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Preface

There has been tremendous research and development in the field of fuzzy
sets and fuzzy logic after the pioneering paper by Lotfi Zadeh in 1965. In
fact, it made a revolution in the field of uncertainty, which challenged the
probability theory. Instead of two-valued logic i.e. success and failure (0 and
1) as used in probability theory, fuzzy set theory advocated whole range of
values between 0 and 1. The proposition like x is a member of 4 is not
necessarily true in fuzzy set theory. It may be true to some degree. This is
described by degree of membership function, which lies between 0 and 1.

As an engineering discipline, reliability is relatively old, but its
relevance to modern world and society is still making a great impact. Its
growth has been motivated by several factors like complexity and
sophistication of systems, organizational awareness to produce and sell
high reliability products, apparently conflicting requirement of low cost
and high performance product/service by the customer, global
competitiveness etc. Reliability theory is inter-disciplinary in nature and it
studies the dependability of engineering products under specific operating
conditions when put into service. Reliability is a measure of the expected
capability of an engineering product to operate without failures under
specific conditions for a given period of time.

Fuzzy-reliability is comparatively a new area of research and interest
and still it is in its incubation period. This is an alternative reliability theory,
which is rooted in fuzzy sets and possibility theory. At any given time, the
product may be in operating state to some degree and in failed state in
another degree. Also, the behavior of the product with respect to two fuzzy
states can be characterized using possibility theory. Fuzzy-reliability
theories are more meaningful than probabilistic reliability when the number
of data or samples available is small or if the data/ information is ambiguous,
inexact or subjective. It is based on the assumption of fuzzy states and
possibility. This book is an excellent attempt to popularize a recent field of
fuzzy-reliability in the systems engineering field.

Fuzzy-reliability is the novel concept in systems engineering as fuzzy
sets can capture subjective, uncertain and ambiguous information. The book
focuses on fuzzy set based concepts and its applications in the area of
reliability engineering and almost all outcomes in this book are the research
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findings of Reliability Engineering Group at Indian Institute of Technology
Bombay. Theoretical aspects of reliability and fuzzy set theory are covered
in the initial chapters. The other topics are application topics of fuzzy-
reliability to maintenance engineering, software and power systems. Various
concepts related to fuzzy-reliability such as probist, profust, fuzzy event
based method, fuzzy fault tree analysis, transformations and hybrid
approaches have been described. Application in systems reliability,
availability and maintainability, software reliability and power system
reliability has been discussed in depth. Maintenance issues relate to fuzzy
availability modeling for Markov and semi-Markov models, fuzzy dynamic
reliability evaluation under imperfect repair, and maintenance strategy
selection using fuzzy linguistics. Software reliability using fuzzification
of model parameters in cost models with penalty, warranty and risk costs
are applied to existing growth models. Composite power system reliability
modeling using fuzzy sets and fuzzy confidence intervals with fuzzy linear
programming for minimization of load curtailment has demonstrated the
flexibility and capability of using fuzzy sets in reliability engineering. This
book incorporates illustrative examples to emphasize fuzzy-reliability
engineering concepts.

The book covers a wide range of interests of the academic and research
community as well as practicing engineers and managers in manufacturing,
power and IT sectors. This book is suitable both as a textbook and as a
reference material. The book would certainly be an asset to researchers, as
this area of reliability is yet not fully explored.

Writing a book in an upcoming field of fuzzy-reliability is not an easy
job. Though utmost care has been taken to come out with this edition,
authors claim the book may not be entirely free from errors and mistakes.
Readers are therefore advised to confirm the research findings from this
book before their actual further usage by them. Publishing of this book has
been only possible due to financial support from CDP, Indian Institute of
Technology Bombay. We are grateful to I. I. T. Bombay for providing
research and related facilities throughout the development of this book.
Research scholars from reliability engineering group too contributed a lot
by way of their work, which helped bringing this book out. We are grateful
to them as well. We also thank Narosa Publishing House Pvt. Ltd., New
Delhi for their kind cooperation and all their help in publishing this book.

A.K. Verma
A. Srividya
R.S. Prabhu Gaonkar



Contents

Preface

1.

