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ABSTRACT 

Probabilistic safety assessment (PSA) of a nuclear power plant includes an assess
ment of the probability of each event sequence that can lead to a reactor core 
damage and of their consequences. Despite increasing maturity of PSA methods, 
there are still several problems in their use. These include the assessment of 
human reliability and the impact of organizational factors on plant safety. The 
assessment of both these issues is based on expert judgment. Therefore, the use of 
expert judgment in analysis of human and organizational behaviour was studied 
theoretically and in practical case studies in this thesis. 

Human errors were analysed in two case studies. In the first study cognitive 
actions of control rcom operators were analysed. For this purpose methods were 
developed for the qualitative and quantitative phases of the analysis. Errors of test 
and maintenance personnel were analysed in the second case study. Especially the 
dependence of errors between sequential tasks performed in redundant subsystems 
of a safety system was studied. 

Current PSA methods do not include adequate models to assess the effects of 
management and organizational factors on safety. Therefore, other complementary 
methods are needed to support the probabilistic analysis. A method to assess 
organizational behaviour was developed and applied in the third case study. 

The three case studies demonstrated that expcii judgment can be used in the 
analysis of human reliability and organizational behaviour taking into account the 
observations made and the remarks presented in the study. However, significant 
uncertainties are related with expert judgment. Recommendations are presented 
concerning the use of different methods. Also, some insights are presented into 
how reliance on expert judgment could be reduced. The case studies have 
provided a great deal of qualitative and quantitative information that can be used 
to further enhance the safety of nuclear power plants. 
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1 OBJECTIVES OF THE STUDY 

Probabilistic safety assessment (PSA) provides a structured and logical approach 
to identify credible accident sequences, to assess the likelihood of each sequence, 
and to delineate the associated consequences. Despite increasing maturity of PSA 
methods, there are still several problems that cause dissatisfaction among analysts. 
These include the use of expert opinions in the assessment of human reliability 
and the impact of organizational factors. The use of quantitative safety goals in 
regulatory requirements has turned out to be more difficult than anticipated. The 
main reasons are the dependence of the results of PSA on scope and methodology, 
and on subjective elements, as well as a lack of plant specific data (IAEA, 
INSAG-6,1992). 

Tiie main objective of this study was to review, develop and experimentally test 
expert judgment methods that are used to assess human reliability and 
organizational factors. Using expert judgment is not extraordinary in science. 
Often these judgments are not explicitly stated. In this study formal, documented 
methods were used in eliciting expert judgment. Other objectives were to study 
different methods used in the aggregation of expert opinions and to study biases 
in expert judgment. One objective was to investigate correlation between experts. 

Human reliability analysis (HRA) methods are to a great extent based on expert 
judgment because experimental or statistical information, on the basis of which 
predictions could be made, is not available. Several studies have been made and 
recommendations presented concerning these methods. Principles presented in lite
rature concerning the use of expert judgment were applied to two case studies. 
Also new methods were developed, but the work was practically oriented all the 
time. In spite of that, it was required that the methods have a firm theoretical 
basis. 

The limitations of PSA on the area of organizational factors are still evident. 
Therefore, one of the objectives of this study was to review and develop methods 
for organizational analysis that could in a way complement and compensate for the 
shortages which still prevail in PSA. These methods do not directly aim at the 
quantification of risk, but provide additional information which can make the 
assessment of human reliability easier and which can reduce the uncertainties of 
PSAs by revealing possible latent organizational problems and by raising the 
quality of organizational behaviour in general. The common frame of reference 
with human reliability analysis is that also organizational assessment methods are 
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based on expert judgment. A method to assess organizational behaviour was 
developed and applied in the third case study. 

All methods for safety analysis have their limitations. For that reason no single 
approach to safety issues can provide all answers. Therefore, safety work should 
be based on a proper mixture of different elements such as deterministic analysis, 
PSA, feedback of operating experience and promotion of high safety culture 
(Hirschberg, 1992). Outside the scope of this study was the analysis of operating 
experiences from the point of view of human and organizational factors, which 
aims at analysing incidents that have already happened. All the methods used in 
this study try to predict the future behaviour of a person or of an organization, 
which is, of course, a more difficult task than analysing something that has already 
happened. The great importance of experience feedback is emphasized anyway. 
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2 INTRODUCTION 

2.1 Human and organizational errors 

Attempts have been made to incorporate human reliability considerations within 
a framework of system reliabilities already from the late fifties. The early reliabi
lity methodologies were dominated by a mechanistic view of human performance 
known as behaviourism. It concentrated exclusively on the observable aspects of 
human performance in terms of the stimuli received by an individual and the 
response that he or she makes on the basis of this stimuli. Higher level human 
functions such as diagnosis and decision making were ignored in this approach. 

The behaviourist view of the human fitted well in the techniques used to model 
human behaviour in most system reliability assessments. However, there are large 
areas where a more sophisticated approach is needed. Human errors and machine 
failures may differ in several ways. Unlike equipment, where it can sometimes be 
assumed that failures are independent of each other, human errors are frequently 
contingent on one another (nonindependent). While machines require outside help 
when they fail, man can very often correct his failures because of man's ability to 
monitor his actions and detect his own errors (Adams, 1982). 

The mechanistic approach to human reliability assessment began to be challenged 
from the late seventies. This was partly attributable to developments in cognitive 
psychology, which replaced the idea of a human as a passive component with a 
more dynamic model of an individual as a goal directed processor of information. 
It was realized that higher level cognitive functions such as diagnosis, evaluation 
and strategy formulation are of critical importance and could not be assessed using 
behaviourist approaches. This point of view was rtiuforced by data from nuclear 
power plant incidents. 

The cognitive approach has led to an increased aim to evaluate not only what 
errors occur but also why they occur. This is of particular importance if an 
analysis is concerned not only with quantifying the likelihood of errors but also 
with reducing their likelihood through design or operational changes. Cognition 
refers to knowledge and to the act or process of knowing. Cognitive behaviour 
models attempt to describe, explain and predict human behaviour by modeling 
what information people gather, how they acquire it, how it is represented 
internally, and how it is usrd to control behaviour. 
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Jens Rasmussen has had a great influence on the development of the cognitive 
approach in human reliability analysis (HRA). Rasmussen's model of three per
formance levels originated from a verbal protocol study of technicians engaged in 
electronic trouble-shooting. The model begins with a perceptual process, splits 
into detection, observation, and identification, and ends with a motor process 
Rasmussen called execution. Several shortcuts to the complete trail from detection 
to execution are recognized (Rasmussen, 1983). 

The man-machine interface in the control room is a complex information system, 
and time is needed to process information in transient situations. Time-oriented 
methods intended to analyse operator reliability are based on the assumption that 
the time available for making a diagnosis or decision is the dominating factor in 
situations requiring cognitive human response. Already in the Reactor Safety 
Study (RSS, 1975) this approach was used for high stress situations such as 
LOCA. In the Handbook (Swain & Guttman, 1983) screening and nominal models 
for diagnosis were presented. The Human Cognitive Reliability method 
(Hannaman et al., 1984) was developed based on the time-reliability correlation 
concept and Rasmussen's skill-rule-knowledge framework. 

Other cognitive modeling traditions are described by Woods and Roth (1986 a). 
These traditions model a human as a control system, as a statistical decision 
maker, as a communication system, as an information processor or as a symbolic 
processor. Each of these traditions is concerned with some aspect of information 
to guide observation and action. What varies across the models are the concepts 
about the particular information gathered and its internal representation. The 
traditions are highly interrelated, for example, the concept of an internal model in 
control theory and the concept of mental models in symbolic processing tradition. 

Much of the modeling work currently being done from the point of view of 
capturing cognitive activities in dynamic complex systems like nuclear power 
plants is based on concepts that are based in large part on the symbolic processing 
tradition (Woods & Roth, 1986 b). A symbolic processing cognitive model is a 
kind of computer program that tries to simulate the internal cognitive processes 
that are postulated to occur when an individual makes a decision or solves a 
problem. The computer program contains in its knowledge base the knowledge the 
person is postulated to possess that is relevant to the situation of interest. 

Simulation models of this kind are being developed but have not reached the level 
where they could be used for the quantification of operator errors in PSA. 
Cacciabue (1992) notes that the work needed to adapt these cognitive simulation 
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models to a specific plant configuration and the detail of information derived from 
each simulation of a man-machine interaction sequence, make the application of 
these models, in their complete version, very impractical and not of great value for 
HRA methods. 

Lately, more attention has been given to the effects of management and 
organizational factors. Analyses of human errors demonstrate that inadequate or
ganizational and management factors are often a source of common causes of 
errors. The operational performance of a nuclear power plant can be traced to the 
practices of management and organization. The continued safety and good 
performance of a plant rely on the early detection and correction of organizational 
deficienccs (Wahlström et al., 1992). A better understanding of organizational 
behaviour and of origins of organizational accidents should be developed. Current 
probabilistic safety assessment methods are yet unable to accomodate the or
ganizational component in the analysis in a satisfactory way. 

2.2 The nature of human error 

Many definitions of human error have been presented over the years. Foremost in 
them is the view that human errors represent failures of humans to perform 
adequately, acceptably, or appropriately with respect to some performance standard 
(Fleishman et al., 1990). Most errors are unintentional and represent actions which 
are inappropriate in a situation. Some errors are intentional in the sense that an 
individual may perform an inappropriate action under the false assumption that the 
intended action is the correct one. A specific class of errors of intention are 
deliberate violations. 

In any task there are factors which may influence human performance. There are 
factors within the individual and factors outside the individual. Internal factors 
include those individual characteristics that the worker brings to the job (skills, 
experience, motivation etc.). External factors are restricted to such things as 
situational, task and equipment characteristics. All these factors are called 
performance shaping factors (PSFs). 

A variety of error taxonomies have been presented. Senders and Moray (1990) 
suggest that this diversity reflects different levels of analysis. They have identified 
at least three types of taxonomies, which include: (1) taxonomies which classify 
errors in a bchaviourally - descriptive way, (2) taxonomies which reflect 
assumptions about underlying cognitive processes, and (3) taxonomies which 
emphasize higher-order biases and propensities on the part of humans. 
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A simple behavioural taxonomy aimed at helping to classify individual, discrete 
actions was used by Swain and Guttman (1983). Their categories include errors of 
omission, and errors of commission, which include (1) selection errors, (2) 
sequence errors, (3) timing errors, and (4) qualitative errors. These categories have 
been employed by many other researchers. 

Rasmussen's model and its resultant taxonomy are based on three levels of 
behaviour. Skill-based behaviour are those actions which require that an 
individual assign a response to a stimulus almost automatically. Rule-based 
behaviour involves application of rules of performance or procedures which the 
individual is expected to follow. Errors at this level are typically associated with 
the misclassification of the situation or with an incorrect recall of procedures. 
Knowledge-based behaviour is called for when new and unique problems arise for 
which no rules are available. Errors may arise from resource limitations and 
incomplete knowledge (Rasmussen, 1983). 

Norman (1981) has developed a scheme *or classifying errors which focuses on 
the presumed psychological causes of the error. Norman distinguishes between 
slips and mistakes. Slips are errors which result from some failure in the execution 
of an action sequence, regardless of whether or not the plan was adequate to 
achieve its objective. Mistakes are dexiciences or failures in the judgmental process 
involved in the selection of an objective or in the specification of the means to 
achieve it. Another way of distinguishing the two basic error forms of Norman is 
as planning failures (mistakes) and execution failures (slips). 

Reason (1990a) has presented a conceptual framework within which to locate the 
origins of the basic human error types. The structure is derived in large part from 
Rasmussen's classification. Reason distinguishes three basic error types: skill-
based slips and lapses and mistakes. Mistakes involve a mismatch between prior 
intention and intcnted consequences. For slips and lapses, however, the 
discrepancy is between the intended actions and those that were actually executed. 
The framework includes two types of mistakes: rule-based and knowledge-based 
mistakes. 

In considering the human contribution to system disasters, Reason distinguishes 
two kinds of errors: (1) active errors, whose effects are felt almost immediately, 
and (2) latent errors, whose adverse consequences may lie dormant within the 
system for a long time. Active errors are associated with the performance of the 
"front-line" operators of a complex system. Latent errors are most likely made by 
designers, decision makers or maintenance personnel. 
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Reason has analysed the nature and variety of latent errors through case study 
analyses of six major accidents, two of which took place at a nuclear power plant 
(Three Mile Island and Chernobyl). An important lesson learned from this analysis 
is that the term error does not capture all the ways in which human beings cont
ribute to major accidents. Reason concludes that an adequate framework requires 
a distinction to be made between errors and violations. Violations can be defined 
as deliberate deviations from those practices deemed necessary to maintain the 
safe operation of a system. He defines further routine violations which are largely 
habitual, forming an established part of an individual's behavioural repertoire 
(Reason, 1990a). 

Reason's classification of unsafe acts (errors and violations) is presented in Fig. 1. 

UNINTENDED 
ACTION 

BASC 
ERROR 
TYPES 

* SUP 

LAPSE 

MISTAKE 

INTENDED 
1 ACTION 

L 

VIOLATION 

Anentional failures 
Intrusion 
Omission 
Reversal 
Mi »ordering 
Mistiming 

Memory failures 
Omitting planned items 
Place-losing 
Forgetting intentiona 

Rule-based mistakes 
Misapplication of good rule. 
Application of bad rule. 

Knowledge-based 
mistakes 

Many variable form* 

Routine violations 
Exceptional violations 
Acts of sabotage 

Fig. 1. A classification of unsafe acts by Reason (1990a). 
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23 The detection of human errors 

Despite of it's obvious importance, a lesser amount of empirical or theoretical 
studies of error detection have been made as compared to the studies of error 
causes. Self-monitoring is one of the primary error detection mechanisms. Lewis 
and Norman (1986) describe some processes that can prevent the discovery of 
one's own mistakes. 

Errors may not be detected because people are willing to accept only a rough 
agreement between the actual state of the world and their current theory of it. 
Confirmation bias may lead to a selective process that favours items relevant to 
the presently held view. Those who enter the situation afresh at some later point 
might not be so selective. Errors may take such familiar, high-frequency forms 
that they slip past the error detection mechanisms (Reason, 1990a). 

The efficiency of error detection mechanisms depends crucially upon the 
immediacy and the validity of feedback information. Detection by others is 
sometimes the only way in which higher level errors can be noticed. Woods 
(1984) has observed how nuclear power plant operators discover their errors in 
real and simulated emergencies. Given the number of test scenarios, there were 
very few operator problem: and those that did occur were of little consequence. 
However, when a crew misidentified the plant state, they generally failed to 
correct their diagnosis. Some problems were corrected through the intervention of 
an external agent, when a fresh viewpoint entered the situation. The observation 
of fixation effects indicates that problems may have been related to poor feedback 
about the effects of control actions on process state. 

2.4 Organizational failures 

Westrum (1988) has identified the characteristics of safe organizational behaviour 
as generative, calculative, or pathogenic. Generative organizations are those that 
accomplish high levels of success. Hazards are identified and removed by lower 
level personnel empowered to seek out and eliminate problems. Calculative 
organizations perform functions by the book in conventional ways, meeting 
regulatory requirements but rarely exceeding them. Pathogenic organizations 
consider safety regulations as barriers to pioduction. Although not explicitly 
stated, this classification of organizations can be thought to be based on the 
different ways to handle problems and thus describe the orientation of the 
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management to organizational problems. The concept of orientation is discussed 
further in ch. 8.1. 

Organizational accidents happen when latent failures combine with local triggering 
events to breach or incapacitate the system defences. Of the two primary accident-
causing ingredients usually only the former, latent failures, can be detected before 
an accident sequence is initiated. They exist during normal plant operations and 
are amenable to various auditing procedures. Local triggers are often extremely 
difficult to foresee (Reason, 1990b). 

Reason's accident causation model is closely related with Turner's model of 
disaster development (Turner, 1978). The study of disasters merges with the study 
of accidents, although for an accident to be labelled a disaster, it will probably 
need to be an unusually large-scale, costly or otherwise unexpected accident. 
Turner concluded that disasters rarely come about for any single reason, and that 
the conditions for failure do not develop instantaneously. Instead, there is an 
accumulation over a period of time of a number of events. The incubation period, 
in which the gradual degradation takes place, is brought to a conclusion either by 
taking of preventive actions to remove dangerous preconditions or by a trigger 
event, which brings the latent factors to light in unpredictable ways. 

For discrepant events to build up this way, they must fall into one of two main 
categories: either the events are not known to anyone or they are known but not 
fully understood or appreciated. Based on a detailed analysis of 13 disaster reports, 
Turner classified the reasons that such events were able to accumulate unnoticed 
into four broad categories: (1) Events were unnoticed or misunderstood because 
erroneous assumptions were made. (2) Discrepant events were unnoticed or 
misunderstood as a result of problems in handling information in complex •situ
ations. (3) Some events passed unnoticed as a result of human reluctance to fear 
the worst, so that danger was frequently belittled. (4) Violations of formal rules 
and regulations came to be accepted as normal, where formal precautions were not 
fully up-to-date. The incubation periods for large disasters seem to be long, often 
extending to several years and including events which are spread over a wide 
organizational area. By drawing attention to the existence of the incubation period, 
it becomes possible to consider the features of the pre-disaster period, anu to try 
to increase knowledge of these features. 

Turner (1978) refers to an important aspect of communication in the pre-disaster 
period. It is often the case that the information which could prevent a disaster is 
available to some-one, but that the individual may not realize the significance of 
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the knowledge that one has or one may not be able to pass this information on 
because the constraints of habit or lack of authority stop him from doing it. These 
issues are further discussed in relation with an organizational assessment of a NPP 
maintenance department (ch. 8.3). 

Mosey and Weaver (1988) call latent failures related to organizational accidents 
institutional failures and define them as the absence or impairment of a corporate 
function which is necessary for the safety of an installation. Mosey (1989) has re
viewed a number of selected high-consequence events, both nuclear and non-
nuclear, and this review identified some of the principal characteristics of 
organizational failures. They include a dominating "production imperative", 
inappropriate allocation of safety-related resources, failure to recognize or 
acknowledge a deteriorating safety situation, lack of clearly defined and assigned 
safety responsibilities and lack of understanding at the management level of the 
technical safety envelope of the technology involved. 

Mosey (1990) has also reviewed in detail seven most frequently cited past nuclear 
reactor accidents, including Chernobyl and Three Mile Island. All seven involve 
core damage of severity ranging from local fuel melting to total destruction. Two 
of these accidents resulted in immediate fatalities (SL-1 and Chernobyl) and two 
had significant offsite radiological consequences (Windscale and Chernobyl). 
Three accidents involved reactivity transients, two involved local coolant flow 
blockage and two involved severely degraded core cooling. Mosey found that all 
exhibit to some extent examples of failures to discharge successfully or completely 
responsibility for safety - that is, they all have elements of organizational failure. 
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3 HUMAN RELIABILITY ASSESSMENT 

3.1 Introduction 

The primary area where human reliability concepts and analysis methods have 
been developed and applied is in connection with probabilistic safety assessments 
(PSA) of nuclear power plants. In PSA the actions of the power plant personnel 
are taken into account and their success probabilities are determined. The human 
reliability analysis (HRA) is an important part of PSA and firmly connected to it. 
Although PSA is basically an engineering technique it has long been realized that 
the human is a major source of risk, and human performance has been included in 
all major PSAs including the Reactor Safety Study (1975). 

A systematic framework for accounting for human interactions in PSA has been 
developed. The Systematic Human Action Reliability Procedure, SHARP, 
(Hannamai & Spurgin, 19S4) consists of seven steps with defined objectives and 
linkages to the accident sequence development and system analysis element of 
PSA. However, in order to apply SHARP, it is necessary to use some model of 
human behaviour. Typically three categories of human actions are addressed in 
HRA. Category A actions involve errors made before an accident sequence has 
begun. Category B actions can cause initiating events of accidents. Category C 
actions address response to an accident sequence. 

Expert judgment is an integral and inevitable part of IIRA. In addition to the 
issues associated with the choice of experts and the process of elicitation of expert 
opinions, there is the problem of combination of judgments. The fundamental tool 
for combining several sources of information is the Bayes' Theorem. The 
uncertainty on variables of interest is modelled by prior distributions and the 
information from the experts' judgments is described by using a likelihood 
function. The Bayes' theorem is then used to determine a posterior distribution. 
Analysts may also apply simple averaging techniques to form a consensus 
distribution. This kind of consensus distributions were applied in NUREG-1150 
(1989). Pulkkinen (1993) has presented an information theoretic interpretation for 
averaging of experts' distributions. 

In a subjectivistic interpretation probability is regarded as a measure of degree of 
belief in accordance with De Finetti (1978), The relationship between relative 
frequency and subjective probability was examined by Apostolakis (1978). His 
conclusion was that coherence (i.e. compliance with the rules of the calculus of 
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probability) is the major requirement that is imposed on an assessor of 
probabilities. Probabilities are subject to revision when new evidence, in the form 
of data or judgment of an expert, becomes available. Coherence is preserved if the 
revision is done for example via the Bayes' theorem. The link between subjective 
probability and relative frequency is simply that a coherent person whose body of 
knowledge includes the observation of a long-run frequency will assign a 
subjective probability to the event that is close to the value of the observed 
frequency. Admissible evidence is not just of the conventional statistical type, but 
also expert judgment stemming from knowledge of the process and operational 
experience. The use of expert opinion is necessitated by the fact that the events of 
interest are rare and statistical evidence is weak or non-existent. 

In the following two chapters, principles and methods used in the qualitative and 
quantitative human reliability analyses in this study are described. Some of the 
methods were further developed, and the work is described in detail in ch. 6.3. 

