symmetry MBPY

Article

Control Chart for Failure-Censored Reliability Tests
under Uncertainty Environment

Muhammad Aslam 1*©, Nasrullah Khan 22 and Mohammed Albassam !

1 Department of Statistics, Faculty of Science, King Abdulaziz University, Jeddah 21551, Saudi Arabia;

malbassam@kau.edu.sa
Department of Statistics, UVAS, Lahore, Jhang Campus, Lahore 54000, Pakistani; nas_shanl@hotmail.com
Correspondence: aslam_ravian@hotmail.com or magmuhammad@kau.edu.sa; Tel.: +966-59-3329841

Received: 11 November 2018; Accepted: 21 November 2018; Published: 2 December 2018 ﬁr:,e(fgtz)sr

Abstract: Existing control charts based on failure-censored (Type-II) reliability tests were designed
using classical statistics. Classical statistics was applied for the monitoring of the process when
observations in the sample or the population were determined. Neutrosophic statistics (NS) are
applied when there is uncertainty in the sample or population. In this paper, a control chart for
failure-censored (Type-II) reliability tests was designed using NS. The design of a control chart for the
Weibull distribution, which is applied when there is a lack of symmetry using neutrosophic statistics,
is given. The proposed control chart was used to monitor the neutrosophic mean and neutrosophic
variance, which are related to the neutrosophic scale parameter. The advantages of the proposed
control chart over the existing control chart are discussed.

Keywords: neutrosophic logic; neutrosophic statistics; classical statistics; neutrosophic Weibull
distribution; control chart

1. Introduction

During the manufacturing process, the monitoring of two variations, which can shift the process
from the specified target, is an important task. The presence of only the common cause of variation
does not affect the manufacturing process. Yet, the presence of a special cause of variation may
cause more defects. The control chart is an effective tool, which is widely used in the industry for
monitoring the production process. The control chart gives an immediate indication of when the
process is shifted from the set target in the presence of a special case of variation. A timely indication is
helpful for engineers to sort out the problems in the production process. Therefore, the main objectives
of the control chart are to give a quick indication of the shift in the process, to reduce the number of
defective products, and to maintain the high quality of the product. Control charts are designed under
the assumption that the production data follow the normal distribution or come from the normal
manufacturing process. However, experience show that, in the chemical industry, the processes of
cutting tool wear and concentrate production follow a skewed distribution [1]. Therefore, several
researchers designed control charts in the case of non-normal underlying distributions. Reference [2]
designed a control chart for sign statistics. Reference [3] designed Shewhart control charts in the case
of skewed data. Reference [4] presented a chart for a gamma distribution. Reference [5] developed a
cost model chart for non-normal data. Reference [6] proposed a median control chart. Reference [7]
proposed a chart for the Burr distribution. For more details on such control charts, the reader may
refer to [8-18].

In the modern era, every reputable industry and company is trying to enhance the quality of
their product. The target of creating high-quality products is achieved only by increasing the average
lifetime of the product. The reliability, which is the probability that an equipment or a product performs
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well for the specified period, is used to measure the high quality of the product. For the monitoring of
highly reliable products, it is not possible to wait for a specified number of failures. To save cost and
time, time-truncated experiments are important. In Type-I censoring, the time of the experiment is
fixed and, in Type-II censoring, the number of failures is fixed. The applications of Type-I censoring,
Type-II censoring, and progressive and mixed censoring are found in [19-26].

The Weibull distribution is very popular in the area of quality control and reliability due
to its flexibility of parameters. The Weibull distribution, due to its bathtub curve, is fitted
well to the reliability phenomena. References [27-29] discussed the applications of the Weibull
distribution. Reference [30] designed a control chart in which the process follows a Weibull distribution.
Reference [31] designed a bootstrap control chart for this distribution. References [32,33] introduced
control charts using time-truncated life tests. Recently, Khan et al. [34] designed a control chart for a
failure-censored reliability test for the Weibull distribution. A detailed discussion of Type-II censoring
control charts can be found in references [19-26].

