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Abstract: In this article, mathematical modeling for the evaluation of reliability is studied using two methods. One of the methods, is developed based on possibility theory. The performance of the reliability of the system is of prime concern. In view of this, the outcomes for the failure are required to evaluate with utmost care. In possibility theory, the reliability information data determined from decision-making experts are subjective. The same method is also related to the survival possibilities as against the survival probabilities. The other method is the one that is developed using the concept of approximation of closed interval including the piecewise quadratic fuzzy numbers. In this method, a decision-making expert is not sure of his/her estimates of the reliability parameters. Numerical experiments are performed to illustrate the efficiency of the suggested methods in this research. In the end, the paper is concluded with some future research directions to be explored for the proposed approach.

Keywords: Reliability function; probabilistic function; piecewise quadratic fuzzy numbers; survival possibility; failure rate; possibility distribution; state function; closed interval approximation





1  Introduction

In the past three decades, one of the challenging endeavors has been the design and manufacturing of large-scale reliable systems. These large-scale reliable systems are used in various application areas. Some of them are military applications, space exploration, commercial operations, and others deal in power distribution. Unlike the manufacturing of components, the manufacturing of such reliable systems includes the broader aspects of organizing composite manufacturing tools, operating organization and costs, as well as maintenance schedules, plus the skills required to make the system performance as an integrated entity too.

The study field of reliability engineering contains various activities, of which reliability modeling happens to be one area of the utmost significant. The traditional solution techniques are applied extensively based on probabilistic techniques, while the system survival probability is formulated by considering the statistical information (reliabilities or survival probabilities) of its sub-systems or components. In 1982, Martz et al. [1] studied the Bayesian reliability with a detailed analysis. The statistical information is obtained most of the time subjectively. They used a methodology to deal with the reliability in machine systems, with an application to error possibility. Gupta et al. [2] used the hybrid data to study the reliability parameters of a conveyor model.

A fuzzy set is adopted to cope with the uncertainty in mathematical models. In 1965, Zadeh [3] introduced fuzzy sets. Later in 1968, Zadeh [4] presented the concept of probability measures of fuzzy events. Over a short span, several researchers presented their works with reliability applications using fuzzy sets (Dubois et al. [5], Keller et al. [6], Onisawa [7], etc.). In the meantime, Onisawa [8] studied system reliability modeling with the application of fuzzy sets. Cai et al. [9] proposed the possibility concept to deal with uncertainty. They presented fuzzy variables to study the fuzzy reliability. Human reliability was studied with the help of fuzziness (Liang et al. [10], and Huang [11]). Some applications of fuzzy sets to reliability analysis were investigated by Bowles et al. [12], Murata [13], and Bing et al. [14]. In 2002, a risk assessment approach was investigated for implementing the uncertainty using fuzzy set theory by Cho et al. [15].

In 2007, Hryniewicz [16] used the fuzzy triangular numbers to determine the reliability parameters. After that, Karimi et al. [17] presented a novel technique related to fuzzy probability. They studied the risk assessment model for natural hazards. Later, some authors extended the risk concept to a fuzzy risk matrix in various ways. The reliability assessment and situation assessment were studied by using the multi-criteria decision-making approaches by Lu et al. [18], and then extended by Ding et al. [19]. Jain [20] studied the piecewise quadratic fuzzy number and presented the close interval approximation to fuzzy fractional programming problems. There are many papers related to the investigation of a mathematical model to handle the uncertainty to risk analysis. Later, Gargama et al. [21] extended fault and event tree analysis for failure mode effects using fuzzy logic. They presented an application to a fault and event tree analysis. In 2021, Varghese et al. [22] formulated a reliability model and evaluated using various fuzzy numbers, for instance, pendant, hexant, and fuzzy octant numbers.

Several researchers used the fuzzy interval to deal with uncertainty in reliability models (Washio et al. [23], Utkin et al. [24], etc.). The uncertainty in fault trees was studied for bridge construction by many researchers. Wu [25] presented a novel approach based on closed fuzzy numbers for reliability analysis. The fuzzy probability has an extended role in reliability analysis, which was presented by numerous authors (Yu et al. [26], Ung et al. [27], etc.). Purba et al. [28] studied the nuclear event reliability data to evaluate the reliability parameters. They considered the data related to failure possibility by using a new defuzzification method based on area. Arunraj et al. [29] proposed a novel approach based on the fuzzy set theory as well as Monte Carlo simulation. They presented the modeling under uncertainty and risk. In 2014, Purba et al. [30] presented a qualitative data processing approach. They used their approach for the assessment of fuzzy reliability. Maity et al. [31] developed a multi-objective transportation model considering the cost reliability in an uncertain environment. Recently, Yi et al. [32] introduced the triangular intuitionistic fuzzy number for reliability systems and decision making. They used the possible characteristics of fuzzy triangular numbers. Reliability evaluation and analysis have been studied by many authors in an uncertain environment. Examples are, but not limited to: Liu et al. [33], Li et al. [34], Xu et al. [35], Yang et al. [36], Jin et al. [37], and Zuo [38].

