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Abstract

In the present era of global competition and faster delivery times, it has become imperative
for all production systems to perform satisfactorily during their expected life span. How-
ever, failure is an inevitable fact related with technological products and systems used in all
industries. Any unfortunate consequences of unreliable behavior of such equipments or sys-
tems leads to the desire for reliability analysis. Therefore, in recent years, the importance
of reliability theory has been increasing greatly with the innovation of recent technology
for the purpose of making good products with high quality and designing highly reliable
systems. Now a days, researchers are paying more attention to the real life problem of
improving the performance as well as profit margin of an industrial system. Therefore, in
recent years, system reliability becomes an important issue in evaluating the performance
of an engineering system and when it is low, efforts are desired for each subsystem/unit
of a system by reducing their likelihood failures. For this detailed knowledge of failure
behavior of the system as well as its components are needed so that suitable maintenance
strategies may be applied for improving its performance. Thus, in the present scenario of
global competition and faster delivery times, it is an important topic for decision-makers
to fully consider the actual business and the quality requirements together. This is the
reason why there is a growing interest in implementation and investigation of reliability
principles for industrial systems.

The present thesis is organized into four chapters which are briefly summarized as
follows:

A brief account of the related work of various authors in the evaluation of reliability of
an industrial system by using conventional, fuzzy and optimization techniques is presented

in the first chapter. In Chapter 2, the basic and preliminaries related to the reliability
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theory, fuzzy set theory and intuitionistic fuzzy set theory and to be used in the subsequent
chapters are given.

Chapter 3 presents a concept of generalized t-norm operation based methodology for
analyzing the behavior of the industrial systems. For this, data related to various compo-
nent of the system are extracted from the various resources and hence fuzzy set theory has
been used for handling the uncertainties in the data. After quantifying the uncertainties,
generalized fuzzy union and intersection operations have been used for depicting the mem-
bership functions of various reliability parameters such as failure rate, repair time, MTBF,
reliability, availability etc. Both Sensitivity analysis and performance analysis have been
conducted for finding the most critical component of the system in order to increase the
efficiency of the system. A washing unit of the paper mill, a complex repairable industrial
system, has been taken to validate the approach algorithm.

In Chapter 4, an approach has been presented which deal with the intuitionistic fuzzy
set (IFS) theory to analyze the reliability of series, series-parallel and mixed configuration
structure. In this approach, uncertainties in the data are handled with the help of IFS
and by integrating the experts knowledge and experience in terms of possibilities of failure
of bottom events, a flexible and more realistic approach to analyze the fuzzy reliability of

complex systems under uncertain environment has been presented.
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Chapter 1

Introduction

The objective of this work is to predict/analyze the behavior and performance analysis
of an industrial systems more closely by utilizing uncertain, vague and imprecise data.
A brief literature review regarding reliability /availability evaluation under the fuzzy and

intuitionistic fuzzy set environment are given hereafter.

1.1 Review of Literature

Reliability is a popular concept that has been celebrated for years as an admirable charac-
teristic of a person. Today reliability has grown into a universal attribute with qualitative
and quantitative connotations that pervades every aspect of our present day technologi-
cally intensive world. Under the complex repairable industrial systems, reliability analysis
is one of the most important task for performing and analyzing the uncertain behavior of
system using various techniques which requires the knowledge of precise numerical prob-
abilities and component functional dependencies, the information which is rather difficult
to obtain. Even if data is available, it is often inaccurate and thus, subjected to uncer-
tainty, because historical data are mostly represent the past actions but may be incapable
of predicting the upcoming behavior of the system. Further age, adverse operating condi-
tions and the vagaries of manufacturing/ production processes affects each part of system
differently. Thus, for handling it, researchers have worked on the fuzzy set theory [24]
and its arithmetic for dealing the uncertainties in the data in a more precise way. The
reliability measures in terms of fuzzy set theory and fuzzy arithmetic can be found in the

literature [3-5, 19, 22, 23] etc.



After the successful application of fuzzy set theory in various disciplines, various re-
searchers are engaged in their extension. Among these extension the one that have drawn
the attentions of many researchers during the last decade is the theory of intuitionistic
fuzzy set (IFS) introduced by Attanassov in 1986 [1]. The concept of IFS may be viewed as
an alternative of the fuzzy set in the case where available information is not sufficient for
defining the membership function by means of the conventional fuzzy set. In IFS, an extra
degree of membership called degree of rejection or non-membership has been added in or-
der to model the hesitation and uncertainty about the membership degree of belonging. In
other words, in IF'S there is consideration of two degrees of membership called acceptance
and rejection, respectively such that the sum of both values is less than or equal to one.
On the other hand, in fuzzy set theory only degree of acceptance (membership) has been
considered while degree of rejection is taken as one minus the degree of acceptance so that
there is no degree of hesitation between the membership function. Furthermore, we can-
not rule out any possibility on system failures including power systems, manual mistakes
and human factors. Therefore, it is better to use IF'S theory to evaluate the reliability of
systems. IF'S can solve this kind of problems when the experts just can assign the range of
failure events under uncomfortable confidence level. As far as reliability field is concerned,
IF'Ss have been proven to be highly useful to deal with uncertainty and vagueness, and a
lot of work has been done by researchers [7, 8, 10-15, 17, 21] to develop and enrich the
IF'S theory.

1.2 Objectives of the Thesis

The objective of this thesis is to present some new methods for finding the reliability of
some industrial systems. For this, system has been modeled with their system components
and their corresponding functioning by using union and intersection operators. Further,
the arithmetic operations on fuzzy quantities are widely used in the literature based on
the extension principle and a— level sets. But during their formulations, almost all the
authors have considered the standard fuzzy union and intersection operators. Here, in this
thesis, instead of using these operations for analyzing the system performance, we present

a suitable approach in which a generalized t-norm and t-conorm operations have been



used for finding the system reliability. Furthermore, in real-life situation, it is difficult
to analyze the fuzzy reliability of complex systems due to uncertainty present in failure
data and systems’ complexity. To deal with these types of problems and integrating the
experts knowledge and experience in terms of possibilities of failure of bottom events, the
objective of the thesis is to provide a flexible and more realistic approach to analyze the

fuzzy reliability of complex systems under uncertain environment.

1.3 Structure of the Thesis

The present thesis is organized into four chapters including the present one that contains
mainly the literature review. The rest of chapters are described below:

In Chapter 2, the basic and preliminaries related to the reliability theory, fuzzy set
theory and intuitionistic fuzzy set theory and to be used in the subsequent chapters are
given.

