IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received March 28, 2019, accepted April 2, 2019, date of publication April 9, 2019, date of current version April 24, 2019.

Digital Object Identifier 10.1109/ACCESS.2019.2909568

A Multiple Dependent State Repetitive Sampling
Plan Based on Performance Index for Lifetime
Data with Type Il Censoring

MUHAMMAD ASLAM “1, CHING-HO YENZ2, CHIA-HAO CHANG?, ALI HUSSEIN AL-MARSHADI',
AND CHI-HYUCK JUN"4

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

2Department of Industrial Engineering and Management Information, Huafan University, Taipei 22301, Taiwan

3Department of Nursing, Chang Gung University of Science and Technology, Chiayi Campus, Chiayi 333, Taiwan

“Department of Industrial and Management Engineering, Pohang University of Science and Technology, Pohang 37673, South Korea

Corresponding author: Muhammad Aslam (aslam_ravian @hotmail.com)

This work was supported in part by the Deanship of Scientific Research (DSR), King Abdulaziz University, Jeddah.

ABSTRACT In this paper, a multiple dependent state repetitive (MDSR) sampling plan based on the lifetime
performance index Cr is proposed for lifetime data with type II censoring when the lifetime of a product
follows the exponential distribution or Weibull distribution. The optimal parameters of the proposed plan are
determined by minimizing the average sample number while satisfying the producer’s risk and consumer’s
risk at corresponding quality levels. Besides, the performance of the proposed plan is compared with that
of the existing lifetime sampling plan in terms of the average sample number and operating characteristic
curve. Two illustrative examples are given for the demonstration of the proposed plan.

INDEX TERMS Multiple dependent state repetitive, lifetime performance index, type II censoring, average

sample number, operating characteristic curve.

I. INTRODUCTION

The high quality of the product cannot be achieved without
any effort. To achieve this goal, long term work of quality
control planning is needed from the raw material to the fin-
ished product [1]. As mentioned by [2], manufacturers need
quality (reliability) information before releasing products and
potential customers require this information before purchas-
ing products. Therefore, quality inspection/reliability testing
is an essential part to ensure high quality/reliability products.
In quality control, an acceptance sampling plan is extensively
used on the inspection of raw material and finished products.
For most electronic products, the lifetime can be said to be
the most important quality characteristic. The longer lifetime
means that the product has a better reliability, and this will
attract consumers to purchase the product. In order to ensure
that the lifetime can meet the requirement of a customer,
the lifetime testing plan should be carried out before the
goods are delivered.

The lot sentencing of non-electronic products can be done
easily, while it may be difficult for electronic products. Since
lifetime testing is usually destructive in nature, it is not
possible to test/inspect the lifetimes of all items to reach the
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lot sentencing. Even though the inspection/testing is non-
destructive, collecting full information from all units in one
lot is time-consuming and costly. Therefore, it is essential to
design an effective lifetime testing plan that can save much
cost and time. For this purpose, two types of lifetime testing
methods are commonly applied, called type-I censoring test
and type-II censoring test. In type-I censoring test, the test
is terminated when a preassigned time is reached. Accep-
tance or rejection of a lot is based on the observed number
of failures during the testing time. In type-II censoring test,
the test is terminated when the preassigned number of fail-
ures occurs in the chosen sample. Acceptance or rejection
of a lot is based on the accumulated time of items when
the testing is terminated. Both the two censoring schemes
are extensively applied in the industry to reduce time and
inspection cost. Reference [3] proposed a Bayesian variable
plan for the type-I censoring. Reference [4] designed an
accelerated sampling plan under the type-I censoring scheme.
More details about sampling plans under censoring can be
seen in, [3]-[9] and [10].

The lifetime performance index Cris applied to measure
the performance of the product lifetime with a non-negative
lifetime characteristics 7 which set a lower specification
limit L. Reference [1] used the exact and approximation
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approach to design the sampling plan for the exponential
distribution. Reference [2] extended this work under the
type-II censoring scheme. Some more works on the param-
eters estimation and testing of hypothesis for C;, can be seen
in [11]-[13].

Recently, [14]-[16] introduced the more flexible sampling
schemes, called the repetitive sampling and multiple depen-
dent state (MDS) sampling in the area of acceptance sampling
plans. In repetitive sampling, a random sample is repetitively
selected until a decision is made for the submitted lot of the
product. The MDS sampling scheme utilizes the information
on the current lot as well as the previously accepted lots
to make a decision for a lot having in-decision state at the
first sample. These sampling schemes are more efficient than
single sampling plans in terms of the average sample number.
A variety of works on the repetitive and MDS sampling
plans can be seen in [17]-[20] and [21], [22] introduced the
generalization of the repetitive sampling plan and MDS plan,
called the multiple dependent state repetitive (MDSR) plan.
The MDSR is more efficient than the repetitive sampling plan
and MDS sampling plan in terms of the average sample num-
ber. Reference [23] proposed the sampling plan using MDSR
sampling for the normal distribution. Yen et al. [24] worked
on the repetitive sampling plan based on one-sided specifica-
tion limit. Aldosari et al. [25] introduced MDSR in the area
of process control. More information of sampling plans can
be seen in Aslam et al. [26], Sohn et al. [27] and Li et al. [28].

By exploring the literature and best of our knowledge, there
is no work on the sampling plan based on life performance
index under the MDSR sampling. In this paper, we will design
the MDSR lifetime sampling plan using a life performance
index for type Il censored data under exponential and Weibull
distributions. In addition, the performance of the proposed
plan is compared with the existing sampling plans in terms of
operating characteristic curve and average sample size.

The rest of paper is organized as follows. The life per-
formance index is introduced in Section 2. In Section 3,
the design of lifetime sampling plans is presented.
Section 4 compares the proposed plan with the existing
lifetime sampling plan. In Section 5, two examples are used to
illustrate the proposed methodology. Conclusions are finally
made in Section 6.

Il. LIFETIME PERFORMANCE INDEX

In this section, we will introduce a lifetime performance index
under the type II censoring for the exponential distribution
and the Weibull distribution.

A. ESTIMATOR OF C, FOR EXPONENTIAL DISTRIBUTION
WITH TYPE Il CENSORING

Suppose that T represents the lifetime of products having the
lower specification limit L, which follows the exponential
distribution having the probability density function (pdf)
given by

fE0)=1/0)e"? >0 (0

where 6 is the mean of the exponential distribution.
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Then, the lifetime performance index can be defined as
follows [24]:

_ur—L
or

CL @

where wr and or are the mean and standard deviation of
lifetime, respectively.
From [2], we have

Cr=1-LJ§, —oo<Cr<l. A3)

The lifetime non-conforming rate p is given by
p=P(T <L)=1—¢0=1-¢C71, 4)

It is important to note that 6 is unknown in practice. Suppose
that under type Il censoring, the s failures are observed from n
items. [2] provided an asymptotically unbiased estimator Cr
as follows

(s— 1L
doimito) + (n—9) 1)

where 1(;) is the i-th failure time.
Let

Cr=1-L/6=1—

&)

S
w= Zi:l to + (n—y) t(s)-
Then the statistic w is sufficient for & which leads to
2
2w/0 ~ x5,

where Xzzs is a chi-squared distribution with 2s degree of
freedom [2]. Later we will use the equation (5) to design the
lifetime sampling plan for the exponential distribution.