The existing control chart using Type-II censoring is designed under the assumption that all
observations are determined. According to reference [35], “observations include human judgments,
and evaluations and decisions; a continuous random variable of a production process should include
the variability caused by human subjectivity or measurement devices, or environmental conditions.
These variability causes create vagueness in the measurement system.” In this case, a control chart
using the fuzzy approach was used for monitoring the process. Therefore, fuzzy logic is applied to
the design of control charts when the experiment is not sure about some parameters. Several authors
contributed in this area and designed control charts using the fuzzy approach such as reference [36]
who introduced fuzzy logic in statistical quality control (SQC). Reference [37] introduced an algorithm
using fuzzy approach. Reference [38] discussed the application of fuzzy control charts. Reference [35]
proposed a Shewhart control chart using this approach. Reference [39] presented a literature review
on fuzzy control charts. Reference [40] worked on a fuzzy U control chart. Reference [41] designed
fuzzy variable control charts and Reference [42] also worked on a fuzzy control chart. More details
on fuzzy control charts can be found in references [43—49]. Industrial applications can be found in
references [50-53].

Reference [54] mentioned that traditional fuzzy logic is a special case of neutrosophic logic (NS).
According to reference [54], neutrosophic logic can be applied when there exists indeterminacy in the
observations or the parameters. Based on neutrosophic logic, reference [55] introduced descriptive
neutrosophic statistics (NS). Reference [55] argued that NS is an extension of classical statistics. NS
has many applications in a variety of areas. References [56,57] applied NS to study rock roughness
issues. References [58,59] designed sampling plans using NS. Recently, reference [60] introduced
NS in the area of control charts. They designed an attribute control chart using the neutrosophic
statistical interval method (NSIM). Reference [60] designed a variance control chart using the NSIM.
They showed the efficiency of charts using NS over those based on classical statistics. Upon exploring
the literature, we found no work on the design of control charts for failure-censored reliability tests
in the uncertainty environment. In this paper, we focus on the design of such control charts using
the NSIM. We hypothesized that the proposed chart using the NSIM would be more adequate and
effective in the uncertainty environment than the existing control chart based on classical statistics.
The state of the art product is described in the next section. The advantages of the proposed chart and
a case study are given in Sections 3 and 4, respectively. Some conclusions are given in the final section.
More details failure censored reliability can be seen in reference [61].

2. State of the Art

The failure time of the complements is measured through complex systems or devices. Therefore,
it may be possible that some failure times are undetermined or unclear in terms of measurements.
As mentioned earlier, NS is the generalization of the classical statistics that is applied when the
observations in the sample are indeterminate or unclear. Suppose that the failure time indeterminacy
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interval Xy;e{Xy, Xy} =i=1,2,3,...,nn, where X; denotes the determinate part and X;; denotes
the indeterminate part, follows the neutrosophic Weibull distribution. Reference [59] introduced the
following neutrosophic cumulative distribution function (ncdf) of the Weibull distribution.

Fy(xn;mn, AN) =1 —exp(—(Anxn)"™N);xn > 0, mye{my, my}, Ane{Ar, Au}t (1)

where mye{mp,my} is the neutrosophic shape parameter and Aye{Ar, Ay;} is the neutrosophic scale
parameter. The neutrosophic Weibull distribution reduces to a neutrosophic exponential distribution
when Aye{—1,1}. The average lifetime of the neutrosophic Weibull distribution is shown below.

_ In(1/my)

2 ; mNe{mL/ mu}//\Ne{AL/ )\U} (2)
MNAN

UN
where I'y(x) is the neutrosophic gamma function.
We designed a failure-censored control chart in the case of the failure time following the
neutrosophic Weibull distribution to monitor the neutrosophic average and neutrosophic variance,
which are related to Axe{Ar, Ay }. The proposed control chart is stated in the following steps.

1. Choose a random sample of the size nye{n,ny;} and begin the test. Continue with the test until
rn are reached and note the ith failure time, say X(;n) (i=1,...,7n).

2. Compute the following statistic under NSIM:

N X ; my X ; my
UN = Z <(N)> + (nn —7N) <(N)> ; mye{mp,my}, Ane{AL, Au} (©)]
i—1 \ HoN HoN

where pone{pr, pu} is the specified neutrosophic mean time.

3. Declare the process in the control state if LCLy < vy < UCLy where LCLy and UCLy
denote the neutrosophic lower control limit (NLCL) and neutrosophic upper control limit
(NUCL), respectively.

The operational process of the proposed control chart consists of two neutrosophic control limits.
The proposed control chart under the NSIM is an extension of Khan et al. [34] control chart under the
classical statistics. The proposed chart reduces to Khan et al. [34] chart when no uncertain observations
or parameters are in the sample or in the population.

Suppose that the process is an in-control state at a neutrosophic scale parameter Agne{Aor, Aou }-
The neutrosophic average life is shown in the equation below.