Introduction
1.1 Introduction

1.2 Application of Fuzzy Set Theory to Reliability Engineering
1.2.1 Quantification of uncertainty in reliability analysis

1.2.2 Fuzzy safety analysis 3

1.2.3 Fuzzy set theory in maintenance engineering 4

1.2.4 Fuzzy power system reliability 5
1.2.5 Fuzzy software reliability 6
1.2.6 Fuzzy structural reliability 6
1.2.7 Fuzzy fault tree analysis 7
1.2.8 Fuzzy event tree analysis 7
1.2.9 Fuzzy human reliability 7

1.2.10 Fuzzy fault diagnosis 8

1.2.11 Fuzzy quality control 8

1.2.12 Fuzzy reliability optimization 8

|8}

1.3 Applications of Fuzzy Set Concept to Other Engineering Areas 9

1.4 Organisation of Book

Reliability and Maintainability Engineering

2.1 Introduction

2.2 Probability

2.3 Discrete Probability Distributions
2.3.1 Binomial distribution 16
2.3.2 Poisson distribution 16

2.4 Continuous Probability Distributions
2.4.1 Uniform distribution 16
2.4.2 Exponential distribution 18
2.4.3 Weibull distribution 19
2.4.4 Normal distribution 20

2.5 Reliability

9

13
13
14
16

16

21



viii

Contents

2.6 Reliability Measures
2.6.1 Failure rate 23
2.6.2 Hazard rate 24
2.6.3 Mean time to failure (MTTF) 25
2.7 Bath Tub Curve
2.8 Deriving Reliability Expressions for Various Distributions
2.8.1 Exponential distribution 28
2.8.2 Normal/Gaussian distribution 30
2.8.3 Weibull distribution 31
2.9 System Reliability
2.9.1 Series system 33
2.9.2 Parallel system 35
2.9.3 Standby system 38
2.9.4 m/N system 38
2.9.5 Complex system 40
2.10 Fault Tree Analysis (FTA)
2.10.1 Benefits of FTA 45
2.10.2 Limitations of FTA 46
2.10.3 FTA steps 46
2.10.4 Basic FTA symbols 46
2.11 Maintenance Engineering
2.11.1 Maintenance methods 49
2.11.2 Maintainability 50
2.11.3 Mean time to repair (MTTR) 50
2.12 Availability
2.13 Software Reliability
2.13.1 Goel-Okumoto model 53
2.13.2 Musa’s basic execution time model 54
2.13.3 Littlewood — Verrall Bayesian model 55
2.14 Power System Reliability

Fuzzy Set Theory

3.1 Classical Set Theory

3.2 Probability and Possibility

3.3 Fuzzy Set Basics

3.4 a-Cuts

3.5 Fuzzy Set Operations and Arithmetic
3.6 Convex Fuzzy Sets

23

26

33

45

48

51
51

56

62
62
63
63
67
68
70



Contents ix

5,

3.7 Fuzzy Numbers 71
3.7.1 Arithmetic operation on interval of confidence 73
3.7.2 Triangular fuzzy numbers (T.F.N.s) 76
3.7.3 Trapezoidal fuzzy numbers (Tr.F.N.’s) 81

3.8 Fuzzy Relations 86
3.8.1 Operations for fuzzy relations 86
3.8.2 Composition of fuzzy relations 86

Fuzzy Reliability 88
4.1 Introduction 88
4.2 PROBIST Reliability 88

4.2.1 PROBIST reliability as a TFN 89
4.2.2 Fuzzy PROBIST series system reliability 89
4.2.3 Fuzzy PROBIST parallel system reliability 91

4.3 PROFUST Reliability 93
4.3.1 PROFUST reliability application 94

4.4 POSBIST Reliability 101

4.5 POSFUST Reliability 101

4.6 Fuzzy Reliability using Fuzzy Event 101
4.6.1 Fuzzy reliability of unrepairable systems 103

4.7 Fuzzy Fault Tree Analysis 104

4.7.1 Formation of fuzzy fault tree 105
4.7.2 Numerical example 108
4.8 Quantification of Uncertainty in Reliability Analysis of 110
Engineering Systems
4.8.1 Probabilistic approaches for uncertainty analysis 112
4.8.2 Monte Carlo simulation procedure 112
4.8.3 Fuzzy approach for uncertainty analysis 113
4.8.4 Probability to possibility transformations 114
4.8.5 Alpha cut method 115
4.8.6 Examples 115

4.9 Hybrid Approach for Uncertainty Modeling in 121
Reliability Evaluation

4.9.1 Hybrid method 121
4.9.2 Numerical example 123

Fuzzy Sets Application in Maintenance Engineering 128
5.1 Availability Analysis Method in the Presence of Fuzziness 128
5.1.1 Notations 128



