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a b s t r a c t

The present work investigates the various reliability parameters of industrial systems in terms of
membership and non-membership functions by using α-cut and the weakest t-norm based arithmetic
operations on triangular intuitionistic fuzzy sets. As the available information about the constituent
components of the system is most of the time imprecise, incomplete, vague and conflicting, the
management decisions are based on experience. Thus, the objective of this paper is to quantify the
uncertainties that make the decisions realistic, generic and extensible for the application domain.
Sensitivity of system performance has also been analyzed for showing the effect of taking wrong
combinations of reliability parameters. The obtained results computed by the proposed approach are
compared with the existing methodologies. The approach has been illustrated through a case study for
supremacy.

& 2014 ISA. Published by Elsevier Ltd. All rights reserved.

1. Introduction

The development of science and technology and the needs of
modern society are racing against each other. Industries are trying
to introduce more and more automation in their industrial
processes in order to meet the ever-increasing demands of society.
The complexity of industrial systems as well as their products is
increasing day-by-day. Due to this, the job of the system analyst
and plant personnel becomes so challenging in order to maintain
the profile of the system so that it becomes operating continuously
for a longer time. On the other hand, failure is an inevitable
phenomenon for all industrial systems. These failures may be the
results of human error, poor maintenance or inadequate testing/
inspection which affect each part/unit of the system differently,
and thus the issue is subject to uncertainty. To this effect, both
probabilistic and non-probabilistic methods are used to treat the
element of uncertainty in the analysis. Although the probability
approach has been applied successfully for many real world
engineering problems still there are some limitations to the
probabilistic method. For instance, probabilistic methods are
based on mass collection of data, which is random in nature, to
achieve the requisite confidence level. But in a large scale the
complicated system has the massive fuzzy uncertainty due to

which it is difficult to get the exact probability of the events. Also,
at early stages of new product development, the available data
(numbers of testing samples, recorded failures on test) is limited,
so the required confidence level may not be met if probability
methods are used. Thus, due to these limitations, the results based
on probability theory do not always provide useful information to
the practitioners and hence the probabilistic approach to the
conventional reliability analysis is inadequate to account for such
in-built uncertainties in the data. To overcome these difficulties,
Zadeh [1] proposed the concept of fuzzy sets and established fuzzy
set theory, which formed the foundation for describing and
processing uncertain information. After that, a lot of progress
has been made in both theory and application. The theory of fuzzy
numbers, an important part of fuzzy set theory, is very popular in
describing uncertain phenomena in actual problems. Fuzzy arith-
metic, following Zadeh's extension principle [1] in fuzzy set
theory, was investigated by various researchers which include, in
the approximate and exact manners [2,3], t-norm operators [4,5],
and the weakest t-norm ðTωÞ operator [6–9], and others. As far as
the reliability is concerned, various researchers [10–15] have used
fuzzy set theory and fuzzy arithmetic during their evaluation of
system reliability parameters. The major disadvantages of their
methodologies are that they do not consider the degree of
hesitation between the membership functions, i.e. in their analysis
there is a zero degree of hesitation between the membership
functions of the element. Also the level of confidence domain of
the expert is taken as one. But in most of the real life modeling,
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there is always a degree of hesitation between the membership
functions and their corresponding domain level is less than one.
Therefore, there is a need for a suitable methodology which is
applied for analyzing their parameters, by utilizing uncertain data,
in a more realistic way. Additionally, there are some other types of
reliability problems developed by the researchers such as process
control [16] reliability, distribution system reliability [17], and
reliability of dynamic systems [18].