Chapter 3 presents a concept of generalized t-norm operation based methodology for
analyzing the behavior of the industrial systems. For this, data related to various compo-
nent of the system are extracted from the various resources and hence fuzzy set theory has
been used for handling the uncertainties in the data. After quantifying the uncertainties,
generalized fuzzy union and intersection operations have been used for depicting the mem-
bership functions of various reliability parameters such as failure rate, repair time, MTBF,
reliability, availability etc. Both Sensitivity analysis and performance analysis have been
conducted for finding the most critical component of the system in order to increase the
efficiency of the system. A washing unit of the paper mill, a complex repairable industrial
system, has been taken to validate the approach algorithm.

In Chapter 4, an approach has been presented which deal with the intuitionistic fuzzy
set (IFS) theory to analyze the reliability of series, series-parallel and mixed configuration
structure. In this approach, uncertainties in the data are handled with the help of IF'S
and by integrating the experts knowledge and experience in terms of possibilities of failure
of bottom events, a flexible and more realistic approach to analyze the fuzzy reliability of

complex systems under uncertain environment has been presented.



Chapter 2

Preliminaries

This chapter presents some of the fundamental definitions and mathematical theory for
reliability theory, fuzzy set, intuitionistic fuzzy set, a— cuts, convex and normal fuzzy set,

fuzzy numbers.

2.1 Reliability Aspects

This chapter introduces basic concepts related to reliability engineering and soft-computing
knowledge of each of which is essential for the research in this area. Basically the purpose of
reliability engineering is to develop methods and tools to evaluate and demonstrate reliabil-
ity, maintainability, availability, and safety of systems and their components/equipments,
as well as to support design/production engineers in building in these characteristics.
These main aspects of reliability engineering of a system i.e. reliability, maintainability

and availability are described briefly in the subsequent subsections.

2.1.1 Reliability

Reliability is a characteristic of an item(component or system), expressed by the proba-
bility that the item (component/system) will perform its required function under given
conditions for a stated time interval [2]. From a qualitative point of view, reliability can be
defined as the ability of the item to remain functional. Quantitatively, reliability specifies
the probability that no operational interruptions will occur during a stated time interval.
Mathematically,if we define continuous random variable T" to be the time to failure of the

component /system; T > 0, then the basic reliability function R(t), is defined for time to



failure of the system (or subsystem) as
t
R(t)=Pr(T>t)=1 —/ f(u) du (2.1.1)
0

where R(t) > 0, R(0) = 1, and tllglo R(t) = 0 and f(t) failure probability density function.

In addition to the probability function, there is another function, called the failure
rate or hazard rate function, is often used in reliability. It provides an instantaneous (at
time t) rate of failure. The conditional probability of a failure in the time interval from ¢

to t 4 0t given that the system has survived to time ¢ is

R(t) — R(t + 6t)
R(t)

Pr{it<T <t+0t|T>t}= (2.1.2)

R(t) — R(t + ot
) R t)(5 t+ ) is the conditional probability of failure per unit of time (failure

rate). The rule of conditional probability therefore dictates that:

_—dR(t) 1 f(¥)
MO = =2 R5 = R (2.1.3)

then

then A(¢) is known as the instantaneous hazard rate or failure rate function. Based on

these hazard rate function, the reliability function can be derived as

t
R(t) = exp [—/ A(u) du] (2.1.4)
0
The mean time to failure(MTTF) of the system is defined as

MTTF = /OO R(t)dt (2.1.5)
0

2.1.2 Availability

Availability is defined as the probability of a product or system working satisfactorily at
any given point of time when used under the given conditions of use [6]. Thus availability
signifies the probability that the system is available and is working satisfactorily at a
given point of time. Availability is a more meaningful parameter of performance of a
maintained system than reliability. However, reliability and maintainability are related
to availability and are two important design parameters in establishing the availability of

equipment. Similar to the reliability function, it also gives a probability that a system



will be available to function at the given time ¢t. At any given time ¢, the system will be

operational if the following conditions are met:

Ps As (Ot
A () = s s 2.1.6
() )\s+/$s+)\s+,use ( )

where, A; and us are respectively the failure and repair rates of the system.

The steady state availability, A, of a system is the limit of the instantaneous availability

function as time approaches to infinity (co) and is represented by

B MTBF
- MTBF + MTTR

where, MTTR and MTBF are the mean time to repair and the mean time between failures

A= Jim A1) (2.1.7)

of the system/component respectively.

2.2 Basic concepts on fuzzy set theory

2.2.1 Classical Sets (Crisp Sets)

A classical set is a collection of distinct objects and is defined in such a way that the
universe of discourse is split into two groups: members and nonmembers. Consider an
object x in a crisp set A. This object x is either a member or a nonmember of the given
set A. In case of crisp sets, no partial membership exists. This binary issue of membership

can be represented mathematically by the indicator function,

1 ifzeA
xa(z) = (2.2.1)
0 ifzgA

where x4 is the membership in set A for element x in the universe.
2.2.2 Fuzzy set theory

Zadeh extended and generalized the concept of crisp set by allowing the partial member-
ship i.e. between 0 and 1 and named as Fuzzy sets [24]. In it, he defines the degree of
membership function which takes values between 0 and 1 and represents degree of belongi-
ness to that set which is denoted by [0, 1], where O represent the “no” and 1 represent
“yes”. Thus, based on it, a fuzzy set has been defined as a mapping from universe of dis-

course U to [0, 1] i.e. A = {(z,pz(x) | x € U} where pz(x) is the degree of membership
of z in fuzzy set A. Clearly pz(r) € [0,1].



2.2.3 «— cuts

a-cut is one of the most significant and extensively used concept in fuzzy set theory which
was introduced by Zadeh [24]. When we want to exhibit an element z € X that typically
belongs to a fuzzy set A, we may demand that its membership value be greater than some
threshold « € [0, 1].

For a fuzzy set ;L

Ay = {zluzla)>ak  ael)
Ao = {zluz@) ok ael)
are called strong a— cut and weak a— cut respectively.

The a-cut of fuzzy number (a, b, ¢) is defined below and shown graphically in Fig. 2.1

whose interval of confidence are defined are

Ay = [0, D] = [(b— a)a + a, —(c — b)a + (] (2.2.2)
7 3
1
HA) A
a-cut
0 a a@ b c@ ¢ >

Figure 2.1: A fuzzy set A

2.2.4 Convex fuzzy set

A fuzzy set A = {((x,pz(z)) | x € U) is said to be convex fuzzy set [18] if the following

inequality has been hold for z1,x2 € X

pi(Azr + (1= Nzg) = minfu 3(21), pz(2)]

If above inequality does not hold then that it is said to be non-convex fuzzy set.



