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Abstract

In the literature, reliability optimization of a
redundancy allocation problem is a significant
field of study. The major goal of this kind of issue
is to increase the system's reliability. Our goal in
this study is to increase the reliability of a
redundancy allocation problem with time-
dependent component reliabilities while taking
single valued triangular neutrosophic numbers
into account for the control parameters. An
innovative attractor quantum particle swarm
optimization is utilized to softly compute the
maximum of the n stage series-parallel system.
To further illustrate how sensitive the suggested
algorithm is to the neutrosophic atmosphere, a
numerical problem is solved.

Keywords: Redundancy Allocation Problem
(RAP), NAQPSO Algorithm, Single Valued
Triangular Neutrosophic Number (SVTNN),
Average Beta-uniform Distribution Method of
Crispification, Series-parallel System

1. Introduction

The term reliability is very often used in our
daily life. From the family of human beings to the
industrial sectors or managements are deeply
influenced by reliability. Reliability is a chance or
probability of a system that happens
continuously as the operation time of the system
moves. After the Second World War, it becomes a
challenge for the society that how to improve the
reliability of a system in addition to different
obstacles.

It is seen that the researchers consider the
components of a reliable system as constant in
their corresponding researches. But it is not
always good to take the reliability components as
constants because reliability is time dependent in
our existing systems. Very few works are done
considering the time dependent component
reliabilities of a system under redundancy in
each subsystem in the literature.
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In redundancy allocation problem (RAP), the
decision  variables are  considered as
redundancies.

Obtaining maximum system reliability in a
redundancy allocation problem means to find the
solution as redundant vector of the whole reliable
system subject to time dependent variable in
each of the subsystem [11, 22, 24, 27, 39, 41].
several evolutionary algorithms and modified
versions of these algorithms [36, 37] are
employed to solve such kind of problems.

For optimizing a reliable system heuristic
method [32], reduced gradient method [15],
surrogate constraints algorithm [31] were
implemented for different allocating models.
Different optimizing techniques are reported in
the literature by Chern and Jan [7] and Misra
[29].

Kim et al. and Misra et al. [18, 29] used their
heuristic algorithms to obtain the solution of
reliability optimization problems. A series
system is used by Huang [14] to solve a multi-

objective decision-making reliability
optimization issue. Sung and Cho's [40]
reliability —optimization incorporates many

options as well as certain financial limitations.
Mahapatra and Roy [23] use the fuzzy multi-
objective mathematical programming technique
to solve reliability optimization challenges. To
tackle the redundancy allocation problem, Gupta
et al. [11] used the penalty technique in an
interval context. The stochastic reliability
optimization in interval context was described by
Bhunia et al. [5]. Sahoo et al. [38] took the risk of
presenting an application of GA in tackling
reliability optimization problems. The
generalized fuzzy number is used to determine
the optimal redundancy of a series-parallel
system [22]. Several researchers [8, 9, 25, 26,
46, 47, 48] have considered interval
environments for obtaining optimal solution in
their proposed reliable systems. Besides, many of
them [6, 10, 39] have employed their soft
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computing techniques (PSO, GA) using fuzzy
atmospheres to solve reliability optimization
problems.

A multi-objective redundancy allocation problem
was solved using particle swarm optimization by
Khalili-Damghani et al. [17]. PSO and
intuitionistic fuzzy environments were employed
by Garg and Rani [10] in finding reliability of an
industrial system. Sahoo et al. [37] used a GA to
solve a reliable series system in fuzzy
atmosphere. Jia et al., Kumar et al. and Xi et al.
[16, 19, 20, 21, 42] developed novel QPSO
algorithms to solve nonlinear optimization
problems.

Recently, consideration of intuitionistic fuzzy
environments for solving differently designed
reliable systems such as series, series-parallel,
bridge etc. are found in the study of various
researchers [3, 4, 8, 33, 34].

In all the above-mentioned existing studies of
literature, it was not seen to consider the
reliability optimization problems with time
dependent reliability components with variable
failure rates. Very few researchers indulged their
researches considering the reliability
components as time dependent as well as
random failure rates. Some of these works were
done by various renowned researchers [12, 13,
28, 30, 35, 43, 44]. Ardakan et al. [1] and
Ahmadivala et al. [2] considered time depending
reliability components in their chosen reliability
optimization problems. Transfer learning is
implemented by Zafar and Wang [43] taking
reliability optimization problem with time
dependent reliability components. Recently,

In this paper, we want to find the system
reliability considering the time dependent
components. The reliability of each component
has to be diminished exponentially with respect
to time. A new imprecise environment is taken
under consideration to make the problem more
realistic and for handling the diverse situations.
The crisp and neutrosophic models are
formulated separately. In this study, a series-
parallel system with n stages is taken subject
some restrictions. To clarify the effectiveness of
the proposed algorithm as well as the imprecise
environment, a numerical problem is illustrated
via tableau and graphs.