The above-reported literature review reveals the scope still remaining to innovate and study regarding both survival possibilities and the closed interval approximation of fuzzy numbers. Thus, a research gap is realized. In this paper, the reliability methods for modeling and evaluation based on survival possibilities and closed interval approximation of fuzzy numbers are introduced.

The outlay of the paper is constructed as follows: Section 2 introduces some of the notation and index needed in the problem formulation. In Section 3, reliability in possibility environment is discussed. Section 4 introduces the approximation of closed interval of piecewise quadratic fuzzy number for evaluation of the reliability with numerical example illustrates the efficiency of the method. Finally, some concluding remarks are reported in Section 5.

2  Preliminaries

In this section, some basics and concepts based on fuzzy numbers, piecewise quadratic fuzzy numbers, and their closed approximation intervals are recalled.

Definition 1. (Jain [20]). A piecewise quadratic fuzzy number (PQFN) is denoted by a~PQ=(a1,a2,a3,a4,a5), where a1≤a2≤a3≤a4≤a5 are real numbers and is characterized with the membership function μa~PQ is defined by (see Fig. 1)


μa~PQ={0, x<a1; 121(a2−a1)2(x−a1)2, a1≤x≤a2;121(a3−a2)2(x−a3)2+1, a2≤x≤a3;121(a4−a3)2(x−a3)2+1, a3≤x≤a4;121(a5−a4)2(x−a5)2, a4≤x≤a5;0, x>a5.
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Figure 1: Graph of a PQFN

The interval of confidence at a level α for the PQFN is defined as


(a~PQ)α=[a1+2(a2−a1)α,a5−2(a5−a4)α];∀α∈[0,1].

Definition 2. (Jain [20]). An interval approximation [A]=[(aα)L,(aα)U] of a PQFN A~ is referred as the approximation of a closed interval, when


(aα)L=inf{x∈R:μA~≥0.5},and (aα)U=sup{x∈R:μA~≥0.5}.

Definition 3. (Jain [20]). The associated ordinary numbers of PQFN corresponding to the closed interval approximation [A]=[(aα)L, (aα)U] is A^=(aα)L+ (aα)U2.

3  Possibility Theory of Reliability

Consider a fuzzy number A~ with membership function μA~(t)∈[0,1], t∈[0, ∞). This fuzzy number represents a fuzzy data on the breakdown of a component at time t. Therefore, we have Eq. (1):

μA~(t)=0, for t=0.(1)

Also, consider the fuzzy number represents the possibility of failure at time t,t∈[0,∞). Thus, a law of possibilities of failure can be written as Eq. (2):

Ψ(t)=μA~(t).(2)

Remark 1: The possibility law of failure in (2) gives the possibility of failure occurring at time t.

Remark 2: A~ is not necessarily a unimodal fuzzy number (i.e., μA~(t) may have a flat at the top for μA~(t)=0).

Now, consider φ as the time to failure, where we have Ψ(t=φ)=μA~(t=φ)=1. Since μA~(t) is not necessarily a unimodal, φ may be over [φ1, φ2].

The cumulative failure possibility distribution of Ψ(t) over the interval [0,t]∈ℜ+ is expressed by Eq. (3):

Λ(t)=Vv=0t⁡Ψ(t), t≤φ.(3)

For t≥φ, we have Eq. (4) below:

Λ(t)=1.(4)

Therefore, Λ(t)=Ψ(t) until t≤φ, and after that Λ(t)=1. In addition, we can define another representation law of possibility that the equipment will be surviving (i.e., operating at the time t), namely the law of survival possibility which is denoted by Ω(t) and defined as the complement of the cumulative failure possibility distribution (Fig. 2), by Eq. (5) below:

Ω(t)=1−Λ(t).(5)
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Figure 2: Possibility of failure, Ψ(t), the law of failure possibility (cumulative failure possibility distribution), Λ(t), and the law of survival possibility Ω(t)

Assume that Ψ(0)=0, but Ψ(0) may not be zero if the failure occurs immediately after the beginning of the service. In this case Ψ(t) and Λ(t)  occur at the origin with Ψ(0)=α<1 and Ω(t) will be Ω(0)=1−α which is lower than 1. Therefore, Ω(0) changes stepwise from 1 to (1−α) at the beginning of the service.