B. ESTIMATOR OF C; FOR WEIBULL DISTRIBUTION WITH
TYPE Il CENSORING

Suppose now that lifetime 7' follows the Weibull distribu-
tion which is a generalized form of the exponential dis-
tribution. The pdf of the Weibull distribution having mean

ur =0T (1 + %) and variance

0'72~ = 6° |:F (1 + %) -1? (1 + %>:| is given by
k k—1 k
0.0 = (g) exp [— (g) } (©)

where k is shape parameter and 6 is a scale parameter. The
Weibull distribution reduces to an exponential distribution
when k =1. From [2], the lifetime performance index under
the Weibull distribution is given by

,LLT—L 1 1 L
G =CF"=_ _Ir(1+=)-2=],
L or A[ <+k> 9]

—oo<CL<F<1+%> (7N

whereAz\/I‘ <1+%> —I? (1+%>
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The lifetime non-conforming rate p is given by

L k
PZl_P(TZL)Zl—exp[—<5) :|
1 k
= 1—exp{—|:1" <1+;> —ACL:| } 8)

The asymptotically unbiased estimator Cyp. for the Weibull
distribution is given by

A 1 1 LT (s)
Co=—|T(1+-)- 2 9)
A k) pir(s-1)
LetD = Y} (n—i+1) (tfl.) - té‘l._l)>. Then, according
to [2]

—k 2
207D ~ X2S'

Here equation (9) will be used to design the lifetime sampling
plan for the Weibull distribution.

IIl. PROPOSED SAMPLING PLANS BASED ON LIFE
PERFORMANCE INDEX
The proposed sampling plan called multiple dependent state
repetitive (MDSR) sampling plan, is operated as follows:

Step 1: Choose the producer’s risk and consumer’s risk.
Determine the quality level requirements pagy, and pyrpp at
two risks (o, B) for the lifetime characteristic with a given
lower lifetime limit L

Step 2: Choose the plan parameters (k, and k,) of the
sampling plan. Take a random sample of size n (n > )
to implement the lifetime testing until the s-th failure time
occurs. Then, compute C

Step 3: Make a decision on the lot as follows:

1) Accept the lot if C’L > kg,

2) Reject the lot if 7, < &,

3)ifky < Cp < kg, then accept the lot ifm preceding
lots have been accepted under the condition of C‘L > k.
Otherwise, repeat Step 2.

Before developing the MDSR lifetime sampling plan,
we first define some notations for the easiness of
readability.

NOMENCLATURE
P, Lot acceptance probability in an MDS sampling
plan based on a single sample
P,: Lot rejection probability in an MDS sampling

plan based on a single sample
Prep: The probability of re-sampling after each
sampling
Lot acceptance probability in the proposed
MDSR sampling plan

L (p):

A. MDSR SAMPLING PLAN FOR EXPONENTIAL
DISTRIBUTION WITH TYPE Il CENSORING

The lot acceptance probability and rejection probability in
an MDS plan based on a single sample can be respectively
expressed as

P, = P(éL > ka|CL) +Plk, < ¢ < ka|cL}

[ (¢ = kalcr)]”

P, = P(éL < kr|CL> :

and

When the lifetime follows the exponential distribution,
P, and P, can be derived as

—2(s—DIn(l —p)
P“_P<X23— (I — ka) )
s —2(s—=1In(l —p)
(a0

»_—2(s—=1In(l—-p)
_P<X2SZ (1 ko) )}
(5 —2(s—DIn(l—p)
X_P(Xz*‘z 1~k )}
P—1_ P( 2> 2(s—1)1n(1—p)).

(l_kr)

According to [24], the lot acceptance probability in the pro-
posed MDSR sampling plan is written as when the quality
level is p

and

Py

O =5 5p, (10

Therefore, the lot acceptance probability in the MDSR sam-
pling plan for the exponential distribution can be expressed
in (11), as shown at the bottom of this page.

Py
Py+P;

2 —2(s—1) In(1—p) 2
P (Xzs = T—Fa) )+{P (Xzs z

Lp) =

(1—ky)

—2(s—1)In(1—p)

)_P (XZZY z

—2(s—1) In(1—p) 2 =2(s=DId-p ™
T k) )}[P(Xzsz %) )]

2 —2(s=1D In(1—p) 2
- ({P (Xzs = () )_P (Xzs =
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2 o —26=DIn(d-p) "
a2 2)} (1= [P (B2 =2)])

(11
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TABLE 1. MDSR for exponential distribution under m = 1.

