 
X chart and compared it with conventional CUSUM and EWMA charts. They found that 
both CUSUM and EWMA schemes are ineffective to catch the process shifts in such 
cases.  
     The new (proposed) X chart provides the highest percentage of correct signals 
compared to CUSUM and EWMA schemes for all process shifts. Lin et al. [12] stated that 
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the presence of autocorrelation in the process data can result in significant effect on the 
statistical performance of control charts. They presented the economic design of ARMA 
(autoregressive moving average) control chart to determine the expected total cost per 
hour. Singh and Prajapati [13] studied the performance of the traditional Exponentially 
Weighted Moving Average (EWMA) chart under the effect of the positive correlation. 
The ARLs at various levels of correlation (Φ), weightage factor (λ) and at different width 
of control limits (K) are studied by using simulation with MATLAB. Optimal schemes of 
EWMA chart are proposed for each level of correlation and showed better performance 
compared to EWMA chart, suggested by Zang [14]. Mitra and Clark [15] focused on 
determining changes in process variability of multivariate processes. A couple of 
aggregate measures were proposed and the performance of these suggested measures is 
explored through a simulation procedure. The formulation of the autocorrelated 
observations is discussed in the next section. 

4.    Formulation of Autocorrelated Series of Observations 

It is assumed that each individual observation of an autocorrelated series is dependent 
upon the previous observation. A series of positively autocorrelated numbers with a mean 
of zero and standard deviation of one is generated, using the MATLAB 6.5 at various 
levels of correlation (Φ). As given by Chatfield [16], if N pairs of observations on two 
variables x and y are assumed then the correlation coefficient between x and y is given by 
equation (1).  
                               r =  ∑ (xi - )( yi - ) / [∑ (xi - )2]1/2[∑( yi - )2]1/2                            (1) 

where, the summations are over the ‘N’ observations. A similar idea can be applied to a 
series for which successive observations are correlated. Instead of two different time 
series, the correlation is computed between one series and the same series lagged by one 
or more time units. For the first-order autocorrelation, the lag is one time unit. The first-
order autocorrelation coefficient is the simple correlation coefficient of the first (N-1) 
observations, xt, t = 1, 2... N-1 and the next (N-1) observations, xt+1, t = 2, 3... N. The 
correlation between xt and xt+1 is given by: 

 r1 = xt - (1))( xt+1 - (2)) / [ xt - (1))2]1/2[ xt - (2))2]1/2      (2) 

where, X (1)   is the mean of the first (N-1) observations and X (2) is the mean of the last 
(N-1) observations. The correlation coefficient shown in equation (2) measures correlation 
between successive observations, and is known as autocorrelation coefficient or serial 
correlation coefficient. Some researchers use ‘Φ’ as the coefficient of correlation instead 
of ‘r1’. For reasonably large value of N, the difference between the sub-period means X (1)  

and X (2) can be ignored and r1 can be approximated by: 
                        r1 = xt - )( xt+1 - ) / xt - )2                        (3)     
where  is the overall mean.  Equation (3) can be generalized to give correlation between 
the observations separated by ‘k’ units.  

                                  rk = xi - )( xi+k - ) / xi - )2                           (4)    
The quantity, rk in equation (4) is called the autocorrelation coefficient at lag ‘k’. The 
value of rk is maintained at various levels like 0.1, 0.2 ……….1.0. Corresponding to the 
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each level of rk, a correlated series is generated. The series generated are positively 
correlated in nature. For each level of correlation (Φ), various schemes of X  chart are 
developed by using MATLAB 6.5.  