3.2 Task analysis methods 

A comprehensive and systematic qualitative task analysis is essential if the 
assumptions, upon which the quantitative analyses depend, are to be realistic. This 
is generally easier for routine actions which arc usually well defined. The analysis 
is less straightforward in non-routine situations, where cognitive tasks are 
involved. It is important that the quantification of human error probabilities is 
driven by the results of a detailed qualitative analysis. 

In the SHARP guidance is given for the breakdown of each key interaction into 
tasks and subtasks and for identifying important influence factors for each of these 
tasks. For this purpose, the system analyst and the human reliability analyst should 
conduct detailed talk-throughs with plant operating personnel. The impact of 
influencing factors is assessed by a plant visit. The time allowed for an action is 
evaluated by reviewing the results of transient and accident analyses. The average 
times to carry out tasks are determined by talk-throughs or by performing 
measurements in a simulated way. 

The form of task analysis used by Embrey (1986) is called the Hierarchial Task 
Analysis (HTA). It is a systematic method for identifying the various goals that 
have to be achieved within a task and the way in which these goals are combined 
to achieve the overall objectives. The goals are hierarchial. At each level of the 
hierarchy, the subordinate operations required to achieve the goal are identified 
together with a plan that specifies their sequence. 
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The Time-Line Analysis is a method to identify the density of tasks to be 
performed. The relative timing of different tasks and the duration of individual 
tasks are presented graphically. The diagram thus identifies where parallel tasks 
are to be performed. The Hierarchial Task Analysis and the Time-Line Analysis 
can be combined so that the diagram represents the relationship between functional 
goals and operator tasks. Dougherty (1992) has presented a task analysis method 
based on time-line diagrams. 

Ryan (1988) has presented a task analysis-linked approach for integrating the 
human factor in the reliability assessments of nuclear power plants. The core of 
the approach is comprised of task, timeline and interface analyses which serve as 
criteria for selecting and evaluating performance shaping factors. The analysis 
includes also reviews of system operating characteristics to identify how and for 
what purpose human interventions are required. 

Hollnagel (1991) notes that a proper basis for assessing human reliability must be 
a systematic description of the appropriate actions, including how they are related 
or structured. He gives some requirements to the resulting descriptions of tasks. 
One requirement is that actions are described as goal directed. According to 
Hollnagel this kind of task description indicates how complex the task is, how 
large the cognitive load is and how human reliability can be affected. A human 
reliability analysis must therefore begin by establishing the context. The context 
improves the quality and precision of the analysis (Hollnagel & Cacciabue, 1994). 

Analysts of complex incidents based on interviews is discussed by Hollnagel et al. 
(1981). They suggest that professional terminology of the operating staff is used 
in the interviews. Operators should not be expected to formulate their information 
using concepts related to human behaviour models, nor should these be used 
directly in questions. Also Praetorius and Duncan (1988) stress the importance of 
providing the subject with appropriate media or means of expression, adequate for 
eliciting the information that the investigator is seeking. The information obtained 
must then be transformed into a suitable structure for human reliability analysis. 

In PSA, the analysis of operator actions always aims at the quantification of the 
human error probability so that it could be used in PSA and combined with 
equipment failure probabilities. If the goal is to look, at the same time, for 
possible development potentials at the plant, a detailed qualitative analysis is 
extremely necessary. The importance analysis associated with sensitivity analysis 
provides a systematic method to find out the most important operator actions as 
regards the reactor core melt risk. 
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The principles presented above were followed in the qualitative analysis of 
operator actions. The procedure includes analysis of plant behaviour and review 
of EOPs, talk-throughs and walk-throughs with shift supervisors based on 
descriptions of the accident sequences, identification of PSFs and construction of 
coordinated time-line diagrams. The detailed method is described in ch. 6.3.1. 

33 Quantitative methods 

The basic idea behind all time-reliability correlations (TRQ is that the success or 
failure of control room operators in any given circumstance is governed by the 
time TA available for diagnosis and the time T required by the crew to diagnose 
the situation. Since both TA and T are random variables, the human error rate r is 
the fraction of times that T exceeds TA, i.e. 

r=Jr{T>TA) = ffTA (0 [1-F r (t))dt 
o 

where fTA (t) is the probability density function for the stochastic variability of TA 

and FT (t) is the cumulative probability distribution for the stochastic variability of 
T (Apostolakis et al., 1988). The distributions associated with T are assessed using 
the human error models, while the distributions associated with TA depend on the 
physical processes that occur. Usually a conservative point value is chosen for TA. 
When it is assumed that TA is known, the density function fTA (t) is a delta 
function and 

r = \-Fj{TA). (2) 

Vestrucci (1989) has presented a convolution integral method for the crew 
response probability assessment for the case that a task can be decomposed in 
several subtasks. The subtasks are performed sequentially and are assumed to be 
independent and there is a finite total time window to achieve a specific goal. The 
method is general and can be applied to any response probability model. However, 
usually only the cognitive task is analysed as a time constraint problem. 
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The screening and nominal models of Swain (Swain & Guttman, 1983) are based 
on generic time-reliability correlations and can be used to assess the probability 
of successful diagnosis. The evaluation of the human error probability (HEP) is 
based on a calculation of an allowable time for a correct diagnosis which will still 
permit sufficient time to perform required post-diagnosis actions prior to 
maximum allowable time. Swain (1987) has stated that diagnosis is knowledge-
based behaviour but if symptom-based emergency operating procedures (EOPs) 
are used at the plant it can be regarded as rule-based behaviour. The probability 
of missing diagnosis can in this case be read from the lower bound curve instead 
of the median curve. This means that, according to the model, new symptom-
based EOPs would enhance the success probability by a factor of 3...10, 
depending on the time available. Both screening and nominal models were used 
to analyse cognitive operator actions at the Loviisa and TVO plants (ch. 6.7) to be 
able to compare these models with the other methods used or developed in the 
study. 

The Human Cognitive Reliability model (HCR) is used to quantify the non-
response branch of the expanded operator action tree (Hannaman et al., 1984). The 
HCR technique is based on the use of a mathematical relationship for the probabi
lity that an operator will not respond correctly within the required time window 
following the onset of an incident. It is assumed that the relationship between 
non-response probability and the normalized time will be of a different form for 
the three types of cognitive performance defined in Rasmussen's model. The 
normalized time is the actual time available to make a response divided by the 
median time taken by the crews to perform a given task. The median time can be 
obtained from simulator measurements, task analyses or expert judgment. The 
effects of stress, arrangement of control room equipment and operator experience 
are accounted for by a modification of the median time to perform the task. 

The mathematical formulation of the model is based on the Weibull distribution 
of the form 

P(TA) = exp - * r ' 

where TfJ^ is the non-response probability in the performance of type i cognitive 
processing. Cy, C^ and ft are correlation coefficients associated with the 

(3) 
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predominantly i-th type of mental processing. The median time TH is determined 
using the following mathematical formulation 

where the factors (1+Kj) represent the nominal median time multipliers due to 
influence factors. The calibration of the HCR correlation was done based on 
simulator experiments and some small scale tests. 

The HCR method and it's modified version (MHCR) were used to analyse 
cognitive operator actions at the Loviisa and TVO plants (ch. 6.6). 

The HCR/ORE correlation (Moieni et al., 1989) is a lognormal model based on 
Operator Reliability Experiments project. The correlation is a representation of the 
probability of crew non-response as a function of normalized time. Normalized 
time is a dimensionless unit which reflects the ratio of time available to crew 
median response time. 

It was demonstrated that for individual human interactions the response time data 
could be fitted by a lognormal distribution, which has two parameters, the median 
response time TH and the logarithmic standard deviation of normalized time o. 
With these two parameters, the probability of crew non-response in a time 
window TA is given as 

P(TA) = 1 - * 
in<7yrH) (5) 

where <J> is the standard normal cumulative distribution and TA is the allowable 
time window. A lognormal distribution was used earlier in the Risk Methods 
Integration and Evaluation Program (Weston et al., 1987) and in the Loviisa PSA 
(Vuorio & Vaurio, 1987). It should be noted that the time window TA should be 
regarded as the time window for detection, diagnosis and making a decision, when 
cognitive actions are analysed. It is therefore different from a time window based 
on thermal hydraulic considerations, which include both the cognitive and 
manipulative part of the action. 
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In the model the proceduralised human interactions have been categorized into five 
different groups. These groups represent different types of cue-response structure. 
A cue is a noticeable change in a plant parameter, or an alarm, that triggers a res
ponse. The approach based on the cue-response structure showed some systematic 
differences between the average o values for the different cue-response types, but 
with considerable overlap of the distribution of o within a type. It would appear 
that while one factor in determining o has been identified, there are other human 
interaction specific factors which have not yet. Therefore, the authors of the 
method strongly recommend that human interaction specific data be gathered 
whenever possible (Parry et al., 1991). 

Three different approaches were presented to estimate the parameters of the 
HCR/ORE conelation (Moieni et al., 1989). The first is to use simulator exercises 
to gather data on response times. In situations where it is not possible, structured 
interviews can be a valuable alternative to obtaining estimates of TK and o. It is 
likely that, for one or two key plant parameters, knowledgeable persons may have 
a very good idea of the range of values within which they might act to a certain 
cue. The ranges of values can be converted into ranges of times using the same 
thermohydraulic calculations that are used to estimate the time windows. The third 
alternative is to use a generic data compilation. 

Upper and lower bound values of logarithmic standard deviation of normalized 
time have been presented for various human interaction categories (cue-response 
structures). These values can be used to generate an uncertainty range on crew 
non-response probability. 

The HCR/ORE conelation was used in this study to calibrate the human enor 
probabilities in using the SLIM method (ch. 6.4). 

The TRC-SI is a method that was developed in this study and is based on plant-
specific TRCs assessed by experts. A log-normal distribution is used in the 
method. A stress index (SI) is used to correct the combined TRC to take into 
account the influence of factors that are present at the plant but not at the 
simulator. The method was used to analyse cognitive operator actions at the 
Loviisa and TVO plants (ch. 6.5, ch. 6.7). 

The Success Likelihood Index Method (SUM) utilizes decision analysis techniques. 
The underlying rationale in the SLIM is that the likelihood of an error occuning 
in a particular situation depends on the combined effects of a relatively small set 
of performance shaping factors (PSF). It is assumed that experts are able to assess 
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the relative importance (weight) of each PSF with regard to its effect on human 
reliability in the task being evaluated. It is also assumed that independent of the 
assessment of the relative importance, the experts can make a rating of how good 
or bad the PSFs are in the task under consideration (Embrey et al., 1984). 

The Multi-Attribute Utility Theory (MAUT) provides the formal basis for the 
Success Likelihood Index Methodology. The MAUT has been used in social 
decision making and other applications. Edwards (1977) has presented a simple 
rating procedure SMART (Simple Multi-Attribute Rating Technique). The 
SMART is based on additive value functions. According to Edwards, simulation 
computations and experience suggest that these yield extremely close approxi
mations to very much more complicated nonlinear utility functions, while re
maining far easier to elicit and understand. The principles and different steps of 
the SMART are followed in the original SLIM. 

A major assumption of the SLIM is that the resulting success likelihood index 
(SLI) bears a consistent relationship to the probability of success and can be 
converted to it. This conversion of SLI values to probabilities is achieved by the 
use of a logarithmic calibration equation. 

A modified SLIM-based approach was used to analyse cognitive operator actions 
at the TVO plant (ch. 6.4). A group interaction method that followed the 
principles of the Nominal Group Technique (Delbccq & Van de Ven, 1975) was 
used in the application. The Analytic Hierarchy Process (AHP) of Saaty (1980) 
was used in the weight assessment. 

The Technique for Human Reliability Error Rate Prediction (THERP) is based on 
the use of HRA event trees for human actions that are evaluated. The application 
of the THERP in the Reactor Safety Study (RSS, 1975) concentrated on 
procedural tasks, with little explicit analysis of the cognitive processes driving 
human actions. Several years after the RSS, the authors of the THERP published 
a Handbook of HRA (Swain & Guttman, 1983), which presented data needed for 
estimating human error probabilities. 

In a HRA event tree the limbs represent binary choices, either correct or incorrect 
performance. The presumed influences upon the human activities are taken in 
account as performance shaping factors (PSFs). The main function of a PSF is to 
adjust a nominal human error probability based on task characteristics. These 
adjustments are based primarily on the judgment of the analyst. The mechanistic 
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approach to HRA used in the THERP is analogous to the methods adopted in 
hardware reliability analysis. 

The THERP was used to analyse proceduralized operator actions related with the 
cognitive actions that were analysed using the abovementioned methods. 

The Paired Comparisons method does not evaluate the probability of success of 
a task directly, but instead uses a procedure to position each task on a likelihood 
of success scale. It is assumed that each task has an associated subjective 
distribution of perceived likelihood of success, and that this distribution is normal. 
When comparing the likelihoods of success of two tasks, a magnitude is selected 
from each of the associated distributions and the task with the greater magnitude 
is assessed to have a higher likelihood. The resulting likelihood of success scale 
is then calibrated by including tasks with known error probabilities (Hunns & 
Daniels, 1980). 

The Ranking and rating methods can be included as a single procedure, because 
their theoretical basis is the same. Ranking requires each expert to rank the set of 
human errors according to their likelihood of occurrence. The rating procedure 
requires experts to judge each event on a given scale. Actually, each rank can be 
considered a different rating (Seaver & Stillwell, 1983). 

In this study the Paired Comparisons and the Ranking method were used to 
analyse test and maintenance activities and especially their dependence (ch. 7.3). 
Dependence of test and maintenance activities was analysed also using 
multiattribute rating techniques (ch. 7.4). The Analytic Hierarchy Process was 
chosen to assess weights of different attributes. 

The most often used methods to assess dependence are the model presented in the 
Handbook (Swain & Guttman, 1983) and the Multiple Sequential Failure method 
(Samanta et al., 1985). These are described in ch, 7.2. 

The time-oriented models are meant to assess the probability of a delayed, failing 
diagnosis. Another type of cognitive failure is a misdiagnosis. According to 
Norman (1986) the likelihood that a situation will be misdiagnosed is affected by 
three factors: description and capture errors, a priori biases based on experience 
and erroneous or incomplete knowledge. Description errors occur when several 
situations are similar to one another so that there is a possibility that there will be 
a confusion among them. A capture error occurs when another situation is both 
similar to and more frequent than the current one and the stronger event 'captures' 
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control. Norman calls factors responsible for the failure to detect a misdiagnosis 
a cognitive hysteresis: a tendency to stick with a decision. Again three factors 
affect this tendency: the similarity of the actual event to the perceived event, the 
danger of partial explanation and a bias to search only for confirming evidence. A 
method developed especially for the assessment of misdiagnosis probability is the 
confusion matrix method (Potash et al., 1981). Confusion probabilities depend on 
the similarity of the symptoms of different event sequences. Also the training of 
the operators affects the confusion probability. If the symptoms of transients are 
alike, operators more probably assume that the transient has occurred, that has 
been trained at the simulator more often. The confusion matrix can thus be 
asymmetric (Illman et. al., 1986; Vuorio & Vaurio, 1987). In this study the 
misdiagnosis was assessed only qualitatively. 

Other kinds of decision based errors can be assessed by a method proposed by 
Gcrtman ct al. (1992). These errors are not ordinarily incorporated into 
probabilistic safety assessments due to both the difficulty in postulating such 
errors and to the lack of a method for estimating their probabilities. The range of 
possibilities of inappropriate actions is in principle unconstrained. Therefore, a 
practical approach to the analysis of such errors must involve systematically and 
logically reducing that number to a manageable set. A list of errors of intention 
was generated by Gertman and his co-workers using a sneak analysis. It is a 
methodology that was originally developed to identify pathways in electrical 
circuits that could lead to an undesirable event. A modified approach was found 
to be useful for identifying errors of intention in nuclear power plant operator 
activities. Expert judgment was used to assess the likelihood of these errors 
occurring under various conditions. These conditions were defined by different 
levels of performance shaping factors (PSF). Human factors specialists determined 
upper and lower bound estimates of human error probabilities for 20 different 
types of errors of intertion and assessed associated weights for each error type. 
Site specific human error probabilities can be determined by rating the PSFs for 
each accident scenario. The procedure is similar as in the SLIM. A five point 
Likert scale is suggested for the rating of PSFs and a lognormal equation is used 
in the calibration of probabilities. Examples of categories of errors that could be 
analysed by this method are violations of procedures, wrong conclusions due to 
competing goals and toleration of an out of range situation (Gcrtman et al., 1992). 

Lately more attention has been paid to risks related to plant shutdown states. 
Brinsficld et al. (1993) review experiences from several completed and ongoing 
shutdown and low power PSAs. They note that traditional techniques available for 
the estimation of the probabilities (e.g. THFRP) can be used but the limitations arc 
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apparent. Recovery actions are similar to analogous actions included in full power 
PSAs. The differences for low power and shutdown PSAs relate primarily to the 
amount of time available for decisions and actions and to the more complex and 
less easily controllable state of the plant due to numerous maintenance activities. 
Chu et al. (1983) describe methods and results of the low power and shutdown 
PSA for the Surry plant. In the analysis of dynamic human actions and recovery 
actions an adaptation of the SLIM was used. The numerical model was calibrated 
using well-defined actions obtained from an analysis for other PSAs, which 
ensures that the error probabilities are consistent with the results from comparable 
expert evaluations of similar activities. 

The operator actions that were analysed in the TVO and Loviisa plant case studies 
are all related to accident or disturbance situations occurring during full power 
operation. Intention errors were analysed only qualitatively. However, it is 
important to note that the methods used in human reliability analysis in low power 
and shutdown PSAs and in the analysis of decision based errors (errors of 
intention according to Reason, Fig. 1, page 17) are at the moment to a great extent 
similar to the methods used in the case studies of this work. They are based on 
detailed qualitative analyses and on the use of expert judgment in the 
quantification of the error probabilities. Especially the SLIM is often used in these 
applications. 

A list of the quantitative HRA methods used in this study is presented in Table I 
(page 32). In the table also the use of the method is described and a reference to 
the chapter of the study, where the application of the method can be found, is 
given. Other HRA methods are presented by Virolainen (1993). 
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Table J. Quantitative HRA methods used in the study. 

Method 

Swain's 
screening and 
nominal 
diagnosis 
models 

HCR, MCHR 

HCR/ORE 

TRC-SI 

SUM 

THERP 

Paired 
Comparisons 

Ranking/ 
Rating 

Multiattri-
bute rating 
technique 

Main features 

Generic time-reliability 
correlation 

Generic time-reliability 
correlation, 
modification based on 
expert judgment 

Time-reliability 
correlation based on 
simulator experiments 

Plant-specific time-
reliability correlation, 
modification based on 
expert judgment 

Expert judgment 
method based on 
decision analysis 
techniques 

A decomposition 
method based on 
HRA event trees and 
Handbook data 

Psychological scaling 
method based on 
expert judgment 

Psychological scaling 
method based on 
expert judgment 

Expert judgment 
methods based on 
decision analysis 
techniques 

Use of the method 

HEP of delayed or 
missing diagnosis of 
the control room crew 

HEP of delayed or 
missing diagnosis of 
the control room crew 

HEP of delayed or 
missing diagnosis of 
the control room crew, 
calibration of the SUM 
results 

HEP of delayed or 
missing diagnosis of 
the control room crew 

HEP of delayed or 
missing diagnosis of 
the control room crew 

HEP of proceduralized 
operator actions 
connected with the 
analysed cognitive 
actions 

HEP and dependence 
of test and 
maintenance tasks 

Dependence of test 
and maintenance tasks 

Dependence of test 
and maintenance tasks 

Refe
rence 

ch. 6.7 

ch, 6.6 

ch. 6.4 

ch. 6.5 

ch. 6.4 

ch. 6.8 

ch. 7.3 

ch. 7.3 

ch. 7.4 
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3.4 Effects of PSFs 

Performance Shaping Factors (PSFs) are used to describe effects of situational, 
task and personal factors on human performance and on base rate error 
probabilities. Several HRA methods utilize in some form the concept of PSF. The 
problem with the concept is that PSFs are not systematically related to a consistent 
theory of human actions (Hollnagel, 1991). PSFs are usually assumed to be 
independent, which is not generally correct. A large number of PSFs have been 
proposed. This makes it necessary to carefully select which PSFs to use. 

A table of PSFs is presented in the Handbook (Swain & Guttman, 1983). Over 60 
variables are listed under five major categories. Four PSFs are extensively 
discussed in the Handbook. These are skill level, instructions, stress and tagging 
policies. 

In NUREG/CR-3309 (Beare et al., 1984) a study is described which was 
undertaken to obtain on an empirical basis human error data that could be used for 
comparison with estimated human error probabilities listed in the Handbook. In 
addition, the study attempted to evaluate the effects of certain PSFs on the error 
rates observed. Data was collected on two full-scale simulators. On the BWR 
simulator the crews used symptom-oriented emergency operating procedures, 
while on the PWR simulator event-based procedures were used. Six types of 
errors of commission and three types of omission were recorded. The categories 
were based on the taxonomy of Swain and Guttman (1983), 

Skill level was one of the major PSFs considered. The number of years of 
experience in NPP work and an operator's license at a specific level were used as 
indirect indicators of skill. Statistical analyses showed that individual error rates 
were not predictable on the basis of the individual's past experience. When the 
results of experienced and novice operators were compared, none of the 
differences in observed error rates between the groups were statistically significant. 
This finding was explained by the fact that the novices had much more recent 
practice at the simulator. Also it may reflect more use of written procedures. 