a=0.01, p=0.05 a=0.05, =0.05 a=0.05, =0.10
paor | purep | S | ASN ka kr s | ASN ka kr s | ASN ka kr
0.0001 | 0.0002 | 14 | 21.707 | 0.999888 | 0.999806 | 8 | 13.093 | 0.999908 | 0.999814 | 7 | 11.615 | 0.999906 | 0.999808
0.0003 | 7| 9.738 | 0.999867 | 0.999741 | 4 | 5.697 | 0.999901 | 0.999771 | 3| 5.212 | 0.999916 | 0.999736
0.0004 | 5| 6.668 | 0.999848 | 0.999686 | 2 | 4.001 | 0.999939 | 0.999676 | 2 | 3.591 | 0.999928 | 0.999692
0.0005 | 4| 5.270 | 0.999833 | 0.999634 | 2 | 3.034 | 0.999917 | 0.999699 | 2 | 2.827 | 0.999901 | 0.999708
0.001 |0.002 |14 |21.679| 0.99888 | 0.99806 | 8 | 13.083 | 0.99908 | 0.99814 | 8 | 11.767 | 0.99898 | 0.99818
0.003 71 9.704 | 0.99866 | 099741 | 4| 5.693 | 0.99901 | 0.99771 | 3| 5.158 | 0.99915 | 0.99737
0.004 5| 6.668 | 099847 | 0.99685 |2 | 3.997 | 0.99939 | 0.99676 | 2 | 3.588 | 0.99928 | 0.99692
0.005 4| 5257 | 0.99832| 0.99634 | 2| 3.031| 099917 | 0.99699 | 2| 2.825| 0.99901 | 0.99708
0.005 | 0.010 | 14| 21.444 | 0.99435| 0.99030 | 8 | 12.856 | 0.99534 | 0.99073 | 7 | 11.406 | 0.99523 | 0.99042
0.015 71 9.657| 099325 | 0.98702 | 4| 5.647| 0.99499 | 098855 |3 | 5.114 | 0.99571 | 0.98686
0.020 51 6.607| 099226 | 0.98427 | 3| 3.885| 0.99444 | 098742 | 2 | 3.545| 0.99634 | 0.98463
0.025 41 5216 | 099148 | 098168 | 2| 2982 | 0.99575| 0.98508 | 2| 2.809 | 0.99501 | 0.98540
0.010 | 0.020 | 14| 21.288 | 0.98862 | 0.98056 | 8 | 12.75| 0.99061 | 0.98144 | 7 | 11.316 | 0.99039 | 0.98082
0.030 6| 9577 | 098778 | 0.97151 | 4| 5.603 | 0.98987 | 0.97709 | 3| 5.067 | 0.99133 | 0.97372
0.040 51 6558 | 098432 | 0.96846 | 3| 3.860 | 0.98874 | 0.97480 |2 | 3.507 | 0.99257 | 0.96928
0.050 5171 | 098268 | 0.96327 | 2| 2.964 | 0.99137 | 096999 | 2| 2.773 | 0.98973 | 0.97082
0.020 | 0.040 | 14| 21.048 | 097701 | 0.96094 | 9 | 12.741 | 0.97966 | 0.96451 | 7 | 11.167 | 0.98052 | 0.96152
0.060 6| 9410 | 097508 | 0.94280 | 4 | 5.527 | 0.97933 | 0.95406 | 3 | 4.984 | 0.98230 | 0.94736
0.080 51 6457 | 096780 | 0.93664 | 3| 3.810 | 0.97688 | 0.94945 |2 | 3.435| 0.98471 | 0.93858
0.100 41 5081 | 096418 | 0.92621 |2 | 2.904 | 0.98214 | 093999 | 2| 2.725| 0.97873 | 0.94152
0.030 | 0.060 | 14| 20.732 | 0.96497 | 0.94116 | 8 | 12.403 | 0.97109 | 0.94399 | 7 | 11.024 | 0.97039 | 0.94209
0.090 6| 9247 | 096186 | 0.91384 |4 | 5.454| 0.96837 | 0.93090 | 3 | 4.901 | 0.97288 | 0.92091
0.120 5] 6359 | 095037 | 0.90451 |3 | 3.759| 0.96436 | 0.92395 |2 | 3.365| 0.97638 | 0.90788
0.150 41 4992 | 094436 | 0.88879 |2 | 2.837| 0.97221 | 091039 (2| 2.681 | 0.96701 | 0.91206
0.050 | 0.100 | 13]20.127 | 094211 | 0.89809 | 8 | 12.072 | 0.95052 | 0.90606 | 7 | 10.739 | 0.94927 | 0.90284
0.150 6| 8929 | 093372 | 0.85517 |4 | 5.310| 0.94503 | 0.88414 | 3| 4.737 | 0.95274 | 0.86774
0.200 4| 6.061 | 0.92841| 0.81152 |3 | 3.661| 093709 | 0.87242 | 2| 3.228 | 0.95813 | 0.84641
0.250 41 4.819 | 090004 | 0.81284 |2 | 2.729 | 0.95003 | 0.84999 | 2| 2.585| 0.94028 | 0.85273
Generally, the design of an acceptance sampling plan is _p (Xzzsz —2(s—1ind — p))}
determined based on the principle of two points on the OC (1 —ka)
curve. Because there are several combinations of the param- y < - |: p <X2 - —2@EE—1DIn(1 - p)>:|m>
eters for the proposed plan which satisfy the two inequal- 2s = (1 —ky)
ities, we choose the parameters which lead to the smallest (12)

average sample number (ASN). For the MDSR sampling
plan under the exponential distribution, the ASN can be
derived as

ASN = — >
1_Pr€p
where
Prp=1—P,—P, =P{kr < (< ka|CL}

x (1-[P(Czkicr)]")

s —2(—=1In(l-p)
{P(X”E T — &) )
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Through the principle of two points on the OC curve, the plan
parameters can be obtained using the following non-linear
optimization problem.

Minimize
1
ASN = - a + > (13a)
2| 1= Prp (pagr) 1= Prep (pr1eD)
Subject to
L(pagL) = 1—«a (13b)
L (prLrep) < B (13¢)

Tables 1-3 display the sampling plan parameters values
for the exponential distribution under various quality
levels (pagL, prrepp), with specified risks (a, B) for
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TABLE 2. MDSR for exponential distribution under m = 2.

a=0.01, =0.05 a=0.05, #=0.05 a=0.05, =0.10
pPaorL | purep | S | ASN ka kr s | ASN ka kr s | ASN ka kr
0.0001 | 0.0002 | 15| 21.870 | 0.99988 | 0.999811 | 8 | 13.828 | 0.999904 | 0.999811 | 8 | 12.045 | 0.999893 | 0.999817
0.0003 | 7| 9.820 | 0.999861 | 0.99974 | 4| 6.104 | 0.999901 | 0.999764 | 3 | 5.406 | 0.999909 | 0.999731
0.0004 | S| 6.698 | 0.99984 | 0.999685 | 3| 4.003 | 0.999885 | 0.999745 | 3 | 3.749 | 0.999864 | 0.99975
0.0005 | 4| 5291 0.999824 | 0.999633 [ 2 | 37128 [ 0.999911 | 0.999693 | 2 | 2.883 | 0.999893 | 0.999704
0.001 | 0.002 151 21.844 | 099880 | 0.99811 | 8| 13.818 | 0.99904 | 0.99811 | 8 | 12.038 | 0.99893 | 0.99817
0.003 71 9.785 ] 0.99860 | 0.99740 | 4| 6.099 | 0.99901 0.99764 | 4| 5.367 | 099879 | 0.99774
0.004 51 6.689 | 099840 | 0.99685 |3 | 4.000 | 0.99885 | 0.99745 |3 | 3.747 | 0.99864 | 0.99750
0.005 4| 5277 | 0.99823 | 0.99633 | 2| 3.108 | 0.99910 | 0.99694 | 2 | 2.871 | 0.99892 | 0.99704
0.005 | 0.010 | 14| 21.735| 0.99414 | 0.99027 | 9 | 13.495 | 0.99483 | 0.99107 | 8 | 11.847 | 0.99458 | 0.99087
0.015 71 9.746 | 0.99301 | 0.98699 | 4| 5.821 | 0.99472 | 0.98838 | 3| 5.320| 0.99537 | 0.98658
0.020 51 6.632 | 099188 | 098424 | 3| 3.962 | 0.99415| 098727 | 2| 3.706 | 0.99601 | 0.98416
0.025 41 5231 | 099103 | 098165 |2 | 3.077 | 0.99544 | 0.98473 | 2| 2.843 | 0.99452 | 0.98524
0.010 | 0.020 | 14| 21.550 | 0.98820 | 0.98051 |9 | 13.402 | 0.98959 | 0.98211 |8 | 11.774 | 0.98909 | 0.98171
0.030 71 9.634 | 0.98575| 097395 (4| 5774 | 0.98934 | 0.97675 |3 | 5261 | 0.99063 | 0.97318
0.040 51 6.578 | 098356 | 096842 | 3| 3.932| 098815 | 097451 | 2| 3.645| 0.99185 | 0.96843
0.050 4| 5.183 | 0.98178 | 0.96323 | 2| 3.042 | 0.99072 | 0.96948 | 2 | 2.817 | 0.98886 | 0.97047
0.020 | 0.040 14 | 21.241 | 0.97610 | 0.96086 | 9 | 13.284 | 0.97901 | 0.96408 | 7 | 11.564 | 0.97946 | 0.96108
0.060 71 9.502 | 097101 | 094767 | 4| 5.687 | 0.97827 | 0.95341 | 4| 5.255| 0.97501 | 0.95450
0.080 51 6475 | 096628 | 093657 | 3| 3.875| 0.97569 | 094892 | 2| 3.561 | 0.98323 | 0.93698
0.100 4 5.091 | 0.96238 | 0.92613 | 2| 2977 | 0.98082 | 0.93899 |2 | 2.768 | 0.97701 0.94085
0.030 | 0.060 | 13| 21.023 | 0.96483 | 0.93920 | 8 | 13.015 | 0.96988 | 0.94316 | 7 | 11.401 | 0.96879 | 0.94145
0.090 71 9.365] 0.95562 | 0.92115 4| 5.601 | 0.96676 | 0.92998 | 4 | 5.181 | 0.96162 | 0.93156
0.120 51 6374 094810 | 090441 | 3| 3.818 | 0.96257 | 0.92321 | 2| 3.482 | 0.97412 | 0.90561
0.150 4 | 5.001 0.94168 | 0.88869 | 2| 2.910| 097021 | 090863 |2 | 2.713 | 0.96418 | 0.91119
0.050 | 0.100 | 13 |20.390| 0.93987 | 0.89780 | 8 | 12.620 | 0.94848 | 0.90476 | 7 | 11.075 | 0.94657 | 0.90185
0.150 6| 8998 | 0.93023 | 0.85478 | 4| 5.437| 0.94234 | 0.88276 | 4| 5.057| 0.93337| 0.88514
0.200 4| 6.101 | 0.92388 | 0.81095 |3 | 3.709 | 0.93413| 0.87137 |2 | 3.325| 0.95417 | 0.84309
0.250 4| 4.825| 0.89568 | 0.81272 |2 | 2.783 | 0.94656 | 0.84787 |2 | 2.612 | 0.93563 | 0.85150