5.     Methodology to Implement the Modified X  Chart                                                              

A modified X chart, based upon the sum of chi-squares with warning limits is developed 
in this paper. Its performance in terms of ARLs is evaluated for different sample sizes (n) 
at various levels of correlation (Φ). The process is assumed to be ‘out-of-control’ state, 
whenever a sample lies between the control limits (L) and warning limits (W) or lies 
beyond the upper/lower control limits. Montgomery [17] suggested that ARL is the 
average number of points that must be plotted before a point indicates out of control 
condition. Then, ARL can be calculated as:  
 ARL = 1/p, where, p is a probability that any point exceeds the control limits.  
For X  chart with 3 sigma control limits, the value of p is 0.0027(100 - 99.9973). Thus, 
ARL becomes 1/0.0027 = 370.4.  
         For a fixed sample size (n), various schemes of modified X  chart are developed at 
different level of correlation (Φ) by maintaining the in-control ARL of approximately 370 
and simultaneously varying the width of control limits (L) and warning limits (W).  
Observations are simulated with the help MATLAB 6.5. The autocorrelated numbers are 
generated from the series of data, taken from the standard normal distribution with mean 
of zero and standard deviation of one. Initially, the process is assumed to be under control; 
when the assignable cause occurs, the process mean shifts by δσ units, then the average 
number of sampling before the detection of process mean shift is called ARL (δ≠0), where 
δ is the amount i.e., 1, 2, 3 etc. and σ is process dispersion. In the Shewhart X chart, two 
control limits are used to decide the state of the process. But in the suggested modified X  
chart, an additional control limit at ‘W’ times sample standard deviation on both sides 
from center line is introduced. These limits are known as warning limits. The control 
limits in the modified chart are also assumed at ‘L’ times sample standard deviation on 
both sides from center line, as shown in Figure 1. The modified X chart area is divided 
into 3 regions namely (i) Outright rejection region (ii) Outright acceptance region and (iii) 
Transition region.  
    When process mean or standard deviation shifts and a point falls in ‘outright rejection 
region’, it can not be guaranteed that the process has a desired mean and standard 
deviation. Thus, it is concluded that the process had gone out-of-control. But when any 
point falls in ‘outright rejection region’, without any change in process mean or standard 
deviation, it is called a false alarm. Similarly if a point falls in ‘outright acceptance 
region’, the process is declared to be in-control. But when a point falls in ‘transition 
region’, a strategy based on the sum of chi-squares is used, to evaluate the state of the 
process. 
     The following procedure is adopted to calculate the ARLs of the modified X chart:  

Step 1: Observations are generated randomly from the standard normal distribution at the 
given mean and standard deviation. 
Step 2: For simulation, 10,000 observations are generated for a particular sample size (n) 
at the given mean and standard deviation. 
Step 3: The observations are generated in such a way that there should be positive 
correlation with their previous data.  
Step 4: Those sets of parameters of the control chart which give the ARL0 of 
approximately 370 are considered for comparisons. 

http://www.sciencedirect.com/science?_ob=MathURL&_method=retrieve&_udi=B6V03-4W8TW2K-3&_mathId=mml114&_user=8147757&_cdi=5635&_pii=S0957417409004497&_rdoc=1&_issn=09574174&_acct=C000073645&_version=1&_userid=8147757&md5=55f4ecc01d5d9fe28ed85d7d5a580771
http://www.sciencedirect.com/science?_ob=MathURL&_method=retrieve&_udi=B6V03-4W8TW2K-3&_mathId=mml114&_user=8147757&_cdi=5635&_pii=S0957417409004497&_rdoc=1&_issn=09574174&_acct=C000073645&_version=1&_userid=8147757&md5=55f4ecc01d5d9fe28ed85d7d5a580771
http://www.sciencedirect.com/science?_ob=MathURL&_method=retrieve&_udi=B6V03-4W8TW2K-3&_mathId=mml114&_user=8147757&_cdi=5635&_pii=S0957417409004497&_rdoc=1&_issn=09574174&_acct=C000073645&_version=1&_userid=8147757&md5=55f4ecc01d5d9fe28ed85d7d5a580771
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Step 5: Plot the sample means on the control chart and if a point falls in ‘outright 
rejection region’, the process dispersion is said to gone out-of-control. Similarly, if a point 
falls in ‘outright acceptance region’, the process dispersion may be assumed to be under 
control. 
Step 6: If any sample point falls beyond the warning limits and within control limits 
evaluate the statistic, ‘U’ for preceding ‘H’ samples (history).  
     The statistics,             U =  ∑=

H

i 1 ∑ =

n

j 1

2

0

0











 −

σ
µX ij

                                          (5) 

where, Xij = Individual measurement of product of j of sample i, n = Sample size, H 
=History i.e., number of preceding samples considered for calculating statistic, ‘U’. 
 