2.2.5 Normal fuzzy set

A fuzzy set is said to be normal fuzzy set [18] if there exist at least one element in the

universal set U such that their corresponding membership function is unity.

2.2.6 Fuzzy number

A convex, normal membership function on the real line R is called a fuzzy number [18]
i.e., if its membership function is piecewise continuous and there exist at least one zg € U

such that u7(wg) = 1. The corresponding membership function defined on [a,b] # 0 is

given as
f(x) 5 x€(-00,a)
1 ; x=|a,b
pi(x) =
g(x) ;3 € (boo)
0 ;  otherwise

where f and g are monotonic, continuous from the right and left, nondecreasing and
nonincreasing functions such that f(z) = 0 for x € (—oo,w;) and g(x) = 0 for z € (w2, 00).
A fuzzy number A = (a,b, ¢, d) is called a trapezoidal fuzzy number if its membership

function p4 is given by

(

= 3 a<z<b

1 ;o b<z<c
pa(z) =

fli:ﬁ ;o c<x<d

0 ;  otherwise

The a— cut of the number A = (a, b, ¢, d) is the closed interval
Ay =[AL AR = a4+ a(b—a),d—a(d—c)] , ac(0,1]
2.3 Intuitionistic fuzzy set theory

An intuitionistic fuzzy set (IFS) A [1] in a finite universe of discourse X = {z1,x2,...,2n}

is given by

A= {(z,pa(x),valz)) |z € X}



where p4(z) and v4(z) respectively the grades of membership and non-membership of an
element = with the conditions that 0 < pa(x),va(x) < 1, and pa(x) + va(x) < 1. IFS
reduces to fuzzy set when my(z) = 0, V z € X. A typical illustration of a IFS set A is

shown in Fig. 2.2.

Membership ‘
values
1
A ganst Hesitation
region region
1-vz(x) K
LY
\
\
Hg(x)
xy Support
region

Figure 2.2: Representation of a IFS set

For example, if pa(z) = 0.6,v4(z) = 0.3 then m4(x) = 0.1 for some x which implies
that  belong to IFS A and accept evidence is 0.6; decline evidence is 0.3 and hesitation

is 0.1.
2.3.1 «- level set or cut of an IFS

Let v € [0, 1] then an a— level set or a— cut generate by IFS A is denoted by A4, and is

defined mathematically as

Ay ={r e X : pz(z) > a} (2.3.1)
while for non-membership function, it is defined as

Ay ={re X : 1-vz(z) > a} (2.3.2)
where « is the parameter in the range 0 < a < 1.
2.3.2 Convex intuitionistic fuzzy set
An IFS set A in universe X is said to be convex if and only if

(i) Membership functions of y 3(x) of A is fuzzy - convex i.e.

pi(Azy 4 (1 = N)ag) > min(pz(z1), pz(22)) V 21,72 € X, 0<A<1
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(ii) Non-membership functions of vz (x) of A is fuzzy - concave i.c.
Vg()\xl + (1 — )\).tg) < max(ug(xl), Vg(.%z)) V z,20€ X, 0< AL

2.3.3 Normal IFS

An IFS A is said to be normal if there exist at least two points x1,x2 € X such that

pi(r1) =1 and vz(x) = 0.
2.3.4 Intuitionistic fuzzy number (IFN)

An intuitionistic fuzzy subset A = {(x, pi(w),vz(w)) | © € R} of the real line R is called
an IFN if

(i) A is convex and normal.
(ii) 7 is upper semi-continuous and vy is lower semi-continuous.
(iii) SuppA = {z € X | pa(x) < 1} is bounded.

Let A be vague set denoted by A= ([(a,b,c); u,v]), where a,b, c € R then the set Ais

said to be triangular vague number if its membership function is given by

rT—a b—=x
X ;o a<z<b v X ;o a<z<b
b—a b—a
I ;o x=b 0 ;o x=b
zla) = . L vile) = -
X ; b<z<ec v X ;o b<zr<ec
c—b c—b
0 ;  otherwise v ;  otherwise

\
where the parameter b gives the modal values of A and a,c are the lower and upper

bounds of available area for the evaluation data. a-cuts of it has been defined as

A@ = 4@ @) = [q + %(b —a), c— %(C —b)] (2.3.3)
and Ay = [, c@] =le+Sb-a), c==(c—b) (2.3.4)

where a(®), a(q) are the increasing functions and @), C(a) are decreasing functions of 0 <

a<l1.
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2.4 t-Norms & t-Conorms

2.4.1 Fuzzy Intersection: t-Norms

A fuzzy intersection (t-Norm) 7', is a binary operation on the unit interval i.e., a function

of the form [18]
T:0,1] x [0,1] = [0,1]
defined for all z € X by
(AN B)(z) = T|A(z), B(z)] (2.4.1)

satisfies the following axioms for all a,b,d € [0, 1].

Axiom 1: T(a,1) =a (Boundary condition)

Axiom 2: b < d implies T'(a,b) < T'(a,d) (Monotonicity)

Axiom 3: T'(a,b) =T(b,a) (Commutativity)

Axiom 4: T(a,T(b,d)) = T(T(a,b),d) (Associativity)

These four axioms are called the axiomatic skeleton for fuzzy intersections. A class of fuzzy
intersection (t-norms) is obtained by if the fuzzy intersection also satisfies the additional

three axioms i.e.,

e Axiom 5: T is a continuous function. (Continuity)

e Axiom 6: T(a,a) < a (Subidempotency)

e Axiom 7: a1 < az and by < be implies T'(ay,b1) < T(az, b2) (Strict monotonicity)

A t-norm function 7 is called Archimedean t-norm if it is continuous and, for all = € [0, 1],
T(x,z) < x. If for all z,y € (0,1), T(x,y) is strictly increasing, T'(z,y) can be called

strictly Archimedean t-norm.

Result 2.4.1. Let T be binary operation on the unit interval. Then T is an Archimedean
t-norm if and only if there exists a decreasing generator g such that

T(a,b) =g " (g(a) +g(b) ¥V a,be0,1]
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2.4.2 Fuzzy Unions: t-Conorms

A fuzzy union (t-conorm) S, is a binary operation on the unit interval i.e., a function of

the form [18]
S:00,1] x [0,1] — [0,1]
defined for all z € X by
(AUB)(z) = S[A(z), B(z)] (2.4.2)

satisfies the following axioms for all a,b,d € [0, 1].