m 1,2,3m = 1,2, 3, respectively. Based on the given
tables, the practitioner can know the required sample size
and corresponding critical values for the decision of lot
sentencing. For example, if the benchmarking quality level
(paoL, prrep) is set to (0.001, 0.002) with @« = 0.01 and
B = 0.05 for m = 2, then the required sample size, critical
acceptance value and critical rejection value can be obtained
as (s,kq, k) = (14, 0.99888, 0.99806), and the corresponding
ASN is 21.679. This implies that we would accept the lot
when the lifetime testing is not terminated until the occur-
rence of the fourteenth failure with C. 7 > 0.99888 or while
0.99806 < C; < 0.99888 and the previous two lots were
accepted. Otherwise, the lot will be rejected. It is noted that
the critical acceptance values and critical rejection values
seem to decrease simultaneously as the value of m increases
since the successive lots of good quality give the reward.

B. MSDR SAMPLING PLAN FOR WEIBULL DISTRIBUTION
WITH TYPE Il CENSORING

Similarly to the derivation of the exponential distribution,
when the lifetime obeys the Weibull distribution, the

VOLUME 7, 2019

acceptance probability and rejection probability in the MDS
sampling plan based on a single sample can be respectively
expressed as

P, =P|x3>

—2I* () In (1 — p)
[r (1 ¥ %) —Aka]k Tk <s - %)
—2I% (s)In (1 — p)

[ (1+4) =a] T (5= )

2
X2s=

. —2T% () In (1 — p)
- [r (1 + %) —Aka]k T (s - %)
N —2I% (s)In (1 —p)

[P (1) s (o -3)
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TABLE 3. MDSR for exponential distribution under m = 3.

a=0.01, p=0.05 a=0.05, p=0.05 a=0.05, =0.10
paor | prrep | s | ASN ka kr s | ASN ka kr s | ASN ka kr
0.0001 | 0.0002 | 16 | 22.295 | 0.999877 | 0.999815 | 10 | 14.265 | 0.999892 | 0.999827 | 8 | 12.492 | 0.999893 | 0.999815
0.0003 | 7| 9.898 | 0.99986 | 0.999739 | 4| 6.374| 0.999901 | 0.999759 | 4 | 5.520 | 0.99988 | 0.999771
0.0004 | 5| 6.742| 0.99984 | 0.999684 | 3| 4.101 | 0.999885 | 0.999741 | 3 | 3.798 | 0.999864 | 0.999748
0.0005 | 4| 5.299 | 0.999823 | 0.999633 | 3| 3.427 | 0.999849 | 0.999751 | 2 | 3.064 | 0.999901 | 0.999694
0.001 |0.002 | 16| 22271 | 0.99877 | 0.99815 | 10 | 14.257 | 0.99892 | 0.99827 | 8 | 12.485 | 0.99893 | 0.99815
0.003 7| 9.886 | 0.99860 | 099739 | 4| 6.110| 0.99896 | 0.99763 | 4 | 5.494| 0.99879 | 0.99771
0.004 5| 6.722| 0.99839 | 099684 | 3| 4.098 | 0.99885 | 0.99741 |3 | 3.796 | 0.99864 | 0.99748
0.005 41 5292 099823 | 0.99633 | 3| 3.420| 0.99848 | 0.99751 | 2| 3.061 | 0.99901 | 0.99694
0.005 | 0.010 | 15| 22.087 | 0.99397 | 0.99050 | 10 | 14.174 | 0.99457 | 0.99134 | 8 | 12.274 | 0.99458 | 0.99077
0.015 71 9.829| 099301 | 098696 | 4| 6.034| 0.99473 | 0.98818 | 4 | 5.451| 0.99390 | 0.98857
0.020 5| 6.664 | 099187 | 098421 | 3| 4.049| 0.99415| 098710 |3 | 3.764 | 0.99310 | 0.98742
0.025 4] 5250 | 0.99102| 098162 | 2| 3.187| 099545 | 098432 |2 | 2.905| 0.99451 | 0.98499
0.010 | 0.020 | 14 | 21.981 | 0.98820 | 0.98043 | 10 | 14.063 | 0.98907 | 0.98267 | 8 | 12.191 | 0.98909 | 0.98151
0.030 71 9.713 | 0.98574 | 0.97388 | 4| 5982 | 0.98936 | 0.97635|4 | 5.410| 098767 | 0.97712
0.040 5| 6.609| 098354 | 096836 | 3| 4.015| 0.98815| 097419 |3 | 3.737| 0.98601 | 0.97482
0.050 4] 5201 | 098175 | 0.96317 | 2| 3.148 | 0.99075| 096869 |2 | 2.876 | 0.98884 | 0.96999
0.020 | 0.040 | 15| 21.616| 097542 | 0.96178 | 10 | 13.886 | 0.97787 | 0.96523 | 8 | 12.10 | 0.97801 | 0.96287
0.060 71 9.567 | 097094 | 094755 | 4| 5.880| 097831 | 095265 |4 | 5337 | 097486 | 0.95413
0.080 5] 6502 | 0.96624 | 0.93646 | 3| 3.951 | 0.97570 | 0.94831 |3 | 3.688 | 0.97129 | 0.94949
0.100 4| 5106 | 096233 | 0.92603 | 2| 3.072 | 098087 | 0.93755|2| 2.817| 0.97690 | 0.93999
0.030 | 0.060 | 13| 21.520 | 0.96484 | 0.93890 | 10 | 13.715 | 0.96639 | 0.94767 | 8 | 11.865 | 0.96642 | 0.94420
0.090 7| 9.427 | 095557 | 092098 | 4| 5.781| 0.96682 | 0.92889 |4 | 5.267| 0.96154| 0.93099
0.120 51 6.397| 094803 | 090427 | 3| 3.887 | 0.96258 | 0.92236 |3 | 3.639 | 0.95578 | 0.92401
0.150 41 5013 | 094159 | 0.88856 | 2| 2.996 | 097028 | 092470 |2 | 2.760 | 0.96410 | 0.90999
0.050 | 0.100 | 13| 20.822 | 0.93988 | 0.89734 | 9| 13.213 | 0.94535| 0.90840 | 8 | 11.556 | 0.94255 | 0.90640
0.150 6| 9.108 0.9302 | 0.85416 | 4| 5.590| 0.94241 | 0.88115|4 | 5.129| 0.93322 | 0.88433
0.200 4] 6.162 | 0.92382 0.8101 | 3| 3.768 | 0.93414 | 0.86999 | 2| 3.455| 0.95428 | 0.83870
0.250 4| 4.833| 0.89552 | 0.81256 | 2| 2.851| 0.94664 | 0.84499 | 2| 2.647 | 0.93544 | 0.84994
and —2T% (s) In (1—p)
-P| x5z -
S PR SRS
1 1
[r(1+4)-ak] (5= 1) Ailpl, 2t ema—p
Therefore, the lot acceptance probability in the proposed s [F (1 + % )—Aka]k Ik (s— % )

