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Abstract

Most reliability analyses involve the analysis of binary data. Practitioners in the field of reliability 
place great emphasis on analysing the time periods over which items or systems function (failure time 
analyses), which make use of different statistical models. This study intends to introduce, review and 
investigate four statistical models for modeling failure times of non-repairable items, and to utilise a 
Bayesian methodology to achieve this. The exponential, Rayleigh, gamma and Weibull distributions 
will be considered. The performance of the two non-informative priors will be investigated. An ap­
plication of two failure time distributions will be carried out. To meet these objectives, the failure rate 
and the reliability functions of failure time distributions are calculated. Two non-informative priors, 
the Jeffreys prior and the general divergence prior, and the corresponding posteriors are derived for 
each distribution. Simulation studies for each distribution are carried out, where the coverage rates and 
credible intervals lengths are calculated and the results of these are discussed. The gamma distribution 
and the Weibull distribution are applied to failure time data.

The Jeffreys prior is found to have better coverage rate than the general divergence prior. The 
general divergence shows undercoverage when used with the Rayleigh distribution. The Jeffreys prior 
produces coverage rates that are conservative when used with the exponential distribution. These priors 
give, on average, the same average interval lengths and increase as the value of the parameter increases. 
Both priors perform similar when used with the gamma distribution and the Weibull distribution.

A thorough discussion and review of human reliability analysis (HRA) techniques will be consi­
dered. Twenty human reliability analysis (HRA) techniques are discussed; providing a background, 
description and advantages and disadvantages for each. Case studies in the nuclear industry, railway 
industry, and aviation industry are presented to show the importance and applications of HRA.

Human error has been shown to be the major contributor to system failure.

Keywords: Coverage; Credible interval; General divergence prior; Hardware reliability, Human 
reliability, Jeffreys prior, Metropolis-Hastings.
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Chapter 1

Introduction

1.1 Overview

There is a great deal of overlap between reliability analysis and risk analysis. Reliability analysis tends 
to involve the study of components or systems that are exposed to non-repeated and repeated failures 
and the interaction of humans with these systems, as well as devising maintenance policies to solve the 
outcomes of such studies, French et al. (2009). Risk analysis, on the other hand is concerned with the 
study of once-off failures that can cause an enormous damage to the system. It is apparent that both 
analyses deal with predicting possible failures and assessing their likelihood.

Many reliability analyses are often concerned with the analysis of success/ failure data, that is, bi­
nary outcomes. However, in real life studies, the importance of analyzing the time periods over which 
items or systems function is often emphasized. These analyses are known as lifetime or failure time 
analyses, and involve the analysis of positive, continuous-valued quantities. Thus, these lifetime analy­
sis require the use of different statistical models than analyses based on success/ failure data. Hamada 
et al. (2008) gives one of the advantages of using statistical models to carry out the reliability analy­
sis of an item/ system, that a large portion of the information in experimental data may be lost when 
success/ failure analysis is used. For example, failures at 1 and 99 hours are regarded as equivalent if 
a component must operate for 100 hours.

On the other hand, some useful reliability analyses involve the study of methodologies for pre­
dicting and assessing the consequences of failures as a result of human error. These failures typically 
arise when humans operate within the system. According to French et al. (2009), human error is the 
major contributor to the risks and reliability of many system; with over 90% of reported cases in the 
nuclear industry, and over 80% in the chemical and petro-chemical industries. Therefore, any study of 
system risk or reliability also requires analysis of the potential for failure arising from human activities 
in operating and managing this.
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CHAPTER 1. INTRODUCTION 2

1.2 Objectives

The main objectives of this thesis can be summarised as follows:

• Discuss the quantitative measures for the reliability of a non-repairable item and various types 
of censored data, together with the likelihood construction.

• Provide a thorough discussion of the Human Reliability Analysis (HRA) methodology. This 
includes background, advantages and disadvantages of the HRA methods.

• Discuss the case studies of the various industries where HRA is needed and applied. These 
involve the Nuclear, Railway, and aviation industries.

• Introduce various statistical models for modeling failure times of items. This includes a thorough 
discussion of the quantitative measures of the models.

• Develop Bayesian methodology for modeling the failure times of items. This includes a discus­
sion of prior, posterior distributions and predictive reliability of the various statistical models.

• Perform simulation studies for the Bayesian methodology. This includes comparing the perfor­
mance of the prior distributions and their predictive power.

• Provide applications of some of the statistical models to real life data sets. The performance of 
the different priors will be compared.

• Recommend a Bayesian approach to modeling failure time data.

1.3 Contributions

The contribution of the thesis can be summarised as follows:

• In this thesis general divergence prior has been derived for the four parametric models under 
study.

• The propriety of the posterior distributions that arise in this study, from using the general diver­
gence prior, has been shown.

• Simulation studies, and applications using real failure time data, for the various models have 
been carried out to evaluate the performance of the general divergence prior on the four lifetime 
parametric models.
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1.4 Outline

In Chapter 2 a background to hardware reliability and human reliability is provided. In this chapter, 
quantitative measures of the reliability of a non-repairable item are given, together with the types of 
censored data. Furthermore, human error and the factors affecting human performance are discussed. 
In Chapter 3 a review of four statistical parametric models for failure time data is discussed. These 
models include the exponential, Rayleigh, gamma and Weibull distributions. Bayesian statistics and 
its tools for modeling lifetime data is also explored. This includes the prior and posterior distributions 
and the predictive posteriors

Chapter 4 provides simulation studies for the four parametric distributions and also gives a dis­
cussion of the Markov Chain Monte Carlo methods, Metropolis-Hastings algorithm, in particular. The 
performance of the two priors is discussed. In Chapter 5 applications using the gamma and the Wei­
bull distributions to insulating fluid data are shown. In this chapter, the performance and predictive 
reliability for the priors are compared. In Chapter 7 a review HRA and of the many HRA methods/ 
techniques are provided. This chapter gives the background, description, and advantages and disad­
vantages of the various techniques.

Chapter 6 provides a number of case studies from the industries where HRA is mostly needed and 
used. In this chapter, the importance of HRA in nuclear industry, railway industry, and the aviation 
industry is explored, including certain aspects of the HRA process. Concluding remarks and avenues 
for future research will be discussed in Chapter 8.

Appendix A gives the derivations of the Fisher information for the parametric models discussed. 
Appendix B contains Matlab® code of the simulation studies chapter and R® and OpenBugs® code 
of the application chapter.



Chapter 2

Literature Review

This chapter looks at the review of literature concerning a broad topic of reliability. There are three 
main branches of reliability found in literature: hardware reliability, software reliability, and human 
reliability.

2.1 Introduction to Hardware Reliability

This section focuses on the first of the three branches - the reliability of technical components and 
systems. Until the 1960s reliability was defined as “the probability that an item will perform a required 
function under stated conditions for a stated period of time”. There is nothing wrong with this defini­
tion; as a matter of fact some authors still prefer this definition, for example, Birolini (2007). Birolini 
(2007) further states that reliability can be viewed in two ways: qualitatively and quantitatively. 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. We will, however, in this section adopt the more general definition of reliability 
given by Hoyland & Rausand (2009).

Hoyland & Rausand (2009) defines reliability as the ability of an item to perform a required 
function, under given environmental and operational conditions and for a stated period of time. A 
close inspection of this definition reveals that the term ’item’ is used to denote any component, subsy­
stem, or system that can be considered as an entity. Furthermore, a required function may be a single 
function or a combination of functions that is necessary to provide a specified service. Therefore, for 
a hardware item to be reliable, it must operate satisfactorily for a specified period of time in the actual 
application for which it is intended. Reliability, for technical systems, emerged with a technological 
meaning just after World War I and was then used in connection with comparing operational safety 
of one-, two-, and four-engine airplanes. The reliability was measured as the number of accidents per 
hour of flight time, Hoyland & Rausand (2009).

After World War II, the development of reliability continued throughout the world as more compli­

4
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cated products were produced, and the need for complicated and safety systems also became steadily 
more pressing. Between the 1950s and 1960s, competition between Russia and the United States of 
America (USA) to be the first nation to put men on the moon, led to an establishment of an association 
for engineers working with reliability questions. As a result, the first journal on the subject, IEEE 
Transactions on reliability was established in 1963, and a number of textbooks on the subject were 
published in the 1960s. In the 1970s interest grew, in the USA as well as in other parts of the world, 
in risk and safety aspects that involved the building and operation of nuclear power plants. In the ma­
jority of industries a lot of effort and emphasis is presently put on the analysis of risk and reliability 
problems.

In order to learn more about the importance of hardware reliability and why it is pursued here, 
we take a look at its applications. It is worth mentioning that the main objective of a reliability study 
should always be to provide information as a basis for decisions. Reliability technology has a wide 
range of application areas. Some of these areas are discussed below, and are from Hoyland & Rausand 
(2009).

1. Risk analysis

• Identification and description of potential accidental events in the system. An accidental 
event is usually defined as a significant deviation from normal operating conditions that 
may lead to unwanted consequences. In oil/ gas processing plant a gas leak may, for exam­
ple, be defined as an accidental event.

• The potential causes of each accidental event are identified by a causal analysis. The causes 
are usually identified in a hierarchical structure starting with the main causes. Main causes, 
and sub-causes may be described by a tree structure called a fault tree.

2. Environmental protection

• Reliability studies may be used to improve the design and operational regularity of antipol­
lution systems like gas/ water cleaning systems.

• Many industries have realized that the majority of the pollution from their plants is caused 
by production irregularities and that consequently the production regularity of the plant is 
the most important factor in order to reduce pollution. Reliability and regularity studies are 
among the most important tools to optimize production regularity.

• An environmental risk analysis is carried out according to the same procedure as a standard 
risk analysis and has the same interface with reliability analysis.

3. Quality
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• Quality management and assurance is increasingly focused, stimulated by the almost com­
pulsory application of the ISO 9000 series of standards.

• The concepts of quality and reliability are closely connected. Reliability may in some 
respects be considered to be a quality characteristic. Complementary systems are therefore 
being developed and implemented for reliability management and assurance as part of a 
total quality management (TQM) system.

4. Optimization of maintenance and operation

• Maintenance is carried out to prevent failures and to restore the system function when a 
failure has occurred. The prime objective of maintenance is thus to maintain or improve 
the system reliability and production/ operation regularity.

• Many industries (e.g., the nuclear, aviation, defense, and the offshore industry) have fully 
realised the important connection between maintenance and reliability and have implemen­
ted the reliability centered maintenance (RCM) approach. The RCM approach is a main 
tool to improve the cost-effectiveness and control of maintenance in all types of industries, 
and hence to improve availability and safety.

• Reliability assessment is also an important element of the following applications: life cycle 
cost, life cycle profit, logistic support, spare part allocation, and manning level analysis.

5. Engineering design

• Reliability is considered to be one of the most important quality characteristics of technical 
products. Reliability assurance should therefore be an important topic during the engineer­
ing design process.

• Many industries have realized this and integrated a reliability program in the design process. 
This is especially the case within nuclear power, the aviation, the aerospace, the automobile, 
and the offshore industries.

6. Verification of quality/ reliability

• A number of official bodies require that the producer and/ or the user of technical systems 
are able to verify that their equipment satisfies specified requirements. Such requirement 
usually have a basis in safety and/ or environmental protection.

• Reliability analyses and reliability demonstration testing are necessary tools in the verifi­
cation process by the producers of equipment.
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2.2 Quantitative measures for the reliability of a non-repairable 
item

Within hardware reliability we may use two different approaches:

• The physical approach;

• the actuarial approach.

The physical approach is mainly used for reliability analyses of structural elements, like beams and 
bridges. The approach is therefore often called structural reliability, Hoyland & Rausand (2009).

Further, in the actuarial approach, we describe all our information about the operating loads and the 
strength of the component in the probability distribution function F (t) of the time to failure T . When 
several components are combined into a system, the analysis is called a system reliability analysis. 
This section will look at the actuarial approach and aims to present and discuss the terminology and 
quantitative measures used in hardware reliability studies.

We will do this by introducing four important measures for the reliability of a non-repairable item. 
These are:

• The reliability function R (t);

• the failure rate function z(t);

• the meantime to failure (MTTF);

• the mean residual life (MRL).

2.2.1 Lifetime/ Time to failure

Consider the length of life (lifetime) of a component/ system, which is the length of the time interval 
from the initial activation of the unit until its failure. Denote this lifetime (also called time to failure) 
by T . This variable T  is considered a positive random variable, since it is a lifetime and the length 
of life cannot be exactly predicted. The time to failure may be a discrete or continuous variable. It 
is noteworthy, however, that a discrete variable can be approximated by a continuous variable. We 
will assume here that the time to failure T  is continuously distributed with probability density function 
(PDF), f  (t). The cumulative (life) distribution function (CDF) of T , denoted by F  (t), is the probability 
that the lifetime does not exceed t, that is,

F ( t) =  P(T  <  t), 0 <  t <  ~ .

The CDF, F ( t), has the following properties:
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• The function is non-decreasing, that is, if ti <  t2 then F  (ti) <  F  (t2);

• lim^™ F  (t) =  1;

• limt^0 F  (t ) =  0;

• F (t) is right-continuous.

The probability density function of T , f  (t), is a non-negative function such that

F ( t) =  /  f  (x)dx, 0 <  t <  <*>.
0

Mathematically, the PDF of T, f  (t), is defined as

f ( o  =  | F  (t)

=  lim
t 0

F  (t +  A t) -  F  (t)
A t

P(t <  T <  t +  A t)
=  lim ------------------------At ̂ 0  A t

This implies that when A t is small,

P (t <  T <  t +  A t) «  f  (t) ■ A t.

2.2.2 Reliability Function

The reliability function of a component or system having a life distribution F  (t) is defined as

R(t) =  1 -  F ( t) =  P(T  >  t).

Thus R(t) is the probability that the component or system does not fail in the time interval (0, t], or in 
other words, the probability that the item survives the time interval (0, t] and is still functioning at time 
t . Hence the reliability function R(t) is also called the survival function in literature. The reliability 
function, R(t), has the following properties

• The function is non-increasing, that is, if ti <  t2 then R(ti) >  R(t2);

• limt^ ^  R(t) =  0;

• limt^0 R(t) =  1;

• R(t) is right-continuous.
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2.2.3 Hazard Rate/ Failure Rate Function

This is the instantaneous failure rate of an item which has survived t units of time, that is, the probability 
that an item will fail in the time interval (t, t +  A t] when we know that the item is functioning at time 
t , and the length of the interval (t, t +  A t] approaches zero. Its mathematical definition is,

z(t)
P (t <  T <  t +  A t|T  >  t) 

lim --------------- -----------------
At ̂ 0  A t

=  lim
At ̂ 0

F  (t +  A t) -  F  (t) 1
A t R(t)

f  (t) 
R(t) '

(2.1)

This implies that when A t is small,

P(t <  T <  t +  A t|T  >  t) «  z(t) ■ A t '

The hazard rate function z(t) is non-negative, that is, z(t) >  0.
If we put a large number of identical items into operation at time t =  0, then z(t) ■ A t will roughly 

represent the relative proportion of the items still functioning at time t , failing in (t, t +  A t], Hoyland 
& Rausand (2009).

Now, since

f w  =  | F  (f )

=  £ (1 -  R(t)) 

=  - R '( t )

then from (2.1)

Since R(0) =  1, then 

and

, , - R '(t) d ,  , ,
z(t ) =  - ( 7 )  = -  ̂ ln R (t)'

f  z(x)dx =  -  lnR(t)
0

R(t) =  exp -  f  z(x)dx 
0
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The function H (t) =  /0z(x)dx is called the cumulative hazard function. Thus, we see that the reliability 
function R(t) and the distribution function F  (t) are uniquely determined by the failure rate function 
z(t)' It readily seen that the density function of T , f  (t), can be expressed by

f  (t) =  z(t) ■ e x p (-  z(x)dx) for t >  0.
Jo

Figure 2.1 taken from http://www.weibull.com/hotwire/issue21/hottopics21.htm shows a bathtub curve 
of a failure rate.

2.2.4 Measures of the center of a life distribution

2.2.4.1 Mean Time To Failure (MTTF)

This is the average length of time until failure (the expected value of T). The general definition of the 
expected value of a lifetime random variable T is

M TTF =  E (T) =  t f  (t )d t.
0

Provided this integral is finite. Since f  (t) =  R '(t),

M TTF =  -  tR' (t )d t'
0

file:http://www.weibull.com/hotwire/issue21/hottopics21.htm
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By making use of integration by parts

/*”
M TTF =  -  [tR(t )]”  +  /  R(t )d t.

Jo

If M TTF < ” , then using the fact that R(” ) =  0, it is easy to see that [tR(t)]”  =  0. In that case

M TTF
0

R(t )d t'

2.2.4.2 Median Life

An alternative measure is the median life tm, defined by

R(tm) =  0'5'

The median divides the distribution in two halves. The item will fail time tm with 50% probability.

2.2.4.3 Mode

The mode of a life distribution is the most likely failure time, that is, the time tm where the probability 
density function f ( t)  attains its maximum:

f  (tmode) =  max f  (t)'0<t <”

2.2.5 Mean residual life (MRL)

This is expected remaining lifetime of a unit. It is plays a useful role in planning for maintenance and 
replacement, and in the context of health care, issues pertaining to the quality of life, Singpurwalla 
(2006). The mean residual life defined as

MRL =  u  (t) =  E [T - 1 | T >  t]

=  j r (s - t ) f  (s)ds
P(T  >  t) '

Integrating the numerator by parts gives

MRL =  u  (t)
-[<> -  r)R(s)j”  +  JT  R(s)ds

R(t)

from which it can be seen that

U(t)
/t”  R(s)ds

R(t)
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Note that when t =  0 we obtain u  (0) =  MTTF, and

U ' (t)
- R(t )R(t) +  R '(t) j ”  R(s)ds

after some algebra the following is obtained

U '( t) =  - 1  +  z(t )u  (t)'

Thus,

z(t)
1 +  ^  ' (t) 

U(t)

2.3 Complete and Censored data sets

This section will briefly look at the difference between complete data and censored data. Various types 
of censoring will be discussed. Throughout this section the censoring mechanism is assumed to satisfy 
the requirements of independent censoring. Furthermore, let Ti denote the lifetime of item i when the 
lifetime is considered as a random variable. The observed value of Ti is denoted by ti.

2.3.1 Complete Data Set

The data set is said to be complete when we are able to observe the real times to failure for all the 
n items that are being studied. The data set takes the form T1, T2'" , Tn, where Ti denotes the time to 
failure of item i. The ordered data might be of interest, and one thus have to rearrange the data set in 
an increasing sequence:

T(1) <  T(2) <  ■ ■ ■ <  T(n)

where T(i) is called the ith order statistic in the sample.

2.3.2 Censored data set

Often one has to be satisfied with incomplete data sets. This may be since it is impractical or too 
expensive to wait until all the items have failed, or because individual items are ’lost’ for one reason or 
another, or because in recording lifetime we must make do with stating relatively large time intervals 
to which the lifetimes belong. In such situations the data is said to be censored, Hoyland & Rausand 
(2009). Thus, a censored data set will consist of items whose lifetimes are known to have occurred 
within certain intervals, and the remainder of the lifetimes will be known exactly.
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2.3.2.1 Type I Censoring

This type of censoring occurs when all items are activated at time t =  0 and followed until failure or 
until time t0 when the experiment is terminated. This usually takes place in medical research. At the 
end of the experiment, only the lifetimes of those items that have failed before t0 will be known exactly. 
The information in the data set obtained is of the form

T(1) <  T(2) <  ■ ■ ■ <  T(r)

where r  <  n. Furthermore, we know that n -  r  items have survived the time t0, and this information 
should also be utilized. What is worth noting here is that the number of known lifetime(s) is stochastic, 
and that t0 , that denotes the time for the end of the experiment is fixed.

2.3.2.2 Type II Censoring

In this type of censoring, the number of desired known lifetimes is fixed prior the experiment, that is, 
the design must allow for the experiment to terminate at the rth failure; 0 <  r  <  n  We still assume that 
the items are activated at time t =  0. As before, the information obtained through the test consist of the 
data set

T(1) <  T(2) <  ■ ■ ■ <  T(r)

and (n -  r) items have survived the time T(r). Notice that here, we fixed the desired number of recorded 
lifetimes, but the time T(r)is stochastic.

2.3.2.3 Type III Censoring

This type of censoring is basically a combination of the first two types. In it the test terminates at the 
time that occurs first, that is, t0 or the rth failure. This implies that both t0 and r  must both be fixed 
beforehand.

2.3.2.4 Type IV Censoring

In this type of censoring the n numbered items are activated at different given point(s) in time. If it is 
found that the time for censoring of item i is stochastic, the censoring is said to be type IV. We may set 
the activation at t =  0 for this censoring type.

2.3.3 Various Categories of Censoring

There are various categories of censoring that are worth mentioning, such as right censoring, left 
censoring, and interval censoring.
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2.3.3.1 Right Censoring

In this category, we know when an item was put into operation, but not necessarily when it fails. Here, 
the exact lifetime of the ith item will be known if, and only if, Ti is less than of equal to Cr (that is, 
Ti <  Cr), where Cr denotes ’right’ censoring time. In the event that Ti >  Cr, the item is said to be a 
survivor, and its event time is censored at Cr - The data from this experiment can be represented by pairs 
of random variables (X, 8), where 8 indicates whether the lifetime Ti corresponds to an event (8 =  1) 
or is censored (8 =  0), and X is equal to Ti if the lifetime is observed, and to Cr if it is censored. Thus, 

X =  min(Ti, C ).

2.3.3.2 Left Censoring

The data set is said to be left censored when we do not know when all the items were put into ope­
ration. In this category we know that an item is functioning when the observation period starts, but 
not necessarily how long the item has been functioning. In other words, a lifetime Ti is considered 
to be left censored if it is less than a censoring time C;(that is Ti <  C;), that is, the event of interest 
has already occurred for the individual before that person is observed in the study at time C; ' Here, C; 
denotes ’left’ censoring time. The exact lifetime Ti will be known if, and only if, Ti' is greater than or 
equal to C;. The data from a test that involves left censoring can be represented by pairs of random 
variables (X, e ), as in the previous subsection, where X is equal to Ti- if the lifetime is observed and e 
indicates whether the exact is observed (e =  1) or not (e =  0). Hence, X =  max(Ti, C;).

2.3.3.3 Interval Censoring

This is a more general category of censoring occurs when the lifetime is only known to occur within 
an interval. Such interval censoring occurs when patients in a clinical trial or longitudinal study have 
periodic follow-up and the patient’s event time is only known to fall in an interval (L;, R;] (L for left 
endpoint and R for right endpoint of the censoring interval), Klein & Moeschberger (2003).

2.3.3.4 Truncation

This is another feature of many reliability and survival studies that is sometimes confused with cen­
soring. As discussed in Klein & Moeschberger (2003), truncation occurs when only those items/indi- 
viduals whose event time lies within a certain observational window (YL, YR) are observed. An item 
whose event time is not in this interval is not observed and no information on this item is available to 
the investigator. This is in contrast to censoring where there is at least partial information on each item. 
Because we are only aware of items with event times in the observational window, the inference for 
truncated data is restricted to conditional estimation.

When Yr is infinite then we have left truncation. In this type of truncation we only observe those
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items whose event time Ti exceeds the truncation time Yl ' That is we observe if Ti if and only ifYL <  Ti' 
Right truncation occurs when Ylis equal to zero. That is, we observe the lifetime Ti' only when Ti- <  Yr '

2.3.4 Likelihood Construction for Censored Data

This section is concerned primarily with the likelihoods construction that is used for analyzing para­

semi-parametric models regression methods. A critical assumption is that the lifetimes and censoring 
time are independent. If they are not independent, then specializes techniques must invoked. In con­
structing a likelihood function for censored data we nee to consider carefully what information gives 
us, Klein & Moeschberger (2003).

An observation corresponding to an exact event time provides information on the provides infor­
mation on the probability that the event’s occurring at this time, which is approximately equal to the 
density function of T at this time. For a right censored observation all we know is that the event time 
is larger than this time, so the information is the reliability function evaluated at the on study time. 
Likewise, for a left censored observation, all we know is that the event has already occurred, so the 
contribution to the likelihood is the cumulative distribution function evaluated at the on study time. 
Lastly, for interval censored data we know only that the event occurred within the interval, so the in­
formation is the probability that the event is in this interval. It is worth mentioning that for truncated 
data, these probabilities are replaced by the appropriate conditional probabilities.

More precisely, the likelihoods for various types of censoring schemes may all be written by incor­
porating the following components:

metric models. They can also be used as a basis for determining the partial likelihoods used in the

interval-truncated items

exact lifetimes
right-censored items 
left-censored items
interval-censored items
left-truncated items 
right-truncated items

f  (t)
R (Cr)
1 -  R (C;)
[R (L) -  R (R)] 
f  (t) /R(Yl ) 
f  (t)/[1  -  R(Yr)] 

f  (t) /  [R (Yl ) -  R (Yr)]

The likelihood function may be constructed by putting together the component parts as

l f  « n  f  (ti) n  r  (Cr) n  (1 -  r  « ) )  n  [r (l ) -  r m i

where D is the set of death/ failure times, R the set of right censored items, L the set of left censored 
items, and I  the set of interval censored items. if each item has a different failure distribution, as might
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be the case when regression techniques are used, the likelihood becomes

l f  « n  fi (ti) n  Ri (Cr) n  (1  -  w )) n  ^  (Li) -  R iM ]
iGD 'gR iGL iG/

In Klein & Moeschberger (2003) the details of constructing the likelihood function for type I censoring 
for the right censoring category are provided as follows. For S =  0, it can be seen that

P  (X, S =  0) =  P(X =  Cr | S =  0)P(S =  0)

=  P(S =  0)

=  P(T  >  Cr) =  R(Cr)

Also, for S =  1,

P(X , S =  1) =  P  (X =  T | S =  1)P  (S =  1)

=  p  (T =  X | T <  Cr) P  (T <  Cr)

f  (t)
1 -  R(Cr)

[1 -  R(Cr) ] =  f  (t) '

We can combine these expressions into the single expression

P ( t, S) =  [f (t)]S [R(t)]1-S

Thus if we have a random sample of pairs (X', S'), i =  1, '„, n, the likelihood function is

l f / = n  p  (ti, Si) = n  i f  ('i)]Si [R(<i)]1-Si ■
i=1 i=1

For type II censoring, the data consist of the rth smallest lifetimes T(1) <  T(2) <  ■ ■ ■ <  T(r) out of a 
random sample of n lifetimes from the assumed distribution, the likelihood is given by

LF//
n!

(n -  r ) !

r
n  f  (t(i)) [R(t(r))ln
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2.4 Introduction to Human Reliability

There are a number of definitions of human reliability provided in the literature, we will only give 
two in this review. As defined by Swain & Guttmann (1983) human reliability is the probability 
that a person correctly performs some system-required activity in a required time period (if time is a 
limiting factor); and performs no extraneous activity that can degrade the system. Human reliability 
analysis (HRA) is a method by which human reliability is estimated. When one undertakes to perform 
human reliability analysis, it is important to determine specifically those human actions that have the 
potential to bring about effect on system reliability. Groth & Swiler (2013) define human reliability 
analysis as the aspect of probabilistic risk assessment that is concerned with systematically identifying 
and analyzing the cause and consequence of human errors. From the two definitions we see that 
human reliability analysis pertains to methodologies for estimating and analyzing the effect of those 
failures which involve human action or inaction, and says nothing about the failure of some physical 
component.

According to French et al. (2009) human reliability grew up in the 1960s with the intention of mo­
deling the likelihood and consequences of human error. This means that it is a relative new field. It has 
its roots in the early probabilistic risk assessments performed as part of the United States of America 
nuclear energy development programme. At the time, it treated humans as any other component in the 
system, French et al. (2009). Over the years, methods of different propensities for assessing human 
reliability have been developed. Currently, as it is stated in Groth & Swiler (2013), there are over 50 
HRA methods that can be used to estimate the probability of human error, and development of new 
HRA methods continues to be a topic of research. As a result, these techniques are categorized in 
the literature into first, second, and emerging third generation HRA methodologies, respectively. It is 
noted in French et al. (2009) that context and cognition are the two features that second generation 
methods are supposed to contain - yet context is certainly modeled to some extent in first generation 
methods. Third generation methods contain more dynamic simulation, and have to be implemented on 
a computer.

Since humans have the ability to initiate and reduce accident occurrence, it becomes important that 
the influence of humans on the entire reliability of the system be taken into consideration in any total 
probabilistic risk analysis. Few systems operate completely independent of humans. Thus any study 
of system risk or reliability requires analysis of the potential for failure arising from human activities, 
French et al. (2009). Risks occur throughout the life cycle: during construction or installation, during 
operation, during modification and during decommissioning. In the event of failure at any stage there 
are risks associated with repair and recovery. In all cases HRA will inform risk management. When 
we want to thoroughly assess the risks attributable to human error and to come up with strategies of 
reducing system vulnerability to human error impact, we learn to appreciate the importance of HRA. 
According to Kirwan (1994) this is accomplished by its three principal functions of identifying what
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errors can occur (Human error identification), deciding how likely the errors are to occur (Human error 
quantification), and by reducing this error likelihood (Human error reduction). Human reliability ana­
lysis can also enhance the profitability and availability of systems via human error reduction/avoidance, 
although the main drive for the development and application of HRA techniques has so far came from 
the risk assessment and reduction domain, Kirwan (1994). The following discussion of the principal 
functions of HRA is presented in Kirwan (1994).

H um an e rro r identification

This step typically follows task analysis (which defines how the task should be carried out), as it 
considers what can go wrong. It looks (but not limited to) at the following error types:

• error of omission - failing to carry out a required activity;

• error of commission - failing to carry out a required act adequately: act performed without requi­
red precision, or with too much or too little force; act performed at wrong time; acts performed 
in wrong sequence;

• extraneous act - unrequired act performed instead of, or in addition to, required act;

• error-recovery opportunities - acts which can recover previous errors.

Many errors can be identified in this step, and only those that are important (ones which can contribute 
to a degraded system state) for the study are integrated into risk analysis.

H um an e rro r quantification

Upon the representation of the human error potential, the next step is to quantify the likelihood of 
the errors involved and then determine the effect of human error on system safety or reliability. Hu­
man reliability methods all quantify the human error probability (HEP), which is the metric of human 
reliability assessment.

The human error probability is defined as follows:

„ Number o f  errors occured
H E P = ------ ------------ ---------------------------- '

Number o f  opportunities f o r  error

E rro r reduction analysis

Error reduction measure may be derived in a number of ways: according to the identified root causes 
of the error; from the defined factors (called Performance Shaping Factors, to be discussed shortly) 
that contribute to the error’s HEP; or else from an assessment of the task in its system context, using 
ergonomics/ engineering judgement to identify how to prevent the error, or how to reduce either its
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likelihood or its system impact. If error reduction is necessary to reduce risk to an acceptable level, 
then following such error reduction measures, the system risk level will need to be recalculated.

There are many reasons given in French et al. (2009) as to when and why one might undertake an 
assessment of human reliability:

• In the design of a system one may be concerned with ’designing out’ the potential for system fai­
lure. Part of this involves analyzing how human behaviour may affect the system in its potential 
both to compromise its reliability and to avoid the threat of imminent failure.

• Sometimes an organization wants to restructure and change its reporting structures. In such 
circumstances, it may wish to understand how its organizational design may affect the reliability 
and safety of its systems; and in turn that understanding may inform the development of its safety 
culture.

• During licensing discussion between a government regulator and the system operator there may 
be a need to demonstrate that a system meets a safety target.

• There may be a need to modify a system in which case there are needs to design the modification 
and the project to deliver the modification.

• There may be a need to choose which of several potential systems to purchase and the risk of 
system failure may be a potential differentiator between the options.

Therefore there are many contexts and reasons for conducting an HRA. This also explains why there 
are so many HRA methodologies.

So far in this chapter we have learned, among many other things, that the objective of HRA is to 
analyse and help in the prevention of negative effects of human error system performance and safety.We 
now focus on the application of HRA. Human reliability analysis is usually applied in the context 
of the risk assessment of complex and potentially hazardous systems such as nuclear power plants, 
chemical plants, offshore installations, and mass transportation systems, Kirwan (1997). In order to 
see how HRA is applied in these industry sectors, the following discussion as noted in Kirwan (1994) 
is undertaken.

Nuclear power plant

Human reliability analysis is used when looking at distributed emergency operation, control room 
misdiagnosis, nuclear power scenarios, research reactor scenarios.

Chemical plants

This sector make use of HRA in the the determination of chlorine loading, chemical process control, 
chemical sampling, hazardous substances control.
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Offshore

Here, HRA is used when looking at offshore drilling, offshore lifeboat evacuation, offshore platform 
blowout, offshore platform depression I and II.

M arine transport

This industry sector applies HRA in the examination of ship-platform collision.

2.5 Human error

Human error is defined as any member of a set of actions that exceeds some limit of acceptability. Thus, 
an error is merely an out-of-tolerance action, where the limits of tolerable performance are defined by 
the system. Furthermore, human errors include intentional errors and unintentional errors. The former 
occur when the operator intends to perform some act that is incorrect but believes it to be correct or to 
represent a superior method of performance, Swain & Guttmann (1983).

Human error in complex and potentially hazardous systems involves human action (or inaction) 
in unforgiving systems. For human error to have a negative system impact, there must first be an 
opportunity for an error, or a requirement for reliable human performance-often in response to some 
event. The error must then occur and fail to be corrected or compensated for by the system, and it must 
have negative consequences, Kirwan (1994).

2.6 Performance Shaping Factors

Performance shaping factors (PSFs) encompass those influence that enhance or degrade human per­
formance. PSFs are used within human reliability analysis (HRA) methods to identify contributors 
to human errors and to provide a basis for quantifying those contributors systematically, Boring et al. 
(2007). In the literature there are many different terms given to these factors - PSF (performance 
shaping factors), EPC (error producing condition), PIF (performance influencing factors), CPC (com­
mon performance conditions), PAF (performance affecting factors), and so on and so forth.

In a discussion of PSFs in Swain & Guttmann (1983) it is noted that there are two kinds of PSFs 
that are normally considered in modeling human performance for PRA; the external PSFs that include 
the entire work environment, particularly the equipment design and written or oral instructions; and 
the internal PSFs that represent the individual characteristics of the person, his skills, motivations and 
expectations that influence his/her performance. One of the most influential PSFs is stress. According 
to Schuller (1997) performance shaping factors are hypothetical, since one does not know for certain 
that they will have a particular effect in a specific situation. Experimental work generally does not
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give the kind of data needed about performance shaping factors that is useful in human reliability 
quantification. The most important groups of performance shaping factors are:

- Operating environment

• Physical work environment

• Work pattern

- Task characteristics

• Equipment design

• Control panel design

• Job aids and procedures

• Training

- Operator characteristics

• Experience

• Personality factors

• Physical condition and age

- Organizational and social factors

• Team work and communications

• Management policies.

Other kinds of PSFs are psychological and physiological stressors that result from a work environment 
in which the demands placed on the human by the system do not conform to his/her performance. 
Amongst others, some of the stressors are task speed, task load and fatigue, Zimolong (1992).



Chapter 3

Bayesian Inference for a Selection of 
Parametric Models for Hardware Reliability 
Analysis

3.1 Introduction

In this section a number of probability distributions that may be used to model the lifetime of a non­
repairable item will be reviewed. These models differ in the number of parameters, which reflect 
shape, location, and scale, and for a particular application, provide a variety of hazard functions to 
choose from. Hence, it is appropriate and necessary to discuss these more widely used parametric 
models. These models are chosen, not only because of their popularity among researchers who ana­
lyze reliability data, but also because they offer insight into the nature of the various parameters and 
functions such as the hazard rate. The following important life distributions are discussed:

• The exponential distribution;

• the gamma distribution;

• the Rayleigh distribution;

• the Weibull distribution.

In the discussion, the following will be of interest:

• Density function;

• hazard function;

• expected lifetime (MTTF);

• reliability function.

22
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3.2 Distributions

3.2.1 Exponential distribution

Consider an item that is put into operation at t =  0. The time to failure T  of the item is said to have an 
exponential distribution with parameter A, written T ~  exp(A), if the density function is

The cumulative (life) distribution function of the item is

=  1 -  e-At for t >  0. 

The reliability (survivor) function of the item is

R(t) =  1 -  F  (t)

=  P (T  >  t )

po o

=  / Ae-A

Ae At for t >  0, A >  0

0 otherwise.

F ( t) =  P  (T <  t )

A e A

e
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The mean time to failure is

and the variance of T  is

The mean residual life is

MTTF =  E [T ]

t X e
■J0

X tdt

e
0

X tdt

1
X

var(T) t1 2Xe Xtdt

1
X2 '

1
X

2

The failure rate function is

MRL(t) =  E [T - 1 | T >  t]

J ” e-X
e-X t

1 e-X t
X e X t 

1
=  -  =  MTTF. 

X

z (t) f (t ) 
R(t)

X e-X t 
e-X t

=  X =  constant,
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showing that the failure rate of an item with an exponential life is independent of time. We also see 
that on average an item whose lifetime is exponentially distributed fails every X time units, and that 
this is the same as the item's expected remaining life.

When the data is complete the likelihood becomes

LF(X 111, t2 ,'.', tn) =  n X e -Xti
i=1

=  X ne-X En=1t;'

The likelihood function of the n exponentially distributed censored lifetimes for type I censoring, when 
the data is incomplete, is given by

LF/ (X) =  n  X e-X t; n  e-X Cr n ( 1  -  e-X Cr
ieD ieR ieL

) n [ e -XL -  e-XR] 
ie /

and for type II censoring

LF// (X) =
n!

(n -  r ) ! n  x e
—A t;

i=1
e X tr

n!
(n -  r ) !

X re-X [Lr=1 t;+(n -r)tr ]'

n—r

3.2.2 Gamma distribution

The lifetime T of an item is said to be gamma distributed, written T ~  gam m a(a, X), with parameters 
X >  0, and a  > 0, if the density function is

f ( t)
Xa t a -1 e-X t

r  ( a )
0

for t >  0 

otherwise,

where r  ( a ) =  / 0°° t a-1 e- t dt is the gamma function; X is the rate parameter, and a  is the shape pa­
rameter. It is easy to see that when a  =  1, the gamma becomes an exponential distribution with rate 
parameter X.
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The mean time to failure is

=  E [T ]

' tX ata 1e Xfdt

Xa
E(a)

ta e X tdt

a
X

and the variance of T  is

var(T)
r~ 12Xa t a —1e—X tdt 
3 r ( a )

a \  2
x )

Xa r ( a  +  2) / a \ 2
r  ( a ) Xa+2 vx )

a
X  ■

The distribution function is

F (t) =  P (T < t)

rt Xasa 1e
0 r  ( a )

X rt
r  ( a )

(Xs)
0

X s
— ds

a—1e X sds,

and letting Xs = x, it is easy to see that

F  (t)
/ 0X txa—1e—xdx

r ( a )

Y( a , Xt)
r  ( a ) ,
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where Y (a , Xt) is the lower incomplete gamma function. The reliability function is

R (t) = P (T > t)

ds
pto X asa—1e—Xs

=  Jt r  ( a )

fX°t xa—1e—xdx 
= r ( a )

r  ( a , X t )
=  ,

where r ( a , Xt) is the upper incomplete gamma function. The corresponding failure rate function is 
then given by

z (t) = f i t )
R( t)

_  Xa ta —1e—Xt 
r  ( a , X t)

When the shape parameter a  takes only positive integers, the distribution function F ( t) can be 
written as

a —1 (X t )” _ X,
F  (t ) =  1 — E

n=0 n!

and the reliability function then becomes

R(t) =  E
a—1 (Xt)" -X t
n=0 "!

The corresponding failure rate function is

z (t) =
f  (t) =  Xa ta —!e—X t/ r  ( a )
R(t) E a —1 (X̂ e—X tV ' E "=0 "! C-<"=0 n!

The likelihood function for the complete data from the gamma distribution is given by

Xa t a —1e—X ti
l  (x 1 tl , t2 , . . . , t") =  n

i=1 r  ( a )

X "a
( n a y n  t

i=1
a-1
i -X E"=1 tie
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When the data is incomplete from the gamma distribution, as a result of type I censoring, the likelihood 
becomes

LF/ ( a , X) =  n
ieD

Xa t« —1e—X

r  ( a ) n
ieR L

r  ( a , XCi) 
r  ( a ) n

- iGL -
1

r  ( a , X Ci) 
r  ( a ) n

i /

r  ( a , XLi) r ( a , XRi)
r  (a ) r  (a )

and for type II censoring the likelihood is 

LF// ( a , X) =
n! a  f Xa t(?r1e—X t(i) v r  (a , Xt(i))

(n — r ) ! n  f  r  ( a ) ) _ r  (a )  _

n!Xa r
(n — r)! ( r  ( a ))"

3.2.3 Rayleigh distribution

n
i=1

ta  1e Xt(i)w [ r  ( a , X tp ,)]'

This is a lifetime distribution named after Lord Rayleigh. It is a special case of the Weibull distribution, 
when the shape parameter, a , is set equal to 2. It is widely used in communications theory, engineering, 
and in the physical sciences. The time to failure of an item is said to have a Rayleigh distribution with 
parameter X (>  0), written T ~  Rayleigh(X), if the probability density function is

f ( t)  =
2X 2te—(Xt)2 for t >  0

0 otherwise .

The corresponding distribution function is

F  (t ) =
1 — e (Xt)2 for t >  0

0 otherwise.

The reliability function is given by

R(t) =  1 — F  (t)

=  Pr (T >  t)

-(X t )2e
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The mean time to failure of the item is

MTTF =  E [T ]

1
Ir

2 + ‘

and the variance of T is

var (T) =  X2 F (  2 +  1 X r ( 2 + 1

2

The failure rate function is

1

X2 X r ( 2 + 1

2

z(t) f  (t)
R(t)

2X 2te—(X t)2
e—(X t )2

=  2X 2t.

When the data is complete the likelihood becomes

2
L(X 111, t2 ,..., tn) =  n 2 X 2t2—1e—(X̂

i=1

=  2nX2n n ti
i=1

-E?=1(X ti)2

The likelihood function of the n Rayleigh distributed censored lifetimes for type I censoring, when the 
data is incomplete, is given by

iD iR iGL
LF/(X) =  0 [ 2 X 2t2—1e—(Xti)2]n e —(XC)2 0 ( 1 " e—(XQ)2) 0 [ e —(XL)2 "  e—(X̂ ]

i /

e
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and for type II censoring the likelihood is

LF/ / (X) n!
(n—r)! nr=12X 2(,2- 1 e—(X ti)2 e (X tr )22 n r

2r x 2r [nr=112—̂  e ir=1(Xti)2 —(n—r)(Xtr)2 .

3.2.4 Weibull distribution

This is one of the most widely used life distributions in reliability analysis. It is named after professor 
Waloddi Weibull (1887-1979) who developed the distribution for modeling the strength of materials. It 
is very flexible, and can model many types of failure rate behaviors. The lifetime T of an item is said to 
be Weibull distributed, written T ~  Weibull ( a , X), with positive parameters a  and X if the probability 
density function i given by

(a X  (Xt)a—1 e—(Xt)a fort >  0
f  (t) =  \  ( )

0 otherwise .

The corresponding distribution function is

( 1 — e (Xt)a fort >  0
F  (t) =  {

I 0 otherwise,

where X is a scale parameter, and a  is called the the shape parameters. It is easy to see that when 
a  =  1, the Weibull distribution is equal to the exponential distribution.

The reliability function is given by

R(t) =  1 — F  (t)

=  Pr (T >  t)

e—(Xt)a for t >  0.
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The mean time to failure of the MTTF is

MTTF =  E [T ]

t aX (X t )a —1 e—(X t)a dt

=  a X M  ta e (X t)a dt

=  Xa [  u a e X<xudu
0

:r  (a  +  1)=  Xa -
a +1(Xa ) a

=  1 r ( a + 1X V a

where the the substitution u =  ta was used to simplify the integral. The variance of T is

Var(T ) = x12 r (  a + 0- ( x  r ( 1 + 1

The failure rate function is given by

(t) f ( t)
z(t) =  Ret)

aX (X t )a —1 e—(X t)a 
=  e—(X t )a

=  aX (Xt)a —1 for t >  0.

Note that when a  =  1, the failure rate is independent of time (exponential distribution); when a  >  1, 
the failure rate function is increasing; and when a  <  1, z(t) is decreasing.

When the data is complete the likelihood becomes

2

L ( a , X 111, t2,..., tn) =  n a X a t?  1e (Xti) =  a nXn an
i=1

n «/
i=1

a 1 -E?=1(X ti)a

The likelihood function of the n Weibull distributed censored lifetimes for type I censoring, when the

e
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data is incomplete, is given by

LF/ ( a , X) =  0  
ie D

aX a t,a 1e (X ti)C n  e
ieR

—(X Ci)“ n ( 1 — e—(X C,0“) D [e—(X Li)“ — e—(X Ci)“] 
ieL ie/

and for typell censoring

LF// ( a , x ) =  ^ n r=1 aX a t a —1e—(x ti)C (X tr)ae v1, *r

^  a rXar [ n r=1 t a — ̂  e — ̂ r=1(XC — (n— r)(Xtr) •

3.3 Bayesian Statistics

3.3.1 Introduction to Bayesian Statistics

Bayesian Statistics is a branch of Statistics that offers a rationalist theory of personalistic beliefs in 
contexts of uncertainty, with the central aim of characterizing how an individual belief should act in 
order to avoid certain kinds of undesirable behavioral inconsistencies. The goal is to establish rules 
and procedures for individuals concerned with disciplined uncertainty accounting, Bernado & Smith 
(2001). In Bayesian Statistics the parameter(s) of interest is considered to be stochastic in order to 
represent all the various sources of uncertainty that we have in specifying its possible values.

The importance of Bayesian statistics is noted in Hamada et al. (2008) when they mention that 
consistency and efficiency are properties of estimators most relevant for estimation when sample sizes 
are large. However, since sample sizes available for estimations are never infinite, inference for small- 
to-moderate sample sizes is also important. The large sample properties of the maximum likelihood 
estimator do not pertain in more complicated settings. Take, for example, the hierarchical models, 
or when the parameter values fall close to the boundary of the parameter space. Lastly, deriving 
expressions for the maximum likelihood estimator is often difficult in high dimensional settings, and 
obtaining analytical expression for the information matrix required for inference may not be feasible. 
On the foundation of Bayesian Statistics lies Bayes’ Theorem.

3.3.2 Bayes Theorem

Definitive records of Thomas Bayes’ birth do not seem to exist. That his name lives on in the charac­
terization of modern statistical methodology is a consequence of the publication of “An Essay towards 
Solving a Problem in the Doctrine of Chances”, attributed to Bayes and community to the Royal So­
ciety after Bayes’ death by Richard Price in 1763. The technical result at the heart of the essay is what 
we now know as Bayes’ theorem. In its simplest form, if H denotes an hypothesis and D denotes data,
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the theorem states that
P  (H | D) =  P  (D | H ) x P  (H) /P  (D)

with P  (H) regarded as a probabilistic statement of belief about H  before obtaining data D, the left 
hand side P  (H | D) becomes a probabilistic statement of belief about H  after obtaining D. Having 
specified P  (D | H ) and P  (D) the mechanism of the theorem provides a solution to the problem of 
how to learn from data. Actually, Bayes only stated his result for a uniform prior. It was Laplace - 
apparently unaware of Bayes’ work - who stated the theorem in its general (discrete) form, Bernado & 
Smith (2001). Mathematically, Bayes Theorem can be expressed in the general continuous form as

p  (9 11)
L (9 11) p (9)

Se L (9 1t) p  (9) d9

where the function p  (9 11) is called the posterior density, p  (9) is called the prior density of 9, L (9 11) 
is the sampling density of the data, / L (9 1t) p  (9) d 9 is the marginal density of the data, and L (9 1t) 
is the likelihood function. Thus we see that Bayes’ Theorem provides the mathematical means of 
combining information and data, in the context of a probabilistic model, in order to update a prior state 
of knowledge. However, Bayes rule does not tell us what our beliefs should be, it tells us how they 
should change after seeing new information. The only problem in the use of Bayes’ Theorem is that 
one has to be certain about what it is one is uncertain about.

According to Hoff (2009) Bayesian methods provide:

• parameter estimates with good statistical properties;

• parsimonious descriptions of observed data;

• predictions for missing data and forecasts of future data;

• a computational framework for model estimation, selection and validation.

3.3.3 Objective Priors

The density that expresses what one believes about the occurring value of 9, before any observation has 
been taken, that is a priori, p  (9) is called the prior density of 9. Objective priors will be considered in 
this thesis. These are prior distributions that may be dispersed when used to reflect prior information, 
indicating that little is known about the parameter of interest. In other words, objective priors are priors 
that are characterized by giving no preference to any of the possible parameter values. These priors 
are sometimes called diffuse, non-informative, or vague. We use vague priors when we feel that we 
have very little prior knowledge about the model parameters. The following objective priors will be 
considered:

• Jeffreys prior;
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• General divergence prior.

3.3.3.1 Jeffreys p rio r

This prior results from the use of Jeffreys’ rule, described by Jeffreys (1946). Suppose that we have a 
one-to-one transformation of our parameter 0 =  h (9 ). Jeffreys’ rule states that any rule for determining 
a prior distribution should yield the same prior distribution for 0 whether we transform from a prior on 
9 or determine a prior directly for 0. Define expected Fisher information as

/  (9) E
d 2logL (9 11)

d92

Jeffreys’ rule defines a vague prior as

p  (9) | / ( 9 ) | .

According to Syversveen (1998) there are problems, discussed in Box & Tiao (1992), that arise when 
Jeffreys’ rule is generalized to multidimensional parameters 9. The prior that maximizes missing in­
formation in an experiment, known as the reference prior is usually used in this case.

3.3.3.2 A General divergence prior

The General divergence prior is defined in Gosh et al. (2011) as

p c  (9) | /  (9) |.

That is, the divergence prior is proportional to the positive fourth root of the Fisher information, or 
to the positive square root of the Jeffreys prior. This prior is proved, in Ghosh (2011), to possess the 
in-variance property under the one-to-one reparameterization. This prior has not received too much 
attention in literature; it is going to be compared with the Jeffreys prior.
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Table 3.1: Fisher information for the four distributions.

Distribution Fisher information

Exponential
n

X2

Rayleigh
4n
X2

Gamma

r f , , n -
n ^ ' ( a ) -  X

n n a
L -  x  X2 J

Weibull

r n + n (2yi +  72) n + nyi 1 
a 2 a 2 X X

n nyi n a 2
L x +  x x 2 J

Table 3.1 gives the the Fisher information for each of the four distributions. The derivations of the 
given Fisher information is provided in Appendix A.1 to A.4.

Table 3.2 shows the two priors for the different distributions which will be used in this thesis.
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Table 3.2: Priors.

Distribution Jeffreys General Divergence

Exponential
1
I

1
VX

Rayleigh
1
I

1
VX

Gamma
^ a ^ ' ( a ) -  1 ( a p ; ( a ) -  1)1/4

A y/X

Weibull
1 1
A VX

3.3.4 Posterior distribution

Bayes theorem tells us that the probability distribution for 0 posterior to the data x is proportional to 
the product of the distribution for 0 prior to the data and the likelihood for 0 given x. That is,

posterior distribution ^  likelihood x prior distribution.

The likelihood plays a very important role in Bayes’ formula, by being the function through which the 
data x modifies prior knowledge of 0. It can therefore be regarded as representing information about 0 
coming from the data. it is defined up to a multiplicative constant, Box & Tiao (1992).

In terms of probability density functions then,

P (0 11) «  L (0 1t) p ( 0 ) .

The posterior distributions for the four parametric models, for complete data will now be considered. 
A similar approach can be adopted in the presence of censored data.

3.3.4.1 Exponential distribution

Suppose we have a random sample T1, T2, ..., of lifetimes from an exponential distribution with rate
parameter X, and let t =  (t1, t2,..., tn) denote the observed values of the random sample. The likelihood
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function of X given the observations t is

L (X 11) =  n  L (X I ti)
i=1

=  n  X e-X t;
i=1

=  Xne X E?=1 ti.

The Jeffreys prior for X is given by

Pj  (X) —
n

X2
1
X .

The posterior distribution for X is

PJ (X 11) — Xne-X En=1* x X

=  X n-1e X E?=1 ti.

Thus,

X 11 ~  gamma n, E  t;- 
V i=1 ,

The general divergence prior for X is

P g (X) - | n 11/4
X21 VX

And the posterior distribution is

P g (X 11) — X ne X E?=1 ti1i 1
VX

— X n-1/2e-X En=1 ti (3.1)

Thus,

X 1t  ~  gamma



CHAPTER 3. REVIEW OF PARAMETRIC MODELS 38

3.3.4.2 Rayleigh distribution

Consider a random sample T1, T2, ..., Tn of lifetimes from a Rayleigh distribution with scale parameter 
X, and let t  =  (t1, t2, ..., tn) denote the observed values of the random sample. The likelihood function 
of X given the observations t is

L (X 11) =  n L  (X I ti)
i=1
n ~

=  n  2X 2tie-(X ti)2
i=1

=  2nX2n n ti
i=1

-E?=1(X ti)2

The Jeffreys prior for X is

The posterior distribution for X is given by

p j  (x ) —i X2 i 1/2 — X ■

e

Pj  (X 11) — 2nX2n n ti
i=1

e-E"=1 (xti)2 x 1
A

X 2n-1e-En=1 (X ti)2.