 
                                                                      Outright Rejection Region 

Figure 1: Pattern of Points falling in Different Regions of Modified X  Chart 
Step 7: If the calculated value of statistic, ‘U’ is greater than some predefined value U*, it 
may be assumed that process standard mean has gone out-of-control and immediate   
corrective action is required to bring back the process under control. 
Step 8: If the calculated value of statistic, ‘U’ is less than  U* , then it may be assumed 
that process is under control and the signal is due to false alarm only and corrective action 
is not required at that moment of time. For sample size of ten and history of four samples; 
the value of U* is 55.8 for 40 (n×H = 10×4) degrees of freedom at 95%  confidence level. 
Corresponding to Degree of freedom and confidence level, the value of U*, is available in 
most of the books on statistics. 
Step 9:  Develop various schemes of the modified X chart for a particular sample size (n) 
and levels of correlation (Φ).  
Step 10: For a particular sample size (n) and level of correlation (Φ); those schemes 
which give quick response to the shift in the process mean are suggested as optimal 
schemes of modified X  chart. 
     Next section deals with the computation of ARLs for modified X chart at various 
levels of correlation (Φ). 
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6.  Computation of ARLs for Modified X Chart at Various Levels of Correlation (Φ) 

For simulation, 10,000 observations are generated for sample size (n) of 10. The 
observations are generated in such a way that there should be positive correlation with 
their previous data. The values of control limits (L) and warning limits (W) of the control 
chart are taken in such a way that the in-control Average Run Length (ARL) or false 
alarm rate of approximately 370 is obtained by simulation. The false alarm rate of 370 is 
taken corresponding to the false alarm rate of conventional (Shewhart) X Chart. For the 
selected combinations, the ARLs are calculated at various shifts in process mean at 
different width of the control limits (L), warning limits (W) at the various levels of 
correlation (Φ). Various schemes of modified X  chart are developed for sample sizes (n) 
of 10 at different levels of correlation (Φ) by maintaining the in-control ARL of 
approximately 370. Following section deals with the various schemes of the modified X  
chart for sample size (n) of 10 at the levels of correlation (Φ) of 0.00, 0.25, 0.50 and 1.00. 

6.1    Schemes of the Modified X Chart for Sample Size (n) of Ten     

The performance of the modified X  chart is evaluated for sample size of ten in this 
section at various levels of correlation. Table 1 shows the various schemes of the 
modified X chart for sample size (n) of ten at Φ = 0.00. 

Table 1: ARLs of Various Schemes of Modified X  Chart at Φ = 0.00 

Shift   
(in 

mean) 

ARLs of Modified X chart for n = 10 

Φ = 0.00 
L = 3.00, 
W= 2.85 

L = 3.05 
W = 2.65 

L = 3.10 
W = 2.80 

L = 3.15 
W = 2.25 

L = 3.20 
W = 2.20 

L = 3.25 
W = 2.25 

0.00 370.4 370.4 370.4 370.4 370.4 370.4 
0.25 203.0 277.8 303.0 263.2 333.3 312.5 
0.50 115.0 135.2 192.3 169.5 177.8 164.0 
0.75 50.5 81.0 115.0 77.0 77.2 79.3 
1.00 28.0 32.2 37.2 44.2 42.5 43.0 
1.25 17.2 23.4 27.5 27.7 25.5 27.7 
1.50 8.1 14.0 15.8 14.2 14.2 14.2 
1.75 5.5 7.3 9.0 8.8 8.5 8.8 
2.00 3.3 5.6 5.8 5.8 5.8 5.5 
2.50 2.0 2.8 3.0 2.8 2.8 2.8 
3.00 1.3 1.8 2.1 1.8 1.8 2.0 
3.50 1.1 1.5 1.7 1.5 1.4 1.7 
4.00 1.0 1.0 1.1 1.0 1.0 1.1 

       
     Various schemes of the modified X  chart for sample size (n) of ten at the levels of 
correlation (Φ) of 0.25, 0.50, 0.75 and 1.00 are obtained by simulation and optimal 
schemes are presented and discussed in the following section. 

6.2      Optimal Schemes of the Modified X  Chart for Sample Size (n) of ten 

Those schemes which show lowest ARLs for all the shifts in the process mean 
consistently at each levels of correlation (Φ) are known as optimal schemes. Other 
schemes of modified X chart have also been tried with different combinations of control 
and warning limits, but those combinations give higher out-of-control ARLs at various 
shifts in process mean. That’s why they have not been included in this paper. Table 2 
shows average run lengths (ARLs) of optimal schemes of the modified X  chart for sample 
size (n) of ten at various levels of correlation (Φ).  
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Table 2: ARLs of the optimal schemes of modified X chart at various levels of correlation (Φ) 

  
Shift 

 (in mean) 

ARLs of optimal schemes of modified X chart for n = 10 
Φ = 0.00 Φ = 0.25 Φ = 0.50 Φ = 0.75 Φ = 1.00 
L = 3.00 
W = 2.85 