HoN = BN Y mye{mr, my}, Ane{Ar, Au}. 4)

Note here that the proposed chart under NISM is independent of pone{ iz, pis }- Reference [60]
mentioned that statistic vye{vy, vy} is modeled by the neutrosophic gamma distribution with
rne{rr, ru} and wone{wor, worr } (see [60]). The neutrosophic parameter wone{wor, woy } is defined
by the equation below.

WoN = (AONVON)mN _ (rN(l/mN

my
_— )> ; mye{mp,my}, Aone{Aor, Aour }- 5)

Note here that 2vywgy with 2ry degrees of freedom is modeled by a neutrosophic chi-squared
distribution. The probability that the process is an in-control state, say Pgll\T at Agne{AoL, Aoy} under
the NISM, is derived by using the equation below.

PIN[Agny = P(LCLy < vy < UCLy|Agn) = Grary (QUCLyWoN) — GNory (2LCLywoN) — (6)
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where Gnpr,, (x) with 27y represents the neutrosophic distribution function of neutrosophic chi-squared
distribution. Similarly, the probability that the process is out-of-control when actually in control at
Aon€e{Aor, Aou } is given by the equation below.

ON
Pout

Aon = P(vy > UCLy|Aon) + P(vn < LCLy|AoN); Aone{Aor, Aou} ()

or

ON
P out

Aon = 1 — Gor (QUCLNyWoN) + Gory (2LCLywoN) 5 Aon€e{Aor, Aour }- (8)

The average run length under the NISM is known as the neutrosophic average run length (NARL),
which is introduced by Aslam et al. [60] and given by the equation below.

1
NARLgy = ————; NARLone{NARLo, NARLou}. )
Pout AON

Several special causes of variations may shift the process away from the given target. Let A1y =
cAon; Mne{Aor, Ao} denotes the shifted neutrosophic scale parameter where ¢ denotes the shift
constant. The neutrosophic average life and wq parameter at A1y is given by Equations (10) and (11).

I'n(l/m

HWIN = M,‘ mNe{mL,mu},/\Ne{)\L,Au} (10)
MNAMN

win = (Minpo)" = Mwon. (11)

Note that vye{vr, vy} is modeled by the neutrosophic gamma distribution having rye{rr, ri }
and wye{wir, wiyr }. The probability of in-control under the NISM at Ajye{ Ao, Agyr } is given by the
formula below.

Plli\] AlN = P(LCLN <oy < UCLN|A1N) = Ger (ZUCLNWH\]) - Ger (ZLCLNWH\]). (12)

The probability of out-of-control under the NISM at A1ye{Aor, Aoy } is given by Equation (13) or
Equation (14) below.

1N
Pin

My = P(vy > UCLy|MN) + P(oy < LCLy|AN) (13)

PiNIA N =1 — Gary (QUCLNyWIN) + Gory (2LCLyWIN).- (14)

The NARL for the shifted process is given by Equation (15).

1
N NARLine{NARLi;, NARLyy}. (15)
ON

out

NARLy =

Suppose that rone{rr, r;} denotes the specified value of NARLone{NARLo, NARLo;}. The
values of NARLjNe{NARLq;, NARLy } are shown in Tables 1-4 for various values of mye{mp, my},
ANe{AL, Ay} and rye{rr, riy }. From Tables 1-4, we note that, for the same values of other specified
parameters, the values of NARL decrease as the neutrophil parameter my increases.
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Table 1. The values of NARL when my = [0.4,0.6] and Ay = [0.45,0.55].