The general divergence prior for X is

PG (X ) — V ' 1/4— V x

The posterior distribution is

PG(X It) — 2nX2n e-E?=1(Xti)2 x 1
VX

— X 2n -1/2e-E"=1 (x ti )2. (3.2)

3.3.4.3 Weibull distribution

Let Ti, T2, ..., Tn be a random sample from a Weibull distribution with parameters a  >  0 and X >  0, 
and let t  =  (t1, t2, ..., tn) be the observed values of this random sample. The joint likelihood function
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of a  and X given t  is

L ( a , X |t )  =  n L  (X | ti)
i=1

=  n  aX (X ti)a -1 e-(X ti)C
i=1

a\n=  (aX a ) n  t
i=1

a —1
i -E?=1(X ti)a

The Jeffreys prior for ( a , X) is given by

e

Pj  ( a , X) —
n2

1 X2 (72 — 7?) ' —
1
X ■

The posterior distribution of ( a , X) is given by

Pj  ( a , X 11) — (aX a )n n  t
i=1

a 1 e— E?=1(Xti)a x 1
A

— a  n Xn a n— 1
n ta
i=1

,— E?=1(X ti)a

The general divergence prior of ( a , X) is

P g (a , X ' t ) —'
V  
X 2 (72 — T2) |1/4—

1
VX

The posterior distribution of ( a , X) is

Pg ( a , X 11) — (aX a )n 

— a nXan—1/2

n  t
a —1
i

i=1
-E?=1(X ti)a X

VX

n tai=1
,— E?=1(X ti)a

e

(3.3)

3.3.4.4 Gam m a distribution

Suppose that we have a random sample T1, T2, ..., Tn from a gamma distribution with parameters a  >  0 
and X >  0, and let t  =  (t1, t2, ..., tn) be the observed values of this random sample. The joint likelihood



CHAPTER 3. REVIEW OF PARAMETRIC MODELS 40

function for ( a , X) is

L ( a , X 11) 0 L ( a , X | ti)
i=1

ni=1

Xa t« —1e—X ti

r  ( a )

Xa \ n
r M  ) n  t

i=1
a 1 e—X E?=1 ti

where r  ( a ) =  / 0°° t a 1e tdt is the gamma function. 
The Jeffreys prior for ( a , X) is

Pj  (a , X)

The posterior distribution of ( a , X) is

/  x a  \  n
Pj  ( a , X 11)

^ a ^ ' ( a ) — 1
A

r  ( a ) n  t
i=1

a 1 e—xej_1 « x v W ' ( « ) —1 
e x X ■

Xa n—1
( r M P n

i=1
e XEi=1 ti x v 7a ^ '  ( a ) — 1

The general divergence prior is

P g (a , X) —
Vn ( a ^ ' ( a ) — 1)1/4

X2

( a ^ ' ( a ) — 1)1/4
VX

and the posterior is

P g ( a , X 11) —
Xa \ n

r ( a )  J n  ti=1
a 1 -x En t ( a ^ '  ( a ) — 1)1/4

VX
(3.4)

In Bayesian statistics it is important, that the posterior distribution is proper. Improper posterior 
distributions yield invalid results. By a proper posterior distribution, we mean the integral of the 
posterior is finite. We will now investigate this element on the posterior distributions for the divergence 
prior that we have derived, as this has not yet been done in the literature reviewed thus far. The posterior
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distributions for the Jeffreys prior have been reported to be proper in, Yang & Berger (1996).

3.3.5 Properness of the resulting posterior distributions

When using the divergence prior and the exponential distribution, the posterior distribution from (3.1) 
is proper. This will be shown in Theorem 3.1.

Theorem 3.1. The posterior distribution from (3.1), p G (A 11) ^  An -2 e-A T?=i A is proper

Proof. Since

and

I An- 2 e-A En=i JidA 
0

r  (« +  2)
I 1 ’

(C -1  ti)“+ 3

A 11 ~  gamma

□

When using the divergence prior and the Rayleigh distribution, the posterior distribution from (3.2) 
is proper. This will be shown in Theorem 3.2.

Theorem 3.2. The posterior distribution from (3.2), PG (A 1 t ) A2n 1/2e T(=1(Ati)2, is proper

Proof. To show that (3.2) is proper, the following should be true:

r  cA 2n-1/2e- ^ n=1(Ati)2 dA =  1,
0

where c is the normalising constant.
For the above to be true, the following must be shown:

f  cAe- ^ i=1(Ati) dA <  <̂ .
0

Note that

p o o  p o o  0

pg  (A 11) dA =  A2n-1/2e-E n=1(Â  dA,
fo fo
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and by letting x =  A2, and noting that x ^  ^  as A ^  ~ , and , we have

/ ”  A 2”- 1/2e-En=1<A'i>2 dA =  1 r  x 2 <2”+1/2>-1 e-x^?=1t2 dx 
Jo 2 Jo

r  (1 (2n +1/2))

2 (£ “=1 f2) 1 (2n+1/2)

<  ^ .

Also, notice that

which completes the proof.

c - 1  r  (1 (2n + 1/ 2))

2 ( £ = 12) 2 (2n+1/2)

□

When using the divergence prior and the Weibull distribution, the posterior from (3.3) is proper. 
This will be shown in Theorem 3.3.

Theorem 3.3. The posterior distribution from (3.3), PG ( a , A 1t) ^  a nAan-1/2 [n ”=1t “ ] e- £ i=1(A t;) , is 
proper:

Proof. To show that (3.3) is proper, the following should be true:

/•oo p o o

c a n A an -1/2
/0 J0 n  <ai=1

e £;U(Ati) dA da =  1,

where c is the normalising constant.
For the above to be true, the following must be shown:

/•oo p o o

a «Aa n -1/2
0 0 n ,ai=1

e- I?=1(A ti)a dA d a < ^ .

Carrying out the inner integration, by letting x =  Aa , gives

a n 1
ni=1

xn+1/2a -1 e-x £ =11“ dxd a

which simplifies to

a n 1
n  <a
i=1

— (n+1/2a)
r  (n +  1/2a ) £  f» d a .

<i=1
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But, it is well known that

0 ta  <  | n 1 £  t “
i=1 i=1

which implies that

a n 1
n  'ai=1

— (n+1/2a)
r  (n +  1/ 2a) (  £  t,a ] d a  <  / a '

n \ / n
“ j  d a  <  jf a n -M £ ta£ t n n

i = W  nn (E?=1 ti

r  (n +  1/ 2a )
n hrn ta\  (n+1/2a)d a

-1/2a
=  n-n /  a n -1r  (n +  1/2a ) £  </

v i=1
d a .

Now, from Abramowitz & Stegun (1964), we obtain the asymptotic result

r  (n +  1/ 2a ) -  V 2ne1/2a (1/ 2a )1/2a+n-1/2,

thus, as a  ^  ~ ,

-  1/ 2a
a 1r  (n +  1/ 2a ) (  £  tia

4=1
2 -"+1 V i a  )

1/2a

=  O W a , W > 0.

Therefore,
f  o o  P O O

a «A« n -1/2
0 0

and that completes the proof.

n  </
i=1

e- £ n=1(A ti)a dA d a < <*>,

□

When using the divergence prior the gamma distribution, the posterior from (3.4) is proper. This 
will be shown in Theorem 3.4.

Theorem 3.4. The posterior distribution from (3.4),

a na 2 . I
pG (a , A 1 t ) «  ( r  (a))tl ( a f '  (a ) -  1) /4 n  fi‘

i=1
,-A £=1 ti

n

n

1

is proper
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Proof. Taking a similar approach to that of Liseo (1990), first note that

pg  ( a  11)
I*™ a na -  2

L  ( n a y
( a ^ ' ( a ) -  1)1/4 n  >>

i=1
e-A £ =  A

( a ^ ' ( a ) -  1)1/4
( r  ( a  ))n ni=1

r  (na  +  2 

. (£n=1 ti)na+2

where

so that

and

that is,

( a ^ ' ( a ) -  1)11/4 (  nn=1 ti \ a r  (na  +  2)
( £ =1 ti)V  ( r  ( a  ))n

1 1 1
P (a ) — “  +  ^ 2  +

1 1
Fa  2 a 2 6 a 3 3 0 a5 4 2 a 7

1 1 1 1
a ^ '  ( a ) -  1 — - — +2 a  6 a 2 3 0 a4 * 4 2 a6

( a * ' (a )  - 1)1/4= O (

( a ^ ' ( a ) -  1) \  1/4

as a  —> ™

1/a

is bounded for large values of a .
From Abramowitz & Stegun (1964), we have that

r ( n a  +  1 )  a ) " a n”a (n a ) 1 - 1

and

Therefore

r  ( a ) — J  ( a ) a
a e

r  ( na  +  2

1 +  ^  +
1 1 139 571

12a 288a2 51840a3 2488320a4
+

1 1
v/2n(a^)nanna (n a ) 2 2

( r  (a  ))n 2n / a \ a 
a V e 1 +  Toa +1 1 139 571

1 2 a r 288a2 51840a3 2488320a4

1- n
(2n ) ^  nnaa 2

n

as a  —► ™.
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Now consider the geometric mean ^ n ”=1ti and the arithmetic mean 1 £n=1 ti. It is a well known result 
that

n £?=1 ti _

1

n £5=1 tiJ _
Thus, it follows that

/  n?= 1 N a r  ( " a  + 1 )
V (£“= 1 <i)V ( r ( a ) ) n

1- n n
— (2n) 2 a 2 nn nn=1 ti \  

(£n=1 ti)n)

= O
1

M > 1

and at least one ti =  1. 
Therefore, as a  ^  ™,

P  (a  11) «  O O( , M >  1
V a /  VMa /

is integrable for every value of (£ ”=1t^ n?=1 '■O , where at least one ti =  1, and thus

A na -  2
pG (a , A 1 t) «  (r  (a ))n (a ^ ' (a ) -  1

1/4
n ta
i=1

,-A £=1 ti

is proper. □

3.3.6 Conditional and marginal posterior distributions

In this section the conditional and marginal distributions of the gamma and Weibull distributions will 
be investigated, as they are two-parameter distributions among the distributions under consideration. 
The results of this section will be used in the simulation studies section. The conditional posterior 
distribution of A is found by treating a  as a given constant in p  ( a , A 11) , that is, the conditional
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posterior distribution of A is,

p (A 1 a , t ) =
p  ( a , A 11) 

p (a  11)

The marginal posterior distribution of a , p  ( a  11), is found by simply integrating out all the other 
nuisance parameters from the joint posterior p  ( a , A 11) (in our case, this is A). That is,

p  ( a  11) =  J p ( a , A 11) dA.

3.3.6.1 Gam m a distribution

When using the general divergence prior, the marginal posterior for a  will be

poo

pg  ( a  11) = pg  ( a , A 11) dA
J0

r  An a -1 ( .
^  i -— — -  ( a y ' ( a ) -  1) 1/4

/0 ( r ( a ) ) n ni=1
e-A £?-1 tid A

( a y ' ( a ) -  1)1/4 [n ”=, t a ]
( r  ( a ))"

p o o  .

I Ana- 2 e-A £n=1 V A
0

( a y ' ( a ) -  1)1/4 [n?=, t,a ] r  (a n  +  2)

( r  ( a  ))n (£ n=1 ti) an+1

pg  ( a  11)
( a y ' (a ) - 1)1/4 [nn=1 ta  ] r  ( a  n + 2

( r  ( a  ))n (£n=1 t i r n ‘

When using the Jeffreys prior, the marginal posterior for a  will be

p j ( a  11)
Ana-

/0 ( r ( a ) ) n
( a y ' ( a ) -  1) 1/2

n  tai=1
e-A £?-1 tid A

( a y ' ( a ) -  1)l/2 [n?_1 t,a ] r  ( a  n) 
( r  (a ))"  (£»=1 ti)n ^ a n ’

(3.5)

(3.6)

1
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When using the general divergence prior, the conditional posterior for A will be

pg  (A | a , t) pg  ( a , A 11) 
pg  ( a  11)

pg  (A | a , t)

A n

(r(a))' ( a y ' ( a ) -  1)1/4 [0"=1 t a ] e-A EU ti

( a y '( a ( -^ ^ [n ^  t“] r(an+ 2) 
(T O r (E;=1 ti)an

(K"=1 ti)a n A na - 1 e-A E"=1 ti
r  ( a  n +  2)

^  A | a , t

When using the Jeffreys prior, the conditional posterior for A will be

p j  (A | a , t)

A | a , t_

Ana-1
(r(a ))n ( a y ' ( a ) -  1)1/2 [0"=1 t a ] e-A EU *

(ay '(a )-1)1/4 [n?=1 t;a] r(an) 
(r(a ))n (e"=1 ti)an

n an
(^ i= 1 ti) A na -1 e-A E?=1 ti

r  (a  n) 

gamma a  n, ^  t
i=1

3.3.6.2 Weibull distribution

When using the general divergence prior, the marginal posterior for a  will be

(3.7)

(3.8)
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p G  ( a  1 1 )  =  p  ( a , A  1 1)  d A
Jo

~  /  a n A a n - 1 / 2
o n  < a

i=1
e - E " = i ( X « ) a  d  A

= a n  < a
i=1

A a  n - 1 / 2 e - E = 1 (A t i ) a  d  A

a n d  b y  l e t t i n g  x  =  A a , i t  f o l l o w s  t h a t

P g ( a  1 t )  «  a n - 1

= a
n— 1

1
r<™ i

xn+ 2a 
o

1 
1

r  ( n + 2

( E =1 tia )

W h e n  u s i n g  t h e  J e f f r e y s  p r i o r ,  t h e  m a r g i n a l  p o s t e r i o r  f o r  a  w i l l  b e

P j  ( a  1 1)  =  p j  ( a , A  1 t )  d A
Jo

a
i=1

= a
n 1

n  t1

n
n  t

^  a
n 1

i=1

r k
i=1

A a  n - 1 e - E = 1 (A t i ) a  d A

r  ( n )
L n ,a

i=1 ri

E  ta
i=1

Xe

n

n

(3.9)

(3.10)
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W h e n  u s i n g  t h e  g e n e r a l  d i v e r g e n c e  p r i o r ,  t h e  c o n d i t i o n a l  p o s t e r i o r  f o r  A  w i l l  b e

P g  ( A  | a , t )
P g  ( a , A  1 t )  

P g ( a  1 1)

P g ( A  | a , t )  ^

a n A a n - 1/2 [ n n= 1 t a  ] e- E n =1(A ̂

a n - 1 [ n n = 1 <ia  ] - E ( n ± j ) r
( E f=11,“  )  2“

a  ( E n = 1 >° ) n ± 2a  A a n - 1/2e- E J =1(A t , ) ‘

r ( « ±  2f c )  =

W h e n  u s i n g  t h e  J e f f r e y s  p r i o r ,  t h e  c o n d i t i o n a l  p o s t e r i o r  f o r  A  w i l l  b e

( 3 . 1 1 )

P j  ( A  | a , t )
P j  ( a , A 1t) 

P j  ( a  11)

a  n A a  n - 1  [ n n= 1 ( “  ] e -  En=1(A t ' ) ‘

a n - 1  [ n n = 1 <,a  ]  ( E n = 1 < a

=  a

n
Aa n-1e-E = 1(A ti)a

3.3.7 Predictive Reliability

( 3 . 1 2 )

A c c o r d i n g  t o  H o f f  ( 2 0 0 9 )  t h e  p r e d i c t i v e  d i s t r i b u t i o n  o f  a  r a n d o m  v a r i a b l e  T n ± 1 i s  a  p r o b a b i l i t y  d i s t r i ­

b u t i o n  f o r  T n ± 1 s u c h  t h a t

•  k n o w n  q u a n t i t i e s  h a v e  b e e n  c o n d i t i o n e d  o n ;

•  u n k n o w n  q u a n t i t i e s  h a v e  b e e n  i n t e g r a t e d  o u t .

A  p r e d i c t i v e  d i s t r i b u t i o n  t h a t  i n t e g r a t e s  o v e r  u n k n o w n  p a r a m e t e r s  b u t  i s  n o t  c o n d i t i o n a l  o n  o b s e r v e d  

d a t a  i s  c a l l e d  a  prio r predictive distribution . F u r t h e r m o r e ,  s u c h  a  d i s t r i b u t i o n  c a n  b e  u s e f u l  i n  e v a l u a ­

t i n g  i f  a  p r i o r  d i s t r i b u t i o n  f o r  0  a c t u a l l y  t r a n s l a t e s  i n t o  r e a s o n a b l e  p r i o r  b e l i e f s  f o r  o b s e r v a b l e  d a t a  T n ± 1 . 

A f t e r  w e  h a v e  o b s e r v e d  a  s a m p l e  T 1 , . . . ,  T  f r o m  t h e  p o p u l a t i o n ,  t h e  r e l e v a n t  p r e d i c t i v e  d i s t r i b u t i o n  f o r  

a  n e w  o b s e r v a t i o n  b e c o m e s

P  ( T n±1 —  tn±1 1 T 1 — , ..., Tn — tn)  — /  p  ( t n±1 1 0 , , ..., tn)  p  ( 0  1 , ..., tn)  d 0
J0

=  p  ( t n±1 1 , ..., tn)

«  I P  ( t n±1 | 0 )  p  ( 0  | t 1,..., tn)  d  0 .
Jo
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This is called a posterior predictive distribution, because it conditions on an observed data set. Thus 
we see that p  (tn±1 111,..., tn) is the posterior expectation of p  (tn± 1 | 0 ). We can generalize this result 
to cover the case of m future observations, Tn± 1, ..., Tn±m in light of t1, ..., tn. It can be readily verified
that f m

p (tn±1, ..., In±m 1 T , ..., tn) =  i n  p  (ti 10) p ( 0 1 tl ,
^0 n±1

, tn) d 0 .



Chapter 4

Simulation studies for the parametric models

4.1 Introduction

When one speaks of simulation studies they are essentially referring to the act of taking a model 
generally expressed as a computer program and running it a number of times in order to obtain results 
that can be compared. In this chapter we will perform simulation studies to compare the performance 
of Jeffreys and general divergence prior distributions for the four parametric distributions under study 
- exponential distribution, gamma distribution, Rayleigh distribution, and Weibull distribution. The 
performance of the priors will be evaluated by looking at coverage rate and interval lengths.

• C r e d i b i l i t y  i n t e r v a l s

Credibility intervals are the Bayesian analogues of classical confidence intervals. They are 
constructed by using a central (1 -  a ) x 100% interval, which is a a range of values having 
(a/ 2) x 100% of the posterior probability above and below the endpoints. •

•  C o v e r a g e  p r o b a b i l i t y

Aninterval ( ° ( «n ) , 0((1
probability for 0 if

a ) n )  j  , based on the observed data T

P ( 0 ( 2 n )  <  0  <  0 ( ( 1 - a ) n )  I T =  t ) i

= t , has 95% Bayesian coverage 

0.95

where n is the number of samples generated by a simulation. Hoff (2009) interpret this interval 
by saying that it describes our information about the location of the true value of 0 after we have 
observed T =  t _. We will look at 95% credibility intervals. Therefore, if the credibility intervals 
are correct, we should get a coverage probability of 0.95. But, since we are dealing with a 
finite number of simulations, our credibility intervals are not all going to have an exact coverage 
probability of 0.95. Before we start with the simulation, we first look at some important concepts 
that surround coverage, as discussed in Burton et al. (2006).

51
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-  Over-coverage occurs when the coverage rates are above the nominal confidence level, 
CL =  1 -  a , and suggests that the results are too conservative as more simulations will not 
find a significant result when there is a true effect; this leads to a loss of statistical power 
with too many type II error. Confidence intervals whose coverage probabilities are greater 
than the nominal confidence level are said to be conservative.

-  Under-coverage occurs when the coverage rates are lower than the nominal confidence 
level; this indicates over-confidence in the estimates since more simulations will incorrectly 
detect a significant result, which leads to higher than expected type I errors.

An important question that arises out of this is: what criterion is used to measure the acceptability 
of the coverage rate being good or bad? Well it turns out that, as noted in Burton et al. (2006), a 
possible criterion for acceptability of the coverage is that the coverage should not fall outside of 
approximately two standard errors of the nominal confidence level (CL), SE (CL) =  CL(1-CL)/«. 
The average interval lengths of the intervals will also be investigated. The average length of the 
intervals are calculated using the following formula, where I  is the interval length and n* the 
number of intervals:

1 n*
average length =  — ^  C  

n i=1

The ideal interval, is the interval with the shortest length and coverage closest to the nominal 
level.

The general simulation study for the two priors and posteriors will be done, in MATLAB®, as follows:

1. For a starting (given) value of the unknown parameter, simulate data from the distribution of 
interest.

2. Simulate values for the unknown parameter, from the posterior distribution. Repeat this for large 
number of times, say, 10000.

3. Order the 10000 values of the parameter from the smallest to biggest. The 95% credibility 
interval will then be (0(250), 0(9750) ) .

4. Simulate 10000 data sets, and repeat Step 1 to Step 3. Then determine how many of the credi­
bility interval contain the initial value of the unknown parameter. This will give us the coverage 
probability for the prior being used.

The code for all the simulations performed in this chapter are given in Appendix B.
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4.2 Simulation for the exponential distribution

T h i s  s e c t i o n  l o o k s  a t  t h e  s i m u l a t i o n  s t u d y  w h e r e  t h e  l i f e  d i s t r i b u t i o n  i s  t h e  e x p o n e n t i a l  d i s t r i b u t i o n .  

F o l l o w i n g  t h e  g e n e r a l  p r o c e d u r e  g i v e n  a t  t h e  b e g i n n i n g  o f  t h i s  c h a p t e r ,  t h e  s i m u l a t i o n  f o r  t h i s  d i s t r i b u ­

t i o n  w a s  d o n e  a s  f o l l o w s :

1 .  3 0 0  d i f f e r e n t  v a l u e s  f o r  t h e  u n k n o w n  p a r a m e t e r ,  A , w i l l  b e  c o n s i d e r e d .

2 .  1 0 0 0 0  v a l u e s  o f  t h e  u n k n o w n  p a r a m e t e r  w e r e  s i m u l a t e d  f r o m  t h e  p o s t e r i o r  d i s t r i b u t i o n s :

p j  ( A  1 1 )  «  A n - 1 e - A  £ = 1  

P g  ( A  1 1 )  «  A n - 1 / 2 e - A  E U .

3 .  T h e  r e s u l t i n g  p a r a m e t e r  v a l u e s  f r o m  p o s t e r i o r s  a r e  o r d e r e d  i n  a s c e n d i n g  o r d e r .  T h e  9 5 %  c r e d i ­

b i l i t y  i n t e r v a l  ( A ( 2 5 0 ) ,  A ( 9 7 5 0 ) )  i s  t h e n  d e t e r m i n e d .

4 .  1 0 0 0 0  d a t a  s e t s  w e r e  s i m u l a t e d ,  a n d  S t e p  1 t h r o u g h  S t e p  3  w e r e  r e p e a t e d .  T h e  n u m b e r  o f  t i m e s  a  

c r e d i b i l i t y  i n t e r v a l  i n  S t e p  3  c o n t a i n e d  t h e  i n i t i a l  v a l u e  o f  t h e  u n k n o w n  p a r a m e t e r  w a s  c a l c u l a t e d .  

T h i s  n u m b e r  d i v i d e d  b y  1 0 0 0 0  g i v e s  t h e  c o v e r a g e  p r o b a b i l i t y  f o r  t h e  p r i o r  d i s t r i b u t i o n  u s e d .

E a c h  o f  t h e  1 0 0 0 0  s i m u l a t e d  c o v e r a g e  p r o b a b i l i t i e s  f r o m  t h e  c r e d i b i l i t y  i n t e r v a l s  a n d  a v e r a g e  i n t e r v a l  

l e n g t h s  a r e  r e c o r d e d  i n  T a b l e s  4 . 1  t o  4 . 5 .
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Table 4.1: Coverage rates and average interval lengths for A 0.1 : 0.1 : 6.4, for the exponential distribution.

A 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
j Coverage 95.08% 94.99% 95.04% 95.06% 94.87% 94.81% 95.16% 94.56%

Average L 0.0566 0.1130 0.1695 0.2261 0.2832 0.3390 0.3953 0.4516
g Coverage 94.86% 94.9% 94.95% 94.96% 94.71% 94.8% 95.06% 94.61%

Average L 0.0569 0.1135 0.1704 0.2272 0.2847 0.3407 0.3973 0.4538
A 0.9 1 1.1 1.2 1.3 1.4 1.5 1.6

j Coverage 94.95% 94.68% 95.29% 94.61% 94.82% 95.24% 95.01% 94.98%
Average L 0.5077 0.5647 0.6208 0.6773 0.7334 0.7903 0.8452 0.9053

g Coverage 94.85% 94.66% 95.11% 94.42% 94.61% 95.24% 94.86% 94.85%
Average L 0.5103 0.5674 0.6238 0.6807 0.7370 0.7942 0.8493 0.9098

A 1.7 1.8 1.9 2 2.1 2.2 2.3 2.4
j Coverage 95.36% 94.88% 95.02% 94.9% 95.24% 95.26% 94.98% 95.04%

Average L 0.9567 1.0170 1.0713 1.1314 1.1857 1.2422 1.2963 1.3569
g Coverage 95.39% 94.6% 94.92% 94.76% 95.17% 95.25% 94.84% 94.89%

Average L 0.9615 1.0221 1.0767 1.1371 1.1915 1.2482 1.3024 1.3638
A 2.5 2.6 2.7 2.8 2.9 3 3.1 3.2

j Coverage 95.1% 94.74% 94.97% 94.85% 95% 94.54% 95.05% 95.17%
Average L 1.4092 1.4706 1.5235 1.5796 1.6397 1.6919 1.7517 1.8063

g Coverage 95% 94.49% 95.01% 94.91% 94.91% 94.4% 94.85% 95.03%
Average L 1.4163 1.4778 1.5307 1.5873 1.6480 1.7004 1.7604 1.8153

A 3.3 3.4 3.5 3.6 3.7 3.8 3.9 4
j Coverage 95% 95.39% 95.35% 95.1% 95.18% 94.63% 95.19% 94.71%

Average L 1.8646 1.9209 1.9841 2.0347 2.0919 2.1505 2.2039 2.2539
g Coverage 94.84% 95.3% 95.15% 95.06% 95.05% 94.47% 95.04% 94.64%

Average L 1.8741 1.9303 1.9940 2.0447 2.1019 2.1614 2.2144 2.2651
A 4.1 4.2 4.3 4.4 4.5 4.6 4.7 4.8

j Coverage 95.05% 95.27% 94.87% 94.74% 95.18% 95.44% 95.08% 94.72%
Average L 2.3127 2.3757 2.4283 2.4838 2.5413 2.5960 2.6561 2.7066

g Coverage 94.87% 95.05% 94.77% 94.73% 95.06% 95.39% 94.83% 94.61%
Average L 2.3240 2.3877 2.4407 2.4960 2.5538 2.6087 2.6695 2.7198

A 4.9 5 5.1 5.2 5.3 5.4 5.5 5.6
j Coverage 94.91% 94.94% 94.96% 94.92% 94.81% 94.95% 95.26% 94.99%

Average L 2.7717 2.8352 2.8799 2.9451 2.9991 3.0523 3.1062 3.1646
g Coverage 94.88% 94.83% 94.83% 94.93% 94.71% 94.8% 95.31% 94.73%

Average L 2.7860 2.8493 2.8945 2.9599 3.0138 3.0669 3.1225 3.1806
A 5.7 5.8 5.9 6 6.1 6.2 6.3 6.4

j Coverage 94.69% 94.95% 94.6% 94.93% 95.23% 95.14% 94.92% 95.18%
Average L 3.2187 3.2780 3.3372 3.3902 3.4447 3.5099 3.5571 3.6150

g Coverage 94.74% 94.88% 94.54% 94.81% 95.16% 95.02% 94.93% 95.02%
Average L 3.2352 3.2945 3.3540 3.4067 3.4614 3.5276 3.5756 3.6330
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Table 4.2: Coverage rates and average interval lengths for A 6. 5 : 0. 1 : 12. 8, for the exponential distribution.

A 6.5 6.6 6.7 6.8 6.9 7 7.1 7.2
j Coverage 95.29% 95.05% 94.87% 95.14% 95.19% 95.14% 95.42% 95.02%

Average L 3.6661 3.7301 3.7883 3.8375 3.8806 3.9527 4.0173 4.0597
g Coverage 95.11% 95% 94.67% 95.14% 95.04% 95.02% 95.12% 95.01%

Average L 3.6846 3.7478 3.8070 3.8569 3.9010 3.9723 4.0380 4.0811
A 7.3 7.4 7.5 7.6 7.7 7.8 7.9 8

j Coverage 94.97% 95.06% 95.06% 94.94% 95.08% 94.76% 94.74% 95.21%
Average L 4.1251 4.1790 4.2400 4.2941 4.3475 4.4021 4.4675 4.5186

g Coverage 94.92% 94.99% 94.95% 94.82% 94.88% 94.72% 94.66% 95.08%
Average L 4.1455 4.1991 4.2623 4.3149 4.3697 4.4244 4.4898 4.5417

A 8.1 8.2 8.3 8.4 8.5 8.6 8.7 8.8
j Coverage 94.94% 94.91% 94.78% 95.25% 94.76% 95.36% 94.65% 95.07%

Average L 4.5660 4.6298 4.6870 4.7394 4.7980 4.8620 4.9115 4.9696
g Coverage 94.85% 94.71% 94.69% 95.34% 94.86% 95.11% 94.47% 95.07%

Average L 4.5890 4.6519 4.7114 4.7631 4.8220 4.8852 4.9358 4.9947
A 8.9 9 9.1 9.2 9.3 9.4 9.5 9.6

j Coverage 94.83% 95.02% 95.13% 94.93% 94.66% 95.14% 94.82% 94.9%
Average L 5.0272 5.0803 5.1390 5.1955 5.2517 5.3100 5.3761 5.4137

g Coverage 94.75% 94.79% 94.98% 94.7% 94.52% 94.94% 94.65% 94.77%
Average L 5.0531 5.1048 5.1650 5.2222 5.2788 5.3358 5.4034 5.4409

A 9.7 9.8 9.9 10 10.1 10.2 10.3 10.4
j Coverage 95.2% 95.24% 95.26% 95.15% 95.04% 95.11% 95.03% 95.11%

Average L 5.4668 5.5360 5.5924 5.6417 5.6903 5.7436 5.8190 5.8892
g Coverage 95.07% 95.06% 94.99% 95.04% 94.98% 95.03% 94.81% 94.73%

Average L 5.4946 5.5644 5.6191 5.6707 5.7195 5.7727 5.8475 5.9179
A 10.5 10.6 10.7 10.8 10.9 11 11.1 11.2

j Coverage 94.54% 94.68% 95.03% 95.03% 94.55% 94.64% 95.09% 94.88%
Average L 5.9215 5.9965 6.0461 6.0970 6.1481 6.2076 6.2474 6.3174

g Coverage 94.46% 94.7% 94.99% 94.88% 94.46% 94.56% 95.05% 94.8%
Average L 5.9525 6.0258 6.0764 6.1273 6.1776 6.2384 6.2784 6.3489

A 11.3 11.4 11.5 11.6 11.7 11.8 11.9 12
j Coverage 95.09% 94.87% 94.79% 95.05% 94.74% 95.13% 94.8% 95.33%

Average L 6.3857 6.4435 6.4889 6.5487 6.6052 6.6600 6.7170 6.7649
g Coverage 94.98% 94.9% 94.8% 94.9% 94.68% 95.08% 94.73% 95.39%

Average L 6.4173 6.4753 6.5214 6.5808 6.6383 6.6953 6.7503 6.7994
A 12.1 12.2 12.3 12.4 12.5 12.6 12.7 12.8

j Coverage 95.44% 94.62% 95.18% 94.67% 94.87% 95.16% 95.17% 95.17%
Average L 6.8400 6.8808 6.9625 6.9861 7.0492 7.1124 7.1673 7.2229

g Coverage 95.2% 94.6% 95.13% 94.6% 94.89% 95% 95.08% 95.06%
Average L 6.8737 6.9151 6.9977 7.0201 7.0851 7.1483 7.2031 7.2606
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Table 4.3: Coverage rates and average interval lengths for A 12.9 : 0.1 : 18.4, for the exponential distribution.

A 12.9 13 13.1 13.2 13.3 13.4 13.5 13.6
j Coverage 94.93% 95.02% 94.78% 94.74% 94.87% 94.89% 95.31% 95.23%

Average L 7.2838 7.3533 7.3940 7.4506 7.4974 7.5808 7.6016 7.6726
g Coverage 95.08% 94.8% 94.8% 94.66% 94.83% 94.69% 95.32% 95.21%

Average L 7.3189 7.3884 7.4301 7.4873 7.5355 7.6196 7.6385 7.7101
A 13.7 13.8 13.9 14 14.1 14.2 14.3 14.4

j Coverage 95.14% 94.99% 94.75% 95.11% 95.22% 95.11% 95.34% 94.92%
Average L 7.7425 7.7821 7.8443 7.9179 7.9603 8.0267 8.0590 8.1330

g Coverage 95.07% 94.94% 94.48% 95% 95.02% 94.97% 95.23% 94.69%
Average L 7.7809 7.8221 7.8824 7.9591 7.9994 8.0670 8.0984 8.1742

A 14.5 14.6 14.7 14.8 14.9 15 15.1 15.2
j Coverage 94.83% 94.84% 94.76% 95.06% 94.9% 95.11% 94.54% 95.03%

Average L 8.1857 8.2521 8.2857 8.3585 8.4060 8.4674 8.5255 8.5945
g Coverage 94.84% 94.84% 94.65% 94.86% 94.9% 95.06% 94.35% 95.06%

Average L 8.2271 8.2929 8.3302 8.3998 8.4473 8.5088 8.5672 8.6388
A 15.3 15.4 15.5 15.6 15.7 15.8 15.9 16

j Coverage 94.89% 95.05% 95.09% 95.04% 95.28% 94.88% 94.64% 95.33%
Average L 8.6707 8.7128 8.7698 8.7979 8.8531 8.9229 9.0017 9.0429

g Coverage 94.6% 95.09% 94.93% 95.06% 95.16% 94.84% 94.6% 95.19%
Average L 8.7141 8.7563 8.8143 8.8403 8.8979 8.9673 9.0488 9.0904

A 16.1 16.2 16.3 16.4 16.5 16.6 16.7 16.8
j Coverage 94.71% 94.87% 94.63% 95.27% 95% 94.84% 95.28% 95.04%

Average L 9.1071 9.1585 9.2104 9.2750 9.3184 9.3857 9.4322 9.4738
g Coverage 94.51% 94.73% 94.72% 95.31% 95.04% 94.72% 95.04% 94.96%

Average L 9.1528 9.2034 9.2548 9.3237 9.3673 9.4310 9.4796 9.5199
A 16.9 17 17.1 17.2 17.3 17.4 17.5 17.6

j Coverage 95.05% 95.09% 94.88% 94.98% 94.65% 95% 94.87% 95.26%
Average L 9.5537 9.6090 9.6518 9.7126 9.7699 9.8112 9.8634 9.9407

g Coverage 94.99% 95.13% 94.91% 94.89% 94.44% 94.84% 94.86% 95.16%
Average L 9.6022 9.6567 9.7008 9.7578 9.8180 9.8604 9.9128 9.9915

A 17.7 17.8 17.9 18 18.1 18.2 18.3 18.4
j Coverage 94.85% 95.39% 95.13% 94.68% 95.24% 94.61% 94.97% 95.43%

Average L 9.9730 10.0643 10.1019 10.1608 10.2191 10.2941 10.3513 10.3915
g Coverage 94.95% 95.32% 95.06% 94.75% 95.27% 94.6% 94.72% 95.31%

Average L 10.0219 10.1138 10.1520 10.2126 10.2711 10.3461 10.4011 10.4461
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Table 4.4: Coverage rates and average interval lengths for A 18.5 : 0.1 : 24, for the exponential distribution.

A 18.5 18.6 18.7 18.8 18.9 19 19.1 19.2
j Coverage 94.86% 94.99% 94.94% 95.27% 95.03% 94.96% 94.66% 95.02%

Average L 10.4577 10.4714 10.5521 10.6083 10.6581 10.7210 10.7822 10.8059
g Coverage 94.71% 94.96% 94.99% 95.16% 95.05% 94.77% 94.61% 95%

Average L 10.5064 10.5249 10.6056 10.6595 10.7128 10.7746 10.8373 10.8599
A 19.3 19.4 19.5 19.6 19.7 19.8 19.9 20

j Coverage 94.8% 94.87% 94.95% 94.88% 95.16% 94.84% 94.7% 95.15%
Average L 10.9017 10.9385 11.0111 11.0607 11.1206 11.1588 11.2376 11.2897

g Coverage 94.77% 94.68% 94.93% 94.9% 95.24% 94.85% 94.66% 94.92%
Average L 10.9563 10.9913 11.0654 11.1167 11.1758 11.2162 11.2924 11.3489

A 20.1 20.2 20.3 20.4 20.5 20.6 20.7 20.8
j Coverage 95.18% 94.71% 94.61% 94.94% 94.24% 95.09% 95.02% 95.22%

Average L 11.3721 11.4226 11.4718 11.5154 11.5980 11.6115 11.6866 11.7571
g Coverage 95.13% 94.58% 94.54% 94.8% 94.22% 95.01% 94.92% 95.01%

Average L 11.4286 11.4801 11.5292 11.5710 11.6577 11.6704 11.7442 11.8152
A 20.9 21 21.1 21.2 21.3 21.4 21.5 21.6

j Coverage 94.41% 95.16% 95.18% 94.75% 94.66% 95.24% 94.7% 95.05%
Average L 11.7659 11.8546 11.9276 11.9508 12.0497 12.0965 12.1597 12.2070

g Coverage 94.28% 94.93% 95.05% 94.77% 94.61% 95.1% 94.46% 95%
Average L 11.8264 11.9156 11.9869 12.0100 12.1076 12.1564 12.2219 12.2684

A 21.7 21.8 21.9 22 22.1 22.2 22.3 22.4
j Coverage 95.09% 94.83% 95.28% 94.9% 94.83% 94.73% 95.36% 95.18%

Average L 12.2535 12.2986 12.3700 12.4259 12.4563 12.5520 12.6061 12.6443
g Coverage 94.92% 94.91% 95.23% 94.78% 94.63% 94.7% 95.27% 95.17%

Average L 12.3124 12.3589 12.4305 12.4890 12.5186 12.6170 12.6703 12.7054
A 22.5 22.6 22.7 22.8 22.9 23 23.1 23.2

j Coverage 94.83% 94.94% 94.88% 94.75% 94.84% 95.07% 95.11% 95.41%
Average L 12.7044 12.7516 12.8366 12.8965 12.9445 12.9937 13.0661 13.0910

g Coverage 94.76% 95.01% 94.55% 94.65% 94.8% 95.04% 95.06% 95.24%
Average L 12.7686 12.8160 12.9028 12.9613 13.0099 13.0602 13.1315 13.1572

A 23.3 23.4 23.5 23.6 23.7 23.8 23.9 24
j Coverage 95.29% 95.04% 95.05% 94.86% 94.75% 95.31% 94.55% 94.9%

Average L 13.1753 13.1828 13.2616 13.3394 13.3482 13.4431 13.5463 13.5589
g Coverage 95.26% 94.9% 95.02% 94.73% 94.67% 95.19% 94.4% 94.84%

Average L 13.2403 13.2490 13.3312 13.4058 13.4154 13.5088 13.6178 13.6286
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Table 4.5: Coverage rates and average interval lengths for A 24.1 : 0.1 : 30, for the exponential distribution.

A 24.1 24.2 24.3 24.4 24.5 24.6 24.7 24.8
j Coverage 94.87% 95.01% 94.6% 94.78% 94.89% 95.1% 95.32% 95.19%

Average L 13.6385 13.6801 13.7086 13.7739 13.7970 13.9177 13.9479 14.0075
g Coverage 94.72% 94.87% 94.66% 94.8% 94.78% 94.87% 95.13% 95.09%

Average L 13.7080 13.7449 13.7757 13.8423 13.8640 13.9923 14.0198 14.0764
A 24.9 25 25.1 25.2 25.3 25.4 25.5 25.6

j Coverage 94.85% 94.59% 94.7% 94.63% 95.09% 95.04% 94.88% 94.75%
Average L 14.0548 14.1439 14.1968 14.2251 14.2894 14.3730 14.3831 14.4754

g Coverage 94.69% 94.4% 94.63% 94.7% 95.02% 94.73% 94.81% 94.54%
Average L 14.1234 14.2143 14.2710 14.2958 14.3603 14.4439 14.4547 14.5460

A 25.7 25.8 25.9 26 26.1 26.2 26.3 26.4
j Coverage 94.8% 95.08% 95.37% 95.38% 94.89% 94.77% 95.07% 94.98%

Average L 14.5004 14.5882 14.6143 14.6660 14.7319 14.8190 14.8177 14.8599
g Coverage 94.76% 95.16% 95.35% 95.05% 94.77% 94.75% 95.05% 94.84%

Average L 14.5766 14.6614 14.6866 14.7389 14.8066 14.8913 14.8949 14.9318
A 26.5 26.6 26.7 26.8 26.9 27 27.1 27.2

j Coverage 95.05% 95.19% 94.85% 94.5% 95.5% 94.68% 94.52% 95.04%
Average L 14.9477 15.0572 15.0826 15.1354 15.1941 15.2226 15.2922 15.3486

g Coverage 94.95% 95.12% 94.68% 94.53% 95.38% 94.58% 94.52% 94.91%
Average L 15.0219 15.1313 15.1594 15.2131 15.2697 15.2953 15.3684 15.4254

A 27.3 27.4 27.5 27.6 27.7 27.8 27.9 28
j Coverage 94.95% 94.7% 95.11% 95.19% 95.08% 95% 94.81% 94.91%

Average L 15.4039 15.4747 15.5221 15.5771 15.6180 15.7056 15.7479 15.8352
g Coverage 94.84% 94.64% 95.05% 95.17% 94.95% 94.74% 94.58% 94.73%

Average L 15.4804 15.5549 15.5966 15.6595 15.6971 15.7816 15.8315 15.9134
A 28.1 28.2 28.3 28.4 28.5 28.6 28.7 28.8

j Coverage 95.37% 95.08% 95.05% 95.11% 94.46% 95.18% 95.18% 95%
Average L 15.8546 15.9299 16.0060 16.0112 16.1517 16.1447 16.1777 16.2256

g Coverage 95.19% 94.83% 94.93% 94.97% 94.38% 95.16% 95.12% 94.9%
Average L 15.9310 16.0095 16.0849 16.0942 16.2351 16.2256 16.2570 16.3066

A 28.9 29 29.1 29.2 29.3 29.4 29.5 29.6
j Coverage 95.07% 95.32% 95.16% 94.71% 94.78% 94.74% 94.55% 94.64%

Average L 16.2947 16.3600 16.4334 16.4900 16.4980 16.5789 16.6707 16.7084
g Coverage 95.11% 95.34% 95.06% 94.61% 94.68% 94.73% 94.49% 94.72%

Average L 16.3726 16.4407 16.5198 16.5708 16.5827 16.6621 16.7526 16.7909
A 29.7 29.8 29.9 30

j Coverage 95.19% 94.85% 94.94% 95.2%
Average L 16.7337 16.8736 16.8885 16.9211

g Coverage 94.98% 94.45% 94.83% 95.18%
Average L 16.8185 16.9595 16.9711 17.0046
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Table 4.6: Overall average coverage rates and mean interval lengths for the exponential distribution, when A =
0.1 : 0.1 : 30.

Average
j Coverage 94.98%

Average L 8.4982
g Coverage 94.88%

Average L 8.5407

A close inspection of the tables for the exponential distribution reveals a good coverage probability 
performance for both prior distributions under study, as there is no sign of poor coverage - all the 
coverage probabilities are within the range [94.22%, 95.5%]. However, in Table 4.6 it can be seen that 
on average, the Jeffreys prior produces better coverage probability than the general divergence prior. 
The average credibility interval lengths for both priors are approximately equal, and they increase as the 
value of lambda increases. The average interval lengths produced by the Jeffreys prior are narrower. 
This is an important observation as we desire narrow credibility intervals. On average, the Jeffreys 
prior produces narrower average credibility interval lengths than the general divergence prior.

Boxplots showing the distribution of the coverage rates

Jeffreys GML
priors

Figure 4.1: Box-plots for the exponential distribution showing the distribution of the coverage rates.

Figure 4.1 shows the distribution of the coverage probabilities for the two priors. The two distribu­
tions have approximately the same spread. We see that the Jeffreys prior has a higher median coverage 
probability than the general divergence prior. In fact, approximately half of the coverage probabilities 
from the Jeffreys prior slightly exceed 0.95 - a sign of over-coverage. The general divergence prior, 
on the other hand, has more than half of its coverage probabilities less than 0.95 - this might indicate
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under-coverage.

Plot of the coverage rates when using the Jeffreys prior

Figure 4.2: Coverage rates plots for exponential distribution using the Jeffreys prior

Figure 4.3: Coverage rates plots for exponential distribution using the general divergence prior.

Figure 4.2 is consistent with the results of Figure 4.1, that the Jeffreys prior produces higher co­
verage probabilities than the general divergence prior. From Figure 4.3 it can be seen that the general
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d i v e r g e n c e  p r i o r  h a s  m o r e  t h a n  h a l f  o f  i t s  c o v e r a g e  p r o b a b i l i t i e s  l e s s  t h a n  0 . 9 5  -  a  s i g n  o f  u n d e r ­

c o v e r a g e .

4.3 Simulation for the Rayleigh distribution

T h i s  s e c t i o n  l o o k s  a t  t h e  s i m u l a t i o n  s t u d y  w h e r e  t h e  l i f e  d i s t r i b u t i o n  i s  t h e  R a y l e i g h  d i s t r i b u t i o n .  F o l ­

l o w i n g  t h e  g e n e r a l  p r o c e d u r e  g i v e n  a t  t h e  b e g i n n i n g  o f  t h i s  c h a p t e r ,  t h e  s i m u l a t i o n  f o r  t h i s  d i s t r i b u t i o n  

w a s  d o n e  a s  f o l l o w s :

1 .  3 0 0  d i f f e r e n t  v a l u e s  f o r  t h e  u n k n o w n  p a r a m e t e r ,  A , w i l l  b e  c o n s i d e r e d .

2 .  1 0 0 0 0  v a l u e s  o f  t h e  u n k n o w n  p a r a m e t e r  w e r e  s i m u l a t e d  f r o m  t h e  p o s t e r i o r  d i s t r i b u t i o n s :

p j  ( A  1 1 )  «  A 2 " - 1 e -  C = 1 < A *<>2 

p G  ( A  | t )  «  A  2 n - 1 / 2 e -  E = 1 < A '- ) 2 .

3 .  T h e  r e s u l t i n g  p a r a m e t e r  v a l u e s  f r o m  p o s t e r i o r s  a r e  o r d e r e d  i n  a s c e n d i n g  o r d e r .  T h e  9 5 %  c r e d i ­

b i l i t y  i n t e r v a l  ( A ( 2 5 0 ) ,  A ( 9 7 5 0 ) )  i s  t h e n  d e t e r m i n e d .

4 .  1 0 0 0 0  d a t a  s e t s  w e r e  s i m u l a t e d ,  a n d  S t e p  1 t h r o u g h  S t e p  3  w e r e  r e p e a t e d .  T h e  n u m b e r  o f  t i m e s  a  

c r e d i b i l i t y  i n t e r v a l  i n  S t e p  3  c o n t a i n e d  t h e  i n i t i a l  v a l u e  o f  t h e  u n k n o w n  p a r a m e t e r  w a s  c a l c u l a t e d .  

T h i s  n u m b e r  d i v i d e d  b y  1 0 0 0 0  g i v e s  t h e  c o v e r a g e  p r o b a b i l i t y  f o r  t h e  p r i o r  d i s t r i b u t i o n  u s e d .

T h e  r e s u l t s  a r e  s h o w n  i n  T a b l e s  4 . 7  t o  4 . 1 1 .
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Table 4.7: Coverage rates and average interval lengths for A 0.1 : 0.7.2, for the Rayleigh distribution.

A 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
j Coverage 95.12% 94.72% 94.99% 95.14% 95.09% 95.35% 95.22% 94.84%

Average L 0.0279 0.0558 0.0836 0.1115 0.1395 0.1673 0.1953 0.2234
g Coverage 95.09% 94.68% 94.87% 95.02% 95.03% 95.34% 95.12% 94.75%

Average L 0.0279 0.0558 0.0836 0.1115 0.1395 0.1673 0.1953 0.2233
A 0.9 1 1.1 1.2 1.3 1.4 1.5 1.6

j Coverage 94.76% 94.76% 95.28% 94.54% 94.75% 94.97% 94.85% 95.01%
Average L 0.2507 0.2786 0.3064 0.3346 0.3626 0.3909 0.4178 0.4460

g Coverage 94.64% 94.71% 95.3% 94.44% 94.79% 94.87% 94.71% 94.98%
Average L 0.2508 0.2786 0.3064 0.3345 0.3627 0.3909 0.4179 0.4460

A 1.7 1.8 1.9 2 2.1 2.2 2.3 2.4
j Coverage 95.27% 94.88% 94.73% 94.82% 94.26% 94.84% 95% 94.79%

Average L 0.4740 0.5018 0.5297 0.5572 0.5856 0.6128 0.6411 0.6687
g Coverage 95.25% 94.83% 94.68% 94.65% 94.14% 94.83% 94.97% 94.66%

Average L 0.4741 0.5019 0.5298 0.5571 0.5856 0.6127 0.6410 0.6687
A 2.5 2.6 2.7 2.8 2.9 3 3.1 3.2

j Coverage 95.46% 94.96% 95.06% 95.1% 94.86% 95.09% 94.83% 94.81%
Average L 0.6966 0.7251 0.7533 0.7809 0.8078 0.8364 0.8635 0.8920

g Coverage 95.32% 94.82% 94.93% 94.76% 94.77% 95.1% 94.85% 94.76%
Average L 0.6967 0.7251 0.7533 0.7807 0.8079 0.8361 0.8636 0.8920

A 3.3 3.4 3.5 3.6 3.7 3.8 3.9 4
j Coverage 94.72% 94.84% 94.66% 95.05% 95.16% 95.12% 94.69% 94.58%

Average L 0.9193 0.9480 0.9765 1.0045 1.0310 1.0594 1.0865 1.1152
g Coverage 94.6% 94.71% 94.58% 94.9% 95.09% 95.02% 94.63% 94.6%

Average L 0.9193 0.9479 0.9765 1.0045 1.0310 1.0595 1.0866 1.1154
A 4.1 4.2 4.3 4.4 4.5 4.6 4.7 4.8

j Coverage 94.82% 95.06% 94.98% 94.7% 94.94% 94.65% 95.1% 94.64%
Average L 1.1439 1.1703 1.1985 1.2273 1.2530 1.2823 1.3102 1.3386

g Coverage 94.82% 94.92% 94.83% 94.46% 94.85% 94.64% 94.85% 94.5%
Average L 1.1440 1.1700 1.1985 1.2273 1.2531 1.2823 1.3101 1.3386

A 4.9 5 5.1 5.2 5.3 5.4 5.5 5.6
j Coverage 94.71% 94.9% 94.74% 94.97 94.78% 95.14% 94.99% 94.96%

Average L 1.3672 1.3941 1.4219 1.4492 1.4781 1.5073 1.5333 1.5626
g Coverage 94.53% 94.91% 94.66% 94.92% 94.71% 94.93% 94.89% 94.74%

Average L 1.3669 1.3940 1.4217 1.4489 1.4781 1.5072 1.5330 1.5620
A 5.7 5.8 5.9 6 6.1 6.2 6.3 6.4

j Coverage 94.85% 94.87% 94.81% 94.81% 95.05% 94.87% 94.75% 95.35%
Average L 1.5878 1.6186 1.6424 1.6729 1.6990 1.7278 1.7556 1.7852

g Coverage 94.69% 94.76% 94.78% 94.78% 94.88% 94.81% 94.58% 95.15%
Average L 1.5877 1.6182 1.6421 1.6729 1.6992 1.7279 1.7557 1.7852

A 6.5 6.6 6.7 6.8 6.9 7 7.1 7.2
j Coverage 94.69% 94.97% 94.92% 95.15% 94.81% 94.79% 94.57% 95.2%

Average L 1.8128 1.8399 1.8660 1.8959 1.9231 1.9533 1.9801 2.0060
g Coverage 94.59% 94.77% 94.8% 95.22% 94.72% 94.7% 94.48% 95.13%

Average L 1.8130 1.8396 1.8663 1.8958 1.9233 1.9534 1.9806 2.0063
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Table 4.8: Coverage rates and average interval lengths for A 7.3 : 0.1 : 14.4, for the Rayleigh distribution.

A 7.3 7.4 7.5 7.6 7.7 7.8 7.9 8
j Coverage 94.99% 94.85% 94.71% 94.75% 95.16% 94.99% 94.87% 94.96%

Average L 2.0344 2.0621 2.0906 2.1178 2.1456 2.1747 2.2012 2.2319
g Coverage 94.83% 94.74% 94.65% 94.74% 94.97% 94.8% 94.77% 94.8%

Average L 2.0345 2.0623 2.0906 2.1180 2.1452 2.1749 2.2011 2.2317
A 8.1 8.2 8.3 8.4 8.5 8.6 8.7 8.8

j Coverage 94.99% 95.04% 95.41% 95.03% 95.22% 94.72% 94.92% 95.2%
Average L 2.2596 2.2851 2.3110 2.3428 2.3716 2.3984 2.4285 2.4517

g Coverage 94.95% 94.99% 95.27% 94.94% 95.09% 94.67% 94.95% 95.24%
Average L 2.2597 2.2854 2.3110 2.3429 2.3717 2.3979 2.4288 2.4516

A 8.9 9 9.1 9.2 9.3 9.4 9.5 9.6
j Coverage 95.11% 94.45% 94.67% 94.69% 94.7% 94.81% 94.72% 94.95%

Average L 2.4809 2.5053 2.5375 2.5661 2.5941 2.6182 2.6469 2.6772
g Coverage 95.06% 94.45% 94.63% 94.51% 94.66% 94.75% 94.65% 94.93%

Average L 2.4811 2.5051 2.5377 2.5658 2.5944 2.6186 2.6474 2.6773
A 9.7 9.8 9.9 10 10.1 10.2 10.3 10.4

j Coverage 95.19% 94.68% 95.24% 94.91% 94.98% 95.23% 94.96% 95.15%
Average L 2.7109 2.7356 2.7591 2.7880 2.8180 2.8430 2.8714 2.8977

g Coverage 95% 94.55% 95.07% 94.89% 94.88% 95.15% 94.84% 94.98%
Average L 2.7098 2.7360 2.7590 2.7884 2.8181 2.8430 2.8718 2.8984

A 10.5 10.6 10.7 10.8 10.9 11 11.1 11.2
j Coverage 94.55% 94.94% 95.09% 94.75% 94.83% 95% 95.2% 95.19%

Average L 2.9301 2.9530 2.9832 3.0127 3.0374 3.0669 3.0927 3.1229
g Coverage 94.49% 95.06% 94.87% 94.61% 94.79% 94.9% 95.13% 95.09%

Average L 2.9297 2.9527 2.9836 3.0121 3.0375 3.0673 3.0922 3.1226
A 11.3 11.4 11.5 11.6 11.7 11.8 11.9 12

j Coverage 95.12% 95.04% 94.69% 95.09% 95.3% 94.61% 94.71% 95.21%
Average L 3.1533 3.1762 3.2109 3.2306 3.2609 3.2902 3.3186 3.3417

g Coverage 94.98% 94.96% 94.61% 94.9% 95.29% 94.53% 94.54% 95.18%
Average L 3.1537 3.1761 3.2104 3.2312 3.2610 3.2905 3.3186 3.3418

A 12.1 12.2 12.3 12.4 12.5 12.6 12.7 12.8
j Coverage 95.22% 95.36% 95.11% 94.82% 95.02% 95.23% 94.53% 94.73%

Average L 3.3741 3.4028 3.4302 3.4602 3.4854 3.5095 3.5406 3.5697
g Coverage 94.97% 95.09% 94.97% 94.64% 94.93% 95.19% 94.54% 94.61%

Average L 3.3747 3.4028 3.4299 3.4599 3.4852 3.5098 3.5403 3.5698
A 12.9 13 13.1 13.2 13.3 13.4 13.5 13.6

j Coverage 94.89% 94.83% 94.81% 94.92% 94.95% 95% 95.21% 94.92%
Average L 3.5996 3.6246 3.6535 3.6804 3.7053 3.7359 3.7625 3.7964

g Coverage 94.76% 94.8% 94.76% 94.77% 94.87% 94.96% 95.12% 94.74%
Average L 3.5995 3.6253 3.6533 3.6804 3.7061 3.7355 3.7615 3.7964

A 13.7 13.8 13.9 14 14.1 14.2 14.3 14.4
j Coverage 94.78% 94.58% 95.36% 94.89% 94.95% 94.69% 95% 94.64%

Average L 3.8207 3.8433 3.8721 3.9053 3.9310 3.9578 3.9848 4.0162
g Coverage 94.77% 94.47% 95.22% 94.78% 94.96% 94.63% 94.9% 94.52%

Average L 3.8211 3.8431 3.8722 3.9065 3.9318 3.9576 3.9843 4.0153
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Table 4.9: Coverage rates and average interval lengths for A 14.5 : 0.1 : 20.8, for the Rayleigh distribution.