Axiom 1: S(a,0) =a (Boundary condition)

Axiom 2: b < d implies S(a,b) < S(a,d) (Monotonicity)

Axiom 3: S(a,b) = S(b,a) (Commutativity)

Axiom 4: S(a,T(b,d)) = S(S(a,b),d) (Associativity)

These four axioms are called the axiomatic skeleton for fuzzy union. A class of fuzzy union

(t-conorms) is obtained by if the fuzzy union also satisfies the additional three axioms i.e.,

e Axiom 5: S is a continuous function. (Continuity)
e Axiom 6: S(a,a) <a (Subidempotency)
e Axiom 7: a1 < az and by < be implies S(a1,b1) < S(az, b2) (Strict monotonicity)

A t-conorm function S is called Archimedean t-conorm if it is continuous and, for all
z €[0,1], S(z,z) < x. If for all z,y € (0,1), S(x,y) is strictly decreasing, S(x,y) can be
called strictly Archimedean t-connorm.

Result 2.4.2. Let S be binary operation on the unit interval. Then S is an Archimedean
t-conorm if and only if there exists a increasing generator h such that

S(a,b) = h™Y(h(a) + (b)) ¥V a,be[0,1]

It is well know that a strictly Archimedean t-norm is generated by its additive generator
gasT(z,y) = g (g9(x) +g(y)) and g is strictly decreasing function: [0,1] — [0, c0) such
that g(1) = 0. Let h(t) = g(1 —t), and then Archimedean t-conorm can be expressed as
S(z,y) = h=1(h(x) + h(y)). If the generator g is assigned different forms, then we have
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Case 1: If g(t) = —log(t), then h(t) = —log(l1 —t), g~ '(t) = e, and h71(t) = 1 — e L.
Therefore, Algebraic t-conorm and t-norm can be obtained: S(x,y) = x +y — zy
and T'(z,y) = xy.

9 _

Case 2: If g(t) = log (tt> , then Algebraic t-conorm and t-norm can be obtained: S(z,y) =
I+2)(1+y) -1 -2)1-y)
(I+z)(1+y)+ 1 -2)(1-y)

2zy
2-2)2-y) +azy

and T'(z,y) =




Chapter 3

Reliability analysis of an industrial
system using t-norm operations

The objective of this chapter is to present a new approach for analyzing the reliability of
an industrial systems by using generalized t-norm and t-conorm operations and illustrated

with a case study of washing unit of a paper mill.

3.1 Introduction

Today in real-world decision, an uncertainty play a dominant role during the analysis
and hence a billion of dollars are being spent in maintaining the performance of the
system by designing a reliable system and/or products. The primary objective of the
system analyst is to increase the reliability and/or availability of the system by choosing
the proper maintenance actions. For reliability, this has become an eagerly topic in the
field of industrial engineering to maintain the components of the system for a longer
period of survival so as to increase the production of the system [9, 16]. However, if the
analysis has been taken out without handling the uncertainties, then the result will surely
give a false opinion of the decision makers. To deal with such uncertainties, fuzzy set
theory [24] is one of the powerful tools for handling the vagueness and used by the various
researchers [5, 7, 8, 10-12, 15, 17| in the field of reliability analysis by taking triangular
linear membership functions.

In this chapter, a concept of generalized t-norm operation based methodology for

analyzing the behavior of the industrial systems has been presented. For this, data related

14
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to various component of the system are extracted from the various resources and hence
fuzzy set theory has been used for handling the uncertainties in the data. After quantifying
the uncertainties, generalized fuzzy union and intersection operations have been used for
depicted the membership functions of various reliability parameters such as failure rate,

repair time, MTBF, reliability, availability etc.
3.2 Methodology

An approach has been presented by taking the different fuzzy numbers for analyzing the

behavior of the system under the following restrictions.
(i) component parameters are independent.
(ii) maintenance facility is separate for each component.
(iii) after repairs, component is assumed to be as new.
(iv) standby components are of same nature as of active units.

Based on these assumptions, the methodology for conducting the behavior analysis are

summarized in the following four steps as follows:

(Step 1:) The approach has been started from the information extraction phase in which
plant personnel may extract the information related to system components’ in
the form of failure rates A;’s and repair times 7;’s of each component either from

the sheets or from their personal experiences.

(Step 2:) The obtained information from Step 1 are generally out of date or imprecise
due to lack of proper update or by human errors. So in order to quantify the
uncertainties in the data, this crisp data is converted into the triangular form of
the fuzzy numbers with some known spread say 15%, 25% and 50% as suggested

by the decision makers towards the data.

(Step 3:) Corresponding to aw— cuts obtained from the above step have been used for
finding the overall system fuzzy numbers by using fuzzy intersection and unions

norms operations as given in Eqs. (2.4.1) and (2.4.2) respectively. Based on
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it, various reliability indices, listed in Table 3.1, are quantitatively in terms of

evaluating the membership functions at different levels of a— cuts.

Table 3.1: Some Reliability Parameters

Parameters Expressions
Failure rate MTTF, = )\i
Repair time MTTR, = & =1,
Mean Time Between Failures (MTBF) MTBF,; = MTTF, + MTTR
Reliability Ry = e st
. e _ Ms )\s —(Astpus)t
Avallablhty AS = m + me ( ) H )
Expected numbers of failures (ENOF) W,(0,t) = g\jﬁi + (ASiZS)Q [1 — e~ (stus))

(Step 4:) After fuzzifying the data, it is necessary to decode it in the form of crisp number
so as to implement their results in the real systems. For this, center of gravity
(COG) method has been used as it gives the mean of the membership function

in the interval [z1, x2]. Mathematically, it is represented as

f;f x - pa(x)de

COG = 221
fxf pa(x)ds

(3.2.1)

3.3 Case study

In this section, a brief description of the system i.e. a paper mill which is a large capital
oriented engineering systems, comprising of units/subsystems namely, feeding, pulping,
washing, screening, bleaching, forming, dryer and press, arranged in predefined configura-
tion. Out of it, the washing unit is one of the most important functioning unit of the mill.

The brief description of the system is summarized as below.

3.3.1 System description

The Washing of prepared pulp is done in three to four stages, to get it free from blackness
and to prepare the fine fibers of the pulp. The system consists of four main subsystems,

defined as:

e Filter (A): It consists of single unit which is used to drain black liqueur from the

cooked pulp.