MDSR sampling plan for Weibull distribution can be
expressed in (14), as shown at the bottom of the next page,
where A= /T (1 +2/k) — I'2 (1 + 1/k)

Under Weibull distribution, the ASN can be derived as

ASN = —
1= Prep

where

PrepzI_Pa_PrZP{kr<éL§ka|CL]

« (1 - [P (éL > ka|CL>]m>
2% (s)In (1 — p)

[r(1+4) —Ak,]k Ik (s—})

= 1P| 3>
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(15)

As mentioned above, based on the principle of two points on
the OC curve, the plan parameters can be obtained using the
following non-linear optimization solution.
Minimize
S
1 — Prep (PAQL)

(16a)

1
ASN=—|:
2

s
* 1 — Py (pLTPD):|
Subject to
(16b)
(16¢)

L(pagL) = 1—«a
L (prrPp) < B

Tables 4-6 show the sampling plan parameters values
of Weibull distribution having shape parameter k = 2
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TABLE 4. MDSR for Weibull distribution under m =1 (k = 2).

a=0.01, $=0.05 a=0.05, =0.05 a=0.05, =0.10
Paor | prrep | S ASN ka kr s | ASN ka kr s | ASN ka kr
0.005 | 0.010 | 15 21.542 | 1.7467 | 1.7013 |7 13.026 | 1.7688 | 1.6939 | 7 11.406 | 1.7608 | 1.6973
0.015 |7 9.650 | 1.7319 | 1.6620 |4 5.641 | 1.7537 | 1.6724 | 3 5.116 | 1.7627 | 1.6498
0.020 |5 6.608 | 1.7171 1.6337 |3 3.888 | 1.7419 | 1.6554 | 2 3.543 | 1.7656 | 1.6111
0.025 |4 5.216 | 1.7054 | 1.6085 |2 2.982 | 1.7543 | 1.6156 | 2 2.797 | 1.7401 | 1.6190
0.010 | 0.020 | 14 21.276 | 1.6805 1.6092 | 8 12.746 | 1.7001 | 1.6137 | 7 11.318 | 1.6970 | 1.6078
0.030 9.576 | 1.6684 | 1.5395 |4 5.603 | 1.6866 | 1.5725 | 3 5.098 | 1.7001 | 1.5404
0.040 6.557 | 1.6342 | 1.5176 |3 3.861 | 1.6694 | 1.5485 | 2 3.507 | 1.7031 | 1.4861
0.050 5.171 | 1.6169 | 1.4818 |2 2.952 | 1.6866 | 1.4923 | 2 2.773 | 1.6663 | 1.4970
0.020 | 0.040 | 14 20.997 | 1.5821 | 1.4824 |8 12.588 | 1.6101 | 1.4890 | 7 11.171 | 1.6055 | 1.4807
0.060 |6 9.412 | 1.5637 1.3837 |4 5.537 | 1.5901 | 1.4306 | 3 4.986 | 1.6076 | 1.3861
0.080 |5 6.457 | 1.5135 1.3525 |3 3.810 | 1.5639 | 1.3967 | 2 3436 | 1.6119 | 1.3094
0.100 |4 5.081 | 1.4872 | 1.3018 |2 2.894 | 1.5873 | 1.3179 | 2 2.725 | 1.5578 | 1.3240
TABLE 5. MDSR for Weibull distribution under m = 2 (k = 2).
a=0.01, p=0.05 a=0.05, =0.05 a=0.05, p=0.10
PaoL | prrep | S ASN ka kr s | ASN ka kr s ASN ka kr
0.005 | 0.010 | 15 21.745 | 1.7439 | 1.7011 | 8 13.543 | 1.7598 | 1.6998 | 7 11.842 | 1.7567 | 1.6960
0.015 |7 9.703 | 1.7279 | 1.6618 | 4 5.815 | 1.7495 | 1.6706 |3 5.314 | 1.7567 | 1.6471
0.020 |5 6.632 | 1.7124 | 1.6335 | 3 3.959 | 1.7373 | 1.6540 |2 3.685 | 1.7586 | 1.6069
0.025 5.231 | 1.7001 | 1.6083 | 2 3.076 | 1.7485 | 1.6121 |2 2.843 | 1.7327 | 1.6171
0.010 | 0.020 | 14 | 21.546 | 1.6763 | 1.6088 | 8 13.441 | 1.6957 | 1.6113 | 8 11.768 | 1.6835 | 1.6159
0.030 |7 9.639 | 1.6501 | 1.5573 |4 5.772 | 1.6807 | 1.5700 |3 5.264 | 1.6908 | 1.5369
0.040 |5 6.578 | 1.6275 | 1.5173 |3 3.932 | 1.6630 | 1.5464 |2 3.649 | 1.6932 | 1.4800
0.050 |4 5.183 | 1.6093 | 1.4816 | 2 3.041 | 1.6784 | 1.4876 | 2 2.816 | 1.6559 | 1.4945
0.020 | 0.040 | 14 21.253 | 1.5761 | 1.4818 | 9 13.222 | 1.5947 | 1.4977 |7 11.568 | 1.5972 | 1.4782
0.060 |6 9.506 | 1.5543 | 1.3828 | 4 5.687 | 1.5814 | 1.4274 | 4 5.245 | 1.5567 | 1.4332
0.080 |5 6.477 | 1.5042 | 1.3521 |3 3.875 | 1.5550 | 1.3940 |2 3.563 | 1.5977 | 1.3015
0.100 |4 5.092 | 1.4767 | 1.3015 | 2 2976 | 1.5757 | 1.3116 |2 2.764 | 1.5432 | 1.3208