A 14.5 14.6 14.7 14.8 14.9 15 15.1 15.2
j Coverage 94.86% 94.81% 94.87% 94.71% 94.9% 94.55% 95.14% 94.55%

Average L 4.0432 4.0708 4.0921 4.1217 4.1524 4.1838 4.2105 4.2404
g Coverage 94.85% 94.71% 94.89% 94.56% 94.85% 94.41% 94.95% 94.46%

Average L 4.0434 4.0708 4.0924 4.1215 4.1528 4.1848 4.2100 4.2411
A 15.3 15.4 15.5 15.6 15.7 15.8 15.9 16

j Coverage 95.17% 94.91% 94.65% 95.18% 94.79% 94.99% 94.6% 95.13%
Average L 4.2637 4.2959 4.3271 4.3479 4.3756 4.4080 4.4372 4.4555

g Coverage 95.02% 94.79% 94.51% 95.02% 94.54% 94.83% 94.52% 94.96%
Average L 4.2641 4.2959 4.3273 4.3480 4.3749 4.4080 4.4365 4.4558

A 16.1 16.2 16.3 16.4 16.5 16.6 16.7 16.8
j Coverage 94.9% 94.78% 95.23% 95.03% 95.06% 94.84% 94.76% 94.55%

Average L 4.4850 4.5180 4.5429 4.5748 4.6039 4.6234 4.6570 4.6853
g Coverage 94.87% 94.7% 95.07% 94.89% 94.88% 94.67% 94.8% 94.48%

Average L 4.4846 4.5190 4.5424 4.5743 4.6042 4.6232 4.6582 4.6851
A 16.9 17 17.1 17.2 17.3 17.4 17.5 17.6

j Coverage 94.54% 94.73% 94.66% 95.16% 94.87% 94.59% 95.11% 94.92%
Average L 4.7136 4.7408 4.7697 4.7995 4.8209 4.8555 4.8709 4.9080

g Coverage 94.44% 94.72% 94.65% 95.14% 94.8% 94.41% 95% 94.84%
Average L 4.7134 4.7407 4.7705 4.7985 4.8215 4.8556 4.8718 4.9085

A 17.7 17.8 17.9 18 18.1 18.2 18.3 18.4
j Coverage 94.64% 94.49% 95.08% 95.21% 94.93% 94.99% 95.25% 94.68%

Average L 4.9304 4.9655 4.9830 5.0160 5.0474 5.0796 5.0999 5.1286
g Coverage 94.49% 94.43% 94.98% 95.14% 94.9% 94.82% 95.2% 94.74%

Average L 4.9313 4.9664 4.9824 5.0165 5.0471 5.0804 5.1001 5.1288
A 18.5 18.6 18.7 18.8 18.9 19 19.1 19.2

j Coverage 95.08% 94.7% 95.21% 94.74% 95.57% 94.72% 94.56% 94.89%
Average L 5.1595 5.1817 5.2151 5.2331 5.2680 5.2970 5.3260 5.3585

g Coverage 95.1% 94.73% 95.16% 94.66% 95.39% 94.67% 94.3% 94.75%
Average L 5.1596 5.1808 5.2155 5.2324 5.2685 5.2971 5.3268 5.3593

A 19.3 19.4 19.5 19.6 19.7 19.8 19.9 20
j Coverage 95.11% 94.91% 94.89% 94.69% 94.94% 94.87% 94.73% 94.92%

Average L 5.3825 5.4030 5.4343 5.4663 5.4860 5.5210 5.5478 5.5775
g Coverage 95.13% 94.78% 94.78% 94.66% 94.81% 94.74% 94.59% 94.79%

Average L 5.3817 5.4037 5.4345 5.4652 5.4853 5.5211 5.5475 5.5773
A 20.1 20.2 20.3 20.4 20.5 20.6 20.7 20.8

j Coverage 94.87% 95.19% 94.97% 94.83% 94.58% 94.55% 94.39% 94.7%
Average L 5.6036 5.6245 5.6595 5.6822 5.7164 5.7494 5.7815 5.8026

g Coverage 94.82% 95.17% 94.92% 94.82% 94.5% 94.47% 94.35% 94.66%
Average L 5.6044 5.6248 5.6596 5.6829 5.7163 5.7489 5.7802 5.8031
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Table 4.10: Coverage rates and average interval lengths for A 20.9 : 0.1 : 26.4, for the Rayleigh distribution.

A 20.9 21 21.1 21.2 21.3 21.4 21.5 21.6
j Coverage 94.92% 94.88% 95.12% 95.17% 94.49% 95.1% 95.16% 94.67%

Average L 5.8344 5.8523 5.8907 5.9163 5.9407 5.9673 5.9933 6.0200
g Coverage 94.84% 94.75% 95.05% 94.97% 94.29% 94.88% 95.09% 94.52%

Average L 5.8347 5.8523 5.8914 5.9183 5.9409 5.9674 5.9923 6.0203
A 21.7 21.8 21.9 22 22.1 22.2 22.3 22.4

j Coverage 95.06% 94.6% 94.54% 94.81% 94.74% 95.12% 94.59% 94.92%
Average L 6.0479 6.0839 6.1021 6.1307 6.1623 6.1928 6.2101 6.2431

g Coverage 94.92% 94.47% 94.48% 94.76% 94.7% 95.05% 94.55% 94.8%
Average L 6.0464 6.0832 6.1012 6.1300 6.1616 6.1938 6.2085 6.2429

A 22.5 22.6 22.7 22.8 22.9 23 23.1 23.2
j Coverage 94.85% 94.49% 95.15% 94.75% 94.75% 94.72% 95.1% 94.83%

Average L 6.2811 6.3068 6.3281 6.3559 6.3848 6.4130 6.4443 6.4629
g Coverage 94.7% 94.41% 95% 94.62% 94.72% 94.59% 95.05% 94.78%

Average L 6.2806 6.3066 6.3289 6.3571 6.3863 6.4113 6.4435 6.4636
A 23.3 23.4 23.5 23.6 23.7 23.8 23.9 24

j Coverage 94.55% 95.01% 95% 94.63% 94.76% 94.79% 94.76% 94.66%
Average L 6.4999 6.5324 6.5519 6.5743 6.6088 6.6389 6.6580 6.6928

g Coverage 94.38% 94.95% 94.91% 94.52% 94.74% 94.67% 94.54% 94.52%
Average L 6.5005 6.5332 6.5496 6.5738 6.6083 6.6396 6.6594 6.6917

A 24.1 24.2 24.3 24.4 24.5 24.6 24.7 24.8
j Coverage 94.28% 94.98% 94.41% 94.99% 95.05% 94.76% 94.8% 94.97%

Average L 6.7186 6.7437 6.7764 6.8051 6.8333 6.8527 6.8868 6.9085
g Coverage 94.07% 94.95% 94.31% 94.87% 95.05% 94.75% 94.73% 94.92%

Average L 6.7188 6.7441 6.7758 6.8050 6.8333 6.8524 6.8859 6.9084
A 24.9 25 25.1 25.2 25.3 25.4 25.5 25.6

j Coverage 94.85% 94.68% 94.63% 95.29% 94.7% 95.19% 94.85% 94.67%
Average L 6.9451 6.9738 6.9998 7.0300 7.0574 7.0819 7.1096 7.1370

g Coverage 94.84% 94.59% 94.53% 95.06% 94.64% 94.99% 94.79% 94.69%
Average L 6.9441 6.9727 7.0011 7.0296 7.0572 7.0832 7.1088 7.1378

A 25.7 25.8 25.9 26 26.1 26.2 26.3 26.4
j Coverage 95.15% 95.2% 95.03% 95.04% 94.78% 94.57% 94.59% 94.63%

Average L 7.1651 7.1851 7.2273 7.2538 7.2719 7.3044 7.3285 7.3600
g Coverage 95.06% 95.12% 94.87% 95% 94.6% 94.57% 94.53% 94.63%

Average L 7.1649 7.1846 7.2285 7.2541 7.2722 7.3051 7.3272 7.3597
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Table 4.11: Coverage rates and average interval lengths for A 26.5 : 0.1 : 30, for the Rayleigh distribution.

A 26.5 26.6 26.7 26.8 26.9 27 27.1 27.2
j Coverage 95.04% 94.75% 95.03% 95.13% 94.66% 95.17% 95.23% 95.17%

Average L 7.3928 7.4182 7.4456 7.4706 7.4924 7.5177 7.5512 7.5855
g Coverage 94.91% 94.66% 94.95% 95.06% 94.71% 95.05% 95.13% 95.04%

Average L 7.3940 7.4177 7.4460 7.4718 7.4908 7.5188 7.5504 7.5860
A 27.3 27.4 27.5 27.6 27.7 27.8 27.9 28

j Coverage 94.99% 95.34% 94.83% 94.9% 94.77% 94.96% 94.59% 94.93%
Average L 7.6079 7.6393 7.6708 7.6842 7.7135 7.7489 7.7698 7.8158

g Coverage 94.86% 95.1% 94.74% 94.93% 94.59% 94.93% 94.57% 94.85%
Average L 7.6064 7.6387 7.6698 7.6851 7.7146 7.7485 7.7717 7.8156

A 28.1 28.2 28.3 28.4 28.5 28.6 28.7 28.8
j Coverage 94.54% 95.29% 95.03% 95.05% 94.97% 95.26% 94.96% 94.99%

Average L 7.8325 7.8618 7.8920 7.9129 7.9378 7.9667 8.0029 8.0393
g Coverage 94.38% 95.23% 94.91% 94.84% 94.9% 95.31% 95.04% 94.8%

Average L 7.8329 7.8620 7.8945 7.9116 7.9370 7.9686 8.0015 8.0375
A 28.9 29 29.1 29.2 29.3 29.4 29.5 29.6

j Coverage 95.22% 94.94% 95.3% 94.99% 94.89% 94.92% 95.06% 95.13%
Average L 8.0646 8.0862 8.1103 8.1377 8.1616 8.1943 8.2300 8.2550

g Coverage 95.08% 94.91% 95.28% 94.98% 94.79% 94.87% 94.96% 95.01%
Average L 8.0649 8.0863 8.1112 8.1375 8.1632 8.1959 8.2294 8.2559

A 29.7 29.8 29.9 30
j Coverage 95.12% 94.5% 95.02% 94.39%

Average L 8.2723 8.3084 8.3260 8.3653
g Coverage 95.07% 94.57% 94.85% 94.27%

Average L 8.2715 8.3065 8.3268 8.3653

Table 4.12: Overall average coverage rate and mean interval lengths for the Rayleigh distribution, when A = 
0.1 : 0.1 : 30.

Overall Average
j Coverage 94.90%

Average L 4.1958
g Coverage 94.81%

Average L 4.1958

A similar result is noticeable on the tables for the Rayleigh distribution. We notice a good coverage 
probability performance for both prior distributions, and there is no sign of poor coverage - all the 
coverage probabilities are in the range [94.07%]. However, we see in Table 4.12 that on average, the 
Jeffreys prior produces better coverage rates than the general divergence prior. The average credibility 
interval lengths for both priors are approximately equal, and they increase as the value of lambda 
increases. On average, both priors prior produce about the same average credibility interval lengths.

Box-plots and some coverage plots for the two priors are shown in Figure 4.4 and Figure 4.5.
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Boxplots showing the distribution of the coverage rates
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Figure 4.4: Box-plots for the Rayleigh distribution showing the distribution of the coverage rates.

Figure 4.4 shows the distribution of the coverage probabilities for the two priors. The Jeffreys prior 
has more than 50% of its coverage displaying under-coverage. Also, we see that the Jeffreys prior has 
a higher median coverage probability than the general divergence. The general divergence prior, has 
more than 75% of its coverage showing under-coverage. We notice a decrease in the coverage of both 
priors for the Rayleigh distribution compared to those of the exponential distribution.

Jeffreys GML
priors

Figure 4.5: Coverage plots for the Rayleigh distribution using the Jeffreys prior.
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Plot of the coverage rates when using the GML prior

Figure 4.6: Coverage plots for the Rayleigh distribution using the general divergence prior.

I n  F i g u r e  4 . 5  t h e r e  i s  a  d e c r e a s e  i n  t h e  c o v e r a g e  p e r f o r m a n c e  f o r  b o t h  p r i o r s .  H o w e v e r ,  t h e  J e f f r e y s  

p r i o r  s h o w s  a  b e t t e r  c o v e r a g e  t h a n  t h e  g e n e r a l  d i v e r g e n c e  p r i o r .

4.4 Metropolis-Hastings sampler

M a r k o v  C h a i n  M o n t e  C a r l o  ( M C M C )  m e t h o d s  a r e  a  g e n e r a l  c l a s s  o f  c o m p u t a t i o n a l  m e t h o d s  u s e d  t o  

p r o d u c e  s a m p l e s  f r o m  p o s t e r i o r  d i s t r i b u t i o n s .  S i n c e  t h e i r  i n t r o d u c t i o n  i n  t h e  1 9 9 0 s ,  t h e y  a r e  s a i d  t o  

h a v e  b e e n  s u c c e s s f u l l y  a p p l i e d  t o  l i t e r a l l y  t h o u s a n d s  o f  a p p l i c a t i o n s .  T h e  m a i n  g o a l  o f  a n  M C M C  

a l g o r i t h m  i s  t o  s i m u l a t e  v a l u e s  f r o m  t h e  p o s t e r i o r  d i s t r i b u t i o n  o f  a  p a r a m e t e r  v e c t o r .  I n f e r e n c e  a b o u t  

l i k e l y  p a r a m e t e r  v a l u e s ,  o r  f u n c t i o n s  o f  p a r a m e t e r  v a l u e s ,  i s  t h e n  b a s e d  o n  t h e s e  s i m u l a t e d  v a l u e s ,  

H a m a d a  e t  a l .  ( 2 0 0 8 ) . O n e  o f  t h e  g e n e r a l  c a t e g o r i e s  o f  M C M C  a l g o r i t h m  a r e  t h e  M e t r o p o l i s - H a s t i n g s  

a l g o r i t h m s .

M e t r o p o l i s - H a s t i n g s  a l g o r i t h m s  p r o v i d e  a  s i m p l e ,  g e n e r i c  p r e s c r i p t i o n  f o r  d r a w i n g  f r o m  a  p o s t e r i o r  

d i s t r i b u t i o n  w h e n  f u l l  c o n d i t i o n a l  d i s t r i b u t i o n s  f o r  a  p a r a m e t e r  i s  n o t  a v a i l a b l e .  A s  n o t e d  i n  H a m a d a  

e t  a l .  ( 2 0 0 8 ) , t h e  M e t r o p o l i s - H a s t i n g s  a l g o r i t h m  c a n  b e  e x p l a i n e d  a s  f o l l o w s :

1 .  S u p p o s e  t h a t  0  i s  a  q  —  d i m e n s i o n a l  r e a l - v a l u e d  p a r a m e t e r  v e c t o r  a n d  0 ( j )  d e n o t e  t h e  j t h  c o m ­

p o n e n t  o f  0 .  I t  i s  a  p r o p e r t y  o f  M C M C  a l g o r i t h m s  t h a t  t h e  d i s t r i b u t i o n  o f  t h e  j t h  i t e r a t e  i n  t h e  s e ­

q u e n c e  o f  s a m p l e d  v a l u e s  c o n v e r g e s  t o  a  r a n d o m  s a m p l e  d r a w n  f r o m  t h e  p o s t e r i o r  d i s t r i b u t i o n  a s  

j  b e c o m e s  l a r g e .  T h e  f i r s t  s t e p  i s  t o  g e n e r a t e  a  c a n d i d a t e  p o i n t ,  0  * .  A  c o m m o n  m e t h o d  f o r  g e n e ­

r a t i n g  t h e  c a n d i d a t e  p o i n t  i s  t o  a d d  a  m e a n - z e r o  n o r m a l  d e v i a t e  t o  a  s i n g l e  c o m p o n e n t  o f  0 ( j —1 ) ,



CHAPTER 4. SIMULATION STUDIES FOR THE PARAMETRIC MODELS 69

say 0^j 1), to get 0? =  0/j 1) +  sZ, where Z is a standard normal deviate and s is an arbitrary 
constant. For continuous-valued components of the parameter vector, let f  ^0 * | 0 (j—̂ )  denote 

the proposal density used to generate 0* from 0 (j—1). In theory, any density or mass function 
can serve as the proposal density as long as it satisfies three conditions:

• the proposal density must allow us to move from any subset of the parameter space to any 
other subset of the parameter space in a finite number of moves.

• the proposal density cannot be periodic - any moves to any subset of the parameter space 
can occur at any time.

• the rule used to specify the proposal density satisfies

f  ( 0 * 10 (j—1)N)
0  <  - 4 -------------- )  <  ~,

f  ( 0 (j—1) 10 *)

for all values of 0 (j 1) and 0 *.

2. The second step of the Metropolis-Hastings algorithm involves the calculation of the acceptance 
probability, denoted by r. This is the probability that the candidate value will be accepted as the 
next simulated value in the sequence, and is defined as

. /  p (0 *| data) f  ( 0(j—111 0 *) \
r  =  min 1 ,—(--------------- )----- (-------------- )  .

y  p ( 0 (j—1) | data) f  ( 0 *| 0 (j—1)) y/

Note that if the proposal density is symmetric, then f  ( 0* | 0 (j—1M =  f  ( 0 (j—1) | 0 * ) , and

r  =  min 1,
p  (0* | data)

p  ( 0 (j 1) | data:

3. The third step of the Metropolis-Hastings algorithm involves a decision to either accept or reject 
the candidate point with probability equal to r. In order to reach this decision we first draw a 
uniform  (0,1) random variable, say u, and compare u to r. If r  >  u, then accept the candidate 
value and set 0 (j) =  0*. On the other hand, if r  <  u, then reject the candidate value and set 
0 (j) =  0 (j—1). This process is repeated for each component of 0.

Algorithm 4.1. Metropolis-Hastings
Forgiven 0 (j—1),
1. Generate 0* -  f  (4* | 0 (j—1))
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2. Calculate r

3. Set

min 1 p(0 * |data) f  (0 Cj'—1)|0 *)
1  p(0(j—1)|data) f  (0* | 0 1)) and draw ufrom Umform(0, 1)

0 (j)
0 * with probability r, if r  >  u 

0 (j—1) with probability 1 — r, i f r  <  u

In general, successive draws from the posterior are correlated, but this correlation tends to die out as the 
interval between draws increases. Thus, the period during which the successive draws are correlated 
until the time the correlation has died out is known as the burn-in period; the iteration from the burn in 
period do not represent samples from the posterior distribution.

4.5 Simulation for the gamma distribution

This section looks at the simulation study where the life distribution is the gamma distribution. Follo­
wing the general procedure given at the beginning of this chapter, the simulation for this distribution 
was done as follows:

1. Consider a  =  1 and A =  1, and also a  =  2 and A =  1. Other values for a  and A can also be 
considered, but was not considered in this study, due to time constraints.

2. 1000 values of the unknown parameter, a , were simulated from the posterior distributions:

( a ? ' ( a ) — 1) 1/2 [n n =1  <ia  ] r  ( a  n)
p j  ( a  1 t)

p g (a  1 0

(r  (a  ))n (L n=1 ti)an

( a ? ' (a ) —1)1/ 4 [n n=1 ta  ] r  ( a  n + 2
(r  (a  ))n y. s a n 

(^i=1 ti)

The Metropolis-Hastings algorithm was used to do this, where the built-in function ’mhsample’ 
in MATLAB® was used. A gamma distribution was used as the proposal distribution.

3. 1000 values of the unknown parameter, A, were simulated from the posterior distributions:



CHAPTER 4. SIMULATION STUDIES FOR THE PARAMETRIC MODELS 71

p j (A | a , t)

^  A | a , t 

pg  (A | a , t)

/ rn  t.\an
( ^ i=1ti)  a na—1e—A £n=1 ti

r  ( a  n )  A  e =

g a m m a  a  n ,  ^  h

i=1

( S = 1  t i ) ° n  A n a —1  e —A C , 1  ,i

r  [ a  n  +  2

^  A | a , t

4. The resulting parameter values from posteriors are ordered in ascending order. The 95% credibi­
lity interval for a  is then determined: (a (25), a(975)) . The 95% credibility interval for A is then 

determined: (A(25), A(975)) .

5. 1000 data sets were simulated, and Step 1 through Step 3 were repeated. The number of times a 
credibility interval in Step 3 contained the initial value of the unknown parameter was calculated. 
This number divided by 1000 gives the coverage probability for the prior distribution used.

The results are shown in Table 4.13. This simulation study is very limited. For A =  1 and a  =  1, 
both priors give coverage below the nominal level. For a  =  2, the coverage obtained when using the 
divergence prior is the closest to the nominal level, and the interval is also shorter than that of the 
Jeffreys prior.

Table 4.13: Coverage rates and mean interval lengths for the gamma distribution, when A =  1 and a  =  1, and 
A =  1 and a  =  2 with sample size 50.

a  =  1 A =  1 a  =  2 A =  1
j Coverage 90.60% 94.80% 96.40% 96.40%

Average L 1.1193 0.5658 1.4857 0.3959
g Coverage 92.10% 94.90% 95.40% 93.80%

Average L 0.4733 0.5663 1.3373 0.3970

4.6 Simulation for the Weibull distribution

This section looks at the simulation study where the life distribution is the Weibull distribution. Follo­
wing the general procedure given at the beginning of this chapter, the simulation for this distribution 
was done as follows:

1. Consider a  =  1 and A =  1. Other values for a  and A can also be considered, but was not consi­
dered in this study, due to time constraints.
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2. 1000 values of the unknown parameter, a , were simulated from the posterior distributions:

n 1p j  ( a  11) a

pg  ( a  11) a n—1

ni=1

rki=1

i,i=1

r  n + 2

+a \ n+ 210I i=1 ti

n
(4.1)

(4.2)

The Metropolis-Hastings algorithm was used to do this, where the built-in function ’mhsample’ 
in MATLAB® was used. A gamma distribution was used as the proposal distribution. The 
equations (4.1) and (4.2) are not the same as those given in Section 3.3.6. The equations used 
here, are for the reparameterized Weibull, with density f  (t) =  aA ta—1e—At , this has been done, 
since this is the form used in MATLAB®.

3. 1000 values of the unknown parameter, A, were simulated from the posterior distributions:

p j  (A | a , t) ( i n = 1  f  T  A  n — 1 e —A 1 = 1 1? 

r  ( n )  A  e

^  A | a , t

pg  (A | a , t)

^  A | a , t

g am m ^  n, I  tf
i=1

(\rn fa \ n +  2
( I i= 1  t i )  2 A n —1/ 2 e —A I = 1 1 «

r  ( n + 2

g a m m ^  n +  - ,  I  t a
i=1

(4.3)

(4.4)

The equations (4.3) and (4.4) are not the same as those given in Section 3.3.6. The equations 
used here, are for the reparameterized Weibull, with density f  (t) =  aA ta —1e—At , this has been 
done, since this is the form used in MATLAB®.

4. The resulting parameter values from posteriors are ordered in ascending order. The 95% credibi­
lity interval for a  is then determined: (a (25), a(975)) . The 95% credibility interval for A is then

determined: (A(25), A(975^).

5. 1000 data sets were simulated, and Step 1 through Step 3 were repeated. The number of times a 
credibility interval in Step 3 contained the initial value of the unknown parameter was calculated. 
This number divided by 1000 gives the coverage probability for the prior distribution used.

The results are shown in Table 4.14. This simulation study is very limited. For A =  1 and a  =  1, both
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priors give coverage below the nominal level for a . For this limited study, the general divergence prior 
performed better.

Table 4.14: Coverage rates and mean interval lengths for the Weibull distribution, when A =  1 and a  =  1, with 
sample size 50.

a A
j Coverage 89.60% 94.90%

Average L 0.7095 0.5637
g Coverage 90.40% 95.10%

Average L 0.7095 0.5653



Chapter 5

Applications using the Gamma and Weibull 
Distributions

5.1 Introduction

In this chapter the gamma and the Weibull distributions will be applied to a lifetime data set. The 
Jeffreys prior and the general divergence priors will be used in the analysis. The outcome of the 
analysis will then be used to compare the performance of these priors, and which distribution is the 
preferred one. In this section an example from Lawless (1982) will be considered, this example was 
also considered in Moala et al. (2013) and is originally from Nelson (1972). In this life test experiment 
specimens of a type of electrical insulating fluid were subjected to a constant voltage stress. The length 
of life until each specimen failed, was observed. Nelson (1972) considered seven groups of specimens, 
which were tested ate voltages ranging from 26 kV to 38 kV. As in Moala et al. (2013), the specimen of 
size 19 at voltage level 34 kV will only be considered. The experiment was run long enough to observe 
the failure of all the insulation specimens tested, there are thus no censored values present. The values 
given in Table 5.1 represent the lifetime (in minutes) to failure.

Table 5.1: Times to failure (in minutes) at voltage level 34 kV.

0.96 4.15 0.19 0.78 8.01 31.75
7.35 6.50 8.27 33.91 32.52 16.03
4.85

72.89
2.78 4.67 1.31 12.06 36.71

5.2 Gamma distribution Application

Due to computational challenges in the posterior, OpenBugs® will be used. The gamma density given 
in Chapter 3 is in the same form as the gamma density used in OpenBugs®, i.e. if T ~  gam m a(a, A),

74
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the density function is
A a

f  (t) =  ^  t a -1 e-At for t >  0.

From Chapter 3, the Jeffreys prior was given as

^ a p ' ( a ) -  1
Pj  (a , A) A

The prior given in (5.1) can be written as

p z ( a , A) ( a p ' ( a ) -  1 )2 A 1

=  Pj  (a ) Pj  (A ).

(5.1)

Since OpenBugs® requires that a full probability model is defined and all prior distribution should be 
proper, we will approximate p z (A) by a gamma (0.0001,0.0001) and p z ( a ) by a uniform  (0,16). 

From Chapter 3, the divergence prior was given as

P g ( a , A ) «
( a p ' ( a ) -  1)1/4

The prior given in (5.2) can be written as

p G ( a , A) ( a p ' ( a ) -  1 )4 A 2

=  P g  (a ) P g  (A ) .

(5.2)

Since OpenBugs® requires that a full probability model is defined and all prior distribution should be 
proper, we will approximate p G (A) by a gamma (0.5,0.0001) and p G ( a ) by a uniform  (0,4).

Table 5.2: Statistics on the posteriors for the parameters a  and A.

Jeffreys prior Divergence prior
Mean SD Median MC error Mean SD Median MC error

a 0.7491 0.2054 0.7288 0.001127 0.7769 0.2084 0.757 0.001179
A 0.0498 0.0191 0.0476 1.051E-4 0.0534 0.0195 0.0512 1.107E-4

In Table 5.2, statistics on the posteriors for the two parameters are shown. Both priors produce 
approximately equal statistics values for the parameters. The MC error quantifies the variability in the 
estimates that is due to Markov chain variability. It is very small for both priors, as desired; it is much 
smaller than the SD (<  5% of SD). The MC errors are lower than the SDs - the estimated posterior 
means were estimated with high precision.
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Figure 5.1: Posterior density plots of a  and A using the Jeffreys prior for the gamma application.

The posterior density estimates plots for a  and A are shown in Figure 5.1, when using the Jeffreys 
prior. The posterior density estimate for A and a  both appear to be positively skewed.
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Figure 5.2: Quantile plots of a  and A using the Jeffreys prior for the gamma application.

In Figure 5.2, quantile plots of the two parameters using the Jefrreys prior for the gamma distribu­
tion are shown. The quantiles have stabilized as the iterations increase, indicating convergence of the 
algorithm, in terms of the two parameters, a  and A.
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Figure 5.3: Quantile plots of a  and A using the divergence prior for the gamma application.
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Figure 5.3 shows quantile plots of the two parameters using the general divergence prior for the 
gamma distribution application. Since there is a stabilized pattern displayed by these quantiles, the 
algorithm has converged for the two parameters.
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Figure 5.4: Trace plots when using the Jeffreys prior for the gamma application.

Figure 5.4 gives dynamic trace plots when using the Jeffreys prior for the gamma distribution 
application. It shows the successive samples from the algorithm that are joined together. There are no 
flat patterns, which would indicate multiple successive rejections.
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Figure 5.5: History plots when using the Jeffreys prior for the gamma application.
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Figure 5.5 shows time series plots or history plots for the gamma application when using the Jef-
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freys prior. Since there are no irregularities present, these plots suggest that the Markov chains have 
converged for both priors.

Figure 5.6: Posterior density plots of a  and A using the divergence prior for the gamma application.

Posterior density estimate plots of a  and A using the general divergence prior for the gamma 
application are shown in5.6. The posterior density estimate for a  and A look positively skewed.
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Figure 5.7: Trace plots when using the divergence prior for the gamma application.

Dynamic trace plots for a  and A when using the general divergence prior are shown in Figure 5.7. 
Lack of flat patterns in both plots indicates that there are no multiple successive rejections.
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Figure 5.8: History plots when using the divergence prior for the gamma application.

History plots of the parameters are shown in Figure 5.8, when the general divergence prior is used 
for the gamma application. There are no signs of irregularities, indicating that the Markov chain has 
converged.

Deviance Inform ation C riterion (DIC)

The deviance information criterion (DIC) is a statistic used for model comparison. Spiegelhalter et al. 
(2002) introduced it as a means to compare models of arbitrary structure (complex hierarchical mo­
dels). The construction of the DIC involves two two parameters: p D and D (0).

Spiegelhalter et al. (2002) defines p D as the complexity measure for the number of effective para­
meters in a model, and is given as

PD =  D (0 ) -  D (0 ) . (5.3)

The first term of the right hand side of (5.3) is known as the posterior mean deviance, and the second 
term is called the deviance of the means. Also, for the maximised likelihood value over the unknown 
parameters, L (0 | d a ta ) , and some function of the data alone, f  (d a ta ) ,

0 25000 50000 75000

iteration

D (0) =  —2log (L (0 | data)) +  2 lo g (f  (data))



C H A P T E R  5. A P P L IC A T IO N S  U S IN G  T H E  G A M M A  A N D  W E I B U L L  D I S T R I B U T I O N S  8 0  

i s  k n o w n  a s  t h e  B a y e s i a n  d e v i a n c e .  A s  a  r e s u l t ,

D M  =  E  [ D  ( 0 ) ]

=  E  [— 2 l o g  ( L ( 0  | d a t a ) )  +  2 l o g  ( f  ( d a t a ) ) ]  

a n d

D  ( 0 )  =  — 2 l o g  ( L ( E  [ 0  | d a t a ] ) )  +  2 l o g  ( f  ( d a t a ) ) .

T h e  D I C  i s  g i v e n  i n  S p i e g e l h a l t e r  e t  a l .  ( 2 0 0 2 )  a s

D I C  =  p d  +  D ( 0 ) ,

a n d  f r o m  ( 5 . 3 ) , t h e  f o l l o w i n g  h o l d s

D I C  =  2 p d  +  D  ( 0 ) .

T h e  m o d e l  w i t h  s m a l l e s t  D I C  v a l u e  i s  t h e  d e s i r e d  m o d e l .

Table 5.3: Model comparison.

D I C P D D D

J e f f r e y s  p r i o r 1 4 3 . 4 1 . 9 7 1 1 4 1 . 4 1 3 9 . 5

D i v e r g e n c e  p r i o r 1 4 3 . 4 1 . 9 0 7 1 4 1 . 4 1 3 9 . 5

T a b l e  5 . 3  s h o w s  t h e  p l u g - i n  d e v i a n c e ,  D , t h e  m e a n  p o s t e r i o r  d e v i a n c e ,  D , t h e  m e a s u r e  o f  t h e  n u m b e r  

o f  e f f e c t i v e  p a r a m e t e r s ,  p D , a n d  t h e  d e v i a n c e  i n f o r m a t i o n  c r i t e r i o n  ( D I C )  u s i n g  t h e  g a m m a  d i s t r i b u t i o n .  

T h e s e  a r e  u s e d  f o r  t h e  p u r p o s e  o f  m o d e l  c o m p a r i s o n .  T h e  D  a n d  D  v a l u e s  a r e  t h e  e q u a l  f o r  b o t h  p r i o r  

d i s t r i b u t i o n s ,  i n d i c a t i n g  e q u a l  m e a s u r e  o f  f i t  f o r  t h e  t w o  m o d e l s  p r o d u c e d  b y  t h e s e  p r i o r s .  A s  a  r e s u l t ,  

p D  h a s  a p p r o x i m a t e l y  e q u a l  v a l u e s .  A l s o ,  a n d  p D  -  2 ,  t h e  n u m b e r  o f  p a r a m e t e r s ,  i m p l y i n g  t h a t  b o t h  

p a r a m e t e r s  a r e  e f f e c t i v e  f o r  b o t h  p r i o r s .  W i t h  a  d i f f e r e n c e  o f  z e r o  i n  t h e  D I C  v a l u e s ,  i t  s a f e  t o  s a y  t h a t  

b o t h  p r i o r s  r e s u l t  i n  m o d e l s  t h a t  c a n  m a k e  g o o d  s h o r t - t e r m  p r e d i c t i o n s .

5.3 Weibull distribution Application

I n  t h i s  s e c t i o n  w e  w i l l  c o n s i d e r  t w o  a p p l i c a t i o n s .

D u e  t o  c o m p u t a t i o n a l  c h a l l e n g e s  i n  t h e  p o s t e r i o r ,  O p e n B u g s ®  w i l l  b e  u s e d .  T h e  W e i b u l l  d e n s i t y  

g i v e n  i n  C h a p t e r  3  i s  n o t  i n  t h e  s a m e  f o r m  a s  t h e  W e i b u l l  d e n s i t y  u s e d  i n  O p e n B u g s ® ,  i . e .  T  ~  

W e i b u / / ( a , A ) ,  w i t h  p o s i t i v e  p a r a m e t e r s  a  a n d  A  i f  t h e  p r o b a b i l i t y  d e n s i t y  f u n c t i o n  i s  g i v e n  b y

f  ( t )  =  a A  ( A t ) a —1 e — ( A t ) a  f o r  t  >  0 .
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I n  O p e n B u g s ®  t h e  f o l l o w i n g  f o r m  o f  t h e  W e i b u l l  d i s t r i b u t i o n  i s  u s e d

f  ( t )  =  a A t a  1 e  A ^  f o r  t  >  0 . ( 5 . 4 )

T h e  J e f f r e y s  p r i o r  f o r  t h e  r e p a r a m e t e r i z e d  W e i b u l l  d i s t r i b u t i o n  f o r  ( a , A )  i s  g i v e n  b y

P J  ( a , A )  “  a A  ■
( 5 . 5 )

T h e  p r i o r  g i v e n  i n  ( 5 . 5 )  c a n  b e  w r i t t e n  a s

p z  ( a ,  A )  ^  a  1 A  1

=  P z ( a )  P z ( A )  ■

S i n c e  O p e n B u g s ®  r e q u i r e s  t h a t  a  f u l l  p r o b a b i l i t y  m o d e l  i s  d e f i n e d  a n d  a l l  p r i o r  d i s t r i b u t i o n  s h o u l d  b e  

p r o p e r ,  w e  w i l l  a p p r o x i m a t e  p z  ( A )  b y  a  g a m m a  ( 0 . 0 0 0 1 , 0 . 0 0 0 1 )  a n d  p z  ( a )  b y  a  g a m m a  ( 0 . 0 0 0 1 , 0 . 0 0 0 1 ) .  

T h e  d i v e r g e n c e  p r i o r  f o r  t h e  r e p a r a m e t e r i z e d  W e i b u l l  d i s t r i b u t i o n  f o r  ( a , A )  i s  g i v e n  b y

P g ( a , A ) «
1

v o x

T h e  p r i o r  g i v e n  i n  ( 5 . 6 )  c a n  b e  w r i t t e n  a s

( 5 . 6 )

P G  ( a ,  A )  a  2 A  2

=  P G  ( a )  P g  ( A ) .

S i n c e  O p e n B u g s ®  r e q u i r e s  t h a t  a  f u l l  p r o b a b i l i t y  m o d e l  i s  d e f i n e d  a n d  a l l  p r i o r  d i s t r i b u t i o n  s h o u l d  b e  

p r o p e r ,  w e  w i l l  a p p r o x i m a t e  P G  ( A )  b y  a  g a m m a  ( 0 . 5 , 0 . 0 0 0 1 )  a n d  P G  ( a )  b y  a  g a m m a  ( 0 . 5 , 0 . 0 0 0 1 ) .  

T h e  s a m e  d a t a  a s  i n  S e c t i o n  5 . 2  w i l l  b e  c o n s i d e r e d  i n  t h i s  s e c t i o n .

Table 5.4: S t a t i s t i c s  o n  t h e  p o s t e r i o r s  f o r  t h e  p a r a m e t e r s  a  a n d  A .

J e f f r e y s  p r i o r D i v e r g e n c e  p r i o r

M e a n S D M e d i a n M C  e r r o r M e a n S D M e d i a n M C  e r r o r

a 0 . 7 8 9 5 0 . 1 4 1 5 0 . 7 8 3 3 0 . 0 0 1 2 7 1 0 . 7 7 1 1 0 . 1 3 6 6 0 . 7 6 5 5 0 . 0 0 1 2 5 5

A 0 . 1 4 2 1 0 . 0 6 9 7 8 0 . 1 2 9 6 5 . 9 0 1 E - 4 0 . 1 5 3 6 0 . 0 7 3 1 0 . 1 4 0 7 6 . 3 1 6 E - 4

A s  c a n  b e  s e e n  i n  T a b l e  5 . 4 ,  t h e  m e a n ,  m e d i a n ,  s t a n d a r d  d e v i a t i o n  ( S D ) ,  a n d  t h e  M o n t e  C a r l o  ( M C )  

e r r o r  o n  t h e  p o s t e r i o r s  f o r  t h e  t w o  p a r a m e t e r s  a r e  a p p r o x i m a t e l y  e q u a l .  H o w e v e r ,  M C  e r r o r  w h i c h  

m e a s u r e s  t h e  v a r i a t i o n  o f  t h e  m e a n  o f  t h e  p a r a m e t e r s  d u e  t o  t h e  s i m u l a t i o n ,  i s  l o w e r  t h a n  t h e  S D  f o r  

b o t h  p r i o r s ;  t h i s  i n d i c a t e s  t h a t  t h e  e s t i m a t e d  p o s t e r i o r  m e a n s  w e r e  e s t i m a t e d  w i t h  h i g h  p r e c i s i o n .
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Figure 5.9: Quantile plots of a  and A using the Jeffreys prior for the Weibull application.

F i g u r e  5 . 9  s h o w s  t h e  q u a n t i l e  p l o t s  o f  t h e  p a r a m e t e r s  w h e n  u s i n g  t h e  J e f f r e y s  p r i o r ,  f o r  t h e  W e i b u l l  

d i s t r i b u t i o n .  T h i s  f i g u r e  i n d i c a t e s  t h a t  t h e  q u a n t i l e s  h a v e  s t a b i l i z e d ,  i m p l y i n g  t h a t  t h e  a l g o r i t h m  h a s  

c o n v e r g e d ,  i n  t e r m s  o f  a  a n d  A .
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Figure 5.10: Quantile plots of a  and A using

4480 25000 50000 75000

iteration

the divergence prior for the Weibull application.

I n  F i g u r e  5 . 1 0  t h e  q u a n t i l e  p l o t s  o f  b o t h  p a r a m e t e r s  o b t a i n e d  f r o m  u s i n g  t h e  g e n e r a l  d i v e r g e n c e  

p r i o r ,  f o r  t h e  W e i b u l l  d i s t r i b u t i o n ,  s h o w  a  s t a b i l i z e d  p a t t e r n .  T h i s  i n d i c a t e s  c o n v e r g e n c e  f o r  t h e  t w o  

p a r a m e t e r s .

Table 5.5: Model comparison.

D I C P D D D

J e f f r e y s  p r i o r 1 4 3 . 1 1 . 8 8 0 1 4 1 . 2 1 3 9 . 3

D i v e r g e n c e  p r i o r 1 4 3 . 0 1 . 7 6 5 1 4 1 . 2 1 3 9 . 4

I n  T a b l e  5 . 5  t h e  c a n d i d a t e s  f o r  m o d e l  c o m p a r i s o n  -  t h e  p l u g - i n  d e v i a n c e ,  D , t h e  m e a n  p o s t e r i o r  

d e v i a n c e ,  D , t h e  m e a s u r e  o f  t h e  n u m b e r  o f  e f f e c t i v e  p a r a m e t e r s ,  P D , a n d  t h e  d e v i a n c e  i n f o r m a t i o n  

c r i t e r i o n  ( D I C )  a r e  s h o w n ,  u s i n g  t h e  W e i b u l l  d i s t r i b u t i o n .  B o t h  D  a n d  D  a r e  a p p r o x i m a t e l y  e q u a l  f o r  

b o t h  p r i o r  d i s t r i b u t i o n s .  C o n s e q u e n t l y ,  P D  i s  a p p r o x i m a t e l y  e q u a l  f o r  t h e  t w o  p r i o r s .  A l s o ,  P D  «  2 ,  t h e
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n u m b e r  o f  p a r a m e t e r s .  T h i s  i s  n o t  s u r p r i s i n g  b e c a u s e  w e  u s e d  n o n - i n f o r m a t i v e  p r i o r s .  T h e  d i f f e r e n c e  

o f  0 . 1  f o r  t h e  t w o  D I C  v a l u e s  i n d i c a t e s  t h a t  b o t h  p r i o r s  p r o d u c e  m o d e l s  t h a t  c a n  b e  e x p e c t e d  t o  m a k e  

t h e  b e s t  s h o r t - t e r m  p r e d i c t i o n s .

T h e  p r e d i c t e d  r e l i a b i l i t y  f u n c t i o n  i s  d e f i n e d  a s

R ( t )  =  P ( T  >  t | D a t a )
oo oo

=  J  J  P ( T  >  t  | a , A )  P ( a , A  | D a t a ) d  a  d A

0  0
oo oo

=  J  J  exP  [ —  ( A  t  ) a  ] P ( a , A  | D a t a ) d  a d  A

0 0

U s i n g  ( 5 . 7 ) , t h e  p r e d i c t i v e  r e l i a b i l i t y  w h e n  t h e  J e f f r e y s  p r i o r  i s  u s e d ,  i s

R j  ( t )  =  0 . 0 2 3 0

a n d  t h e  p r e d i c t i v e  r e l i a b i l i t y  w h e n  u s i n g  t h e  g e n e r a l  d i v e r g e n c e  p r i o r ,  i s

r g  ( t )  =  0 . 0 1 9 5 .
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Figure 5.11: Reliability plot for the Jeffreys and divergence priors.

T h e  r e l i a b i l i t y  c u r v e s  o r  p l o t s  g e n e r a t e d  u s i n g  t h e  J e f f r e y s  p r i o r  a n d  t h e  d i v e r g e n c e  p r i o r  f o r  t h e  

l i f e t i m e  o f  t h e  s p e c i m e n s  i s  s h o w n  i n  F i g u r e  5 . 1 1 .  T h e  J e f f r e y s  p r i o r  m o d e l s  t h e  r e l i a b i l i t y  o f  t h e
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s p e c i m e n s  l i f e t i m e s  b e t t e r  t h a n  t h e  d i v e r g e n c e  p r i o r .  T h i s  i s  n o t i c e a b l e  f o r  t h e  t i m e  p e r i o d  t  =  6  t o  

t  =  3 0 .

5.4 Weibull v s  Gamma

I n  t h i s  a p p l i c a t i o n  b o t h  t h e  W e i b u l l  a n d  g a m m a  d i s t r i b u t i o n s  w e r e  u s e d .  B y  l o o k i n g  a t  t h e  D I C  v a l u e s  

f r o m  t h e  p o s t e r i o r  d i s t r i b u t i o n s  i n  T a b l e  5 . 3 ,  f o r  t h e  g a m m a ,  a n d  T a b l e  5 . 5 ,  f o r  t h e  W e i b u l l ,  t h e  s m a l l e s t  

D I C  v a l u e  i s  o b t a i n e d  w h e n  u s i n g  t h e  W e i b u l l  d i s t r i b u t i o n  a n d  t h e  g e n e r a l  d i v e r g e n c e  p r i o r .  B y  j u s t  

l o o k i n g  a t  t h e  d a t a ,  t h e  f o l l o w i n g  q u e s t i o n  m a y  a r i s e :  W h i c h  d i s t r i b u t i o n  i s  m o r e  a p p r o p r i a t e ,  t h e  

g a m m a  o r  t h e  W e i b u l l ?  D i s t r i b u t i o n  f i t t i n g  i n  R ®  w a s  d o n e ,  b y  u s i n g  t h e  f i t d i s t r p / u s ’ p a c k a g e .  T h e  

C u l l e n  a n d  F r e y  g r a p h ,  f r o m  C u l l e n  &  F r e y  ( 1 9 9 9 ) , i s  a  s k e w n e s s - k u r t o s i s  g r a p h  f o r  t h e  c h o i c e  o f  

d i s t r i b u t i o n s ,  a n d  i s  g i v e n  i n  F i g u r e  5 . 1 2 .
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Figure 5.12: Cullen and Frey graph for insulating fluid data.

F r o m  F i g u r e  5 . 1 2  i t  s e e m s  t h a t  t h e  W e i b u l l  a n d  g a m m a  d i s t r i b u t i o n s  a r e  p o s s i b l e  d i s t r i b u t i o n s  f o r  

t h e  d a t a .  T h e  k u r t o s i s  a n d  s q u a r e d  s k e w n e s s  o f  t h e  s a m p l e  i s  p l o t t e d  a s  t h e  b l u e  p o i n t  i n  t h e  g r a p h .
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F i g u r e  5 . 1 3  i l l u s t r a t e s  t h e  p l o t  o f  f i t t i n g  t h e  g a m m a  d i s t r i b u t i o n  t o  t h e  d a t a ,  a n d  F i g u r e  5 . 1 4  g i v e s  t h e  

p l o t  o f  f i t t i n g  t h e  W e i b u l l  d i s t r i b u t i o n  t o  t h e  d a t a .
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Figure 5.13: Fit of the gamma distribution to the data.
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Figure 5.14: Fit of the Weibull distribution to the data.

B o t h  t h e  f i t s  l o o k  g o o d  a n d  s i m i l a r ,  l o o k i n g  a t  t h e  Q Q - p l o t ,  t h e  W e i b u l l  l o o k s  a  b i t  b e t t e r  a t  t h e  

t a i l s .  T h e  A k a i k e  i n f o r m a t i o n  c r i t e r i o n  ( A I C ) ,  f r o m  A k a i k e  ( 1 9 7 4 ) , i s  w e l l - k n o w n  a n d  i s  a  m e a s u r e  o f  

q u a l i t y  o f  s t a t i s t i c a l  m o d e l s  f o r  a  d a t a  s e t .  A I C  i s  u s e f u l  f o r  m o d e l  s e l e c t i o n  T h e  A I C  f o r  t h e  W e i b u l l  

i s  s l i g h t l y  l o w e r  t h a n  t h a t  o f  t h e  g a m m a .  W h e r e  t h e  A I C  f o r  t h e  W e i b u l l  i s  1 4 3 . 2 0 1 8  a n d  t h e  A I C  f o r  

t h e  g a m m a  i s  1 4 3 . 4 2 9 8 .



Chapter 6 

Case Studies

I n  t h i s  c h a p t e r  w e  w i l l  f i r s t  c o n s i d e r  a  n u m b e r  o f  H R A  c a s e  s t u d i e s  a s  d i s c u s s e d  i n  F r e n c h  e t  a l .  ( 2 0 0 9 ) , 

e a c h  f o c u s i n g  o n  t h e  r e l e v a n t  d e v e l o p m e n t s  i n  b e h a v i o u r a l ,  c o g n i t i v e ,  m a n a g e m e n t  a n d  o r g a n i z a t i o ­

n a l  s c i e n c e s .  S e c o n d l y ,  w e  w i l l  a l s o  s h o w ,  w h e n e v e r  p o s s i b l e ,  t h e  v a r i o u s  H R A  t o o l s ,  m e t h o d s  a n d  

c o n s i d e r a t i o n s  i n  a c t i o n  i n  a  r a n g e  o f  i n d u s t r i e s  ( c h e m i c a l ,  o f f s h o r e ,  n u c l e a r - p o w e r  a n d  c h e m i c a l ,  a n d  

m a r i n e  t r a n s p o r t )  a s  c a r r i e d  o u t  i n  K i r w a n  ( 1 9 9 4 ) . I n  t h e  s e c o n d  s t e p ,  a  n u m b e r  o f  H R A  t e c h n i q u e s  

a r e  d e m o n s t r a t e d  t h r o u g h  t h e  c a s e  s t u d i e s ,  a n d  e a c h  c a s e  s t u d y  f o c u s e s  o n  c e r t a i n  a s p e c t s  o f  t h e  H R A  

p r o c e s s .

6.1 Nuclear

T h e  n u c l e a r  i n d u s t r y  o f f e r s  s o m e  o f  t h e  b e s t  r e c o r d e d  i n c i d e n t s  i n  w h i c h  h u m a n  e r r o r  e i t h e r  l e d  t o  a  

s y s t e m  f a i l u r e  o r  h a d  t h e  p o t e n t i a l  t o  d o  s o .  A s  a n  e x a m p l e ,  w e  n o t e  b r i e f l y  s o m e  e v e n t s  t h a t  i n d i c a t e  

s i g n i f i c a n t  h u m a n  p o t e n t i a l  f o r  e r r o r s  o f  c o m m i s s i o n  o r  o m i s s i o n .

6.1.1 Chernobyl

T h e  C h e r n o b y l  a c c i d e n t  o c c u r r e d  o n  2 6  A p r i l  1 9 8 6  a n d  i n v o l v e d  a n  e n o r m o u s  r e l e a s e  o f  r a d i o a c t i v i t y ,  

I n t e r n a t i o n a l  A t o m i c  E n e r g y  A g e n c y  ( 1 9 9 1 ) . T h e  a c c i d e n t  i t s e l f  w a s  c a u s e d  b y  a  d e l i b e r a t e  a c t ,  a n  

e x p e r i m e n t  t h a t  c a u s e d  a n  e x p l o s i o n  a n d  f i r e .  T h e  e x p e r i m e n t  i n v o l v e d  r u n n i n g  t h e  p l a n t  o u t s i d e  

i t s  d e s i g n  p a r a m e t e r s  a t  v e r y  l o w  p o w e r .  T h e  s t a f f  o f  t h e  C h e r n o b y l  s t a t i o n  w e r e  f a m i l i a r  w i t h  t h e  

e x p e r i m e n t  b e c a u s e  t h e y  c a r r i e d  i t  o u t  p r e v i o u s l y  a t  t h e  C h e r n o b y l - 3  r e a c t o r  a n d  t h e  K u r s k  s t a t i o n  i n  

R u s s i a ,  M a r p l e s  ( 1 9 9 7 ) . H o w e v e r ,  t h e  p e r s o n n e l  r e s p o n s i b l e  f o r  t h e  e x p e r i m e n t  h a d  b e e n  w o r k i n g  f o r  

s o m e  f i f t e e n  t o  t w e n t y  h o u r s  w h e n  t h e  e x p e r i m e n t  s t a r t e d  b e c a u s e  o f  d e l a y s  i n  h a n d i n g  t h e  r e a c t o r  o v e r  

f o r  t h e  e x p e r i m e n t .  T h e y  w e r e  t i r e d  a n d  u n d e r  p r e s s u r e  t o  c o m p l e t e  t h e  e x p e r i m e n t  f a s t  a n d  r e t u r n  t h e  

r e a c t o r  t o  n o r m a l  e n e r g y  p r o d u c t i o n .