17

e Cleaners (B): In this subsystem three units of cleaners are arranged in parallel
configuration. Fach unit may be used to clean the pulp by centrifugal action. Failure

of anyone will reduce the efficiency of the system as well as quality of paper.

e Screeners (C): Herein two units of screeners are arranged in series. These are used
to remove oversized, uncooked and odd shaped fibers from pulp through straining

action. Failure of any one will cause the complete failure of the system.

e Deckers (D): Two units of deckers are arranged in parallel configuration. The
function of deckers is to reduce the blackness of pulp. Complete failure of decker

occurs when both the components will fail.

The systematic diagram of the system are shown in Fig. 3.1.

Pulp from lank|—>| Filter (A) l— Water tank
Undesirable l l
material

| Cleaner (8,) | Cleaner (B,)

v v

| Decker (D,) | | Decker (D) |

Figure 3.1: Systematic diagram of Washing system

3.3.2 Behavior analysis

The procedure steps used for conducting the analysis by using proposed methodology are

given as below.

(Step 1:) Under the information extraction phase, the data related to main components’
of the system are extracted in the form of failure rates (A;’s) and repair times

(1i’s) and are summarized in Table 3.2 along with their level of significance.
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Table 3.2: Input data for the main components of the Washing system
Components— Filter Cleaners  Screeners Deckers
i=1) (=234 (1=5,6) (i=171,8)
Failure rate \; (hrs™') 1x107% 3x107% 5x107% 5x 1073
Repair time 7; (hrs) 3 2 3 3

(Step 2:) As the obtained data are imprecise or uncertain and hence contain some sort
of uncertainties. To handle these uncertainties, the obtained(crisp) data are
fuzzified into TFNs with some known spread or support, +15% (also at +£25%,
+50%) on both sides of data, as suggested by system analyst/ decision makers

and hence their generalized fuzzy numbers are arranged in Table 3.3.

Table 3.3: Generalized Triangular fuzzified data for the main components system

Components Failure rate Repair time
J Ai (hrs™1) 7; (hrs)
Filter (i = 1) (0.0085, 0.001, 0.00115; 0.65) 2.55, 3, 3.45; 0.65

Cleaners (i = 2,3,4) (0.00255, 0.003, 0.00345; 0.75)
Screeners (i = 5,6)  (0.00425, 0.005, 0.00575; 0.80)
Deckers (i = 7,8) (0.00425, 0.005, 0.00575; 0.90)

1.70, 2, 2.30; 0.75
2.55, 3, 3.45; 0.80
2.55, 3, 3.45; 0.90

N N N
— — — —

(Step 3:) Based on these data and the minimal cut set of the system obtained as {A},
{B1B2Bs}, {C1}, {C2} and {D;1 D5}, the system expression for systems’ failure

rate (As) and repair time (75) are obtained using the results as below

As = AMUMA2NA3N ) U (A5 UAXg) U (A7N Ag)
()\1 ﬂTl) U ()\2 N A3 N )\4)(7’2 N 73 ﬂ7‘4) U ()\5 ﬂ7‘5) U ()\6 ﬁ’Tﬁ) U ()\7 N )\8)(7‘7 ﬂTg)

Ts =

As

Here, we take fuzzy intersection (N) and fuzzy union (U) as the t-norms and
t-conorms respectively defined by Eqgs. (2.4.1) and (2.4.2) respectively. In this
study, we take g(t) = log((2 — t)/t) and then based on it, the various reliability
parameters have been computed at different confidence levels ranging from 0 to
1 at the mission time t = 10(hrs) with left and right spread. These computed
results are depicted graphically in Fig. 3.2 for +15% spreads along with the
existing techniques results while their corresponding value of each a— cut are

tabulated in Table 3.4.
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Figure 3.2: Fuzzy Reliability Indices Plots for Washing system
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(Step 4:) As for implementing these results in real-life situation then it is necessary that
these fuzzified valued should be converted to crisp values as most of the actions
implemented by the human or machines are binary or crisp in nature. Thus
for this, COG method is used and the corresponding crisp and defuzzified val-
ues of reliability indices at +15%, +25% and +50% spreads are computed and
compared with the existing results are shown in Table 3.5. It shows that when
uncertainty level in the form of spread increases from +15% to +25% and further
+50%, the variation in defuzzified values for almost all the reliability indices are

not so much as shown by results of other techniques.

Table 3.5: Crisp and defuzzified values of the system

Reliability parameters | Crisp values Defuzzified values at spread
+15%  +25% +50%
I1%: 0.011155 0.011164 0.011207

Failure rate 0.011150
IT°: 0.011008 0.011010 0.011021

I: 3.121068 3.387354 4.968921
Repair time 2.979753

IT: 2.997908 2.997362 3.000397

I: 93.850876 96.08055 109.1546
IT: 94.886048 96.84032 108.2938

MTBF | 92.663246

I: 0.894508 0.894545 0.894718
IT: 0.895818 0.895911 0.896326

Reliability 0.894488

I: 0.967489 0.965238 0.958872
IT: 0.968889 0.968568 0.967002

Availability 0.968846

1: 0.109248 0.109969 0.117147
ENOF 0.108919

IT: 0.107672 0.107897 0.108997

@ : Existing [17, 19]

b . proposed
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3.3.3 Performance analysis

In order to save money, manpower and time, current conditions of the systems should
be changed according to their effectiveness program. For this, it is necessary to find the
components of the system on which more attention should be given for increasing the
performance and productivity of the system. To conduct such type of analysis, an investi-
gation has been done on system availability index for finding the most critical component,
as per preferential order, of the system by varying their failure rate and repair time si-
multaneously and fixing the failure rate and repair time of other components’ at the same
time.

The results corresponding to main components of the washing system are obtained
graphically and shown through the surface plot in Fig. 3.3 which contains four subplots
corresponding to four main components of the system. The magnitude of effect of variation
in failure rates and repair times of various subsystems of the system on its performance
is summarized in Table 3.6. On the basis of these results, it can be analyzed that for im-
proving the performance of the system, more attention should be given to the components

as per the preferential order; decker, screener, cleaner, filter.