The effect of PSFs on omission and commission errors was evaluated. The 
observed error rates were compared with adjusted HEPs of the Handbook, and 
were found to be largely in agreement. This result provides suppoit for the use of 
the Handbook data in the analysis of proceduralizcd human actions using for 
example the THERP method. This approach was also applied in this study. 
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In the Human Cognitive Reliability model (Hannaman et al., 1984) three PSFs, 
namely operator experience, stress level and quality of operator/plant interface are 
used. The effect of these factors is accounted for by a modification of the median 
time to perform the task. One of the original hypotheses of the HCR correlation 
was that human interactions could be grouped into skill-, rule- or knowledge-
based types. According to the Operator Reliability Experiments (ORE) project, this 
was not a strongly supported hypothesis. Vuorio & Vaurio (l 987) defined training 
based curves instead. The results of the ORE project indicate that crew responses 
appear to be influenced by the requirements of the procedures in terms of what 
cue and response should be considered. After that, other PSFs begin to have 
influence. In this study the cue-response structure was identified for each operator 
action in the qualitative analysis phase and was then utilized in the quantification 
of operator error probabilities. 

It is interesting to look at the results of the ORE project experiments as regards 
the effects of PSFs. Crew experience was one of the PSFs anticipated to affect 
crew response times at plant level. This PSF was analysed for all plants. The rela
tionship between the crew response times and the crew experience was examined 
by the use of Pearson product-moment correlation coefficients and regression 
analysis. For most human interactions, no statistically significant relationships 
were found (Spurgin et al., 1990). 

For the majority of similar human interactions, the normalized standard deviations 
across plants were not significantly different. These results indicate some support 
for the HCR hypothesis that PSFs do not affect the cognitive behaviour category 
associated with a given human interaction. With regard to the mean response 
times, ANOVAs showed that the differences between the mean response times due 
to plant differences were significant for most human interactions. This indicates 
that interplant influences seemed to affect the median response times, but not the 
standard deviations, which supports the HCR correlation hypothesis. 

The effects of individual interplant PSFs were also examined. The limited analysis 
showed that plant-specific PSFs could play an important role in using the HCR 
correlation through their effect on the median response time TH. The use of plant-
specific TMs is therefore recommended in using the HCR/ORE correlation and also 
in using other TRC based methods. This approach was used in the Loviisa PSA 
(Vuorio & Vaurio, 1987, Vaurio & Vuorio, 1991). 
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3.5 Stress 

One of the most difficult PSFs to assess is undoubtedly stress, and therefore it is 
discussed separately. The importance of many other PSFs, such as the quality of 
the man-machine interface and the level of training of the control room operators, 
is emphasized anyway. 

Selye (1980) has pointed out, that stress is a scientific concept which has suffered 
from the mixed blessing of being too well known and too little understood. 
According to Selye, stress is the non-specific response of a body to any demand. 
He presents the idea of the General Adaptation Syndrome (GAS). The basis of it 
is that it is possible for the individual to compensate, at least temporarily, the 
decrements in performance by increasing the amount of effort on a given tasA. The 
GAS contains three stages: an alarm reaction, the stage of resistance and the stage 
of exhaustion. 

For Cox the key concepts are coping and the inability to cope. Stress arises 
because the individual feels unable to cope with the demands of a situation (Cox, 
1978). On the basis of Cox's work the following definition is presented by Baker 
and Marshall (1987): "Stress is a subjective state, having negative connotations, 
which arises in response to a stressor and entails a feeling of inability to cope." 

Lazarus and Folkman (1984) have presented another definition of stress as 
follows: "Psychological stress is a particular relationship between the person and 
the environment that is appraised by the person as taxing or exceeding his or her 
resources and endangering his or her well-being". The concept of appraisal 
introduced in the definition can be understood as the process of categorizing an 
encounter with respect to its significance for well-being. Stress appraisals include 
harm/loss, threat and challenge. Threat concerns harms or losses that have not yet 
taken place but are anticipated. The primary adaptational significance of threat is 
that it permits anticipatory coping. Excessive threat interferes with problem-
focused forms of coping through its effects on cognitive functioning and the 
capacity for information processing. Lazarus and Folkman (1984) have studied the 
formal properties of situations that create the potential for harm, threat, or chal
lenge. They have identified novelty, predictability, event uncertainty and temporal 
factors such as imminence, duration and temporal uncertainty as situation factors 
influencing appraisal. Especially concerning uncertainty they are inclined to 
believe that in naturalistic circumstances conditions of maximum uncertainty are 
highly if not maximally stressfull. 
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The most thorough discussion on stress related with HRA is presented in the 
Handbook (Swain & Guttman, 1983). The stress a person experiences can be 
psychological or physiological stress. A stressor is any external or internal force 
that cause, stress. A list of stressors is presented. Four levels of stress are identi
fied. A hypothetical relationship between performance and stress is presented. The 
highest level of stress, the threat stress, is qualitatively different from the three 
other levels in that it involves an emotional component: the feeling of threat to 
one's well-being. This may be a threat to one's self-esteem or professional status 
and it can engender fear of 'loss of face'. The Handbook presents factors for 
modifying HEPs to reflect the consequences of high levels of stress. 

The estimates of human error probabilities in the Handbook under threat stress are 
based on two studies. The Ronan study is based on interviews of B-50 heavy 
bomber commanders, who had survived in-flight emergencies. In the Berkun 
study raw recruits and experienced solders were placed in several elaborately 
simulated emergency situations. On the basis of these studies 0.25 was taken as an 
estimate for the average error probability in a threat stress situation. An error 
factor of 5 is proposed. This error probability is to be used for example for 
diagnosis making in high-stress accident conditions. 

In the HCR model (Hannaman et ai., 19S4) four levels of stress are used. 'Grave 
emergency' means a high-stress situation with operator feeling threatened. The 
definitions of the other levels are also similar to the definitions used in the 
Handbook. For each level, a coefficient is given, which is used to modify the 
median time for task completion. The values of the coefficients are based on the 
expert judgment of the authors of the method. 

Stress was also considered in the study of Beare et al. (1984). A nominal 
stressfullness scale for the scenarios used in the study was constructed using the 
Paired Comparisons method. Nominal stressfullness was defined as the relative 
stress likely to be experienced by an individual confronted with the scenario and 
related malfunctions in an operating NPP. Examination of the order of the events 
on the resulting scale reveals that those scaled as most stressful are generally also 
the ones generating the largest number of alarms. The effects of stress were 
inconclusive in the study. In some cases the effects were in accordance with the 
Handbook predictions, in others they were not. There were no significant diffe
rences between the observed error rates of novice and experienced operators under 
two levels of scenario stressfulness. It was concluded that the absolute levels of 
stress experienced at the simulator tests were undoubtedly lower than those which 
would be experienced in a real emergency at an operating plant. 
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In considering the effects of stress on performance, many of the research findings 
reflect a narrowing in the focus of attention and a rigidity in problem solving. 
Research by Kilpatrick (1957) supports the notion that under stress individuals 
will take courses of action which have proved successfull in the past. Smart and 
Vertinsky (1977) indicate that high levels of stress lead to a breakdown in 
perceptual accuracy and reduced ability to focus on relevant information. They 
state that the impaired cognitive abilities of the individual may result in an 
inability to predict the consequences of various alternate courses of action. 

The various research results indicate that under stress, cognitive abilities will be 
impaired in different ways. The findings support the approach that the time-
reliability correlation that is based on experience at a simulator has to be modified 
to take into account the effect of the induced stress at the plant. A modification 
procedure that is based on the results of Lazarus and Folkman (1984) is presented 
in ch. 6.3. 

3,6 Criteria for the evaluation of methods 

A wide range of techniques exist for the quantification of human reliability. The 
analyst needs to be aware of the characteristics of different methods and be able 
to compare them. A number of criteria are presented to assist in the evaluation and 
comparison of the methods. It is emphasized that it is not possible to provide 
infallible guidance on criteria. This is primarily because the shortage of data on 
human reliability in industrial tasks has meant that the most obvious criterion for 
choosing a method, that of accuracy, is not very useful (Humphreys, 1988). A 
decision analysis approach for the selection of the method was proposed by 
Humphreys. The approach is based on the SMART (Edwards, 1977). Altogether 
eight methods were compared using six criteria. Each method was rated on each 
of these criteria using a scale from one to five. It was suggested, that the weights 
must be assessed separately for each application, since the priorities in each 
project may be different. An index of preference can then be produced for each 
method, and the method with the highest index should be chosen. 

The most important criteria in choosing methods for this study were considered to 
be the validity and qualitative usefulness of the method. The criterion validity can 
be presented in different forms. Due to the absence of other methods of ensuring 
validity, convergent validity is often involved. This means the degree to which the 
results of the technique agree with those produced by other techniques. Theoretical 
validity can be defined as the degree to which the technique is consistent with 
current theories of human performance. Given the scarcity of data, the theoretical 
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validity of a technique provides the most useful guarantee of at least producing 
meaningful human error probability estimates. Modelling validity refers to the 
extent to which the method can take into account any contextual information 
which may be available. Face validity refers to the degree to which the method 
appears reasonable and plausible to the users (Humphreys, 1988). 

Qualitative usefulness was regarded as another essential criterion because of the 
large uncertainties still present in the quantitative results and because qualitative 
results can be used to further enhance the safety of the plants. The effective use 
of resources was not regarded critical because of the exploratory nature of the 
study and because only selected human actions were studied. 

In comparing different methods based on expert judgment acceptability to the 
experts was considered an important factor. This was tested so that the author 
always first made the judgments to see that the method is reasonable and the 
experts have the possibility to make the judgments they are required to do. Also 
the auditability of the method was considered important. The number of experts 
needed (and available) has to be taken into consideration, too. 

Based on a qualitative comparison of different methods using the above criteria it 
was decided to use SLIM- and TRC-based methods in the quantitative analysis 
of cognitive operator actions. In the analysis of proceduralized tasks connected 
with cognitive tasks the THERP was used in a routine manner. The results of 
THERP analyses are not discussed in this study in detail. In the qualitative 
analysis the principles of the Hierarchical Task Analysis combined with the Time-
Line Analysis were followed. The Paired Comparisons and Ranking methods were 
chosen for the analysis of test and maintenance activities. 

In the selection of methods also experiences from some benchmark exercises were 
taken into account, Some findings from these exercises are presented in the 
following chapter. 

3.7 Benchmark exercises 

The Joint Research Centre of CEC organized a wide benchmark exercise with the 
aim of assessing the state of the art in human reliability modelling and assessment 
in a PSA framework. Fifteen teams from eleven countries participated in the 
exercise. The exercise was organized around two studies: (1) analysis of human 
actions during a plant transient, and (2) analysis of routine test and maintenance 
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procedures. A German PWR plant was used as a reference plant in the study 
(CEC, 1989). 

The transient study consisted of an analysis of the operator response to a loss of 
electrical power combined with a partial loss of the auxiliary feedwater system. In 
this transient a diagnosis of the incident has to be made by the operators and a 
choice must be made between alternative strategies within one hour at the 
reference plant to prevent the steam generators from drying out. 

The methods most often used in the quantification of operator actions were the 
THERP, the HCR and the SLIM. The overall spread in the results was 
considerable. Even if the most extreme values are not included, the results differ 
by more than two orders of magnitude. 

The results obtained with the THERP as a separate method were typically an order 
of magnitude lower than the ones obtained with the HCR by the same team. The 
results obtained with the HCR show the largest team to team variability. The 
method was found to be sensitive to assumptions related to the median time to 
perform some action and the behaviour type of the action. The results of those 
teams, who used the HCR for cognitive tasks and the THERP for routine tasks, 
agree rather well (within one order of magnitude). Considering the results within 
a same team, the SLIM results always agree quite well with the results obtained 
by other methods, but this could be due to the calibration method used. 

The test and maintenance study was based on an analysis of routine functional test 
procedures for the auxiliary feedwater system of the reference plant. The different 
groups made a qualitative and quantitative analysis. Concerning the qualitative 
results not much credit was given to the possibility of a human error induced 
common cause failure, mainly because of the staggered testing strategy. The 
THERP and the SLIM were used most often in the quantitative analysis. Other 
methods used by some of the groups were the HEART (Williams, 1985) and the 
MAPPS (Siegel et al., 1984). 

One of the main conclusions of the study was that the THERP is still regarded as 
the standard tool for estimating human error probabilities in routine procedural 
tasks. However, it was shown that in some cases it was difficult to accomodate for 
all PSFs which were regarded as important. In many cases, the THERP yielded the 
most optimistic results. The SLIM approach provided a structured way for 
identifying and ranking the most important PSFs. 
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Concerning the analyst to analyst variability, it was shown that the major 
contributor was due to differences in modelling. These differences originated 
mainly from different assumptions concerning the scope of the task and the task 
structure and from different levels of decomposition. Also different recovery 
mechanisms and dependence structures between interactions included in the model 
contributed to this variability. The results of the study indicate a shift towards 
lower error probability estimates as the level of decomposition gets higher. It was 
concluded in the study that a detailed decomposition may fail to represent the real 
error mechanisms but may give the analyst a false feeling of completeness. 

In another comparative study of a smaller scope three subjective techniques for 
estimating human error probabilities were compared and evaluated by Embrcy and 
Kirwan (1983). Three groups of eight experts were set up, each group using one 
of the three techniques. From data banks available 21 tasks were selected for the 
study. The experts used were, in contrary to many other studies, experienced 
specialists in the field with an average working experience of 10 years. The 
methods used were the Absolute Probability Judgment (APJ), the Success 
Likelihood Index Methodology (SLIM) and the Paired Comparisons (PC). 

Correlations between the judges' HEP estimates using the APJ and the empirical 
HEPs, and between the scale values for the PC and the SLIM and the 
corresponding empirical HEPs were calculated. Logarithmic transformations of the 
data were used. The APJ and PC estimates correlated highly with empirical HEPs, 
whereas the SLIM estimates failed to reach the required level of significance. The 
reason for SLIM's failure was found to be the adoption of generic weights for the 
tasks. The calibration procedure degraded the PC and SLIM estimates 
considerably. As the inter-judge consistency of the judgments was evaluated it 
was found out that only the PC judges were significantly consistent. 

A similar study is presented by Kirwan (1988). The accuracy, usefulness and 
resource requirements of five human reliability quantification techniques were 
evaluated. The methods compared were THERP, PC, HEART, SLIM and APJ. 
Five accident scenarios each containing between four and ten tasks requiring 
quantification were prepared for the study. When comparing methods of 
quantification, one possible source of experimental confounding is that it will not 
be clear whether the methods disagree because of the way the scenario is modelled 
or because of some fundamental differences in the quantification approaches. 
Therefore, in this experiment each scenario was pre-modelled at an intermediate 
level of behavioural description. 
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Precision was defined in the study as the proportion of HEPs within a factor of ten 
of the real value (observed data). In terms of precision, all the techniques offered 
between 55 % and 80 % precision, with the APJ performing best. As the 
correlations of the results of different techniques were analysed, it was noticed that 
the uncalibrated scale values of the SLIM and the PC converged with some other 
techniques but the actual HEPs did not fare so well. As the usefulness of the 
methods was evaluated, the PC was ranked as the least useful. The APJ and the 
SLIM required most resources and the THERP and the PC a moderate degree of 
resources. The inter-judge consistency of the PC was good also in this study. 
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4 EXPERT JUDGMENT 

4.1 Introduction 

The use of expert judgments in a probabilistic safety assessment (PSA) is often 
inevitable. One reason for this is the fact that experimental or statistical 
information, on the basis of which assessments could be made, is not easily or not 
at all available because events of concern are often very rare. Using expert 
judgment is not extraordinary in science. Chhibber et al. (1992) point out that 
almost every scientific endeavor calls for human judgments to be made. Often 
these judgments are implicitly understood and thereby not explicitly stated. 
Analysts typically make decisions in defining problems, establishing boundary 
conditions, collecting and analysing data and selecting analysis methods. Each of 
these decisions is based on expert judgment by the analyst. Implicit expert 
judgments are not questioned when there is widespread agreement concerning their 
use. 

An expert is a person who has special skills, training and experience in the subject 
area and is recognized by his or her peers or those conducting the study as quali
fied to answer questions. Expert opinion is an informed judgment based on the 
expert's training and experience. The expert's opinion legitimately can and should 
change as the expert receives new information. Because the opinion reflects the 
expert's knowledge and learning, experts can validly differ in their opinions 
(Booker & Meyer, 1990). 

Expert opinion has been specifically gathered to provide estimates on new, rare, 
complex or otherwise poorly understood phenomena. It is also used to forecast 
future events. Expert opinion is frequently used to integrate or interpret existing 
data and to organize qualitative information or mixtures of qualitative and 
quantitative information into a framework for making decisions. 

Expert opinion has been used in the field of PSAs in assessments of component 
failure rates or other reliability parameters, in seismic hazard studies, in 
assessment of severe accident phenomena and in human reliability analysis. 
Mosleh et al. (1987) have critically reviewed the elicitation and use of expert 
opinion in the light of available empirical and theoretical results. The PSA practice 
was represented by four case studies. They found several undesirable features. 
Many applications elicit judgmental estimates without following any formal or 
documented approach. Some applications rely on traditional group meetings, with 
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informal procedures for aggregating conflicting opinion. On the positive side, they 
found several efforts confirming that expert opinion can be used well in practical 
settings. Especially they refer to the use of SLIM-MAUD in human reliability 
analysis. 

A thorough review of the subjective probability assessment and psychological 
scaling methods that could be used to estimate human error probabilities in 
nuclear power plant applications is presented in NUREG/CR-2255 (Stillwell et al., 
1982). Factors that have been shown to contribute to higher quality judgments are 
presented. It is stated that the event to be judged must be completely defined and 
structured. 

Stillwell et al. (1982) found training to contribute to the quality of judgments. 
Three types of training were identified: general statistics and basic probability 
concepts, training on the heuristics individuals use and the biases to which they 
lead, and feedback about the quality of an individual's own responses. The use of 
multiple experts was recommended. Groups of experts with mixed expertise have 
been shown to produce more independent information and better estimates of 
unknown quantities. If multiple groups of experts are used, within-group 
homogeneity and between-group heterogeneity were recommended. Concerning 
the different analysis methods techniques based on ratio estimation (odds and 
likelihood ratio estimates) were regarded as more effective than direct probability 
estimation, particularly for very unlikely events. 

A description of expert judgment methods available to human reliability analysis 
(HRA) is presented in CSNI Report No. 88 (1985). A list of factors to be taken 
into account in selecting the method is presented. The number of judges available 
is a particularly important constraint for techniques such as the Paired 
Comparisons and the Ranking/Rating methods. Extensive training is needed in 
methods that require absolute probability judgments. Events having a low proba
bility of error are likely to be less well estimated by direct approaches because of 
the known difficulties experienced by judges in estimating very low probabilities. 
It is concluded that an HRA analyst needs a repertoire of several techniques toget
her with a methodology for specifying the appropriate approach for a particular 
application. 

Goosscns et ai. (1989) have studied possibilities and limitations of using expert 
opinion systematically for estimating failure rates in safety studies of chemical 
plants. After an extensive literature survey, three models were selected, made fully 
operational and evaluated in pilot applications. The models were a classical model 
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based on weighted averaging developed at the Delft University, a Bayesian model 
and the Paired Comparisons (Cooke et al., 1989). The conclusion of the project 
was that the models are ready for application to "real world problems". 

42 The nature of expertise 

Because human reliability analysis is largely based on expert judgment it is 
important to review the results of research concerning the nature of expertise. This 
information can be used when the criteria for expert selection are laid down and 
when the weighting of experts is considered. 

The cognitive bases of expertise have become a central research area of cognitive 
science in recent years. Two dominant approaches to expertise exist. Collins 
(1987) has characterized these as algorithmic and enculturational. The algorithmic 
approach was launched by Herbert Simon and his colleaques (Newell & Simon, 
1972; Chase & Simon, 1973). The central findings of this approach are 
summarized by Chi et al. (1988). According to this approach experts see and 
represent a problem in their domain at a deeper level than novices, experts spend 
a great deal of time analysing a problem qualitatively and they have strong self-
monitoring skills. 

The enculturational approach to expertise sees thinking and knowledge as 
embedded in social situations, practices and cultures. The mastery exhibited by an 
expert is above all tacit and intuitive. It is based on years of practical experience 
(Engeström, 1989). The approach is formulated in detail by Dreyfus and Dreyfus 
(1986). 

The two approaches represent opposing views in the explicitness of expert 
thinking and knowledge. Engeström (1989) argues, based on the work of Hamm, 
that this difference is less absolute than it first seems. Hamm (1988) points out 
that the degree of explicitness and verbalization, as well as the use of an analytical 
or intuitive mode of thinking, are dependent on the task at hand. 

Hamm leans on the cognitive continuum theory of Hammond (1980), which 
describes analysis and intuition as distinct kinds of thinking. Hammond defines the 
intuitive pole of the cognitive continuum in terms of specific features. Intuitive 
thought involves rapid, unconscious data processing and has low consistency. On 
the other hand, analytic thought is slow, conscious and consistent. Most thinking 
is neither purely intuitive nor purely analytical. Task features influence the mode 

44 



STUK -AI 18 
FINNISH CENIKE FOR RADIATION 

AND NUCLEAR SAFETY 

of cognition that the person will adopt. These features include the complexity of 
the task, the ambiquity of the task content and the form of the task presentation. 

Hammond argues that people's reasoning is relatively more effective when the 
mode of thinking they adopt corresponds to the task features. If all the conditions 
of a case demand analytical cognition but it is handled intuitively, errors can be 
expected. Empirical evidence for this relationship can be found (Hammond et al., 
1987). 

Dreyfus and Dreyfus (1986) advise medical students about their modes of 
cognition by noting that expertise is acquired step by step. One must learn the 
components explicitly and team to act with them analytically. Without experience 
based on analytic foundation, intuitive performance will be poor. Experience will 
allow thinking to become intuitive. Hammond's cognitive continuum theory 
emphasizes that the task features determine the mode of cognition. The Dreyfuses, 
on the other hand, emphasize the relation to the experience. 