W h a t  m u s t  b e  n o t e d  h e r e  i s  t h a t  d u r i n g  t h e  e x p e r i m e n t ,  t h e y  d e l i b e r a t e l y  t u r n e d  o f f  t h r e e  s e p a r a t e

87
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s a f e t y  s y s t e m s  a n d  s w i t c h e d  t o  m a n u a l  c o n t r o l .  T h i s  w a s  a g a i n s t  s a f e t y  i n s t r u c t i o n s ,  b u t  p r o b a b l y  t h e y  

h a d  d o n e  i t  f r e q u e n t l y  b e f o r e .  I n  t h i s  c a s e ,  h u m a n  f a i l u r e  o n  o n - l i n e  o p e r a t i o n s  w a s  c a u s e d  b y  t h e  

e f f e c t  t h a t  s e e m i n g l y  ’ f r e a k  i n f r i n g e m e n t  r u l e s ’ w h i c h  d i d  n o t  c a u s e  a n  a c c i d e n t  i n  t h e  p a s t  l e a d  t o  

m o r e  v i o l a t i o n  o f  r u l e s  i n  t h e  f u t u r e ,  D o r n e r  ( 1 9 9 6 ) . A p p a r e n t l y  t h e  a c c i d e n t  o c c u r r e d  w i t h o u t  a n y  

c o m p o n e n t  f a i l u r e .  H o w e v e r ,  t h e  d e s i g n  o f  t h e  r e a c t o r  d e p e n d e d  o n  t h e  o p e r a t o r s  f o l l o w i n g  c e r t a i n  

s a f e t y  i n s t r u c t i o n s .  A s  n o t e d ,  t h e  o p e r a t i n g  a n d  r e g u l a t o r y  r e g i m e  i n  p l a c e  w a s  i n a d e q u a t e .  A t t e m p t s  

b y  o p e r a t o r s  t o  r e c o v e r  t h e  s i t u a t i o n  t r i g g e r e d  f l a s h  b o i l i n g  o f  w a t e r ,  w h i c h  i n  t u r n  r e s u l t e d  t o  a  b r e a c h  

o f  f u e l  c a n  o r  c o n t a i n m e n t ,  a n d  t h e  e x p o s u r e  o f  t h e  h o t  f u e l  e l e m e n t  t o  w a t e r .  W i t h i n  s e c o n d s ,  a  m a j o r  

c h e m i c a l  e x p l o s i o n  o c c u r r e d  w h i c h  d e s t r o y e d  t h e  r e a c t o r  a n d  c a u s e d  t h e  w o r s t  n u c l e a r  c a t a s t r o p h e  i n  

h i s t o r y .  W h i l e  t h e r e  i s  n o  d o u b t  t h a t  d e l i b e r a t e  a c t s  w e r e  k e y  i n  c a u s i n g  t h e  a c c i d e n t ,  t h e r e  i s  e q u a l l y  

n o  d o u b t  t h a t  t h e  t i r e d n e s s ,  s t r e s s  a n d  p o o r  s a f e t y  c u l t u r e  w i t h i n  t h e  o p e r a t i n g  t e a m  w e r e  c o n t r i b u t i n g  

f a c t o r s .

6.1.2 Three Mile Island

T h e  a c c i d e n t  h a p p e n e d  o n  2 8  M a r c h  1 9 7 9 ,  a t  t h e  T h r e e  M i l e  I s l a n d  n u c l e a r  p o w e r  p l a n t  n e a r  H a r r i s ­

b u r g ,  P e n n s y l v a n i a ,  K e m e n y  e t  a l .  ( 1 9 7 9 ) . A p p a r e n t l y  t h e r e  w a s  n o  s i g n i f i c a n t  r e l e a s e  o f  r a d i a t i o n ,  b u t  

a  f u l l  c o r e  m e l t  w a s  o n l y  j u s t  a v e r t e d .  T h e  c a u s e s  o f  t h e  a c c i d e n t  c o n t i n u e  t o  b e  d e b a t e d  t o  t h i s  d a y ,  

b u t  o n e  t h i n g  i s  c l e a r .  T h e  i n i t i a t i n g  e v e n t ,  t h e  f o r m a t i o n  o f  t h e  h y d r o g e n  b u b b l e  w h i c h  f o r c e d  d o w n  

c o o l i n g  w a t e r  e x p o s i n g  t h e  c o r e ,  h a d  n o t  b e e n  a n t i c i p a t e d  i n  t h e  r e a c t o r ’ s  d e s i g n  o r  s a f e t y  s t u d i e s .

T h e  o p e r a t o r s  n o t  o n l y  d i d  r e c o g n i z e  w h a t  w a s  h a p p e n i n g ,  b u t  a l s o  h a d  n e v e r  a n t i c i p a t e d  i t  m i g h t .  

I t  w a s  a n  i n c i d e n t  b e y o n d  t h e i r  e x p e r i e n c e  a n d  i m a g i n a t i o n :  i n  a  v e r y  s e n s e  o u t s i d e  o f  s c i e n t i f i c  a n d  

e n g i n e e r i n g  k n o w l e d g e  a s  i t  s t o o d  t h e n .  A  k e y  l e a r n i n g  p o i n t  i n  r e l a t i o n  t o  H R A  i s  t h a t  t h e  o p e r a t o r s  

b e h a v e d  e n t i r e l y  s e n s i b l y  a n d  i n  a c c o r d a n c e  w i t h  t h e i r  m e n t a l  m o d e l s  o f  w h a t  t h e y  b e l i e v e d  w a s  h a p ­

p e n i n g .  T h e r e  w a s  n o  e r r o r  i n  t h e i r  b e h a v i o u r  i n  t h i s  r e s p e c t ,  n o t  a t  l e a s t  i n  t h e  s e n s e  o f  h u m a n  e r r o r  

o f  H R A  t h e o r y .

6.1.3 Sellafield pigeons

I n  1 9 9 8  i t  w a s  d i s c o v e r e d  t h a t  p i g e o n s  w e r e  t r a n s f e r r i n g  r a d i o a c t i v i t y  f r o m  t h e  S e l l a f i e l d  n u c l e a r  s i t e  

t o  t h e  s u r r o u n d i n g  r e g i o n .  T h i s  p o t e n t i a l  r o u t e  f o r  c o n t a m i n a t i o n  t o  b e  t a k e n  o f f - s i t e  h a d  n o t  b e e n  a n t i ­

c i p a t e d ,  d e s p i t e  m a n y  r i s k  a n a l y s e s  a t  t h e  p l a n t  o v e r  t h e  y e a r s .  A  r e c e n t  l e a k  a t  S e l l a f i e l d  i s  p a r t i c u l a r l y  

r e l e v a n t  b e c a u s e  h u m a n  a n d  o r g a n i z a t i o n a l  b e h a v i o u r s  i n t e r a c t e d  a n d  l e d  t o  t h e  i n c i d e n t .  W e  t h e r e f o r e  

g i v e  a  t h o r o u g h  d e s c r i p t i o n  o f  t h i s  i n c i d e n t .

O n  2 0  A p r i l  2 0 0 5  a  l e a k  w a s  d e t e c t e d  i n  t h e  S e l l a f i e l d  T h e r m a l  O x i d e  R e p r o c e s s i n g  P l a n t  ( T H O R P )  

a f t e r  a  v i d e o  c a m e r a  r e v e a l e d  t h a t  a p p r o x i m a t e l y  e i g h t y  t h r e e  t h o u s a n d s  o f  l i t e r s  o f  r a d i o a c t i v e  w a s t e ,  

o r  d i s s o l v e r  l i q u i d  h a d  l e a k e d  i n t o  t h e  b a s e  o f  t h e  c e l l .  A p p a r e n t l y  a  f e e d  p i p e  t o  a c c o u n t a n c y  v e s s e l  

V 2 2 1 7 B  h a d  f r a c t u r e d .  T h i s  i s  b e l i e v e d  t o  h a v e  b e e n  d u e  t o  f a t i g u e  s t r e s s  i n d u c e d  b y  e x c e s s i v e  m o ­
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v e m e n t  o f  t h e  v e s s e l  t o  w h i c h  t h e  p i p e  i s  c o n n e c t e d .  I t  i s  e s t i m a t e d  t h a t  t h e  p i p e  s u f f e r e d  m a j o r  f a i l u r e  

a r o u n d  t h e  1 5 t h  o f  J a n u a r y ,  2 0 0 5 ,  b u t  m a y  h a v e  s t a r t e d  t o  l e a k  a s  e a r l y  a s  J u l y  2 0 0 4 .

S u b s e q u e n t  i n v e s t i g a t i o n s  i n d i c a t e d  t h e  f o l l o w i n g  e r r o r s  a n d  b e h a v i o u r s  a l l  c o n t r i b u t e d  t o  t h e  l e a k  

i t s e l f  a n d  a  f a i l u r e  t o  d e t e c t  i t  s o o n e r .

•  T h e  v e s s e l  a n d  p i p e w o r k  d e s i g n  w a s  c h a n g e d  d u r i n g  t h e  c o n s t r u c t i o n  o f  t h e  p l a n t .  T h e  o r i g i n a l  

d e s i g n  m a y  w e l l  n o t  h a v e  f r a c t u r e d  i n  t h e  s a m e  w a y .  H o w e v e r ,  d u r i n g  t h e  p r e p a r a t i o n  o f  t h e  s a ­

f e t y  c a s e  f o r  t h e  p l a n t  , a s s u m p t i o n s  a n d  p r e c a u t i o n s  i n  r e l a t i o n  t o  s e i s m i c  a c t i v i t y  w e r e  c h a n g e d  

a n d  t h e  d e s i g n  c h a n g e d  t o  a l l o w  f o r  t h i s .  S o  a  d e s i g n  f a u l t  t h a t  h a d  o r i g i n a l l y  b e e n  e n g i n e e r e d  

o u t  w a s  r e - i n t r o d u c e d  i n  a n o t h e r  p h a s e  o f  t h e  d e s i g n  p r o c e s s .

•  T h e r e  w e r e  e a r l i e r  i n d i c a t i o n s  t h a t  t h e r e  m i g h t  b e  a  l e a k  f r o m  a c c o u n t i n g  o f  t h e  i n p u t  a n d  o u t p u t  

t o  a n d  f r o m  t h e  c e l l .  H o w e v e r ,  t h e s e  w e r e  i g n o r e d  b e c a u s e  o f  a  ’ n e w  p l a n t ’ c u l t u r e .  A p p a r e n t l y  

t h e r e  w a s  a  b e l i e f  t h a t  s u c h  a  m o d e r n  p l a n t  c o u l d  n o t  s u f f e r  f r o m  l e a k s  o r  o t h e r  f a i l u r e s .  S o m e  o f  

t h e  w r i t t e n  i n s t r u c t i o n s  w e r e  a m b i g u o u s ,  l e a v i n g  t o o  m u c h  t o  t h e  i n t e r p r e t a t i o n  o f  t h e  o p e r a t i n g  

s t a f f .  I n  t h e  c o n t e x t  o f  t h e  ’ n e w  p l a n t ’ c u l t u r e  a n d  o t h e r  m a n a g e m e n t  i m p e r a t i v e s ,  i t  w a s  t o o  

e a s y  t o  i g n o r e  i n c o n c l u s i v e  b u t  p e r t i n e n t  r e a d i n g s  a n d  o b s e r v a t i o n s .  I t  i s  a l s o  n o t e w o r t h y  t h a t  

t h i s  ’ n e w  p l a n t ’ c u l t u r e  w a s  i m p l i c a t e d  i n  t w o  p r e v i o u s  s m a l l e r  i n c i d e n t  e l s e w h e r e  i n  T H O R P  i n  

1 9 9 8  a n d  e a r l i e r  i n  2 0 0 5 .

•  M i s u n d e r s t a n d i n g s  a m o n g  s e n i o r  m a n a g e m e n t  l e d  t o  o p e r a t i o n s  b e i n g  c o n t i n u e d  t o  m e e t  p r o ­

d u c t i o n  t a r g e t s  l o n g e r  t h a n  t h e y  s h o u l d  h a v e  b e e n ,  d e s p i t e  a  d e c i s i o n  t h a t  w a s  t a k e n  t o  i n v e s t i g a t e  

t h e  l e a k .

T h e  p o i n t  t h a t  t h e  n e w  p l a n t  c u l t u r e  w a s  a t  t h e  h e a r t  o f  m a n y  o f  t h e  f a i l i n g s  o f  t h e  o p e r a t o r s ,  m a n a g e ­

m e n t  p r o c e s s e s  a n d  o r g a n i z a t i o n  i s  r e p e a t e d l y  m a d e  i n  S n e l s o n  ( 2 0 0 5 ) .

6.1.4 Doonreay Shaft

A  6 5  m e t e r s  d e e p  s h a f t  a t  t h e  D o o n r e a y  n u c l e a r  p o w e r  p l a n t ,  o r i g i n a l l y  d u g  t  r e m o v e  r o c k  f r o m  a  p i p e  

d i s c h a r g i n g  t r e a t e d  w a t e r  w a s  u s e d  f r o m  1 9 5 8  t o  1 9 7 7  a s  a  l o w  l e v e l  w a s t e  p i t . I n  1 9 7 7  t h e r e  w a s  a  

m a j o r  e x p l o s i o n  i n  t h e  s h a f t  c a u s e d  b y  t h e  r e a c t i o n  o f  s o d i u m  p o t a s s i u m  ( N a K )  a l l o y  w i t h  w a t e r .  S o m e  

r a d i o a c t i v e  w a s t e  w a s  s p r e a d  o v e r  a  l a r g e  a r e a .

O n e  c a n  w o n d e r  a b o u t  m a n y  t h i n g s  t o  d o  w i t h  t h e  m a n a g e m e n t  o f  t h i s  p i t ,  b u t  o n e  t h i n g  i s  c l e a r l y  

i n c r e d i b l e :  t h e  d e p o s i t i o n  o f  N a K ,  a l t h o u g h  e n c a s e d  i n  c a s t  i r o n ,  i n t o  t h e  p i t .  T h e  s c i e n t i s t s  a n d  e n g i ­

n e e r s  i n v o l v e d  w o u l d  s u r e l y  h a v e  k n o w n  t h a t :  t h e  s h a f t  w a s  w e t  -  i t  l i n k e d  t o  t h e  d i s c h a r g e  p i p e  a n d  

w e n t  b e l o w  s e a - l e v e l ;  N a K  r e a c t s  e x p l o s i v e l y  w i t h  w a t e r ;  a n d  c a s t  i r o n  c o r r o d e s .  P u t  t h e s e  f a c t s  t o g e t ­

h e r  a n d  s e e  t h a t  t h i s  w a s  n o t h i n g  b u t  a  r e c i p e  f o r  d i s a s t e r  -  t h e  ’ a c c i d e n t ’ w a s  c o m p l e t e l y  p r e d i c t a b l e .
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6.1.5 Emergency Shutdown (ESD) Scenario

6 . 1 . 5 . 1  B a c k g r o u n d

T h i s  a s s e s s m e n t  w a s  f o r  a  n u c l e a r  c h e m i c a l  p l a n t  s t i l l  a t  t h e  d e t a i l e d  d e s i g n  s t a g e .  T h e  p l a n t  h a d  a  

c o m p r e h e n s i v e  c r a s h - s h u t d o w n  s y s t e m  w h i c h  w a s  m a n u a l l y  i n i t i a t e d  f r o m  t h e  c e n t r a l  c o n t r o l  r o o m  

( C C R ) ,  o r  f r o m  a  d i v e r s e  b a c k u p  l o c a t i o n  ( i n  t h e  e v e n t  o f  a  f i r e  e t c . ,  i n  t h e  c e n t r a l  c o n t r o l  r o o m  i t s e l f ) .  

H o w e v e r ,  a  r a r e - e v e n t  s c e n a r i o  w a s  i d e n t i f i e d  i n  w h i c h  t h e  s h u t d o w n  s y s t e m  c o u l d  o n l y  b e  p a r t i a l l y  

e f f e c t i v e .  I n  t h i s  u n l i k e l y  s i t u a t i o n ,  o p e r a t o r s  w o u l d  h a v e  t o  d e t e c t  t h e  p a r t i a l  f a i l u r e  a n d  t h e n  m a n u a l l y  

l o c a t e  a n d  r e c t i f y  t h e  p r o b l e m  b y  d e t e r m i n i n g  w h i c h  a u t o m a t i c  E S D  v a l v e  h a d  f a i l e d  t o  c l o s e  a n d  t h e  

s e n d i n g  a n  o p e r a t o r  t o  c l o s e  a  m a n u a l ,  b a c k - u p  E S D  v a l v e  o n  t h e  s a m e  p i p e l i n e .

T h i s  s c e n a r i o  w a s  e v a l u a t e d  i n  t w o  w a y s ,  f i r s t l y  b y  t h e  u s e  o f  t h e  t e c h n i q u e  T H E R P  a n d  s e c o n d l y  b y  

u s i n g  t w o  i n d e p e n d e n t  A P J  g r o u p s ,  o p e r a t i n g  i n  a  g r o u p - d i s c u s s i o n  m o d e ,  w h o s e  i n d i v i d u a l  e s t i m a t e s  

w e r e  a g g r e g a t e d  i n t o  a  g e o m e t r i c  m e a n  v a l u e .  T h i s  c a s e  s t u d y  t h e r e f o r e  u s e f u l l y  d e m o n s t r a t e s  t w o  

i n d e p e n d e n t  m e t h o d s  f o r  a s s e s s i n g  t h e  s a m e  s y s t e m  v i a  t w o  i n d e p e n d e n t  A P J  t e a m s  a n d  a n  i n d e p e n d e n t  

T H E R P  a s s e s s o r .

6 . 1 . 5 . 2  P r o b l e m  d e f i n i t i o n

T h e  q u e s t i o n  b e i n g  p o s e d  b y  t h e  s t u d y  w a s  a  p u r e l y  q u a n t i t a t e  o n e :  h o w  r e l i a b l e  w o u l d  t h e  o p e r a t o r s  

b e  i n  a  p a r t i a l - E S D - f a i l u r e  s i t u a t i o n ?  T h e  o p e r a t o r s  w o u l d  h a v e  t w o  h o u r s  t o  r e s o l v e  t h e  s i t u a t i o n .  

N o  e r r o r - r e d u c t i o n  a n a l y s i s  ( E R A )  w a s  r e q u i r e d ,  s i n c e  i f  t h e  r e s u l t s  w e r e  f o u n d  t o  b e  u n a c c e p t a b l e ,  

a  d e s i g n  s o l u t i o n  w o u l d  b e  i m p l e m e n t e d  t o  i n c r e a s e  t h e  r e l i a b i l i t y  o f  t h e  E S D  s y s t e m  i t s e l f  ( w h i c h ,  

i t  s h o u l d  b e  n o t e d ,  w a s  a l r e a d y  h i g h l y  r e l i a b l e ) .  S i n c e  t h e  p l a n t  w a s  a t  t h e  d e t a i l e d  d e s i g n  s t a g e ,  n o  

o p e r a t o r s  w e r e  a v a i l a b l e  a n d  t h e r e  w a s  n o  s i m i l a r  p l a n t  i n  e x i s t e n c e .  H o w e v e r ,  o p e r a t o r s  f r o m  t h e  

i n t e n d e d  s i t e  w e r e  a v a i l a b l e  t o  p a r t i c i p a t e  i n  t h e  s t u d y .

6 . 1 . 5 . 3  T a s k  a n a l y s i s

T h e  t a s k  a n a l y s i s  i t s e l f  p r o c e e d e d  b y  r e s e a r c h i n g  t h e  r e l e v a n t  d o c u m e n t a t i o n :  t h e  E S D - s y s t e m  d e s ­

c r i p t i o n ,  t h e  r e v i e w  o f  t h e  E S D  p a n e l - i n s t r u m e n t a t i o n  d r a w i n g s ,  C C R  l a y o u t  a n d  s t a f f i n g  p l a n s ,  l o c a l  

p a n e l - i n s t r u m e n t a t i o n  p l a n s  ( n o t  a t  a s  a n  a d v a n c e d  d e s i g n  l e v e l  a s  C C R )  a n d  g e n e r a l  p l a n t  l a y o u t .  I t  i s  

n o t e w o r t h y  t h a t  t h e  p l a n t  i n  q u e s t i o n  w a s  i n  f a c t  a  v e r y  l a r g e  p l a n t  w i t h  a n  i n t e g r a t e d  m o d u l a r  d e s i g n ,  

a n d  a s  a  r e s u l t  w a s  t h e r e f o r e  d i v i d e d  i n t o ,  a n d  c o n t r o l l e d  b y  m e a n s  o f ,  i n d i v i d u a l  p l a n t  u n i t s .  O n c e  

t h e s e  d e t a i l s  h a d  b e e n  r e v i e w e d ,  d i s c u s s i o n s  w e r e  h e l d  w i t h  E S D  d e s i g n  p e r s o n n e l ,  s a f e t y - a s s e s s m e n t  

p e r s o n n e l  a n d  f u t u r e  o p e r a t i o n s  p e r s o n n e l  a s  w h a t  t h e  c o r r e c t  s e q u e n c e  o f  a c t i o n s  w a s  t o  b e .

6 . 1 . 5 . 4  H u m a n - e r r o r  a n a l y s i s

T h e  f o l l o w i n g  h u m a n  e r r o r s  w e r e  i d e n t i f i e d  d i r e c t l y  f r o m  t h e  t a s k  a n a l y s i s  a s  r e q u i r i n g  q u a n t i f i c a t i o n :



CHAPTER 6. CASE STUDIES 91

•  H E P  1 . 1 :  o p e r a t o r  f a i l s  t o  i n i t i a t e  E S D  w i t h i n  2 0  m i n u t e s .

•  H E P  1 . 2 :  g i v e n  1 . 1 ,  s u p e r v i s o r  f a i l s  t o  i n i t i a t e  E S D  s u c c e s s  w i t h i n  2 0  m i n u t e s .

•  H E P  1 . 3 :  o p e r a t o r  f a i l s  t o  d e t e c t  o n l y  a  p a r t i a l  E S D  s u c c e s s  w i t h i n  2  h o u r s .

•  H E P 1 . 4 :  g i v e n  1 . 3 ,  s u p e r v i s o r  f a i l s  t o  d e t e c t  o n l y  a  p a r t i a l  E S D  ( f r o m  t h e  o p e r a t o r ’ s  p a n e l )  

w i t h i n  2  h o u r s .

•  H E P 1 . 5 :  o p e r a t o r  f a i l s  b o t h  t o  i d e n t i f y  a p p r o p r i a t e  e q u i p m e n t  r o o m  a n d  t o  c o m m u n i c a t e  l o c a t i o n  

o f  t h i s  r o o m  t o  a n  o u t s i d e  o p e r a t o r .

•  H E P  1 . 6 :  o u t s i d e  o p e r a t o r  f a i l s  t o  g e t  t o  c o r r e c t  E S D  a c t u a t o r  p a n e l ,  t o  i d e n t i f y  f a i l e d  a c t u a t o r ( s )  

a n d  t o  c o m m u n i c a t e  t h i s  i n f o r m a t i o n  t o  t h e  c o n t r o l - r o o m  o p e r a t o r .

•  H E P 1 . 7 :  c o n t r o l  r o o m  o p e r a t o r  f a i l s  b o t h  t o  d e t e r m i n e  w h i c h  v a l v e s  m u s t  b e  c l o s e d ,  i n  o r d e r  t o  

a c h i e v e  a  t o t a l  E S D ,  a n d  t o  c o m m u n i c a t e  t h i s  i n f o r m a t i o n  t o  o u t s i d e  o p e r a t o r .

•  H E P 1 . 8 :  o u t s i d e  o p e r a t o r  f a i l s  t o  c l o s e  c o r r e c t  v a l v e s  w i t h i n  2  h o u r s  d i s t r i b u t e d  c o n t r o l  u n i t  

( D C U )  f a i l u r e / D C U - p o w e r  f a i l u r e .

6 . 1 . 5 . 5  R e p r e s e n t a t i o n  a n d  Q u a n t i f i c a t i o n

A n  e v e n t  t r e e  w a s  c o n s t r u c t e d  i n  o r d e r  t o  r e p r e s e n t  t h e  s c e n a r i o .  T h e  H E P s  w e r e  q u a n t i f i e d  u s i n g  t h e  

T H E R P  a n d  A P J  a p p r o a c h e s .

6 . 1 . 5 . 6  I m p a c t

T h e  r e s u l t s  f r o m  a l l  t h e  a s s e s s m e n t s  m a d e  ( i n  f a c t ,  t h e  H E A R T  a n d  S L I M  m e t h o d s  w e r e  a l s o  u s e d  t o  

c a l c u l a t e  H E P s  f o r  t h i s  s c e n a r i o )  s u g g e s t e d  t h a t  t h e  o v e r a l l  p r o b a b i l i t y  o f  f a i l u r e  w a s  b e t w e e n  0 , 0 3  a n d

0 . 3 .  A  f u r t h e r  r e l i a b i l i t y  a n a l y s i s  w a s  u n d e r t a k e n  t o  e v a l u a t e  i n  m o r e  d e t a i l  t h e  l i k e l i h o o d  o f  a  p a r t i a l  

f a i l u r e  a n d  i t s  p o t e n t i a l  c o n s e q u e n c e s .  F r o m  t h i s  f u r t h e r  w o r k ,  i t  w a s  c o n c l u d e d  t h a t ,  g i v e n  t h e  t h e  l o w  

l i k e l i h o o d  o f  t h e  i n i t i a t i n g  e v e n t ,  o n  t h e  o n e  h a n d ,  a n d  t h e  h i g h  r e l i a b i l i t y  o f  t h e  s y s t e m  o n  t h e  o t h e r ,  

a n d  i n  t h e  l i g h t  o f  a  c o n s i d e r a t i o n  o f  a n y  p o t e n t i a l  c o n s e q u e n c e s ,  t h e  s y s t e m  h a r d w a r e  d i d  n o t  n e e d  t o  

b e  c h a n g e d .

H o w e v e r ,  d u e  t o  t h e  r e l a t i v e l y  h i g h  v a l u e s  o f  t h e  H E P s  t h e  E S D  p a n e l s  w e r e ,  h o w e v e r ,  r e n d e r e d  

m o r e  e r g o n o m i c ,  p a r t i c u l a r l y  w i t h  r e s p e c t  t o  t h e  s i g n a l s  d e n o t i n g  w h e t h e r  t h e  E S D  h a d  b e e n  e f f e c t i v e  

o r  n o t .  T h i s  r e d e s i g n  w a s  e x t e n s i v e ,  a f f e c t e d  e v e r y  E S D  p a n e l  i n  t h e  C C R  a n d  b a c k u p  E S D  r o o m  a n d  

i n v o l v e d  a  h y b r i d  t e a m  o f  h u m a n - f a c t o r s  p e r s o n n e l ,  d e s i g n e r s  a n d  o p e r a t o r s .
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6.2 Railway

T h e  c a s e  s t u d i e s  o n  S a x m u n d h a m  C o l l i s i o n  a n d  L a m b r i g g  D e r a i l m e n t  a r e  f r o m  F r e n c h  e t  a l .  ( 2 0 0 9 ) . 

T h e  r a m i o n i n g  c a s e  s t u d i e s  o n  T h e  F l i x b o r o u g h  d i s a s t e r  a n d  E k o f i s k  B r a v o  b l o w o u t  a r e  g i v e n  i n  K i r ­

w a n  ( 1 9 9 4 ) .

6.2.1 Saxmundham Collision (User worked crossing collision)

O n  2 2 n d  M a y  2 0 0 6 ,  a  f r e i g h t  t r a i n  c o l l i d e d  w i t h  a  c a r  t r y i n g  t o  c r o s s  a t  a  U s e r  W o r k e d  C r o s s i n g  ( U W C )  

n e a r  S a x m u n d h a m ,  E n g l a n d .  N o  o n e  w a s  i n j u r e d  a s  a  r e s u l t  o f  t h e  c o l l i s i o n  a n d  t h e  t r a i n  w a s  n o t  

d e r a i l e d ,  h o w e v e r  b o t h  v e h i c l e s  d i d  s u f f e r  m i n o r  d a m a g e s  a t  t h e  a r e a  o f  i m p a c t .  T h e  c o n c e r n e d  U W C  

i s  s i t u a t e d  o n  a  p r i v a t e  r o a d  w h i c h  f r o m  t h e  n o r t h  t o  s o u t h  s i d e ,  l e a d s  t o  p r i v a t e  d w e l l i n g s .  P e r m i t t e d  

u s e r s  o f  t h e  U W C  i n c l u d e  r e s i d e n t s  o f  t h e  d w e l l i n g s ,  f a r m e r s  o f  t h e  s u r r o u n d i n g  f a r m l a n d s  a n d  u s e r s  

w i t h  a u t h o r i z e d  a c c e s s  f r o m  t h e  r e s i d e n t s  i n c l u d i n g  s u c h  p a r t i e s  a s  d e l i v e r y  v e h i c l e s .

T h e  i m m e d i a t e  c a u s e  o f  t h e  i n c i d e n t  w a s  r e p o r t e d  t o  b e  t h e  f a u l t  o f  t h e  d r i v e r  o f  t h e  v e h i c l e ,  w h o  

f a i l e d  t o  s t o p  a t  t h e  c h e c k  p o i n t  t o  o b s e r v e  f o r  o n c o m i n g  t r a i n s .  I n  t h e  i n c i d e n t  r e p o r t  i t  w a s  f u r t h e r  

d i s c l o s e d  t h a t  t h e  a u t h o r i z e d  p e r s o n  w h o  p e r m i t t e d  t h e  m o t o r i s t  t o  u s e  t h e  U W C  d i d  n o t  g i v e  t h e  

m o t o r i s t  a  b r i e f i n g  o n  h o w  t o  u s e  t h e  c r o s s i n g  c o r r e c t l y  i . e .  i n  a  s a f e  m a n n e r .  W e  n o w  m e n t i o n  t h e  

a d d i t i o n a l  c a u s a l  f a c t o r s  w h i c h  l e d  t o  t h e  o c c u r r e n c e  o f  t h e  i n c i d e n t  a s  p e r  t h e  f i n d i n g s  o f  t h e  i n q u i r y .

•  T h e  g a t e s  o n  b o t h  s i d e s  o f  t h e  c r o s s i n g  w e r e  f o u n d  t o  h a v e  b e e n  l e f t  o p e n  f o r  a  l e n g t h y  p e r i o d  o f  

t i m e  d e s p i t e  r e q u i r i n g  t o  b e  c l o s e d  w h e n  t h e  c r o s s i n g  i s  n o t  i n  u s e .  A p p a r e n t l y ,  t h e  g a t e s  w e r e  

u n a b l e  t o  b e  c l o s e d  d u e  t o  t h e  o v e r g r o w n  v e g e t a t i o n  t h a t  h a d  d e v e l o p e d  a r o u n d  t h e m ,  a n d  t h u s  

r e n d e r e d  t h e  g a t e  u s a b l e ;  t h i s  w a s  d u e  t o  i n a d e q u a t e  m a i n t e n a n c e  o f  t h e  g a t e s .

•  T h e  m o t o r i s t  i n v o l v e d  i n  t h e  c o l l i s i o n  h a d  u s e d  t h e  c r o s s i n g  f o r  3 6  y e a r s  a n d  s i x  t i m e s  i n  t h e  

w e e k  l e a d i n g  u p  t o  t h e  i n c i d e n t ;  i n  t h i s  t i m e  t h e  d r i v e r  h a d  n e v e r  c o m e  a c r o s s  a  t r a i n  o n  t h i s  

s e c t i o n  o f  t h e  t r a c k .  D u e  t o  t h i s  p a s t  e x p e r i e n c e  h e ,  a l o n g  w i t h  o t h e r  a u t h o r i z e d  u s e r s ,  b e c a m e  

a c c u s t o m e d  t o  l e a v i n g  t h e  g a t e s  o p e n  a n d  w e r e  t h u s  o f  t h e  e x p e c t a t i o n  t h a t  a  t r a i n  w o u l d  c o m e  

w h e n  t h e  t r a c k  w a s  b e i n g  c r o s s e d .

T h e r e  w e r e ,  o f  c o u r s e ,  o t h e r  f a c t o r s  c o n c e r n i n g  t h e  c r o s s i n g ,  w h i c h  w e r e  n o t  i m m e d i a t e l y  a p p a r e n t ,  

t h a t  w e r e  a l s o  t h o u g h t  t o  h a v e  c o n t r i b u t e d  t o  t h e  i n c i d e n t :

•  t h e  s h o r t  w a r n i n g  t i m e  t o  a l e r t  a  m o t o r i s t  o f  a n  o n c o m i n g  t r a i n ;

•  t h e  s i g n s  w h i c h  w a r n  a  u s e r  t o  s t o p  a n d  r e a d  h o w  t o  c r o s s  s a f e l y  h a d  p o o r  v i s i b i l i t y  d u e  t o  

s h r o u d i n g  b y  f o l i a g e  a n d  v e g e t a t i o n  a n d ,  m o r e o v e r ,  t h e r e  w e r e  p r o b l e m s  w i t h  t h e i r  w o r d i n g .

•  n o  t e l e p h o n e  n u m b e r  w a s  p r o v i d e d  a t  t h e  c r o s s i n g  f o r  c o n t a c t i n g  a  r a i l w a y  e m p l o y e e  i n  t h e  e v e n t  

o f  a n  a c c i d e n t .
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I n  t h e  s u b s e q u e n t  e n q u i r y  i t  w a s  a l s o  d i s c l o s e d  t h a t  l e t t e r s  h a d  b e e n  s e n t  t o  t h e  a u t h o r i z e d  u s e r s  o f  t h i s  

g a t e  s e v e r a l  t i m e s ,  r e m i n d i n g  t h e m  o f  t h e  r u l e s  r e g a r d i n g  g a t e  c l o s u r e .  W h e n  q u e s t i o n e d ,  t h e y  c o u l d  

n o t  e x p l a i n  w h y  t h e  g a t e s  w e r e  l e f t  o p e n .  I t  i s  t h e r e f o r e  m o s t  l i k e l y  t h a t  d u e  t o  t h e  l o w  l e v e l s  o f  t h e  u s e r s  

b e c a m e  c o m p l a c e n t  a b o u t  t h e  s a f e  u s e  o f  t h e  c r o s s i n g .  I n  s u m m a r y ,  t h e r e  w a s  n o  p h y s i c a l  b r e a k d o w n  

t h a t  c a u s e d  t h e  a c c i d e n t ,  b u t  a  n u m b e r  o f  u n w a n t e d  b e h a v i o u r s  a r o s e  t h r o u g h  p o o r  i n f o r m a t i o n  f l o w s ,  

a n  u n c h e c k e d  g r o w t h  i n  p o o r  p r a c t i c e  a n d  c o m p l a c e n c y .

6.2.2 Lambrigg Derailment

O n  t h e  2 3 r d  F e b r u a r y  2 0 0 7 ,  a  V i r g i n  t r a i n  t r a v e l i n g  f r o m  L o n d o n  t o  G l a s g o w  d e r a i l e d  b e t w e e n  P r e s t o n  

a n d  C a r l i s l e ,  a t  L a m b r i g g  G r o u n d  F r a m e  c r o s s o v e r  l o c a t e d  n e a r  C u m b r i a ,  R a i l  A c c i d e n t  I n v e s t i g a t i o n  

B r a n c h  ( R A I B )  ( 2 0 0 7 ) . O f  t h e  1 0 8  p a s s e n g e r s  a n d  f o u r  c r e w  m e m b e r s  t r a v e l i n g  a b o a r d ,  o n e  f a t a l i t y  

r e s u l t e d  w i t h  a  f u r t h e r  t w e n t y  t w o  i n d i v i d u a l s  r e q u i r i n g  h o s p i t a l  t r e a t m e n t .  T h e  i m m e d i a t e  c a u s e  o f  

t h e  d e r a i l m e n t  w a s  i d e n t i f i e d  a s  f a u l t y  p o i n t s  o n  t h e  t r a c k ;  t h i s  w a s  i n  t u r n  t h e  r e s u l t  o f  t h e  f a u l t  

i n  t h e  s t r e t c h e r  b a r  o f  t h e  p o i n t s  w h i c h  c o n s e q u e n t l y  l e d  t o  t h e  l e f t  a n  r i g h t  s w i t c h  r a i l s  t o  b e c o m e  

d i s c o n n e c t e d .

T w o  s e c u r i n g  b o l t s  w e r e  a l s o  d e t a c h e d  f r o m  t h e  s t r e t c h e r ,  o n e  o f  w h i c h  w a s  l y i n g  n e x t  t o  t h e  p o i n t s  

w h i l e  t h e  o t h e r  w a s  m i s s i n g  e n t i r e l y .  T h e  n u t s  w h i c h  s e c u r e  t h e  s t r e t c h e r s  t o g e t h e r ,  h a v i n g  b e i n g  

t i g h t e n e d  w i t h  t h e  i n c o r r e c t  e q u i p m e n t ,  b e c a m e  f r e e  d u e  t o  d y n a m i c  l o a d i n g s ;  t h i s  f a u l t  f a i l e d  t o  b e  

i d e n t i f i e d  i n  a  s u b s e q u e n t  i n s p e c t i o n  d u e  t o  u n a u t h o r i z e d  s p l i t t i n g  o f  p a t r o l  g r o u p s .  A s  s u c h  f a u l t s  

c o u l d  h a v e  p o t e n t i a l l y  b e e n  i d e n t i f i e d  a n d  c o r r e c t e d  t h r o u g h  r e m e d i a l  a c t i o n ,  p r i o r  t o  d e r a i l m e n t ,  a n d  

t h e  i n c i d e n t  c o u l d  h a v e  t h u s  b e e n  p r e v e n t e d  a s  i t  w a s  h i g h l i g h t e d  t h a t  t h e  d e t e r i o r a t i o n  o f  t h e  p o i n t s  

h a d  o c c u r r e d  s o m e  t i m e  b e f o r e .

T h e  c a u s e s  h i g h l i g h t e d  a b o v e ,  w h i c h  w e r e  t h e  m o s t  a p p a r e n t  c a u s e s  o f  t h e  d e r a i l m e n t ,  w e r e  f u r t ­

h e r  i d e n t i f i e d  i n  t h e  p o s t - i n c i d e n t  i n v e s t i g a t i o n ,  a s  h a v i n g  b e e n  c a u s e d  b y  a  n u m b e r  o f  u n d e r l y i n g  

c o n t r i b u t o r y  f a c t o r s  b a s e d  o n  h u m a n  r e l i a b i l i t y  a n d  e r r o r .

1 .  T h e r e  e x i s t e d  a  n u m b e r  o f  d e f i c i e n c i e s  i n  t h e  i n s p e c t i o n  a n d  m a i n t e n a n c e  r e g i m e  u l t i m a t e l y  

c a u s i n g  t h e  p o i n t s  t o  f a l l  i n t o  d e s p a i r  a n d  t h e  f a u l t  t h u s  b e i n g  u n i d e n t i f i e d .  S u c h  d e f i c i e n c i e s  

i n c l u d e d :  •

•  A  b r e a k d o w n  i n  t h e  l o c a l  m a n a g e m e n t  s t r u c t u r e  r e s p o n s i b l e  f o r  i n s p e c t i o n  a n d  m a i n t e ­

n a n c e .  I n s p e c t i o n  c a r r i e d  o u t  w e r e  f o u n d  t o  b e  n o n  c o m p l i a n t  w i t h  s e t  s t a n d a r d s  a n d  p r o c e ­

d u r e s  a n d  s u p e r v i s o r s  t e n d e d  t o  r e i n f o r c e  t h i s  b e h a v i o u r  a s  a c c e p t a b l e  b y  e m p l o y i n g  u n s a f e  

a r r a n g e m e n t s .

•  T r a c k  p a t r o l l i n g  r e g i m e ’ s  s y s t e m a t i c a l l y  f a i l e d  t o  i n s p e c t  t h e  a r e a  a d e q u a t e l y .  R o u t i n e  i n ­

s p e c t i o n s  r o u t i n e l y  c o v e r  a  r e q u i r e d  m i l e a g e  o f  t r a c k ;  d u e  t o  m a n a g e m e n t  i n c o m p e t e n c e  

t h e  a r e a  o f  t h e  c o n t a i n i n g  t h e  f a u l t  w a s  o v e r l o o k e d  o n e  w e e k  p r i o r  t o  t h e  d e r a i l m e n t ;  t h e
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s u b s e q u e n t  p a t r o l  r e p o r t  w a s  n e v e r t h e l e s s  a u t h o r i z e d ,  w i t h  a  g a p  i n  t h e  i n s p e c t i o n  g o i n g  

u n n o t i c e d .

2 .  M a n d a t e d  s t a n d a r d s  w e r e  n o t  c o m m u n i c a t e d  o r  e x e c u t e d  i n  t h e  r e q u i r e d  m a n n e r ,  w i t h  a  l a c k  o f  

s a m p l e  c h e c k i n g  o f  t h e  t r a c k  t o  t e s t  i n s p e c t i o n  q u a l i t y  a n d  a r r a n g e m e n t s .  B e t w e e n  m a i n t e n a n c e  

a n d  t r a c k  s u p e r v i s o r y  m a n a g e m e n t  t h e r e  w a s  e v i d e n c e  o f  a  s p l i t  ’ t h e m  a n d  u s ’ c u l t u r e  w h i c h  h a d  

c o n s e q u e n t i a l  e f f e c t s  o n  t h e  w a y  i n  w h i c h  o p e r a t i o n s  w e r e  c o n d u c t e d .

3 .  P a t r o l l i n g  o f  t h e  t r a c k  w a s  p o o r l y  m a n a g e d ;  p a t r o l l e r s  w e r e  a l l o c a t e d  t o  r a n d o m  p a t r o l  l e n g t h s  

t h u s  c o m p r o m i s i n g  u n d e r s t a n d i n g  o f  c e r t a i n  a r e a s  o f  t h e  t r a c k  a n d  m a n y  o f  t h e  p a t r o l l e r s ’ c e r t i f i ­

c a t i o n  o f  c o m p e t e n c e  h a d  l a p s e d  w i t h  l a c k  o f  e v i d e n c e  t o  s u g g e s t  a n y  a s s e s s m e n t  o f  m o n i t o r i n g ;  

d e s p i t e  t h i s  l a p s e  b e i n g  h i g h l i g h t e d  t o  l o c a l  m a n a g e m e n t ,  i t  w a s  i g n o r e d  a n d  t h i s  b e h a v i o u r  t h u s  

b e c a m e  a c c e p t a b l e .  T h e r e  w a s  n o  r e v i e w  o f  p a t r o l s  a n d  t h e r e  w a s  n o  d e f i n i t e  m e t h o d  b y  w h i c h  

d e f e c t s  o n  s i t e  w e r e  m a r k e d ,  w i t h  c h e c k l i s t s  t o  i d e n t i f y  t h e s e  b e i n g  u s e d  i n c o n s i s t e n t l y .

4 .  T h e  q u a l i t y  a s s u r a n c e  r e g i m e  d i d  n o t  r e c o g n i z e  f a i l u r e s  i n  t h e  r e l i a b i l i t y  o f  i n s p e c t i o n  r e g i m e s  

o r  i n  t h e  a p p l i c a t i o n  o f  b e s t  p r a c t i c e .  P e r s o n n e l  w e r e  n o t  b r i e f e d  a b o u t  a n y  n e w  s t a n d a r d s  r e ­

q u i r i n g  c o m p l i a n c e  a n d  s t a f f s ’ c o m p e t e n c y  i n  t h e  f o l l o w i n g  p r a c t i c e  w a s  n o t  m a n a g e d .  F a i l u r e  

t o  f o l l o w  r u l e s  a n d  s t a n d a r d s  w e n t  u n r e p o r t e d  a n d  n o t  a c t e d  u p o n ;  s u c h  u n a c c e p t a b l e  b e h a v i o u r  

w a s  e n c o u r a g e d  a s  i t  w a s  e n a c t e d  t o o  b y  h i g h e r  l e v e l  s u p e r v i s o r s .

W h i l e  t h e  a c c i d e n t  h a d  a  c l e a r  i m m e d i a t e  p h y s i c a l  c a u s e  i n  t h e  f a u l t y  p o i n t s ,  i t  i s  c l e a r  t h a t  t h e  r e a l  

c a u s e  o f  t h e  a c c i d e n t  w a s  h u m a n ,  m a n a g e r i a l  a n d  o r g a n i z a t i o n a l .  N o  s i n g l e  i n d i v i d u a l  f a i l e d .  R a t h e r ,  

m a n y  h u m a n  f a c t o r s  c o n t r i b u t e d  t o  t h e  a c c i d e n t  r a n g i n g  f r o m  t h e  m a n a g e r i a l  t o  t h e  c u l t u r a l .

6.2.3 The Flixborough disaster

O n  0 1  J u n e  1 9 7 4 ,  a  p i p e l i n e  r a p t u r e  a t  a  F l i x b o r o u g h  p l a n t  l e d  t o  t h e  e x p l o s i o n  p f  a  c y c l o h e x a n e  v a p o u r  

c l o u d ,  c a u s i n g  2 8  d e a t h s  a n d  v e r y  l a r g e  a m o u n t  o f  c o l l a t e r a l  d a m a g e  t o  t h e  s u r r o u n d i n g  p o p u l a t e d  a r e a  

( a 8 2 1  h o u s e s  a n d  1 6 7  s h o p s  w e r e  d a m a g e d ) .  T h e  c a u s e  o f  t h i s  a c c i d e n t  w a s  p r i m a r i l y  a n  i n a d e q u a t e  

d e s i g n  m o d i f i c a t i o n  o n  R e a c t o r  N u m b e r  5 ,  i n  t h e  f o r m  o f  a  b y p a s s  p i p e .  T h i s  m o d i f i c a t i o n  w a s  m a d e  

i n  r e s p o n s e  t o  d a m a g e  t o  t h e  r e a c t o r ,  n a m e l y  a  5 '  6 "  l o n g  s p l i t ,  w h o s e  c a u s e  w a s  n o t  f u l l y  i n v e s t i g a t e d .  

T h e  t e a m  a p p e a r e d  t o  a s s u m e  t h a t  t h e  i n s t a l l a t i o n  o f  t h e  b y p a s s  l i n e  w a s  a  r e l a t i v e l y  r o u t i n e  p l u m b i n g  

j o b ,  f a i l i n g  t o  r e a l i z e  t h e  n e c e s s i t y  f o r  a  p r o p e r  t e c h n i c a l  a s s e s s m e n t  o f  s a f e t y  c o n s i d e r a t i o n s .

T h e r e  w a s  n o  p r e s s u r e  t e s t i n g  c a r r i e d  o u t  f o r  t h e  m o d i f i e d  s y s t e m ,  a n d  t h e r e  w a s  a l s o  a  f a i l u r e  t o  

s i t e  t h e  e x p l o s i v e  m a t e r i a l  a w a y  f r o m  t h e  c o n t r o l  r o o m ,  o r  a d e q u a t e l y  p r o t e c t  t h e  c o n t r o l  r o o m  f r o m  

a n y  p o t e n t i a l  b l a s t ,  d e s p i t e  t h e  f a c t  t h a t  t h e  H M F I  h a d  a p p a r e n t l y  a l r e a d y  s u g g e s t e d  t h e  i n s t a l l a t i o n  o f  

s h a t t e r - p r o o f  w i n d o w s  i n  t h e  c o n t r o l  r o o m .  T h e  t h r e e  m a i n  f a c t o r s  i n v o l v e d  w e r e  t h e r e f o r e :

•  T h e  i n a d e q u a t e  d e s i g n / s a f e t y - t e s t i n g  o f  t h e  b y p a s s  p i p e l i n e  ( l a t e n t  f a i l u r e ) .
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•  T h e  i n a d e q u a t e  t r a i n i n g / e n g i n e e r i n g  e x p e r i e n c e  o f  t h e  s t a f f  i n v o l v e d .

•  T h e  i n a p p r o p r i a t e  s i t i n g  o f  e x p l o s i v e  m a t e r i a l  o r  a  l a c k  o f  p r o t e c t i o n  f a c i l i t i e s  f o r  t h e  c o n t r o l  

r o o m  ( o r  b o t h ) .

A n o t h e r  c o n t r i b u t o r y  f a c t o r  i n  t h i s  d i s a s t e r  a p p e a r s  t o  h a v e  b e e n  t h e  d e s i r e  t o  g e t  t h e  s y s t e m  b a c k  i n t o  

s e r v i c e  a s  s o o n  a s  p o s s i b l e .

6.2.4 The Ekofisk Bravo blowout

T h e  E k o f i s k  b l o w o u t  i n c i d e n t ,  w h i c h  o c c u r r e d  i n  1 9 7 7 ,  c a u s e d  a  l a r g e  d e g r e e  o f  c o l l a t e r a l  d a m a g e .  A  

b l o w o u t  d e v e l o p e d  w h i l e  a n  o f f s h o r e  w e l l  w a s  a  b e i n g  w o r k e d  o n .  A p p a r e n t l y ,  a  b l o w o u t  p r e v e n t e r  

s h o u l d  h a v e  b e e n  a b l e  t o  p r e v e n t  t h i s ,  b u t  t h i s  h a d  u n f o r t u n a t e l y  b e e n  i n c o r r e c t l y  i n s t a l l e d .  T h e  e v e n t s  

t h a t  l e d  t o  t h e  i n c i d e n t  o c c u r r e d  o v e r  a p p r o x i m a t e l y  a  3 6 - h o u r  p e r i o d ,  a l t h o u g h  s o m e  o f  t h e  d e e p e r ,  

r o o t  c a u s e s  a p p e a r  t o  r e l a t e  t o  h i g h - l e v e l  f a i l u r e s  t o  i m p o s e  p r o p e r  s a f e t y  c o n t r o l s .  T h e  s i g n i f i c a n t  

h u m a n - e r r o r  f o r m s  e l i c i t e d  f r o m  t h i s  i n c i d e n t  w e r e :

•  T h e  f a i l u r e  o f  i n f o r m a t i o n  t o  b e  p r o p e r l y  t r a n s f e r r e d  a c r o s s  s h i f t  b o u n d a r i e s .

•  T h e  f a c t  t h a t  o n e  i n d i v i d u a l ,  i n  c o n t r o l  o f  t h e  o p e r a t i o n ,  h a d  b e e n  o n  s h i f t  a l m o s t  c o n t i n u o u s l y  

f o r  n e a r l y  3 6  h o u r s .  I n  a d d i t i o n ,  a  c r i t i c a l  s a f e t y  c o m p o n e n t  w a s  i n s e r t e d  u p s i d e  d o w n ,  m a k i n g  

i t  i n e f f e c t i v e .  T h i s  m i s t a k e  c o u l d  h a v e  b e e n  r e n d e r e d  i m p o s s i b l e  b y  t h e  d e s i g n  o f  t h e  s y s t e m ;  

n o r  w a s  t h e  m i s t a k e  o b v i o u s  t o  t h e  o p e r a t o r s ,  s i n c e  p a r t i c u l a r  v i s u a l  i n f o r m a t i o n  t h a t  w o u l d  h a v e  

i n d i c a t e d  w h i c h  w a y  u p  i t  s h o u l d  b e  i n s e r t e d  w a s  m i s s i n g .

•  T h e  f a i l u r e  o n  t h e  p a r t  o f  g o v e r n m e n t  d e p a r t m e n t s  t o  i m p o s e  h i g h - l e v e l  c o n t r o l s  o n  t h e  s a f e t y  

a s p e c t s  o f  p a r t i c u l a r  o p e r a t i o n s ,  a n d  c o n t r o l s  s u c h  a s  b l o w o u t  p r e v e n t e r s .

O f  p a r t i c u l a r  i n t e r e s t  i s  t h e  f a i l u r e  o f  i m p o r t a n t  s a f e t y  i n f o r m a t i o n  t o  b e  t r a n s f e r r e d  e f f e c t i v e l y  a c r o s s  

t h e  s h i f t  b o u n d a r y ,  a s  a  r e s u l t  o f  i n a d e q u a t e  s h i f t - h a n d o v e r  p r o c e d u r e s .  S o m e  s y m p t o m s  o f  a n  i m p e n ­

d i n g  b l o w o u t  h a d  o c c u r r e d  ( s i g n s  o f  a  ’k i c k ’ d e v e l o p i n g ) ,  b u t ,  n o n e  o f  t h e  s h i f t  w o r k e r s  a p p e a r e d  t o  

m a k e  a n y  e f f o r t  t o  t e l l  a n y  o f  t h e  o n c o m i n g  s h i f t ’ s  w o r k e r s  a b o u t  t h e s e  s i g n s .  T h e r e  w e r e  p r o b l e m s  

w i t h  t h e  o p e r a t i o n ,  a n d  o n e  o f  t h e  k e y  p e r s o n n e l  h a d  b e e n  o n  s h i f t  f o r  a n  e x h a u s t i n g  a m o u n t  o f  t i m e .  

T h e  l a c k  o f  v i s u a l  f e e d b a c k  a s  t o  t h e  c o r r e c t  o r i e n t a t i o n  o r  n a t u r e  o f  a  c o m p o n e n t  i s  n o t  u n c o m m o n  

i n  m a i n t e n a n c e ,  a n d  y e t  h e r e  w e  s e e  t h e  t o t a l  d i s a b l i n g  o f  a  m a j o r  s a f e t y  b a r r i e r  ( p r e v e n t i n g  a n  o i l / g a s  

b l o w o u t )  v i a  o n e  s i m p l e  m a i n t e n a n c e - t y p e  e r r o r .

6.3 Aviation

T h e  w o r k  p r e s e n t e d  i n  t h i s  s e c t i o n  i s  t a k e n  f r o m  K i r w a n  ( 1 9 9 4 ) .
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6.3.1 The Paris air disaster

I n  1 9 7 3  a  T u r k i s h  A i r l i n e s  D C - 1 0  c r a s h e d  i n  a  f o r e s t  s h o r t l y  a f t e r  t a k e - o f f  f r o m  P a r i s ,  a s  a  r e s u l t  

o f  m i s h a p  i n v o l v i n g  a  p r e s s u r i z e d  c a r g o  d o o r .  T h e  c a r g o  d o o r  o p e n e d  o u t w a r d s ,  a n d  i t s  a c c i d e n t a l  

o p e n i n g  w a s  p r e v e n t e d  b y  m e a n s  o f  l o c k i n g  p i n s ,  W i l l i a m s  ( 1 9 8 7 ) . T h e  ’ o p e r a t o r s ’ k n e w  t h a t  t h e  

d o o r  w o u l d  b e  s e c u r e  i f  a  h a n d l e ,  c o n n e c t e d  t o  t h e  l o c k i n g - p i n  m e c h a n i s m ,  c o u l d  b e  p u t  i n  t h e  c l o s e d  

p o s i t i o n ,  h e n c e  a l l o w i n g  p r e s s u r i z a t i o n .  H o w e v e r ,  w h i l s t  t h e  o p e r a t o r s  b e l i e v e d  t h a t  t h e  s u c c e s s f u l l y  

c l o s e d  h a n d l e  i n d i c a t e d  a  f u l l y  s e c u r e d  d o o r ,  w h a t  t h e y  w e r e  u n a w a r e  o f  w a s  t h e  c a s e  w h e r e ,  d u e  t o  a  

s o u r c e  o f  r e s i s t a n c e  e l s e w h e r e  ( t h e  d o o r  n o t  p r o p e r l y  c l o s e d ) ,  a  r o d  i n  t h e  m e c h a n i s m  c o u l d  b u c k l e  a n d  

a l l o w  t h e  h a n d l e  t o  a p p e a r  c l o s e d  w i t h o u t  a c t u a l l y  l o c k i n g  t h e  p i n s  h o m e  -  t h e  s i t u a t i o n  w h i c h  o c c u r r e d  

o n  t h i s  d a y ,  l e a d i n g  t o  a  t r a g i c  l o s s  o f  l i f e  ( v i a  s u d d e n  d e p r e s s u r i z a t i o n  d u r i n g  t h e  l a t e  s t a g e s  o f  t a k e  

o f f - t h e  d o o r  f l e w  a t  a l t i t u d e ) .  T h e  p r i m a r y  c a u s e ,  a s i d e  f r o m  a  s i m p l e  ’d e s i g n  e r r o r ’ ( t h e  o p e r a t o r  c o u l d  

n o t  h a v e  f o r e s e e n  i n  t h i s  e v e n t ) ,  w a s ,  a s  W i l l i a m  s t a t e s ,  t h e  v i o l a t i o n  o f  a  h u m a n - f a c t o r s  p r i n c i p l e ,  

n a m e l y :

•  T h e  f e e d b a c k  m e c h a n i s m  s h o u l d  h a v e  g i v e n  d i r e c t  ( a n d  h e n c e  r e l i a b l e  o r  t r u e )  f e e d b a c k  t o  t h e  

e f f e c t  t h a t  t h e  p i n s  w e r e  l o c k  h o m e ,  w h i c h  d i d  n o t .