under various quality levels (pagr, prrep), with specified
risks (o,8) for m = 1,2,3m = 1, 2, 3, respectively. Also,
Tables 7-9 list the proposed sampling plan parameters val-
ues of Weibull distribution having shape parameter k = 3
under various quality levels (pagr, prrpp), With specified
risks («, B) form = 1,2, m = 1, 2, 3, respectively. Using
these tables, the practitioner can decide the required sample
size and corresponding critical values for the disposition of
lots. For example, if the benchmarking quality level (pagr,
prrep) is set to (0.01, 0.02) with « = 0.05 and 8 =
0.05 for m = 3 (k = 2), then the required sample size,

critical acceptance value and critical rejection value can be
obtained as (s,kq, k) = (9,1.6901,1.6177), and the ASN
is 14.106. This means that the lot will be accepted if the
lifetime testing is to be terminated upon the occurrence of
the ninth failure with C; > 1.6901 or while 1.6177 <
é‘Lkrfl:e < ky < 1.6901 and the previous three lots
were accepted. Otherwise, the lot will be rejected. It is also
noted that the critical acceptance values and critical rejection
values seem to decrease simultaneously as the value of m
increases since the successive lots of good quality give the
reward.

Pq

Lp)=—2—
O = b +p,

m
2 —2r% () In(1—p) 2 —2rk () In(1—p) _ 2 —2rk () In(1—p) 2 —2rk () In(1—p)
' ("2@[r(w%)—»\ka]"rk(s—%)) ' ( ( [r(w%)—wrk(s—%)) ; ( [r(w%)—mrrko—%)) ] [ ( [r(w%)—f\karrko—%)ﬂ

m
_ 2 —2rk (5) In(1—p) B 2 —2rk (5) In(1—p) B 2 —2rk (5) In(1—p)
1 ([P(“2[r(ww—MrJ"rk(x—z)) ([()]());( {P(’%Z[r<1+,t>—Aka]"rk<x—;>ﬂ )
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TABLE 6. MDSR for Weibull distribution under m = 3 (k = 2).

2=0.01, =0.05 a=0.05, =0.05 2=0.05, =0.10
P4oL | prrep | S ASN ka kr s | ASN ka kr s ASN ka kr
0.005 | 0.010 |15 | 22.072 | 1.7439 | 1.7008 | 8 14.423 | 1.7601 | 1.6978 | 7 12.481 | 1.7569 | 1.6942
0.015 |7 9.789 | 1.7278 | 1.6614 | 4 6.034 | 1.7497 | 1.6684 |4 5.450 | 1.7373 | 1.6725
0.020 |5 6.666 | 1.7123 | 1.6332 |3 4.049 | 1.7374 | 1.6522 |3 3.762 | 1.7222 | 1.6555
0.025 |4 5.253 | 1.7001 | 1.6080 | 2 3.186 | 1.7487 | 1.6081 |2 2.903 | 1.7326 | 1.6148
0.010 | 0.020 |14 | 21.970| 1.6763 | 1.6082 | 9 14.106 | 1.6901 | 1.6177 | 8 12.183 | 1.6835 | 1.6143
0.030 |7 9.717 | 1.6499 | 1.5568 | 4 5.984 | 1.6810 | 1.5670 | 4 5.412 | 1.6633 | 1.5727
0.040 |5 6.610 | 1.6273 | 1.5169 | 3 4.016 | 1.6631 | 1.5441 |3 3.738 | 1.6415 | 1.5486
0.050 |4 5.202 | 1.6091 | 1.4812 |2 3.149 | 1.6788 | 1.4820 |2 2.874 | 1.6557 | 1.4913
0.020 | 0.040 |15 | 21.628 | 1.5716 | 1.4872 |9 13.808 | 1.5950 | 1.4951 |8 12.025 | 1.5864 | 1.4899
0.060 |6 9.654 | 1.5542 | 1.3814 | 4 5.882 | 1.5817 | 1.4234 |4 5.338 | 1.5563 | 1.4311
0.080 |5 6.502 | 1.5039 | 1.3517 |3 3.952 | 1.5551 | 1.3909 |2 3.735 | 1.5984 | 1.2913
0.100 |4 5.106 | 1.4763 | 1.3011 | 2 3.071 | 1.5761 | 1.3044 |2 2.816 | 1.5429 | 1.3166
TABLE 7. MDSR for Weibull distribution under m =1 (k = 3).
a=0.01, $=0.05 a=0.05, =0.05 a=0.05, =0.10
Paor | prrep | S ASN ka kr s | ASN ka kr s | ASN ka kr
0.005 | 0.010 | 14 21.409 | 2.1977 | 2.0888 |8 12.836 | 2.2284 | 2.0940 | 7 11.392 | 2.2230 | 2.0850
0.015 |7 9.651 | 2.1582 | 2.0140 |4 5.640 | 2.2045 | 2.0316 | 3 5.110 | 2.2232 | 1.9845
0.020 |5 6.607 | 2.1250 | 1.9580 |3 3.886 | 2.1756 | 1.9953 | 2 3.541 | 2.2251 | 1.9030
0.025 |4 5222 | 2.1001 | 1.9092 |2 2.981 2.1985 | 1.9113 | 2 2.797 | 2.1660 | 1.9177
0.010 | 0.020 | 14 21.276 | 2.0523 | 19159 |8 12.745 | 2.0911 | 1.9228 | 7 11.315 | 2.0842 | 1.9114
0.030 |7 9.583 | 2.0017 | 1.8217 |4 5.602 | 2.0601 | 1.8441 | 3 5.068 | 2.0836 | 1.7849
0.040 |5 6.557 | 1.9588 | 1.7510 |3 3.860 | 2.0228 | 1.7984 | 2 3.506 | 2.0853 | 1.6825
0.050 |4 5.170 | 1.9248 | 1.6895 |2 2.952 | 2.0510 | 1.6929 | 2 2.775 | 2.0101 | 1.7006
0.020 | 0.040 | 14 20.997 | 1.8669 | 1.6972 |8 12.576 | 1.9159 | 1.7063 | 7 11.171 | 1.9071 | 1.6919
0.060 |6 9.410 | 1.8315 | 1.5379 |4 5.527 | 1.8747 | 1.6072 | 3 4983 | 1.9042 | 1.5331
0.080 |5 6.457 | 1.7440 | 1.4890 |3 3.809 | 1.8253 | 1.5495 | 2 3.435 | 1.9042 | 1.4048
0.100 |4 5.086 | 1.7001 | 1.4114 |2 2.894 | 1.8589 | 1.4175 | 2 2.725 | 1.8057 | 1.4266
TABLE 8. MDSR for Weibull distribution under m =2 (k = 3).
a=0.01, p=0.05 a=0.05, p=0.05 a=0.05, =0.10
P4aoL | prrep | S ASN ka kr s | ASN ka kr s ASN ka kr
0.005 |0.010 |14 | 21.680 | 2.1909 |2.0882 |9 13.473 | 2.2110 | 2.1034 |7 11.818 | 2.2135 | 2.0824
0.015 |7 9.714 | 2.1501 |2.0136 | 4 5.815 | 2.1950 | 2.0280 |4 5.340 | 2.1678 | 2.0342
0.020 |5 6.630 | 2.1149 | 1.9576 |3 3.960 | 2.1655 | 1.9924 | 2 3.684 | 2.2086 | 1.8951
0.025 | 4 5229 | 2.0876 | 1.9089 |2 3.074 | 2.1851 | 1.9048 | 2 2.842 | 2.1496 | 1.9143
0.010 |0.020 |14 | 21.535|2.0438 [ 19152 |9 13.390 | 2.0692 | 1.9345 | 7 11.737 | 2.0723 | 1.9081
0.030 |7 9.632 | 1.9906 | 1.8212 | 4 5.773 | 2.0482 | 1.8396 |3 5.263 | 2.0662 | 1.7783
0.040 |5 6.588 | 1.9463 | 1.7500 | 3 3.931 | 2.0102 | 1.7948 | 2 3.643 | 2.0645 | 1.6728
0.050 |4 5.183 | 1.9107 | 1.6891 | 2 3.041 | 2.0341 | 1.6849 |2 2.816 | 1.9890 | 1.6965
0.020 |0.040 | 14 | 21.247 | 1.8563 | 1.6963 | 9 13.217 | 1.8884 | 1.7211 |7 11.569 | 1.8921 | 1.6879
0.060 |7 9.499 | 1.7869 | 1.5776 | 4 5.689 | 1.8601 | 1.6018 | 4 5.244 | 1.8161 | 1.6111
0.080 |5 6.475 | 1.7284 | 1.4885 |3 3.874 | 1.8097 | 1.5453 |2 3.561 | 1.8778 | 1.3932
0.100 | 4 5.092 | 1.6810 | 1.4109 |2 2975 | 1.8377 | 1.4081 |2 2.765 | 1.7801 | 1.4217
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TABLE 9. MDSR for Weibull distribution under m =3 (k = 3).