Johnson (1988) has studied the differences of expert performance in different 
substantive areas. He notes that most problem-solving research in domains such 
as physics examines well-structured tasks whereas the tasks in behavioural 
decision studies are characterized by an uncertain relationship between inputs and 
outcomes and the task domains are described by the term decision under 
uncertainty. 

Reitman (1965) has argued that well-structured and ill-structured problems do not 
constitute a dichotomy but instead represent points on a continuum. Simon (1973) 
notes that many problems are presented as ill-structured problems, but that they 
become well-structured in the hands of a problem-solver. He claims that much 
problem solving effort is directed at structuring problems. Thus solving ill-
structured problems requires the expert to have the capability of doing the 
transformation from an ill-structured to a well-structured problem. 

Much of expert opinion is product of high-level thought processing, which is 
called knowledge-based cognition. By knowledge-based cognition is meant the 
analytical thinking that occurs when a person processes information. An expert is 
often confronted with new and uncertain decision situations or with ill-structured 
problems, when expert opinion is sought. Thus analytical thinking is most often 
required of the expert in these situations. 
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Winkler and Murphy (1978) have defined as the measures of quality for the 
elicitation and use of expert opinion substantive goodness and normative goodness. 
Substantive goodness refers to the knowledge of the expert relative to the problem 
at hand. Normative goodness, on the other hand, refers to the expert's ability to 
express that knowledge in accordance with the calculus of probabilities and in 
close correspondence with his actual opinions (Tversky & Kahneman, 1974). 
Depending on the situation, demands for one or the other type of goodness 
predominate. Normative expertise is closely related to the biases which can give 
rise to inaccuracies in judgment. 

Another aspect of expertise is presented in ch. 8.1.5, where it is shown mat there 
are qualitatively different types of expertise. Orientations represent different ways 
to frame a problem. They are thought to control a person's actions and efforts in 
the utilization of expertise. Thus, they also define differences in expertise. 

43 Biases in expert judgment 

Empirical research in the behavioural decision theory presents a different view to 
expertise than cognitive science. In many studies, experts do not perform 
impressively at all. Cognitive science has defined clear differences in experts' and 
novices' behaviour. In empirical studies, many expert judges fail to do 
significantly better than novices who have only slight familiarity with the task at 
hand. 

The quality of expert judgment has been studied in four substantive areas, namely 
military, business, medicine and weather prediction. There is conflicting evidence 
as to the quality of estimates, with evidence generally varying according to the 
substantive area. Most of the negative evidence comes from the business field. 
Evidence in the medical field is mixed, but somewhat positive. Weather 
forecasters are rather good at providing subjective probability judgments (Stillwell 
et al., 1982). 

Two problems have been identified concerning most of the experiments performed 
to study the quality of probability assessments. The first problem is that many of 
these studies were made in an artificial laboratory situation. The second problem 
is that in many cases the subjects were not really experts but for example students 
with little training for the task at hand. 

How do experts assess the probability of an uncertain event or the value of an 
uncertain quantity? Tversky and Kahneman (1974) have shown that people rely on 
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a limited number of heuristic principles which reduce the complex tasks of 
assessing probabilities and predicting values to simpler judgmental operations. 
These heuristics are quite useful, but sometimes they lead to severe and systematic 
errors. 

According to Glaser and Chi (1988), when experts face and analyse a task, they 
add constraints to the problem, which reduces the search space. Perrow (1984) has 
found cases where unexpected multiple failures in complex technological systems 
were met with narrowing down the search space. Katz (1984) has found that in 
medicine specialization tends to narrow diagnostic vision. Engestrom (1989) notes 
that in changing or otherwise unpredictable conditions, narrowing the search space 
may actually lead to a cognitive runnel where dysfunctional conventional solutions 
are repeated. 

It has been widely documented that judgmental estimates are subject to a number 
of possible biases. Several possible causes of systematic bias have been identified, 
which include the heuristics of Tversky and Kahneman (1974). Many biases are 
explained as attempts by the assessor to make inferences in a complex en
vironment with only limited information storage, retrieval, and processing abilities 
(Stillwcll et al., 1982). 

By bias is meant a skewing of the expert's opinion from objective standards or 
from the expert's natural way of thinking. The first view of bias, the cognitive 
bias, defines bias as occurring when the expert's knowledge does not follow 
normative, statistical, or logical rules. The second type of bias, the motivational 
bias, occurs when the expert's reports of his thoughts are altered by the elicitation 
process (Booker & Meyer, 1989). 

Particularly important in the practice of risk assessment is the overconfidence bias. 
Assessors are often found to express more certainty in probabilistic answers than 
is justified. Another important bias is the availability which means the tendency 
to overestimate the likelihood of events that are available, i.e. those for which 
relevant examples are easy to recall. The value induced bias can be viewed as a 
conservative approach where extra weight is put onto occurrences with particularly 
bad consequences. Typical response biases are the central tendency and the 
avoidance of extremes. Social pressure is a typical motivational bias. A thorough 
conceptualization of errors affecting subjective judgment is presented by von 
Wintcrfeldt (1980). 
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Evidence from research on uncertain quantities shows that experts' probability 
distributions tend to be too tight. The assessment of extreme fractiles is 
particularly prone to bias. If asked to estimate the probability of an event and then 
to estimate a range around that figure within which they are 98 % certain that the 
probability will fall, people typically produce ranges which fail to include 20 to 
25 % of the actual values (Fischoff et al., 1977). When experts are asked to put 
a range around an answer such that they are 90 % sure that the range encompasses 
the correct answer, their ranges only cover 30-60 % of the dispersion. Even when 
they are given feedback on their performance, they cannot exceed covering only 
70 % (Capen, 1975). Martz et al. (1985) have noted that the problem is more 
pronounced with probability and chance estimates than with some other response 
modes. While using experts to assess physical phenomena of level 2 PSA an 
opposite tendency has also been observed. Referring to the Reactor Safety Study, 
Apostolakis (1982) has suggested that failure rate distributions of the RSS should 
be broadened by taking the endpoints of the assessed ranges as the 20th and 80th 
percentiles of lognormal distributions instead of the 5th and 95th. The 
recommendation has been questioned by Martz (1984), who concludes that this 
broadening procedure appears to be generally overly conservative. 

4.4 Selection of experts 

The selection of experts is an important stage in the process of acquiring expert 
judgments. It is generally advisable to use multiple and diverse experts. Seaver 
(1976), in a review of studies of group judgment, notes that having multiple 
experts will lead to relatively more accurate judgments compared with individual 
judgments due to a larger diversity of sources of information. The use of diverse 
experts allows the answers to reflect individual differences in experience and in 
the use of problem-solving heuristics (Booker & Meyer, 1990). The practice of 
using multiple experts is widely encouraged. The number of experts may vary 
according to the elicitation method. 

Recognizing the merit of expertise, and the diversity of opinions, NUREG-1150 
(1989) Jaid down the following guidelines for the selection of experts: 

(1) Experts should have demonstrated experience by publications, hands-on 
experience, and consulting or managing research in areas related to the 
(PSA) issues. 

(2) Each expert should be versatile enough to be able to address several issues 
and have extensive PSA experience to consider how these issues would be 
used in a PSA. 
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(3) Experts should represent a wide variety of experience as is obtained in 
universities, consulting firms, laboratories, nuclear utilities or government 
agencies. 

(4) The experts should represent as wide a perspective of the issues as possible. 
(5) The experts should be willing to be elicited under the methodology to be 

used. 

Hora (1990) claims that the aiteria for selecting experts should be made specific 
and should be documented. He proposes that these criteria should include, in 
addition to the criteria used in NUREG-1150, also lack of an economic or 
personal stake in the potential findings and impartiality. 

It sometimes occurs that persons with useful knowledge have to be excluded from 
the expert panel due to an apparent conflict of interest. A solution to this problem 
was found in NUREG-1150, where public testimony to be presented to the 
experts was allowed and encouraged. 

4.5 Aggregation of expert opinions 

Two general approaches to aggregate opinions of multiple experts to assess 
probabilities have been extensively examined. The first is a mathematical 
aggregation. Evidence indicating that objective mathematical aggregation methods 
provide better results than behaviourial methods is provided by Winkler (1968), 
Rowse et al. (1974) and Lawrence et al. (1986). 

Procedures that have been used include simple aggregation schemes such as 
arithmetic averages and complicated techniques, such as the use of self-weights, 
peer assigned weights, or weights based on past predictive performance. Examples 
of the use of these procedures are the Seismic Hazard Characterization of Eastern 
United States (Bernreuter et al., 1985), where the experts weighted themselves and 
the SNR-300 risk study (Hofer et al., 1985), where the so called DeGroot weights 
were employed. In the DeGroot model each expert weights the expertise of each 
expert including himself (DeGroot, 1974). 

In many studies the weighting procedure has had virtually no effect on the 
judgments (Winkler, 1971; Seaver, 1978; Stael von Holstein, 1971). However, 
Dalkey and Helmer (1963) have with moderate success used self-ratings of 
expertise as a means to differentially weigh individual opinions. Cooke et al. 
(1989) present criticism against the self-weights and the DeGroot weights and 
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note that using them makes it very difficult to satisfy the basic principles of 
reproducibility and accountability. 

The more complex mathematical aggregation procedures generally rely on the 
Bayes' Theorem to combine the individual judgments. The Bayes' Theorem is used 
to update the subjective probability of a decision maker about an uncertain event 
into a posterior probability, when he is faced with new evidence. In risk analysis 
applications, the decision maker will often be the person who is performing the 
analysis. The subjective probability of the analyst, the prior, is in that case the 
state of knowledge before the experts are consulted. The main advantages with the 
Bayesian approach are that it has a strong theoretical basis and that it deals with 
correlations in expert opinions. The main disadvantage is related to rather complex 
computations. 

The second general approach to aggregate expert opinions is behavioural 
aggregation, where the experts are asked to interact as a group to come to a group 
estimate either through reaching a consensus or through subsequently using some 
mathematical aggregation technique. There are three major behavioural 
aggregation methods. 

In the Delphi Technique (Dalkey, 1969) experts make individual assessments and 
are given feedback on how the group as a whole responded. The reassessed 
judgments are statistically aggregated. The method is an 'anonymous' technique 
which docs not require the group to meet. 

The Nominal Group Technique (Delbecq & Van de Ven, 1971) is a method that 
allows controlled interaction between experts. The purpose is to enhance sharing 
of information, but also to control for influences that may affect judgment such as 
dominating personalities in a group. After group discussion each expert recon
siders his/her assessment without further discussion. 

In the Consensus Group Method each expert contributes to the discussion, but the 
group must arrive at an estimate upon which all members of the group agree. 

Another behavioural aggregation method is to use unstructured interacting group 
meetings, which is the most conventional group process. However, these 
interacting groups have been shown to be restrictive and dysfunctional for many 
types of problem-solving (Gustafson et al,, 1973), 
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The Delphi, the NGT and an interacting group were compared by Gustafson et al. 
(1973) in a study the purpose of which was to obtain subjective likelihood ratios. 
The NGT was superior in approaching correct estimates in this study. As regards 
the variance of the estimates no significant differences between the methods could 
be demonstrated. In another study by Gough (1975) the NGT again performed 
best. Fischer (1981) re-analyzed the Gough data and found no evidence to suggest 
that the method used to aggregate opinions had a statistically substantial impact on 
the quality of the resulting forecast. The different conclusions based on the same 
data were caused by different data analysis methods. 

The Delphi technique has been critically reviewed by Sackman (1974) as 
scientifically untenable. Sackman claims that anonymity reinforces 
unaccountability in the method and in the findings. However, Riggs (1933) has 
found the Delphi to be more accurate than the use of unstructured interacting 
groups. 

4.6 Dependence of experts 

Most expert opinion aggregation methods require independence of the data, which 
is an assumption that is often violated. Correlation between experts is broadly 
defined as dependence. Dependence should be considered in interpreting expert 
opinion because it determines the relationships in the structure o? the data. 
Dependence has to be considered also in aggregating expert opinions. 

Some authors interpret correlation as a positive trait and others as a negative one. 
Some view correlation as an indication of consistency, reliability and accuracy. 
Proponents of this view value homogeneous expert populations. Those who value 
the diversity of opinions view expert correlation tacitly as negative (Meyer & 
Booker, 1987). 

Variability is in general viewed as an indicator of the uncertainty surrounding the 
question. Too much variability, indicating lack of agreement among the experts, 
suggests that the results arc of questionable validity (Seaver & Stillwell, 1983). 

Meyer and Booker (1990) have compiled a list of conditions that are suspected or 
hypothesized as being potential sources of correlation. The list includes the 
expert's educational background, commonly shared working experiences, how 
recently they worked on a similar problem, assumptions made in the problem-
solving process, and heuristics or rules used in solving the problem. 
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Meyer and Booker (I987) have studied the sources of correlation between experts 
also empirically. Based on theoretical studies they included the ways in which 
individuals solve problems as a possible source of correlation. Because humans 
possess memory limitations that affect their reconstruction of events it may be that 
how recently the subjects have worked on a similar problem determines what 
information and heuristics they use. Therefore, the recency of the subject's 
exposure to a similar problem was postulated as a source of correlation. The 
subject's professional background and indicators of the question's complexity were 
also included in the study as candidate sources of correlation. 

The experts were asked to compare TRAC code calculations with measurements 
taken at two test facilities and rate the divergences on a given scale. The major 
conclusion of the study was that problem-solving processes were the primary 
source of correlation between the experts. Some indication was found that recency 
of exposure to a similar problem was a source of correlation. The background 
characteristics were not found to be important sources. No evidence was found 
that shared work experiences, educational degrees or training were a source of 
correlation. 

Another view is presented by Chhibber et al. (1992), who argue, without any 
reference to experimental studies, that similarities in training, education and 
experience are some of the more important sources of dependence amongst 
experts. 

The Bayesian model is the only aggregation method that incorporates inter-expert 
dependence. The problem is, of course, the estimation of the dependence 
parameter. Therefore, usually a simplifying assumption that the experts are 
independent is made in a Bayesian analysis. Mosleh and Apostolakis (1986) have 
analysed the effects of dependence in the assessment of probability distributions. 
Their application was the estimation of a seismic fragility curve, which is the 
cumulative distribution function of the component's capacity to withstand the 
imposed stress. The experts were asked to estimate percentiles of this distribution. 

The seismic fragility curve is usually a lognormal distribution. The response 
parameter is the peak horizontal ground acceleration measured in units of g. 
Mosleh and Apostolakis (1986) assumed a correlation of 0,5 between similar 
percentiles of all experts, but the percentiles of each expert were assumed to be 
uncorrelated. This moderate correlation did not result in any significant change in 
the location or the spread of the expected fragility curve as compared with the 
uncorrelated case. When the correlation was increased to larger values, the average 
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fragility curve moved toward larger accelerations. Increasing the correlation 
increases the spread of the joint lognormal likelihood function for each percentile. 
This increase in the uncertainty is translated into a higher mean estimate for each 
percentile since the mean of the lognormal distribution is sensitive to the spread 
of the distribution. Mosleh (1992) has presented also a more general Bayesian 
approach to model dependence of experts. 

4.7 Calibration of experts 

Morgan et al. (1979) discuss four criteria for evaluating probability assessments. 
The assessments should be (1) consistent, they should not vary with the 
assessment method, or over time, (2) coherent, they should obey the laws of 
probability, (3) informative, they should contain information about actual outcome 
values of the quantities assessed, and (4) well-calibrated, the assessed probabilities 
should approximate the empirical frequencies of outcomes in the long run. 

Studies by Lichtcnstein et al. (1982) show that in many cases experts are not 
well-calibrated. A similar result was obtained by Cooke et al. (1988), who made 
calibration tests with the tractile method using both experienced and inexperienced 
groups of assessors. However, the experienced group was significantly better in 
their area of expertise. In many areas of risk-analysis, it is not possible to 
calibrate expert opinions against empirical data since the amount of relevant data 
is extremely limited. Booker and Meyer (1990) note that feedback on the outcome 
of events can reduce but not eliminate the biases that hamper calibration. For 
feedback to be effective as a calibration tool, it must be immediate, frequent, and 
specific to the task. Such feedback cannot always be given in the case of risk 
assessments. 

One way to achieve a proper calibration is to externally recalibrate the assessments 
that the experts make (Lichtenstein et al., 1982). External recalibration consists of 
collecting a set of assessments for items with known answers, fitting a model to 
this data, and substituting, in future assessments, the response predicted from the 
calibrated model for the response given by the assessor. 

Another approach is to train experts to become better calibrated. The benefits of 
such training are perhaps greatest when there is little or no relevant statistical data. 
Lichtenstein ct al. (1982) note that a problem in training assessors is the 
possibility that the assessor will trade off information transmission for calibration. 
Elicitation methods minimizing the biases that contribute to miscalibratton should 
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be used. The analyst can select methods and phrasings of the questions that reduce 
the motivational biases. 

Meyer and Booker (1987) propose to handle miscalibration with broad uncertainty 
measures and characterizations on the expert's answers. The uncertainty measures 
provide an envelope around the experts' estimates that attempts to capuire the true 
estimate. 
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5 INCLUSION OF ORGANIZATIONAL 
AND MANAGEMENT FACTORS INTO 
PROBABILISTIC SAFETY ASSESSMENTS 

One of the main problems in probabilistic safety assessment (PSA) is the question 
of how the effects of management and organizational factors can be incorporated 
into the analysis. Studies of major accidents from a variety of industries indicate 
that they rarely arise from random failures of hardware, but instead arise from a 
combination of active and latent human and organizational errors, as was 
discussed in ch. 2.4. Bley et al. (1992) note that it is difficult to assess the 
quantitative impact of the organizational culture, and that none of the current 
attempts to quantify these organizational factors have fully succeeded. Wu et al. 
(1991, a) claim that in common cause failure studies the events are limited to 
failures of two or more components of identical type within a short time interval. 
Components affected by organizational and management factors, on the other 
hand, can be of different types, and their occurrence can span longer time 
intervals. Organizational and managerial factors can have a significant impact also 
on operator actions, for example, when plant policies and practices weigh 
economical consequences higher than safety consequences, 

Embrey (1992) has proposed a model which describes the interrelationships 
between management influences, immediate causes and operational errors. 
Accident causation is modelled as a process involving three levels. On the first 
level a combination of latent, active and recovery errors is set out. The major 
error-inducing factors, which determine the likelihood of errors, are presented on 
the second level. The third level of the causal network presents some higher level 
policy factors that influence the lower level error-inducing factors. A many-to-
many pattern of influences exist between all levels (hierarchical influence 
network). All the error-inducing factors are assumed to have some influence on 
the direct causes of failures. The influences of the policy factors are specific in 
some cases and generic in others. In the implementation of the method an 
elicitation technique is first needed to capture the detailed structure of influences 
from individuals in the organization. This type of information requires inputs from 
individuals at all levels in the organization. The hierarchical influence network is 
isomorphic with the Influence Diagram approach used in the STAHR method 
(Phillips et al., 1987) applied to human reliability assessment. The assignment of 
probabilities is difficult, given the problems in obtaining empirical data. The APJ 
and the SLIM are recommended for the quantification of the diagram. 
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The Nuclear Organization and Management Analysis Concept (NOMAC) 
methodology has focused on the development and implementation of methods to 
collect data on organizational and management factors in a systematic way. The 
methodology has also been applied to probabilistic risk assessment (Haber et al., 
1991). Based on the results of demonstration studies of the methodology five 
broadly defined organizational factors were identified. These were communication, 
organizational culture, decision making, management attention and oversight and 
standardization of work processes. The SLIM-MAUD method was selected for the 
quantification of these factors. The method was applied to the PRA of the Oconee 
NPP (NSAC-60, 1984). The pre-accident errors were distributed across four 
organizational units. A group of experts developed ratings for the five 
organizational factors for each of the four organizational units. After the ratings 
were assessed, another group of experts was selected to weigh the organizational 
factors, using the SLIM. From the ratings and weights success-likelihood indeces 
(SLIs) were obtained for different organizational units and were further used to 
modify the corresponding human error probabilities. 

Moieni and Orvis (1994) have developed a systematic approach for incorporation 
of organizational factors into human reliability estimates. The approach is based 
on the use of decision trees and expert judgment. A decision tree provides a 
structured method to integrate the organizational factors that affect the likelihood 
of human errors. Organizational factors are rated using the Behaviourally 
Anchored Rating Scales (BARS) method (ch. 8.2.3). 

Davoudian et al. (1993) have developed an analytical tool for the assessment of 
organizational failures. The work process analysis model (WPAM) consists of two 
parts: a model for each key work process and a model for each dominant accident 
sequence. The organizational factors that are pertinent to each parameter that are 
used in the unavailability expression for each system are identified first. The 
parameter values are recalculated using an approach similar to that of the SLIM, 
where the weights may come from experts or through the use of structured 
analyses such as the Analytic Hierarchy Process (AHP). 

Wu et al. (1991, b) identify four characteristics of safety culture, a concept that is 
discussed in detail in ch. 8.1.3, that are important to the safety of a nuclear power 
plant: the safety knowledge acquired by utility and plant personnel, the attitude of 
plant personnel toward plant operation, the choice of plant performance goals, and 
the establishment of lines of responsibility and communication. Wu and her co
workers have shown how these factors directly influence the key parameters 
affecting the average unavailability of equipment in terms of failure rates, repair 
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times, and maintenance unavailabilities. The parameters of average unavailability 
are seen as correlated parameters, and the correlation comes through organizational 
factors that have impacts felt throughout the plant. 