Contents

5.1.2 Development of general expression 129
5.1.3 Illustration 131
5.1.4 Fuzzy series and parallel system availability 133

5.1.5 Reduction of fuzzy reliability measures to 133
conventional measures

5.2 Mechatronic System Failure Description 134
5.3 Two Approaches to Model Fuzzy Availability 135
5.3.1 Four state Markov model 135
5.3.2 First approach 136
5.3.3 Second approach 139
5.4 Fuzzy Availability Modeling of Semi Markovian System 142
5.4.1 Four state semi Markov model 142
5.4.2 Availability analysis 143
5.4.3 Fuzzy availability analysis 144

5.4.4 Steady state possibility computation of 146
semi Markov model

5.5 Fuzzy Dynamic Reliability Evaluation under 150
Imperfect Repair
5.5.1 Dynamic reliability 150
5.5.2 Obtaining reliability as a TFN from experts 152
5.5.3 Maintenance effectiveness 152
5.5.4 Fuzzy dynamic reliability computation 153
5.5.5 Fuzzy hazard rate 159
5.6 Maintenance Strategy Selection using Fuzzy Linguistics 160
5.6.1 Procedure for maintenance strategy selection 162
5.6.2 Selection of condition monitoring method 163
5.7 Fuzzy Set Based Replacement Decision Making 164
5.7.1 Building membership function 164
5.7.2 Age factor and period length 165
5.7.3 Maintenance types 166
5.7.4 Evaluation of cost and decision making 167

5.8 Maintenance Strategies Selection using 168
Fuzzy-Set Approach

5.8.1 Model development procedure 168

Fuzzy Software Reliability 173
6.1 General 173
6.2 Fuzzification of Model Parameters 174



Contents

6.3

6.4

6.5

6.6

6.7

X1

A Fuzzy Sets Methodology for Littlewood-Verrall 176
Reliability Growth Model
6.3.1 Calculation of failure rate, MTTF and reliability 176
6.3.2 Fuzzification of failure rate, MTTF and reliability 179
6.3.3 Arithmetic operations in measures computation 179
6.3.4 Fuzzified lower and upper bound values of 182
failure rate
Triangular Possibility Distribution of Reliability Measures 183
6.4.1 Linguistic variables to represent fuzzified values of 184
reliability measures
Validation of Littlewood — Verrall Reliability Growth 185
Model for Failure Rates
6.5.1 Validation of model for failure rates (crisp values) 185
6.5.2 Validation of model for fuzzified lower and 186
upper bound values of failure rates
Predictive Analysis of Littlewood — Verrall Reliability 186
Growth Model
6.6.1 u—plot 186
6.6.2 y—plot 187
6.6.3 Predictive analysis of the unfuzzified form 188
of the model
6.6.4 Predictive analysis of the fuzzified form of the model 188
6.6.5 Predictive validity of Littlewood — Verrall reliability 189
growth model
Software Cost Model with Penalty, Warranty and 189
Risk Costs
6.7.1 Unfuzzified form of the software cost model with 190
penalty cost
6.7.2 Software release time based on minimum cost 194
6.7.3 Penalty cost based on different software 195
release times
6.7.4 Software release time based on reliability objective 196
6.7.5 Fuzzified form of the software cost model with 199

penalty cost (Littlewood -Verrall reliability
growth model)

6.7.6 Fuzzified form applied to Goel — Okumoto 203
NHPP model

6.7.7 Fuzzified form applied to Musa’s basic execution 204
time model



xii Contents

6.7.8 Unfuzzified form of the software cost model with 207
warranty and risk costs
6.7.9 Optimal software release time based on 210
minimum cost
6.7.10 Fuzzified form of the software cost model 212
with warranty and risk costs