Neutrosophic Control Limits rn=I[2,5]
LCLy [0.0595, 0.778] [0.0484, 0.708] [0.0401, 0.621]
UCLy [6.1131, 11.498] [6.6267,11.801] [6.0133,11.331]
C NARLlN
0.1 [10.28, 1.45] [13.43,1.49] [9.81,1.43]
0.2 [28.02,2.91] [40.55, 3.11] [26.63,2.81]
0.3 [57.00, 6.20] [88.45, 6.86] [55.42,5.87]
0.4 [95.77,13.22] [155.28, 15.12] [98.58, 12.32]
0.5 [137.44,27.61] [226.82, 32.64] [155.05, 25.52]
0.6 [172.70, 55.32] [283.97, 67.72] [218.65, 51.63]
0.7 [195.74, 102.02] [316.96,130.22]  [279.38, 100.34]
0.75 [202.48, 131.52] [324.90,172.01]  [305.64, 136.51]
0.8 [206.48, 161.66] [328.31,216.90] [328.06, 181.27]
0.85 [208.20, 188.06] [328.22,258.76]  [346.29,233.11]
0.9 [208.11, 206.64] [325.53,290.79]  [360.32,287.91]
0.92 [207.68, 211.35] [323.91,299.73] [364.80, 309.24]
0.95 [206.66, 215.43] [321.01,308.62] [370.39, 339.15]
0.98 [205.29, 216.16] [317.68,312.24]  [374.70, 365.18]
0.99 [204.76, 215.74] [316.49,312.36] [375.88,372.78]
1 [204.20, 215.021] [315.26,311.99] [376.92,379.77]
1.1 [197.40, 196.27] [301.78,288.42] [381.40,413.47]
1.2 [189.38, 168.95] [287.42,248.89] [377.72,392.50]
1.3 [181.06, 142.89] [273.34,210.15]  [369.13,347.01]
14 [172.94, 120.90] [260.06,177.26]  [357.92,298.46]
1.5 [165.25, 103.03] [247.76,150.53]  [345.55, 255.18]
1.6 [158.07, 88.61] [236.47,129.01] [332.90, 218.90]
1.7 [151.42,76.92] [226.14,111.61]  [320.47, 189.04]
1.8 [145.30, 67.36] [216.70, 97.42] [308.54, 164.53]
1.9 [139.65, 59.47] [208.06, 85.73] [297.23, 144.29]
2 [134.44, 52.89] [200.13, 76.01] [286.60, 127.46]
25 [113.69, 32.17] [168.76, 45.55] [242.88, 75.01]
3 [99.01, 21.79] [146.74, 30.45] [211.32,49.30]
4 [79.63,12.21] [117.73, 16.65] [169.38, 26.17]
5 [67.30, 8.05] [99.31, 10.76] [142.69, 16.46]
6 [58.70, 5.87] [86.47,7.69] [124.09, 11.50]

Table 2. The values of NARL when my = [0.9,1.10] and Ax = [0.45,0.55].

Neutrosophic Control Limits rN=I[2,5]
LCLy [0.0865, 1.08] [0.0693, 0.961] [0.0621, 0.933]
UCLy [8.7698, 16.05] [9.1713, 16.073] [9.2462,17.103]
c NARL1N
0.1 [1.47,1.01] [1.51, 1.00] [1.52,1.00]
0.2 [2.73,1.14] [2.92,1.14] [2.96,1.12]
0.3 [6.42, 1.64] [6.05, 1.64] [6.17,1.55]
0.4 [11.04, 2.96] [12.83,2.97] [13.21, 2.66]
0.5 [22.54, 6.42] [27.35, 6.46] [28.43,5.44]
0.6 [45.01, 15.99] [57.26,16.15] [60.31, 12.76]
0.7 [84.15,43.51] [112.87, 44.57] [121.43,33.20]
0.75 [109.92, 71.90] [151.64, 75.13] [165.63, 54.94]
0.8 [137.49,114.27] [195.01, 124.35] [216.93, 91.1923033]
0.85 [163.49,165.47]  [237.85,193.61] [270.02, 148.57]
0.9 [184.36,206.18]  [273.92, 266.89] [317.40, 228.62]
0.92 [190.70,214.58]  [285.30, 289.78] [333.15, 264.14]
0.95 [197.82,217.32]  [298.53, 310.99] [352.37, 314.84]

50f 14
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Table 2. Cont.

Neutrosophic Control Limits rn=I[2,5]

0.98 [202.13,210.10]  [307.11,314.91] [365.94, 354.61]
0.99 [202.98, 206.08]  [308.97, 312.77] [369.22, 364.14]

1 [203.55, 201.49] [310.37, 309.19] [371.89, 371.54]
1.1 [197.60, 145.94] [304.06, 235.50] [371.27, 343.99]
1.2 [180.35, 101.35] [277.91, 163.84] [342.17, 250.67]
13 [161.00,71.96]  [247.86,115.38] [306.11, 177.06]
1.4 [143.14, 52.65] [220.06, 83.59] [272.03, 127.50]
1.5 [127.65, 39.62] [195.98, 62.26] [242.29, 94.23]
1.6 [114.45, 30.55] [175.50, 47.53] [216.92, 71.35]
17 [103.22,24.08]  [158.11,37.08] [195.36, 55.21]
1.8 [93.64, 19.35] [143.28, 29.49] [176.96, 43.55]
1.9 [85.40, 15.82] [130.53, 23.86] [161.16, 34.95]

2 [78.26,13.13]  [119.51,19.60] [147.48, 28.49]
25 [53.68, 6.21] [81.58, 8.83] [100.47, 12.32]

3 [39.61, 3.67] [59.90, 4.97] [73.63, 6.67]

4 [24.73,1.92] [37.06, 2.38] [45.38,2.97]

5 [17.31,1.37] [25.72, 1.58] [31.38, 1.85]

6 [13.03, 1.15] [19.20, 1.26] [23.33, 1.40]

Table 3. The values of NARL when my = [2.4,2.6] and Ay = [0.45,0.55].