Organizational factors obviously affect equipment reliability and personnel 
performance. Some human reliability approaches, such as the SLIM, allow 
accounting for organizational factors through performance shaping factor 
evaluation. This is the case especially for operator actions. The impact of some 
organizational factors is implicitly included in plant-specific data. There is no 
need to decompose hardware reliability in two portions affected by organizational 
or other factors, if statistical evidence is available. A decomposition is sensible if 
direct statistical evidence docs not exist and it is expected that by decomposing 
more evidence can be provided. The decomposition process can provide valuable 
qualitative information. Virolainen (1984) and Virolainen and Buslik (1985) 
discuss organizational factors in case of common cause failures. Organizational 
factors are not explicitly but statistically modeled and conclusions are drawn on 
how those can affect the mechanisms of common cause failures. 

The models presently used in PSAs don't cover all the possible effects of 
organizational factors, however, care must be exercised in that a form of double 
counting is not introduced. Due to the shortages in the methods to incorporate 
organizational factors into PSAs other complementary, non-probabilistic methods 
to assess organizational performance are needed. This type of methods are 
discussed in ch. 8. 
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6 ANALYSIS OF CONTROL ROOM OPERATOR 
BEHAVIOUR AND RELIABILITY (STUDY 1) 

6.1 Introduction 

A wide range of methods exist for the quantification of human reliability and a 
number of criteria are presented to select a method for a particular application. 
The most important criteria in choosing methods for this study were considered to 
be the validity and the qualitative usefulness of the method. Given the scarcity of 
data, the theoretical validity is especially important. Other criteria used in the 
comparison of methods are presented in ch. 3.6. Based on a qualitative comparison 
of different methods it was decided to use SLIM- and TRC-based methods in the 
quantitative analysis of cognitive operator actions. 

Performance Shaping Factors (PSFs) are used often in human reliability analysis 
(HRA) methods as was presented in ch. 3.4. To analyse which are the most 
important PSFs in Finnish conditions a preparatory study was made first. Some 
results of that study are presented in ch. 6.2. The experience and knowledge 
acquired in the pre-study was very useful in developing the selected HRA 
methods and in making the assessments needed for the quantification of operator 
error probabilities. 

A detailed qualitative analysis is extremely necessary in human reliability 
assessment. In the qualitative analysis the principles presented in ch. 3.2 were 
followed. The detailed procedure used in the study is described in ch. 6.3.1. 

One purpose of the study was to attain experience in using several quantitative 
methods and therefore different methods were chosen as the basic methods for the 
TVO and the Loviisa case studies. The basic method to analyse missing or 
delayed diagnosis at the TVO plant was a modified SLIM-based approach, which 
is presented in ch. 6.3.2. The results of that analysis are presented in ch. 6.4. For 
the analysis of missing or delayed diagnosis at the Loviisa plant a TRC-SI 
method was developed, which is described in ch. 6.3.3. The results of that case 
study are presented in ch. 6.5. 

In addition to these two basic methods also other methods were used for 
comparison to quantify operator error probabilities in the selected accident 
sequences. The application of these methods was based on the same qualitative 
analyses that were performed for the two basic methods. 
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The HCR and the Modified HCR methods were used to analyse the probability of 
missing or delayed diagnosis in the same accident sequences for the TVO and the 
Loviisa plants that were analysed using the SLIM and the TRC-SI methods. The 
Modified HCR method is presented in ch. 6.3.4 and the results in ch. 6.6 and 6.7. 

The TRC-SI method was also used to analyse the TVO cases. The screening and 
nominal models of Swain were used to analyse all the cases for the TVO and 
Loviisa plants. The results of these analyses are presented in ch. 6.7. 

A summary of all quantitative results is presented in ch. 6.7. Qualitative findings 
of the analyses are presented in ch. 6.8. 

6.2 Evaluation of PSFs at Finnish NPPs 

6.2.1 Shift supervisor interviews 

Before the operator actions in different disturbance and accident situations were 
evaluated, a preparatory study was made, which is described in detail in a work 
report (Reiman, 1991 a). An essential part of the pre-study was an investigation 
of which are the most important PSFs that should be taken into account in 
analysing operator actions at the Finnish nuclear power plants. This was done in 
three ways: by a literature review, by an interview of six shift supervisors at both 
Finnish plants and by an interview of four control room crews at the TVO plant. 

A literature review was first done to select the PSFs for the interviews. One 
starting point was the list of cognitive shaping factors presented by Gertman 
(1985). Cognitive shaping factors are those influences which may affect the 
decision making process of operators. The classification by Gertman includes 
altogether 28 different cognitive shaping factors. For the pre-study the factors 
were combined and modified so that 12 different factors were used in the shift 
supervisor interviews. The list of factors is presented in Table II (page 60). The 
factors were evaluated only qualitatively. They were not connected to any specific 
accident sequence, but the shift supervisors were asked to give examples to 
support their assessments concerning the effects of different factors. The simulator 
effect was assessed separately and is discussed in ch. 6.2.3. 
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Table II. The list of factors assessed in shift supervisor interviews. 

1. 

cvi 

3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
11. 

cvi 

Clearness of safety goals 

Conflicting safety goals 

Conflicting safety vs. availability goals 

Decision making 

Diagnosis making 

Critical safety function information 

Trustworthiness of EOPs 

Adequacy of EOPs 

Easiness to use EOPs 

Use of the general symptom-based EOP 

Adequacy of training 

Organizational factors 

A general conclusion of the pre-study was that, although safety goals usually are 
quite clear, reluctancy exists on decisions that are difficult to make and this 
reluctancy should be taken into account in the analysis. Several examples of 
difficult decision making situations were presented in the interviews. The 
reluctance to send a local operator in an accident situation to a place, where there 
is a danger of radiation, came up at both plants. The shift supervisors didn't have 
a clear view on the criteria to be applied in this situation. In some cases they 
referred to the support of the emergency preparedness organization or they said, 
that they would go themselves (which is clearly not the task of the shift 
supervisor). A great hesitancy to this kind of decisions was evident. 

At the BWR plant the most reluctant decision mentioned was the manual 
depressurization of the reactor in a situation, where the high pressure safety 
injection system is not available. The difficulty of the decision seemed to be 
affected both by its influence on the reactor pressure vessel and by the fear of 
critique afterwards, if the decision appears wrong, in other words there would have 
been some other way to manage the situation. Also at the PWR plant some plant-
specific decisions were mentioned that those shift supervisors assessed as difficult. 
These were typically situations where the starting or in some the cases stopping of 
a safety system could also have some negative effects. 
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As regards diagnosis making, the most important parameters to be followed in a 
disturbance situation were quite uniform between (he shift supervisors, but clear 
differences existed in the second most important parameters. The ways to diagnose 
an incident based on these parameters could usually not be exactly defined. The 
symptom-based general EOP at the PWR plant, where the diagnosis making is 
more difficult than at the BWR plant, includes also guidance on how to make the 
diagnosis. However, the shift supervisors didn't refer to the use of the 
identification diagrams of the general EOP in the interviews. 

The diagnosis of incidents is in a way based on an internal model of the operator 
concerning the operation of the plant in accident situations. In the research on 
process control work the internal model concept has been widely used 
(Veldhuyzen & Stassen, 1977). The model consists of information concerning the 
process to be controlled and the control activities. It is found typical of the 
internal model that operators cannot clearly describe it in spite of its existence. 
The results of the interviews were consistent with these earlier findings. 

Usually satisfaction was expressed on the ways the critical safety function 
information is presented in the control room. Especially at the PWR plant the 
mimic diagrams of the safety systems were considered quite clear and the new 
computer system versatile and easy to use. Dissatisfaction was presented at the 
BWR plant on the lack of clear mimics in the safety system panels, which was 
considered to increase error probability. Also the lack of flow diagrams on the 
computer was criticized. Many detailed remarks were presented in connection 
with the qualitative analyses of the selected event sequences. 

The use and quality of emergency operating procedures (EOP) was emphasized in 
the interviews. A detailed description of the EOPs and their use in Finnish nuclear 
power plants is presented by the author (Reiman, 1989). At the Loviisa plant the 
use of EOPs has been long practiced in simulator training and it has been one of 
the purposes of this training to make the actual practices in using EOPs 
homogeneous across the different crews. After the identification of the event the 
shift supervisor begins to follow the EOP and the operators perform the needed 
control actions. If the situation cannot be diagnosed, and always after a reactor 
scram, the general symptom-oriented EOP will be used. 

The simulator training of the operators of the TVO plant had at the time of the 
interviews taken place only in Sweden. In that training no procedures were used. 
The training at the own simulator should contribute to establishing uniform, well 
considered practices, but it was not possible to evaluate it on the basis of these 
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interviews. The general EOP at the TVO plant is quite simple. By applying the 
general procedure the shift supervisor controls that the values of critical 
parameters are within safe limits. The parameters have been arranged in an order 
of urgency beginning from core subcriticality and reactor water level and leading 
finally to containment parameters. If all these parameters lie within safe limits, the 
corresponding disturbance procedure can be applied. Otherwise, a symptom-
specific EOP is used. 

The responsibilities of different crew members, especially of the shift supervisor, 
seem to be clear and well acknowledged. The role of the safety engineer on duty 
was well recognized by the shift supervisors. Alerting the safety engineer can be 
assumed to be done at both plants even in minor disturbances. The shift 
supervisors seemed to have a good sense of responsibility of their duties. As 
regards other organizational factors one item discussed was the co-operation 
between neighbouring units. It appeared that there were different practices at 
different plants. These practices are highly related to the use of EOPs and the 
implementation of the emergency preparedness plan. 

6.2.2 Crew interviews 

The next phase of the pre-study was a joint interview of four crews at the TVO 
plant. The crews comprised a shift supervisor, one operator and one local operator. 
One part of the interviews was a teamwork with different tasks. One of these tasks 
was to evaluate quantitatively a list of factors that were thought to possibly have 
some influence on their work. The crew was asked to reach a consensus opinion. 
The list of factors consisted of altogether 43 different factors classified in three 
group?: (1) factors related with the performance of operators, (2) organizational 
factors, and (3) factors related with the man - machine interface and EOPs. The 
list was prepared on the basis of the list of cognitive shaping factors by Gertman 
(1985) and the remarks presented by the shift supervisors in the previous phase of 
the pre-study. 

The teams were asked to evaluate the factors presented in the list on the basis of 
how they influence their work using tKe following scale: 

1) makes the performance considerably more difficult 
2) makes the performance to some extent more difficult 
3) no influence on the performance 
4) promotes the performance to some extent 
5) promotes the performance considerably. 
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Table III. The highest and lowest rated PSFs in crew interviews. 

Highest rated factors 

Amount of 
experience 

Motivation 

Quality of training 

Amount of training 

Use of EOPs 

Trustworthiness of 
EOPs 

Av. 
rating 

5.0 

4.75 

4.5 

4.0 

4.0 

3.75 

Lowest rated factors 

Fatigue in night shift 

Hesitancy in decision 
making 

Alarming additional 
personnel 

Workload in start-up 

Fear of failure 

Number of alarms in 
disturbances 

Av. 
rating 

1.75 

2.0 

2.0 

2.0 

2.25 

2.25 

The results of different crews were quite consistent. The factors rated highest and 
lowest are presented in Table III. 

Gertman (1985) has reported a pilot testing of his original classification. The 
factors were rated by experts on a scale of 1...5 related with a US BWR ATWS 
sequence. Among the most positive factors were adequacy of procedures, existence 
of safety critical information and control room ergonomics. Among the most 
negative factors were conflicting safety goals, operator stress and the time 
available. The ratings on procedures, training, workload and hesitancy in decision 
making were quite similar to the results of the pre-study, whereas larger weight 
was given to control room ergonomics in the US study. 

6.2.3 The simulator effect 

The purpose of simulator training is to provide nuclear power plant operators with 
the knowledge and the skills necessary for controlling the plant. Lately it has been 
attempted to use simulators also to investigate operator performance in accident 
sequences, which are, fortunately, very rare at the power plants. Results of tests at 
training simulators are being used as such to evaluate operator error probabilities, 
for example, in the methods of Weston et al. (1987) and Moieni et al. (1989). If 
specific tests at a simulator or simulator runs connected with the normal retraining 
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of operators are utilized in a human reliability assessment, a comparison between 
the performance at a simulator and at a power plant is necessary. This kind of 
comparison was done in connection with shift supervisor interviews at the Loviisa 
plant. Most of the shift supervisors were very experienced and had met with real 
transients also at the plant. 

The shift supervisors noted that at a simulator operators always can anticipate a 
transient and are prepared for it by looking for symptoms and alarms. At the plant 
this is not the case. At the simulator the whole crew is in the control room, not 
necessarily at the plant. At the simulator an alarm is more easily regarded as a real 
alarm, at the plant there are more doubts of false alarms. During morning shift 
there are more disturbance factors in the control room at the plant than at the 
simulator. The implementation of the emergency plan is in reality more time 
consuming than at the simulator. 

A very difficult issue to evaluate is the effect of stress. Based on their experiences 
at the plant the shift supervisors noted that at the plant disturbances are taken 
much more seriously than at the simulator. They noted that simulator training is 
not stressful. Also the hesitancy to difficult decisions does not come out in 
simulator training. On the other hand they noted that bad mistakes at the simulator 
stay long in mind and that they try avoid mistakes for the sake of professional 
pride. 

These findings can again be compared with the results of some other studies. 
Beare et al. (1984) evaluated the effects of stress at a simulator but the results 
were inconclusive. The nominal stressfulness of the simulated events was 
determined by the Paired Comparisons method by the instructors. For the BWR 
data, the operator error rates for the events assessed as most stressful were double 
to those for the events rated to be of average or low stressfulness. This is a 
relation predicted by the Handbook. At the PWR simulator, however, the less 
stressful events yielded significantly higher operator error rates. It was concluded 
that the absolute levels of stress experienced at ti'e simulator were lower than 
those which would be experienced in a real emergency situation. 

Results of simulator tests at the simulator of a French plant Paluel are presented 
by Llory et al. (1987). Also differences in behaviour at the plant and at the 
simulator are discussed. The most important differences found are the lower stress 
level at the simulator, the lesser amount of different disturbance factors at the 
simulator and the ability to anticipate the transients. These findings are similar to 
the observations of the shift supervisors of the Loviisa plant. 
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63 Developments in HRA methods 

63.1 Qualitative analysis 

An essential part of a human reliability analysis is a thorough qualitative analysis 
of the human actions that are being assessed. In this study the qualitative analysis 
was done by the author and experts from different organizations took part in some 
phases of the quantitative analysis. The identification of critical operator actions 
was done largely based on earlier studies performed by the utilities. Some cases 
were selected based on the expert judgment of the author. 

In the first phase of the qualitative analysis plant behaviour was studied based on 
thermal-hydraulic accident analyses. In some cases new accident analyses were 
made by the experts of STUK. Because of the uncertainties related to thermal-
hydraulic analyses, the principle was adopted that at least two independent 
analyses of the same accident sequence had to be available. In same cases manual 
calculations were made to estimate the time available for critical operator actions. 

The next phase of the qualitative analysis was a review of the EOPs of the plant 
applicable to the accident sequence in question. A preliminary model of operator 
actions could be sketched at this moment. The likelihood of a human error is 
conditioned on the status of plant systems and the information that the operators 
have access to. Therefore it is important to evaluate what causes the operators to 
perform the different actions, and what success and failure mean in this context. 
These can be interpreted as understanding the cue-response structure, and the 
success criteria. The different types of cue-response structure proposed by Moieni 
et al. (1989) were used in the analysis. In some cases plant behaviour was then 
re-analysed taking into account the operator actions described in the EOPs. Then 
a description of the accident sequence was written where the supposed operator 
actions and the behaviour of the main parameters of the plant were presented. 

Then talk-throughs and walk-throughs of these sequences were conducted in the 
control room with some shift supervisors of the plant. For some actions an 
execution time was measured for the quantification phase of the analysis. 

The next phase of the qualitative analysis was done using as a frame of reference 
a modified operator action tree (Fig. 2, page 66) which was constructed for this 
purpose from the expanded operator action tree of Hannaman et al. (1984). There 
arc three main branches in the tree. The diagnosis of the event (and the subsequent 
decision) may be successful. The diagnosis may also be delayed so that no 
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Fig. 2. Modified operator action tree for the qualitative analysis phase. 

response in the first phase is initiated. Also a misdiagnosis of the event is possible. 

The diagnosis and subsequent decision may be delayed mainly because of the 
complexity of the event sequence and because of the reluctancy of the operators 
to make the decision. Decision-making might also be affected by attitudes inside 
the organization, created by superiors, concerning the acceptability or desirability 
of some actions. The pre-study described in ch. 6.2 showed that decisions exist 
that are more difficult for the operators than others. In the qualitative study all 
factors that might contribute to delayer? diagnosis and to reluctancy in decision
making shall be identified and recorded. 

The operators always strive for the diagnosis of the situation. They feel stressed 
as long as they have not been able to make the diagnosis. If an error is made in 
the diagnosis, the operators might fail to detect this error because of cognitive 
hysteresis, a tendency to stick with a decision. On the other hand, as the plant 
state changes during a transient or an accident, the expectations of the operators 
might, in some later stage, deviate so much from the observations of the actual 
behaviour of the plant that the operators will notice this mismatch and detect the 
misdiagnosis (Worledge, 1986). Also, if the plant condition deteriorates due to the 
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actions taken based on an erroneous diagnosis, the operators are likely to try to 
re-diagnose the situation. In the qualitative analysis it s.'ould be evaluated, which 
are the events that the event at hand could be confused with. Also the 
consequences of that particular misdiagnosis should be evaluated to be able to 
assess whether the mismatch could be noticed before the critical time has elapsed. 
The results of the qualitative study can be used in the quantification of the 
misdiagnosis probability using for example the confusion matrix method. In this 
study the misdiagnosis was assessed only qualitatively. 

In case the operators are not able to diagnose the situation and use the procedure 
for that specific event, they should use a general symptom-based procedure. If it 
is done in due time, it may result in relevant actions. In each case it was evaluated 
at what time the symptom-based EOP would be used, and what would be the 
actions taken based on that procedure. It is not realistic to assume that the 
operators would not take any actions in the long term, even if they have not been 
able to diagnose the situation. 

If a correct diagnosis is made by the crew, the operators may have, and should 
have if suitable diversity is applied in the design of the plant, a possibility to take 
alternative actions (in case of equipment failures). This is depicted in Fig. 2 as 
three alternative success paths in case of a successful diagnosis. 

Using this general framework and results of the earlier phases of the qualitative 
study the descriptions of the accident sequences and assumed operator actions 
were revised and completed. The factors that contribute to delayed diagnosis, to 
reluctancy in decision-making and to misdiagnosis were written down. Coor
dinated time-line diagrams were prepared for the most complicated sequences. 
These documents were then used as a background material in the SLIM exercise 
(ch. 6.4) and in the TRC-SI method (ch. 6.5). The factors identified to contribute 
to the rcluctancy in decision-making were used in the assessments of the stress 
index in the TRC-SI method. Also the findings of the walk-throughs in the 
control room were used in the assessments related with the HCR and the Modified 
HCR methods (ch. 6.6). The different phases of the qualitative analysis are 
presented in the flow diagram of Fig. 3 (page 68). 
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Fig. 3. Flow diagram of the qualitative analysis of operator actions. 

6.3.2 Modified SLIM-based approach 

The Success Likelihood Index Methodology (Embrey et al., 1984) was described 
shortly in ch. 3.3. In this study a modified SLIM-based approach was used in the 
analysis of cognitive operator actions at the TVO plant. The approach is described 
in the following. The results of the analysis arc presented in ch. 6.4. 

When multiple experts are used, the method to aggregate individual judgments has 
to be decided. One possibility i: that individual judgments are mathematically 
aggregated. The second approach is to have the experts interact as a group. In this 
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study a group interaction method that followed the principles of the Nominal 
Group Technique (Delbecq & Van de Ven, 1975) was adopted for the first 
session. The session was conducted at the power plant and the operator actions to 
Ls evaluated were first demonstrated to the experts at the main control room of the 
plant. When the first estimates of weights and ratings were done each expert 
briefly went through his assessments giving some arguments for them. Thereafter 
the experts had a possibility to make questions to each other. The discussion was 
controlled by the chairman of the session (the author). Finally the assessments 
were revised without any subsequent discussion (the second estimate). 

Based on the experiences of the first SLIM session new methods to evaluate 
weights were searched to improve the weight assessment procedure. Different 
methods to assess weights were reviewed. Fischer (1975) has stated that 
decomposed weights are relatively uniformly distributed across the attributes, 
whereas optimal statistical weights are much more heavily concentrated on a few 
factors. Cook and Stewart (1975) found no difference among seven methods of 
collecting attribute weights, with five of the methods assessing weights for linear 
additive models with no reference to individual attribute ranges. Schoemaeker and 
Waid (1982) studied five approaches to determining weights in additive utility 
models. One of the methods studied was the Analytic Hierarchy Process (AHP) of 
Saaty (1980). On the average the methods predicted about equally well except for 
the unit weighting, which was clearly inferior. With respect to the methods' 
trustworthiness, the AHP was ranked highest in the study. 

Consequently, the AHP was chosen as another method to assess weights in this 
study. It is a pairwise comparison method developed for modelling unstructured 
problems in the economic, social and management sciences. A scale of numbers 
from 1 to 9 is introduced with qualitative explanations for pairwise comparisons. 
If we denote by wlv..,wn the weights of the factors the pairwise comparisons may 
be represented by a matrix which has positive entries â  = w/w .̂ The matrix is 
reciprocal. If the judgments are consistent, then aik = â  * a .̂ 

It can be shown that if A is a nxm matrix of pairwise comparisons, in order to 
find the priority vector, we must find a vector w which satisfies 
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where X ^ is the largest eigenvalue of the matrix A. It is easy to show that A is 
consistent if and only if XtnM= n (Saaty, 1980). 