In the probability theory of reliability, the logarithmic derivative of the reliability function ω(t) is the failure rate ψ(t) as expressed by Eq. (6) below:

ψ(t)=ω′(t)ω(t).(6)

Similarly, in the possible theory of reliability, we characterize the failure rate by Eq. (7) as follows:

ψ(t)=Ω′(t)Ω(t).(7)

The below demonstrated Table 1 gives the failure rate which is based on the possibility theory, Ψ(t),Λ(t) and Ω(t)
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In the case of t∈N, the failure rate defined in Eq. (7) can be modified to rewrite by Eq. (8) below:

ψ(t)=Ω(t−1)−Ω(t)Ω(t−1),t=1,2,…(8)

If the failure rate ψ(t) is considered as basic data, the law of survival possibility (or reliability function) with the help of Eq. (7) is given as (Figs. 3 & 4):

dΩ(t)dt+ψ(t)Ω(t)=0,Ω(0)=1,t∈R+,(9)
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Figure 3: Survival possibility with monotonically increasing failure rate ψ(t)
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Figure 4: Survival possibility with monotonically non-increasing failure rate ψ(t)

For t∈N and by using Eq. (8) the reliability function is provided by Eq. (10) as follows:

Ω(t−1)−Ω(t)(1−ψ(t))=0,Ω(0)=1,t∈N.(10)

Remark 3:

(i)   The failure rate ψ(t) is always non-negative.

(ii)   ψ(t) is not necessarily monotone.

 (iii)   Once can get the initial failure rate ψ(t)>0.

The solution of the differential Eq. (9) gives the Survival possibility in terms of the possibilistic failure rate by Eq. (11) as follows:

Ω(t)=e−∫vt⁡ψ(t)du,t∈ℜ+.(11)

For t∈N, the solution of differential Eq. (10) can be obtained recursively by Eq. (12) as follows:


Ω(1)=1−ψ(0),


Ω(2)=(1−ψ(1))(1−ψ(0)),


Ω(3)=(1−ψ(2))(1−ψ(1))(1−ψ(0)),

···


Ω(t)=(1−ψ(t−1))(1−ψ(t−2))…(1−ψ(1))(1−ψ(0))

=∏v=0t−1⁡(1−ψ(t−v)).(12)

Here ψ(t−1)=1, \Omega (t)=0 giving the time to failure t=φ.

Now, we examine some examples of reliability function as follows:

1.    ψ(t)=ψ0= a fixed value for the failure rate.

The corresponding survival function is written by Eq. (13) as follows:

Ω(t)=e−∫v=0t⁡ψ0du=e−ψ0t(Exponential survival law).(13)

2.     ψ(t)=ψ0t= a ramp type failure rate, and

Ω(t)=e−∫v=0t⁡ψ0tdu=e−ψ02t,t≥0(Truncated bell survival).(14)

There is another indicator of reliability called cumulative failure rate K(t), which is defined Eqs. (15) and (16) as

K(t)=∫v=0t⁡ψ(v)dvin ℜ+,and(15)

K(t)=∑v=0t⁡ψ(v), in {\mathbb N}.(16)

It is noted in the Eq. (17) below:

ψ(t)=poss (A~>t).(17)

Proceeding in the same way, we obtain Eq. (18) as follows:

ω(t)=Pr(A~>t).(18)

Now, let us consider the case where a system is introduced into a new service at t=a. The survival function is conditioned on t=a. Thus, we obtain Eq. (19):

Ω(a+t)=Ω(a) . Ωa(t).(19)

Here, it is observed that Ωa(t) is the survival function of the equipment of the age a from the time it begins its service. Thus, Ωa(t) is conditional possibility conditioned on survival age from t=0tot=a, which is given by Eq. (20):

Ωa(t)=Ω(a+t)Ω(a).(20)

The corresponding failure rate is computed by Eq. (21) as follows:

ψa(t)=ψ(a+t),(21)

In addition, the cumulative failure rate is given by Eq. (22) as below:


Ka(t)=∫v=0t⁡ \psi (a+v)dv

=K(a+t)− K(a).(22)

4  Approximation of a Closed Interval for Piece-Wise Quadratic Fuzzy Numbers for Reliability Evaluating

This section is divided into two sub-sections as follows.