The rest of this paper is organized as follows: In
section 2, the necessary assumptions and
symbols are kept. The definitions of neutrosophic
set along with its different variants are included
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in section 3. Section 4 provides the crispification
techniques for the considered single valued
triangular neutrosophic number. The nonlinear
integer programming problem is formulated in
section 5. The solution methodology such as the
integration handling technique, constrained
handling technique and soft computing
technique are included in section 6. For the
clarification of our proposed environments and
algorithms, a numerical example is taken and
sensitivities are drawn graphically in section 7.
Outcomes associated with this study are analyzed
with the inclusion of section 8. Section 9
concludes the whole work done in this paper with
some future scopes.

2. Assumptions and Notation
2.1 Assumptions: In this paper, the following
assumptions are considered.
i.  Series-parallel reliability
chosen.
ii.  All the redundant components are active
and non-repairable.
iii.  Identical components are considered for
each subsystem.
iv.  Reliability components are taken as time
dependent.
v.  The failure rate of each component is
constant.
vi.  System reliability is independent of the
failure of subsystem’s components.
vii.  Reliability components follows
exponential distribution which
diminishes as time goes.

system is

2.2 Notation: The following notations are
used throughout this paper.

P Single valued
neutrosophic number

Truth membership, Indeterminacy
membership and False membership
functions w.r.t P

triangular

Tp(0), Ip (%), Fp (%)

X; Number of active redundant
components in i-th subsystem
i=12..,m)

x = (X1,X2, 0, Xp) Redundancy vector

R,(x, k,t), R,(x,k,t) System reliability functions in crisp

and neutrosophic environments

a;(x, Xy, .., Xy), constraint’s

a; (X1, X2, ., Xp)

Crisp, neutrosophic
usability functions
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System reliability functions in crisp
and neutrosophic environments

R,(x,k,t), Ry(x Kk t)

Crisp, neutrosophic constraint’s

usability functions

a;(x, Xy, .., X)),
a; (X1, X2, 0, Xp)

qj, G; Crisp and neutrosophic availability
of resources of j-th constraint

L, u; Lower and upper bounds of z;

M Particle’ size in NAQPSO algorithm

f(Divest) Best fitness value of i-th particle

Mgt Mean best position vector at T -th
iteration

Y% The i-th particle in the D-th swarm

at t-th iteration

3. Some Definitions

3.1 Neutrosophic Set (NS)

A neutrosophic set, P in a universe of discourse
Y is defined with respect to three functions,
namely truth-membership function T;3(y),
indeterminacy-membership function I5(y) and
falsity-membership function Fjz(y) such that
Ts():Y - (0—, 14), [5(y):Y >

(0—, 1+)and F5(y):Y - (0—, 1 +). Here,
0—< SupTs(y) < Suplp(y) < SupFs(y) <3+, as

there is no restriction on the sum of
Ts(), Is(y)and F5(y).
3.2 Single Valued Triangular

Neutrosophic Number (SVINN)

A single-valued triangular neutrosophic number
(SVINN) P with the set of parameters n,; <
My S lig S ngy My <y <3y <mgy <ngy s
defined as given below.

P =<

(L1, a1, 131), (myy, Mgy, maq), (Ny1, Np1, M31) > in
the set of real numbers R.

The  truth  membership, indeterminacy
membership and falsity membership degree of P
are defined by the equations (1), (2) and (3)

respectively.
y =l
T by <y<ly
lZl 111
Te(y) =1 l31— 1
»() 31 y’ Ly <y<ls @
I3y =l

0, elsewhere
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I5(y)
Yy —myy
——, My Sy <My,
My — My
=< Mgy — Yy 2)
, Mopq < y < msq
M3y — My,
0, elsewhere
Fp(y)
Yy =Ny
—— N Sy =Ny
Ny —MNq1
=< N31—)Y 3
————, Ny =y <nyg ®
N3 —Nyq

0, elsewhere

4. Beta and Uniform Distribution Method
of Crispification

According to Rahmani et al. [45], the
crispification of the triangular fuzzy number