L = 3.10 
W= 2.55 

L = 3.05 
W = 2.80 

L = 3.15 
W = 2.90 

L = 3.20 
W = 2.90 

0.00 370.4 370.4 370.4 370.4 370.4 
0.25 203.0 203.2 211.0 220.0 230.1 
0.50 115.0 120.0 126.2 139.5 145.0 
0.75 50.5 54.0 60.0 84.6 95.0 
1.00 28.0 30.0 36.2 51.0 61.4 
1.25 17.2 20.8 24.7 28.4 34.8 
1.50 8.1 9.2 14.0 23.3 30.0 
1.75 5.5 6.0 8.0 13.0 19.6 
2.00 3.3 4.0 6.0 8.3 12.8 
2.50 2.0 2.7 3.3 4.6 7.3 
3.00 1.3 1.4 2.0 3.0 4.1 
3.50 1.1 1.2 1.4 2.0 2.2 
4.00 1.0 1.0 1.1 1.1 2.0 

      
The following observations can be made from Tables 1 and 2: 

I. As the level of correlation (Φ) increases from 0.00 to 1.00, the out-of-control 
ARLs for all the schemes increase.  

II. At zero level of correlation, values of width of control and warning limits (L&W) 
are 3.00 and 2.85 respectively for the optimal scheme of modified X chart, where 
as these values are 3.20 and 2.90 respectively for the highest level of correlation 
(Φ=1.0). 

 The ANNs technique is used to calculate and verify the ARLs, computed by the 
simulation for the modified X  chart. The ANN model is generated and trained for the 
various shifts in the process mean for the modified X  chart for sample size of 10 at the 
levels of correlation (Φ) of 0.00, 0.50 and 1.00.  

6.3     Computation of ARLs for Sample Size of Ten using ANN Model 

The input variables for computing the ARLs, using ANN Model are as follows: 
(i) Total no. of observations=10,000 (ii) Sample size =10  (ii) Value of the Upper Control 
Limit (UCL) (iii) Value of the Lower Control Limit (LCL) (iv) Value of the Upper 
Warning Limit (UWL)  (v) Value of the Lower Warning Limit (LWL), and (vi) The 
Target variable:   ARL 

Table 3 shows the performance comparisons for sample size of ten at zero level of 
correlation for modified X  chart. 

Table 3: ARLs Comparison for at zero level of correlation (Φ) for Modified X  Chart 
Shift    

 (in mean) 
Φ = 0.00 

Simulated ARL Range of Trained ARLs using ANN Average ARLs using ANN 
0.00 370.4 369.47 - 370.73 370.10 
0.50 115.0 115.99 - 115.00 115.50 
1.00 28.0 28.29 - 27.80 28.05 
1.50 8.8 8.79 - 8.80 8.80 
2.00 3.3 3.29 - 3.29 3.29 
3.00 1.3 1.30 - 1.30 1.30 
4.00 1.0 1.00 - 1.00 1.00 
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Table 4 shows the performance comparisons for sample size of ten at levels of correlation 
(Φ) of 0.50 and 1.00 for modified X chart. 

Table 4: ARLs Comparison at levels of correlation (Φ) of 0.50 and 1.00 for Modified X  chart 
Shift     
(in 

mean) 

Φ = 0.50 Φ = 1.00 
Simulated 

ARL 
Range of 

Trained ARLs 
using ANN 

Average 
ARLs using 

ANN 

Simulated    
ARL 

Range of Trained 
ARLs using 

ANN 

Average 
ARLs using 

ANN 
0.00 370.4 370.39-70.41 370.40 370.4 370.40 - 370.42 370.41 
0.50 126.20 126.29-126.30 116.30 129.0 127.76 - 130.57 129.16 
1.00 36.2 36.20 - 36.20 36.20 61.4 61.02 - 61.52 61.26 
1.50 14.0 13.99 - 13.99 13.99 30.0 29.89 - 29.99 29.94 
2.00 6.00 5.99 - 6.00 6.00 12.8 12.80 - 12.82 12.81 
3.00 2.00 1.99 - 1.99 1.99 4.1 4.08 - 4.10 4.09 
4.00 1.10 1.10 - 1.10 1.10 2.0 2.00 - 2.00 2.00 

The Tables 3 and 4 shows the following inferences: 
I. The in-control ARL of 370 is maintained in simulation for modified X  

chart for sample size of 10 at all levels of correlation (Φ).  
II. The in-control ARL of approximately 370 is also generated by the trained 

ANN model at all levels of correlation (Φ) for same sample size of 10.  
III. Average ARLs, generated by the trained ANN model are very close to the 

simulated ARLs. 
     Thus, it is concluded that after the proper training of the ANN model, the results 
obtained in terms of the ARLs are in accordance with the simulated ARLs at different 
shifts in the process mean and at the various levels of correlation (Φ) for the modified 
X chart of sample size of 10.  
      The comparison of performance of the modified X chart with traditional X  chart is 
presented in the following section.  