Neutrosophic Control Limits rN=I[2,5]
LCLy [0.119, 1.27] [0.106, 1.07] [0.0882, 0.955]
UCLy [12.029, 18.76] [13.87,18.84] [13.089, 18.984]

c NARLlN

0.1 [1.00, 1.00] [1.00, 1.00] [1.00, 1.00]
0.2 [1.0, 1.00] [1.02, 1.00] [1.01, 1.00]
0.3 [1.09, 1.00] [1.12, 1.00] [1.11, 1.00]
04 [1.35,1.01] [1.47,1.01] [1.42,1.01]
0.5 [2.03,1.09] [2.41,1.09] [2.24,1.09]
0.6 [3.85, 1.44] [5.19, 1.44] [4.57,1.45]
0.7 [9.45,2.74] [15.11,2.77] [12.40,2.81]
0.75 [16.32, 4.52] [28.77, 4.59] [22.75,4.70]
0.8 [29.86, 8.52] [58.00, 8.7.00] [44.56, 8.99]
0.85 [56.52,18.41] [117.97, 18.96] [90.98, 19.80]
0.9 [104.00, 45] [214.7, 47 4] [180.79, 50.26]
0.92 [128.33, 65.61] [254.10, 70.55] [229.02, 75.59]
0.95 164.80, 113.08] [295.89, 129.5] [302.41, 142.57]
0.98 191.91,173.85]  [307.79, 226.65] [355.84, 263.97]
0.99 197.40,191.41] [305.72, 264.90] [366.03, 317.43]

1 200.93,204.62]  [301.36, 302.15] [372.12, 374.36]
1.1 166.99,127.68]  [214.78,262.21] [300.84, 411.25]
1.2 [114.56, 53.35] [144.52, 106.83] [204.15, 166.01]
1.3 [79.65, 24.85] [100.14, 47.67] [141.14, 72.39]
14 [57.02,12.92] [71.51, 23.63] [100.48, 34.96]
1.5 [41.92,7.41] [52.44,12.87] [73.43,18.52]
1.6 [31.55, 4.65] [39.36, 7.64] [54.91, 10.67]
1.7 [24.26, 3.16] [30.16, 4.91] [41.91, 6.63]
1.8 [19.00, 2.31] [23.55, 3.38] [32.59, 4.42]
1.9 [15.15,1.81] [18.70, 2.49] [25.76, 3.14]

2 [12.26, 1.49] [15.08, 1.94] [20.67,2.37]
2.5 [5.18, 1.03] [6.23, 1.08] [8.29, 1.14]

3 [2.82,1.00] [3.30, 1.00] [4.23,1.00]

4 [1.40, 1.00] [1.54,1.00] [1.82,1.00]

5 [1.08, 1.00] [1.12,1.00] [1.21,1.00]

6 [1.01, 1.00] [1.02, 1.00] [1.04, 1.00]

6 of 14
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Table 4. The values of NARL when my = [2.40,2.60] and Ay = [1.90,2.10].

7 of 14

Neutrosophic Control Limits rn=I[2,5]
LCLy [0.121, 1.36] [0.109, 0.815] [0.0908, 1.21]
UCLy [12.3,19.9] [15.135, 18.198] [13.5992, 21.39]

C NARLlN
0.1 [1.00, 1.00] [1.00, 1.00] [1.00, 1.00]
0.2 [1.01, 1.00] [1.02,1.00] [1.02,1.00]
0.3 [1.10, 1.00] [1.15,1.00] [1.12,1.00]
0.4 [1.37,1.01] [1.55, 1.00] [1.45,1.02]
0.5 [2.08,1.11] [2.72,1.07] [2.35,1.14]
0.6 [4.02,1.53] [6.42,1.39] [4.97,1.68]
0.7 [10.11, 3.18] [20.95, 2.55] [14.12,3.89]
0.75 [17.71, 5.54] [42.43,4.10] [26.61,7.31]
0.8 [32.83,11.15] [89.79, 7.50] [53.45, 16.03]
0.85 [62.65, 25.8] [181.82, 15.73] [110.80, 40.93]
0.9 [114.54, 66.39] [294.62, 37.93] [216.44,117.07]
0.92 [140.01, 96.61] [323.83, 56.07] [268.18, 176.84]
0.95 [175.93,156.06]  [337.46, 104.54] [337.22,294.34]
0.98 [199.53,203.24]  [322.35,200.44] [375.37, 375.25]
0.99 [203.48,208.65]  [313.57,248.88] [379.59, 379.24]