Since small changes in â  imply a small change in X,,,,,, the deviation of the latter 
from n is a measure of consistency. The consistency index is defined (X^-nMn-
1). The consistency index of a randomly generated reciprocal matrix on a scale of 
1 to 9, with reciprocals forced, is called the random index. Saaty (1980) has given 
the average random index up to 15 by 15 matrices. The ratio of the consistency 
index (C.I.) to the average random index (R.I.) is called the consistency ratio 
(C.R.). A consistency ratio of 0.10 or less is considered acceptable. 

The qualitative explanations of the scale values by Saaty were slightly changed. In 
the original scale there is a discrepancy that for the scale value three the 
dominance was called slight and for nine absolute. Combining two slight 
dominances doesn't lead to absolute dominance (Seppäläinen & Hämäläinen, 
1986). This is why the explanations for these scale values were modified. 

The AHP was used for weight assessment in the second session, where three 
experts from STUK evaluated the same operator actions as in the first session. The 
ratings were determined in the usual way. A Delphi type interaction was used in 
the second session. The results of the two sessions are compared in ch. 6.4. 

6.3.3 TRC-SI -method 

Description of the method 

The TRC-SI -method was developed especially for the analysis of cognitive 
operator actions at the Loviisa NPP. One reason for this was that the Loviisa NPP 
has many unique features and therefore the use of generic TRCs was not 
considered adequate. It was decided to take into use a method based on plant 
specific TRCs. As results of simulator experiments were not available, expert 
judgment had to be used. The method is based on the hypothesis, that the 
assessments of the experts are mainly based on their experience of accident and 
disturbance situations at the plant-specific simulator. Therefore, the combined 
TRC of the experts has to be conected to take into account the influence of 
factors that are present at the plant but not at the simulator. A stress index (SI) 
was defined and used to correct the TRCs formed directly from the assessments 
of the experts. The different phases of the method are described in the following. 
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After the cases to be analysed are identified a detailed qualitative analysis has to 
be performed following the principles described in ch. 6.3.1. The second phase of 
the analysis is the selection of the experts for the assessment of the TRCs. They 
must be familiar with the plant behaviour in transient and accident situations and 
with the operator actions and related procedures. An obvious choice is to use 
experienced shift supervisors or simulator trainers as experts. As these experts 
typically are not very familiar with probabilistic terms, those should be avoided in 
the interviews. Otherwise training of the experts on probabilistic issues would be 
necessary. 

The next phase of the analysis is the assessment of the TRC by the selected 
experts. This is done by estimating two points of the curve and assuming that the 
form of the curve is log-normal. There is substantial evidence that a log-normal 
distribution can be used in this context (Weston et al., 1987; Moieni et al., 1989; 
Bareith et al., 1994). It is recommended to use at least three experts in the 
evaluation of the TRCs. 

In the interview the analyst first dcr̂ cribes the accident sequence without operator 
actions and the expert evaluates how the crew would act. The interview takes 
place in the form of a dialog. Also the progression of the most important 
parameters and the use of EOPs are gone through. After the whole sequence of 
events has been discussed once the analyst asks the expert to evaluate the 
diagnosis time for the besi crew and for the worst crew they can think in the situ
ation. Depending on the familiarity of the situation, the experts can give their 
assessment in the form of time or in the form of a value of a critical parameter. In 
the latter case the analyst transforms the value of the critical parameter to time 
using the results of corresponding thermal-hydraulic analyses. 

Aggregation of individual judgments 

Several experts should be used in the assessment of a lognormal TRC. This leads 
to the problem, that the estimates have to be aggregated to produce the combined 
distribution. An approach based on the Baycs' Theorem was chosen for this 
purpose. 

Mosleh and Apostolakis (1986) have studied the assessment of probability 
distributions from expert opinions with an application to seismic fragility curves. 
The fragility of a structure or a component is defined as the conditional frequency 
of failure given a value of the response parameter, which could be the stress on 
the component induced by an earthquake. In a Bayesian framework, expert 
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opinions are treated as evidence which is incorporated into the analyst's state of 
knowledge via the Bayes' Theorem. The objective was to estimate the unknown 
distribution based on estimates provided by experts for several percentiles. In this 
case the evidence is 

E = {xflJ = I..M ', i = 1..JV) (7) 

where x̂  is the estimate of the expert i for the jth percentile, and we have the 
opinion of N experts on M percentiles. When assuming that the unknown 
distribution is lognormal, the problem of estimating the unknown distribution is 
equivalent to that of estimating its parameters. The Bayes' Theorem is in this case 
written as 

*(<*/£) = t-!I(£/o)7r0(a) (8) 

where a • {a1? a^.a,,,}7 is the set of m parameters of the unknown cumulative 
distribution 4>(x/a). 

The distribution, that has the largest probability of being the true distribution, is 
obtained by maximizing the posterior distribution in Eq, 8 with respect to a, i.e. 
by solving the following set of equations 

iSfe® = 0, i = l...n (9) 

and using the resulting a ^ as the set of parameters of <X>(x/cc). 

Mosleh and Apostolakis (1986) have assumed a multiplicative error model, a 
lognormal likelihood function and independence of experts. In the multiplicative 
error model, the analyst treats the expert's estimate as a variable, and thinks of it 
as the product of two terms, the true value and the error. Assuming a uniform 
prior distribution they have presented equations for the parameters of the most 
probable distributions. 
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Starting from these equations Mosleh and Apostolakis further assumed that a~, the 
logarithmic standard deviation of the estimate of the jth percentile by the ith 
expert, is independent of j (o^ = a), i.e. the confidence in the expert's ability to 
estimate percentiles is independent of the percentile. When assuming that the 
experts have provided the 10 %, 50 % and 90 % percentiles, they obtained the 
following equations for the parameters of the posterior distribution 

1 * 
^ = T E wi ^ *«* + to*** + tax**) <10> 

5 <•! 

wi 
a 

-2 

N 

2>.2 
(12) 

The values of o{ have to be assessed by the analyst. Mosleh and Apostolakis 
(1986) have proposed that this assessment is made based on expert judgment. In 
this study a different approach is adopted because of the difficulty to estimate the 
values of o ; directly. The following method was used in weighting the experts. 

Weighting of experts 

Three criteria were chosen to assess the weight factors for the experts. The 
following criteria were used: 

A. The level of analytical and qualitative thinking (adapted to the task features) 
B. The avoidance of biases in assessments 
C. The level of experience 
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The criterion A refers to the cognitive continuum theory of Hammond (1980) 
discussed in ch. 4.2. The form of the task presentation and other task features 
require analytical thinking to achieve accurate results. It is also one of the findings 
of Glaser and Chi (1988) that experts spend a great deal of time analysing a 
problem qualitatively. Therefore, the level of careful analytical, qualitative 
deliberation by the expert was chosen as one of the criteria. 

A central issue in every expert judgment is the avoidance of biases. The narrowing 
of diagnostic vision is a bias that could distort this type of assessment. In this 
context it could mean ignoring some factors that could have influence on the work 
of operators. Other biases that could influence this type of assessment are 
relevance of irrelevant aspects, which means that experts use information irrele
vant to the judgment to be n.ade and availability, which points to the tendency to 
put extra weight onto occurrences which are easy to recall and unde-estimate those 
for which recall is difficult. Overconfidence in this context means drawing too 
firm conclusions from a small amount of information and giving overly narrow 
intervals which reflect more certainty than is justified by the expert's knowledge 
about the assessed values. To assess the criterion B it is necessary to anticipate the 
biases to which this type of clicitation is prone and to monitor the elicitaiion for 
the occurrence of these biases. 

The criterion C, the level of experience, is based on the approach of the Dreyfuses 
which states that expertise is acquired step by step with experience. From the 
point of view of operator's work the basic skill is the diagnostic judgment. As the 
task of the experts was to make assessments concerning this basic skill, their own 
experience in making diagnoses certainly affects their ability to make the 
necessary assessments. Th experience in diagnostic judgments is acquired almost 
only in annual simulator retraining. Therefore, the number of years of work 
experience as a shift supervisor was used as a measure of the relevant experience. 

As the first two criteria can actually be evaluated only qualitatively, the Analytic 
Hierarchy Process (AHP) of Saaty (1980) is a suitable method for this task. The 
experts were first compared to each other with respect to each of the proposed 
criteria and then the criteria were compared to each other. To calculate the final 
relative weights for the experts each criterion weight is multiplied by the expert 
weight for that criterion, then these products are summed over all criteria. Based 
on this relative assessment the analyst can then assign numerical values for the 
weights of the experts. Following Meyer and Booker (1990) only the comparisons 
better, neutral, worse were used in comparing the experts with each other. 
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Modification of the combined distribution 

The aggregation of the individual judgments of the experts produces a combined 
log-normal distribution with the parameters u. and o. This distribution has to be 
modified to take into account the differences between acting at a simulator or at 
a power plant. A correction based on a higher stress level at the plant should be 
done. This may be a conservative assumption but at the present level of 
knowledge a more realistic approach is not justified. Otherwise a modem 
simulator corresponds so closely to the control room of the plant that a correction 
based on ergonomic factors is not necessary. The situation is different for example 
when the HCR method is used, because a generic TRC is used in that method and 
an ergonomic correction is necessary to take into account plant-specific effects. 

Dougherty and Fragola (1988) have studied results of experiments at the LaSalle 
simulator. Their conclusion was that the median response time correlates well with 
the difficulty of the diagnosis and that the error factor of the curve correlates well 
with the decision-making burden. As these are factors affecting the stress level of 
the operators, one can conclude more generally that the higher stress level at the 
plant compared with at the simulator can affect both the median response time and 
the error factor of the distribution. Therefore, both parameters of the TRC have to 
be corrected. A similar principle was introduced already in the Loviisa PSA 
(Vuorio & Vaurio, 1987). The following procedure was adapted for these 
corrections. 

The starting point in the modification of the median response time, based on the 
results of the pre-study, is that the increased stress at the plant increases the 
median time. For the modification it is necessary to have an upper limit on the ef
fect that the stress can have on the median response time. This upper limit has to 
be chosen depending on the experts used in the study. In this case it was assumed, 
based on the long experience of the experts, that the upper limit of the median 
response time is the 95 % point of the combined distribution of the experts. This 
means that the upper limit is sequence-specific which is considered to be more 
realistic than the use of a generic boundary condition. 

A correction factor called stress index (SI) is used to modify the median response 
time. With this stress index the median response time is modified using a 
logarithmic calibration so that the maximum value of the factor corresponds to the 
95 % point of the combined distribution. 
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It is assumed that, although the experts were asked to provide the best and worst 
response times they could think, their estimates correspond to the 10 % and 90 % 
percentiles of the lognormal distribution at the simulator. It is further assumed that 
different stress levels at the simulator and at the plant cause bias in judgments. 
Fischoff et al. (1977) have presented a typical set of calibration curves, drawn 
from several studies. Based on these curves and results of other relevant research 
(ch. 4.3) it is assumed that the 10 % and 90 % percentiles correspond to the 20 % 
and 80 % percentiles of the final distribution at the plant. Another approach 
would be to use the stress index in the modification of the error factor, too. 

Determination of the stress index 

One of the problems in stress research is ensuring, not only that subjects are 
actually stressed, but also that the stress induced approximates what might be 
experienced in the real situation. For ethical and safety reasons, it is not possible 
to induce stress in subjects at nuclear power plants by leading them to believe that 
a simulated situation is real. The only possibility is to use expert judgment to 
assess stress and its effects. It is difficult to try to estimate the level of stress 
directly. Therefore, a model is proposed that relates stress to such characteristics 
of the incident that are easier to assess. The model concentrates on the type of 
acute stress which might be thought to result from a difficult or dangerous 
situation that the control room personnel might have to face. 

Lazarus and Averill (1972) have noted that one of the most important stimulus 
variables is uncertainty, often considered to be a key antecedent of anxiety. Monat 
et al. (1972) have reported of two experiments concerning the effects of 
uncertainty on stress reactions and cognitive coping responses. Two types of 
uncertainty, temporal uncertainty and event uncertainty were induced in the 
subjects. Temporal uncertainty means not knowing when an inevitable harm will 
occur and event uncertainty not knowing the probability of occurrence exactly, but 
the time is known. The results of the experiments demonstrate that in temporal 
uncertainty strong affective arousal was first seen and then a clearly decreasing 
pattern of arousal. In event uncertainty stress reaction increases as the throating 
time comes closer. An interesting observation was the failure to find any 
significant differences in anticipatory stress or coping responses as a function of 
probability (100 % or 50 %) in the time-known conditions. 

The findings of Lazarus and Averill and the results of the experiments of Monat 
and his collequaes provide support to the hypothesis that it is the inherent 
uncertainty related with disturbance and accident situations at a nuclear power 
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plant that induces stress to the operators. The findings of the pre-study (ch. 6.2) 
also support this hypothesis. Saint-Jean et al. (1986) note that the personnel of a 
nuclear power plant live in uncertainty concerning malfunctions generated by the 
organization, inherent risks of the operation of installations and occunences of 
unexpected events, and that these generate stress for individuals. As both types of 
uncertainty, temportal uncertainty and event uncertainty, might be present in an 
accident, it is not possible to try to estimate the time behaviour of the stress 
reactions. Instead of that, the purpose was to develop a model that links the 
uncertainty that the operators feel to the causes of the uncertainty in a way that 
makes it possible to assess these contributing factors using expert judgment. Based 
on the experiments at the LaSalle simulator the diagnosis difficulty and the 
decision-making burden were selected as the basic contributing factors of the 
uncertainty. 

Attributes that are considered to affect the diagnosis difficulty are such that they 
could significantly disturb the diagnostic strategies and increase the likelihood of 
misdiagnosis. Rasmussen (1980 a) has classified the diagnostic strategies into 
symptomatic and topographic search strategies. Symptomatic search strategies are 
based on the information content of observations to obtain an identification of the 
state of the system. The diagnosis is derived from the internal relations in data 
sets. The search can be of a pattern recognition type or a search by hypothesis and 
test. Operators of a nuclear power plant often use symptomatic search strategies to 
diagnose an incident, guided by symptom-based emergency operating procedures. 
Also in simulator training the operators are instructed to pay attention to the 
symptoms and most critical parameters of the plant and act accordingly. 

Based on these considerations three attributes were selected, which are considered 
to affect the diagnosis difficulty. The closeness of symptoms with other accident 
sequences (that require other preventive actions) and the amount of confusing 
information, that could disturb the pattern recognition process were chosen as 
attributes. The third attribute is the complexity of the task structure and it is based 
on Hammond's cognitive continuum theory. The complexity of the task structure 
depends on the number of cues, redundancy of cues and on the procedures for 
combining the evidence available. Due to the similarity of these attributes they 
were assessed only qualitatively, and the quantification using the SMART 
procedure was done only for the basic contributing factors (the diagnosis difficulty 
and the decision making burden). 

As regards the decision-making burden, the behavioural classification of non-
decisions of Corbin (1980) was used as a starting point. Three categories of 
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observable behaviour are proposed by Corbin: refusal, delay and inattention. These 
categories present mainly what kind of non-decisions there exist and describe the 
observable behaviour related with them. Taking into account the sense of 
responsibility that the shift supervisors expressed in the interviews of the pre-
study and other evidence, the refusal is not a probable cause for a non-decision. 
The same is also true for inattention. However, it is reasonable to assume that in 
a difficult decision-making situation the shift supervisor first consults the safety-
engineer on call or his superiors. The effect of this is an additional delay in 
decision-making. There are also other delay options that include (1) inspecting 
further alternatives, (2) tapping additional sources of information, (3) deliberation, 
and (4) waiting for a goal object to become available (choosing an unavailable 
alternative). Defined in this way the stress is a broad concept that includes the 
effects of many PSFs. 

A delay in decision-making is the most probable form of non-decision in nuclear 
power plant control room activities. Based on the findings of the prestudy, the 
causes of these non-decisions are most often connected with additional strain to 
the equipment, additional radiation doses to the personnel or to a deviation from 
operating procedures or normal practices. A detailed qualitative analysis of the 
event sequences is essential to be able to assess the decision-making burden. 

Based on the above discussion it is evident that the stress level of operators caused 
by the uncertainty of the situation can be assessed at the present level of 
knowledge only as an expert judgment and only on a coarse scale. The model to 
assess acute stress of control room operators is presented in Fig. 4. The uncertain
ty is assumed to be caused by the diagnosis difficulty and the decision-making 
burden of the situation. The attributes which are considered to affect these two 
main factors are presented in the figure. Defined in this way the stress is a broad 
concept that includes the effects of many PSFs. 

Four categories were used to assess the diagnosis difficulty and the decision
making burden of each sequence. The positioning of each operator action into 
these categories was made by the author and was based on findings during the 
qualitative study that were related to the attributes of these two uncertainty factors. 
The categories and corresponding ratings were the following: low (0.0), moderate 
(0.3), high (0,7) and very high (1.0). The stress index (SI) which is used to modify 
the median response time of the time-reliability curve was determined using a 
procedure based on Edward's (1977) Simple Multi-Attribute Rating Technique 
(SMART) using a linear additive combination rule. No categories were used in the 
determination of weights. 
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F»g. 4. The assessment of acute stress of control room operators. 

For the correction the parameters of the lognormal distribution have to be related 
to response time parameters. The equations, that relate them, are 

r* =tor* (13) 

o = 
In/ 

*'(0 ,95) 
(14) 

where \L and o are the parameters of the lognormal distribution, f is the enor 
factor and T1/z is the median response time. 
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The final phase of the quantitative analysis is the determination of the human error 
probability. Starting from the basic equations of the lognormal distribution it can 
be shown that this can be done using the equation 

P(TA) - * 
la^TO _ 

In/-
x «-'(0,95) (15) 

where TH and f are the modified response parameters and TA is the available time. 

The uncertainty analysis is made using expert judgment. It has to be pointed out 
that the misdiagnosis probability has to be evaluated separately for example using 
the confusion matrix method. 

63.4 Modified HCR method 

Only a limited number of PSFs are modelled in the original version of the HCR 
conelation. It was decided to use also the HCR correlation in the quantification of 
the final results, but to modify the method to better take into account the influen
ces of PSFs. The Modified HCR (MHCR) method is presented in the following. 
Also the original HCR method was used in the analysis. 

As a first step, a detailed qualitative analysis of operator actions has to be 
performed following the principles described in ch. 6.3.1. The analyst prepares a 
description of event sequences including relevant operator actions and presents the 
relative timing of different tasks. Based on the assessment of the time needed to 
diagnose the situation or the values of critical parameters that the shift supervisors 
or other knowledgeable persons have presented in the interviews the analyst 
estimates the median diagnosis time Tw. 

The basic mathematical formulation of the HCR method is used as such but the 
incorporation of the effects of PSFs is modified. Two principles were followed in 
this modification. First, the maximum combined effect of all the factors affecting 
the median response time was supposed to be the same as in the original corre
lation. Secondly, the maximum effect of the stress was assumed to be as large as 
the other factors can have altogether. This means that more weight was given to 
stress than in the original model. It has to be noted that the stress index of the 
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Table IV. Coefficients for the correction of median response time in MHCR 
method. 

X1 

K2 

K3 

Operator training 

-high 
- median 
- low 

Stress level 

- low 
- moderate 
-high 
- very high 

Quality of operator/ plant 
interface 

- excellent 
-good 
-fair 
-poor 

Coefficients 

- 0 . 2 
0.0 
0.4 

Coefficients 

0.0 
0.3 
0.6 
1.0 

Coefficients 

- 0 . 2 
0.0 
0.2 
0.4 

TRC-SI method is used to asses the stress level, and the stress index includes the 
effects of different PSFs that are thought to influence the stress level of the 
operators. 

The definitions of different PSFs were also modified to better reflect the current 
understanding of their effects. The intermediate values of the correction factors 
were calculated so that every intermediate value is roughly a geometric average of 
the values of both adjacent factors. Using these principles the coefficients 
presented in Table IV were chosen for the correction of the mean response time 
using equation (4). 

When evaluating the factor Kl, the amount and frequency of training of that 
particular or similar accident sequence at the simulator are taken into 
consideration. The number of years of working experience is not considered. 

In analysing the stress level (factor K2) the stress index (SI) of the TRC-SI 
method (ch. 6.3.3) is utilized. In this way the effects of the sequence complexity 
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and decisio making reluctance are taken into account. Alternatively, any other 
method to rx, ition operator actions in different stress categories can be used. Due 
to scarcity of data on the effects of stress on operator behaviour a rough mode! 
containing only a small number of stress categories is recommended. 

The factor K3 Quality of operator/plant interface takes into account all the support 
that the control room, operator support systems and EOPs can provide to the 
operator in accident situations. The criteria presented in the original HCR method 
can be used to evaluate the values of the factor, taking into account the wider 
definition of the factor in the Modified HCR method. The lowest category "extre
mely poor" of the original method was not considered relevant. 

The Modified HCR method is based on the principles of the original method. It 
provides an alternative to other time-oriented models to analyse the probability of 
a missing diagnosis. The method was applied to all cognitive operator actions 
analysed in this study. 

6.4 Analysis of operator actions at the TVO NPP using a 
SLIM-based approach 

6.4.1 Introduction 

The SLIM- based approach described in ch. 6.3.2 was used to analyse cognitive 
operator actions at the TVO NPP. In the qualitative analysis the principles 
presented in ch. 6.3.1 were followed. The different phases when using the SLIM 
in the quantification of operator error probabilities are described in the following. 
An assessment of the method is presented in ch. 6.4.7 and qualitative findings of 
the analysis in ch. 6.8. 

6.4.2 Selection and training of experts 

The experts selected must be familiar with the tasks to be judged. In addition to 
the obvious requirement of substantive goodness also normative goodness is 
usually required. The latter is not so essential in using the SLIM, where no direct 
estimates of probabilities are required. It is also important that the experts are 
motivated in this kind of assessments. 