6.8 Optimization Problem [Cost Minimisation] 220
7. Fuzzy Power System Reliability 225

7.1 Power System Reliability Evaluation Using Fuzzy Sets 225

7.2 Generating Capacity Reliability Evaluation Using 225
Fuzzy Sets

7.3 Composite Power System Reliability Evaluation Using 226
Fuzzy Set

7.4 Forced Outage Rate Evaluation using Possibility 227
Theory of Reliability

7.4.1 FOR evaluation using possibility theory of reliability 229
7.4.2 Numerical example 233

7.5 Generating Capacity Reliability Calculation Using Fuzzy 235
Numbers and Fuzzy Confidence Interval

7.5.1 Generating capacity reliability evaluation using 236
fuzzy number

7.5.2 Case study 239

7.6 Adequacy Assessment of Composite Power System Using 242
Fuzzy Set Theory

7.6.1 Fuzzy mathematical formulation 245
7.6.2 Reliability evaluation methodology 255
7.6.3 Case study 256

7.7 Composite Power System Reliability Modeling Using 263
Fuzzy Linear Programming

7.7.1 Adequacy indices 263
7.7.2 Case study 265

7.8 Evaluation of Energy Based Reliability Index for 276
Generating System Using Fuzzy Sets

7.8.1 EENS evaluation using fuzzy number 277
7.8.2 Case study 279

Appendix I 284
Appendix I1 286

Index 288



Chapter 1

Introduction

1.1 Introduction

Probability theory is being used extensively in engineering and
management for reliability analysis. Conventional reliability theory is
based on the probability/ Bayesian concepts [1,2] and binary state
structure. Results based on probability theory do not always provide
useful results to the practitioners due to its limitation of being able to
handle only quantitative information. The subjective information is not
captured during reliability analysis. The results obtained are therefore
not of much practical value. This is primarily due to the fact that there
is significant impact of subjective information on reliability in relation
to the available quantitative information. It has therefore become
inevitable to consider subjective information along with quantitative
databases to arrive at useful results in the reliability analysis. One way
to handle subjective information is the usage of fuzzy set theory.
Research in last few decades, however, has shown that probability
theory is not the only possible way to represent imprecision and
uncertainty. Fuzzy set theory provides a significant alternative to the
probabilistic approach of reliability. In recent times, the use of fuzzy
sets has been gaining popularity and is playing an important role in the
areas of engineering and management disciplines.

This book is a sincere attempt at giving the readers the basic
concepts in the field of reliability, and the applications and use of
fuzzy set concepts in reliability engineering. The primary purpose of
the book is to provide the readers with the background necessary for
understanding the concepts of fuzzy set based reliability and its
numerous applications.

This book would be of interest both to the academic institutions,
research community and industry at large. The first few chapters
ensure that the concepts and applications in engineering are well
appreciated by beginners, and the detailed applications later in the
book would appeal to the advanced students and engineers pursuing
research and studies in academic institutes, research laboratories and
various industries in manufacturing, process and service sectors.



2 Fuzzy Reliability Engineering

This introductory chapter presents the overview of fuzzy set
applications to reliability engineering as well as other engineering
areas.

1.2 Application of Fuzzy Set Theory to Reliability Engineering

There has been a remarkable development in literature on the fuzzy set
theory (FST) and its applications since the first paper by Prof. L. A.
Zadeh [3] in 1965. FST has proved its credibility in many fields such
as linear and nonlinear process control, robotics, automation, tracking,
consumer electronics, pattern recognition, image processing, machine
vision, decision making, financial systems, information systems, data
base management, information retrieval, meteorology, etc. For
information that is inherently imprecise or vague, FST is the best
choice as others are not well suited for representation and processing
by classical binary logic or probabilistic based techniques. Subjectivity
and fuzziness are inherent in any system reliability analysis [4-6].

Of late, there have been numerous applications of fuzzy set theory
to reliability engineering. This section highlights the important related
areas of reliability engineering with the application of fuzzy set theory.
These areas are still not fully explored and there is immense scope of
fuzzy set theory application in these areas. The different applications
of fuzzy set theory to reliability engineering are shown in Figure 1.1.

1.2.1 Quantification of uncertainty in reliability analysis

Reliability analysis of complex systems inevitably involves many
uncertainties. Quantification of uncertainty in reliability analysis is
very important as it helps for effective decision-making. The
conventional approaches for uncertainty analysis assume a probability
distribution for the failure probability of system components or basic
events to find the uncertainty in the overall system failure probability.
Monte-Carlo simulation is the most widely used method for this
purpose. However, it is very difficult to make statistical inferences in
case of systems where available data is insufficient. These
conventional methods are computationally difficult and may require
enormous computer time. To overcome some of the difficulties, new
methodologies based on fuzzy set theory are also being used in the risk
analysis for propagating the basic event uncertainty [7]. In FST, the
input parameters are treated as fuzzy number and the variability is
characterized by membership function. The fuzzy evaluation of the
failure probability of main event in a fault tree/ event tree is carried out
using the a-cut method, also known as resolution identity.
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1.2.2  Fuzzy safety analysis