T h i s  l a c k  o f  d i r e c t  f e e d b a c k  r e c u r r e d  i n  t h e  T h r e e  M i l e  I s l a n d  i n c i d e n t ,  d i s c u s s e d  e a r l i e r .  T h i s  t y p e  o f  

p r o b l e m  h a s  a l s o  b e e n  m e n t i o n e d  w i t h  r e s p e c t  t o  t h e  a c t i v a t i o n  o f  a  c o n t r o l  c o m p o n e n t .  F o r  e x a m p l e ,  

t h e  o p e r a t o r  s h o u l d  k n o w  n o t  o n l y  t h a t  a  c o n t r o l  i n p u t  t o  a n  a c t u a t o r  h a s  b e e n  s e n t ,  o r  e v e n  s i m p l y  

t h a t  i t  i s  h a s  b e e n  r e c e i v e d ,  h e  o r  s h e  s h o u l d  i n  f a c t  k n o w  t h a t  t h e  c o m p o n e n t  h a s  m o v e d ,  o r  f i r e d ,  o r  

a c h i e v e d  w h a t e v e r  i t s  m i s s i o n  w a s .

6.3.2 The crash of the BEA trident 1

T h e  c r a s h  o f  t h e  B E A  T r i d e n t  1 a t  S t a i n e s  o n  1 8  J u n e  1 9 7 2  i n c u r r e d  a  d e a t h  t o l l  o f  1 1 8 .  S p e c i f i c a l l y ,  

t h e  a i r c r a f t  s t a l l e d  d u r i n g  t a k e - o f f ,  d u e  t o  t h e  p i l o t ’ s  f a i l i n g  t o  m a i n t a i n  s u f f i c i e n t  a i r - s p e e d .  H o w l a n d  

( 1 9 8 0 )  c i t e s  t h r e e  m a i n  c a u s e s  f o r  t h i s  a c c i d e n t :

•  T h e  a b s e n c e  o f  a  m e c h a n i c a l  i n t e r l o c k  p r e v e n t i n g  t h e  r e t r a c t i o n  o f  s l a t s  a t  t o o  l o w  a n  a i r - s p e e d .

•  A  l a c k  o f  e x p e r i e n c e / t r a i n i n g ,  o n  t h e  p a r t  o f  t h e  c r e w  i n v o l v e d ,  f o r  t h i s  t y p e  o f  e m e r g e n c y .

•  T h e  c a p t a i n ’s  i l l  h e a l t h  d u r i n g  t a k e - o f f .

A l l  t h r e e  c o m p o n e n t  c a u s e s  a r e  i m p o r t a n t .  T h e  u s e  o f  i n t e r l o c k s  i s  a n  i m p o r t a n t  w a y  o f  a v o i d i n g  c e r t a i n  

t y p e s  o f  p o t e n t i a l l y  f a t a l ,  o r  a t  l e a s t  h a z a r d o u s ,  e r r o r s .  I n t e r l o c k s  m a y  b e  o m i t t e d  w h e r e  i t  i s  f e l t  t h a t  

p e r s o n n e l  h a v e  e n o u g h  e x p e r i e n c e  n o t  t o  d o  ’ i n c r e d i b l e ’ t h i n g s ,  b u t  t h i s  s t r a t e g y  c a n  s t i l l  c l e a r l y  f a i l  

-  a s  i n  t h i s  c a s e ,  w h e r e  a n  i n e x p e r i e n c e d  t e a m  w a s  i n v o l v e d .  H o w e v e r ,  t o o  m a n y  i n t e r l o c k s  m a y  l e a d  

t o  o p e r a t o r s  o r  m a i n t a i n e r s  t r y i n g  t o  u s e  v a r i o u s  m e t h o d s  t o  o v e r c o m e  t h e m ,  f o r  e x a m p l e ,  a n  i n c i d e n t
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o c c u r r e d  i n  w h i c h  o n e  m a i n t e n a n c e  c r e w  o v e r c a m e  a n  i n t e r l o c k  i n  a  n u c l e a r - r e a c t o r  p l a n t .  T h i s  l e d  

t o  a n  i n c i d e n t  i n  w h i c h ,  a f t e r  t h e y  h a d  g o n e  t o  l u n c h  l e a v i n g  t h e  i n t e r l o c k  d i s a b l e d ,  a n o t h e r  o p e r a t o r  

a t t e m p t e d  t o  o p e r a t e  t h e  s y s t e m ,  u n a w a r e  o f  t h e  s t a t u s  o f  t h e  s y s t e m  a n d  o f  t h e  i l l e g a l  i n t e r l o c k - o v e r r i d e  

t h a t  h a d  b e e n  c a r r i e d  o u t .

T h e  l a c k  o f  e x p e r i e n c e  a n d  t r a i n i n g  f o r  a  p a r t i c u l a r  e m e r g e n c y  i s  a n  o f t e n - c i t e d  p r o b l e m .  I n  a n y  

k i n d  o f  e m e r g e n c y  w h i c h  c a u s e s  h i g h  s t r e s s  l e v e l s ,  i t  i s  s o m e w h a t  o p t i m i s t i c  t o  e x p e c t  o p e r a t o r s  t o  

h a n d l e  a n  e v e n t  w h i c h  m a y  b e  c o m p l e x  a n d  t o t a l l y  n e w  t o  t h e m .  A  c a s e  i n  p o i n t  w a s  t h e  K e g w o r t h  

a i r  c r a s h ,  w h i c h  p r e s e n t e d  t h e  p i l o t s  w i t h  a  c o m p l e x  s c e n a r i o  f o r  w h i c h  t r a i n i n g  a n d  t h e i r  i n t e r f a c e  h a d  

l e f t  t h e m  i l l - p r e p a r e d .  T h i s  p e r c e p t i o n  a c c o u n t s  f o r  t h e  l a r g e  a m o u n t  o f  s i m u l a t o r  t r a i n i n g  w h i c h  p i l o t s  

t r a d i t i o n a l l y  u n d e r t a k e .  I l l n e s s  -  o r  w o r s e ,  t h e  i n c a p a c i t a t i o n  o f  o n e  m e m b e r  o f  a  c r e w  o f  a  c r e w  -  i s  a  

p o t e n t i a l  p r o b l e m  w h i c h  a  h i g h - r i s k  p l a n t  m u s t  a d d r e s s  v i a  i t s  s t a f f i n g  p o l i c y .

6.3.3 The Challenger Space Shuttle disaster

O n  2 8  J a n u a r y  1 9 8 6 ,  t h e  S p a c e  S h u t t l e  C h a l l e n g e r  w a s  d e s t r o y e d  i n  a n  a c c i d e n t  d u r i n g  t a k e - o f f ,  t o g e t ­

h e r  w i t h  i t s  f u l l  c r e w  o f  s e v e n  a s t r o n a u t s .  E s s e n t i a l l y ,  t h e  a c c i d e n t  w a s  c a u s e  b y  a  l o w - t e m p e r a t u r e -  

i n d u c e d  f u e l - s e a l e d  ( o - r i n g )  f a i l u r e  o n  t h e  b o o s t e r  r o c k e t s .  F u e l  l e a k i n g  o u t  e v e n t u a l l y  r e a c h e d  t h e  

i g n i t i o n  s o u r c e  a t  t h e  b o t t o m  o f  t h e  f i r i n g  r o c k e t  b o o s t e r s  w h e r e u p o n  t h e  b o o s t e r s  c a t a s t r o p h i c a l l y  

f a i l e d  a n d  m u c h  o f  t h e  r o c k e t  d i s i n t e g r a t e d ,  t h e  s h u t t l e  i t s e l f  p l u n g i n g  b a c k  t o w a r d s  t h e  o c e a n .  T h e  

f o l l o w i n g  m a j o r  c a u s e s  w e r e  f o u n d  t o  h a v e  c o n t r i b u t e d  t o  t h e  a c c i d e n t :

•  A n  e f f e c t i v e  ’ s i l e n t  s a f e t y  p r o g r a m ’ w i t h i n  N A S A  ( t h i s  w a s  t h e  p r i n c i p a l  c a u s e ) .

•  T h e  l a c k  o f  c l e a r  c o r p o r a t e  s a f e t y  o r g a n i z a t i o n .

•  T h e  l a c k  o f  a d e q u a t e  c o m m u n i c a t i o n s  d o w n  t h e  l i n e  a n d  b e t w e e n  l i n e s  ( e . g . ,  b e t w e e n  p r o j e c t  

m a n a g e r s  a n d  f l i g h t - o p e r a t i o n s  s t a f f ) .

•  A n  i n c r e a s e d  f l i g h t  r a t e  c o m b i n e d ,  o n  t h e  o t h e r  h a n d ,  w i t h  d e c r e a s e d  r e s o u r c e s .

•  M a i n t e n a n c e - m a n a g e m e n t  p r o b l e m s .

A l l  i n  a l l ,  t h e  c h a l l e n g e r  d i s a s t e r  a p p e a r e d  t o  l a c k  a  c l e a r  a n d  a d e q u a t e  s a f e t y - m a n a g e m e n t  s t r u c t u r e ,  

a n d  t h i s  m a y  r e f l e c t  t h e  d i f f i c u l t i e s  t h a t  a  l a r g e l y  t e c h n i c a l  b o d y  s u c h  a s  N A S A  e x p e r i e n c e d  i n  t r y i n g  

t o  c o p e  w i t h  c o m m e r c i a l  p r e s s u r e s  w i t h  w h i c h  i t  w a s  n o t  f a m i l i a r . T h i s  a c c i d e n t  a l s o  h i g h l i g h t e d  t h e  

u s e  o f  r i s k  a n a l y s i s  i n  d e t e r m i n i n g  o p e r a t i o n a l  s a f e t y  i n  a  p r e s s u r i z e d  s i t u a t i o n .  A c c o r d i n g  t o  t h e  

i n q u i r y  a c c i d e n t s ,  t h e  c o m p a n y  p r o d u c i n g  t h e  b o o s t e r s  w a s  c o n c e r n e d  a t  t h e  i n t e n t i o n  t o  c a r r y  o n  

w i t h  t h e  l a u n c h  f o l l o w i n g  v e r y  c o l d  t e m p e r a t u r e s ,  s i n c e  t h e y  c o u l d  n o t  v e r i f y  t h e  s a f e t y  o f  t h e  o - r i n g s  

( t h e  d e v i c e s  w h i c h  f a i l e d  )  f o l l o w i n g  s u c h  l o w  t e m p e r a t u r e s .  T h u s ,  t h e  e n g i n e e r s  c l a i m e d  t h a t  t h i s  

m a t t e r  f e l l  o u t s i d e  o f  t h e i r  d e s i g n  b a s i s ,  a n d  h e n c e  t h a t  t h e y  c o u l d  n o t  s a y  i f  i t  w a s  s a f e  t o  l a u n c h .  A
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m a n a g e m e n t  d e c i s i o n  t h e n  o v e r r o d e  t h e s e  c o n c e r n s  b y  a r g u i n g  t h a t  t h e  e n g i n e e r s  c o u l d  n o t  a t  t h e  s a m e  

t i m e  p r o v e  t h a t  i t  w a s  u n s a f e  t o  l a u n c h  -  w i t h  h i n d s i g h t  a  m o s t  u n s a t i s f a c t o r y  d e c i s i o n  s t a n c e  t o  a d o p t .  

T h i s  s h o w s  t h e  e f f e c t  o f  p r e s s u r e s  o n  t h e  m a n a g e m e n t  o f  t e c h n i c a l  s y s t e m s ,  a n d  d e m o n s t r a t e s  h o w  

g o o d  s a f e t y  a d v i c e  c a n  s o m e t i m e s  b e  i g n o r e d .

6.3.4 Research reactor sensitivity analysis

6 . 3 . 4 . 1  B a c k g r o u n d

T h i s  s t u d y  c o n c e r n e d  a  h u m a n  r e l i a b i l i t y  a n a l y s i s  f o r  a  r e s e a r c h  r e a c t o r .  I n  t h i s  a n a l y s i s ,  w h i c h  u s e d  t h e  

S L I M - M A U D  t e c h n i q u e ,  o n e  p a r t i c u l a r  e r r o r ,  r e l a t e d  t o  a  v a l v e  c l o s u r e ,  w a s  f o u n d  t o  b e  c o n t r i b u t i n g  

s i g n i f i c a n t l y  t o  t h e  e s t i m a t e d  l e v e l  o f  r i s k  i n h e r e n t  i n  t h e  s y s t e m .  I t  w a s  t h e r e f o r e  d e s i r a b l e  t o  c a l c u l a t e  

h o w  t o  r e d u c e  t h e  H E P  v i a  e r r o r - r e d u c t i o n  m e a s u r e s  ( E R M s ) ,  b y  u s i n g  t h e  S L I M  s y s t e m .  T h i s  c a s e  

s t u d y  o n l y  d e t a i l s  t h i s  e r r o r - r e d u c t i o n  a n a l y s i s / s e n s i t i v i t y - a n a l y s i s  p a r t  o f  t h e  s t u d y ,  s o  a s  t o  e x e m p l i f y  

h o w  s u c h  a n  e r r o r - r e d u c t i o n  a n a l y s i s  ( E R A )  m a y  b e  c a r r i e d  o u t ,  w h e t h e r  b y  m e a n s  o f  t h e  S L I M ,  

H E A R T  o r  H R M S  s y s t e m s  o r  b y  m e a n s  o f  o t h e r  s u c h  s y s t e m s  w i t h  E R A  c a p a b i l i t i e s  T .  W a r e r s  a n d  D .  

E m b r e y  w e r e  t h e  c o - a s s e s s o r .

6 . 3 . 4 . 2  P r o b l e m  d e f i n i t i o n

T h e  p r o b l e m  f a c i n g  t h e  a s s e s s o r  w a s  t h e  q u a n t i f i c a t i o n  o f  a  f a i l u r e  t o  c l o s e  a  v a l v e  i n  s p e c i f i e d  p e r i o d  

o f  t i m e ,  o c c u r r i n g  w i t h i n  a  l o s s - o f - c o o l a n t  t y p e  o f  a c c i d e n t  s c e n a r i o .  I f  t h e  r e s u l t a n t  H E P s  w e r e  f o u n d  

t o  b e  t o o  h i g h ,  t h e n  a n  E R A  w o u l d  b e  r e q u i r e d  f o r  a  r e d u c t i o n  o f  t h e  H E P  t o  a n  a c c e p t a b l e  v a l u e .

6 . 3 . 4 . 3  T a s k ,  h u m a n  e r r o r ,  r e p r e s e n t a t i o n  a n d  q u a n t i f i c a t i o n  a n a l y s e s

W e  d o  n o t  g i v e  a  c o m p r e h e n s i v e  d e t a i l  o f  t h e s e  h e r e .  A  d e t a i l e d  t a s k  a n a l y s i s  w a s ,  h o w e v e r ,  u n d e r t a k e n  

-  v i a  i n t e r v i e w s ,  w a l k - t h r o u g h s ,  o b s e r v a t i o n s  a n d  d o c u m e n t a t i o n  r e v i e w s  -  b y  t h e  c l i e n t .  A  f a u l t  t r e e  

h a d  a l s o  b e e n  d e v e l o p e d  b y  t h e  c l i e n t ,  i n  w h i c h  t h e  p a r t i c u l a r  e r r o r  o f  c o n c e r n  w a s  r e q u i r e d  t o  b e  

c a l c u l a t e d .  A  s m a l l  p a n e l  o f  e x p e r t  j u d g e s  w a s  t h e n  c o n v e n e d ,  a n d  u s i n g  t h e  S L I M - M A U D  s y s t e m ,  

t h e  H E P  w a s  t h e n  c a l c u l a t e d .

6 . 3 . 4 . 4  I m p a c t  a s s e s s m e n t

T h e  r e s u l t a n t  H E P  w a s  f o u n d  t o  b e  0 . 1 0 .  A l t h o u g h  t h i s  i s  n o t  a n  u n c o m m o n  v a l u e  f o r  a  t i m e -  p r e s s u r e d  

e m e r g e n c y  r e s p o n s e  m a d e  w i t h  l i t t l e  p r o c e d u r a l  s u p p o r t ,  t h e r e  w a s  a  d e s i r e ,  n e v e r t h e l e s s ,  t o  r e d u c e  t h i s  

f i g u r e  t o  a  v a l u e  o f  0 . 0 0 1  -  a  t w o - o r d e r s - o f - m a g n i t u d e  c h a n g e ,  a n d  a  s i g n i f i c a n t l y  l a r g e  e r r o r  r e d u c t i o n .  

I f  t h i s  c o u l d  b e  a c h i e v e d ,  t h e n  t h e  r e s u l t s  o f  t h e  a n a l y s i s  w o u l d  i n d i c a t e  a  t o l e r a b l e  l e v e l  o f  s a f e t y .
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6 . 3 . 4 . 5  E r r o r  r e d u c t i o n  a n a l y s i s

T h e  E R A  p r o c e e d e d  w i t h  t w o  m e m b e r s  o f  t h e  o r i g i n a l  e x p e r t  g r o u p .  U s i n g  a  p a r t  o f  t h e  S L I M - M A U D  

s o f t w a r e  s y s t e m  c a l l e d  S L I M - S A R A H ,  a  s e r i e s  o f  a l t e r n a t i v e  P S F  p r o f i l e s  w e r e  g e n e r a t e d ,  p r o f i l e s  

w h i c h  c o u l d  h e l p  t o  r e d u c e  t h e  H E P .  I t  i s  i m p o r t a n t  t o  s t r e s s  t h a t  t h i s  w a s  n o t  a  p u r e l y  n u m e r i c a l  

e x e r c i s e  -  i n  f a c t ,  f a r  f r o m  f r o m  i t .  T h e  e x e r c i s e  p r o c e e d e d  b y  f i r s t  d e t e r m i n i n g  w h i c h  P S F - r a t i n g / -  

w e i g h t i n g  c o m b i n a t i o n  w a s  c o n t r i b u t i n g  m o s t  t o  t h e  H E P  v a l u e .  I n  t h i s  c a s e  i t  w a s  t h e  p r o c e d u r e s  

P S F ,  w i t h  a n  u n d e s i r a b l y  h i g h  P S F  r a t i n g  v a l u e  o f  8  -  w h i c h  i n  t h i s  c a s e  s i g n i f i e d  t h a t  p r o c e d u r e s  

w e r e  v i r t u a l l y  n o n - e x i s t e n t  f o r  t h i s  p a r t i c u l a r  s c e n a r i o .  W a y s  o f  i m p r o v i n g  p r o c e d u r e s  w e r e  t h e n  d i s ­

c u s s e d .  S u c h  p r o c e d u r a l  i m p r o v e m e n t s  w o u l d  a m o u n t  t o  t h e  p r o v i s i o n  o f  a  s y m p t o m - b a s e d  f l o w c h a r t  

p r o c e d u r e  w i t h  c h e c k - p o i n t s ,  e t c .  T h e  s p e c i f i c  i m p r o v e m e n t s  w e r e  n o t e d  d o w n  a s  a s s u m p t i o n s  u n d e r ­

p i n n i n g  t h e  t o  b e - r e v i s e d  f i g u r e .  T h e  t w o  e x p e r t s  a g r e e d  w h a t  n e w  r a t i n g  v a l u e  w o u l d  b e  g a i n e d  i f  s u c h  

i m p r o v e m e n t s  w e r e  i m p l e m e n t e d  ( i n  t h i s  c a s e  a  r a t i n g  o f  2 ) .

T h i s  n e w  v a l u e  w a s  s u b s t i t u t e d  i n  t o  t h e  S A R A H  s y s t e m ,  a n d  t h e  H E P  w a s  r e c a l c u l a t e d ,  g i v i n g  a  

n e w  f i g u r e  o f  0 . 0 3 ,  a n d  a n  e r r o r - r e d u c t i o n  f a c t o r  o f  3 .  S i n c e  t h i s  w a s  n o t  e n o u g h  o f  a  r e d u c t i o n ,  a n  

a l t e r n a t i v e  P S F  w a s  t r i e d ,  n a m e l y  t h a t  o f  t r a i n i n g .  V a r i o u s  r e t r a i n i n g  i m p r o v e m e n t s  w e r e  c o n s i d e r e d  

w h i c h  a l t o g e t h e r  c o u l d  r e d u c e  t h e  r a t i n g  t o  a  v a l u e  o f  3 .  H o w e v e r ,  w h e n  t h e  o r i g i n a l  H E P  w a s  n o w  

r e c a l c u l a t e d ,  t h e  r e s u l t s  y i e l d e d  a  r e d u c t i o n  f a c t o r  o f  o n l y  1 . 4  a n d  a  n e w  H E P  o f  o n l y  0 . 0 7 .  O t h e r  c o m ­

b i n a t i o n s  o f  i m p r o v e m e n t s  w e r e  c o n s i d e r e d ,  i n c l u d i n g  t h e  p r o v i s i o n  o f  a  n e w  a l a r m  i n  t h e  i n t e r f a c e .  

T h i s  E R M ,  t o g e t h e r  w i t h  t h e  g r e a t e s t  d e g r e e  o f  i m p r o v e m e n t  i n  t r a i n i n g  a n d  p r o c e d u r e s  t h a t  c o u l d  b e  

r e a l i s t i c a l l y  a c h i e v e d  w i t h i n  t h e  c l i e n t ’ s  b u d g e t ,  y i e l d  a  v a l u e  o f  0 . 0 0 1  i n  i t e r a t i o n  n u m b e r  6 .  S e v e r a l  

m o r e  i t e r a t i o n s  w e r e  t r i e d ,  b u t  o n l y  i t e r a t i o n  6  p r o d u c e d  t h e  d e s i r e d  r e d u c t i o n  f a c t o r .  I t s  a s s u m p t i ­

o n s  i n  t e r m s  o f  c h a n g e s  t o  b e  m a d e  t o  t r a i n i n g ,  p r o c e d u r e s  a n d  t h e  i n t e r f a c e ,  w e r e  a l s o  a c c e p t e d  f o r  

i m p l e m e n t a t i o n  b y  t h e  c l i e n t .



Chapter 7

Review of HRA methods

7.1 Introduction

H u m a n  r e l i a b i l i t y  a s s e s s m e n t  ( H R A )  i n v o l v e s  t h e  u s e  o f  q u a l i t a t i v e  a n d  q u a n t i t a t i v e  m e t h o d s  t o  a s s e s s  

t h e  h u m a n  c o n t r i b u t i o n  t o  r i s k .  T h e r e  a r e  m a n y  a n d  v a r i e d  m e t h o d s  a v a i l a b l e  f o r  H R A ,  w i t h  s o m e  h i g h  

h a z a r d  i n d u s t r i e s  d e v e l o p i n g  ’ b e s p o k e ’ i n d u s t r y  f o c u s e d  m e t h o d s .  H R A  t e c h n i q u e s  g e n e r a l l y  f a l l  i n t o  

t w o  c a t e g o r i e s ,  t h o s e  u t i l i z i n g  a  d a t a b a s e ,  a n d  t h o s e  u s i n g  e x p e r t  o p i n i o n .  T h e  o r i g i n s  o f  H R A  m e t h o d s  

d a t e s  f r o m  t h e  1 9 6 0 s  w i t h  t h e  o b j e c t i v e  o f  m o d e l i n g  t h e  l i k e l i h o o d  a n d  c o n s e q u e n c e s  o f  h u m a n  e r r o r .  

O v e r  t h e  y e a r s ,  m e t h o d s  o f  v a r y i n g  t e n d e n c y  t o  f a i l  h a v e  b e e n  d e v e l o p e d  a n d  t h i s  h a s  r e s u l t e d  i n  o v e r  

a  d o z e n  o f  H R A  t e c h n i q u e s .  T h e s e  H R A  m e t h o d o l o g i e s  a r e  c a t e g o r i z e d  i n  l i t e r a t u r e  i n  t e r m s  o f  t h e i r  

u n d e r l y i n g  c o n c e p t s ,  m o d e l s  a n d  a p p l i c a b i l i t y .  T h e y  a r e  d i v i d e d  i n t o  t h r e e  c a t e g o r i e s :  f i r s t ,  s e c o n d ,  

a n d  t h i r d  g e n e r a t i o n .

T h e  f i r s t  g e n e r a t i o n  m e t h o d s  w e r e  t h e  f i r s t  t o  b e  d e v e l o p e d  t o  h e l p  r i s k  a s s e s s o r s  p r e d i c t  a n d  q u a n ­

t i f y  t h e  l i k e l i h o o d  o f  h u m a n  e r r o r .  T h e y  t e n d  t o  b e  a t o m i s t i c  i n  n a t u r e ;  t h e y  e n c o u r a g e  t h e  a s s e s s o r  

t o  b r e a k  a  t a s k  i n t o  c o m p o n e n t  p a r t s  a n d  t h e n  c o n s i d e r  t h e  p o t e n t i a l  i m p a c t  o f  P S F s ,  B e l l  &  H o l r o y d  

( 2 0 0 9 ) . I n  t h e  e a r l y  1 9 9 0 s ,  t h e  n e e d  t o  i m p r o v e  H R A  m e t h o d s  a p p r o a c h e s  t o  f o c u s  o n  c o g n i t i v e  h u ­

m a n  b e h a v i o u r  i n t e r e s t e d  a  n u m b e r  o f  i m p o r t a n t  r e s e a r c h  a n d  d e v e l o p m e n t  a c t i v i t i e s  a r o u n d  t h e  w o r l d ,  

D i  P a s q u a l e  e t  a l .  ( 2 0 1 3 ) . T h i s  g a v e  b i r t h  t o  s e c o n d  g e n e r a t i o n  m e t h o d s .  T h e y  c o n s i d e r  c o n t e x t  a n d  

e r r o r s  o f  c o m m i s s i o n  i n  h u m a n  e r r o r  p r e d i c t i o n .  N e w  t e c h n i q u e s  a r e  n o w  e m e r g i n g  b a s e d  o n  e a r l i e r  

f i r s t  g e n e r a t i o n  m e t h o d s ,  a n d  a r e  b e i n g  r e f e r r e d  i n  l i t e r a t u r e  a s  t h i r d  g e n e r a t i o n  m e t h o d s .  A c c o r d i n g  

t o  F r e n c h  e t  a l .  ( 2 0 0 9 )  t h e s e  t o o l s  g o  f u r t h e r  m o d e l l i n g  a  r a n g e  o f  b e h a v i o u r s  i n  o r d e r  t o  r e c o v e r  a n d  

a v e r t  f a i l u r e ;  t h e y  c o n t a i n  m o r e  d y n a m i c  s i m u l a t i o n ,  a n d  h a v e  t o  b e  i m p l e m e n t e d  o n  a  c o m p u t e r .

100
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7.2 HRA methods

T h e  f o l l o w i n g  H R A  m e t h o d s  a r e  r e v i e w e d  w i t h  t h e  u s e  o f  t h e  f o l l o w i n g  r e f e r e n c e s :  B e d f o r d  &  C o o k e  

( 2 0 0 1 ) , B e l l  &  H o l r o y d  ( 2 0 0 9 ) , F r e n c h  e t  a l .  ( 2 0 0 9 ) , K i r w a n  ( 1 9 9 4 ) , a n d  K i r w a n  ( 1 9 9 7 ) , e x c e p t  f o r  

t h e  a r e a s  w h e r e  i n d i c a t e d .

7.2.1 Absolute Probability Judgement (APJ)

7 . 2 . 1 . 1  B a c k g r o u n d

A P J ,  a l s o  k n o w n  a s  D i r e c t  N u m e r i c a l  E s t i m a t i o n  ( D N E ) ,  i s  a n  e x p e r t  j u d g e m e n t - b a s e d  a p p r o a c h  w h i c h  

i n v o l v e s  u s i n g  t h e  b e l i e f s  o f  e x p e r t s  ( e . g .  f r o n t - l i n e  s t a f f ,  p r o c e s s  e n g i n e e r s  e t c . )  t o  e s t i m a t e  H E P s .  

T h e  t e c h n i q u e  h a s  t w o  f o r m s :  g r o u p  m e t h o d s  a n d  s i n g l e  e x p e r t  m e t h o d s .  T h e  p a r t i c u l a r  t e c h n i q u e  

u s e d  f o r  e x p e r t  o p i n i o n  c o m b i n a t i o n  i s  n o t  f i x e d .  G r o u p  m e t h o d s  t e n d  t o  b e  m o r e  p o p u l a r  a n d  w i d e l y  

u s e d  a s  t h e y  a r e  m o r e  r o b u s t  a n d  c a n  b e  u s e d  t o  g e n e r a t e  a  c o n s e n s u s  o p i n i o n .  I n  t h e  g r o u p  a p p r o a c h ,  

t h e  o u t c o m e  o f  a g g r e g a t i n g  i n d i v i d u a l  k n o w l e d g e  a n d  o p i n i o n s  i s  s a i d  t o  b e  m o r e  r e l i a b l e ,  i n  t h e  s e n s e  

t h a t  i t  a l l o w s  f o r  d i f f e r e n t  e x p e r t i s e  t o  b e  r e p r e s e n t e d  i n  t h e  e x p e r t  g r o u p .  A P J  h a s  b e e n  u s e d  i n  t h e  

n u c l e a r  a n d  o f f s h o r e  i n d u s t r i e s .

7 . 2 . 1 . 2  D e s c r i p t i o n  o f  t h e  t e c h n i q u e

T h e  A P J  a p p r o a c h  i s  c o n c e p t u a l l y  t h e  m o s t  s t r a i g h t f o r w a r d  H R A  q u a n t i f i c a t i o n  a p p r o a c h .  I t  s i m p l y  

a s s u m e s  t h a t  p e o p l e  c a n  e s t i m a t e  d i r e c t l y  t h e  l i k e l i h o o d  o f  a n  e v e n t .  T h e r e  a r e  d i f f e r e n t  A P J  a p p r o a ­

c h e s  t h a t  c a n  b e  a p p l i e d  t o  d e t e r m i n e  h u m a n  r e l i a b i l i t y .  A  ’ s i n g l e  e x p e r t  A P J ’ w o u l d  r e q u i r e  o n e  e x p e r t  

t o  m a k e  t h e i r  o w n  j u d g e m e n t s  o n  t h e  c h a n c e s  o f  a  h u m a n  e r r o r .  T h e r e  a r e  f o u r  m a i n  g r o u p  m e t h o d s  b y  

w h i c h  A P J  c a n  b e  c o n d u c t e d .

•  A g g r e g a t e d  i n d i v i d u a l  m e t h o d .  T h i s  i s  w h e r e  i n d i v i d u a l s  m a k e  t h e i r  e s t i m a t e s  i n d i v i d u a l l y  a n d  

t h e n  a  g e o m e t r i c  m e a n  o f  t h e s e  e s t i m a t e s  i s  c a l c u l a t e d .

•  D e l p h i  m e t h o d .  F o r  t h i s  m e t h o d ,  i n d i v i d u a l s  m a k e  t h e i r  e s t i m a t e s  i n d e p e n d e n t l y  o f  e a c h  o t h e r ,  

b u t  t h e  a s s e s s m e n t s  a r e  t h e n  s h a r e d ,  a l l o w i n g  t h e  e x p e r t s  t o  r e a s s e s s  t h e i r  o w n  e s t i m a t e s  b a s e d  

o n  t h e  n e w  i n f o r m a t i o n .  T h e n  a  g e o m e t r i c  m e a n  o f  t h e  H E P  s c o r e s  i s  c a l c u l a t e d .

•  N o m i n a l  g r o u p  t e c h n i q u e .  T h i s  m e t h o d  i s  v e r y  s i m i l a r  t h e  D e l p h i  m e t h o d ,  t h e  d i f f e r e n c e  i s  t h a t  

t h e  e x p e r t s  a r e  g i v e n  t h e  o p p o r t u n i t y  t o  d i s c u s s  t h e i r  e s t i m a t e s  a n d  c o n f i d e n t i a l l y  r e - e v a l u a t e  

t h e i r  a s s e s s m e n t .  t h e s e  s c o r e s  a r e  t h e n  s t a t i s t i c a l l y  a g g r e g a t e d .  •

•  C o n s e n s u s  g r o u p  m e t h o d .  I n  t h i s  m e t h o d ,  t h e  e x p e r t s  m e e t  a n d  d i s c u s s  t h e i r  e s t i m a t e s ,  f o l l o w i n g  

w h i c h  a  c o n s e n s u s  a n  a n  a g r e e d  e s t i m a t e  m u s t  b e  r e a c h e d .  I f  t h i s  i s  n o t  p o s s i b l e  t h e n  a  s t a t i s t i c a l
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a g g r e g a t i o n  o f  t h e  i n d i v i d u a l  e s t i m a t e s  i s  c a l c u l a t e d ,  o r  i t  m a y  b e  n e c e s s a r y  t o  r e v e r t  t o  o n e  o f  

t h e  o t h e r  g r o u p  A P J  m e t h o d s .

7 . 2 . 1 . 3  A d v a n t a g e s  a n d  D i s a d v a n t a g e s

A d v a n t a g e s  o f  A P J

•  T h e  m e t h o d  i s  r e l a t i v e l y  q u i c k  a n d  s t r a i g h t f o r w a r d  t o  e m p l o y ,  a n d  a l l o w s  a s  m u c h  d e t a i l e d  d i s ­

c u s s i o n  a s  t h e  e x p e r t s  t h i n k  f i t ;  t h i s  c a n  o f t e n  i t s e l f  b e  q u a l i t a t i v e l y  u s e f u l .

•  T h e  t e c h n i q u e  h a s  b e e n  s h o w n  t o  g i v e  a c c u r a t e  e s t i m a t e s  i n  a  w i d e  v a r i e t y  o f  f i e l d s  ( e . g .  w e a t h e r  

f o r e c a s t i n g ) .

•  A P J  i s  n o t  r e s t r i c t e d  t o  b e  s p e c i a l i s e d  f o r  u s e  i n  a  p a r t i c u l a r  f i e l d ;  i t  i s  a p p l i c a b l e  t o  a n  H R A  o n  

a n y  i n d u s t r i a l  s e c t o r  t h u s  m a k i n g  i t  a  g e n e r i c  t e c h n i q u e  f o r  u s e  i n  a  w i d e  r a n g e  a p p l i c a t i o n s .

•  U s e f u l  s u g g e s t i o n s  m a y  r e s u l t  f r o m  d i s c u s s i o n  a s  t o  w a y s  i n  w h i c h  a  r e d u c t i o n  i n  e r r o r s  c a n  b e  

a c h i e v e d .

D i s a d v a n t a g e s  o f  A P J

•  T h e  A P J  i s  p r o n e  t o  c e r t a i n  b i a s e s ,  a s  w e l l  a s  t o  p e r s o n a l i t y / g r o u p  p r o b l e m s  a n d  c o n f l i c t s ,  w h i c h ,  

i f  n o t  e f f e c t i v e l y  c o u n t e r e d ,  c a n  s i g n i f i c a n t l y  u n d e r m i n e  t h e  v a l i d i t y  o f  t h e  t e c h n i q u e .

•  L o c a t i n g  s u i t a b l e  e x p e r t s  f o r  t h e  A P J  e x e r c i s e  i s  a  d i f f i c u l t  s t a g e  o f  t h e  p r o c e s s ,  m o r e  s o  d u e  t o  

t h e  a m b i g u i t y  w i t h  w h i c h  t h e  t e r m  ’ e x p e r t ’ c a n  b e  d e f i n e d .

•  S i n c e  t h e  t e c h n i q u e  i s  o f t e n  l i k e n e d  t o  ’ g u e s s i n g ’ , i t  e n j o y s  a  s o m e w h a t  l o w  d e g r e e  o f  a p p a r e n t ,  

o r  ’ f a c e ’ v a l i d i t y .  T h a t  i s ,  t h e r e  i s  n o  m e a n s  b y  w h i c h  g u e s s e s  c a n  b e  v a l i d a t e d .

7.2.2 A Technique for Human Error Analysis (ATHEANA)

7 . 2 . 2 . 1  B a c k g r o u n d

A T H E A N A  i s  b o t h  a  r e t r o s p e c t i v e  a n d  p r o s p e c t i v e  H R A  m e t h o d o l o g y  d e v e l o p e d  b y  t h e  U S  n u c l e a r  i n ­

d u s t r y  r e g u l a t o r y  c o m m i s s i o n  i n  2 0 0 0 .  I t  i s  a  s e c o n d  g e n e r a t i o n  t o o l .  I t  w a s  d e v e l o p e d  i n  t h e  h o p e  t h a t  

c e r t a i n  t y p e s  o f  h u m a n  b e h a v i o u r  i n  n u c l e a r  p l a n t s  a n d  i n d u s t r i e s ,  w h i c h  u s e  s i m i l a r  p r o c e s s e s ,  c o u l d  

b e  r e p r e s e n t e d  i n  a  w a y  i n  w h i c h  t h e y  c o u l d  b e  m o r e  e a s i l y  u n d e r s t o o d .  I t  s e e k s  t o  p r o v i d e  a  r o b u s t  

p s y c h o l o g i c a l  f r a m e w o r k  t o  e v a l u a t e  a n d  i d e n t i f y  P S F s  - i n c l u d i n g  o r g a n i s a t i o n a l /  e n v i r o n m e n t a l  f a c ­

t o r s  -  w h i c h  h a v e  d r i v e n  i n c i d e n t s  i n v o l v i n g  h u m a n  f a c t o r s ,  p r i m a r i l y  w i t h  t h e  i n t e n t i o n  o f  s u g g e s t i n g  

p r o c e s s  i m p r o v e m e n t .  T h e r e  i s  n o  e v i d e n c e  o f  i t  b e i n g  a p p l i e d  i n  o t h e r  d o m a i n .
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7 . 2 . 2 . 2  D e s c r i p t i o n  o f  t h e  t e c h n i q u e

T h e r e  a r e  t e n  s t e p s  i n  t h e  A T H E A N A  m e t h o d o l o g y .

•  D e f i n e  a n d  i n t e r p r e t  t h e  i s s u e  u n d e r  c o n s i d e r a t i o n .

•  D e t a i l  t h e  r e q u i r e d  s c o p e  o f  t h e  a n a l y s i s .

•  D e s c r i b e  t h e  B a s e  c a s e  s c e n a r i o  f o r  a  g i v e n  i n i t i a t i n g  e v e n t ,  i n c l u d i n g  t h e  n o r m  o f  o p e r a t i o n s  

w i t h i n  t h e  e n v i r o n m e n t ,  c o n s i d e r i n g  a c t i o n s  a n d  p r o c e d u r e s .

•  D e f i n e  H u m a n  F a i l u r e  E v e n t s  ( H F E s )  a n d /  o r  u n s a f e  a c t i o n  ( U A s )  w h i c h  m a y  a f f e c t  t h e  t a s k  i n  

q u e s t i o n .

•  I d e n t i f y  p o t e n t i a l  v u l n e r a b i l i t i e s  i n  o p e r a t o r ’ s  k n o w l e d g e  b a s e .

•  S e a r c h  f o r  d e v i a t i o n s  f r o m  t h e  b a s e  c a s e  s c e n a r i o  f o r  w h i c h  U A s  a r e  l i k e l y .

•  I d e n t i f y  a n d  e v a l u a t e  c o m p l i c a t i n g  f a c t o r s  a n d  l i n k s  t o  P S F s .

•  E v a l u a t e  r e c o v e r y  p o t e n t i a l .

•  Q u a n t i f y  H F E  p r o b a b i l i t y .

•  I n c o r p o r a t e  r e s u l t s  i n t o  t h e  P R A .

7 . 2 . 2 . 3  A d v a n t a g e s  a n d  D i s a d v a n t a g e s

A d v a n t a g e s  o f A T H E A N A

•  I t  p r o v i d e s  a  m u c h  r i c h e r  a n d  m o r e  h o l i s t i c  u n d e r s t a n d i n g  o f  t h e  c o n t e x t  c o n c e r n i n g  t h e  H u m a n  

F a c t o r s  k n o w n  t o  b e  t h e  c a u s e  o f  t h e  i n c i d e n t ,  a s  c o m p a r e d  w i t h  m o s t  f i r s t  g e n e r a t i o n  m e t h o d s .

•  I t  i n c r e a s e s  t h e  g u a r a n t e e  t h a t  t h e  k e y  r i s k s  a s s o c i a t e d  w i t h  t h e  H F E s  i n  q u e s t i o n  h a v e  b e e n  

i d e n t i f i e d ,  a n d  f o c u s e s  o n  t h e  i m p o r t a n t  i s s u e s  o f  c o n t e x t  a n d  c o g n i t i o n .

•  B y  m a k i n g  u s e  o f  A T H E A N A ,  i t  i s  p o s s i b l e  t o  e s t i m a t e  H E P s  c o n s i d e r i n g  a  v a r i e t y  o f  d i f f e r i n g  

f a c t o r s  a n d  c o m b i n a t i o n s .

•  I t  c a n  b e  u s e d  t o  d e v e l o p  d e t a i l e d  q u a l i t a t i v e  i n s i g h t s  i n t o  c o n d i t i o n s  t h a t  m a y  c a u s e  p r o b l e m s .

•  I t  a l l o w s  f o r  t h e  c o n s i d e r a t i o n  o f  a  m u c h  w i d e r  r a n g e  o f  P S F s  a n d  a l s o  d o e s  n o t  r e q u i r e  t h a t  t h e s e  

b e  t r e a t e d  a s  i n d e p e n d e n t .

D i s a d v a n t a g e s  o f  A T H E A N A
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•  T h e  m e t h o d  i s  v e r y  C u m b e r s o m e  a n d  p r e s u m a b l e  v e r y  c o s t l y .  T h e  g u i d a n c e  i s  t o o  c o m p l e x  a n d  

d e p e n d s  t o o  m u c h  o n  s u b j e c t  m a t t e r  e x p e r t s .

•  T h e  q u a l i t a t i v e  r e s u l t s  a r e  g o o d ,  b u t  t h e s e  m i g h t  h a v e  b e e n  o b t a i n e d  i n  o t h e r  w a y s ,  p e r h a p s  m o r e  

e f f i c i e n t l y .

•  T h e  q u a n t i f i c a t i o n  m e t h o d  i s  w e a k ,  a n d  t h e  q u a n t i t a t i v e  r e s u l t s  a r e  u n s u b s t a n t i a t e d .  T h e  q u a n ­

t i f i c a t i o n  i s  e x c e s s i v e l y  d e p e n d e n t  o n  e x p e r t  j u d g e m e n t ,  h e n c e  p o s s i b l y  h a s  l o w  r e l i a b i l i t y  a s  a  

m e t h o d .

•  T h e  m e t h o d  i s  n o t  d e s c r i b e d  i n  s u f f i c i e n t  d e t a i l  t h a t  o n e  c o u l d  b e  s u r e  t h a t  d i f f e r e n t  t e a m s  w o u l d  

p r o d u c e  t h e  s a m e  r e s u l t s .

7.2.3 Conclusions from Occurrences by Descriptions of Actions (CODA)

7 . 2 . 3 . 1  B a c k g r o u n d

R e e r  ( 1 9 9 7 )  f i r s t  o u t l i n e d  C O D A  i n  h i s  c o n f e r e n c e  p a p e r .  T h e  C O D A  m e t h o d  u s e s  a n  o p e n  l i s t  o f  

g u i d e l i n e s  b a s e d  o n  i n s i g h t s  f r o m  p r e v i o u s  r e t r o s p e c t i v e  a n a l y s e s .  T h e  g e n e r a l  a p p r o a c h  i s  t o  c o m p i l e  

a  s h o r t  s t o r y  t h a t  i n c l u d e s  a l l  v i s u a l  o c c u r r e n c e s  a n d  t h e i r  e s s e n t i a l  c o n t e x t  w i t h o u t  e x c e s s i v e  t e c h n i c a l  

d e t a i l s .  T h e  a n a l y s i s  s h o u l d  t h e n  f o c u s  o n  t h e  p o t e n t i a l  m a j o r  o c c u r r e n c e s  f i r s t .  T h i s  t o o l  h a s  b e e n  

u s e d  i n  t h e  n u c l e a r  i n d u s t r y .

7 . 2 . 3 . 2  D e s c r i p t i o n  o f  t h e  t e c h n i q u e

•  T h e  m e t h o d  p r e s e n t s  a  l i s t  o f  c r i t e r i a  ( i . e .  i t e m s  f o r  d a t a  a c q u i s i t i o n )  t h a t  a r e  e a s y  t o  o b t a i n  ( i . e . ,  

o b j e c t i v e  a s  f r e e  f r o m  j u d g e m e n t  a s  p o s s i b l e )  a n d  w h i c h  h a v e  b e e n  p r o v e d  t o  b e  u s e f u l  f o r  c a u s a l  

a n a l y s i s .

•  F o r  e x a m p l e ,  f o r  e a c h  i n c o r r e c t  h u m a n  r e s p o n s e  t h a t  h a s  h a p p e n e d  t h e  a n a l y s t  w i l l  l o o k  f o r :  t h e  

c r i t i c a l  a c t i o n ;  t h e  u n d e r l y i n g  g o a l  o r  p l a n  i f  i t  i s  s e l f - e v i d e n t ;  t h e  a n t i c i p a t e d  c o r r e c t  r e s p o n s e  

a n d  i t s  c o n s e q u e n c e ;  t h e  u n d e r l y i n g  t a s k  a n d  s u b - t a s k ;  t h e  u n d e r l y i n g  s e q u e n c e  o f  e v e n t s .

•  M a n y  g u i d e l i n e s  a r e  g i v e n  f o r  t h e  c a u s a l  a n a l y s i s  o f  e a c h  s i t u a t i o n ;  t h e s e  a r e  m a i n l y  h o l i s t i c ,  

c o m p a r a t i v e  a n d  g e n e r a l i z i n g  i n  n a t u r e .  •

•  T h e r e  a r e  a  n u m b e r  o f  e v e n t  c a s e s  i n  t h e  l i t e r a t u r e  t h a t  h a v e  b e e n  u s e d  t o  d e m o n s t r a t e  t h a t  C O D A  

i s  a b l e  t o  i d e n t i f y  c o g n i t i v e  t e n d e n c i e s  a s  t y p i c a l  a t t i t u d e s  o r  h a b i t s  i n  h u m a n  d e c i s i o n - m a k i n g .
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7 . 2 . 3 . 3  A d v a n t a g e s  a n d  D i s a d v a n t a g e s

A d v a n t a g e s  o f  C O D A

•  C O D A  t r e a t s  h u m a n  i n t e r v e n t i o n s  i n  a  n e u t r a l  a n d  f l e x i b l e  m a n n e r .

•  I t  i n c o r p o r a t e  t h r e e  s e a r c h  p r o c e s s e s :  a c t i o n s ,  s y s t e m - f a i l u r e s  a n d  s c e n a r i o s .  T h r o u g h  i n t e g r a t i n g  

t h e s e  a p p r o a c h e s  t h e  s e a r c h  p r o c e d u r e  m a y  b e  o p t i m i s e d  t o w a r d s  l o w  a n a l y t i c a l  e f f o r t  a n d  h i g h  

c o m p l e t e n e s s .

D i s a d v a n t a g e s  o f  C O D A

•  T h e  n e c e s s a r y  d e t a i l s  f o r  c a r r y i n g  o u t  a n  a s s e s s m e n t  u s i n g  C O D A  a r e  n o t  a v a i l a b l e .

7.2.4 Connection Assessment of Human Reliability (CAHR)

7 . 2 . 4 . 1  B a c k g r o u n d

C A H R  w a s  d e v e l o p e d  a t  t h e  T e c h n i c a l  U n i v e r s i t y  o f  M u n i c h  a n d  t h e  G e s e l l s c h a f t  f u r  A n l a g e n - u n d  

R e a k t o r s i c h e r h e i t  ( G R S )  b e t w e e n  1 9 9 2  a n d  1 9 9 7 .  T h i s  m e t h o d  i s  b e i n g  d e v e l o p e d  f o r  u s e  i n  A i r  T r a f f i c  

M a n a g e m e n t .  I t  i s  a  s e c o n d  g e n e r a t i o n  t o o l  t h a t  c o m b i n e s  e v e n t  a n a l y s i s  a n d  a s s e s s m e n t  i n  o r d e r  t o  

u s e  p a s t  e x p e r i e n c e  a s  t h e  b a s i s  f o r  H R A .  I t  i s  a  d a t a b a s e  s y s t e m  u s e d  f o r  a n a l y s i n g  ’ o p e r a t i o n a l  

d i s t u r b a n c e s ’ , w h i c h  a r e  c a u s e d  b y  i n a d e q u a t e  h u m a n  a c t i o n s  o r  o r g a n i s a t i o n a l  f a c t o r s .  C A H R  h a s  a  

g e n e r i c  u n d e r l y i n g  m o d e l  t h a t  i s  a p p l i c a b l e  t o  a l l  o b s e r v a b l e  e v e n t s  a n d  t o  a l l o w  t h e  c o l l e c t i o n  o f  a l l  

i n f o r m a t i o n  o n  h u m a n  e r r o r  e v e n t s .  T h i s  t o o l  i s  u s e d  i n  t h e  n u c l e a r  i n d u s t r y ,  a n d  h a s  b e e n  a p p l i e d  

t o  v a r i o u s  a r e a s  i n c l u d i n g  o c c u p a t i o n a l  h e a l t h  a n d  s a f e t y ,  s h i p p i n g ,  c a r  i n d u s t r y ,  a v i a t i o n  s a f e t y  a n d  

s o f t w a r e  e r g o n o m i c s .

7 . 2 . 4 . 2  D e s c r i p t i o n  o f  t h e  t e c h n i q u e

T h e r e  a r e  t h r e e  k e y  e l e m e n t s  t o  t h e  t o o l :

•  A  f r a m e w o r k  f o r  s t r u c t u r e d  d a t a  c o l l e c t i o n  ( b o t h  r e t r o s p e c t i v e  a n d  p r o s p e c t i v e  i n f o r m a t i o n ) .

•  A  m e t h o d  f o r  q u a n t i t a t i v e  a n a l y s i s .

•  A  m e t h o d  f o r  H R A  ( q u a n t i t a t i v e  a n a l y s i s ) .

T h e  p h i l o s o p h y  u n d e r l y i n g  t h i s  t e c h n i q u e  i s :

•  T h e  f o c u s  o f  a n a l y s i n g  i s  t h e  w o r k  s y s t e m  a n d  n o t  t h e  h u m a n .

•  H u m a n  e r r o r  r e s u l t s  f r o m  t h e  i n t e r r e l a t i o n  o f  s e v e r a l  s i t u a t i o n a l  a n d  c a u s a l  f a c t o r s  o f  t h e  w o r k i n g  

s y s t e m .
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•  T h e  u s e s  a  f i x e d  s t r u c t u r e  b u t  n o  f i x e d  t a x o n o m y .

•  S t r i c t  d i f f e r e n t i a t i o n  b e t w e e n  o b s e r v a b l e  i n f o r m a t i o n  ( p h e n o t y p e s )  a n d  c a u s e s  ( g e n o t y p e s )  i n  t h e  

e v e n t  a n a l y s i s  a n d  d e s c r i p t i o n .

7 . 2 . 4 . 3  A d v a n t a g e s  a n d  D i s a d v a n t a g e s

A d v a n t a g e  o f  C A H R

•  T h i s  t o o l  i s  o n e  o f  a  n u m b e r  o f  t o o l s  t h a t  a t t e m p t  t o  c o l l a t e  i n f o r m a t i o n  f r o m  p r e v i o u s  e v e n t s  a n d  

b u i l d  a n  e x t e n s i v e  d a t a b a s e .  I t  i s  a n  a t t e m p t  t o  m o v e  t o w a r d s  a n a l y s i n g  e r r o r  o f  c o m m i s s i o n  a n d  

t o  c a p t u r e  t h e  c o m p l e x i t y  o f  h u m a n  b e h a v i o u r .

D i s a d v a n t a g e  o f  C A H R

•  T h e r e  h a s  n o t  b e e n  a  p r o v e n ,  p r a c t i c a l  m e t h o d o l o g y  f o r  a n a l y s i n g  p o t e n t i a l  e r r o r s  o f  c o m m i s s i o n .