Table 3.6: Variation of Failure rates and Repair times on the System Availability of
Washing System

Components Range of Failure rate Range of Repair time Availability Index
(failures/hrs) (hrs) Min Max
Filter 0.00085 - 0.00115 2.5500 - 3.4500 0.98980625 0.99365935
Cleaner 0.00255 - 0.00345 1.7000 - 2.3000 0.97695681 0.98717642
Screner 0.00425 - 0.00575 2.5500 - 3.4500 0.95497551  0.96894240

Decker 0.00425 - 0.00575 2.5500 - 3.4500 0.94621405 0.96894240
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Availability
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Figure 3.3: Effect of varying Failure rate and Repair time on Washing System Availability

3.4 Conclusion

The objective of this chapter is to present a novel technique for analyzing the behavior
of the system using the generalized operations of t-norm and t-conorm operations. For
this, a case study of washing unit, from a complex repairable system of paper mill, has
been taken for illustration. In it, information related to various component of the system
are collected from different phases and fuzzy set theory has been used for handling the
uncertainties in the data. After quantifying the uncertainties, generalized t-norms and

t-conorms operation have been used for analyzing the various reliability parameters at
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different levels of significance levels. Their corresponding results have been compared
with the existing techniques results and shows their conservative in nature. For ranking
the critical components of the system on the basis of their performance on which more
attention need to be given to save money, manpower and time, an analysis has been done
on system availability index. In this analysis, effects of varying failure rate and repair
time of main components of all the subsystem of the paper mill on system availability
are analyzed by varying failure and repair rate parameters of each of the constituting
components separately and fixing failure rate and repair time of other components at the
same time. The corresponding computed results have been shown graphically and their
computed ranges are summarized in tabular form which indicate the effects of taking
wrong decisions on the system’s behavior. Major advantage of this analysis is that by
varying individual component’s failure rate and repair time, the impact on the system’s

performance can be analyzed effectively to plan the future course of action.



Chapter 4

Fuzzy system reliability analysis
by the use of norm operations on
intuitionistic fuzzy number

This chapter addresses the fuzzy system reliability analysis using different types of IFNs.
In the present chapter, a new algorithm has been introduced to construct the membership
and non-membership function of fuzzy reliability of a system with components following
different types of intuitionistic fuzzy failure rates. Here failure rates of cmponents of the
system are constant and represent by different types of IFNs. To construct the mem-
bership and non-membership functions of intuitionistic fuzzy reliability, a compensatory
“AND” and “OR” operators have been introduced by using the t-norm and t-conorm op-
erations. Using these, intuitionistic fuzzy reliabilities of series, series-parallel and mixed

configuration system have been computed.

4.1 Overview

Among the great variety of fuzzy complements, intersection, and unions, the standard
fuzzy operations possess certain properties that give them a special significance. Further-
more, the standard fuzzy intersection (min operator) produces for any given fuzzy sets the
largest fuzzy set from among those produced by all possible fuzzy intersections (t-norms).
On the contrary, the standard fuzzy union (max-operator) produces the smallest fuzzy
set among the fuzzy sets produced by all possible fuzzy unions (t-conorms). Furthermore,

in real-life situation, it is difficult to analyze the fuzzy reliability of complex systems due

25
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to uncertainty present in failure data and systems’ complexity. To deal with these types
of problems and integrating the experts knowledge and experience in terms of possibili-
ties of failure of bottom events, the objective of the chapter is to provide a flexible and
more realistic approach to analyze the fuzzy reliability of complex systems under uncertain

environment.

4.2 Compensatory Operator

4.2.1 ‘AND’ operator

Let A and B be two fuzzy numbers then the failure possibility F'(AN B) for A > 0 and

B > 0 can be defined using compensatory AND operator for the parameter y € [0, 1] as
F(ANB) = (T(4,B))'(1—S(A,B))

where T, S represents the t-norm and t-conorm respectively of the two fuzzy set A and B
defined in Egs. (2.4.1) and (2.4.2) respectively.

Consider two positive TFNs A = (a1, ag,a3) and B = (by, by, b3) and algebraic product
t-norm (intersection) and t-cornom (union) defined by T'(z,y) = zy and S(z,y) = 1—(1—
x)(1 — y) respectively then failure possibility F(A N B) is given for parameter v € [0, 1] as

F(ANB) = (F(A)F(B)" [l - (1 - F(A)(1 - F(B))

= ((a1,a2,a3)(b1,b2,03)) 771 = (1 = (a1, a2, a3)) (1 — (b1, b, b3))]”

= (albl, azbg, agbg)l_’y[l — (1 — as, 1-— ag, 1-— a1>(1 — bg, 1-— bg, 1-— bl)ry
4.2.2 ‘OR’ operator

Let A and B be two fuzzy numbers then the failure possibility F(AU B) for A > 0 and

B > 0 can be defined using compensatory OR operator as
F(AuB) = S(A,B)

Consider two positive TFNs A = (a1, ag,a3) and B = (b, by, b3) and algebraic product

t-norm (intersection) and t-cornom (union) defined by T'(z,y) = zy and S(z,y) =1—(1—
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z)(1 — y) respectively then failure possibility F'(A U B) is given as

F(AUB) = 1—(1-F(A))(1 - F(B))
= 1—(1—(ay,a2,a3))(1 — (by, b, bs))

= 1-(1-a31—az,1—ay)(l—>b3,1—by,1—01)
4.3 Illustrative Example

The above mentioned operator has been illustrated through analyzing the system reliability
of the series, parallel and series-parallel systems, where failure rates of the components
of a systems are represented by different types of vague sets defined on the universe of

discourse [0, 1].
4.3.1 Series System

Consider a series system having ‘n’ components connected in series configuration as shown
in Fig. 4.1. Assume that the failure rate of ‘n’ components are represented by different
IFNs A1, Ao, ..., A, and reliability of ‘n’ components with intuitionistic fuzzy failure rates
AL, A2, ..., Ay are Ry, Ro, ..., R, respectively at time ¢, then the reliability of the system

at time ¢ using compensatory operator is

Ry(t) = (ilf[lRM)M o 1 —ﬁ(l S 20)] T 8

where R;(t) = exp <— PRI t> is the reliability of the i*" component.
i=1

Figure 4.1: Structure of the series system

Ezample : Assume that a radio set [12, 21] consists of three independent major compo-
nents: a power supply, a receiver, and an amplifier, and all must work normally to operate
the radio set successfully. Let intuitionistic fuzzy failure rates of components: a power
supply, a receiver, and an amplifier are in form of different types of IFNs A1, Ao and A3

whose values are given in Table 4.1 [12, 21]. At various mission times ¢t = 5,10 and 15
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Table 4.1: Input data for series system
Intuitionistic fuzzy failure rate of i"® component  Types of the intuitionistic fuzzy numbers