Four experts were chosen for the first session. Two of them were from STUK, one 
from the Technical Research Centre of Finland (VTT) and one from the utility. 
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Different fields of expertise were covered. All the experts are well-known 
specialists in their own fields. In the second session, three experts from STUK 
took part. Two of them had taken part in the first session, and also the third (the 
author) had made the assessments using the original method. The average working 
experience of all experts was about 15 years in nuclear field. 

The Success Likelihood Index Methodology (SLIM) was described to the experts 
using some earlier studies as examples. The scales to be used in weight and rating 
assessments were explained. Also the definitions of proposed PSFs were explained 
and discussed with the experts. 

A number of biases have been observed in expert judgments. Training of experts 
has in some studies been observed to improve the quality of the judgments. For 
this reason a summary of different types of errors affecting subjective judgments 
was prepared and presented to the experts by the session chairman (the author) in 
the beginning of the session. The summary was based on the work of Tversky and 
Hahnemann (1974) and von Winterfeldt (1980). For example, to avoid overcon-
fidence in their judgments the experts were asked to try to actively search for 
evidence contrary to their original opinion. In some studies this has been observed 
to reduce the risk of overconfidence. 

One of the most difficult issues in analysing operator actions in accident situations 
is the evaluation of stress and its effects on operator behaviour. Only very few 
studies exist concerning especially the stress of nuclear power plant operators in 
emergency situations. In the beginning of the first session the chairman presented 
a brief review of ch. 17 of the Handbook (Swain & Guttman, 1983) which deals 
with stress. Also a summary of the work of Baker and Marshall (1987) and 
Gertman ct al. (1985) was presented. 

One of the experts was a psychologist. She followed also the walk-throughs of the 
event sequences in the qualitative analysis phase and became in that way 
acquainted with the operator actions to be evaluated. 

6.4.3 Selection of PSFs 

In the SLIM it is possible to leave for the experts to decide which PSFs are those 
that contribute most to the success of operator actions. In this case the author 
made a preliminary selection of the PSFs based on the pre-study (ch. 6.2). A 
detailed definition of each factor was formulated. In the session this selection of 
factors was presented to the experts who agreed on it's use in the analysis. The six 
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factors used in all assessments were (1) quality of information on plant status, (2) 
diagnosis complexity, (3) decision making burden, (4) stress, (5) training/expe
rience, and (6) quality of emergency operating procedures. 

6.4.4 Descriptions of the analysed cases 

The selection of the cases to be analysed was made by the author based on earlier 
studies by the utility and on own judgment. In the following a short description is 
given of each operator action that was analysed and of the related accident 
sequence. Detailed descriptions of the cases are presented in a work report 
(Reiman, 1991 b). 

Case 1: Anticipated transient without scram (ATWS) 

The first cognitive action analysed was the recognition of an anticipated transient 
without scram (ATWS) situation in a loss of condenser transient and the decision
making of necessary actions. The failure of the reactor hydraulic scram system 
was postulated to be caused by a common-mode failure of the terminal relays of 
the reactor protection system. In this situation the operators have the possibility, 
after diagnosing the event, to try to initiate the hydraulic scram of the reactor from 
a pushbutton in the control room, to initiate the shutting down of the reactor with 
a screw stop system from another pushbutton and finally, as the previous actions 
cannot succeed because of the failed relays, to initiate the hydraulic scram by 
operating manually the respective relays in the relay cabinets. 

The accident was analysed with a TRAB code (Valtonen, 1990). As an example 
of the accident analyses required for the analysis of operator actions Fig. 5 shows 
the behaviour of the reactor fission power, reactor water level and system pressure. 
The large changes in the reactor water level are caused by the feedwater contr '1 
system. The analysis has been stopped at 420s when the condenser is empiy. 
Thereafter the cooling of the reactor core is left to the auxiliary feedwater pumps 
which cannot maintain sufficient water level in the reactor core. This leads to 
reactor core damage. 

There were some differences in the order of actions that the shift supervisors 
presented in the talk-throughs and walk-throughs of this event sequence. The first 
actions, i.e. the manual hydraulic scram and the initiation of a screw stop system 
from the control room, were the same for all shift supervisors. Thereafter some of 
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Fig. 5. The behaviour of reactor fission power, reactor water level and system 
pressure in an ATWS situation (Valtonen, 1990). 
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them mentioned the next action to be the above-mentioned possibility to initiate 
the hydraulic scram from the relay cabinets, but some shift supervisors were of the 
opinion, that the start of the boron system should be done next. This order of 
actions is obviously based on the symptom-based EOP. 

The total available time of 5 minutes was chosen based on the analyses. The times 
which are needed to start the boron system and to initiate the hydraulic scram at 
the relay cabinets were measured in the walk-throughs. Also the percentage of 
crews that would start the boron system firs* was assessed based on the talk-
throughs. 

Case 2: Refilling of the auxiliary feedwater tank 

The second operator action, that was analysed, was related to a refilling of the 
tank from where the auxiliary feedwater system takes its suction. This is necessary 
in some medium LOCA sequences, where either the reactor depressurization is not 
possible or the low pressure emergency core doling system is not available. 

The low level alarm of the tank is activated at about 70 min from the beginning 
of the incident. The total available time is, based on manual calculations, three 
hours. The refilling of the tank is done by the plant fire brigade using the fire 
fighting system. Taking into account the time needed by the fire brigade the 
control room crew has about one hour to observe the low level in the tank and to 
make the refilling decision. 

The experts agreed that the emergency preparedness organization gives consi
derable support to the control room crew in this case. However, partly because of 
the shortcomings in the procedures and partly because of the instrumentation in 
the control room, the experts had to some extent differing opinions in this case. 
The assessments of the experts from STUK presented more pessimistic views. 

Case 3: Manual depressurization of the reactor 

The third operator action analysed was the initiation of the manual reactor 
depressurization. The case was analysed in STUK using a RELAP code and also 
the analysis results of the reactor designer were available. The initiator of the 
accident sequence is a loss of all main feedwater pumps because of a low suction 
pressure. A common-mode failure of the auxiliary fcedwater pumps prevents 
using them. The reactor scram is supposed to be successful. The only way to 
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ensure the cooling of the reactor core is to depressurize the reactor so that the low 
pressure emergency core cooling system is able to deliver water to the reactor. 

Based on the analyses the total available time was chosen to be 35 min. The time 
limit was chosen from the point where the maximum fuel cladding surface 
temperature is about 500°C according to the analysis. The results of the analyses 
were compared with the analyses of the reactor designer and they agree reasonably 
well. 

According to the symptom-based EOP for low water level in the reactor the 
operators are required to try to start both the main feedwater system and. the 
auxiliary feedwater system. If the reactor level is less than 0.7 m above the core, 
the reactor should be depressurized, if feedwater cannot be re-established within 
15 minutes and at least one train of the low pressure emergency core cooling 
system is operable. 

The qualitative analysis was in this case thorough and as a result of it a time-line 
diagram was constructed showing to the experts all the different operator actions 
and their timing during the sequence. The time-line diagram prepared after the 
qualitative analysis was based on the assumption that some actions are done 
simultaneously in the control room by different operators and that after 12 min an 
attempt is made to start the auxiliary feedwater pumps locally at the switchgear. 
Based on a measurement, this attempt takes 3 minutes. As this attempt is assumed 
to fail due to a common cause failure of the pumps, the operators have only the 
possibility to depressurize the reactor. 

Case 4: Station black-out 

The fourth operator action analysed was related to a station blackout sequence, 
where connections to the national grid have been lost, transfer to house-load 
operation is unsuccessful and none of the diesel generators has started but at the 
neighbouring unit at least three of them are running. In this situation there is a 
possibility to "loan" one of the diesel generators of the other unit and connect it 
to supply electrical power to the safety-related components of the unit where the 
station black-out has taken place. The time limit for this case is taken from the 
analyses mentioned in case 3 where all safety relief valves of the reactor function 
as designed. The time taken to perform the coupling is based on a measurement 
made by the utility. 
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In the qualitative analysis different methods to re-establish electricity supply and 
their timing were reviewed. The time needed to try to locally start the diesel 
generators was measured. Combining all this data and using judgment one can 
conclude that the operators have 12 min time to make the decision of cross-
connection between units after the attempts to start dieselgenerators have failed. 

The importance of co-operation between the units was stressed in the qualitative 
analysis. The procedures for this case deal only with the actual implementation of 
the coupling, not with the cognitive part of the action. This resulted in differing 
ratings for EOPs across the experts. 

Case 5: Manual depressurization of the reactor with one safety valve stuck 
open 

The fifth case differed from the third case only in that one of the safety valves of 
the reactor was supposed to be stuck open. A thermal-hydraulic analysis was 
made in STUK for this case, too. Based on this analysis the available time for the 
operators to depressurize the reactor was chosen to be 25 min. 

6.4.5 Expert assessments 

The first expert session was held at the power plant. First the chairman of the 
session (the author) described the accident sequence and the particular operator 
action to be evaluated. The related EOPs were then discussed. Then the accident 
sequence and the execution of the related operator actions were demonstrated to 
the experts in the main control room. The positions of different measuring and 
controlling equipment were also shown to the experts. Different error possibilities 
were discussed during this walk-through. The assessments related with the 
particular operator action were made right after the demonstration. 

A procedure had been written for the experts in which the scales of weight and 
rating assessments were explained and guidance was given concerning the use of 
these scales. Also the definitions of PSFs were presented in the procedure. In the 
first session weights were determined using the original SLIM procedure (Embrey 
et al.t 1984). One of the findings of the first session was that the experts found it 
more difficult to evaluate weights compared with the evaluation of ratings. The 
results indicated that possibly too much weight had been given to some less 
important PSFs in the first session. In the second session the AHP was used in the 
weight assessment. 
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6.4.6 Conversion of SLIs to probabilities 

The success likelihood indeces (SLI) are relative measures of the likelihood of 
success of each of the tasks considered in the session. In order to transform these 
to human error probabilities, it is necessary to calibrate the SLI scale. In this study 
the calibration was done using the HCR/ORE correlation (Moieni et al-, 1989). 

In using the HCR/ORE correlation the cue-response structure has to be 
determined first. Then the upper and lower bound values of the logarithmic 
standard deviation of the normalized time, corresponding to the selected cue-
response structure, are used to generate an uncertainty range on crew non-
response probability. The median response times of the crews were assessed by 
the author based on the qualitative analyses of the event sequences and especially 
the walk-throughs and talk-throughs of the cases with the six shift supervisors. 
This is one of the methods proposed in the HCR/ORE method to produce median 
response time estimates. 

In the third case, where the manual depressurization of the reactor was assessed, 
a different approach was adopted in the estimation of the median response time. 
The utility had taken a similar sequence to their simulator training program and 
measured the timing of different actions for all 12 crews. The results of the 
measurements were made available (without the names of the operators) to the 
author. From these measurement results the time between the start-up of auxiliary 
feedwatcr pumps at the switchgear and the manual deprcssurization was assessed 
for each crew. These times were fitted in a lognormal distribution using a 
maximum likelihood method. This method produced a lognormal distribution with 
a certain median response time and error factor. 

The measurements were made at the simulator after the SLIM sessions. It was 
found out, that the time-line diagram, which was based on the shift supervisor 
interviews and was introduced in the sessions, was quite accurate. The differences 
were caused mainly by the fact that the start-up of the auxiliary feedwater pumps 
at the switchgear is done at the simulator in a shorter, simulated way. The 
demonstration showed that with a detailed qualitative analysis it is possible to 
predict the behaviour of the crew with a reasonable accuracy. The results of the 
simulator measurements for this case were also used when the TVO cases were 
analysed with the TRC-SI-method (ch. 6.7). The operator error probabilities per 
demand of the five cases arc presented in Table V (page 90) for both sessions. 
The first session refers to the session, where four experts from three different 
organizations took part. In the comparison of different methods (ch. 6.7) the 
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Table V. Operator error probabilities in the SUM analysis (Reiman, 1991 c). 

First 
session 

Second 
session 

Case 1 

8.0x10"2 

7.7x10"2 

Case 2 

3.6x10"2 

4.5x10"2 

Case 3 

4.6x10"2 

4.9x10-2 

Case 4 

9.5x1 (T2 

1.0X10"1 

Case 5 

1.9x10_1 

2.0x10'1 

results of the first session are used. The second session refers to the session where 
three experts from STUK participated and the AHP was used in the weight 
assessment. 

The manipulative part of the actions was in most cases quite simple. In case four 
(station black-out) a more detailed analysis was made using the THERP method 
(Swain & Guttman, 1983). The results of that analysis are discussed in ch. 6.8. 

The third case, the manual depressurization of the reactor, is one of the most 
important operator actions at ihQ TVO plant from the safety point of view. 
Therefore it is interesting to compare the result of that case with the result of Pyy 
and Pulkkinen (1989) for a similar accident sequence at the Forsmark 3 plant. 
Some differences exist between the Forsmark 3 and TVO plants as regards the 
detailed timing of the sequence and the execution of the manual actions, which are 
more simple at the Forsmark 3 plant. 

The influence diagram is a representation of different levels of influences with an 
impact on the overall error probability. The diagram represents not only the direct 
influences but also the interactions between them (Phillips et al., 1987). Using the 
influence diagram method Pyy and Pulkkinen obtained for the error probability of 
the manual depressurization of the reactor 3.8xl0~z, which is quite close to the 
SLIM result for the TVO plant. They noted that the opc.atois are reluctant to 
activate the depressurization and that the task characteristics are complex with 
remarkable stress and time pressure. Comparison with other methods is presented 
in ch. 6.7. 

An uncertainty analysis of the results was made based on average SLI values 
across experts for each operator action. In the analysis the standard error (s.e.) of 
the SLI value was first calculated and ± 2-s.e. uncertainty bounds were given to 
SLI values. 
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£4.7 Evaluation of the SLIM analysis 

Group assessment methods 

The SLIM was used to analyse the cognitive part of operator actions in five 
accident sequences at the TVO plant. In general, the SLIM was found a practical 
and useful method to analyse nuclear power plant operator actions. 

In the first session four experts from three different organizations took part, and 
a NGT type interaction was used to aggregate the individual judgments. Most 
experts afterwards expressed satisfaction with the method. The effect of this group 
process was to improve the consistency of the weight assessments as is shown 
later. The role of the chairman in the first session was to guide the experts to 
correctly use the method and to lead the discussion after the experts had presented 
their first estimates. Based on the experience of the first session a recommendation 
can be presented that it is useful to have one test case before the actual cases are 
assessed, if the experts have no prior experience of the method. 

In the second session, where the AHP was used by three experts from STUK to 
assign weights to the PSFs, a Delphi type interaction was used. In this case none 
of the experts made changes in their paired comparisons of the AHP. Some small 
changes were made in the ratings. 

Based on these two studies a group interaction like the NGT seems to be useful 
but time consuming. A Delphi type interaction had almost no effect on the results. 

The assessment of weights and ratings 

In the first session, the weights were assessed using the original SLIM method. In 
Table VI (page 92) the results of the first session in the station black-out event 
(case 4) are presented as an example. 

In the second session the Analytic Hierarchy Process (AHP) was used in the 
weight assessment. The highest single consistency ratio of AHP matrices (C.R. = 
0,10) was related with the station black-out event (case 4). According to Saaty 
(1980) this consistency ratio is still acceptable. This shows that the consistency of 
these pairwise comparisons was not a problem. However, it is quite easy to find 
examples of inconsistencies in the matrices, which obviously were not made by 
mistake. This is characteristic of the AHP that it allows inconsistent assessments 
and takes them into account in arriving at the final result. 
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Table VI. Ratings and weights of the experts in case 4 in the first session. 

Ratings 

J1 

J2 

J3 

J4 

Weights 

J1 

J2 

J3 

J4 

A 

5 

3 

4 

3 

A 

30 

30 

20 

40 

B 

3 

4 

0 

3 

B 

50 

50 

60 

40 

C 

3 

1 

4 

3 

C 

60 

100 

50 

80 

D 

-3 

-3 

-5 

-3 

D 

50 

50 

50 

60 

E 

3 

1 

0 

2 

E 

100 

100 

100 

100 

F 

0 

-2 

-3 

-3 

F 

80 

80 

80 

60 

G 

0 

-2 

0 

3 

G 

20 

10 

0 

20 

A = quality of information on plant status 
B = diagnosis complexity 
C = decision making burden 
D = stress 
E = training/experience 
F = emergency operating procedures 
G = organizational factors 

To compare the two ways of assessing weights, the Kendall coefficient of 
concordance W was calculated for the different cases in both sessions. It expresses 
a measure of the relation among several rankings of several objects. The 
significance of the calculated values of W can be tested using the Friedman test 
parameter and the associated table of critical values (Siegel, 1956). Only four of 
thee event sequences were totally separate from each other and the correlation 
coefficients presented in this chapter are based only on those four so as not to 
produce too optimistic results (the case 5 was excluded). 

In the first session all the values of W arc significant at least at the .05 level 
showing that the judges are applying essentially the same standard in ranking the 
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Table VII. The Kendall coefficient of concordance W of weight assessments 
in the two sessions. 

Case 

1 

2 

3 

4 

First session 

0.76 

0.70 

0.64 

0.98 

Second session 

0.74 

0.90 

0.58 

0.67 

objects. In the second session all the values of W except for case 3 are also 
significant at the .05 level (Table VII). 

The effect of the weighting procedure was studied in a calculation, where only the 
three judges, who made the assessments using both methods were taken into 
account. The differences between the sessions were small. However, a small 
increase in the consistency of judgments couid be observed in most cases, when 
the AHP was used in the weight assessment (Reiman, 1991 b). 

The Kendall coefficient of concordance W can also be used to see how the 
consistency of the weight assessments improved when using the NGT method in 
the first session. In the NGT method the experts give their first estimates, present 
some arguments for their assessments, make questions to each other in a 
controlled manner, and then present their final estimates. In Table VIII (page 94) 
the values of W are shown for the first and second (final) estimates of weights for 
the four cases. The effect of the structured group process can be observed clearly 
in the first three cases. 

In many studies weights have been assessed only once and used for all the 
operator actions analysed. When the average weights of the different cases were 
studied in detail, one could notice that the cases could be arranged in two groups. 
The first group is comprised of cases 1 and 2, where observation and diagnosis 
(factors A and B) are important and the second group of cases 3, 4 and 5, where 
decision making (factor C) is important. Training and experience (factor E) were 
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Table VIII. The effect of the Nominal Group Technique (NGT) on the consistency 
of weight assessment (W) in the first session. 

Case 

1 

2 

3 

4 

First estimate 

0.62 

0.60 

0.49 

0.98 

Second estimate 

0.76 

0.70 

0.64 

0.98 

regarded as important in all cases. Using the same weights for all cases would 
certainly distort the results. 

One of the reasons to apply the SLIM was the qualitative usefulness of the 
method. With the SLIM it is possible to present recommendations with regard to 
which changes will have the greatest effect in reducing the likelihood of error. 
This can be done by calculating an importance index, which is largest, when the 
weight of the factor is highest and the rating lowest. This kind of indeces were 
calculated from the results. The index for stress was one of the highest in most 
cases. However, it is a factor that is not easy to improve. The index for emergency 
operating procedures was the highest in cases one and four and the second highest 
in case two. After the analysis improvements have been made in the procedures. 

The experts had no apparent difficulties in rating. Possibly the detailed qualitative 
analysis of the event sequences and the demonstration of the operator actions in 
the control room of the plant contributed to this. It is quite essential in this kind 
of asses^.nent that the experts have the possibility to visit the plant and discuss the 
cases with the operating personnel. 

Inteijudge consistency 

The consistency across experts was examined by a two-way analysis of variance 
(ANOVA). This method allows for the variation in the data to be separated into 
that accounted for by the differences among events, relative to the differences 
among experts. 
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Table IX. ANOVA results of the SUM sessions. 

Sources of 
Variation 

Sums of 
Squares 

Degree of 
Freedom 

Mean 
Square 

F-ratio 

First session 

Event 

Judges 

Residual 

2.99 

6.96 

2.25 

3 
r-

9 

1.00 

2.32 

0.25 

4.0 (.05) 

9.3 (.01) 

Second session 

Events 

Judges 

Residual 

12.26 

1.08 

0.48 

3 

2 

6 

4.09 

0.54 

0.08 

51.1 (.001) 

6.8 (.05) 

An ANOVA was conducted for the SLI-valucs of the two sessions. The results of 
these analyses are presented in Table IX. 

In both sessions, the effects of both events and judges are significant when the 
ANOVA is conducted for SLI-values, but at different levels of significance. It is 
to be noted that in the second session, where the AHP was used in the weight 
assessment, the effect of events was significant at the .001 level. 

Embrey et al. (1984 b) have suggested that the interjudge consistency should be 
evaluated by carrying out an ANOVA using the individual log HEPs as the 
dependent variable. This was also done for the results of both sessions, and the 
results indicated that most of the variability in the log HEPs is due to differences 
between the events evaluated. In both cases, the effect for judges was not 
significant as the F-ratios obtained for the judges were 2.0 in the first session and 
1.5 in the second session. However, using the original SLI-values in ANOVA is 
considered to best illustrate the effects of different factors in expert judgment and 
in the variation of the results. 

The higher the intercorrclation of judges, the greater will be the variance estimated 
from among events. The intraclass conelation coefficient can be used to represent 
this average correlation. It is defined by Guilford (1965) as 
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V-V 
T = J _ l _ (16) 

where Vr is the variance between rows (events) and V, the variance for residuals 
and k is the number of columns. Using the data of Table IX, the value of the 
intraclass correlation coefficient obtained in the first session is 0.43 and 0.93 in 
the second session, which shows a high degree of agreement between judges. 