7.2.5 Cognitive Reliability and Error Analysis Method (CREAM)

7 . 2 . 5 . 1  B a c k g r o u n d

H o l l n a g e l  ( 1 9 9 8 )  w a s  t h e  f i r s t  t o  d e v e l o p  C R E A M ,  f o l l o w i n g  a n  a n a l y s i s  o f  t h e  m e t h o d s  f o r  H R A  

a l r e a d y  i n  p l a c e .  I t  i s  t h e  m o s t  w i d e l y  u t i l i z e d  s e c o n d  g e n e r a t i o n  H R A  t e c h n i q u e  a n d  i s  b a s e d  o n  

t h r e e  p r i m a r y  a r e a s  o f  w o r k ;  t a s k  a n a l y s i s ,  o p p o r t u n i t i e s  f o r  r e d u c i n g  e r r o r s  a n d  p o s s i b i l i t y  t o  c o n s i d e r  

h u m a n  p e r f o r m a n c e  w i t h  r e g a r d s  t o  o v e r a l l  s a f e t y  o f  a  s y s t e m .  T h e r e  a r e  t w o  v e r s i o n  o f  t h e  t e c h n i q u e ,  

t h e  b a s i c  a n d  t h e  e x t e n d e d  v e r s i o n .  B o t h  v e r s i o n s  h a v e  t h e  a b i l i t y  t o  i d e n t i f y  t h e  i m p o r t a n c e  o f  h u m a n  

p e r f o r m a n c e  i n  a  g i v e n  c o n t e x t  a n d  a  h e l p f u l  c o g n i t i v e  m o d e l  a n d  a s s o c i a t e d  f r a m e w o r k ,  u s a b l e  f o r  

b o t h  p r o s p e c t i v e  a n d  r e t r o s p e c t i v e  a n a l y s i s .  C R E A M  h a s  b e e n  a p p l i e d  i n  t h e  n u c l e a r  i n d u s t r y  a n d  t o  

r a i l  c r a s h  s c e n a r i o ,  b u t  t h e r e  i s  n o  e v i d e n c e  o f  e x t e n s i v e  u s e .

7 . 2 . 5 . 2  D e s c r i p t i o n  o f  t h e  t e c h n i q u e

•  T a s k  A n a l y s i s .  F o r  t h e  p u r p o s e  o f  H R A  ( t h e  C R E A M  b a s i c  m e t h o d )  t h e  f i r s t  s t e p  i s  a  t a s k  

a n a l y s i s .  B a s e d  o n  t h i s  a  l i s t  o f  o p e r a t o r  a c t i v i t i e s  i s  p r o d u c e d ,  f r o m  w h i c h  a  C P C  a n a l y s i s  i s  

c a r r i e d  o u t .

•  C o n t e x t  d e s c r i p t i o n .  T h e  i n t e n t i o n  o f  t h e  b a s i c  C R E A M  m e t h o d  i s  t o  u s e  i t  a s  a  s c r e e n i n g  

t e c h n i q u e  w i t h  a i m  o f  i d e n t i f y i n g  p r o c e s s e s  w h i c h  r e q u i r e  a  d e e p e r  l e v e l  o f  a n a l y s i s ;  t h i s  a n a l y s i s  

m a y  t h e n  b e  c a r r i e d  o u t  b y  t h e  e x t e n d e d  C R E A M  m e t h o d .  •

•  S p e c i f i c a t i o n  o f  I n i t i a t i n g  E v e n t s .  C P C s  a r e  a s s e s s e d  a c c o r d i n g  t o  t h e  d e s c r i p t o r s  i n  o r d e r  t o  

j u d g e  t h e i r  e x p e c t e d  e f f e c t  o n  p e r f o r m a n c e .
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•  E r r o r  P r e d i c t i o n .  T h e  a s s e s s m e n t  o f  t h e  C P C s  t h e  r e q u i r e  t o  b e  a d j u s t e d  a c c o r d i n g  t o  s o m e  

s p e c i f i e d  r u l e s  i n  o r d e r  t o  t a k e  a c c o u n t  o f  s y n e r g i s t i c  e f f e c t s .

•  F i n a l l y ,  a  s i m p l e  c o u n t  i s  p e r f o r m e d  o f  t h e  n u m b e r  o f  C P C s  t h a t  a r e  c a u s i n g  a n  i m p r o v e m e n t  i n  

r e l i a b i l i t y  a n d  t h o s e  t h a t  w h i c h  a r e  r e d u c i n g  i t .  F r o m  t h i s  n u m b e r  t h e  p r o b a b l e  c o n t r o l  m o d e  i s  

d e t e r m i n e d .

•  T h e  e x t e n d e d  v e r s i o n  o f  t h e  C R E A M  m e t h o d o l o g y  o p e r a t e s  i n  a  s l i g h t l y  d i f f e r e n t  m a n n e r .  F o l ­

l o w i n g  t h e  i n i t i a l  t a s k  a n a l y s i s ,  a  r e f i n e m e n t  i s  t h e n  p r o v i d e d  i n  t e r m s  o f  t h e  c o g n i t i v e  a c t i v i t i e s  

w h i c h  a r e  i n v o l v e d  i n  t h e  c o n s i d e r e d  t a s k .  T o  t h e s e  a c t i v i t i e s  C o n t e x t u a l  C o n t r o l  M o d e l  ( C O -  

C O M )  f u n c t i o n  i s  a s c r i b e d  s o  t h a t  a  c o g n i t i v e  d e m a n d  p r o f i l e  m a y  b e  e s t a b l i s h e d .

•  F o l l o w i n g  t h i s  s t a g e ,  t h e  p r o b a b l e  c o g n i t i v e  f u n c t i o n  f a i l u r e s  a r e  i d e n t i f i e d ,  b a s e d  o n  a  k n o w ­

l e d g e  o f  t h e  s p e c i f i e d  t a s k s ,  y e t  f o l l o w i n g  a  s e t  o f  g e n e r i c  c o g n i t i v e  f u n c t i o n s  f a i l u r e s  a s s o c i a t e d  

t o  t h e  C O C O M  f u n c t i o n s .  E a c h  o f  t h e  g e n e r i c  f a i l u r e s  i s  a s s o c i a t e d  w i t h  a  n o m i n a l  p r o b a b i l i t y  

w h i c h  i s  b a s e d  o n  a  t a b l e  g i v e n  i n  C R E A M .  H o w e v e r  t h e s e  p r o b a b i l i t i e s  a r e  a d j u s t e d  a c c o r d i n g  

t o  t h e  p a r t i c u l a r  m o d e .

H e n c e  i n  t h e  e x t e n d e d  v e r s i o n  o f  t h e  C R E A M  m e t h o d o l o g y  t h e  c o n t r o l  m o d e  a c t s  i n  t h e  r o l e  o f  a  

p e r f o r m a n c e  s h a p i n g  f a c t o r  w i t h  t h e  t a s k  o f  p e r f o r m i n g  a d j u s t m e n t s  t o  a  n o m i n a l  p r o b a b i l i t y ,  F r e n c h  

e t  a l .  ( 2 0 0 9 ) .

7 . 2 . 5 . 3  A d v a n t a g e s  a n d  D i s a d v a n t a g e s

A d v a n t a g e s  o f  C R E A M

•  I t  a l l o w s  f o r  t h e  d i r e c t  q u a n t i f i c a t i o n  o f  H E P s .

•  T h e  r e s u l t a n t  m o d e l  i s  h i g h l y  i n t e g r a t e - a b l e  i n t o  t h e  p r i m a r y  s a f e t y  p r o c e s s  i n  u s e .

•  T h e  a p p r o a c h  i s  v e r y  c o n c i s e ,  w e l l  s t r u c t u r e d  a n d  f o l l o w s  a  w e l l  l a i d  o u t  s y s t e m  o f  p r o c e d u r e .

•  I t  a l s o  a l l o w s  t h e  a s s e s s o r  t o  s p e c i f i c a l l y  t a i l o r  t h e  u s e  o f  t h e  t e c h n i q u e  t o  t h e  c o n t e x t u a l  s i t u a t i o n .

•  T h e  a p p r o a c h  u s e s  t h e  s a m e  p r i n c i p l e  f o r  r e t r o s p e c t i v e  a n d  p r e d i c t i v e  a n a l y s e s .

D i s a d v a n t a g e s  o f  C R E A M

•  T h e  t e c h n i q u e  r e q u i r e s  a  h i g h  l e v e l  o f  r e s o u r c e  u s e ,  i n c l u d i n g  l e n g t h y  t i m e  p e r i o d s  f o r  c o m p l e ­

t i o n .

•  I t  a l s o  r e q u i r e s  a n  i n i t i a l  e x p e r t i s e  i n  t h e  f i e l d  o f  h u m a n  f a c t o r s  i n  o r d e r  t o  u s e  t h e  t e c h n i q u e  

s u c c e s s f u l l y  a n d  m a y  t h e r e f o r e  a p p e a r  r a t h e r  c o m p l e x  f o r  a n  i n e x p e r i e n c e d  u s e r .

•  C R E A M  d o e s  n o t  p u t  f o r t h  p o t e n t i a l  m e a n s  b y  w h i c h  t h e  i d e n t i f i e d  e r r o r s  c a n  b e  r e d u c e d .
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7.2.6 Commission Errors Search and Assessment (CESA)

7 . 2 . 6 . 1  B a c k g r o u n d

R e e r  &  D a n g  ( 2 0 0 7 )  p r o p o s e d  a n  e r r o r s  o f  c o m m i s s i o n  i d e n t i f i c a t i o n  m e t h o d ,  w h i c h  g a v e  r i s e  t o  t h e  

C E S A  m e t h o d  . W h a t  i t  d o e s  i s ,  i t  i n t e g r a t e  a s p e c t s  f r o m  t h e  s e a r c h  s c h e m e s  o f  s o m e  H R A  m e t h o d s  

( e . g .  A T H E A N A )  w i t h  c o n c e p t s  f r o m  C O D A  ( t o  b e  d i s c u s s e d ) .  C E S A  h a s  b e e n  a p p l i e d  i n  t h e  n u c l e a r  

i n d u s t r y .

7 . 2 . 6 . 2  D e s c r i p t i o n  o f  t h e  t e c h n i q u e

•  T h e  C E S A  m e t h o d  i s  s t r o n g l y  b a s e d  o n  i m p o r t a n c e  s c r e e n i n g .  T h e  i d e n t i f i c a t i o n  p r o c e s s  p r i o r i ­

t i s e s  p l a n t  s y s t e m s  w i t h  a  h i g h  a c h i e v e m e n t  w o r t h  a n d  s c e n a r i o s  a r e  p r i o r i t i s e d  b a s e d  o n  t h e  s i z e  

o f  t h e  c o n t r i b u t i o n  t o  t h e  c o r e  d a m a g e  f r e q u e n c y .

•  A  t r a d e - o f f  i s  m a d e  b e t w e e n  t h e  s c e n a r i o s  w i t h  a  h i g h  s a f e t y  i m p a c t  a g a i n s t  t h e  c o m p l e t e n e s s  o f  

t h e  s e a r c h .

•  T h e  i n t e n t i o n  i s  t o  b i a s  t h e  s e a r c h  t o w a r d s  E r r o r s  O f  C o m m i s s i o n  ( E O C )  s i t u a t i o n s  t h a t  a r e  

r i s k - s i g n i f i c a n t  a n d  c r e d i b l e .

•  T h e  f i r s t  s t e p  i n  t h e  C E S A  m e t h o d o l o g y  i s  t o  c a t a l o g u e  k e y  a c t i o n  r e s p o n s e  t o  t h e  p l a n t  e v e n t s  

t o  b e  r e v i e w e d  .

•  T h i s  c a t a l o g u e  i s  t h e n  u s e d  i n  a  s y s t e m a t i c  s e a r c h  o f  c o n t e x t - a c t i o n  c o m b i n a t i o n s ,  t o  o b t a i n  a  s e t  

o f  s i t u a t i o n s  w i t h  E O C  o p p o r t u n i t i e s ;  t h e s e  s i t u a t i o n s  a r e  t h e n  a n a l y s e d  i n  d e t a i l .

7 . 2 . 6 . 3  A d v a n t a g e s  a n d  D i s a d v a n t a g e s

A d v a n t a g e s  o f  C E S A

•  T h e  C E S A  i d e n t i f i c a t i o n  p r o c e s s  i s  f e a s i b l e  a n d  e f f e c t i v e ;  i t  i s  a b l e  t o  i d e n t i f y  p l a u s i b l e  s i t u a t i o n s  

i n  w h i c h  E O C s  m a y  o c c u r .

D i s a d v a n t a g e s  o f  C E S A

•  T h e  q u a n t i f i c a t i o n  o f  t h e  r i s k  c o n t r i b u t i o n  u s i n g  C E S A  i s  u n c e r t a i n  a n d  t h i s  u n c e r t a i n t y  i s  l a r g e r  

t h a n  w o u l d  b e  t y p i c a l  o f  o t h e r  H R A  m e t h o d s .

7.2.7 Human error HAZOP (hazard and operability) study

7 . 2 . 7 . 1  B a c k g r o u n d

A c c o r d i n g  t o  C r a w l e y  &  T y l e r  ( 2 0 1 5 )  t h e  H A Z O P  s t u d y  m e t h o d  w a s  d e v e l o p e d  b y  I C I  i n  t h e  1 9 6 0 s  

a n d  i t s  u s e  a n d  d e v e l o p m e n t  w a s  e n c o u r a g e d  b y  t h e  C h e m i c a l  I n d u s t r i e s  A s s o c i a t i o n  ( C I A )  G u i d e
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p u b l i s h e d  i n  1 9 7 7 .  A s  m e n t i o n e d  i n  E l l i s  &  H o l t  ( 2 0 0 9 )  t h e  o b j e c t i v e  i s  t o  i d e n t i f y  h u m a n  f a i l u r e s  

d u r i n g  a n  a c t i v i t y  a n d  a s s e s s  t h e  p o t e n t i a l  f o r  o p e r a t o r  r e c o v e r y  o r  o t h e r  r i s k  r e d u c t i o n  m e a s u r e s  t h a t  

s t o p  t h i s  f a i l u r e  e s c a l a t i n g  t o  a  m a j o r  a c c i d e n t .  S i n c e  t h e n  i t  h a s  b e c o m e  t h e  t e c h n i q u e  o f  c h o i c e  

f o r  m a n y  o f  t h o s e  i n v o l v e d  i n  t h e  d e s i g n  o f  n e w  p r o c e s s e s  a n d  o p e r a t i o n s .  I n  a d d i t i o n  t o  i t s  p o w e r  

i n  i d e n t i f y i n g  s a f e t y ,  h e a l t h ,  a n d  e n v i r o n m e n t a l  ( S H E )  h a z a r d s ,  a  H A Z O P  s t u d y  c a n  a l s o  b e  u s e d  t o  

s e a r c h  f o r  p o t e n t i a l  o p e r a t i n g  p r o b l e m s .  T h e  H A Z O P  s t u d y  i s  a  w e l l - e s t a b l i s h e d  t e c h n i q u e  i n  p r o c e s s -  

d e s i g n  a u d i t s  a n d  r i s k  a s s e s s m e n t s  i n  e n g i n e e r i n g .  I t  i s  p r i m a r i l y  a p p l i e d  t o  p r o c e s s  a n d  i n s t r u m e n t  

d i a g r a m s .

7 . 2 . 7 . 2  D e s c r i p t i o n  o f  t h e  t e c h n i q u e

I n  E l l i s  &  H o l t  ( 2 0 0 9 )  t h e  d i f f e r e n t  s t e p s  i n  c a r r y i n g  o u t  f o l l o w s  t h i s  t e c h n i q u e  a r e  d i s c u s s e d  a s  f o l l o w s .

•  I d e n t i f y  ’ s a f e t y  c r i t i c a l ’ a c t i v i t i e s -  t h e s e  a r e  d e f i n e d  a s  o p e r a t i n g  o r  m a i n t e n a n c e  p r o c e d u r e s  w i t h  

t h e  p o t e n t i a l  t o  c a u s e  o r  l i m i t  t h e  e s c a l a t i o n  o f  m a j o r  a c c i d e n t  h a z a r d s  ( M A H ) .

•  H i e r a r c h i c a l  t a s k  a n a l y s i s -  a  t a s k  a n a l y s i s  i s  u s e d  t o  l i s t  t h e  k e y  s t e p s  i n  t h e  a c t i v i t y  t h a t  w i l l  b e  

u s e d  f o r  h u m a n  f a i l u r e  i d e n t i f i c a t i o n  s t a g e .  T h e  l e v e l  o f  d e t a i l  a t  e a c h  s t e p  i n  t h e  p r o c e d u r e  i s  

r e l a t e d  t o  t h e  s p e c i f i c  h a z a r d o u s  e v e n t  u n d e r  a s s e s s m e n t .

•  I d e n t i f y  p o t e n t i a l  h u m a n  f a i l u r e s  -  a  t e a m  o f  k n o w l e d g e a b l e  a n d  e x p e r i e n c e d  s t a f f  f r o m  t h e  p l a n t  

a r e  r e q u i r e d  t o  c a r r y  o u t  t h e  h a z a r d  i d e n t i f i c a t i o n  s t u d y .

•  A s s e s s  c o n s e q u e n c e s  -  f o r  a l l  c r e d i b l e  h u m a n  f a i l u r e s  t h e  t e a m  a s s e s s e s  t h e  i n i t i a l  a n d  u l t i m a t e  

c o n s e q u e n c e s  a s s u m i n g  t h a t  t h e r e  i s  n o  r e c o v e r y  a n d  t h a t  o t h e r  n o n - p a s s i v e  r i s k  r e d u c t i o n  m e a ­

s u r e s  f a i l  t o  p r e v e n t  e s c a l a t i o n .

•  A s s e s s  p o t e n t i a l  f o r  r e c o v e r y  -  f o r  f a i l u r e s  w i t h  s i g n i f i c a n t  c o n s e q u e n c e s ,  t h e  t e a m  a s s e s s e s  t h e  

p o t e n t i a l  f o r  h u m a n  r e c o v e r y  f r o m  t h e  i n i t i a l  f a i l u r e .  T h e  r e c o v e r y  p r o c e s s  g e n e r a l l y  f o l l o w s  

t h r e e  p h a s e s :  d e t e c t i o n  o f  t h e  e r r o r ,  d i a g n o s i s  o f  w h a t  w e n t  w r o n g  a n d  h o w ,  a n d  c o r r e c t i o n  o f  

t h e  p r o b l e m .

•  A s s e s s  r i s k  r e d u c t i o n  m e a s u r e s  -  t h e  t e a m  i d e n t i f i e s  t h e  ’ e n g i n e e r e d ’ r i s k  r e d u c t i o n  m e a s u r e s  

c u r r e n t l y  i n  p l a c e ,  i n c l u d i n g  i n h e r e n t ,  p a s s i v e  a n d  a c t i v e  p r o t e c t i o n  s y s t e m s .  T h e  t e a m  s h o u l d  

c o n s i d e r  i m p r o v e m e n t  o p t i o n s  t o  e l i m i n a t e  o r  r e d u c e  t h e  r i s k  a s s o c i a t e d  w i t h  h u m a n  f a i l u r e ;  i f  

t h e  r i s k  o f  h u m a n  f a i l u r e  c a n  b e  s i g n i f i c a n t l y  r e d u c e d  b y  r e c o m m e n d a t i o n s  f o r  i m p r o v e m e n t s  n o  

f u r t h e r  a s s e s s m e n t  i s  r e q u i r e d ,  o t h e r w i s e  t h e  t e a m  c o n s i d e r  h o w  l i k e l i h o o d  o h  h u m a n  f a i l u r e  c a n  

b e  r e d u c e d  i n  t h e  n e x t  s t e p .  •

•  I m p r o v e m e n t s  t o  p r e v e n t  h u m a n  f a i l u r e s  -  i t  i s  s a i d  t h a t  b a s e d  o n  t h e  c a u s e s  o f  h u m a n  f a i l u r e  

a n d  t h e  p o t e n t i a l  f o r  r e c o v e r y  , t h e  l i k e l i h o o d  i s  a s s e s s e d  b y  t h e  t e a m .  T h e  o b j e c t i v e  i s  t o  a s s e s s
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w h e t h e r  e v e n t s  o r  n e a r  m i s s e s  a r e  o c c u r r i n g  m o r e  f r e q u e n t l y  t h a n  w o u l d  b e  a n t i c i p a t e d  f r o m  

g e n e r i c  d a t a .  F a c t o r s  t h a t  c o u l d  a f f e c t  t h e  l i k e l i h o o d  o f  t h e  i d e n t i f i e d  h u m a n  f a i l u r e  a r e  a s s e s s e d  

b y  t h e  t e a m .

•  R e c o r d  o f  ’ h u m a n - H A Z O P ’ -  t h e  r e s u l t s  o f  t h e  H R A  a r e  r e c o r d e d  o n  a  ’ h u m a n - H A Z O P ’ r e c o r d  

t a b l e  w i t h  t h e  f o l l o w i n g  c o l u m n s :

1 .  S t e p :  D e s c r i p t i o n  o f  t a s k  b y  a  p e r s o n  c a r r y i n g  o u t  a c t i v i t y

2 .  H u m a n  F a i l u r e :  D e s c r i p t i o n  o f  c r e d i b l e  h u m a n  f a i l u r e s  w h e n  c a r r y i n g  o u t  t h i s  t a s k  b a s e d  

o n  g u i d e  d i a g r a m .

3 .  C o n s e q u e n c e s /  S e v e r i t y :  U l t i m a t e  c o n s e q u e n c e s  o f  t h e  h u m a n  f a i l u r e  i f  t h e r e  i s  a  f a i l u r e  t o  

r e c o v e r  o r  m i t i g a t e  t h e  e v e n t .

4 .  P o t e n t i a l  t o  r e c o v e r /  L i k e l i h o o d :  P o t e n t i a l  f o r  h u m a n  r e c o v e r y  i n v o l v i n g  d e t e c t i o n  o f  p r o ­

b l e m ,  d i a g n o s i s  a n d  c o r r e c t i o n .

5 .  R i s k  R e d u c t i o n  M e a s u r e :  R i s k  r e d u c i n g  m e a s u r e s  t o  p r e v e n t  e s c a l a t i o n  o f  t h e  i n c i d e n t  t h a t  

d o  n o t  i n v o l v e  h u m a n  i n t e r v e n t i o n .

6 .  R e c o m m e n d a t i o n s :  P r a c t i c a l  a c t i o n s  t o  r e d u c e  t h e  p o t e n t i a l  f o r  f a i l u r e  b a s e d  o n  t h e  P I F s  

o r  f o r  f u r t h e r  r i s k  r e d u c t i o n  m e a s u r e s  b a s e d  o n  t h e  h i e r a r c h y  o f  m e a s u r e s .

7 . 2 . 7 . 3  A d v a n t a g e s  a n d  D i s a d v a n t a g e s

A d v a n t a g e s  o f  H u m a n  e r r o r  H A Z O P

•  I t  i s  u s u a l l y  a p p l i e d  i n  t h e  e a r l y  s t a g e s  o f  t h e  d e s i g n  o f  a  s y s t e m  o r  s u b s y s t e m .  I t  a l s o  t r a n s ­

l a t e s  t h e  e x p e r i e n c e  b o t h  o f  H A Z O P  c h a i r m a n  a n d  o f  s e l e c t e d  s y s t e m - d e s i g n  a n d  o p e r a t i o n a l  

p e r s o n n e l  i n t o  a  p o w e r f u l  a n a l y s i s  o f  a  n e w  d e s i g n .

•  T h i s  t e c h n i q u e  a l s o  i d e n t i f i e s  e r r o r s  i n  a  s y s t e m - k n o w l e d g e - e n v i r o n m e n t .

D i s a d v a n t a g e s  o f  H u m a n  e r r o r  H A Z O P

•  A n  e x t e n s i o n  o f  t h e  t r a d i t i o n a l  H A Z O P  t e c h n i q u e  m a y  o n l y  b e  u s e f u l  f o r  s p e c i f i c ,  l a r g e l y  h u m a n -  

o p e r a t e d  s i t u a t i o n .  T h i s  t e c h n i q u e  t h e r e f o r e  r e q u i r e s  f u r t h e r  d e v e l o p m e n t  o f  i t s  r a n g e  o f  a p p l i ­

c a t i o n s .

7.2.8 Human Cognitive Reliability Correlation (HCR)

7 . 2 . 8 . 1  B a c k g r o u n d

H C R  i s  a  p s y c h o l o g y / c o g n i t i v e  m o d e l l i n g  a p p r o a c h  t o  H R A  d e v e l o p e d  b y  H a n n a m a n  e t  a l .  ( 1 9 8 4 )  i n

1 9 8 4 .  T h i s  t e c h n i q u e  c o m p r i s e s  a  s e t  o f  t h r e e  T i m e  R e s p o n s e  C u r v e s  ( T R C s ) ,  w h e r e  t i m e  i s  p l o t ­

t e d  o n  o n e  a x i s ,  a n d  p r o b a b i l i t y  o f  d i a g n o s t i c  n o n - r e s p o n s e  i s  p l o t t e d  o n  t h e  o t h e r .  T h e  m e t h o d  u s e s
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R a s m u s s e n ’ s  i d e a  o f  r u l e - b a s e d ,  s k i l l - b a s e d ,  a n d  k n o w l e d g e - b a s e d  d e c i s i o n  m a k i n g  t o  d e t e r m i n e  t h e  

l i k e l i h o o d  o f  f a i l i n g  a  g i v e n  t a s k ,  a s  w e l l  a s  c o n s i d e r i n g  t h e  P S F s  o f  o p e r a t o r  e x p e r i e n c e ,  s t r e s s  a n d  

i n t e r f a c e  q u a l i t y ,  s e e  R a s m u s s e n  ( 1 9 8 3 ) . H C R  i s  t h e  m o s t  f a m o u s  o f  t h e  T i m e  R e s p o n s e  C u r v e  a p ­

p r o a c h e s .  I t  w a s  o r i g i n a l l y  d e v e l o p e d  f o r  u s e  w i t h i n  t h e  n u c l e a r  i n d u s t r y ,  p r i m a r i l y  t o  a s s e s s  f a i l u r e  

t o  r e s p o n d  i n  t i m e  i n  e m e r g e n c y  d e c i s i o n - m a k i n g  s i t u a t i o n s ,  a n d  i s  n o t  a p p l i c a b l e  t o  s i t u a t i o n s  o u t s i d e  

t h i s  d o m a i n .

7 . 2 . 8 . 2  D e s c r i p t i o n  o f  t h e  t e c h n i q u e

T h e  m e t h o d o l o g y  f o r  H C R  i s  b r o k e n  d o w n  i n t o  a  s e q u e n c e  o f  s t e p s  a s  g i v e n  b e l o w :

•  T h e  f i r s t  s t e p  i s  t o  d e t e r m i n e  t h e  s i t u a t i o n  i n  n e e d  o f  a  h u m a n  r e l i a b i l i t y  a s s e s s m e n t .  T h e n  a n  

a p p r o p r i a t e  d e c i s i o n  m a k i n g  i s  d e t e r m i n e d .

•  F r o m  t h e  r e l e v a n t  l i t e r a t u r e ,  t h e  a p p r o p r i a t e  H C R  m a t h e m a t i c a l  m o d e l  o r  g r a p h i c a l  c u r v e  i s  t h e n  

s e l e c t e d .

•  T h e  m e d i a n  r e s p o n s e  t i m e  t o  d e t e r m i n e  t h e  t a s k  i n  q u e s t i o n  i s  t h e r e a f t e r  d e t e r m i n e d . T h i s  i s  c o m ­

m o n l y  d o n e  b y  e x p e r t  j u d g e m e n t ,  o p e r a t o r  v i e w  o r  s i m u l a t o r  e x p e r i m e n t .  T h i s  t i m e  i s  s o m e t i m e s  

r e f e r r e d  t o  a s  t h e  n o m i n a l  r e s p o n s e  t i m e  i n  l i t e r a t u r e ,  a n d  d e n o t e d  T / 2 .

•  T h e  m e d i a n  t i m e  i s  a d j u s t e d  t o  m a k e  s p e c i f i c  t o  t h e  s i t u a t i o n a l  c o n t e x t .  T h i s  i s  d o n e  b y  m e a n s  o f  

t h e  P S F s  c o e f f i c i e n t s  K 1 ( o p e r a t o r  e x p e r i e n c e ) ,  K 2  ( s t r e s s  l e v e l )  a n d  K 3 ( q u a l i t y  o f  o p e r a t o r / p l a n t  

i n t e r f a c e )  g i v e n  i n  t h e  l i t e r a t u r e  a n d  u s i n g  t h e  f o l l o w i n g  f o r m u l a

T 1 /2 a d  j u s t e d  =  T 1 /2 « o m i« a / ( 1 +  K 1 ) ( 1 +  K 2 )  ( 1 +  K 3 ) .

•  F o r  t h e  a c t i o n  b e i n g  a s s e s s e d  t h e  t i m e  w i n d o w  ( T )  s h o u l d  t h e  b e  c a l c u l a t e d ,  w h i c h  i s  t h e  t i m e  i n  

w h i c h  t h e  o p e r a t o r  m u s t  t a k e  a c t i o n  t o  r e s o l v e  c o r r e c t l y  t h e  s i t u a t i o n .  •

•  T o  o b t a i n  t h e  n o n - r e s p o n s e  p r o b a b i l i t y ,  t h e  t i m e  w i n d o w  ( T )  i s  d i v i d e d  b y  T / 2 , t h e  m e d i a n  t i m e .  

T h i s  g i v e s  t h e  N o r m a l i s e d  T i m e  V a l u e .  T h e  p r o b a b i l i t y  o f  n o n - r e s p o n s e  c a n  t h e n  b e  f o u n d  b y  

r e f e r r i n g  t o  t h e  H C R  c u r v e  s e l e c t e d  e a r l i e r .

T h i s  n o n - r e s p o n s e  p r o b a b i l i t y  m a y  b e  i n t e g r a t e d  i n t o  a  f u l l e r  H R A ;  a  c o m p l e t e  H E P  c a n  o n l y  b e  

r e a c h e d  i n  c o n j u n c t i o n  w i t h  o t h e r  m e t h o d s  a s  n o n - r e s p o n s e  i s  n o t  t h e  s o l e  s o u r c e  o f  h u m a n  e r r o r .

7 . 2 . 8 . 3  A d v a n t a g e s  a n d  D i s a d v a n t a g e s

A d v a n t a g e s  o f  H C R

•  I t  i s  a  f a i r l y  q u i c k  t e c h n i q u e  t o  c a r r y  o u t  a n d  h a s  a  r e l a t i v e  e a s e  o f  u s e .
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•  T h e  m e t h o d  e x p l i c i t l y  m o d e l s  t h e  t i m e - d e p e n d e n t  n a t u r e  o f  H R A .

•  T h e  t h r e e  m o d e l s  o f  d e c i s i o n - m a k i n g  p r o p o s e d  b y  R a s m u s s e n ,  a r e  a l l  m o d e l l e d .

D i s a d v a n t a g e s  o f  H C R

•  T h e  m e t h o d  i s  v e r y  s e n s i t i v e  t o  c h a n g e s  i n  t h e  e s t i m a t e  o f  t h e  m e d i a n  t i m e .  T h u s ,  a n y  i n a c c u r a c y  

i n  t h i s  e s t i m a t e  w i l l  m a k e  t h e  e s t i m a t i o n  o f  H E P  s u f f e r .

•  O n l y  t h r e e  P S F s  a r e  i n c l u d e d  i n  t h e  m e t h o d o l o g y ;  t h e r e  a r e  s e v e r a l  o t h e r  P S F s  t h a t  c o u l d  a f f e c t  

p e r f o r m a n c e  w h i c h  a r e  u n a c c o u n t e d  f o r .

•  I t  i s  h i g h l y  r e s o u r c e  i n t e n s i v e  t o  c o l l e c t  a l l  t h e  r e q u i r e d  d a t e  f o r  t h e  H C R  m e t h o d o l o g y ,  p a r t i c u ­

l a r l y  d u e  t o  t h e  n e c e s s i t y  o f  a l l  n e w  s i t u a t i o n s  w h i c h  r e q u i r e  a n  a s s e s s m e n t .

•  T h e  H E P  p r o d u c e d  b y  H C R  i s  n o t  c o m p l e t e ;  i t  d o e s  n o t  g i v e  a n y  r e g a r d  t o  m i s d i a g n o s e s  o r  r u l e  

v i o l a t i o n s .

•  T h e r e  i s  n o  s e n s e  o f  o u t p u t  f r o m  t h e  m o d e l  t h a t  i n d i c a t e s  i n  a n y  w a y  o f  h o w  h u m a n  r e l i a b i l i t y  

c o u l d  b e  a d j u s t e d  t o  a l l o w  f o r  i m p r o v e m e n t  o r  o p t i m i z a t i o n  t o  m e e t  r e q u i r e d  g o a l s  o f  p e r f o r ­

m a n c e .

•  T h e  s a m e  p r o b a b i l i t y  c u r v e s  a r e  u s e d  t o  m o d e l  n o n - d e t e c t i o n  a n d  s l o w  r e s p o n s e  f a i l u r e s .  T h e s e  

a r e  v e r y  d i f f e r e n t  p r o c e s s e s ,  a n d  i t  i s  u n l i k e l y  t h a t  i d e n t i c a l  c u r v e s  c o u l d  m o d e l  t h e i r  b e h a v i o u r .

•  T h e  r u l e s  f o r j u d g i n g  K n o w l e d g e - b a s e d ,  S k i l l - b a s e d  a n d  R u l e - b a s e d  b e h a v i o u r  a r e  n o t  e x h a u s t i v e . W r o n g  

a s s i g n m e n t  o f  b e h a v i o u r  t o  a  t a s k  c a n  m e a n  d i f f e r e n c e  o f  u p  t o  t w o  o r d e r s  o f  m a g n i t u d e  i n  t h e

H E P .

7.2.9 Human Error Assessment and Reduction Technique (HEART)

7 . 2 . 9 . 1  B a c k g r o u n d

H E A R T  w a s  f i r s t  d e v e l o p e d  b y  W i l l i a m s  ( 1 9 8 6 ) . I t  i s  a  f i r s t  g e n e r a t i o n  H R A  t e c h n i q u e  a n d  i s  s t i l l  

w i d e l y  u s e d  i n  t h e  U K .  T h i s  m e t h o d  i s  b a s e d  u p o n  t h e  p r i n c i p l e  t h a t  e v e r y  t i m e  a  t a s k  i s  p e r f o r m e d  

t h e r e  i s  a  p o s s i b i l i t y  o f  f a i l u r e  a n d  t h a t  t h e  p r o b a b i l i t y  o f  t h i s  i s  a f f e c t e d  b y  o n e  o r  m o r e  E r r o r  P r o d u c i n g  

C o n d i t i o n s  ( E P C s )  T h i s  t e c h n i q u e  i s  b a s e d  o n  t h e  t e c h n i q u e  a u t h o r ’ s  a n a l y s i s  o f  a  s u b s t a n t i a l  s e c t i o n  

o f  t h e  E r g o n o m i c s  l i t e r a t u r e ,  a n d  u s e s  a  s e t  o f  b a s i c  e r r o r  p r o b a b i l i t i e s  m o d i f i e d  b y  t h e  a s s e s s o r  b y  

s t r u c t u r e d  P S F  c o n s i d e r a t i o n s .  I t  i s  a  g e n e r a l  m e t h o d  a p p l i c a b l e  t o  a n y  s i t u a t i o n  o r  i n d u s t r y  w h e r e  

h u m a n  r e l i a b i l i t y  i s  i m p o r t a n t .  I t  h a s  b e e n  s u c c e s s f u l l y  a p p l i e d  i n  m a n y  i n d u s t r i e s  i n c l u d i n g  n u c l e a r ,  

c h e m i c a l ,  a v i a t i o n ,  r a i l  a n d  m e d i c a l .
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7 . 2 . 9 . 2  D e s c r i p t i o n  o f  t h e  t e c h n i q u e

H E A R T  i s  d e s i g n e d  t o  b e  a  q u i c k  a n d  s i m p l e  m e t h o d  f o r  q u a n t i f y i n g  t h e  r i s k  o f  h u m a n  e r r o r .  T h e  

f o l l o w i n g  s t a g e s  a r e  u s e d  i n  t h i s  m e t h o d .

•  T h e  f i r s t  s t a g e  o f  t h e  p r o c e s s  i s  t o  i d e n t i f y  t h e  f u l l  r a n g e  o f  s u b - t a s k s  t h a t  a  s y s t e m  o p e r a t o r  

w o u l d  b e  r e q u i r e d  t o  c o m p l e t e  w i t h i n  a  g i v e n  t a s k .

•  O n c e  t h i s  t a s k  d e s c r i p t i o n  h a s  b e e n  c o n s t r u c t e d  a  n o m i n a l  h u m a n  r e l i a b i l i t y  s c o r e  f o r  t h e  p a r t i ­

c u l a r  t a s k  i s  t h e n  d e t e r m i n e d ,  u s u a l l y  b y  c o n s u l t i n g  l o c a l  e x p e r t s .  B a s e d  a r o u n d  t h i s  c a l c u l a t e d  

p o i n t ,  a  5 t h  —  9 5 t h  p e r c e n t i l e  c o n f i d e n c e  i n t e r v a l  r a n g e  i s  e s t a b l i s h e d .

•  T h e  E P C s ,  w h i c h  a r e  p o t e n t i a l l y  r e l e v a n t  f o r  t h e  g i v e n  s i t u a t i o n ,  a r e  t h e n  c o n s i d e r e d  a n d  t h e  

e x t e n t  t o  w h i c h  e a c h  E P C  a p p l i e s  t o  t h e  t a s k  i n  q u e s t i o n  i s  d i s c u s s e d  a n d  a g r e e d ,  a g a i n  w i t h  

l o c a l  e x p e r t s .

•  A  f i n a l  e s t i m a t e  o f  t h e  H E P  i s  t h e n  c a l c u l a t e d  u s i n g  t h e  E P C  s c o r e s .

7 . 2 . 9 . 3  A d v a n t a g e s  a n d  D i s a d v a n t a g e s

A d v a n t a g e s  o f  H E A R T

•  H E A R T  i s  v e r s a t i l e ,  v e r y  q u i c k  a n d  s t r a i g h t f o r w a r d  t o  u s e .

•  T h e  t e c h n i q u e  p r o v i d e s  t h e  u s e r  w i t h  u s e f u l  s u g g e s t i o n s  a s  t o  h o w  t o  r e d u c e  t h e  o c c u r r e n c e  o f  

e r r o r s .  •

•  I t  p r o v i d e s  r e a d y  l i n k a g e  b e t w e e n  E r g o n o m i c s  a n d  P r o c e s s  D e s i g n ,  w i t h  r e l i a b i l i t y  i m p r o v e m e n t  

m e a s u r e  b e i n g  a  d i r e c t  c o n c l u s i o n  w h i c h  c a n  b e  d r a w n  f r o m  t h e  a s s e s s m e n t  p r o c e d u r e .

•  R e q u i r e s  r e l a t i v e l y  l i m i t e d  r e s o u r c e s  t o  c o m p l e t e  a n  a s s e s s m e n t .

D i s a d v a n t a g e s  o f  H E A R T

•  E r r o r  d e p e n d e n c y  m o d e l l i n g  i s  n o t  i n c l u d e d .

•  R e q u i r e s  g r e a t e r  c l a r i t y  o f  d e s c r i p t i o n  t o  a s s i s t  u s e r  w h e n  d i s c r i m i n a t i n g  b e t w e e n  g e n e r i c  t a s k s  

a n d  t h e i r  a s s o c i a t e d  E P C s ;  t h e r e  i s  p o t e n t i a l  f o r  t w o  a s s e s s o r s  t o  c a l c u l a t e  v e r y  d i f f e r e n t  H E P s  

f o r  t h e  s a m e  t a s k .

•  P o t e n t i a l  f o r  d o u b l e  c o u n t i n g  ( s o m e  e l e m e n t s  o f  E P C s  a r e  i m p l i c i t  i n  t h e  t a s k  d e s c r i p t i o n ) .

•  L a c k  o f  i n f o r m a t i o n  a b o u t  t h e  e x t e n t  t o  w h i c h  t a s k s  s h o u l d  b e  d e c o m p o s e d  f o r  a n a l y s i s .

• I t  h a s  a  s u b j e c t i v e  n a t u r e  o f  d e t e r m i n i n g  t h e  a s s e s s e d  p r o p o r t i o n  o f  a f f e c t .
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7.2.10 Human Reliability Management System (HRMS)

7 . 2 . 1 0 . 1  B a c k g r o u n d

H R M S  w a s  d e v e l o p e d  p r i m a r i l y  b y  K i r w a n  &  J a m e s  ( 1 9 8 9 )  t o  i n f o r m  t h e  d e s i g n  p r o c e s s  f o r  B N F L  

T H O R P  ( B r i t i s h  N u c l e a r  F u e l s  L t d . ,  T h e r m a l  O x i d e  R e p r o c e s s i n g  P l a n t ) .  I t  c a n  b e  u s e d  t o  c a r r y  

o u t  t a s k  a n a l y s i s  , e r r o r  a n a l y s i s ,  a n d  p e r f o r m a n c e  s h a p i n g  f a c t o r - b a s e d  q u a n t i f i c a t i o n .  T h e  a s s e s s o r s  

c h o o s e  t h e  e r r o r  d e s c r i p t o r  w h i c h  m o s t  r e s e m b l e s  t h e  c h a r a c t e r i s t i c s  o f  t h e  H E P  b e i n g  a s s e s s e d ,  a n d  t h e  

s y s t e m ’ s  a l g o r i t h m s  e x t r a p o l a t e  f r o m  t h i s  d a t u m  t o  t h e  r e q u i r e d  H E P  b a s e d  o n  t h e  a s s e s s o r s  a n s w e r s  

t o  t h e  P S F  q u e s t i o n s .  I t  c a n  o n l y  b e  u s e d  t o  q u a n t i f y  H E P s  f o r  t a s k s  r e l a t e d  t o  i t s  c o n t e x t u a l  o r i g i n s ,  

n a m e l y  n u c l e a r  c h e m i c a l  p l a n t  o p e r a t i o n .

7 . 2 . 1 0 . 2  D e s c r i p t i o n  o f  t h e  t e c h n i q u e

•  T h e  m e t h o d o l o g y  i s  b a s e d  o n  o t h e r  t e c h n i q u e s  t h a t  w e r e  a v a i l a b l e  a t  t h e  t i m e  o f  d e v e l o p m e n t .  

S p e c i f i c a l l y ,  t h e  q u a n t i f i c a t i o n  s y s t e m  ( P H O E N I X ,  t h e  P r e d i c t i o n  o f  H u m a n  O p e r a t o r  E r r o r  

u s i n g  N u m e r i c a l  I n d e x  e x t r a p o l a t i o n )  i s  b a s e d  o n  t h e  S u c c e s s  L i k e l i h o o d  I n d e x  M e t h o d  ( S L I M ) ,  

I n f l u e n c e  D i a g r a m s  A p p r o a c h  ( I D A )  a n d  H E A R T .

•  P H O E N I X  c o m p r i s e s

1 .  S e v e n  T a s k  t y p e s  c a t e g o r i e s  -  t h e  a s s e s s o r  s e l e c t s  t h e  t a s k  t y p e  t h a t  m o s t  c l o s e l y  r e s e m b l e s  

t h e  t a s k  b e i n g  a s s e s s e d ,  a n d  w i t h i n  e a c h  t a s k  c a t e g o r y  t h e r e  a r e  a  n u m b e r  o f  e r r o r  t y p e s  t h a t  

t h e  a s s e s s o r  c o u l d  c h o o s e  f r o m .

2 .  S i x  P S F s  -  a b o u t  w h i c h  t h e  a s s e s s o r  i s  a s k e d  u p  t o  f i f t y  q u e s t i o n s  t o  d e t e r m i n e  t h e  s t r e n g t h  

o f  i m p a c t  ( t h i s  r e m o v e s  t h e  n e e d  f o r  t h e  s u b j e c t i v e  j u d g e m e n t s  b y  a s s e s s o r s )  •

•  T h e  H E P  a s s o c i a t e d  w i t h  t h e  s e l e c t e d  t a s k  t y p e  i s  m u l t i p l i e d  w i t h  t h e  P S F  v a l u e ,  h o w e v e r  t h e  

m o d e l  a l l o w s  f o r  i n t e r a c t i o n s  b e t w e e n  P S F s  a n d  w i t h  t h e  t a s k  t y p e s ,  s o m e t h i n g  t h a t  p r e v i o u s  

t o o l s  w e r e  u n a b l e  t o  o f f e r .

7 . 2 . 1 0 . 3  A d v a n t a g e s  a n d  D i s a d v a n t a g e s

A d v a n t a g e s  o f  H R M S

•  T h e  m e t h o d  i s  u s e f u l  f o r  s c e n a r i o  t h a t  n e e d  t o  b e  a s s e s s e d  i n  d e p t h .

•  I t  d e a l s  w i t h  t h e  w h o l e  H R A  p r o c e s s  f r o m  t a s k  a n a l y s i s  t o  e r r o r  r e d u c t i o n  a n d  d o c u m e n t a t i o n .

•  P S F  r a t i n g  q u e s t i o n s  a r e  f a c t u a l  r a t h e r  t h a n  j u d g m e n t a l .

•  H R M S  h a s  t h e  p o t e n t i a l  t o  d e r i v e  o r  s o m e t i m e s  l e a r n  e x t r a p o l a t i o n  r u l e s .
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•  I t  i s  f o u n d e d  o n  i n d u s t r i a l  d a t a .

D i s a d v a n t a g e s  o f  H R M S

•  T h e  m e t h o d  i s  r e s o u r c e - i n t e n s i v e .

•  I t  i s  n o t  e m p i r i c a l l y  v a l i d a t e d  b u t  h a s  b e e n  u s e d  s u c c e s s f u l l y  i n  t h e  n u c l e a r  i n d u s t r y .

•  I t  i s  v i e w e d  t o  b e  a  H R A  e x p e r t ’ s  t o o l ,  r a t h e r  t h a n  a s  a  g e n e r a l  t o o l  f o r  r e l i a b i l i t y  e x p e r t s .

7.2.11 Influence Diagrams Approach (IDA)

7 . 2 . 1 1 . 1  B a c k g r o u n d

A n  I n f l u e n c e  D i a g r a m  ( I D )  i s  e s s e n t i a l l y  a  g r a p h i c a l  r e p r e s e n t a t i o n  o f  t h e  p r o b a b i l i s t i c  d e p e n d e n c i e s  

b e t w e e n  P S F s ,  t h e  f a c t o r s  w h i c h  i n f l u e n c e  t h e  f a i l u r e  p r o b a b i l i t y  i n  t h e  p e r f o r m a n c e  o f  a  t a s k .  T h e  

a p p r o a c h  o r i g i n a t e s  f r o m  t h e  f i e l d  o f  d e c i s i o n  a n a l y s i s  a n d  u s e s  e x p e r t  j u d g e m e n t  t o  f o r m u l a t e  a n d  

o f t e n  t o  q u a n t i f y  t h e  m o d e l s .  I t  w a s  f i r s t  o u t l i n e d  b y  H o w a r d  a n d  M a t h e s o n ,  a n d  t h e n  d e v e l o p e d  

s p e c i f i c a l l y  f o r  t h e  n u c l e a r  i n d u s t r y  b y  P h i l i p s .  I t  i s  a  f i r s t  g e n e r a t i o n  t o o l ,  a n d  e x p l i c i t l y  c o n s i d e r s  t h e  

i n t e r - d e p e n d e n c y  o f  o p e r a t o r  a n d  o r g a n i s a t i o n a l  P S F s .

7 . 2 . 1 1 . 2  D e s c r i p t i o n  o f  t h e  t e c h n i q u e

T h e  I D A  m e t h o d o l o g y  i s  c o n d u c t e d  i n  a  s e r i e s  o f  1 0  s t e p s  a s  f o l l o w s :

•  D e s c r i p t i o n  o f  a l l  r e l e v a n t  c o n d i t i o n i n g  e v e n t s  b y  e x p e r t s  w h o  p o s s e s  s u f f i c i e n t  k n o w l e d g e  o f  

t h e  s i t u a t i o n  u n d e r  e v a l u a t i o n .

•  R e f i n e  t h e  t a r g e t  e v e n t  d e f i n i t i o n .  T h e  t a r g e t  e v e n t  m u s t  b e  d e f i n e d  a s  t i g h t l y  a s  p o s s i b l e .

•  B a l a n c e  o f  e v i d e n c e .  S e l e c t  a  m i d d l e - l e v e l  e v e n t  i n  t h e  s i t u a t i o n  a n d  u s i n g  e a c h  o f  t h e  b o t t o m  

l e v e l  i n f l u e n c e ,  a s s e s s  t h e  w e i g h t  o f  e v i d e n c e ,  a l s o  k n o w n  a s  t h e  ’ b a l a n c e  o f  e v i d e n c e ’ . •

•  A s s e s s  t h e  w e i g h t  o f  e v i d e n c e  f o r  t h i s  m i d d l e - l e v e l  i n f l u e n c e ,  w h i c h  i s  c o n d i t i o n a l  o n  b o t t o m -  

l e v e l  i n f l u e n c e s .

•  R e p e a t  s t e p  3  a n d  4  f o r  t h e  r e m a i n i n g  m i d d l e - l e v e l  a n d  b o t t o m - l e v e l  i n f l u e n c e s .

•  A s s e s s  p r o b a b i l i t i e s  o f  t a r g e t  e v e n t  c o n d i t i o n a l  o n  m i d d l e - l e v e l  i n f l u e n c e s .

•  C a l c u l a t e  t h e  u n c o n d i t i o n a l  p r o b a b i l i t y  o f  t a r g e t  e v e n t  a n d  u n c o n d i t i o n a l  w e i g h t  o f  e v i d e n c e  o f  

m i d d l e - l e v e l  i n f l u e n c e s .  F o r  t h e  v a r i o u s  c o m b i n a t i o n s  o f  i n f l u e n c e s  t h a t  h a v e  b e e n  c o n s i d e r e d ,  

t h e  e x p e r t s  i d e n t i f y  d i r e c t  e s t i m a t e s  o f  t h e  l i k e l i h o o d  o f  e i t h e r  s u c c e s s  o r  f a i l u r e .
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•  C o m p a r e  t h e s e  r e s u l t s  t o  t h e  h o l i s t i c  j u d g e m e n t s  o f  H E P s  b y  t h e  a s s e s s o r s .  R e v i s e  t o  r e d u c e  

d i s c r e p a n c i e s .

•  R e p e a t  a b o v e  s t e p s  u n t i l  a s s e s s o r s  a r e  f i n i s h e d  r e f i n i n g  t h e i r  j u d g e m e n t s .  T h e  p r o c e s s  i s  s t o p p e d  

w h e n  a l l  p a r t i c i p a n t s  r e a c h  a  c o n s e n s u s  t h a t  a n y  m i s g i v i n g s  a b o u t  t h e  d i s c r e p a n c i e s  a r e  r e s o l v e d .

•  P e r f o r m  s e n s i t i v i t y  a n a l y s e s  w h e n  i n d i v i d u a l  e x p e r t s  a r e  u n s u r e  o f  t h e  d i s c r e p a n c i e s .  C o n d u c t i n g  

a  c o s t - b e n e f i t i n g  a n a l y s i s  i s  a l s o  p o s s i b l e  a t  t h i s  s t a g e  o f  t h e  p r o c e s s .

7 . 2 . 1 1 . 3  A d v a n t a g e s  a n d  D i s a d v a n t a g e s

A d v a n t a g e s  o f  I D A

•  D a t a  r e q u i r e m e n t s  a r e  v e r y  l o w .

•  D e p e n d e n c e  b e t w e e n  P S F s  i s  e x p l i c i t l y  a c k n o w l e d g e d  a n d  m o d e l l e d .

•  P S F s  a n d  o t h e r  i n f l u e n c e  c r e a t i n g  e r r o r  p r o d u c i n g  c o n d i t i o n s  a r e  p r i o r i t i s e d  a n d  i f  d e s i r e d ,  t h e  

l e s s  s i g n i f i c a n t  o n e s  m a y  b e  i g n o r e d .

•  I t  c a n  b e  u s e d  i n  a  s t r a t e g i c  o v e r v i e w  o r  i n  a  v e r y  f i n e  b r e a k d o w n  o f  a  t a s k  e l e m e n t .

•  S e n s i t i v i t y  a n a l y s i s  i s  p o s s i b l e  w i t h  u s e  o f  t h i s  t e c h n i q u e .

•  P S F s  a r e  p r e c i s e l y  d e f i n e d  a n d  t h e i r  i n f l u e n c e  i s  e x p l o r e d  i n  d e p t h .

D i s a d v a n t a g e s  o f  I D A

•  E l i c i t i n g  H E P s  r e q u i r e s  f u r t h e r  r e s e a r c h  w i t h  r e g a r d s  t o  t h e i r  a c c u r a c y  a n d  j u s t i f i c a t i o n .

•  B u i l d i n g  I D A s  i s  h i g h l y  r e s o u r c e - i n t e n s i v e  i n  t e r m s  o f  o r g a n i s i n g  a n d  s u p p o r t  a n  e x t e n s i v e  g r o u p  

s e s s i o n  a  s u i t a b l e  r a n g e  o f  e x p e r t s .

7.2.12 Intent

7 . 2 . 1 2 . 1  B a c k g r o u n d

•  I n t e n t  w a s  p r e s e n t e d  b y  G e r t m a n  e t  a l .  ( 1 9 9 2 )  a s  a  m e t h o d  f o r  e s t i m a t i n g  h u m a n  e r r o r  p r o b a b i ­

l i t i e s  f o r  d e c i s i o n  b a s e d  e r r o r s .

•  I t  w a s  d e v e l o p e d  f o r  n u c l e a r  i n d u s t r y ;  t h e r e  i s  n o  e v i d e n c e  o f  i t  b e i n g  a p p l i e d  t o  o t h e r  s e c t o r s .

•  I n  t h i s  m e t h o d o l o g y ,  e r r o r s  o f  i n t e n t i o n  a r e  v i e w e d  a s  a n  i m p o r t a n t  s u b s e t  o f  e r r o r  o f  c o m m i s s i o n  

b e c a u s e  t h e y  a r e  r e l a t e d  t o  c o g n i t i v e  f u n c t i o n s  ( e . g .  p r o b l e m  s o l v i n g ) .
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•  S i n c e  e r r o r s  o f  i n t e n t i o n  c a n  r e s u l t  f r o m  a  w i d e  r a n g e  o f  f a c t o r s ,  i t  i s  d i f f i c u l t  t o  m o d e l  a n d  

q u a n t i f y  t h e m .  T h i s  t o o l  a i m s  t o  i n c o r p o r a t e  e r r o r s  o f  i n t e n t  i n t o  p r o b a b i l i s t i c  s a f e t y  a s s e s s m e n t .

•  T h i s  i s  w a s  d o n e  b y  c o m p i l i n g  a  n u m b e r  o f  p o t e n t i a l  e r r o r s  o f  i n t e n t i o n  p e r t i n e n t  t o  n u c l e a r  

p o w e r  p l a n t s ,  b y  u s i n g  a  v a r i e t y  o f  a n a l y t i c a l  t e c h n i q u e s .