4.1 Approximation of Closed Interval

Consider the situation where an expert is uncertain about the estimation of model parameters. Instead of describing the reliability function using one survival law, he/she gives two subjective functions forming an interval of confidence. For example, he/she gives

Ω∘(t): The lower law of survival,

Ω∘(t): The upper law of survival.

Through the closed interval approximation, the subjective survival law can be represented by Eq. (23) below:

Ωα(t)=[Ω∘α(t),Ω∘α(t)];∀t∈ℜ+.(23)

Theorem 1. At a given time t

ψ1(t)≥ψ2(t)⇒Ω1(t)≤Ω2(t); ∀ t∈ℜ+.(24)

Proof

From the Definition of the failure rate and the survival function, we have


ψ1(t)≥ψ2(t)⇒∫v=0t⁡ψ1(v) dv≥∫v=0t⁡ψ2(v) dv


⇒−∫v=0t⁡ψ1(v) dv≤−∫v=0t⁡ψ2(v) dv


⇒ e−∫v=0t⁡ψ1(v) dv≤e−∫v=0t⁡ψ2(v) dv


⇒ Ω1(t)≤Ω2(t).

This completes the proof.

Theorem 2. Let ψα(t)=[ψ∘α(t), ψ∘α(t)];∀t∈ℜ+ be the closed interval approximation of piecewise quadratic fuzzy numbers of failure rate with Ω∘α(t)≤Ω∘α(t) and Ωα(t)=[Ω∘α(t),Ω∘α(t)] be the corresponding closed interval approximation of possibility of survival. Then, we have the Eq. (25) as follows:

ψα(t)∈[,ψ∘α(t), ψ∘α(t)]⇒Ωα(t)∈[Ω∘α(t),Ω∘α(t)].(25)

4.2 Reliability Evaluating

In this sub-section, we present some examples as follows:

Example 1. Let the closed interval approximation of the failure rate be given by


ψα(t)=[ψ∘α(t)=γ1, ψ∘α(t)=γ2], γ2≥γ1.

The corresponding closed interval approximation for the survival law is presented by Eq. (26) as follows:

Ωα(t)=[Ω∘α(t)=e−γ2t,Ω∘α(t)=e−γ1t](26)

The data of failure rate and survival law for the Example 1 is illustrated in Table 2 below:
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Now, let the failure rate be


ψα(t)=[ψ∘α(t)=t γ1, ψ∘α(t)=t γ2].

Then, the corresponding survival law is presented by Eq. (27) as follows:

Ωα(t)=[Ω∘α(t)=e−γ22t2,Ω∘α(t)=e−γ12t2].(27)

The failure rate is not necessary monotonic, but the cumulative failure rate is always monotonic as in the definition, therefore we obtain Eq. (28) below:

K(t)=∫0t⁡ψ(u)du.(28)

The closed interval approximation of the cumulative failure rate is expressed by Eq. (29) as under:

Kα(t)=[K2α(t),K1α(t)].(29)

In addition, it is possible to define in another way the closed interval approximation for the survival law Ω(t) using the inverse time function t(Ω) instead of the survival function. In this case, the closed interval approximation for time to survival with reliability Ω is as in Eq. (30) below:

A~(Ω)=[t∘ (Ω), t∘ (Ω)].(30)

Lemma 3. For all t,t1,t2∈R, we have Eqs. (31)–(32) as under:

1.Ω1(t)≤Ω2(t)⇔t1(Ω)≤t2(Ω),(31)

2.t(Ω)∈[t∘(Ω),t∘(Ω)]⇔Ω(t)∈[Ω∘(t),Ω∘(t)].(32)

Example 2. We have Eqs. (33)–(34) as follows:

(a)t=−1ψlnlnΩ,correspond toΩ(t)=e−ψt,(33)

(b)t=−2ψlnlnΩ,correspond toΩ(t)=e−ψ2t2(34)

The corresponding closed intervals approximation for time to survival forallΩ∈[0,1], are in Eqs. (35)–(36) below:

1.A~=A~(Ω)=[t∘(Ω),t∘(Ω)]=[−1ψ∘lnlnΩ,−1ψ∘lnlnΩ],(35)

2.A~=A~(Ω)=[−2ψ∘lnlnΩ,−2ψ∘lnlnΩ]=[t∘(Ω),t∘(Ω)].(36)