of series system

A1=(0.02, 0.03, 0.04 ; 0.01, 0.03, 0.05) Triangular intuitionistic fuzzy number
A2=(0.03, 0.04, 0.05, 0.06 ; 0.02, 0.04, 0.05, 0.07) Trapezoidal intuitionistic fuzzy number
A3=(0.02, 0.05, 0.08, 0.12 ; 0.01, 0.04, 0.09, 0.14) Trapezoidal intuitionistic fuzzy number

hrs, the proposed approach has been applied for computing various a— and S— cuts of
the system reliability Rs(¢). Initially, considering v = 0 and hence reliability of the system
has been computed at different a— and S— cuts for different mission times. The results
corresponding to this decision parameter (7 = 0) is summarized in Table 4.2 along with
the existing techniques results [12, 21] which shows that the proposed approach follows
the same trend as that of previous methods and hence it is conservative in nature. On the
other hand, the effect of the v parameter on the system reliability has been analyzed by
varying its values from 0 to 1 with an increment of 0.2 and their corresponding ranges of

these various cuts are summarized in Table 4.3 along with the existing results.

4.3.2 Series-parallel system

Consider the system shown in Fig. 4.2 where the reliability of the components A;, Ao,
Az and Ay are represented by IFNs Ry, Ro, Rs, R4 respectively whose values are given in

Table 4.4 [12, 20], then the reliability of the system ]:’Lsp is

Ry, = (RiURy)N(R3URy)

= (Ri2®R31)" " ® (1 — (1 - Ri2) ® (1 — Ray))”

where Ri3 = Ry URs and R34 = R3U R4 be reliability of A1 U Ay and AzU Ay respectively.

Figure 4.2: Series-parallel system
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Table 4.4: Input data for series-parallel system
Intuitionistic fuzzy reliability of " component Type of intuitionistic fuzzy numbers
of the system
R1=(0.03, 0.04, 0.05 ; 0.02, 0.04, 0.07)
R2=(0.02, 0.03, 0.04, 0.06 ; 0.01, 0.03, 0.04, 0.07)
R3=(0.03, 0.06, 0.08, 0.11 ; 0.02, 0.04, 0.09, 0.14)
R,=(0.02, 0.04, 0.06 ; 0.01, 0.04, 0.08)

Triangular intuitionistic fuzzy number
Trapezoidal intuitionistic fuzzy number
=( Trapezoidal intuitionistic fuzzy number
=(

Triangular intuitionistic fuzzy number

By representing the given data in the form of fuzzy numbers, the corresponding system
reliability R, is obtained at different levels of a— and S— cut levels of significance. The
membership and non-membership functions value corresponding to system reliability are
computed and summarized in Table 4.5 along with the existing technique result [12]. The
variation of these computed result at different value of parameter v are depicted in Fig.
4.3 along with existing approaches result. From these plotted and tabulated results, it has
been observed that the proposed result has a less range of uncertainty i.e. have less range

of prediction than existing approaches.

- - -Existing
—+— Propose(

Degree of membership
Degree of membership
Degree of membership

0 0
0 0005 001 0015 002 0025 003 0 001 002 003 004 005 0.04 0.06 0.08
Series—Parallel System Reliability Series—Parallel System Reliability Series-Parallel System Reliability
(a) y=10.0 (b) y=10.2 (c)y=04
1 1
Existing
o 0pOSe( o o
z = 0.8 < 0.8
[4 [4 [4
[7) [ [9]
£ £ £
50 508 5 0.
E € €
s s s
5 ) @ 04 @ 04
o o o
[9) [9) [9)
a) a} a}
. 0.2 0.
- 0 0
002 004 006 008 01 0.2 0 0.05 0.1 0.15 0.2 005 01 015 02 025 03 035
Series-Parallel System Reliability Series-Parallel System Reliability Series-Parallel System Reliability
(d) y=0.6 (e) y=0.8 (f)y y=1.0

Figure 4.3: Series-Parallel system Reliability at different values of parameter ~y
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Table 4.5: Series-parallel system reliability values at different ~y

Membership function values Non-membership function values

¥ Garg [12] Proposed Garg [12] Proposed
0.00244, 0.00671, 0.00915, 0.01748]  [0.00131, 0.00379, 0.00527, 0.01064] [0.00300, 0.00046, 0.01811, 0.00574]

0.0 0.00539, 0.00088, 0.02820, 0.00991

[ [ ]
0.2 | [0.00617, 0.01304, 0.01622, 0.02459]  [0.00228, 0.00625, 0.00855, 0.01666] | [0.01105, 0.00287, 0.03266, 0.01687]  [0.00499, 0.00085, 0.02761, 0.00929]
0.4 | [0.01561, 0.02535, 0.02873, 0.03460]  [0.00466, 0.01160, 0.01543, 0.02829] | [0.02264, 0.00930, 0.03782, 0.02872] [0.00944, 0.00194, 0.04485, 0.01667]
0.6 | [0.03951, 0.04927, 0.05089, 0.04868]  [0.01039, 0.02330, 0.03001, 0.05138] | [0.04641, 0.03012, 0.04379, 0.04891] [0.01937, 0.00482, 0.07731, 0.03220]
0.8 | [0.09997, 0.09574, 0.09014, 0.06849]  [0.02590, 0.05224, 0.06504, 0.10314] | [0.09510, 0.09752, 0.05070, 0.08328]  [0.04440, 0.01331, 0.14593, 0.06925]
1.0 | [0.25291, 0.18604, 0.15968, 0.09635] [0.09969, 0.16850, 0.19760, 0.27349] | [0.19489, 0.31569, 0.05871, 0.14180] [0.14895, 0.05993, 0.34638, 0.20726]

4.3.3 Sump pump system

This example states that a building basement equipped with a sump pump system may
be flooded during heavy rainstorms if the rate of inflow water exceeds the normal pump
capacity. However, a smaller rainstorm may cause a flooding in the basement if the sump
pump system is not operating properly. For this, a system [12] has been considered which
consists of a primary pump operated by the utility power and a back-up battery-operated
pump that will be automatically activated on power failure shown in Fig. 4.4(a). The
failure of the pump system will occur if both primary pump and the back-up pump fail to
operate during periods of ground water inflow from a storm. However, the primary pump
will fail if it breaks down or if there is a power outage while the back-up pump will fail if it
malfunctions or if the battery is drained. On the other hand, if both the periods of power
outage and inflow exceed the battery capacity then the battery will be drained. Thus the
various components/events E;,i = 1,2,...,12 associated with the system are defined as
below.

FEq:  failure of occupant to take remedial action.