6.4    Traditional (Shewhart) X  Chart for Sample Size (n) of Ten 

Shewhart [1] proposed X  chart to monitor the means of small samples from the data and 
plotted on a chart in order to control the mean value of a variable.  
     Various schemes of the traditional X  chart for sample size of ten are developed at 
various levels of correlation (Φ). Values of width of control limits (L) are adjusted in such 
a way that they generate the in-control average run length (ARL) of approximately 370 in 
all the presented schemes for all the sample size of 10. The ARLs of traditional X  chart 
for sample size of ten at various levels of correlation are computed and compared with the 
ARLs of modified X  chart in the following section. 

6.5  Comparison of Performance between Shewhart X  Chart and Modified X  Chart  

The in-control ARL of approximately 370 is maintained for both the charts. The 
comparison of performance of the modified X  chart with traditional X chart for sample 
size of 10 at the levels of correlation (Φ) of 0.50 and 1.00 is presented in this section. 
Table 5 shows the ARLs comparisons between traditional X  and modified charts for 
sample size of ten at the levels of correlation (Φ) of 0.50 and 1.00. 
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Table 5: ARLs Comparison between Modified and Traditional at Φ= 0.50 and 1.00 
Shift     
(in 
mean) 

Φ = 0.50 Φ = 1.00 
Simulated 
ARLs of 
Modified 
X Chart 

Average ARLs 
Modified X  

Chart,  using ANN 

ARLs of 
Shewhart 
X  Chart 

Simulated 
ARLs of 

Modified X  
Chart 

Average ARLs 
Modified 
X chart,  using 
ANN 

ARLs of 
Shewhart 
X  Chart 

0.00 370.4 370.39 -70.41 370.40 370.4 370.41 370.41 
0.50 126.20 126.29-126.30 146.50 129.0 129.16 212.50 

1.00 36.2 36.20 - 36.20 45.50 61.4 61.26 77.50 

1.50 14.0 13.99 - 13.99 15.00 30.0 29.94 35.60 

2.00 6.00 5.99 - 6.00 6.40 12.8 12.81 15.70 

3.00 2.00 1.99 - 1.99 2.3 4.1 4.09 4.3 

4.00 1.10 1.10 - 1.10 1.4 2.0 2.00 2.1 

The following observations can be made from Table 5: 
I. It is observed that when the level of correlation (Φ) increases for a particular 

sample size (n), the performance of both the charts deteriorates. For a particular 
sample size; when the level of correlation (Φ) increases, the sensitivity of the 
traditional X  chart to detect shift in the process mean decreases.  For sample size 
of 10 and level of correlation (Φ) of zero, the traditional X  chart detects 1σ shift 
in the process mean after about 36 samples whereas at the level of correlation (Φ) 
of one, it detects same shift in the process mean after 77 samples.   

II. For the sample size (n) of 10, the performance of modified X  chart is superior to 
the traditional (Shewhart) X  chart for all the shifts in the process mean and 
levels of correlation (Φ). 

III. The in-control and out-of-control ARLs of the optimal schemes of the traditional 
X  chart also depends on the width of control limit (L). 

7.     Conclusions 

The modified X chart, presented in this paper is able to counter the effect of 
autocorrelation. It is found that the ARLs, obtained after training ANN model are very 
close to the simulated ARLs for sample sizes of 10 at all levels of correlation. Various 
schemes of the modified X chart for sample sizes (n) of 10 are presented at the levels of 
correlation (Φ) of 0.00, 0.25, 0.50, 0.75 and 1.00. Out of these schemes, one scheme, 
which gives quick response to shift in the process mean, is termed as optimal scheme.   
         The optimal schemes of traditional (Shewhart) X  chart for sample size of 10 at the 
levels of correlation (Φ) of 0.50 and 1.00 have also been with the modified X  chart. It is 
found that when the level of correlation (Φ) increases, there is large increase in the out-of-
control ARLs of traditional X  chart compared to the modified X  chart. It is also observed 
that the performance of modified X chart is much better than the traditional X chart at all 
the levels of correlation (Φ). The modified X  chart may is more effective and useful for 
the autocorrelated observations; taken from a standard normal distribution but it may be 
used for other types of probability distributions.  
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