1 [205.45,208.09] [303.79, 307.56] [379.96, 371.89]
1.1 [163.83, 98.63] [203.67, 744.86] [286.61,161.48]
1.2 [111.83, 41.49] [136.53, 321.09] [193.27, 65.86]
1.3 [77.73,19.68] [94.63, 136.05] [133.63, 30.25]
14 [55.66, 10.43] [67.61, 63.56] [95.17, 15.48]
1.5 [40.93, 6.11] [49.61, 32.46] [69.59, 8.73]
1.6 [30.82, 3.92] [37.26,17.98] [52.07, 5.38]
1.7 [23.70, 2.73] [28.58,10.71] [39.77,3.59]
1.8 [18.58, 2.04] [22.33, 6.83] [30.94, 2.58]
1.9 [14.81, 1.63] [17.75, 4.64] [24.47,1.98]

2 [12.00, 1.38] [14.33, 3.34] [19.65, 1.61]
25 [5.08, 1.02] [5.95, 1.29] [7.92,1.04]

3 [2.77,1.00] [3.17,1.02] [4.06, 1.00]

4 [1.39, 1.00] [1.51,1.00] [1.77,1.00]

5 [1.07,1.00] [1.11, 1.00] [1.19, 1.00]

6 [1.01, 1.00] [1.01, 1.00] [1.04, 1.00]

The following algorithm under the NISM is applied to determine the neutrosophic control limits

and NARL1N€{NARL1L, NARLlu}i

4.

Specify mNe{mL, mu}, }\NG{)LL, )Lu} and T’Né’{?’L, Tu}.

Specify rone{rr, vy } and determine the neutrosophic control limits such that NARLgn > 7.
Several combinations exist that satisfy the condition NARLgy > ron. However, choose the
combination of the neutrosophic parameters where NARLy is very close to rgy.

Use neutrosophic control limits to find NARL;Ne{NARL;, NARLyy}.

3. Advantages of the Proposed Chart

In the NS, by following reference [54], we defined the NARL as NARL;N = ARLqy + ul where

ARLyy is the average run length (ARL) for the determined part under the classical statistics, uI is an
indeterminate part for ARLy;, and Ie{infI,supl} presents the indeterminacy. When there are certain
observations in the sample or in the population, the indeterminate part uI = 0 and NARLy under the
NS becomes the same as the ARL under the classical statistics. According to reference [57], under the
uncertainty settings, a method that provides the indeterminacy interval of NARL is said to be a more
efficient and effective method than the method that provides a determined value of ARL;. The values
of NARLy from the proposed control chart under NISM and ARL; from Aslam et al. [34] under the



Symmetry 2018, 10, 690 8 of 14

classical statistics are in Table 5 at the same levels of all specified control chart parameters. From Table 5,
we note that the proposed control chart has the values of NARLy in the indeterminacy interval while
the existing control chart under the classical statistics provides only the determined values of ARL;. For
example, when ¢ = 0.1, we have NARL N = 1.45+ 1.451; 1€{0,7.09}. Thus, the determinate par is ARL;
=1.45 and the indeterminate partis 1.45I; Ie{0,7.09}. Therefore, the indeterminacy interval of NARL;n
is NARL;n = [10.287,1.451]; Ie{0,7.09}. From this example, it is clear that the proposed control chart
has determinate and indeterminate information under the indeterminate situation. Therefore, the
proposed control chart is more effective under the indeterminate situation than Aslam et al. [34] chart,
which is a special case of the proposed chart.

Table 5. The comparison of the proposed chart with the existing one when my = [0.4,0.6], Ay =
0.45,0.55], and ry = [2,5].