E5:  period of power outage exceeds battery capacity.

Es5:  period of inflow exceeds the battery capacity.

F,:  battery drained.

FEs5:  back-up pump malfunctions.

FEs:  back-up pump fails.

FE;:  power outage.

FEg:  primary pump malfunctions.

FEy:  primary pump fails.
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FEqp:  inflow to basement sump.
FEyq: failure of pump system.

FEq9:  rate of inflow exceeds pump capacity.

Bt | T Utility Power a
attery Ew Ew)
| a

|| Back-up (Eo) S
/ Pump

Back-up pump ﬂ ﬂ

operatesahove Normal

thiswater level water D (&) © @

level
Primary a
Pump
(a) A Sump Pump system (b) Fault tree Model

Figure 4.4: Systematic diagram and Fault tree model of a sump pump system

The equivalent systematic diagram of the system and their corresponding fault tree
model has been given in Fig. 4.4(a) and 4.4(b) respectively, where SPF represents the
system top failure events. The data related to various events of the system are collected
from the historical records/logbooks/sheets etc and are integrated with the help of the
plant personal. But due to various practical reasons, the collected data obtained from
various resources possess uncertainties, impreciseness or vagueness. So to handle them,
the obtained (crisp) data are fuzzified into trapezoidal fuzzy numbers with some known
spread on both side of the data as suggested by the system analyst/decision makers and
are given in Table 4.6 [12], where R; represents the reliability of i*" events in the form of
intuitionistic fuzzy numbers.

Based on the fault tree model, the reliability of the main events of the system is written

as

Ri=R NRsNR3 ; Rg=R4UR; ; R9g=R;yURg ; Ri1=RsNRygN Ry
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Table 4.6: Input data for the main component of the pump

Reliability of the main components of the pump in IFNs
R; = (0.02,0.05,0.08,0.13;0.01,0.03,0.09,0.14) R = (0.20,0.33,0.36,0.41;0.09,0.31,0.37,0.42)
R3 = (0.04,0.07,0.10,0.14;0.03,0.05,0.11,0.15)  Rs = (0.05,0.08,0.11,0.16; 0.04, 0.06,0.12,0.17)
R; =(0.10,0.13,0.16,0.21;0.09,0.11,0.17,0.22)  Rg = (0.06,0.09,0.12,0.17;0.05,0.07,0.13,0.18)
Ry0 = (0.10,0.12,0.15,0.17;0.08,0.11,0.16,0.19)  R;2 = (0.05,0.08,0.11,0.14; 0.03,0.07,0.12,0.16)

while the resultant fuzzy reliability of basement flooding system is computed as

Ry = Ri1 U Ry

By representing the given data, the corresponding system reliability Rs is obtained at

different levels of a— and S— cut levels of significance. The ranges of membership and

1 1 !
208 208 208
3 3 3
% 06 g 06 g 06
E E £
§ 04 § 04 g 04
z : z
02 02 02
o . o . o L
005 01 015 005 01 015 02 002 005 008 011 014 017 02 02
Reliability of basement system Reliability of basement system Reliability of basement system
(a) y=10.0 (b) v =0.2 (c) y=04
1 : 1 1
! \ - - Existing
! \ —— Proposed
208 / \\ ,'I 208 208
2 o4 h ! < o4 2 04
] " ke] 5
8 04 t 8 04 8 04
g g g
02 D 02 02
o Ao . " o o
0 005 01 015 02 025 03 035 0.1 0.2 03 04 05 04 05 06 07 08 09 1
Reliability of basement system Reliability of basement system Reliability of basement system
(d) y=0.6 (e) y=10.8 (fH)yvy=1.0

Figure 4.5: Reliability of sump-pump system at different values of parameter -

non-membership functions value corresponding to system reliability are computed and

summarized in Table 4.7 while their variations with degree of membership are plotted in
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Fig. 4.5 along with existing approaches result. Based on these results, a system analyst
may take appropriate action for better managerial decision-making and estimate success

interval more flexible than previous methods.

Table 4.7: Reliability of basement flooding system at different values of parameter

Membership function values Non-membership function values

¥ Garg [12] Proposed Garg [12] Proposed
0.05073, 0.08186, 0.11391, 0.14836! 0.07021, 0.03007, 0.16433, 0.12151

0.0 0.05013, 0.08047, 0.11117, 0.14361] | [0.07106, 0.03042, 0.17019, 0.12482]
0.07331, 0.03148, 0.18303, 0.13215]

[
0.2 [
[0.08060, 0.03529, 0.21321, 0.15153
[
[
[

[ ]
0.05239, 0.08537, 0.12018, 0.15953]  [0.05050, 0.08155, 0.11348, 0.14945 [0.07077, 0.03030, 0.17111, 0.12436]
[0.07293, 0.03131, 0.18960, 0.13323]
0.6 | [0.07785, 0.13002, 0.18565, 0.25423]  [0.05880, 0.10043, 0.14678, 0.21490 [ |
0.8 | [0.15483, 0.24465, 0.32593, 0.42142]  [0.09549, 0.17278, 0.25429, 0.37809 [ ]
[ |

1.0

0.10598, 0.04934, 0.28541, 0.20464]  [0.08229, 0.03604, 0.24368, 0.16334

0.20114, 0.10532, 0.45605, 0.35194]  [0.13263, 0.06162, 0.41516, 0.28260

[ ] ]
[ ] ]
0.4 | [0.05798, 0.09599, 0.13722, 0.18668]  [0.05202, 0.08538, 0.12086, 0.16577] ]
[ ] ] |
[ ] ] |
[ | | ] |

0.48281, 0.65093, 0.73626, 0.82644] [0.52507, 0.73271, 0.82771, 0.91640] | [0.59053, 0.35279, 0.84685, 0.76032] [0.65354, 0.37188, 0.93027, 0.85200

4.4 Conclusion

In this chapter, a systematic procedure for computing the reliability of the series, series-
parallel and mixed configuration structure have been presented. For it, the proposed
approach uses “compensatory and” operator to provide the range of the system data at
different values of parameter v and trapezoidal /triangular fuzzy number has been utilized
for representing the possibilities of system components’. The major advantages of the
proposed approach is that it incorporates not only fuzzy factors but also the designer’s
experience and knowledge in the decision-making process. Based on these compensatory
operator for different t-norm operations, reliability analysis of some configuration systems
have been assessed and compare with their existing norm operations at different values of
~v. A system analyst may take appropriate action for better managerial decision-making

and estimate success interval more flexible than previous methods.
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