a=0.01, =0.05 a=0.05, =0.05 a=0.05, =0.10
P4aoL | prrep | S ASN ka kr s ASN ka kr s ASN ka kr
0.005 | 0.010 | 14 22.119 | 2.1909 | 2.0873 | 9 14.112 | 2.2114 | 2.1005 | 8 12.269 | 2.2016 | 2.0949
0.015 |7 9.786 | 2.1492 | 2.0129 | 4 6.032 | 2.1954 | 2.0237 |4 5.446 | 2.1675 | 2.0319
0.020 |5 6.662 | 2.1146 | 1.9571 |3 4,048 | 2.1656 | 1.9891 | 3 3.761 | 2.1323 | 1.9955
0.025 |4 5.248 | 2.0872 | 1.9084 | 2 3.187 | 2.1858 | 1.8972 | 2 2.903 | 2.1493 | 1.9098
0.010 | 0.020 | 15 21.905 | 2.0376 | 1.9223 | 9 14.007 | 2.0697 | 1.9310 | 8 12.188 | 2.0572 | 1.9238
0.030 |7 9.708 | 1.9903 | 1.8204 | 4 5.981 | 2.0487 | 1.8344 | 4 5.409 | 2.0134 | 1.8445
0.040 6.607 | 1.9458 | 1.7500 | 3 4.015 | 2.0103 | 1.7907 | 3 3.736 | 1.9681 | 1.7986
0.050 5.201 | 1.9103 | 1.6885 | 2 3.148 | 2.0349 | 1.6757 |2 2.874 | 1.9886 | 1.6911
0.020 | 0.040 | 14 | 21.639 | 1.8563 | 1.6950 | 9 13.800 | 1.8889 | 1.7168 |8 12.028 | 1.8731 | 1.7076
0.060 |7 9.567 | 1.7866 | 1.5767 | 4 5.880 | 1.8604 | 1.5956 |4 5.337 | 1.8155 | 1.6078
0.080 |5 6.502 | 1.7280 | 1.4878 | 3 3.951 | 1.8098 | 1.5405 |3 3.687 | 1.7560 | 1.5498
0.100 |4 5.106 | 1.6804 | 1.4103 |2 3.071 | 1.8385 | 1.3973 | 2 2.816 | 1.7794 | 1.4155
TABLE 10. Comparison of several methods for exponential distribution under « = 0.01 and 8 = 0.05.
MDSR repetitive Single
(Wu et al., 2018)
ASN ASN ASN
Paor | prrep | m=1 m=2 m=3
0.005 | 0.010 |21.444 | 21.735| 22.087 23.625 35
0.015 9.657 9.746 9.829 10.379 15
0.020 6.607 6.632 6.664 6.985 10
0.025 | 5216| 5.231 525| 5472 8
0.010 | 0.020 | 21.288 21.55| 21.981 23.459 35
0.030 9.577 9.634 9.713 10.283 15
0.040 6.558 6.578 6.609 6.916 10
0.050 5.171 5.183 5.201 5412 7

IV. ADVANTAGES OF THE PROPOSED SAMPLING PLAN
A well-designed sampling plan should have the property
that there is a high probability of accepting a lot with
good quality level and a low probability of accepting a
lot with bad quality level. Besides, a sampling plan hav-
ing smaller sample size or average sample number is also
considered as a better one in comparison to others with
the same level of protection to both the producer and the
consumer. In this section, we compare the proposed sam-
pling plan with two different existing sampling plans based
on C;, by means of OC curve and average sample number
(ASN) when the lifetime of products follow the exponen-
tial distribution. Figures 1-2 depict the OC curves of three
sampling plans with some quality levels, for specified risks
(o, B) = (0.01, 0.05) and (0.05, 0.10), respectively. Overall,
these graphs have no significant difference, which implies
that their discriminatory power of lots is very close to each
other.