7 . 2 . 1 2 . 2  D e s c r i p t i o n  o f  t h e  t e c h n i q u e

F o u r  c a t e g o r i e s  o f  e r r o r  o f  i n t e n t i o n  w e r e  i d e n t i f i e d :

•  A c t i o n  c o n s e q u e n c e  -  t h e s e  e r r o r s  c o n s i d e r  t h e  r e l a t i o n s h i p  b e t w e e n  c o n s e q u e n c e s  a n d  d e c i s i o n  

m a k i n g .

•  C r e w  r e s p o n s e  s e t  -  t h e s e  e r r o r s  l o o k  a t  t h e  i n f l u e n c e  t h a t  i n h i b i t i o n ,  e x p e r i e n c e  a n d  t r a i n i n g  

h a v e  o n  p e r f o r m a n c e .

•  A t t i t u d e s  l e a d i n g  t o  c i r c u m v e n t i o n  -  t h e s e  a r e  e r r o r s  t h a t  a r e  r o o t e d  i n  t h e  m a n n e r  i n  w h i c h  

i n d i v i d u a l s  v i e w  t h e  w o r l d .

•  R e s o u r c e  d e p e n d e n c i e s  -  t h i s  c a t e g o r y  i s  m a d e  u p  o f  i n t e r n a l  r e s o u r c e s  ( e . g .  m e m o r y  c a p a c i t y )  

a n d  e x t e r n a l  r e s o u r c e s  ( e . g .  o p e r a t i n g  p r o c e d u r e s ) .

T h e  I N T E N T  u s e r  i s  o f f e r e d  a  c h o i c e  o f  t w e n t y  n o m i n a l  e r r o r s  f r o m  t h e s e  f o u r  c a t e g o r i e s .

•  F o r  e a c h  e r r o r ,  I N T E N T  g i v e s  l o w e r  b o u n d  a n d  u p p e r  b o u n d  e s t i m a t e s  o f  t h e  o c c u r r e n c e  p r o b a ­

b i l i t y ,  w h i c h  a r e  b a s e d  u p o n  e x p e r t  o p i n i o n .

•  T h i s  t o o l  a l s o  i n c l u d e s  a  s e t  o f  e l e v e n  ( v e r y  b r i e f  a n d  g e n e r a l ,  e . g .  w o r k l o a d )  P S F s  w h o s e  

w e i g h t i n g  f a c t o r s  w e r e  a l s o  d e t e r m i n e d  b y  e x p e r t  e s t i m a t e s .

•  O n c e  t h e  e r r o r s  h a v e  b e e n  s e l e c t e d  f r o m  t h e  t w e n t y  n o m i n a l  e r r o r s ,  e s t i m a t e s  f o r  t h e  e l e v e n  P S F s  

a r e  t h e n  g i v e n  o n  a  f i v e - p o i n t  s c a l e .  •

•  T a k i n g  t h e  w e i g h t i n g  f a c t o r s  i n t o  a c c o u n t  i t  i s  t h e n  p o s s i b l e  t o  c a l c u l a t e  a  r e l i a b i l i t y  i n d e x  f r o m  

t h e s e  e s t i m a t e s .

7 . 2 . 1 2 . 3  A d v a n t a g e s  a n d  D i s a d v a n t a g e s

A d v a n t a g e s  o f  I N T E N T

•  I t  i s  a  r e l a t i v e l y  e a s y  t o  u s e  t o o l ,  w h e t h e r  b y  a  n o v i c e  o r  a  e x p e r i e n c e d  p r a c t i t i o n e r .

•  T h i s  t o o l  i s  c l a i m e d  t o  p r o v i d e  d a t a  t h a t  c a n  a c c o u n t  f o r  r a r e ,  h i g h  c o n s e q u e n c e  f a i l u r e s  d u e  t o  

e r r o r s  o f  i n t e n t i o n .
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D i s a d v a n t a g e s  o f  I N T E N T

•  T h i s  t o o l  r e l i e s  o n  t h e  s k i l l  o f  t h e  a s s e s s o r ,  a n d  t h e  d e g r e e  t o  w h i c h  t h e  a s s e s s o r  u n d e r s t a n d s  t h e  

t a s k  b e i n g  a s s e s s e d .

•  T h e  g e n e r a t e d  l i s t  o f  e r r o r s  i n  I N T E N T  m a y  n o t  b e  e x h a u s t i v e .

7.2.13 Justified Human Error Data Information (JHEDI)

7 . 2 . 1 3 . 1  B a c k g r o u n d

J H E D I  w a s  p r i m a r i l y  d e v e l o p e d  b y  K i r w a n  &  J a m e s  ( 1 9 8 9 )  t o  i n f o r m  t h e  d e s i g n  p r o c e s s  f o r  B N F L  

T H O R P  ( B r i t i s h  N u c l e a r  F u e l s  L t d . ,  T h e r m a l  O x i d e  R e p r o c e s s i n g  P l a n t ) .  I t  w a s  d e v e l o p e d  t o  p r o v i d e  

a  f a s t e r  s c r e e n i n g  t e c h n i q u e  t h a n  t h a t  o f  i t s  ’ p a r e n t ’ , t h e  H R M S  a p p r o a c h ,  o f  w h i c h  i t  i s  a  d e r i v a t i v e .  

D u e  t o  t h e  n a t u r e  o f  t h e  u n d e r p i n n i n g  d a t a ,  J H E D I  i s  o n l y  a p p l i c a b l e  t o  t h e  U K  n u c l e a r  c h e m i c a l  

i n d u s t r y  a n d ,  s p e c i f i c a l l y ,  r e p r o c e s s i n g  t a s k s .  J H E D I  s y s t e m  i s  r e l a t i v e l y  r a p i d ,  a n d  m a y  o n l y  t a k e  u p  

h a l f  a  d a y  f o r  a  s c e n a r i o  w i t h  s e v e r a l  H E P s ,  a s s u m i n g  t h a t  t h e  a s s e s s o r  k n o w s  t h e  t a s k  r e q u i r e m e n t s  

r e a s o n a b l y  w e l l .

7 . 2 . 1 3 . 2  D e s c r i p t i o n  o f  t h e  t e c h n i q u e

•  B o t h  H R M S  a n d  J H E D I  c a n  b e  u s e d  t o  c a r r y  o u t  t a s k  a n a l y s i s ,  e r r o r  a n a l y s i s ,  a n d  p e r f o r m a n c e  

s h a p i n g  f a c t o r - b a s e d  q u a n t i f i c a t i o n ,  b u t  J H E D I  i n v o l v e s  a  l e s s  d e t a i l e d  a s s e s s m e n t  t h a n  H R M S .

•  T h e  H E P s  h a v e  b e e n  m a d e  m o r e  c o n s e r v a t i v e  t o  a l l o w  f o r  s i m p l i c i t y  w i t h i n  J H E D I  ( i . e .  a c c o u n t  

f o r  a  m e a s u r e  o f  d e p e n d e n c e )  a n d  a l s o  r e q u i r e s  l e s s  P S F  q u e s t i o n s  t o  b e  a n s w e r e d .

•  J H E D I  u s e s  l e s s  m u l t i p l i e r s  a n d  e x t r a p o l a t i o n  r u l e s  t h a n  H R M S ,  m a k i n g  i t  c o n c e p t u a l l y  s i m i l a r  

t o  T H E R P  a n d  H E A R T ,  i n  t h a t  b o t h  o f  t h e s e  t e c h n i q u e s  h a v e  a  n o m i n a l  H E P  w h i c h  i s  i n c r e a s e d  

a c c o r d i n g  t o  l e v e l s  o f  P S F  i d e n t i f i e d  t o  b e  p r e s e n t  i n  t h e  s i t u a t i o n ,  v i a  m u l t i p l i c a t i o n .

•  I n  J H E D I ,  t h e  P S F  r a t i n g  p r o c e s s  i s  a r g u a b l y  m o r e  s t r a i g h t f o r w a r d ,  a s  i t  a s k s  f a c t u a l  q u e s t i o n s  

w h i c h  w h i c h  c a n  b e  s u b s t a n t i a t e d ,  r a t h e r  t h a n  a s k i n g  f o r  s u b j e c t i v e  j u d g e m e n t  b y  t h e  a s s e s s o r .  •

•  L i k e  H R M S ,  J H E D I  i s  b a s e d  o n  a c t u a l  i n d u s t r y  d a t a ,  w h i c h  i s  c o n t e x t  s p e c i f i c ,  a n d  s u p p l e m e n t e d  

w i t h  e x p e r t  j u d g e m e n t  b y  t h e  t o o l ’ s  a u t h o r s .

7 . 2 . 1 3 . 3  A d v a n t a g e s  a n d  D i s a d v a n t a g e s

A d v a n t a g e s  o f  J H E D I

•  T h i s  t o o l  i s  r e l a t i v e l y  q u i c k  a n d  r e q u i r e s  l i t t l e  t r a i n i n g  t o  a p p l y .
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•  J H E D I  u s e s  r e a l  d a t a  r a t h e r  t h a n  s i m u l a t e d  d a t a .

•  I t  i s  c o m p u t e r i s e d  t o o l  a n d  t h e  d a t a  c a n  t h e r e f o r e  b e  e a s i l y  r e c o r d e d  a n d  a u d i t e d .

•  M o d e l s  s u c h  a s  H E A R T  ( w h i c h  h a s  v a l i d i t y )  a r e  t h e  b a s i s  f o r  t h e  a p p r o a c h .

D i s a d v a n t a g e s  o f  J H E D I

•  T h i s  i s  a  B N F L  p r o p r i e t a r y  t o o l  a n d  t h e r e f o r e  i s  n o t  p u b l i c l y  a v a i l a b l e .

•  I t  h a s  l e s s  f u n c t i o n a l i t y  t h a n  H R M S .

7.2.14 Methode d’Evaluation de la Realisation des Missions Operateur pour 
(MEMORS)

7 . 2 . 1 4 . 1  B a c k g r o u n d

I n  E n g l i s h  t h i s  m e a n s :  A s s e s s m e n t  m e t h o d  f o r  t h e  p e r f o r m a n c e  o f  s a f e t y  o p e r a t i o n .  I t  w a s  d e v e l o p e d  

f o r  E l e c t r i c i t e  d e  F r a n c e  ( E d F )  i n  1 9 9 9 .  M E R M O S  i s  a  s e c o n d - g e n e r a t i o n  H R A  m e t h o d  t h a t  i s  r e p o r t e d  

t o  b e  a n  i m p r o v e m e n t  o f  E d F ’ s  p r e v i o u s  m e t h o d s .  I t  i s  d e s i g n e d  t o  g u i d e  E d F ’s  a n a l y s t s  i n  t a k i n g  

h u m a n  f a c t o r s  a s p e c t s  i n t o  a c c o u n t  i n  t h e  ’ l e v e l  1 ’ P R A  f o r  u n i t s  o f  t h e  N 4  s e r i e s  ( t h e  m o s t  r e c e n t  

t y p e  o f  F r e n c h  r e a c t o r s ) .  T h e  m e t h o d  o n l y  c o n s i d e r  e m e r g e n c y  o p e r a t i o n  d u r i n g  t h e  f o u r  h o u r s  a f t e r  

t h e  i n c i d e n t  i n i t i a t o r ,  a s  i t  i s  a s s u m e d  t h a t  f o u r  h o u r s  a f t e r  t h e  i n i t i a t o r  t h e  c r i s i s  s u p p o r t  t e a m  w i l l  

p r e v e n t  o r  r e c o v e r  a n y  h u m a n  f a i l u r e .  T h e  m a i n  u n d e r l y i n g  c o n c e p t  o f  M E R M O S  i s  t h e  ’ h u m a n  

f a c t o r  m i s s i o n ’ . F o r  e a c h  i n i t i a t o r ,  a  f u n c t i o n a l  a n a l y s i s  w i l l  d e t e r m i n e  t h e  ’ m i s s i o n s ’ t h a t  h a v e  t o  

b e  p e r f o r m e d  t o  r e c o v e r  o r  m i t i g a t e  t h e  a c c i d e n t .  T h e  h u m a n  f a c t o r s  m i s s i o n  r e f e r s  t o  s a f e t y  c r i t i c a l  

a c t i o n s  t h a t  t h e  o p e r a t i n g  s y s t e m  h a s  t o  i n i t i a t e  a n d  c a r r y  o u t  t h e  s i t u a t i o n .  M E R M O S  h a s  o n l y  b e e n  

a p p l i e d  t o  t h e  n u c l e a r  i n d u s t r y .

7 . 2 . 1 4 . 2  D e s c r i p t i o n  o f  t h e  t e c h n i q u e

•  M E R M O S  c o n s i d e r s  t h a t  t h e  p e r f o r m a n c e  o f  t h e  h u m a n  f a c t o r s  m i s s i o n  i s  t h e  r e s p o n s i b i l i t y  o f  

w h a t  i s  t e r m e d  t h e  ’ e m e r g e n c y  o p e r a t i o n s  s y s t e m ’ ( E O S )  -  t h i s  c o m p r i s e  t h e  o p e r a t i n g  c r e w ,  

o p e r a t i n g  p r o c e d u r e s ,  t h e  m a n - m a c h i n e  i n t e r f a c e ,  t h e  f o r m a l  o r g a n i z a t i o n  a n d  t h e  w o r k p l a c e .  •

•  I n s t e a d  o f  a s s u m i n g  t h a t  h u m a n  e r r o r  i s  a  d e c i s i v e  e l e m e n t  o f  f a i l u r e ,  i n  M E R M O S  i t  i s  e m b e d ­

d e d  w i t h i n  t h e  E O S  a s  o n e  o f  t h e  d e t e r m i n a n t s  o f  i n a d e q u a t e  p e r f o r m a n c e .

T h e  m e t h o d  i s  d i v i d e d  i n t o  t w o  m o d u l e s :

1 .  M o d u l e  1  -  I d e n t i f i c a t i o n  a n d  d e f i n i t i o n  o f  t h e  H F  m i s s i o n  t h r o u g h  f u n c t i o n a l  a n a l y s i s .  F r o m  a  

f u n c t i o n a l  a n a l y s i s  o f  t h e  s t a t e  o f  t h e  p l a n t  a f t e r  t h e  i n i t i a t o r ,  t h e  a n a l y s t  d e s c r i b e s  t h e  c h a r a c t e ­

r i s t i c s  o f  e a c h  H F  m i s s i o n  a n d  t h e i r  c o n t e x t  i n  a  s t a n d a r d  f o r m .
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2 .  M o d u l e  2  -  Q u a l i t a t i v e  a n d  q u a n t i t a t i v e  a n a l y s i s  o f  t h e  H F  m i s s i o n s . T h e  q u a l i t a t i v e  a n a l y s i s  

a i m s  t o  i d e n t i f y  a s  m a n y  s c e n a r i o s  a s  p o s s i b l e  l e a d i n g  t o  t h e  H F  m i s s i o n  f a i l u r e .  T h e  m i s s i o n  

f a i l u r e  e v e n t  o c c u r s  i f  o n e  o f  t h e  s c e n a r i o s  d e s c r i b e d  i n  t h e  q u a n t i t a t i v e  a n a l y s i s  o c c u r s  a n d  l e a d s  

t o  f a i l u r e .  T h e  f a i l u r e  s c e n a r i o s  o f  a  m i s s i o n  a r e  a  s e t  o f  e v e n t s  a n d  t h e s e  s e t s  a r e  e x c l u s i v e .  

T h e  p r o b a b i l i t y  o f  a  m i s s i o n  f a i l u r e  i s  t h e r e f o r e  t h e  s u m  o f  t h e  p r o b a b i l i t i e s  o f  o c c u r r e n c e  o f  

t h e  f a i l u r e  o f  e a c h  o f  t h e  s c e n a r i o s  d e s c r i b e d  f o r  a  m i s s i o n .  T h e  p r o b a b i l i t y  o f  o c c u r r e n c e  o f  

t h e  m i s s i o n  f a i l u r e ,  a c c o r d i n g  t o  a  g i v e n  s c e n a r i o ,  c a n  b e  w o r k e d  o u t  f r o m  t h e  p r o b a b i l i t y  o f  

o c c u r r e n c e  o f  e a c h  e v e n t  i n  t h e  s c e n a r i o .

T o  m a k e  t h e  m e t h o d  m o r e  u s e r  f r i e n d l y  t o  t h e  a n a l y s t s ,  t h e  d e v e l o p e r s  a r e  b u i l d i n g  a  d a t a b a s e  o f  H F  

m i s s i o n  a n d  f a i l u r e  s c e n a r i o s .

7 . 2 . 1 4 . 3  A d v a n t a g e s  a n d  D i s a d v a n t a g e s

A d v a n t a g e s  o f  M E R M O S

•  I t  a t t e m p t s  t o  d e a l  w i t h  i m p o r t a n t  u n d e r l y i n g  c o n c e p t s  o f  H R A ,  a s  i t  m o v e s  a w a y  f r o m  f o c u s i n g  

o n  i n d i v i d u a l  e r r o r ,  a n d  i n s t e a d  c o n s i d e r s  t h e  o p e r a t i n g  s y s t e m  a s  a  w h o l e .

•  E d F  r e p o r t  g o o d  r e s u l t s  f r o m  u s i n g  M E R M O S .

D i s a d v a n t a g e s  o f  M E R M O S

•  I t  i s  c u r r e n t l y  o n l y  f o r  e m e r g e n c y  o p e r a t i o n s  a n d  d o e s  n o t  p r o p o s e  a  n o r m a l  o p e r a t i o n  m o d e l ,  t o  

a s s e s s  t h e  p e r f o r m a n c e  o f  o p e r a t o r s  i n  n o n - e m e r g e n c y  s i t u a t i o n s .

•  I t s  v a l i d i t y  a n d  r e l i a b i l i t y  h a v e  y e t  t o  b e  e s t a b l i s h e d  a s  i t  i s  s t i l l  a  n e w  t o o l .

•  T h i s  t o o l  i s  n o t  f r e e l y  a v a i l a b l e  f o r  r e v i e w  a n d  u s e .

7.2.15 Nuclear Action Reliability Assessment (NARA)

7 . 2 . 1 5 . 1  B a c k g r o u n d

N A R A  w a s  d e v e l o p e d  f o r  t h e  n u c l e a r  p o w e r  c o m p a n y ,  B r i t i s h  E n e r g y  b y  a  c o n s o r t i u m  o f  H R A  e x p e r t s .  

I t  h a s  b e e n  d e v e l o p e d  u s i n g  t h e  H E A R T  m e t h o d o l o g y  a s  i t s  b a s i s ,  u s i n g  m o r e  r e c e n t  d a t a ,  a n d  t a i l o r e d  

t o  t h e  n e e d s  o f  U K  N u c l e a r  P o w e r  P l a n t  P r o b a b i l i s t i c  S a f e t y  A s s e s s m e n t s  a n d  H R A s .  L i k e  H E A R T ,  

N A R A  c o n s i s t s  o f  G e n e r i c  T a s k  T y p e s  ( G T T s )  a n d  E r r o r  P r o d u c i n g  C o n d i t i o n s  ( E P C s ) .  I t  i s  a  B r i t i s h  

E n e r g y  p r o p r i e t a r y  t o o l  a n d  i s  a  n u c l e a r  s p e c i f i c  m o d i f i e d  v e r s i o n  o f  H E A R T ;  i t  i s  n o t  a p p l i c a b l e  t o  

o t h e r  d o m a i n s .
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7 . 2 . 1 5 . 2  D e s c r i p t i o n  o f  t h e  t e c h n i q u e

T h e  k e y  e l e m e n t s  o f  t h e  N A R A  a p p r o a c h  a r e :

•  C l a s s i f y  t h e  t a s k  a n a l y s i s  i n t o  o n e  o f  t h e  G e n e r i c  T a s k  T y p e s  a n d  a s s i g n  t h e  n o m i n a l  H u m a n  

E r r o r  P r o b a b i l i t y  t o  t h e  t a s k .

•  D e c i d e  w h i c h  E P C s  m a y  a f f e c t  t a s k  r e l i a b i l i t y  a n d  t h e n  c o n s i d e r  t h e  a s s e s s e d  p r o p o r t i o n  o f  a f f e c t  

f o r  e a c h  E P C .  T h e n  c a l c u l a t e  t h e  t a s k  H E P .

T h e  s a m e  f o r m u l a ,  u s e d  i n  H E A R T ,  i s  u s e d  i n  N A R A  f o r  d e r i v i n g  t h e  H E P .  F u r t h e r m o r e ,  t h e  l i s t  o f  

G T T s  i n  N A R A  i s  p a r t l y  a  s u b s e t  o f  t h e  o r i g i n a l  H E A R T  G T T s .  T h e r e  a r e  f o u r t e e n  G T T s  a n d  e i g h t e e n  

E P C s  q u a n t i f i e d  i n  N A R A .

7 . 2 . 1 5 . 3  A d v a n t a g e s  a n d  D i s a d v a n t a g e s

A d v a n t a g e s  o f  N A R A

•  H a s  a  p r o t o t y p e  a p p r o a c h  t o  e r r o r  o f  c o m m i s s i o n  q u a n t i f i c a t i o n  a s  t h e  n e w  f e a t u r e

•  F e a t u r e s  a n  a p p r o a c h  t o  q u a n t i f y i n g  o p e r a t o r  r e l i a b i l i t y  i n  r e l a t i o n  t o  l o n g  t i m e - s c a l e  e v e n t s .  

D i s a d v a n t a g e s  o f  N A R A

•  N A R A  i s  n o t  p u b l i c l y  a v a i l a b l e  a n d  i s  n u c l e a r  s p e c i f i c  -  n o t  s u i t a b l e  f o r  o t h e r  s e c t o r s .

7.2.16 Paired Comparisons (PC)

7 . 2 . 1 6 . 1  B a c k g r o u n d

T h e  P C  m e t h o d  o r i g i n a t e d  i n  1 9 6 0 s .  I t  i s  a  m e a n s  o f  d e f i n i n g  p r e f e r e n c e s  b e t w e e n  i t e m s  ( h u m a n  

e r r o r s )  a n d  a s k s  e x p e r t s  t o  m a k e  j u d g e m e n t s ,  a l b e i t  o f  a  r e l a t i v e l y  s i m p l e  v a r i e t y .  I n  t h i s  m e t h o d ,  

s u b j e c t  m a t t e r  e x p e r t s  m a k e  s i m p l e  c o m p a r a t i v e  j u d g e m e n t s  r a t h e r  t h a n  a b s o l u t e  j u d g e m e n t s .  E a c h  

e x p e r t  c o m p a r e s  a l l  p o s s i b l e  p a i r s  o f  e r r o r  d e s c r i p t i o n s  a n d  d e c i d e s ,  i n  e a c h  c a s e ,  w h i c h  o f  t h e  t w o  

e r r o r s  i s  m o r e  p r o b a b l e .  F o r  n  t a s k s ,  e a c h  e x p e r t  m a k e s  n ( n - 1 ) / 2  c o m p a r i s o n s .  F r o m  c o m b i n i n g  t h e  

c o m p a r i s o n  m a d e  b y  d i f f e r e n t  e x p e r t s  a  r e l a t i v e  s c a l i n g  o f  e r r o r  l i k e l i h o o d  c a n  b e  c o n s t r u c t e d .  T h i s  

i s  t h e n  c a l i b r a t e d  u s i n g  u s i n g  a  l o g a r i t h m i c  c a l i b r a t i o n  e q u a t i o n ,  w h i c h  r e q u i r e s  t h a t  t h e  h u m a n  e r r o r  

p r o b a b i l i t i e s  b e  k n o w n  f o r  a t  l e a s t  t w o  o f  t h e  e r r o r s  w i t h i n  t h e  t a s k  s e t .  T h e  P C  m e t h o d  h a s  b e e n  

a p p l i e d  t o  t h e  t r a n s p o r t  a n d  n u c l e a r  i n d u s t r i e s .
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7 . 2 . 1 6 . 2  D e s c r i p t i o n  o f  t h e  t e c h n i q u e

T h e  s i x t e e n  s t e p s  t o  b e  f o l l o w e d  w h e n  u s i n g  t h i s  t o o l  g i v e n  i n  K i r w a n  ( 1 9 9 4 )  a r e :

•  D e f i n e  t h e  t a s k s  i n v o l v e d .  T h e  t a s k s  s h o u l d  b e  d e f i n e d  s i m p l y ,  u n a m b i g u o u s l y  a n d  c o m p r e h e n ­

s i v e l y .

•  I n c o r p o r a t e  t h e  c a l i b r a t i o n  t a s k s .  A t  l e a s t  t w o  o f  t h e  d e s c r i p t i o n s .  f o r  w h i c h  t h e  H E P s  a r e  k n o w n ,  

s h o u l d  b e  i n c l u d e d  i n  t h e  t a s k  s e t .

•  S e l e c t  t h e  e x p e r t  j u d g e s .  T h e  s u b j e c t  m a t t e r  e x p e r t s  s h o u l d  h a v e  e x p e r i e n c e  o f  t h e  t a s k s  b e i n g  

a s s e s s e d .

•  P r e p a r e  t h e  e x e r c i s e .  E a c h  p a i r  o f  t h e  t a s k s  s h o u l d  b e  p r e s e n t e d  o n  i t s  o w n ,  s o  t h a t  t h e  e x p e r t  

o n l y  c o n s i d e r s  p a i r  a t  a n y  o n e  t i m e .

•  B r i e f  t h e  e x p e r t s .  T h e  s u b j e c t  m a t t e r  e x p e r t s  s h o u l d  b e  b r i e f e d  o n  t h e  p u r p o s e  o f  t h e  s t u d y  a n d  

n a t u r e  o f  t h e  t a s k  t o  b e  a s s e s s e d .

•  C a r r y  o u t  p a i r e d  c o m p a r i s o n s .  W h e n  t h e  s u b j e c t  m a t t e r  e x p e r t s  a r e  c a r r y i n g  o u t  t h e  p a i r e d  

c o m p a r i s o n s  i t  i s  u s e f u l  f o r  t h e m  t o  h a v e  t h e  s u p p o r t  o f  t h e  a n a l y s t  s o  t h a t  t h e y  a r e  a b l e  t o  s e e k  

a n d  r e c e i v e  c l a r i f i c a t i o n  o f  t h e  t a s k s .

•  D e r i v e  t h e  r a w  f r e q u e n c y  m a t r i x .  E a c h  c e l l  i n  t h e  m a t r i x  i n d i c a t e s  t h e  n u m b e r  o f  s u b j e c t  m a t t e r  

e x p e r t s  t a t  c o n s i d e r e d  o n e  e v e n t  a s  b e i n g  m o r e  l i k e l y  t h a n  a n  a l t e r n a t i v e  e v e n t .

•  D e r i v e  t h e  p r o p o r t i o n  m a t r i x .  T h e  n e x t  s t e p  i s  t o  n o r m a l i s e  t h e  s c o r e s  b y  d e t e r m i n i n g  t h e  p r o ­

p o r t i o n  o f  s u b j e c t  m a t t e r  e x p e r t s  t h a t  h a v e  c o n c l u d e d  t h a t  o n e  e v e n t  w a s  m o r e  l i k e l y  t h a n  t h e  

o t h e r .

•  D e r i v e  t r a n s f o r m a t i o n  X - m a t r i x .  T h e  n e x t  s t e p  i s  t o  c o n v e r t  t h e s e  s c o r e s  i n t o  t h e i r  e q u i v a l e n t  

u n i t  n o r m a l  d e v i a t e ,  u s i n g  n o r m a l  d i s t r i b u t i o n  t a b l e s .

•  C a l c u l a t e  t h e  c o l u m n - d i f f e r e n c e  Z - m a t r i x .  T h i s  i s  a  s i m p l e  c a l c u l a t i o n  o f  t h e  d i f f e r e n c e  b e t w e e n  

t h e  a d j a c e n t  c o l u m n  v a l u e s .

•  C a l c u l a t e  t h e  s c a l e  v a l u e s .  T h e  a v e r a g e  c o l u m n  d i f f e r e n c e s  a r e  c o n v e r t e d  i n t o  a  l i n e a r  s c a l e  b y  

s e t t i n g  t h e  m o s t  p r e f e r r e d  t a s k  t o  z e r o .  •

•  E s t i m a t e  t h e  c a l i b r a t i o n  p o i n t s .  I d e a l l y  e r r o r  p r o b a b i l i t i e s  f o r  t h e  c a l i b r a t i o n  o f  t a s k s  s h o u l d  

b e  e s t i m a t e d  f o r m  t h e  f r e q u e n c i e s  o b t a i n e d  v i a  a c t u a l  o b s e r v a t i o n s ,  o t h e r w i s e  t h e  A P J  c a n  b e  

a d o p t e d .
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•  T r a n s f o r m  t h e  s c a l e  v a l u e s  i n t o  p r o b a b i l i t i e s .  T h e  s c a l e  v a l u e s  a r e  t r a n s f o r m e d  i n t o  h u m a n  

e r r o r  p r o b a b i l i t i e s  ( H E P s )  v i a  a  m e t h o d  o f  s i m u l t a n e o u s  e q u a t i o n s  a n d  u s i n g  t h e  l o g a r i t h m i c  

r e l a t i o n s h i p :

H E P  =  a x  +  b .

•  D e t e r m i n e  t h e  w i t h i n - j u d g e  l e v e l  o f  c o n s i s t e n c y  -  E x p e r t s  c a n  e x h i b i t  i n t e r n a l  c o n s i s t e n c i e s  t h a t  

n e e d  t o  b e  a c c o u n t e d  f o r .

•  D e t e r m i n e  t h e  i n t e r - j u d g e  l e v e l  o f  c o n s i s t e n c y .  A s  w i t h  A P J ,  t o  d e t e r m i n e  t h e  l e v e l  o f  c o n s i s ­

t e n c y  b e t w e e n  s u b j e c t  m a t t e r  e x p e r t s  a n  a n a l y s i s  o f  v a r i a n c e  c o u l d  b e  p e r f o r m e d .

•  E s t i m a t e  t h e  u n c e r t a i n t y  b o u n d s .

7 . 2 . 1 6 . 3  A d v a n t a g e s  a n d  D i s a d v a n t a g e s

A d v a n t a g e s  o / P C

•  T h e  t e c h n i q u e  m a k e s  i t  p o s s i b l e  t o  d e t e r m i n e  w h e t h e r  o r  n o t  i n d i v i d u a l  j u d g e s  a r e  q u a l i f i e d  t o  

m a k e  j u d g e m e n t s  a b o u t  a  p a r t i c u l a r  d a t u m  o r  d a t a  s e t .

•  E v e n  w i t h o u t  c a l i b r a t i o n ,  t h e  t o o l  p r o v i d e s  a  u s e f u l  m e a n s  o f  d e r i v i n g  a  m e a s u r e  o f  t h e  r e l a t i v e  

i m p o r t a n c e  o f  d i f f e r e n t  h u m a n  e r r o r s  o r  h u m a n  e v e n t s .

•  W i t h  a  s m a l l  n u m b e r  o f  t a s k s  a n d  a  s e t  o f  r a p i d l y  a v a i l a b l e  e x p e r t s ,  t h e  t e c h n i q u e  c a n  b e  a p p l i e d  

f a i r l y  q u i c k l y ,  w h e n  c a r r i e d  o u t  o n  a  c o m p u t e r .  •

•  S u b j e c t i v e  k n o w l e d g e  c a n  b e  p r o f i t a b l y  e x t r a c t e d  f r o m  c o m p a r a t i v e  j u d g e m e n t s ,  p r o v i d e d  t h a t  

t h e  a s s u m p t i o n s  o f  t h e  m e t h o d s  a r e  u p h e l d  a n d  t h e  v a l u e  o f  t h e  h u m a n  j u d g e m e n t  p r o v e s  g r e a t e r  

t h a n  t h e  v a l u e  o f  a n y  c o n f u s i o n  a r r i v e d  a t  v i a  d i r e c t  n u m e r i c a l  a s s e s s m e n t s .

D i s a d v a n t a g e s  o / P C

•  T h e  t a s k s  b e i n g  c o n s i d e r e d  m a y  b e  t o o  c o m p l e x  t o  a l l o w  a n  e a s y  c o m p a r i s o n .

•  T h e  c o m p a r i s o n s  m a d e  m a y  n o t  b e  i n d e p e n d e n t  o f  e a c h  o t h e r .

•  T h e  t a s k s  m a y  n o t  b e  h o m o g e n e o u s .

•  I f  t h e  n u m b e r  o f  c o m p a r i s o n s  i s  l a r g e ,  t h e  j u d g e s  m a y  b e c o m e  t i r e d  a n d  t h e r e f o r e ,  c a r r y  o u t  l a t e r  

c o m p a r i s o n s  d i f f e r e n t l y  f r o m  e a r l i e r  o n e s .
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7.2.17 Success Likelihood Index Method (SLIM)

7 . 2 . 1 7 . 1  B a c k g r o u n d

S L I M  w a s  f i r s t  d e v e l o p e d  b y  E m b r e y  &  K i r w a n  ( 1 9 8 3 )  f o r  u s e  i n  t h e  U S  N u c l e a r  R e g u l a t o r y  C o m ­

m i s s i o n .  I t  i s  a  d e c i s i o n - a n a l y t i c  a p p r o a c h  t o  H R A  w h i c h  u s e s  e x p e r t  j u d g e m e n t  t o  q u a n t i f y  P S F s .  

S u c h  f a c t o r s  a r e  u s e d  t o  d e r i v e  a  S u c c e s s  L i k e l i h o o d  I n d e x  ( S L I ) ,  a  f o r m  o f  p r e f e r e n c e  i n d e x ,  w h i c h  i s  

c a l i b r a t e d  a g a i n s t  e x i s t i n g  d a t a  t o  d e r i v e  a  f i n a l  H E P .  S i g n i f i c a n t  P S F s  f o r  t h e  c o n t e x t  u n d e r  s t u d y  a r e  

a r e  s e l e c t e d  e x p e r t s .  I n  t h i s  m e t h o d ,  r e l a t i v e  s u c c e s s  l i k e l i h o o d s  a r e  e s t a b l i s h e d  f o r  a  r a n g e  o f  t a s k s ,  

a n d  t h e n  c a l i b r a t e d  u s i n g  a  l o g a r i t h m i c  t r a n s f o r m a t i o n .

T h e  t e c h n i q u e  c o n s i s t s  o f  t w o  m o d u l e s :

•  M u l t i - A t t r i b u t e  U t i l i t y  D e c o m p o s i t i o n  ( M A U D )  i s  a  c o m p u t e r  b a s e d  p r o c e d u r e  w h i c h  s c a l e s  t h e  

r e l a t i v e  s u c c e s s  l i k e l i h o o d  i n  p e r f o r m i n g  a  r a n g e  o f  t a s k s ;

•  S y s t e m a t i c  A p p r o a c h  t o  t h e  R e l i a b i l i t y  A s s e s s m e n t  o f  H u m a n s  ( S A R A H )  w h i c h  c a l i b r a t e s  t h e s e  

s u c c e s s  s c o r e s  w i t h  t a s k s  w i t h  k n o w n  H E P  v a l u e s  t o  p r o v i d e  a n  o v e r a l l  f i g u r e .

S L I M  h a s  b e e n  u s e d  i n  t h e  n u c l e a r  a n d  c h e m i c a l  i n d u s t r i e s .

7 . 2 . 1 7 . 2  D e s c r i p t i o n  o f  t h e  t e c h n i q u e

•  T h e  b a s i c  r a t i o n a l e  u n d e r l y i n g  S L I M  i s  t h a t  t h e  l i k e l i h o o d  o f  a n  e r r o r  o c c u r r i n g  i n  a  p a r t i c u l a r  

s i t u a t i o n  d e p e n d s  o n  t h e  c o m b i n e d  e f f e c t s  o f  a  r e l a t i v e l y  s m a l l  s e t  o f  P S F s .

•  I t  i s  a s s u m e d  t h a t  a n  e x p e r t  j u d g e  ( o r  j u d g e s )  i s  a b l e  t o  a s s e s s  t h e  r e l a t i v e  i m p o r t a n c e  ( o r  w e i g h t )  

o f  e a c h  P S F  w i t h  r e g a r d  t o  i t s  e f f e c t  o n  r e l i a b i l i t y  i n  t h e  t a s k  b e i n g  e v a l u a t e d .

•  I t  i s  a l s o  a s s u m e d  t h a t ,  i n d e p e n d e n t  o f  t h e  a s s e s s m e n t  o f  r e l a t i v e  i m p o r t a n c e ,  t h e  j u d g e ( s )  c a n  

m a k e  a  n u m e r i c a l  r a t i n g  o f  h o w  g o o d  o r  h o w  b a d  t h e  P S F s  a r e  i n  t h e  t a s k  u n d e r  c o n s i d e r a t i o n ,  

w h e r e  ’ g o o d ’ o r  ’ b a d ’ m e a n  t h a t  t h e  P S F  w i l l  e i t h e r  e n h a n c e  o r  d e g r a d e  r e l i a b i l i t y .

•  T h e  r e l a t i v e  i m p o r t a n c e  o f  w e i g h t s  a r e  t h e n  m u l t i p l i e d  t o g e t h e r  f o r  e a c h  P S F  a n d  t h e  r e s u l t i n g  

p r o d u c t s  a r e  t h e n  s u m m e d  t o  g i v e  t h e  S L I .  T h e  S L I  i s  a  q u a n t i t y ,  w h i c h  r e p r e s e n t s  t h e  o v e r a l l  

b e l i e f  o f  t h e  j u d g e ( s ) ,  r e g a r d i n g  t h e  p o s i t i v e  o r  n e g a t i v e  e f f e c t s  o f  t h e  P S F s  o n  t h e  l i k e l i h o o d  o f  

s u c c e s s  f o r  t h e  t a s k  u n d e r  c o n s i d e r a t i o n .

•  T h e  S L I  f o r  e a c h  t a s k  i s  c a l c u l a t e d  u s i n g  t h e  f o l l o w i n g  f o r m u l a :

S ' L / j  =  f  j

i = 1

w h e r e  S L I j  i s  t h e  S L I  f o r  t a s k  j  ; W i  i s  t h e  i m p o r t a n c e  w e i g h t  f o r  t h e  i t h  P S F ;  R j  i s  t h e  s c a l e d  

r a t i n g  o f  t a s k  j  o n  t h e  i t h  P S F ;  a n d  x  r e p r e s e n t s  t h e  n u m b e r  o f  P S S F s  c o n s i d e r e d .
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•  T h e  S L I s  p r e v i o u s l y  c a l c u l a t e d  n e e d  t o  b e  t r a n s f o r m e d  t o  H E P s  a s  t h e y  a r e  o n l y  r e l a t i v e  m e a ­

s u r e s  o f  t h e  l i k e l i h o o d  o f  s u c c e s s  o f  e a c h  o f  t h e  o r d e r e d  t a s k s .  T h e  r e l a t i o n s h i p  s u g g e s t e d  i s  a  

l o g a r i t h m i c  r e l a t i o n s h i p  o f  t h e  f o r m ,

L o g (P )  =  a S L I  +  b

w h e r e  P  i s  t h e  p r o b a b i l i t y  o f  s u c c e s s  a n d  a  a n d  b  a r e  e m p i r i c a l l y  d e r i v e d  c o n s t a n t s .

•  U n c e r t a i n t y  b o u n d s  c a n  b e  e s t i m a t e d  u s i n g  e x p e r t  j u d g e m e n t  m e t h o d s  s u c h  a s  A P J .

•  B y  c o n s i d e r i n g  t h e  P S F s  w h i c h  m a y  b e  a l t e r e d ,  t h e  d e g r e e  t o  w h i c h  t h e y  c a n  b e  c h a n g e d  a n d  

t h e  i m p o r t a n c e  o f  t h e  P S F s ,  i t  i s  p o s s i b l e  t o  c o n d u c t  a  c o s t - b e n e f i t  a n a l y s i s  t o  d e t e r m i n e  h o w  

w o r t h w h i l e  s u g g e s t e d  i m p r o v e m e n t s  m a y  b e ,  i . e .  w h a t - i f  a n a l y s i s ,  t h e  o p t i m a l  m e a n s  b y  w h i c h  

t h e  c a l c u l a t e d  H E P s  c a n  b e  r e d u c e d .

7 . 2 . 1 7 . 3  A d v a n t a g e s  a n d  D i s a d v a n t a g e s

A d v a n ta g e s  o f  S L IM

•  T h e  t e c h n i q u e  i s  h i g h l y  v i s i b l e  a n d  a u d i t - a b l e  a n d  i s  a l s o  s o p h i s t i c a t e d  a n d  w e l l  d e v e l o p e d

•  I t  a l l o w s  g r o s s  c o s t - b e n e f i t  e v a l u a t i o n s  t o  t a k e  p l a c e .

•  T h e  m e t h o d  h a s  a  s o u n d  b a s i s  i n  d e c i s i o n  t h e o r y  a n d  a  r e a s o n a b l y  h i g h  l e v e l  o f  t h e o r e t i c a l  

v a l i d i t y .

•  S e n s i t i v i t y  a n a l y s i s  i s  r e l a t i v e l y  s t r a i g h t f o r w a r d  t o  e x e c u t e .

•  I t  c a n  b e  u s e d  t o  e v a l u a t e  H E P s  f o r  d i s c r e t e  t a s k s  a s  w e l l  a s  a t  a  h i g h e r ,  m o r e  h o l i s t i c  l e v e l .

D is a d v a n ta g e s  o f  S L IM

•  E x t e n s i v e  u s e  o f  e x p e r t  j u d g e m e n t  i s  r e q u i r e d .

•  I t  i s  p r o n e  t o  b i a s e s ,  w h i c h  c a n  s i g n i f i c a n t l y  u n d e r m i n e  t h e  v a l i d i t y  o f  t h e  t e c h n i q u e .

•  T h e  m e t h o d  b y  w h i c h  P S F s  a r e  s e l e c t e d  i s  s o m e w h a t  a r b i t r a r y .

•  T h e  v a l i d i t y  o f  t h e  l o g a r i t h m i c  t r a n s f o r m a t i o n  h a s  n o t  b e e n  e s t a b l i s h e d  i . e  i t  r e q u i r e s  s o m e  e m ­

p i r i c a l  a n d  e x p e r i m e n t a l  j u s t i f i c a t i o n .

•  S L I M  i s  r e l a t i v e l y  r e s o u r c e - i n t e n s i v e  t o  c a r r y  o u t  c o m p a r e d  t o  o t h e r  H R A  m e t h o d s .

•  T h e  a b s o l u t e  H E P s  d e p e n d  o n  t h e  t w o  c a l i b r a t i o n  e v e n t s  u s e d  t o  e s t a b l i s h  t h e  l i n e a r  s c a l i n g  

p a r a m e t e r s .  H e n c e  e r r o r s  i n  t h e s e  t w o  H E P s  w i l l  i n d u c e  e r r o r s  i n  t h e  o t h e r  c a l c u l a t e d  H E P s .
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7.2.18 Simplified Plant Analysis Risk Human Reliability Assessment (SPAR-H)

7 . 2 . 1 8 . 1  B a c k g r o u n d

S P A R - H  w a s  d e v e l o p e d  f o r  t h e  U S  N u c l e a r  R e s e a r c h  C o m m i s s i o n ,  O f f i c e  o f  R e g u l a t o r y  R e s e a r c h  

i n  1 9 9 9 .  S A P R - H  i s  a  r e v i s i o n  o f  t h e  A c c i d e n t  S e q u e n c e  P r e c u r s o r  ( A S P )  H R A  s c r e e n i n g  m e t h o d ;  

i t  c a n  b e  u s e d  a s  b o t h  a  s c r e e n i n g  m e t h o d  a n d  a  d e t a i l e d  a n a l y s i s  m e t h o d .  T h e  t e c h n i q u e  w o r k s  b y  

t e l l i n g  t h e  a n a l y s t  t o  d e c o m p o s e  e a c h  t a s k  i n t o  e i t h e r  a  d i a g n o s i s  o r  a n  a c t i o n  s u b t a s k .  A c t i o n  t a s k s  -  

c a r r y i n g  o u t  o n e  o r  m o r e  a c t i v i t i e s  i n d i c a t e d  b y  d i a g n o s i s ,  o p e r a t i n g  r u l e s  o r  w r i t t e n  p r o c e d u r e s .  f o r  

e x a m p l e ,  o p e r a t i n g  e q u i p m e n t ,  p e r f o r m i n g  l i n e - u p s  s t a r t i n g  p u m p s  e t c .  D i a g n o s i s  t a s k s  -  r e l i a n c e  o n  

k n o w l e d g e  a n d  e x p e r i e n c e  t o  u n d e r s t a n d  e x i s t i n g  c o n d i t i o n s ,  p l a n n i n g  a n d  p r i o t i s i n g  a c t i v i t i e s ,  a n d  

d e t e r m i n i n g  a p p r o p r i a t e  c o u r s e s  o f  a c t i o n .  I t  i n c l u d e s  w o r k s h e e t s  t h a t  a l l o w  t h e  a n a l y s t  t o  p r o v i d e  

c o m p l e t e  d e s c r i p t i o n s  o f  t h e  t a s k s  a n d  c a p t u r e  t a s k  d a t a  i n  a  s t a n d a r d  f o r m a t .  T h i s  t o o l  r e q u i r e s  t h e  

a n a l y s t  t o  d e t e r m i n e  t h e  s y s t e m  a c t i v i t y  t y p e  a n d  t h e n  p r o v i d e s  H E P s  f o r  t h e  f o u r  c o m b i n a t i o n s  o f  

t h e  e r r o r  t y p e  a n d  s y s t e m  a c t i v i t y  t y p e .  I t  h a s  b e e n  s u c c e s s f u l l y  a p p l i e d  t o  r i s k  i n f o r m e d  r e g u l a t o r y  

s e c t o r s ,  a n d  n o  e v i d e n c e  w a s  f o u n d  o f  t h e  m e t h o d  b e i n g  u s e d  i n  o t h e r  s e c t o r s .

7 . 2 . 1 8 . 2  D e s c r i p t i o n  o f  t h e  t e c h n i q u e

S P A R - H  h a s  b e e n  r e p o r t e d  t o  d o  t h e  f o l l o w i n g :

•  D e c o m p o s e  p r o b a b i l i t y  i n t o  c o n t r i b u t i o n s  f r o m  d i a g n o s i s  f a i l u r e s  a n d  a c t i o n  f a i l u r e s . ;

•  A c c o u n t s  f o r  t h e  c o n t e x t  a s s o c i a t e d  w i t h  h u m a n  f a i l u r e  e v e n t s  ( H F E s )  b y  u s i n g  P S F s ,  a n d  d e ­

p e n d e n c y  a s s i g n m e n t  t o  a d j u s t  a  b a s e - c e a s e  H E P ;

•  U s e s  p r e - d e f i n e d  b a s e - c a s e  H E P s  a n d  P S F s ,  t o g e t h e r  w i t h  g u i d a n c e  o n  h o w  t o  a s s i g n  t h e  a p p r o ­

p r i a t e  v a l u e  o f  t h e  P S F ;  •

•  E m p l o y s  a  b e t a  d i s t r i b u t i o n  f o r  u n c e r t a i n t y  a n a l y s i s ,  w h i c h  c a n  m i m c  n o r m a l  a n d  l o g  n o r m a l  

d i s t r i b u t i o n s ,  b u t  i t  h a s  t h e  a d v a n t a g e  t h a t  p r o b a b i l i t i e s  c a l c u l a t e d  w i t h  t h i s  a p p r o a c h  r a n g e  f r o m  

0  t o  1 a n d ;

•  U s e s  d e s i g n a t e d  w o r k s h e e t s  t o  e n s u r e  a n a l y s t  c o n s i s t e n c y .

E i g h t  P S F s  w e r e  i d e n t i f i e d  a s  b e i n g  c a p a b l e  o f  i n f l u e n c i n g  h u m a n  p e r f o r m a n c e  a n d  a r e  a c c o u n t e d  f o r  

i n  t h e  S P A R - H  q u a n t i f i c a t i o n  p r o c e s s .  T h e y  a r e :  A v a i l a b l e  t i m e ;  S t r e s s  a n d  S t r e s s o r s ;  E x p e r i e n c e  

a n d  t r a i n i n g ;  c o m p l e x i t y ;  E r g o n o m i c s  ( a n d  H u m a n  i n t e r f a c e ) ;  P r o c e d u r e s ;  F i t n e s s  f o r  d u t y ;  W o r k  

p r o c e s s e s .
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7 . 2 . 1 8 . 3  A d v a n t a g e  a n d  D i s a d v a n t a g e s

A d v a n ta g e s  o f  S P A R -H

•  A  s i m p l e  u n d e r l y i n g  m o d e l  m a k e s  S P A R - H  r e l a t i v e l y  e a s y  t o  u s e  a n d  r e s u l t s  a r e  t r a c e a b l e .

•  T h e  T H E R P - l i k e  d e p e n d e n c e  m o d e l  c a n  b e  u s e d  t o  a d d r e s s  b o t h  s u b t a s k  a n d  e v e n t  s e q u e n c e  

d e p e n d e n c e .

•  T h e  e i g h t  P S F s  i n c l u d e d  c o v e r  m a n y  s i t u a t i o n s  w h e r e  m o r e  d e t a i l e d  a n a l y s i s  i s  n o t  r e q u i r e d .  

D is a d v a n ta g e s  o f  S P A R -H

•  T h i s  t o o l  d o e s  n o t  p r o v i d e  g u i d e l i n e s  f o r  t a s k  d e c o m p o s i t i o n ,  t h e  a n a l y s t  h a s  t h e  r e s p o n s i b i l i t y  

t o  i d e n t i f y  h o w  m a n y  d i a g n o s i s  a n d /  o r  a c t i o n  a c t i v i t i e s  s h o u l d  b e  c o n s i d e r e d  f o r  a  g i v e n  t a s k .  

T h i s  a f f e c t s  t h e  H E P  o f  t h e  t a s k .

•  T h e  d e g r e e  o f  s o l u t i o n  o f  t h e  P S F s  m a y  b e  i n a d e q u a t e  f o r  d e t a i l e d  a n a l y s i s .

•  T h e  m e t h o d  m a y  n o t  b e  m o r e  a p p r o p r i a t e  w h e r e  m o r e  r e a l i s t i c ,  d e t a i l e d  a n a l y s i s  o f  d i a g n o s i s  

e r r o r s  i s  n e e d e d .

7.2.19 Technica Empirica Stima Errori Operatori (TESEO)

7 . 2 . 1 9 . 1  B a c k g r o u n d

T E S E O  w a s  d e v e l o p e d  b y  B e l l o  &  C o l u m b a r i  ( 1 9 8 0 )  w i t h  t h e  i n t e n t i o n  o f  u s i n g  i t  f o r  t h e  p u r p o s e  o f  

c o n d u c t i n g  H R A  o f  p r o c e s s  i n d u s t r i e s .  T h e  m e t h o d o l o g y  i s  r e l a t i v e l y  s t r a i g h t f o r w a r d  a n d  i s  e a s y  t o  

u s e  b u t  i s  a l s o  l i m i t e d ;  I t  i s  u s e f u l  q u i c k  o v e r v i e w  H R A  a s s e s s m e n t s  a s  o p p o s e d  t o  t h o s e  w h i c h  a r e  

h i g h l y  d e t a i l e d  a n d  i n - d e p t h .  A u t h o r s  o f  r e v i e w  p a p e r s  q u e s t i o n  t h e  t h e o r e t i c a l  b a c k g r o u n d  o f  t h i s  

m e t h o d ,  a n d  i t  i s  n o t  c o n s i d e r e d  t o  b e  a c c u r a t e .

7 . 2 . 1 9 . 2  D e s c r i p t i o n  o f  t h e  t e c h n i q u e

T h i s  i s  a  t i m e  b a s e d  m o d e l  w h i c h  d e s c r i b e s  t h e  p r o b a b i l i t y  o f  a  s y s t e m  o p e r a t o r ’ s  f a i l u r e  a s  a  m u l t i p l i ­

c a t i v e  f u n c t i o n  o f  f i v e  m a i n  f a c t o r s .  T h e s e  f a c t o r  a r e  a s  f o l l o w s :

1 .  K 1 : T h e  t y p e  o f  t a s k  t o  b e  e x e c u t e d

2 .  K 2  : T h e  t i m e  a v a i l a b l e  t o  t h e  o p e r a t o r  t o  c o m p l e t e  t h e  t a s k

3 .  K 3 : T h e  o p e r a t o r ’ s  l e v e l  o f  e x p e r i e n c e / c h a r a c t e r i s t i c s

4 .  K 4 : T h e  o p e r a t o r ’ s  s t a t e  o f  m i n d



CHAPTER 7. REVIEW OF HRA METHODS 128

5 .  K 5 : T h e  e n v i r o n m e n t a l  a n d  e r g o n o m i c  c o n d i t i o n s  p r e v a l e n t

T h r o u g h  t h e  u s e  o f  t h e s e  f i g u r e s ,  a n  o v e r a l l  H E P  c a n  b e  c a l c u l a t e d  w i t h  t h e  f o r m u l a t i o n  p r o v i d e d  

b e l o w :

K 1 x  K 2 x  K 3 x  K 4 x  K 5 .

W h e n  p u t t i n g  t h i s  t e c h n i q u e  i n t o  p r a c t i c e ,  i t  i s  n e c e s s a r y  f o r  t h e  d e s i g n a t e d  H R A  a s s e s s o r  t o  t h o ­

r o u g h l y  c o n s i d e r  t h e  t a s k  r e q u i r i n g  a s s e s s m e n t  a n d  t h e r e f o r e  a l s o  c o n s i d e r  t h e  v a l u e  f o r  K n t h a t  a p p l i e s  

i n  t h e  c o n t e x t .  O n c e  t h i s  v a l u e  h a s  b e e n  d e c i d e d  u p o n ,  t h e  s t a n d a r d  t a b l e s  t h a t  t a k e  a c c o u n t  o f  t h e  m e t ­

h o d  i n  w h i c h  t h e  H E P  i s  d e r i v e d ,  a r e  t h e n  c o n s u l t e d  f r o m  c h  a  r e l a t e d  v a l u e  f o r  e a c h  o f  t h e  i d e n t i f i e d  

f a c t o r s  i s  f o u n d  i n  o r d e r  t o  a l l o w  t h e  H E P  t o  b e  c a l c u l a t e d  F r e n c h  e t  a l .  ( 2 0 0 9 ) .

7 . 2 . 1 9 . 3  A d v a n t a g e s  a n d  D i s a d v a n t a g e s

A d v a n ta g e s  o f  T E S E O

•  T E S E O  i s  t y p i c a l l y  q u i c k  a n d  s t r a i g h t f o r w a r d  i n  c o m p a r i s o n  t o  o t h e r  H R A  t o o l s ,  n o t  o n l y  i n  

p r o d u c i n g  a  f i n a l  r e s u l t ,  b u t  a l s o  i n  s e n s i t i v i t y  a n a l y s i s .