Traditionally, safety analysis is carried out on a probabilistic basis.
Probability distributions are used to describe a set of states for a
system and to deal with uncertainty in order to evaluate potential
hazards and assess system safety. In many cases, it is very difficult or
even impossible to precisely determine the parameters of a probability
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distribution for a given event due to the lack of evidence or due to the
inability of the safety engineer to make firm assessments. Therefore,
one may have to describe a given event in terms of vague and
imprecision descriptors such as likely or impossible - terms that are
commonly used by safety analysts. Such judgments are obviously
fuzzy and non-probabilistic, and hence non-probabilistic methods such
as fuzzy set modeling may be more appropriate to analyze the safety of
systems with incomplete information of the kind described above
[6,8,9].

Fuzzy set theory is used to describe each failure event and
evidential reasoning approach is then employed to synthesis the
information thus produced to assess the safety of the whole system.
Three basic parameters, namely, failure likelihood, consequence
severity and failure consequence probability are used to analyze a
failure event. These three parameters are described by linguistic
variables that are characterized by a membership function to the
defined categories. As safety can also be described by linguistic
variables referred to as the safety expressions, the obtained fuzzy
safety score can be mapped back to the safety expressions that are
characterized by membership functions over the same categories. This
mapping results in the identification of the safety of each failure event
in terms of degree to which fuzzy safety score belongs to each of the
safety expressions. Such degrees represent the uncertainty in safety
evaluations and can be synthesized using an evidential reasoning
approach so that the safety of the whole system can be evaluated in
terms of these safety expressions.

1.2.3 Fuzzy set theory in maintenance engineering

Continued pressure on industries to reduce costs and to improve
customer satisfaction has resulted in increasingly detailed
examinations of maintenance practices and strategies. The justification
of any given maintenance strategy or practice within an organization
must consider multiple criteria. It should also be based on the overall
objectives of the organization, many of which are intangible and
subjective in nature The use the fuzzy linguistic variables in
parameter modeling is a good option that assists decision makers in
their evaluation and choice of maintenance strategies and condition
monitoring techniques [10]. The optimum maintenance strategy or
technique to be employed in a specific situation can be determined
based on the assessment of qualitative verbal inputs.
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Maintenance of any equipment based on its condition is
unavoidable. The condition of the equipment is represented by fuzzy
sets. The best type of maintenance, maintenance interval, inspection
frequency and replacement time are determined using fuzzy set theory
in the literature [11,12]

Fuzzy set theory is effectively used in the transition rates in the
Markov process as point estimated values and the system states are
considered to exist either in good or bad states. In reality, the situation
is not that simple. The transition from one state to other may not be
fixed value and the system states are not that sharp or abrupt. Fuzzy set
theory has the capability of dealing with such situations. In fuzzy
Markov model [13,14], the system is considered to exist in two states:
operating and failed state. The linguistic variables for failure rate as
well as repair rate are defined as HIGH (H), MEDIUM (M) and LOW
(L). These variables are quantified via subjective expert opinion and
translated into triangular membership function. The unavailability of
the system is then calculated which is an adequate estimator of the
probability that the unit under similar condition will not be available
for service in the future.

1.2.4 Fuzzy power system reliability

Reliability evaluation of power systems using probabilistic methods is
an important area of concern for system planners and operators.
Methods of evaluating the reliability of generating systems have been
well established and accepted by the utilities. These techniques do not
generally recognize the presence of transmission facilities. Composite
system reliability evaluation refers to assessments that consider both
generation and transmission facilities. Combined generating unit and
transmission line outage events contribute significantly to the
unreliability of the composite system, and this is the primary
motivation for composite system reliability evaluation. Power system
reliability is divided into two basic aspects: adequacy and security.
Adequacy and security assessments are usually carried out by either
contingency enumeration or Monte Carlo simulation approach.

Fuzzy set theory is used to include uncertainty in power system
reliability parameters. Uncertainties that may exist in forecast peak
load and, failure and repair rates of system components can easily be
included in the normal calculation using fuzzy numbers. The classical
linear programming techniques used in power system reliability
evaluation methodology can be converted into fuzzy linear