(l:\i ﬁ::;sl(jﬁ: 11tcs Proposed Control Chart Existing Control Chart
LCLy
T NARLyN €[200,200] NARLgn€[300,300]1 NARL(N€E€[370,370]  ARL =200 ARL =300 ARL =370
Cc NARL1 ARL1
0.1 [10.28, 1.45] [13.43,1.49] [9.81,1.43] 145 1.49 143
0.2 [28.02,2.91] [40.55, 3.11] [26.63,2.81] 291 3.11 2.81
0.3 [57.00, 6.20] [88.45, 6.86] [55.42, 5.87] 6.20 6.86 5.87
0.4 [95.77,13.22] [155.28, 15.12] [98.58, 12.32] 13.22 15.1 12.32
0.5 [137.44, 27.61] [226.82, 32.64] [155.05, 25.52] 27.61 32.6 25.52
0.6 [172.70, 55.32] [283.97, 67.72] [218.65, 51.63] 55.32 67.72 51.63
0.7 [195.74, 102.02] [316.96, 130.22] [279.38, 100.34] 102.02 130.22 100.34
0.75 [202.48, 131.52] [324.90, 172.01] [305.64, 136.51] 131.52 172.01 136.51
0.8 [206.48, 161.66] [328.31, 216.90] [328.06, 181.27] 161.66 216.90 181.27
0.85 [208.20, 188.06] [328.22, 258.76] [346.29, 233.11] 188.06 258.76 233.11
0.9 [208.11, 206.64] [325.53, 290.79] [360.32, 287.91] 206.64 290.79 28791
0.92 [207.68, 211.35] [323.91, 299.73] [364.80, 309.24] 211.35 299.73 309.24
0.95 [206.66, 215.43] [321.01, 308.62] [370.39, 339.15] 21543 308.62 339.15
0.98 [205.29, 216.16] [317.68, 312.24] [374.70, 365.18] 216.16 312.24 365.18
0.99 [204.76, 215.74] [316.49, 312.36] [375.88, 372.78] 215.74 312.36 372.78
1 [204.20, 215.02] [315.26, 311.99] [376.92, 379.77] 215.02 311.99 376.92
1.1 [197.40, 196.27] [301.78, 288.42] [381.40, 413.47] 196.27 288.42 381.40
12 [189.38, 168.95] [287.42, 248.89] [377.72,392.50] 168.95 248.89 377.7
13 [181.06, 142.89] [273.34,210.15] [369.13, 347.01] 142.89 210.15 347.01
14 [172.94, 120.90] [260.06, 177.26] [357.92, 298.46] 120.90 177.26 298.46
15 [165.25, 103.03] [247.76,150.53] [345.55, 255.18] 103.03 150.53 255.18
1.6 [158.07, 88.61] [236.47,129.01] [332.90, 218.90] 88.61 129.01 218.90
17 [151.42,76.92] [226.14, 111.61] [320.47,189.04] 76.92 111.61 189.04
1.8 [145.30, 67.36] [216.70, 97.42] [308.54, 164.53] 67.36 97.42 164.53
1.9 [139.65, 59.47] [208.06, 85.73] [297.23, 144.29] 59.47 85.73 144.29
2 [134.44, 52.89] [200.13, 76.01] [286.60, 127.46] 52.89 76.01 127.46
2.5 [113.69, 32.17] [168.76, 45.55] [242.88, 75.01] 32.17 45.55 75.01
3 [99.01, 21.79] [146.74, 30.45] [211.32, 49.30] 21.79 30.45 49.30
4 [79.63,12.21] [117.73, 16.65] [169.38, 26.17] 12.21 16.65 26.17
5 [67.30, 8.05] [99.31, 10.76] [142.69, 16.46] 8.05 10.76 16.46
6 [58.70, 5.87] [86.47, 7.69] [124.09, 11.50] 5.87 7.69 11.50

Now, we compare the performance of the proposed control chart under NISM with the chart
under the classical statistics using the simulated data. The neutrosophic data was generated from the
neutrosophic Weibull distribution with parameters my = [2.40,2.60] and Ay = [0.45,0.55]. The first
20 neutrosophic observations were generated when the process was in-control at Ay = [0.45,0.55]
and the next 20 neutrosophic observations were generated from the shifted process when ¢ = 0.85.
From Table 3, the indeterminacy interval of NARLy is NARL1N€e{90.98,19.80}. Under the uncertainty
environment, it is expected that the process will be out-of-control between the 19th and 90th samples
when ¢ = 0.85. The values of vye{vy, (s} are plotted on the control chart in Figure 1. From Figure 1,
we note the proposed control chart under NISM detected a shift at the 39th sample. The values of v are
also plotted on the existing chart in Figure 2. From Figure 2, we note that the existing control chart
under classical statistics did not detect any shift in the process. By comparing Figures 1 with 2, we
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conclude that the proposed control chart is more efficient in detecting an early shift in the process than

the existing chart under classical statistics.
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Figure 1. The proposed control chart for the simulated data.
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Figure 2. Aslam et al. [34] control chart for the simulated data.