A = (ay,a,,a3) is given by the following formula.
_ (ajt+az+aj)

(Beta)z = 3
Thus, the crispification formulae for the truth
membership, indeterminacy membership and
falsity membership degree of single valued
triangular neutrosophic number P are given as

below.
(l11+121+131)

(Beta)TIs = 3 »
(Beta),, = umains)

(nyqy +ny +n3q)
(Beta),, = M M)

Now, taking the average of these three types of
memberships, the corresponding modified Beta-
uniform distribution method becomes as follows:
(AveBeta.)TfJ =
(m11+tmag+lia+nz1+mar+lz1+lz1+ma+n3q)
9

5. Problem Formulation

A series-parallel system (Fig.1) with n number of
subsystems is considered. All the components
connected to the system as well as subsystems
are time dependent. The problem thus
formulated, represents a redundancy allocation
problem. Our main purpose is to find the
maximum value of the system reliability under
some restrictions. The redundant components of
the respective subsystems construct the required
solution vector to the redundancy allocation
problem.

In crisp environment the time dependent RAP
for series-parallel system is given by the equation

(4).




where, x = (x4, X5, ..., X,,) represents the vector of
redundancy and x; (= 0)is an integer and
t € (0,100]. Here, 7;(t) = e~ is the reliability
of the i-th component of the reliable system and
k is the failure rate of the same component.

Fig. 1: Series-parallel system with n stages
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The corresponding neutrosophic model is

formulated as given below.
Maximize Rs(t) = [T,[1 — (1 — e~kt)*i] 5)

subject to

A;(x1, %2, 00, %) £ G, j = 1,2,..,m

li < x; Sui,i =12,..,n.

where, x = (xy, x5, ..., x,,) represents the vector of
redundancy and x; (= 0)is an integer and
t € (0,100]. Here ‘“~’ is used to represent the
neutrosophic values of the parameters involved
in the constraints.
6. Solution Procedure
The considered reliability optimization problem
is an integer nonlinear programing problem with
some constraints. In this study, the main
objective is to maximize the system reliability
Rs(x, u, t) subject the redundancy lying in each
subsystem. Simpson’s 1/3' method is employed
to integrate the reliability function in the range
(0, 100] to overcome the difficulty in classical
technique to obtain the exact value of
integration. Besides, Big-M penalty technique is
implemented as a tool for handling the
constraints involved in the optimization
problems. After that the wunconstrained
optimization problem is solved using a novel
attractor based PSO algorithm.
6.1 Novel Attractor Particle
Optimization (NAQPSO)
The computational procedure of NAQPSO
algorithm is given as follows:
Step 1: Introduce Y as initialized particle and put
Yip = Pip.

Swarm
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Step 2: Generate P;; and Py, using the function
of fitness and the best position of the particles
respectively.

Step 3: Calculate the average optimal position
of all the particles using the equation

mbest =
—YMpbest; =
IMiMpbests 1, IMiMpbests2,..., IMiMpbestsd.

Step 4: obtain the value of R;;, (Novel attractor)

the RiD = LCL_CCC ﬁPLD +

2—2(1—5)199[,, B~U(0,1); where, L, is the total

using equation,

number of iterations and C, is the current
number of iterations.

Step 5: Employ the equation, Y, =R;p +
almbesty, — Y;p| x log(1/y,), u~U(0,1) to get the
new position Y;;; where, a is called the
contraction-expansion coefficient.

Step 6: Reiterate the steps 2—5 unless the
convergency criterion of the algorithm is met.

6.2 Integration Handling Technique
Due to the complexity of integrands,
implementation of traditional analytical method
for finding the integrations associated to the
proposed problems, becomes a tedious work. To
overcome this situation, we are interested to
employ numerical technique. Simpson’s 1/3%
rule is being used to find the integrations related
to our considered problem. This integration
formula is given by equation (6).
q
JF(y)a[ ::é((vo FV) HAV V3 AV ) 20 vy +...+vm_2)) (6)
p

Here, yo,y1,..,Vm are the points at

which the interval [p, ¢] is divided into m equal
parts where m is a multiple of three and
Vg, Vq, ..., Vy,  Tepresents the corresponding
ordinates, [ represents the subintervals length
and 1>0. There are 24 subintervals of
equal length in the present exertion.