After the introduction of the concept of fuzzy sets, several
researches were conducted on the extensions of the notion of fuzzy
sets. The theory of intuitionistic fuzzy sets (IFSs), first proposed by
Attanassov [19], is an extension of traditional fuzzy sets, whose basic
component is only a membership function. IFSs are described by two
characteristic functions expressing the degrees of membership and
non-membership of elements in the universe, considered as a
generalization of the ordinary fuzzy sets for conditions with insuffi-
cient information to define an imprecise concept by traditional fuzzy
sets. Although the concept of vague sets was presented in a later
work [20], they are considered the equivalent mathematical form as
IFSs [21]. Chen [22,23] presented the arithmetic operations and
analyzing the fuzzy system reliability based on vague sets. Shu
et al. [24] used IFS for failure analysis of the problem of a printed
circuit board assembly. Chang et al. [25] proposed a vague fault-tree
analysis procedure to determine the weapon system's reliability.
Kumar et al. [26] presented a method for fuzzy system reliability
analysis using the idea of interval valued vague sets and intuitionistic
fuzzy numbers respectively. Recently, Garg et al. [27] presented an
intuitionistic fuzzy optimization technique for solving the multi-
objective reliability optimization problems in an interval environ-
ment. Apart from that a lot of work has been done to develop and
enrich the IFS theory given in [28–31] and their corresponding
references in terms of reliability evaluation of series–parallel system.
As all the above researchers have analyzed the system reliability only
for measuring the performance of the system but in real-life
modeling other reliability indices namely failure rate, repair time,
mean time between failures (MTBF), etc. also affect the system
performance. Thus it is necessary to analyze all these parameters
which affect the systems' performance and consequently their
behavior. To remove this, Garg [32] analyzed the various reliability
parameters namely systems' failure rate, repair time, MTBF, expected
number of failures (ENOF), reliability, availability and maintainability
in terms of intuitionistic fuzzy membership functions. Intuitionistic
fuzzy numbers (IFNs) are taken by him to handle the uncertainties in
the data and modeled the system with the help of Petri nets. If the
above techniques have been used for computing the system relia-
bility parameters in the form of membership functions then there
exists a wide range of uncertainty in the analysis in the form of
spread due to various arithmetic operations during the calculation.
Thus for handling this issue, an efficient technique is needed which
will reduce the uncertainty level, in the form of spread, during the
analysis and hence gave more sound decision for the system analyst
for analyzing the behavior of the system in a lesser time. Therefore, in
the present work, an investigation has been done for quantifying the
uncertainties which are present in the data so as to make the
decisions realistic, generic and extensible for the application domain.
For this, the uncertainties which are present in the data are handled
with the help defining their corresponding intuitionistic fuzzy
numbers by taking different levels of spread, say 715%, 725%,
750% on both sides of the input (crisp) data. After quantifying the
uncertainties, weakest t-norm based arithmetic operations have been
used, instead of fuzzy arithmetic operations, for computing the
system's parameters for increasing the relevance of the study.

Thus the main objective of this paper is to present a methodol-
ogy for analyzing the behavior of the repairable industrial systems
by utilizing limited and vague data. In the analysis, uncertainties
which are presented in the data are handled with the help of

defining the IFNs corresponding to different levels of spreads, and
the weakest t-norm operations have been used for finding the
system parameters' expression. The modeling of the system is
done with the help of fault tree analysis. Various reliability
parameters for strengthening the analysis have been done in
terms of membership and non-membership functions by consid-
ering the degree of confidence level (α). Sensitivity analysis on the
system MTBF are done for showing the effectiveness of the
proposed approach. Finally, the computed results are compared
with the existing methodology results and gave a recommenda-
tion for improving the production as well as productivity of the
system. The approach has been demonstrated through a case
study of the washing unit in a paper mill, a repairable complex
industrial system.

The rest of the paper is organized as follows: Section 2 define
the basic definitions of intuitionistic fuzzy set theory along with
the weakest t-norm and their corresponding arithmetic opera-
tions. Section 3 describes the methodology for analyzing the
behavior of industrial system along with the existing methodolo-
gies while the approach has been illustrated through a case study
whose description is given in Section 4. The results and discussion
of these problems have been presented in Section 5. Finally, some
concrete conclusion and future research directions drawn are
presented in Section 6.

2. Preliminaries

2.1. Intuitionistic fuzzy set [19]

Let X be a fixed set, then ~A ¼ f〈x;μ ~A ðxÞ;ν ~A ðxÞ〉jxAXg is called an
intuitionistic fuzzy set [19], where the functions μ ~A : X-½0;1� and
ν ~A : X-½0;1� denote the degree of membership and non-
membership of the element xAX to ~A respectively for every
xAX such that 0rμ ~A ðxÞþν ~A ðxÞr1. In addition π ~A ðxÞ ¼
1�μ ~A ðxÞ�ν ~A ðxÞ is called the degree of hesitation or uncertainty
of x to ~A. If π ~A ðxÞ ¼ 0 then intuitionistic fuzzy set ~A is reduced to a
fuzzy set.

2.2. Convex intuitionistic fuzzy set [19]

An IFS ~A in universe X is convex if and only if

(i) Membership functions of μ ~A ðxÞ of ~A is fuzzy – convex i.e.

μ ~A ðλx1þð1�λÞx2ÞZmin ðμ ~A ðx1Þ;μ ~A ðx2ÞÞ 8x1; x2AX;0rλr1

ð1Þ

(ii) Non-membership functions of ν ~A ðxÞ of ~A is fuzzy – concave i.e.

ν ~A ðλx1þð1�λÞx2Þrmax ðν ~A ðx1Þ;ν ~A ðx2ÞÞ 8x1; x2AX;0rλr1

ð2Þ

2.3. Intuitionistic fuzzy number

An IFS ~A ¼ f〈x;μ ~A ðxÞ;ν ~A ðxÞ〉jxARg such that μ ~A and 1�ν ~A , where

ð1�ν ~A ÞðxÞ ¼ 1�ν ~A ðxÞ; 8xAU

are fuzzy numbers, is called an intuitionistic fuzzy number (IFN).

2.4. α-cut of an IFS

The α-level set of an IFS ~A : R-½0;1�, αA ½0;1�, denoted by AðαÞ

is defined as a crisp set which consists of elements of ~A having at
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