Furthermore, Tables 10 and 11 present the ASN values
for the three sampling plans under the same circumstance

VOLUME 7, 2019

as mentioned above. According to outputs in the tables,
we can observe the proposed plan provides less ASN than
two other sampling plans for all combinations of quality
levels with given risks. For example, when (pagr, prrep) =
(0.005, 0.01) and («, B) = (0.05, 0.10), then the required
ASN values of the proposed plans form =1,2,3m =1,2,3
are only 11.406, 11.847 and 12.274, respectively. Relatively,
the required ASN values for repetitive sampling and sin-
gle sampling (Wu et al., 2018) are 13.475 and 19, respec-
tively. Notably, the proposed plan can significantly reduce
the ASN as compared with single sampling for cases where
the difference between papr and prrpp is very slight. Based
on the analysis of the OC curve and ASN, we know the
MDSR sampling plan should be recommended for life-
time testing of products since it can reduce the testing cost
effectively.

V. TWO ILLUSTRATIVE EXAMPLES
To show the application of the proposed sampling plan, two
examples are given for illustration.
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FIGURE 1. The operating characteristic curves for specified quality levels with « = 0.01 and g = 0.05.

A. TRANSISTOR TEST WITH EXPONENTIAL DISTRIBUTION

A transistor is a semiconductor device used to amplify or
switch electronic signals and electrical power. Since the

49386

lifetime of a transistor is an important quality characteristic, a
life testing has to be conducted before shipping to customers.
The required quality levels (pagL, prrpp) and allowable risks
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FIGURE 2. The operating characteristic curves of for specified quality levels with « = 0.05 and 8 = 0.10.

(o, B) are designated as (0.005, 0.01) and (0.01, 0.05) respec-
tively for a lifetime of a particular model of a transistor with a
specific lower limit L = 200. Now, a sample of 30 transistors

VOLUME 7, 2019

is chosen for life testing. Suppose that the proposed sampling
plan with m = 2 is applied. Then, we could find the required
number of failures, the critical acceptance value, and the
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TABLE 11. Comparison of several methods for exponential distribution under « = 0.05 and g = 0.10.

MDSR repetitive Single
(Wuetal., 2018)
ASN ASN ASN
PAaoL PLrep m=1 m=2 m=3
0.005 | 0.010 | 11.406 | 11.847 | 12.274| 13.475 19
0.015 5.114 5.32 5451 5.890 8
0.020 3.545 3.706 3.764 4.002 6
0.025 | 2.809 | 2.843 2.905 3.167 4
0.010 | 0.020 | 11.316| 11.774| 12.191 | 13.385 19
0.030 5.067 5.261 5.41 5.844 8
0.040 | 3.507 [ 3.645 3.737 3.969 5
0.050 2.773 2.817 2.876 3.124 4
Probability Plot of lifetime
Exponential - 95% CI
99
Mean  443.0
90 N 14
80 AD 0.644
70 P-Value 0.302
60
50
40
e 30
g 20
&
10
5
3
2
! 1 10 100 1000 10000
lifetime

FIGURE 3. The probability plot for the failure times of transistors.

critical rejection value of the sampling plan as (s.,k,, k) =
(14, 0.99414, 0.99027) from Table 2. The test is terminated
after fourteen failures with no replacement. Suppose now
that the 14 failure times are 66.78, 79.15, 117.97, 131.61,
139.18, 147.06, 217.2, 241.98, 359.55, 371.79, 377.6, 691.7,
1228.12 and 2032.95. The probability plot of failure time
shown in Figure 3 shows that an exponential distribution fits
the data.

From the observations, the value of é‘L can be calculated
as

. -DL
& =1- -1

S
2 tiy + (=)t
i=1

13 x 200
=1- = 0.932868.
6202.64 + 16 x 2032.95
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Because the value of 0.932868 is smaller than the critical
rejection value k. =0.99027 significantly, this lot would be
rejected.

B. CAPACITOR TEST WITH WEIBULL DISTRIBUTION

A capacitor is a two-terminal electrical component that stores
potential energy in an electric field, which is widely used
as parts of electrical circuits in many common electrical
devices. Based on past experiences, the lifetime of a capacitor
can be modelled by the Weibull distribution with the shape
parameter k = 2. In the contract from the vendor and the
buyer, the required quality levels (pagr, prrpp) and allowable
risks («, B) are set as (0.01, 0.02) and (0.01, 0.05) respec-
tively for the specified type of capacitor with a lower limit
L = 300. Now, life testing is implemented for a sample
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FIGURE 4. The probability plot for the failure times of capacitors.

of 30 capacitors. For the proposed sampling plan with m=1,
the required number of failures, the critical acceptance value,
and the critical rejection value of the proposed plan can
be determined as (s, k;, k) = (14, 1.6805, 1.6092) from
Table 4. The test is terminated after fourteen failures with
no replacement. The failure times are 59.63, 220.78, 225.61,
257.13, 264.98, 268.97, 302.42, 332.62, 358.22, 408.87,
438.82, 443.03, 496.36 and 647.33. Figure 4 depicts the
probability plot of failure times of capacitors, which shows
that the Weibull distribution with shape parameter k = 2 is
suitable for the data.

From the observations, the value of éL can be calculated
as

P F(1+1> LT (s)
L=~ -
A k) pir(s-1)

1 300 T (14
[ty _smeran
0.463251 2/ 85682914 (14 - %)
= 1.35327.

Because the value of 1.35327 is smaller than the critical
rejection value k. = 1.6092 significantly, this lot would be
rejected.

VI. CONCLUSIONS

Lifetime is a very critical concern to customers. For many
electronic products, life testing is required to be executed
to assure the reliability of products before products are sent
to customers. The life performance index Cr can assess the
lifetime performance efficiently, which provides a one-to-
one mathematical relationship for the conforming rate of
products.

VOLUME 7, 2019

In this paper, we propose the MDSR lifetime testing plan
based on Cj, for exponential distribution data and Weibull
distribution data with type II censoring. The plan parame-
ters of the proposed method are tabulated for specified risk
combinations with corresponding quality levels. In addition,
we investigate the performance of the proposed sampling
plan over that of the existing single lifetime testing plan
based on Cr, which shows that the MDSR lifetime test-
ing plan can reduce the sample size significantly as com-
pared with the existing lifetime testing plan for all cases.
For lifetime testing of experiments, the proposed plan can
be recommended since it can save the cost of lifetime
testing significantly. It is noted that the failed items are
not permitted to be replaced while applying the proposed
methodology. In the direction of future research, we can
consider type I censoring test or other lifetime distribu-
tion functions to develop new lifetime testing plans for lot
sentencing.
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