7. Numerical Example
4

Maximize Ry(t) = 1_[[1 — (1 — e~y
i=1
subject to

J. Sci. Eng., 2022, 2(2) 13
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7. Numerical Example

4 Table 3: Crispified values of SVTNNs
Maximize Rg(t) = 1_[[1 — (1 —e7k)*i] ] . =
i=1 J AveBeta(Cj) AveBeta(wj)
subject to
. 1 | 1148889 4.777778
Z G x; <G, 2 | 2.228889 3.844444
j=1
3 3.358889 7.957778
% of Average
o,
. Best found %o of Worst occurrence Stal,ldifrd CPU Number
Environments occurrence Average Rs deviation .
Rs found Rs of worst time of runs
of best Rs of Rs
Rs (sec)
Crisp 0.99952457 45 0.9991654 21 0.9993123  0.00000521  0.00879 30
Neutrosophic ~ 0.9998967 50.33 0.9996716 11 0.999526586  0.00007120 0.056 30
4 4.466667 6.955556

4
2. < W,
j=1

AveBeta(fj) =54

where, x; EN, () =e*,i=1234;t€ AVeg,i(7;) =119.1667
(0,100].
. 8. Result Analysis
Table 1: Fixed parameters In this paper, a numerical problem is considered
J C; w; for testing the efficiency of the employed method
1 1.2 5 to maximize the system reliability with respect to
2 2.3 4 the redundant components. For solving the
3 3.4 8 considered numerical problem with the help of
4 45 - NAQPSO algorithm, 30 runs are taken
C. =56, W, = 120 independently. Here the proposed NAQPSO

Table 2: Representation of SVTNNs

algorithm is coded in C++ in a personal
computer with Intel(R) Core (TM) i3-
1005G1 CPU @ 1.20GHz 1.19 GHz processor,

j C; w; 4GB RAM in Linux operating system. In this
<(1.1, 1.2, 1.3), <(4.5, 5, 5.2), NAQPSO, for solving the chosen example, the
1 (1.0, 1.12, 1.32), (4.4, 4.8, 5.3), population size and the maximum number of
(0.85,1.11,1.34)> (4.2, 4.7, 4.9)> generations are taken as 70 and 100 respectively.
It is clear from the Table 4 that the maximum
<(2:2,2.3,2.4), <35, 4, 4.2), system reliability is obtained when the
2 (2.1, 2.21,2.42), (3.4, 3.8, 4.3), components
(1.98,2.0, 2.45)> (3-2,3.6,4.6)> failure rates are quadratic function of time.
<(3-3,3-4, 3-5), <(7.8,8,8.2),
3 (3.1,3.38, 3.6), (7.6,7.92,8.3), Table 4: Comparison of the obtained results
(2.9,3.35,3.7)> (7.5,7.9,8.4)>
<(4.4, 4.5, 4.6), <(6.8,7,7.2),
4 (4.3, 4.4, 4.7), (6.6, 6.9, 7.4), The optimal value of the objective function in
(4.1, 4.3, 4.9)> (6.5, 6.7, 7.5)> neutrosophic environment exceeds the optimal

C; =< (50,56,58), (48,55,59), (46,53,61) >
Ws =< (117,120,124), (113,118,125),
(111,117.5,127) >

14 J. Sci. Eng., 2022, 2(2)

value in crisp environment. In case of crisp
environment, the maximum system reliability is
0.99952457 and in case of neutrosophic
environment, it is 0.9998967. Figure 2 shows the



Fig. 2: Reliability w.r.t Generations of NAQPSO Algorithm
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From Fig. 2, it is clear that crispified data for the
single valued triangular neutrosophic
environment yields better output than the fixed
parameters involved in the considered example
for the proposed NAQPSO algorithm.

9. Concluding Remarks

We investigated a more realistic and practical
form of the redundancy allocation problem in
this paper, which addresses time-dependent
component reliabilities. The soft computing
technique of NAQPSO has been used to solve the
numerical problem in crisp and neutrosophic
environment. We are able to find significant
results on maximizing the system reliability in
comparison to the works done previously.
Throughout this work we have seen that
neutrosophic environment  produces a
remarkable result for the proposed problem.
Besides, our proposed soft computing technique
plays an important role in obtaining better result
than the existing soft computing techniques.

For future study, researchers have a
scope to consider the uncertain environments as
type-2 fuzzy, nonlinear intuitionistic fuzzy etc.
for the optimization of reliability redundancy
allocation  problems.  Furthermore, other
heuristic or metaheuristic algorithms like ABC,
GA can be applied for solving the considered
optimization problem.

Acknowledgement: The authors would like to
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