•  I t  i s  w i d e l y  a p p l i c a b l e  t o  v a r i o u s  c o n t r o l  r o o m  d e s i g n s  o r  w i t h  p r o c e d u r e s  w i t h  v a r y i n g  c h a r a c ­

t e r i s t i c s .

D is a d v a n ta g e s  o f  T E S E O

•  T h e r e  i s  l i m i t e d  w o r k  p u b l i s h e d  w i t h  r e g a r d s  t o  t h e  t h e o r e t i c a l  f o u n d a t i o n s  o f  t h i s  t e c h n i q u e ,  i n  

p a r t i c u l a r  r e l a t i n g  t o  t h e  j u s t i f i c a t i o n  o f  t h e  f i v e  f a c t o r  m e t h o d o l o g y .  I t  u s e s  o n l y  f i v e  f a c t o r s  t o  

d e s c r i b e  t h e  f u l l  r a n g e  o f  e r r o r  p r o d u c i n g  c o n d i t i o n s ,  w h i c h  f a i l s  t o  b e  h i g h l y  r e a l i s t i c .

•  T h e  v a l u e s  o f  t h e  f i v e s  f a c t o r s  a r e  u n s u b s t a n t i a t e d  a n d  t h e  s u g g e s t e d  m u l t i p l i c a t i v e  r e l a t i o n s h i p  

h a s  n o  s u f f i c i e n t  t h e o r e t i c a l  o r  e m p i r i c a l  e v i d e n c e  f o r  j u s t i f i c a t i o n  p u r p o s e s .

7.2.20 Technique for Human Error Rate Prediction (THERP)

7 . 2 . 2 0 . 1  B a c k g r o u n d

T H E R P  i s  a  f i r s t  g e n e r a t i o n  m e t h o d o l o g y  w h i c h  w a s  d e v e l o p e d  b y  S w a i n  o v e r  a  l e n g t h y  p e r i o d  o f  

t i m e .  S w a i n  &  G u t t m a n n  ( 1 9 8 3 )  t h e n  p r e p a r e d  t h e  T H E R P  h a n d b o o k  f o r  U S  N u c l e a r  R e g u l a t o r y  

C o m m i s s i o n .  E s s e n t i a l l y ,  t h e  T H E R P  h a n d b o o k  p r e s e n t s  t a b l e d  e n t r i e s  o f  H E P s  t h a t  c a n  b e  m o d i f i e d  

b y  t h e  e f f e c t s  o f  p l a n t  s p e c i f i c  P S F s ,  u s i n g  o t h e r  t a b l e s .  I t  w a s  d e v e l o p e d  i n  t h e  S a n d i a  L a b o r a t o r i e s  

f o r  t h e  U S  N u c l e a r  R e g u l a t o r y  C o m m i s s i o n .  T H E R P  m e t h o d o l o g y  r e l i e s  o n  a  l a r g e  h u m a n  r e l i a b i l i t y  

d a t a b a s e  c o n t a i n i n g  H E P s  w h i c h  i s  b a s e d  u p o n  b o t h  p l a n t  d a t a  a n d  e x p e r t  j u d g e m e n t s .  I t  i s  r e f e r r e d  

t o  a s  a  ’d e c o m p o s i t i o n ’ a p p r o a c h  i n  t h a t  i t s  d e s c r i p t i o n s  o f  t a s k ,  h a v e  a  h i g h e r  d e g r e e  o f  r e s o l u t i o n



CHAPTER 7. REVIEW OF HRA METHODS 129

t h a n  m a n y  o t h e r  t e c h n i q u e s .  I t  i s  a l s o  a  l o g i c a l  a p p r o a c h  a n d  o n e  t h a t  p u t s  a  l a r g e r  d e g r e e  o f  e m p h a s i s  

o n  e r r o r  r e c o v e r y  t h a n  m o s t  o t h e r  t e c h n i q u e s .  I t  w a s  d e v e l o p e d  f o r  p r o b a b i l i s t i c  r i s k  a s s e s s m e n t s  o f  

n u c l e a r  p o w e r  p l a n t s  b u t  h a s  b e e n  a p p l i e d  t o  o t h e r  s e c t o r s  s u c h  a s  o f f s h o r e  a n d  m e d i c a l .

7 . 2 . 2 0 . 2  D e s c r i p t i o n  o f  t h e  t e c h n i q u e

T h e  m e t h o d o l o g y  f o r  t h e  T H E R P  t e c h n i q u e  i s  b r o k e n  d o w n  i n t o  f i v e  m a i n  s t a g e s :

•  D e f i n e  t h e  s y s t e m  f a i l u r e s  o f  i n t e r e s t  w h i c h  i n c l u d e  f u n c t i o n s  o f  t h e  s y s t e m  i n  w h i c h  h u m a n  

e r r o r  h a s  a  g r e a t e r  l i k e l i h o o d  o f  i n f l u e n c i n g  t h e  p r o b a b i l i t y  o f  a  f a u l t ,  a n d  t h o s e  w h i c h  a r e  o f  

i n t e r e s t  t o  t h e  r i s k  a s s e s s o r .

•  L i s t  a n d  a n a l y s e  t h e  r e l a t e d  h u m a n  o p e r a t i o n s ,  a n d  i d e n t i f y  h u m a n  e r r o r s  t h a t  c a n  o c c u r  a n d  

r e l e v a n t  h u m a n  e r r o r  r e c o v e r y  m o d e s .  T h i s  s t a g e  m u s t  i n v o l v e  a  t a s k  a n d  h u m a n  e r r o r  a n a l y s i s .

•  A s s e s s  t h e  r e l e v a n t  e r r o r  p r o b a b i l i t i e s ,  w h i c h  i n c l u d e s  e n t e r i n g  H E P s  f o r  e a c h  s u b - t a s k  i n t o  t h e  

t r e e  a n d  m a k i n g  s u r e  t h a t  a l l  f a i l u r e  b r a n c h e s  h a v e  p r o b a b i l i t i e s .  H u m a n  R e l i a b i l i t y  A n a l y s i s  

E v e n t  T r e e s  ( H R A E T s )  p r o v i d e  t h e  f u n c t i o n  o f  b r e a k i n g  d o w n  t h e  p r i m a r y  o p e r a t o r  t a s k s  i n t o  

f i n e r  s t e p s  w h i c h  a r e  r e p r e s e n t e d  i n  t h e  f o r m  o f  s u c c e s s  a n d  f a i l u r e s .

•  E s t i m a t e  t h e  e f f e c t s  o f  h u m a n  e r r o r  o n  t h e  s y s t e m  f a i l u r e  e v e n t s  b y  i n s e r t i n g  t h e  H E P s  i n t o  t h e  

f u l l  s y s t e m ’s  f a u l t  e v e n t  t r e e  w h i c h  a l l o w s  h u m a n  f a c t o r s  t o  b e  c o n s i d e r e d  w i t h i n  t h e  c o n t e x t  o f  

t h e  f u l l  s y s t e m .

•  R e c o m m e n d  c h a n g e s  t o  t h e  s y s t e m  a n d  r e c a l c u l a t e  t h e  s y s t e m  f a i l u r e  p r o b a b i l i t i e s  b y  i n c o r p o ­

r a t i n g  e r r o r  r e c o v e r y  p a t h s  i n t o  t h e  e v e n t  t r e e .  T h i s  w i l l  h e l p  t h e  a s s e s s o r  t o  i d e n t i f y  e r r o r s  t h a t  

c a n  b e  r e d u c e d .

W h e n  a l l  t h e  H E P s  a r e  0 . 0 1  o r  s m a l l e r ,  t h e  e x a c t  f a i l u r e  e q u a t i o n  c a n  b e  a p p r o x i m a t e d  b y  s u m m i n g  

o n l y  t h e  p r i m a r y  f a i l u r e  p a t h s ,  i g n o r i n g  a l l  t h e  s u c c e s s  l i m b s ,  B e l l  &  H o l r o y d  ( 2 0 0 9 ) .

7 . 2 . 2 0 . 3  A d v a n t a g e s  a n d  D i s a d v a n t a g e s

A d v a n ta g e s  o f  T H E R P

•  I t  h a s  a  p o w e r f u l  m e t h o d o l o g y  t h a t  c a n  b e  a u d i t e d ,  i . e  i t  c a n  b e  t a i l o r e d  t o  t h e  r e q u i r e m e n t s  o f  a  

p a r t i c u l a r  a s s e s s m e n t .

•  I t  i s  c o m p a t i b l e  w i t h  P R A ;  t h e  m e t h o d o l o g y  o f  t h e  t e c h n i q u e  m e a n s  t h a t  i t  c a n  b e  r e a d i l y  i n t e ­

g r a t e d  w i t h  f a u l t  t r e e  r e l i a b i l i t y  m e t h o d o l o g i e s .

I t  i s  t r a n s p a r e n t ,  s t r u c t u r e d  a n d  p r o v i d e s  a  l o g i c a l  r e v i e w  o f  t h e  h u m a n  f a c t o r s  c o n s i d e r e d  i n  a  

r i s k  a s s e s s m e n t
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•  I t  i s  f o u n d e d  o n  a  d a t a b a s e  o f  i n f o r m a t i o n  t h a t  i s  i n c l u d e d  i n  t h e  T H E R P  h a n d b o o k .

•  T H E R P  i s  a  u n i q u e  m e t h o d o l o g y  i n  t h e  w a y  t h a t  i t  h i g h l i g h t s  e r r o r  r e c o v e r y  a n d  i t  a l s o  q u a n t i ­

t a t i v e l y  m o d e l s  a  d e p e n d e n c y  r e l a t i o n  b e t w e e n  t h e  v a r i o u s  a c t i o n s  o r  e r r o r s .

•  I t  i s  u s a b l e  w i t h i n  a  w i d e  r a n g e  o f  h u m a n  r e l i a b i l i t y  d o m a i n s  a n d  h a s  a  d e g r e e  o f  f a c e  v a l i d i t y .  

D is a d v a n ta g e s  o f  T H E R P

•  T H E R P  i s  v e r y  r e s o u r c e  i n t e n s i v e  a n d  t i m e  c o n s u m i n g .

•  I t  d o e s  n o t  o f f e r  e n o u g h  g u i d a n c e  o n  m o d e l l i n g  s c e n a r i o s  a n d  t h e  i m p a c t  o f  P S F s  o n  p e r f o r ­

m a n c e .

•  A s a  f i r s t  g e n e r a t i o n  H R A  t o o l ,  i t  d o e s  n o t  t a k e  a c c o u n t  o f  c o n t e x t .

•  L a r g e  d i s c r e p a n c i e s  h a v e  b e e n  f o u n d  i n  p r a c t i c e  w i t h  r e g a r d s  t o  d i f f e r e n t  a n a l y s t s  a s s e s s m e n t  o f  

t h e  r i s k  a s s o c i a t e d  w i t h  t h e  s a m e  t a s k .

•  T h e  T H E R P  H R A E T s  i m p l i c i t l y  a s s u m e  t h a t  e a c h  s u b - t a s k ’ s  H E P  i s  i n d e p e n d e n t  f r o m  a l l  o t h e r s .

T h e  m a j o r  p r o b l e m  f a c e d  b y  t h e  H R A  c o m m u n i t y  i s  t h a t ,  d e s p i t e  t h e  m a n y  m e t h o d o l o g i e s  t h a t  e x i s t ,  

t h e r e  h a s  n o t  b e e n  a  s i n g l e  m e t h o d  t h a t  c a n  c a n  b e  u s e d  f o r  a n y  c o n t e x t  w i t h i n  P R A .  T h i s  i s  n o t e d  i n  

F o r e s t e r  e t  a l .  ( 2 0 0 4 )  w h e n  t h e y  m e n t i o n  t h a t  t h e  A T H E A N A  m e t h o d o l o g y  p r o v i d e s  a  d e t a i l e d  s e a r c h  

p r o c e s s  f o r  i d e n t i f y i n g  i m p o r t a n t  h u m a n  a c t i o n s  a n d  t h e  c o n t e x t s  t h a t  c a n  l e a d  t o  e i t h e r  t h e i r  s u c c e s s  

o r  f a i l u r e .  H o w e v e r ,  a n  a c c e p t e d  m o d e l  o f  h u m a n  b e h a v i o u r  s u i t a b l e  f o r  f o r m a l l y  s u p p o r t i n g  t h e  

q u a n t i f i c a t i o n  o f  h u m a n  a c t i o n s  d o e s  n o t  e x i s t .  I t  i s  a l s o  a r g u e d  i n  F r e n c h  e t  a l .  ( 2 0 0 9 )  t h a t  t h e  v a r i e t y  o f  

t a s k s  t h a t  H R A  i s  c a l l e d  u p o n  t o  p e r f o r m  a n d  t h e  r a n g e  o f  c o n t e x t s  i n  w h i c h  i t  i s  a p p l i e d  a r e  s o  g r e a t  t h a t  

i t  w o u l d  b e  o p t i m i s t i c  i n  t h e  e x t r e m e  t o  e x p e c t  o n e  m e t h o d  t o  b e  s u f f i c i e n t  t o  m e e t  t h e s e  r e q u i r e m e n t s .  

T h e y  b e l i e v e  t h a t  w h a t  i s  n e e d e d  i s  a  p o r t f o l i o  o f  H R A  m e t h o d s ,  a n d  t h a t  t h e  a p p r o p r i a t e n e s s  o f  a n y  

H R A  m e t h o d  m a y  d e p e n d  o n  t h e  d e c i s i o n  c o n t e x t  t h a t  i s  b e i n g  a s s e s s e d .  T h e r e f o r e ,  t o  a s s e s s  t h e  

a p p r o p r i a t e n e s s  o f  a n y  H R A  m e t h o d  t o  a  d e c i s i o n  c o n t e x t ,  i t  i s  n e c e s s a r y  t o  u n d e r s t a n d  h o w  e a c h  

m o d e l s  s u c h  c o g n i t i v e ,  b e h a v i o u r a l  a n d  o r g a n i z a t i o n a l  e f f e c t s  a n d  t h e i r  s t r e n g t h s  a n d  w e a k n e s s e s  i n  

d o i n g  s o .

V a l i d a t i o n  o f  s o m e  o f  t h e  H R A  t e c h n i q u e s ,  w h i c h  r e f e r s  t o  t h e  d e g r e e  o f  a g r e e m e n t  b e t w e e n  H R A  

t e c h n i q u e  e s t i m a t e s  o f  H E P s ,  a n d  r e a l  k n o w n  v a l u e s  ( u n k n o w n  t o  t h e  a p p l i e r s  o f  t h e  t e c h n i q u e ( s ) ) ,  

h a s  b e e n  d o n e  i n  K i r w a n  ( 1 9 9 7 ) . I n  K i r w a n  ( 1 9 9 7 )  m a j o r  c r i t e r i a  f o r  v a l i d a t i n g  H R A  t e c h n i q u e s  a n d  

c a t e g o r i e s  f o r  c l a s s i f y i n g  v a l i d a t i o n  s t u d i e s  a r e  h i g h l i g h t e d .



Chapter 8

Concluding Remarks

8.1 Conclusion

T h e  J e f f r e y s  a n d  a  g e n e r a l  d i v e r g e n c e  p r i o r s  f o r  t h e  f o l l o w i n g  d i s t r i b u t i o n s  w e r e  d e r i v e d :  e x p o n e n t i a l ,  

R a y l e i g h ,  g a m m a  a n d  W e i b u l l .  T h e  r e s u l t i n g  p o s t e r i o r  d i s t r i b u t i o n s  w e r e  d e r i v e d ,  a n d  i t  w a s  s h o w n  

t h e o r e t i c a l l y  t h a t  t h e s e  p o s t e r i o r s  a r e  p r o p e r .  F o r  t h e  g a m m a  a n d  W e i b u l l  d i s t r i b u t i o n s ,  t h e  m a r g i n a l  

a n d  c o n d i t i o n a l  p o s t e r i o r  d i s t r i b u t i o n s  w e r e  d e r i v e d ,  s i n c e  t h e r e  a r e  t w o  p a r a m e t e r s  i n v o l v e d  i n  t h e s e  

d i s t r i b u t i o n s .  T h i s  t h e s i s  d i s c u s s e d  t h e  r e s u l t s  o b t a i n e d  f r o m  p e r f o r m i n g  s i m u l a t i o n  s t u d i e s .  T h e  

s i m u l a t i o n  s t u d i e s  w e r e  c a r r i e d  o u t  t o  c o m p a r e  t h e  p e r f o r m a n c e  o f  t h e  J e f f r e y s  p r i o r  a n d  t h e  g e n e r a l  

d i v e r g e n c e  p r i o r .  C o v e r a g e  r a t e s  a n d  a v e r a g e  i n t e r v a l  l e n g t h s  f o r  t h e  p r i o r s  w e r e  o b t a i n e d ,  f o r  a l l  

m o d e l s .  B o t h  p r i o r s  w e r e  f o u n d  t o  p r o d u c e  g o o d  c o v e r a g e  r a t e s  f o r  t h e  e x p o n e n t i a l  a n d  t h e  R a y l e i g h  

d i s t r i b u t i o n s .  T h e  t w o  p r i o r s  g a v e  r e l a t i v e  g o o d  c o v e r a g e  f o r  t h e  g a m m a  a n d  W e i b u l l  d i s t r i b u t i o n s .  

T h e  c o v e r a g e  r a t e  p r o d u c e d  b y  t h e  J e f f r e y s  p r i o r  t e n d  t o  b e  c o n s e r v a t i v e .  T h e  i n t e r v a l  l e n g t h s  o b t a i n e d  

f r o m  t h e  p r i o r s  w e r e  s h o w n  t o  i n c r e a s e  a s  v a l u e  o f  t h e  p a r a m e t e r  i n c r e a s e .  B o t h  p r i o r s  p r o d u c e ,  o n  

a v e r a g e ,  t h e  s a m e  a v e r a g e  i n t e r v a l  l e n g t h s .  B a s e d  o n  t h e  s i m u l a t i o n s  s t u d i e s ,  t h e  d i v e r g e n c e  p r i o r  i s  

t h e  p r e f e r r e d  o n e .  A  M e t r o p o l i s - H a s t i n g s  a l g o r i t h m  w a s  i n t r o d u c e d  t o  s i m u l a t e  f r o m  t h e  m a r g i n a l  

p o s t e r i o r  d i s t r i b u t i o n s ,  i n  t h e  c a s e  o f  t h e  g a m m a  a n d  W e i b u l l  d i s t r i b u t i o n s .

A n  a p p l i c a t i o n  o f  t h e  g a m m a  a n d  W e i b u l l  d i s t r i b u t i o n  t o  l i f e t i m e  d a t a  w a s  c o n s i d e r e d .  T h e  a n a l y s i s  

w a s  c a r r i e d  o u t  i n  O p e n B u g s ® .  S t a t i s t i c s  o n  t h e  p o s t e r i o r s  f o r  t h e  p a r a m e t e r s  w e r e  o b t a i n e d .  T h e  

p e r f o r m a n c e  o f  t h e  p r i o r s  w a s  f o u n d  t o  b e  s i m i l a r  i n  e s t i m a t i n g  t h e  p a r a m e t e r s .  B o t h  p r i o r s  p r o d u c e  

k e r n e l  p o s t e r i o r  d e n s i t i e s  t h a t  a r e  s k e w e d  f o r  t h e  g a m m a  a n d  W e i b u l l  d i s t r i b u t i o n .  B o t h  p r i o r s  h a d  

h i s t o r y /  t r a c e  p l o t s  t h a t  s h o w e d  c o n v e r g e n c e  o f  t h e  M C M C .  M o d e l  c o m p a r i s o n  f o r  t h e  g a m m a  a n d  

t h e  W e i b u l l  m o d e l  s h o w e d  t h a t  b o t h  p r i o r  d i s t r i b u t i o n s  p r o d u c e  m o d e l s  t h a t  c a n  b e  u s e d  t o  m a k e  g o o d  

s h o r t - t e r m  p r e d i c t i o n s  f o r  t h e  g a m m a  a n d  t h e  W e i b u l l  d i s t r i b u t i o n .  T h e  m o d e l  r e s u l t i n g  f r o m  t h e  

W e i b u l l  d i s t r i b u t i o n  a n d  t h e  g e n e r a l  d i v e r g e n c e  p r i o r  y i e l d e d  t h e  s m a l l e s t  D I C .  T h e  c a s e  s t u d i e s  o n  

H R A  w e r e  p r e s e n t e d .  T h e y  s h o w e d  t h a t  h u m a n  e r r o r  i s  t h e  m a j o r  c o n t r i b u t o r  t o  f a i l u r e  o f  t h e  s y s t e m .
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8.2 Short Comings

O n l y  t w o  v a g u e  p r i o r s  w e r e  c o n s i d e r e d .  A  m o r e  i n - d e p t h  c o m p a r i s o n  c o u l d  b e  d o n e ,  w h e r e  v a r i o u s  

o t h e r  v a g u e  p r i o r s  a r e  a l s o  c o n s i d e r e d .  T h e  s i m u l a t i o n  s t u d i e s  f o r  t h e  g a m m a  a n d  W e i b u l l  d i s t r i b u t i o n s  

w e r e  v e r y  l i m i t e d .

8.3 Future Research

T h i s  s t u d y  i n v e s t i g a t e d  t h e  p e r f o r m a n c e  o f  t w o  n o n - i n f o r m a t i v e  p r i o r s  -  t h e  J e f f r e y s  p r i o r  a n d  t h e  g e n e ­

r a l  d i v e r g e n c e  p r i o r .  F o r  f u t u r e  r e s e a r c h ,  t h e  f o l l o w i n g  p r i o r s  c o u l d  b e  i n c l u d e d :  p r o b a b i l i t y  m a t c h i n g  

p r i o r ,  r e f e r e n c e  p r i o r  a n d  m a x i m a l  d a t a  i n f o r m a t i o n  p r i o r .  A l s o ,  t h i s  s t u d y  u s e d  t h e  M - H  a l g o r i t h m  

t o  s i m u l a t e  v a l u e s  f r o m  t h e  p o s t e r i o r s .  T h e  c a s e  w h e r e  t h e  f u l l  c o n d i t i o n a l  p o s t e r i o r  d i s t r i b u t i o n  o f  

t h e  p a r a m e t e r  i s  k n o w n  ( t h e  g a m m a  i s  a  a n  e x a m p l e ) ,  t h e  G i b b s  s a m p l e r  c a n  b e  u s e d  o r  a  w e i g h t e d  

M o n t e - C a r l o  m e t h o d .  F u r t h e r m o r e ,  t h e  s t u d y  f o c u s e d  o n l y  o n  f o u r  l i f e t i m e  d i s t r i b u t i o n s .  T h e r e  a r e  

o t h e r  l i f e t i m e  d i s t r i b u t i o n s  t h a t  c a n  b e  u s e d  t o  m o d e l  f a i l u r e  t i m e s .  T h e  l o g n o r m a l  d i s t r i b u t i o n  i s  a n  

e x a m p l e  o f  s u c h  d i s t r i b u t i o n s .

T h i s  s t u d y  o n l y  f o c u s s e d  o n  v a g u e  p r i o r s ,  a n d  u s e d  a  t e x t b o o k  e x a m p l e  t o  i l l u s t r a t e  t h e  u s e f u l n e s s  

o f  t h e  m o d e l s .  I t  w o u l d  b e  i n t e r e s t i n g  t o  g e t  i n v o l v e d  i n  a  r e a l - l i f e  s t u d y  w h e r e  a c t u a l  s u b j e c t i v e  

i n f o r m a t i o n  c o u l d  b e  u s e d  t o  d e t e r m i n e  t h e  p r i o r s .

T h e  c h a p t e r  o n  h u m a n  r e l i a b i l i t y  o n l y  f o c u s s e d  o n  a  r e v i e w  o f  c u r r e n t  m o d e l s ,  a n d  t h e n  s o m e  c a s e  

s t u d i e s .  I n  f u t u r e  r e s e a r c h  f o c u s  w i l l  b e  o n  i m p r o v i n g  s o m e  o f  t h e s e  c u r r e n t  m o d e l s  a n d  d e v e l o p i n g  

s o m e  n e w  m o d e l s .  A l s o ,  t o  g e t  i n v o l v e d  i n  a n  a c t u a l  c a s e  s t u d y  a p p l i c a b l e  t o  c a s e s  a n d  s t u d i e s  i n  S o u t h  

A f r i c a .  F o r  e x a m p l e  t h e  n e w s  h e a d l i n e s  i n  F e b r u a r y  2 0 1 5 :  “ H u m a n  e r r o r  t r i p s  K o e b e r g ’s  p o w e r ”  a n d  

“ K o e b e r g  h u m a n  e r r o r  c o s t  e c o n o m y  R 7 . 5 b n ” . K o e b e r g  i s  a  n u c l e a r  p o w e r  s t a t i o n  i n  S o u t h  A f r i c a ,  

c u r r e n t l y  t h e  o n l y  o n e  i n  S o u t h  A f r i c a .  I t  i s  o w n e d  b y  t h e  o n l y  n a t i o n a l  e l e c t r i c i t y  s u p p l i e r ,  E s k o m .
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Appendix A: Derivation of the Fisher 
Information

T h i s  i s  d e f i n e d ,  f o r  a  s i n g l e  p a r a m e t e r  0 , a s

I  ( 0  )  =  - E
d 2 l n L (0  11)  

d 0  2

A.l Fisher information for the exponential

T h e  l o g - l i k e l i h o o d  i s  g i v e n  b y

l  ( X  1 1) =  n  l n  X  —  X  £  ti
i=1

t h e  f i r s t  a n d  t h e  s e c o n d  d e r i v a t i v e  o f  t h e  l o g - l i k e l i h o o d  f u n c t i o n  f o r  X  a r e

d  l (X  1 1_) n

d X X  £ ti1=1

d 2l  ( X  1 1)  n

d X 2 =  —  X 2

A n d

I  ( X ) E
d 2l  ( X  1 1_) '  

d X  2

n

X 2 '
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A.2 Fisher information for the Rayleigh

T h e  l o g - l i k e l i h o o d  f u n c t i o n  i s

l (X  1 1_)

n n
=  n  l n 2  +  2 n  l n  X  +  £  l n  ti —  X  2 £  t 2

i=1  i=1

a n d  t h e  f i r s t  a n d  s e c o n d  d e r i v a t i v e  o f  t h e  l o g - l i k e l i h o o d  f u n c t i o n  a r e

d  l  ( X  1 1)  

d X

2 n

X 2 X  £  ti2
i=1

d 2 l  ( X  1 1_)  

d X  2

2 n  n 2
X 2 — 2  £ t 2
^  i=1

T h e r e f o r e ,  s i n c e  E  [T r] =  X ?  r  ( 2 )  =  X ? , w e  h a v e

I  ( X ) E
2 n  n 2

— 1 2 — 2  £  ' 2^  i = 1

2 n

X 2 +  2  £  E  [ r ? ]
i=1

4 n

X 2 '

A.3 Fisher information for the Weibull

T h e  l o g - l i k e l i h o o d  f u n c t i o n  f o r  ( a , X ) i s  g i v e n  b y

l ( a , X  1 1)
n

=  n l n  a  +  a n  l n X  +  £  ( a  —

i=1
1 )  l n n  —  £  ( X t i ) a

i=1
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a n d  t h e  f i r s t  a n d  s e c o n d  p a r t i a l  d e r i v a t i v e s  o f  l ( a , X  1 _ )  a r e  

d l  ( a , X  1 _ )

d a

d 2 l  ( a , X  1 1_)  

d a  2

=  —  +  n  l n  X  +  £  l n  ti —  £  ( X  t i ) a  l n  ( X  ti)
a  i=1 i=1

a 2 £  ( X l i ) a  ( l n  ( X t i ) ) 2
i=1

d l ( a , X  1 _ )

d X

d 2 l  ( a , X  1 1_)  

d X 2

n a  a

=  T — X  £  ( Xi =1

n a  a  ( a  —  1 )  ^

' X  2  X  2  £  ( X  1)
i=1

n

A n d

d 2 l  ( a , X  | _ )  

d a d X X

1

X

n n a  n

£  ( X k ) a  +  j -  £  ( X t i ) a  l n  ( X n )
i =1 i =1

E
d 2l ( a , X  | _ ) '  

d a  2
■ n  — £  E  ( X i i ) — ( l n  ( X t i ) ) 2
a i=1

E
d 2 l  ( a , X  | _ ) '  

d X 2
n a

~X2
a £  E  [ ( X l i ) a ]

i=1

E
d 2l ( a , X  | _ ) '  

d a d X

n

X

1

X

a  n [ ] 

X  £  E  [ ( X _ i ) a  l n  ( X t i ) ]

X  i=1



APPENDIX A: DERIVATION OF THE FISHER INFORMATION 141

C o n s i d e r  t h e  r a n d o m  v a r i a b l e  Y  =  ( X T ) a , w h e r e  T  ~  W e ib u ll  ( a , X ) .  S i n c e

Fy  ( y )  =  P r  ( Y  <  y )

=  P r  ( ( X T ) a  <  y )

=  P r  ( T  <  F * )

=  Ft  ( X  y 1 / a )

1 -  e —y

w e  h a v e  t h a t  

T h u s ,

Y  ~  e x p  ( X  =  1 )

( l n y ) r e  yd y  =  r t h  m o m e n t  o f  l n Y  =  yr .

a E  [ ( X t i ) a l n ( X t i ) ]  =  E  [ y l n y ]

y  l n  ( y )  e yd y

-e  y y l n y  |q + J  ^ l n y  +  e yd y

/  e yd y  +  ( l n y )  e yd y
l o Jo

1 +  Y1
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S i m i l a r i t y ,

a  2 E ( A t i ) a  ( l n ( A t i ) ) 2 E y  ( l n  y )
2

=  /  y  ( l n  ( y ) ) 2 e  - y d y
■J0

=  -  e - y y ( l n y ) 2 | ^  ( ( l n y ) 2 +  2 l n y ^ j e - y d y

=  2 J  ( l n y )  e - y d y  + J  ^ ( l n y ) 2 j  e - y d y  

=  271  +  7 2 .

I t  c a n  b e  r e a d i l y  s e e n  t h a t

T h e r e f o r e ,

E

E

E

d 2l ( a , A  1 1 _) ' n n  ( 271  +  72 )

d a  2 a  2 a  2

d 2l ( a , A  | _ ) ' n a 2

d A  2 A  2

d 2l ( a , A  | _ )■ n n Y i

d a d  A =  A A

d 2l(a, A |_) 

da2
d  2 l ( a , A |_) 

dad A
A )  =  - - E

d 2l(a, A |_) 
dad A

d 2 l ( a , A |t)  
d A 2 J

" n
a2

, n ( 2y i+ y 2 )  
+  a 2

n  , n y i "
A +  A

n  , nyi 
A +  A

na 2
A 2 -1
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a n d

d e t  ( I ( a , A ) )
n 2 n 2 ( 2 y 1 +  72 )  (n  +  n j i ) 2

A 2 +  A 2 A 2

n 2  ( 72 -  Y2)  

A  2

w h e r e  y 2  —  y f  =  v a r  ( l n  Y )  =  c o n s t a n t .

A.4 Fisher information for the Gamma

T h e  l o g - l i k e l i h o o d  f u n c t i o n  i s

n n
l ( a , A  | _ )  =  n a  l n  A  —  n  l n  r  ( a )  +  £  ( a  —  1 )  l n  t i —  £  t i

i =1 i =1

t h e  f i r s t  a n d  s e c o n d  p a r t i a l  d e r i v a t i v e s  o f  l ( a , A  1 1 _)  a r e

d l  ( a , A  | _ )  

d a
n  l n  A  n

r  ( a )  

r  ( a )

n

+  £  l n  ti
i=1

d l  ( a , A  1 1)  n a  YF

=  I T -  £  ‘i

d 2l ( a , A  | _ )  

d a  2

( r  ( a ) )n
2  -  r / ;  ( a )  r  ( a )  

( r  ( a  ) ) 2

d 2 l  ( a , A  | _ )  n a

d A 2 =  -  A 2

d 2 l  ( a , A  | _ )  n

d a d A  A

w h e r e  r /  ( a )  =  a n d  r / /  ( a )  =  .
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N o w ,  l e t  y  ( a )
r ; ( a ) 
r ( a )

s o  t h a t  y / ( a )

d( EM ̂
^ d l a ] • T h e r e f o r e ,

I  ( a , A ) E

d 2 l ( a , A |_) 
d a 2

d 2 l ( a , A |_) 
dadX

d 2 l ( a , A |_) 
dadX

d 2 l ( a , A |_) 
dA2

n y / ( a )  -  x

__n  n a
L a  a  2 -I

a n d

d e t  ( I ( a , A ) )
n 2 a y / ( a )  n 2

X 2  A 2 .

n 2  ( a y / ( a )  -  1 )

X 2



Appendix B: Code for simulation studies

B . l  M A T L A B 1®  C o d e  f o r  t h e  e x p o n e n t i a l  d i s t r i b u t i o n

T h e  c o d e  i s  w r i t t e n  i n  M A T L A B ®  a n d  g i v e n  b e l o w :

clc
clear
lambdal = 0.1:0.1:30;

kl = length(lambdal); 
matrixJ = [] ;
AVGJ = [] ;
COUNT J = [] ; 
matrixG = [] ;
AVGG = [] ;
COUNTG = [] ;

for i=l:kl 
countJ = 0; 
countG = 0; 
n = 10000;
IiJ = [] ;
THETAJ = [] ; 
IiG = [] ;
THETAG = [] ; 
for k=l:n 
aJ = 0; y.Jef 
bJ = 0; 
m = 50;
aG = 0.5; °/,GML
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bG = 0;
xl = exprnd(1/lambdal(i),1,m);
XI = sum(xl);

% Jef
lambda_lJ = gamrnd(m+aJ,1/(Xl+bJ),1,n); 
thetaJ = lambda_lJ;
THETAJ = [thetaJ]; 
tempj = sort(THETAJ); 
lowerJ = tempj ((0.025*n)); 
upperJ = tempj ((0.975*n)); 
lengj = upper J - lower J ;

IiJ = [IiJ lengj]; 
if lowerJ < lambdal(i)

if upperJ > lambdal(i) 
countJ = countJ + 1;

end
end

°/,GML
lambda_lG = gamrnd(m+aG,1/(Xl+bG),1,n); 
thetaG = lambda_lG;
THETAG = [thetaG]; 
tempG = sort(THETAG); 
lowerG = tempG ((0.025*n)); 
upperG = tempG ((0.975*n)); 
lengG = upperG - lowerG ;

IiG = [IiG lengG] ; 
if lowerG < lambdal(i)

if upperG > lambdal(i) 
countG = countG + 1;

end
end
end
avgj = sum(IiJ)/n;



AVGJ = [AVGJ avgj];
COUNTJ = [COUNTJ countJ]; 
avgG = sum(IiG)/n;
AVGG = [AVGG avgG];
COUNTG = [COUNTG countG]; 
end
matrixJ = [matrixJ; COUNT J . /n ; AVGJ;]; 
matrixG = [matrixG; COUNTG./n; AVGG;];

Jeffreys = COUNTJ,/n;
GML = COUNTG,/n 
J = Jeffreys ’ ;
G = GML ’ ;
X = [J G] ;
boxplot(X,’labels’,{’Jeffreys’,’GML’, >)
title({’Boxplots showing the distribution of the coverage 
ylabel(’Coverage ’) 
xlabel(’priors’)

APPENDIX B: CODE FOR SIMULATION STUDIES

B . 2  M A T L A B ®  C o d e  f o r  t h e  R a y l e i g h  d i s t r i b u t i o n

T h e  c o d e  i s  w r i t t e n  i n  M A T L A B ®  a n d  g i v e n  b e l o w :

c l c

c l e a r

l a m b d a 1  =  0 . 1 : 0 . 1 : 3 0 ;

k 1  =  l e n g t h  ( l a m b d a 1  ) ;  

m a t r i x J  =  [  ]  ;

A V G J  =  [ ]  ;

C O U N T J  =  [ ] ;  

m a t r i x G  =  [  ]  ;

A V G G  =  [  ] ;

C O U N T G  =  [ ] ;

147

rates’>)

f o r  i  =  1 : k 1 

c o u n t J  =  0 ;
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c o u n t G  =  0 ;  

n  =  2 0 0 0 0 ;

I i J  = [ ] ;

T H E T A J  =  [  ]  ;

I i G  =  [ ] ;

T H E T A G  =  [  ]  ; 

f o r  k = 1 : n  

a J  =  0 . 5 ;  % J e f  

b J  =  0 ;  

m  =  5 0 ;

a G  =  0 . 7 5 ;  % G M L  

b G  =  0 ;

x 1  =  r a y l r n d  ( 1 / ( (  s q r t  ( 2 ) )  *  l a m b d a 1  ( i  ) )  , 1 , m ) ; 

X 1  =  s u m  ( x 1  . A 2 ) ;

% J e f

l a m b d a 2 _ 1 J  =  g a m r n d  ( m + a J  , 1 /  ( X 1 + b J  ) ,  1 , n  ) ;  

l a m b d a _ 1 J  =  l a m b d a 2 _ 1 J  . A 0 . 5  ; 

t h e t a J  =  l a m b d a _ 1 J  ;

T H E T A J  =  [  t h e t a J  ] ;  

t e m p J  =  s o r t  ( T H E T A J ) ; 

l o w e r J  =  t e m p J ( ( 0 . 0 2 5  *  n ) ) ;  

u p p e r J  =  t e m p J ( ( 0 . 9 7 5  *  n ) ) ;  

l e n g J  =  u p p e r J - l o w e r J  ;

I i J  =  [ I i J  l e n g J  ] ;  

i f  l o w e r J  <  l a m b d a 1 ( i )

i f  u p p e r J  >  l a m b d a 1 ( i )  

c o u n t J  =  c o u n t J  +  1 ;

e n d

e n d

% G M L

l a m b d a 2 _ 1 G  =  g a m r n d  ( m + a G  , 1 /  ( X 1 + b G )  , 1 , n  ) ;  

l a m b d a _ 1 G  =  l a m b d a 2 _ 1 G  . a  0 . 5  ; 

t h e t a G  =  l a m b d a _ 1 G ;

T H E T A G  =  [  t h e t a G  ]  ;
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t e m p G  =  s o r t  ( T H E T A G ) ; 

l o w e r G  =  t e m p G  ( ( 0 . 0 2 5  *  n  )  )  ; 

u p p e r G  =  t e m p G  ( ( 0 . 9 7 5  *  n  )  )  ; 

l e n g G  =  u p p e r G - l o w e r G  ;

I i G  =  [  I i G  l e n g G  ]  ; 

i f  l o w e r G  <  l a m b d a 1 ( i )

i  f  u p p e r G  >  l a m b d a 1  (  i  )  

c o u n t G  =  c o u n t G  +  1 ;

e n d

e n d

e n d

a v g J  =  s u m (  I i J  ) / n ;

A V G J  =  [ A V G J  a v g J  ] ;

C O U N T J  =  [ C O U N T J  c o u n t J ] ;  

a v g G  =  s u m ( I i G ) / n ;

A V G G  =  [ A V G G  a v g G  ] ;

C O U N T G  =  [ C O U N T G  c o u n t G ] ;  

e n d

m  a  t  r  i  x  J  =  [  m  a  t  r  i  x  J  ; C O U N T J  . /  n  ; A V G J  ; ]  ; 

m  a  t  r  i  x  G  =  [  m  a  t  r  i  x  G  ; C O U N T G  . /  n  ; A V G G  ; ]  ;

J e f f r e y s  =  C O U N T J . / n ;

G M L  =  C O U N T G . / n  

J  =  J e f f r e y s  ’ ;

G  =  G M L ’ ;

X  =  [ J  G ] ;

b o x p l o t ( X ,  ’ l a b e l s  ’ , {  ’ J e f f r e y s  ’ , ’ G M L ’ , } )

t  i  1 1  e  ( {  ’ B o x p l o t s  s h o w i n g  t h e  d i s t r i b u t i o n  o f  t h e  c o v e r a g e  

y l a b e l  (  ’ C o v e r a g e  ’ )  

x l a b e l  (  ’ p r i o r s  ’ )

B . 3  M A T L A B ®  C o d e  f o r  t h e  g a m m a  d i s t r i b u t i o n

T h e  c o d e  i s  w r i t t e n  i n  M A T L A B ®  a n d  g i v e n  b e l o w :

r a t e s  ’ } )

clc
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c l e a r

r n g  d e f a u l t  ; 

l a m b d a 1  =  1 ; 

a l p h a 1  =  2 ;

A V G _ a  =  [ ] ;

C O U N T _ a  =  [ ] ;

A V G _ l  =  [  ]  ;

C O U N T _ l  =  [  ]  ; 

c o u n t _ a  =  0 ;  

c o u n t _ l  =  0 ;  

n  =  1 0 0 0 ;

I i _ a  =  [ ] ;

I i _ l  =  [  ]  ;

T H E T A _ a  =  [  ]  ;

T H E T A _ l  =  [  ]  ; 

f o  r  i  = 1  : n  

m  =  5 0 ;

x 1  =  g a m r n d  (  a l p h a 1  , l a m b d a 1  , 1 , m ) ;

X 1  =  s u m  ( x 1  ) ;  

n s a m p l e s  =  n ;  

s h a p e  =  0 . 2 5  ;

% s h a p e  =  0 . 5 ;  % J e f

r a t e  =  l o g  ( ( ( (  p r o d  ( x 1  ) ) ) .  A (  —  1 ) ) .  *  ( ( s u m ( x 1  ) ) .  A m ) ) ;

p d f _ A L P H A = @ ( x  ) ( ( ( ( x  *  p s i  ( 1  , x )  —  1 ) A 0 . 2 5 )  *  ( p r o d ( x 1  . A x ) )  *  ( g a m m a  ( x  * m  +  0 . 5  ) ) ) / ( ( (  

% p d f _ A L P H A = @ ( x  )  ( ( ( (  x  *  p s i  ( 1  , x )  —  1 )  A 0 . 5 )  *  ( p r o d ( x 1  . A x ) )  *  ( g a m m a  ( x  * m ) ) ) / ( ( (  g a m n  

p r o p p d f _ A L P H A =  @ ( x , y )  g a m p d f ( x ,  s h a p e ,  r a t e ) ;  

p r o p r n d _ A L P H A  =  @ ( x )  g a m r n d  (  s h a p e  , r a t e  ) ;

[ M H _ A L P H A ,  a c c e p t _ A L P H A  ]  =  m h s a m p l e  ( 0 . 0  1 , n s a m p l e s  , ’ p d f  ’ , p d f _ A L P H A  , ’ p r o p p d f  

P a l p h a  =  [ M H _ A L P H A ]  ;

A L P H A _ p o s t  =  m e a n  ( M H _ A L P H A ) ; 

s o r t A l p h a  =  s o r t  (  P a l p h a  ) ;  

t h e t a _ a  =  P a l p h a  ;

T H E T A _ a  =  [  t h  e  t a _ a  ]  ; 

t e m p _ a  =  s  o r t  ( T H E T A _ a ) ; 

l o w e r _ a  =  t e m p _ a  ( ( 0 . 0 2 5  *  n ) ) ;  

u p p e r _ a  =  t e m p _ a  ( ( 0 . 9 7 5  *  n ) ) ;
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l e n g _ a  =  u p p e r _ a — l o w e r _ a  ;

I i _ a  =  [ I i _ a  l e n g _ a  ] ;  

i f  l o w e r _ a  <  a l p h a 1  

i f  u p p e r _ a  >  a l p h a 1

c o u n t _ a  =  c o u n t _ a  +  1 ;

e n d

e n d

L A M B D A  =  g a m r n d  (  a l p h a 1  . * m + 0 . 5  , 1 / X 1 , 1 , n  ) ;  % L A M B D A  =  g a m r n d  ( A L P H A _ p o s t .  * m + 0  

% L A M B D A  =  g a m r n d  ( a l p h a 1  . *  m , 1 / X 1 , 1  , n ) ;  % J e f  

t h e t a _ l  =  L A M B D A ;

T H E T A _ l  =  [  t h e t a _ l  ] ;  

t e m p _ l  =  s o r t  ( T H E T A _ l ) ;  

l o w e r _ l  =  t e m p _ l  ( ( 0 . 0 2 5 *  n  )  )  ; 

u p p e r _ l  =  t e m p _ l  ( ( 0 . 9 7 5 *  n  )  )  ; 

l e n g _ l  =  u p p e r _ l  —  l o w e r _ l  ;

I i _l  =  [  I i __ l  l e n g _ l  ] ;

i f  l o w e r _ l  <  l a m b d a 1  

i f  u p p e r _ l  >  l a m b d a 1

c o u n t _ l  =  c o u n t _ l  +  1 ;

e n d

e n d

e n d

a v g _ a  =  s u m ( I i _ a ) / n ;

A V G _ a  =  [ A V G _ a  a v g _ a  ] ;

C O U N T _ a  =  [ C O U N T _ a  c o u n t _ a ] ;  

a v g _ l  =  s u m ( I i _ l ) / n ;

A V G _ l  =  [ A V G _ l  a v g _ l  ] ;

C O U N T _ l  =  [ C O U N T _ l  c o u n t _ l ] ;

B.4 MATLAB®  Code for the Weibull distribution

T h e  c o d e  i s  w r i t t e n  i n  M A T L A B ®  a n d  g i v e n  b e l o w :

clc
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c l e a r

r n g  d e f a u l t  ; 

l a m b d a 1  =  0 .  5  ; 

a l p h a 1  =  2 ;

A V G _ a  =  [  ]  ;

C O U N T _ a  =  [  ]  ;

A V G _ l  =  [  ]  ;

C O U N T _ l  =  [  ]  ; 

c o u n t _ a  =  0 ;  

c o u n t _ l  =  0 ;  

n  =  1 0 0 0 ;

I i _ a  =  [ ] ;

I i _ l  =  [  ]  ;

T H E T A _ a  =  [ ] ;

T H E T A _ l  =  [  ]  ; 

f o  r  i  = 1  : n  

m  =  5 0 ;

x 1  =  w b l r n d  (  a l p h a 1  , l a m b d a 1  , 1 , m ) ;

X 1  =  s u m  ( x 1  ) ;  

n s a m p l e s  =  n ;  

s h a p e  =  1 ;

r a t e  =  a b s  ( l o g  ( (  p r o d  ( x 1 ) )  . A (  —  1 ) ) ) ;

p d f _ A L P H A = @ ( x )  ( x  . a  ( m —  1 ) ) .  *  ( p r o d ( x 1 . A x ) ) .  *  ( (  s u m  ( x 1  . a  x ) ) .  a (  —  m —  0 . 5 ) ) ;  

% p d f _ A L P H A = @ ( x )  ( x  . a  ( m —  1 ) ) .  *  ( p r o d ( x 1 . A x ) ) .  *  ( (  s u m  ( x 1 . A x ) ) . A (  —  m ) ) ;  % J e f  

p r o p p d f _ A L P H A =  @ ( x , y )  g a m p d f ( x ,  s h a p e ,  r a t e ) ;  

p r o p r n d _ A L P H A  =  @ ( x )  g a m r n d  (  s h a p e  , r a t e  ) ;

[ M H _ A L P H A ,  a c c e p t _ A L P H A  ]  =  m h s a m p l e  ( 0 . 0  1 , n s a m p l e s  , ’ p d f  ’ , p d f _ A L P H A  , ’ p r o p p d f  

P a l p h a  =  [ M H _ A L P H A ]  ;

A L P H A _ p o s t  =  m e a n  ( M H _ A L P H A ) ; 

s o r t A l p h a  =  s o r t  (  P a l p h a  ) ;

x x h a t  =  c u m s u m ( M H _ A L P H A .  a  2  ) . / (  1 : n s a m p l e s  )  ’ ; 

p l o t  ( 1 :  n s a m p l e s  , x x h a t )

t h e t a _ a  =  P a l p h a  ;

T H E T A _ a  =  [  t h  e  t a _ a  ]  ; 

t e m p _ a  =  s  o r t  ( T H E T A _ a ) ;
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l o w e r _ a  =  t e m p _ a  ( ( 0 . 0 2 5  *  n ) ) ;  

u p p e r _ a  =  t e m p _ a  ( ( 0 . 9 7 5  *  n ) ) ;  

l e n g _ a  =  u p p e r _ a — l o w e r _ a  ;

I i _ a  =  [  I i _ a  l e n g _ a  ]  ; 

i f  l o w e r _ a  <  a l p h a 1  

i f  u p p e r _ a  >  a l p h a 1

c o u n t _ a  =  c o u n t _ a  +  1 ;

e n d

e n d

L A M B D A  =  g a m r n d ( m  +  0 . 5  , 1 / ( s u m ( x 1  . A a l p h a 1  ) )  , 1  , n ) ; 

% L A M B D A  =  g a m r n d  ( m ,  1 / (  s u m  ( x 1  . a  a l p h a  1 ) ) ,  1 , n  ) ;  % J e f  

t h e t a _ l  =  L A M B D A ;

T H E T A _ l  =  [  t h e t a _ l  ]  ; 

t e m p _ l  =  s o r t  ( T H E T A _ l ) ;  

l o w e r _ l  =  t e m p _ l  ( ( 0 . 0 2 5 *  n  )  )  ; 

u p p e r _ l  =  t e m p _ l  ( ( 0 . 9 7 5 *  n  )  )  ; 

l e n g _ l  =  u p p e r _ l  —  l o w e r _ l  ;

I i _l  =  [  I i __ l  l e n g _ l  ] ;

i f  l o w e r _ l  <  l a m b d a 1  

i f  u p p e r _ l  >  l a m b d a 1

c o u n t _ l  =  c o u n t _ l  +  1 ;

e n d

e n d

e n d

a v g _ a  =  s u m ( I i _ a ) / n ;

A V G _ a  =  [ A V G _ a  a v g _ a  ] ;

C O U N T _ a  =  [ C O U N T _ a  c o u n t _ a ] ;  

a v g _ l  =  s u m ( I i _ l ) / n ;

A V G _ l  =  [ A V G _ l  a v g _ l  ] ;

C O U N T _ l  =  [ C O U N T _ l  c o u n t _ l ] ;

B . 5  O p e n B u g s ®  C o d e  f o r  t h e  a p p l i c a t i o n  i n  C h a p t e r  5

T h e  c o d e  i s  w r i t t e n  i n  O p e n B u g s ®  a n d  g i v e n  b e l o w :
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m o d e l

{

f o r  (  i  i n  1 : N ) {

T I  [  i  ] ~ d g a m m a (  a l p h a  , l a m b d a )

}

a l p h a ~ d u n i f  ( 0 , 4 )  

l a m b d a ~ d g a m m a ( 0 . 5  , 0 . 0 0 0 1 )

}

D a t a

l i s t  ( T I = c ( 0 . 9 6  , 4 . 1 5 ,  0 . 1 9 ,  0 . 7 8 ,  8 . 0 1 ,  3 1 . 7 5 ,  7 . 3 5 ,  6 . 5 0 ,  8 . 2 7 ,  3 3 . 9 1 ,  3 2 . 5 2  

1 6 . 0 3 ,  4 . 8 5 ,  2 . 7 8 ,  4 . 6 7 ,  1 . 3 1 ,  1 2 . 0 6 ,  3 6 . 7 1 ,  7 2 . 8 9 ) ,  N = 1 9 )

I n i t s

l  i  s  t  (  l a m b d a  =  0 . 0 1  , a l p h a  =  0 . 0 1  )

B.6 R®  Code for the application in Chapter 5

T h e  c o d e  i s  w r i t t e n  i n  O p e n B u g s ®  a n d  g i v e n  b e l o w :

l i b r a r y  (  f i t d i s t r p l u s  )  

l i b r a r y  ( l o g s p l i n e  )

x  < —  c  (  3  7  . 5  0  , 4  6  . 7  9  , 4  8  . 3  0  , 4  6  . 0  4  , 4  3  . 4  0  , 3  9  . 2  5  , 3  8  . 4  9  , 4  9  . 5  1 , 4  0  . 3  8  , 3  6  . 9  8  , 4  0  . 0  0  ,

3 8 . 4 9 , 3 7 . 7 4 , 4 7 . 9 2 , 4 4 . 5 3 , 4 4 . 9 1 , 4 4 . 9 1 , 4 0 . 0 0 , 4 1 . 5 1 , 4 7 . 9 2 , 3 6 . 9 8 , 4 3 . 4 0 ,

4 2 . 2 6 , 4 1 . 8 9 , 3 8 . 8 7 , 4 3 . 0 2 , 3 9 . 2 5  , 4 0 . 3 8 , 4 2 . 6 4 , 3 6 . 9 8 , 4 4 . 1 5 , 4 4 . 9 1 , 4 3 . 4 0 ,

4 9 . 8 1 , 3 8 . 8 7  , 4 0 . 0 0 , 5 2 . 4 5 , 5 3 . 1 3 , 4 7 . 9 2 , 5 2 . 4 5  , 4 4 . 9 1 , 2 9 . 5 4 , 2 7 . 1 3 , 3 5 . 6 0 ,
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4 5 . 3 4 , 4 3 . 3 7 , 5 4 . 1 5 , 4 2 . 7 7 , 4 2 . 8 8 , 4 4 . 2 6 , 2 7 . 1 4 , 3 9 . 3 1 , 2 4 . 8 0 , 1 6 . 6 2 , 3 0 . 3 0 ,  

3 6 . 3 9 , 2 8 . 6 0 , 2 8 . 5 3 , 3 5 . 8 4 , 3 1 . 1 0 , 3 4 . 5 5 , 5 2 . 6 5 , 4 8 . 8 1 , 4 3 . 4 2 , 5 2 . 4 9 , 3 8 . 0 0 ,

3 8 . 6 5 , 3 4 . 5 4 , 3 7 . 7 0 , 3 8 . 1  1 , 4 3 . 0 5 , 2 9 . 9 5 , 3 2 . 4 8 , 2 4 . 6 3 , 3 5 . 3 3 , 4 1 . 3 4 )

d e s c d i s t ( x ,  d i s c r e t e  =  F A L S E )

f i t . w e i b u l l  < —  f i t d i s t ( x ,  " w e i b u l l " )

f i t .  g a m m a  < —  f  i  t  d  i  s  t  ( x  , " g a m m a " )

p l o t  (  f i t  . w e i b u l l )  

p l o t  (  f i t  . g a m m a )