The divergence of these two cases is evaluated and are expressed in Eq. (37) as under:

ξ(Ω)=t∘(Ω)−t∘(Ω).(37)

It is quite evident that for ξ(Ω) increases monotonically when Ω decreases with ξ(Ω→0). In the reliability theory, it is usual to consider the mean failure time t¯. In the possibility theory of reliability, t¯ is defined by Eqs. (38)–(39) as below:

(i)t¯=∫t=0∞⁡Ω(t)dt, t∈ℜ+,(38)

(ii)t¯=∑t=0∞⁡Ω(t),t∈N.(39)

In terms of failure rate, (t), t¯ is defined by Eqs. (40)–(41) as follows:

1.t¯=∫t=0∞⁡e∫v=0t⁡ψ(v)dvdt, v, t∈ℜ+,(40)

2.t¯=∑t=0∞⁡∏v=0t⁡(1−ψ(t−v)), t, v∈N.(41)

By applying the survival law, one can write t¯ as presented in Eq. (42) below:

t¯=∑t=1∞⁡t(Ω(t−1)−Ω(t)),t∈N.(42)

Example 3. Consider an example using the failure rate and the survival law given in this Table 3:
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Using Eq. (41), the mean failure rate is given by Eq. (43) as follows:

t¯=1+1+0.85+0.646+0.381+0.182+0.045+0.004=4.108(43)

Also, the mean failure rate using Eq. (42) is given by Eq. (44) below:


t¯=2(0.15)+3(0.204)+4(0.265)+5(0.199)+6(0.137)=7(0.041)+8(0.004)

=4.018(44)

Thus, the closed interval approximation for the mean failure time t¯ (referring to Table 2) is given by t¯=[t¯∘,t¯∘]=[3.732,4.448].

Remark 4. It is trivial to observe that t¯1 is less than or equal to t¯2 as presented by Eq. (45) below:

Ω1(t)≤Ω2(t)⇔t¯1≤t¯2.(45)

5  Conclusions and Future Research Directions

In industrial problems, the performance of the system reliability is of utmost concern. Thus, the outcomes for the failure of one or more machines are required to compute with extreme care. In this paper, we have demonstrated that when uncertainty is associated with the system, the reliability function, as well as some other similar criteria, are formulated as a mathematical model using the closed interval approximations of a piecewise quadratic fuzzy number. Apart from this, the intervals of confidence of fuzzy numbers, instead of the probabilistic, are also used in suggested modeling to handle the associated uncertainty. Extensions of the possibilistic criteria to several scenarios of reliability evaluation may lead to some interesting studies. There are several future possibilities to extend the proposed work in many application areas. One can consider the fuzzy type-2 sets (Tang et al. [39]), neutrosophic sets [40], and LR possibilistic variables [41] and deal with the uncertainty for further extensions of current research.
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Table 1: Data of possibility of failure, W (¢), cumulative failure possibility distribution, A (¢), and
possibility 2 (¢) in N

t 0 1 2 3 4 5 > 10
W (1) 0 0.1 0.3 0.7 0.9 1 0.8 0.7 0.4 0.1 0
A (1) 0 0.1 0.3 0.7 0.9 1 1 1 1 1 1
Q) 1 0.9 0.7 0.3 0.1 0 0 0 0 0 0
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Table 3: Data of failure rate, v (¢) and survival law, Q (¢) (Example 1) (y, = 0.1, 3, = 0.15)

t 0 1 2 3 4 5 6 7 8

>
v, () 0 0.1 0.12  0.25 0.3 0.63 0.79 0.93 098 1
Q@ 1 1 0.85 0.646 0381 0.182 0.045 0.004 O 0
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Table 2: Failure rate, v (¢) and survival law, Q (t) (Example 1) (y, = 0.1, 3, = 0.15)

oy
t Vo (O) = [t y1,t )] Qa(t)=|:e 2,e 2 :|
0 0 1
1 [0.10, 0.15] [0.927, 0.951]
2 [0.20, 0.30] [0.740, 0.818]
3 [0.30, 0.45] [0.509, 0.737]
4 [0.40, 0.60] [0.301, 0.449]
5 [0.50, 0.75] [0.153, 0.285]
6 [0.60, 0.90] [0.067, 0.165]
7 [0.70, 1.05] [0.025, 0.086]
8 [0.80, 1.20] [0.008, 0.040]
9 [0.90, 1.35] [0.002, 0.017]
10 [1.0, 1.50] [0, 0]=0
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