4. Case Study

I
20

Sample Number

30

40

This section is presented to explain the application of the proposed control chart in the very
popular automobile manufacturing industry located in Japan. For the high quality of the subsystems
of the passenger’s cars, the monitoring of the process is done through the control chart. The quality of
the subsystems of the cars is based on the service time. The data is in days until the service is required
for the subsystems. The service time data of subsystems is measured through the complex equipment.
Therefore, some observations about the time until the service is required are uncertain. The monitoring
of such data cannot be done using the control chart proposed by Aslam et al. [34] under classical
statistics. Under the uncertainty environment, the company has decided to apply the proposed control
chart for the monitoring of service time data. Suppose, for this experiment, the company decided to
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set parameters as rye[2,5] and NARLgNe{370,370}. The service time data of presenter cars follows
the neutrosophic Weibull distribution with mye[2.40,2.60] and Ane[1.90,2.10]. The vy for this data is
shown in Table 6.

Table 6. The statistics for the service time data.

Sample No. UN Sample No. UN
1 [3.01, 2.76] 21 [0.36, 16.32]
2 [2.61,7.57] 22 [0.39, 4.44]
3 [7.74, 4.57] 23 [0.98, 10.49]
4 [0.84, 4.25] 24 [6.06, 6.49]
5 [1.19, 10.66] 25 [7.31,2.59]
6 [2.55,10.25] 26 [2.54,9.34]
7 [3.73, 7.66] 27 [6.18, 11.58]
8 [3.37, 6.82] 28 [1.78, 6.91]
9 [6.19, 5.43] 29 [2.61,7.28]
10 [6.12,4.31] 30 [5.05, 4.73]
11 [3.03,9.71] 31 [3.67, 8.89]
12 [0.33, 2.64] 32 [4.74, 6.45]
13 [3.46, 5.18] 33 [0.36, 13.32]
14 [3.11, 11.91] 34 [3.00, 9.29]
15 [1.67,5.78] 35 [0.67,11.71]
16 [1.09, 4.59] 36 [0.61, 3.30]
17 [2.29, 8.98] 37 [2.01, 1.69]
18 [2.47,4.16] 38 [0.29, 15.05]
19 [1.22,11.02] 39 [1.00, 12.85]
20 [3.13,7.45] 40 [2.55,9.40]

For example, for sample #1: the service time in days is Xy€e{0.357262,0.510949; 0.077456, 0.122034,
0.241257,0.289738,0.369004 }. The statistic vy for this sample is computed by using the formula below.

(X "N Xin) \ "N _ i — _
one XN, ( N ) + (ny — ) (;TN) = {2.76,3.01}; my = [2.40,2.60], rye[2,5] and Ay =
[1.90,2.10]. The values of vy are plotted on the control chart in Figure 3. From Figure 3, we note that
several values of the statistic lie in the indeterminacy interval of the control limits. Yet, the control chart
proposed by Aslam et al. [34] in Figure 4 shows that the process is an in-control state. From Figure 3, it
can be noted that several values of plotting statistics are in the indeterminacy interval. Samples #12,
#21, #22, #33, and #37 are very close to the LCL that needs special attention by the industrial engineers.
However, the existing control chart indicates that only two values are very close to the control limit. By
comparing Figures 3 with 4, we conclude that the proposed control chart is better, more flexible, and
more effective than the existing chart under the uncertainty environment. In addition, the proposed
control chart is more efficient for the monitoring of the process than the existing control chart.
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A control chart for failure-censored (Type-II) reliability tests under the NS was presented in
this paper. The necessary measures to apply the proposed control chart were given in the paper.
The proposed control chart was the generalization of the control chart under classical statistics.
A simulation study and real data showed the efficiency of the proposed control chart under the

uncertainty environment.

By comparing the proposed chart with the chart under the classical

statistics, we noted that the proposed chart was more effective, more flexible, and adequate for
use in the uncertainty environment. The proposed control chart can be applied in this industry when
there are some uncertain, unclear, and fuzzy observations in the sample or in the population. The
proposed control chart, when using the other sampling schemes or the cost model, can be studied in

future research.
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