6.5 Analysis of operator actions at the Loviisa NPP using 
the TRC-SI -method 

6.5.1 Introduction 

The TRC-SI -method described in ch. 6.3.3 was used to study diagnostic operator 
errors at the Loviisa NPP. Later the method was used in a simplified way to study 
operator actions at the TVO NPP, too. The Loviisa case study is presented in 
detail. The different phases in using the TRC-SI method after the qualitative ana
lysis are described. In the qualitative analysis of the operator actions the principles 
presented in ch. 6.3.1 were followed. An assessment of the method is presented in 
ch. 6.5.6 and qualitative findings of the analysis in ch. 6.8. 

6.5.2 Selection of experts 

The TRC-SI -method is based on an expert judgment of plant and sequence 
specific TRCs. It was agreed with the Loviisa NPP that three licensed shift 
supervisors could be used as experts in the study. All of them had long experience 
in control room work and simulator training and they had taken part in the 
development of the latest EOPs at the plant. 

As the experts were familiar with the plant and the operator actions to be 
analysed, no specific technical training was deemed necessary. As no probabilistic 
terms were used in the interview, this kind of training was also considered 
unnecessary. No training was given to the experts concerning possible biases in 
expert judgment. 
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6.5.3 Descriptions of the analysed cases 

The selection of the cases to be analysed was made by the author based on earlier 
studies by the utility and on own judgment. One starting-point in the selection 
was to have comparable cases as were used in the TVO study using the SLIM-
based approach (ch. 6.4), taking into account the differences in plant design. In the 
following a short description is given of each operator action that was analysed 
and of the related accident sequence. Detailed descriptions of the cases are 
presented in a work report (Reiman, 1992). Some of the transients were 
demonstrated to the author at the Loviisa training simulator during the qualitative 
analysis phase. 

Case 1: Anticipated transient without scram (ATWS) 

The first operator action that was analysed was related to a disturbance of a plant 
that requires the reactor to be shutdown but this action is not successful. There are 
two possible main causes to an unsuccessful reactor scram: (1) the control rods are 
jammed, and (2) there is a common cause failure in the reactor protection system, 
which prevents the initiation of the automatic scram signal. In the latter case the 
operators at the Loviisa plant have a possibility to scram the reactor manually 
from a push-button in the control room as the signal by-passes the protection 
system relay logic completely. 

A typical transient that requires a fast reactor scram is the total loss of main feed 
water system. If it occurs, water levels in the steam generators begin to descend 
fast. When the main circulation pumps trip, the temperature in the primary circuit 
starts to raise, which leads to an increase of the primary circuit pressure and 'o the 
raising of the pressurizer level. To illustrate the accident analyses made in STUK 
Fig. 6 (page 98) shows the behaviour of the primary circuit pressure and 
pressurizer water level in this accident sequence without a reactor scram (the 
uppermost curve) and with scram at different points of time. 

An initial assumption in the analysis was that there is a common cause failure in 
the scram logic. The operators have a possibility to scram the reactor lo avoid the 
filling of the pressurizer. The safety significance of this operator action is relat»1 
to the fact that the safety valves of the pressurizer are not qualified to operate with 
water. If the manual scram is not performed early enough, the situation may lead 
to a simultaneous unsuccessful scram and loss of coolant accident through the 
failed safety valve. Based on the analyses presented in Fig. 6 the available time 
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F/£. £. The behaviour of the primary circuit pressure and pressurizer water 
level in an ATWS situation without a reactor scram (the uppermost curve) and 
with scram at different points of time (Hyvärinen, 1990). 
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for the operators to scram the reactor was chosen to be 2 min. If the operators 
don't succeed in the manual scram or if the control rods are jammed, there is still 
the possibility to shutdown the reactor with the boron system. This operator action 
was analysed separately. 

Case 2: Steam generator tube rapture 

The second operator action that was analysed was related with the rupture of a 
single steam generator tube. In this case the operators have a possibility to prevent 
the filling of the steam generator on the secondary side. If they cannot prevent the 
filling, a safety valve of the leaking steam generator may stick open. This leads to 
a direct by-pass route of the containment. It is to be noted that some 
modifications are being designed at the Loviisa power plant to minimize the risks 
related with primary to secondary circuit leakages, but they are not taken into 
account in this analysis. 

In case of a single tube rupture the pressurizer level starts to descend and more 
small-capacity make-up pumps are started. The high pressure emergency cooling 
system is started after about 6 min and the reactor scrams shortly thereafter. The 
level in the leaking steam generator starts to raise. The level difference between 
the leaking and other steam generators is the main symptom of the process that 
should lead the operators to the right diagnosis. The operators have also the 
possibility to diagnose the situation earlier based on the alarms of the radiation 
measurements of the consender ejectors or of the steam generator blow-down 
system, but they were not taken into account in the analysis. After the 
aforementioned modifications are implemented the error probability of this early 
diagnosis is lower than nowadays. Based on demonstrations at the training 
simulator 15 min was chosen as the available time for the operators to diagnose 
the situation. If the operators don't succeed in this diagnosis early enough and the 
steam generator safety valve sticks open, there is also presently a possibility to 
cool the reactor and prevent major radiation releases. 

Case 3: Station black-out leading to a leakage of the primary circulating 
pump seals 

The initiating event in this case is the loss of connections to the national grid due 
to a disturbance of the grid. It is assumed that the transition to house-load 
operation is unsuccessful. The diesel generators at the plant receive a start signal 
to supply electricity to the safety-related equipment. A total station black-out is 
assumed to occur due to a common-cause failure of the diesel generators. 
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In case of a station black-out the behaviour of the plant depends very much on 
whether the primary circuit is intact or not. The isolation valves of the leakage 
lines of the seals of the primary circulation pumps should be closed. It is possible 
to close them in spite of the station black-out because they presently have a 
battery supply. However, in the following analysis it is supposed that one of the 
six valves stays open due to a mechanical failure leading to a small leakage of the 
primary circuit. 

The station black-out leads immediately to reactor and turbine scrams, to tripping 
of the main circulation pumps and to a total loss of feedwater. The residual heat 
of the reactor is transferred in the first phase by natural circulation to the steam 
generators. As the water level lowers due to the leakage, the natural circulation 
changes into a two-phase mode and finally ends when the hot legs of the primary 
loops are being filled with steam. In the second phase several openings of loop 
seals occur driving water from the cold leg to the reactor, and ensuring the cooling 
of the core for some time. Based on analyses performed in STUK and taking into 
account the uncertainties in the analyses 2 hours was chosen as the available time 
for the operators to restore the electricity supply. 

In case of a station black-out the operators try to start the diesel generators 
manually and if it is not possible, they try to start the gas turbines located close 
to the plant. If there is no leakage in the primary circuit, the operators have 
several hours available to restore the electricity supply and they can also use the 
direct connection to a nearby hydro power plant. 

Case 4: Rotation of a primary circulation pump without a load redaction 
magnet 

When a primary circulation pump is not running and the main isolation valves of 
the corresponding primary loop are open, the pump tries to rotate backwards due 
to the pressure difference created by the operating pumps. Therefore the pumps 
have two diverse annotation devices to prevent backwards rotation. 

The seal of a primary circulation pump may get damaged when the pump rotates 
backwards without a load reduction magnet, even if the injection water system is 
working as designed. 

It was assumed, that during the operation of the plant the reduction magnet of a 
primary circulation pump fails due to overloading and the pump trips. The anti-
rotation devices fail and the pump starts to rotate backwards. The operators should 
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close the corresponding primary loop isolation valve and if it fails to close, lower 
reactor power and stop the other primary circulation pumps to avoid primary 
circuit leakage. It is estimated that the time available for these actions is IS min 
to prevent the initiating event from occurring. If the operators do not succeed in 
these actions and the seal leakage is initiated, there are make-up systems at the 
plant to manage the situation. 

It should be pointed out that before the analysis was made rotation of a primary 
circulation pump without a load reduction magnet had once taken place at the 
plant and after the analysis also another case has occurred. In both cases the 
operators managed the situation succesfully. 

Case 5: Total loss of feedwater 

There are several systems at the Loviisa plant to feed water to the steam 
generators. In addition to the main and auxiliary feedwater systems, an 
independent reserve emergency feedwater system common to both units has been 
installed mainly due to risks related with turbine hall fires. 

In case 3 all feedwater was lost due to a station black-out. In this case a pipe 
break was assumed in the main feedwater line in such a place that both the main 
and auxiliary feedwater systems are lost. In this situation it is possible to isolate 
the leakage point in such a way that the auxiliary feedwater system can be 
realigned to the steam generators. There is no automatic isolation of the leakage 
in this case. 

After the postulated pipe break the reactor scrams in about 5 min due to a low 
water level in the steam generators. The main feed water pumps stop due to a low 
level of the feedwater deaerator in about 16 min. The lowering of water levels in 
the steam generators continues untill the leakage is isolated. The operators should 
identify the leakage point and isolate it in two hours so that they would be able to 
restart the auxiliary feedwater system without thermal shocks to the feedwater 
distributing collectors in the steam generators. If the operators do not succeed in 
these actions, they still have the possibility to use the reserve system. The time 
available for that action is several hours at the Loviisa plant. 

Case 6: Leakage outside containment 

A primary circuit leakage outside the containment may, in the worst case, lead to 
an emptying of the emergency cooling water tank, and, because recirculation is not 
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possible in this case, to a core damage with a simultaneously bypassed 
containment. 

A leakage from the reactor to the emergency core cooling system and further to 
the room, where the emergency cooling pumps are situated was selected as an 
example of a leakage outside the containment. Because isolation of the leakage 
would at the same time mean isolation of part of the emergency cooling systems 
it cannot be expected to be done quickly. The leaking water may cause damage to 
equipment near the leakage point. It is therefore unrealistic to assume that the 
operators would isolate the leakage so fast that the emergency core cooling 
systems in that room would not be lost. 

It is essential that the operators isolate the leakage before the emergency cooling 
water tank has emptied. During that time the cooling of the reactor core is secured 
by the emergency core cooling systems in the other similar room. Based on a 
calculation of the water consumption as a function of time 2 hours was selected 
as an available time for the operators to isolate the assumed leakage. However, it 
is a function of the assumed leakage size. Operator actions to decrease the primary 
circuit pressure were taken into account in the calculation. 

6.5.4 Assessment of the TRCs 

To determine the sequence specific TRCs for each of the selected cases the 
experts were asked to assess two points of the curve. They were interviewed 
separately and were asked not to discuss their assessments with each other. No 
information was provided to the experts beforehand concerning the event 
sequences to be assessed. For the interview detailed descriptions of the six event 
sequences based on a qualitative analysis were prepared, but they were not given 
to the experts. Instead, only figures where the behaviour of the most important 
parameters was described, were presented. After the whole event sequence was 
reviewed, the expert was asked to point out the parameters or other information 
that the diagnosis or decision is based on, and then to evaluate the best and the 
worst performance of the crews. 

In four of the selected sequences the experts provided all the assessments they 
were asked to give. In two of the cases the experts were not willing to provide 
quantitative assessments, obviously due to unfamiliarity with the events, but 
instead provided qualitative descriptions of the related operator actions and an 
evaluation of the average performance of crews. In these two cases the analyst has 
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made an assessment, based on the different alternatives described by the experts, 
of the best and worst performances of the crews. 

The interviews took place in a room nearby the main control room of the plant 
and when necessary, the experts demonstrated the use of different indicators and 
operator support systems in the control room. 

6.5.5 Aggregation of individual judgments 

The method presented in ch. 6.3.3 was used to aggregate individual judgments to 
provide the combined TRC. The method is based on the assumption that the 
experts provide independently assessed percentiles of the lognormal TRC. 

The equations for the parameters u. and a of the posterior distribution include the 
weighting factors of the experts. These were determined using the three selected 
criteria and the AHP method. As regards the criterion A, the level of analytical 
and qualitative thinking, no differences could be found between the experts. The 
results of the comparisons of the experts regarding the criteria B and C provided 
some differences between the experts, but detailed results are not presented. In 
comparing the criteria with each other the criterion B, the avoidance of biases in 
assessments, was assessed to have the highest weight (0.6) and the two other 
criteria clearly lower weights (0.15 and 0.25). Using equations (10) and (11) the 
parameters u. and o of the posterior distributions were produced. 

The posterior distribution was modified in the next phase to take into account 
biases in judgment and the simulator effect. Both the median response time and 
the error factor of the combined distributions were modified. 

To modify the median response time a value for the stress index was first deter
mined for each analysed sequence. A logarithmic calibration was used to produce 
the modified response times. The modification of the error factor was made 
assuming that the 10 % and 90 % percentiles of the combined distribution 
correspond to the 20 % and SO % percentiles of the final distribution expect in 
case 3, where based on the low error factor of the combined distribution it was 
assumed that they correspond to 25 % and 75 % percentiles. In Table X (page 
104) the median response time of the combined distribution and the modified 
response time for the six cases are presented. The original and modified error 
factors are presented below the response times. Also the stress index for different 
cases is given. 
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Table X. The modification of the median response time and the error factor of the 
combined lognormal TRC. 

Combined 
distribution 

Modified 
distribution 

Stress 
index 

Case 1 

26.5 s 
2.6 

33.3 s 
4.2 

0.24 

Case 2 

5.7 min 
2.0 

8.1 min 
2.8 

0.49 

Case 3 

31.8 min 
1.4 

39.0 mir 
1.9 

0.79 

Case 4 

4.0 min 
2.4 

4.7 min 
3.8 

0.18 

Case 5 

9.5 min 
2.2 

15.2 min 
3.5 

0.58 

Case 6 

42.4 min 
1.6 

64.5 min 
2.0 

0.94 

Table XI. HEPsfor the Loviisa cases using the TRC-SI -method. 

HEP 

Case 1 

1.5X10"1 

Case 2 

1.5X10"1 

Case 3 

1.7x10'3 

Case 4 

7.3x1 QT2 

Case 5 

3.2x10"3 

Case 6 

1.4x10_1 

The final best estimate HEPs for delayed diagnosis or decision in the six analysed 
cases are presented in Table XI. 

6,5.6 Evaluation of the TRC-SI -analysis 

The effect of the weighting of experts 

The weighting factors for different experts were determined using the AHP as a 
basis for the final selection of weights. The resulting weights for the three experts 
were 0.3; 0.5 and 0.2. The effect of this weighting on the parameters of the 
combined distribution was compared to the effect of the modification of the 
combined distribution. As concerns the median response time TH, the effect of the 
weighting of the experts was to change the parameter in average with 5.5 % 
whereas the effect of the modification of the TRC-curve was in average 26.5 %. 
The difference between these two effects was even larger with the enor factor 
(5.0 % and 43.0 %, respectively). However, these are average numbers. In some 
single cases the effect was noticeable. It can be concluded, that the effect of the 
weighting of experts on the human error probabilities was generally rather small 
in the study. 
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Table XII. Sensitivity analysis of the upper limit of the median response time 
modification. 

Case 

1 

2 

3 

4 

5 

6 

HEP 
(upper limit 95 %) 

1.5x10'' 

1.5X10"1 

1.7X10"3 

7.3x10"2 

3.2x10"3 

1.4X10'1 

HEP 
(upper limit 99 %) 

1.8X10-1 

2.2x10'1 

6.8x10"3 

8.9x10"2 

6.8x1O"3 

2.5X10'1 

Sensitivity analyses of the TRC-SI -method 

To evaluate the modelling uncertainties of the TRC-SI -method sensitivity 
analyses were made regarding the essential hypotheses of the method. 

The modification of the median response time was made using a stress index and 
a logarithmic calibration equation using the 95 % point of the combined 
distribution as an upper limit in the calibration. The sensitivity of this assumption 
on the final results was analysed. In Table XII a comparison is presented» where 
the 95 % and 99 % points of the combined distribution are used as the upper limit 
in the calibration. 

The other hypothesis of the method was, that the modification of the error factor 
can be made by assuming that the 10 % and 90 % percentiles submitted by the 
experts correspond to the 20 % and 80 % percentiles of the final distribution. The 
sensitivity of the results on this assumption was also analysed. It was assumed that 
the values given by the experts correspond to 25 % and 75 % percentiles (30 % 
and 70 % in case 3) of the final distribution. In Table XIII (page 106) a 
comparison of the results is presented. 

From the results presented in Tables XII and XIII it can be seen that the method 
in not very sensitive to the two hypotheses which the method is based on. The 
average effect of the new assumption concerning the modification of the median 
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Table XIII. Sensitivity analysis of the modification of the error factor. 

Case 

1 

o 

3 

4 

5 

6 

HEP 
(80/20-modification) 

1.5x10"1 

1.5x10-1 

1.7x10"3 

7.3x10"2 

3.2x10"3 

1.4X10'1 

HEP 
(75/25-modification) 

2.2x10"1 

2.1x10_t 

1.1x10"2 

1.3X10"1 

1.4x10"* 

1.9X10'1 

response time was to multiply the HEP by a factor of 2.0 and the average effect 
of the new assumption concerning the modification of the error factor to multiply 
the HEP by a factor of 2.8. The effects were highest in case 3. 

The differences in results are especially small as regards the cases with high 
HEPs, which usually are the most important ones from the human factors point of 
view. From the core melt risk point of view also lower HEP values might be 
noteworthy. This can be judged only based on a thorough sensitivity analysis of 
a plant-wide risk analysis. 

6.6 HCR and Modified HCR method analyses 

The results of the HCR/ORE project experiments indicate some support for the 
HCR hypothesis that PSFs do not affect the cognitive behaviour category 
associated with a given human interaction. The interplant influences seemed to 
affect the median response times, but not the standard deviations. Also the use of 
normalized measure of crew response time in the TRC was supported. 

The HCR method has some well-known disadvantages. The method is sensitive 
to estimates of available time, that are usually based on expert judgment. The use 
of plant specific median response times is recommended also in using the 
HCR/ORE correlation. If results of simulator experiments are not available as is 
usually the case, the same problem has to be faced also when other TRC-based 
methods are used. With a detailed qualitative analysis it is possible to predict the 
behaviour of the crew with a reasonable accuracy as is presented in ch. 6.4.6. 
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The rules for assigning tasks to the skill, rule or knowledge based categories are 
not comprehensive. If an event is assigned to a wrong category, this can have a 
large impact on the result, particularly at longer time intervals. Vuorio and Vaurio 
(1987) also defined the three curves in TRC based on the level of frequency of 
simulator training. This is a more measurable definition than the qualitative 
assignment of skill, rule and knowledge based behaviour. An alternative approach 
has been suggested to the skill-, rule- and knowledge-based behaviour 
classification of the original HCR method in the HCR/ORE method (ch. 3.3). 

If a diagnosis is based on the information presented in EOPs and if the accident 
sequence is a part of the simulator retraining program, then the diagnosis can be 
assumed to be rule based behaviour. Reason (1990) calls this rule-based 
diagnosis. In this study diagnosis was judged to be knowledge-based behaviour 
only in some special case?. It was typical for these cases that no specific symptom 
or event based EOPs existed for them. Following these rules the assignment of the 
behaviour type was quite straightforward. 

The original HCR method was modified to better take into account the influences 
of different PSFs. The modification is presented in ch. 6.3.4. The original HCR 
and the Modified HCR (MHCR) methods were used to analyse the probability of 
a missing diagnosis in the ca»es that are described in ch. 6.4 and 6.5. The 
quantitative analyses were based on the qualitative analyses that were performed 
in connection v *h the SLIM and TRC-SI analyses for the TVO and the Loviisa 
plants, respectively. The median time taken by the crews to diagnose the situation 
was calculated from the lognormal TRC assessed by the experts in Loviisa cases 
and by the author in the TVO cases. The coefficients to adjust the median time 
were assessed by the author. 

The amount and frequency of the particular or reasonable similar accident 
sequences in simulator training were taken into consideration in evaluating the 
factor Kl. The assessment was based on the training programs delivered by the 
utilities to STUK. The factor K2 was determined based on the stress index of the 
TRC-SI method. The factor K3 was assessed using the qualitative criteria of the 
HCR method and taking . ' o into account the quality of the particular EOP as 
assessed by the author. 

To compare the original and modified methods the adjusted median times were 
compared. It was found out that although the differences are rather small, the 
adjusted median time of the MHCR method was larger than that of the HCR 
method in almost all cases. This was most often due to the larger values of the 
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stress related coefficient K2. In seme cases of the TVO plant the adjusted median 
times were of the same size or even lower in the MHCR method. This was due to 
the factor K3, which attained higher negative values in the original method. The 
largest multipliers were attained in case 6 of the Loviisa plant because the factors 
Kl and K2 reached their maximum values in this case. 

The human enor probabilities of the different cases are presented in the following 
chapter. 

6.7 Comparison of different methods 

To compare different methods to analyse HEPs for slow diagnosis or decision 
making by control room crews the cases described in ch. 6.4 for the TVO plant 
and in ch. 6.5 for the Loviisa plant were analysed using also the nominal and 
screening models of Swain. The TRC-SI -method was used, in addition to the 
Loviisa cases, also to analyse the TVO cases using a method where the author 
assessed the percentiles based on the qualitative analyses of the operator actions 
and event sequences. The interviews of the six shift supervisors that were made as 
part of the qualitative analyses of the SLIM study could well be used for this 
purpose. The SLIM was not used to analyse the Loviisa cases. In all cases, the 
quantitative analyses with different methods were based on the same qualitative 
analyses. In this way the differences between the quantitative results are due to the 
methods, not due to differences in modelling assumptions. In most cases, the 
TRC-SI -method is used as the basis in the comparisons because it is the only 
method that uses plant- and sequence specific TRC's and because no "correct" 
results are available. In Table XIV the operator error probabilities that were 
attained using different methods are presented. As concerns ine SLIM, the results 
of the first session are presented. 

A general view of the different methods can be obtained by studying the relative 
accuracy of the methods (compared to the TRC-SI -method). In Table XV (page 
110) it is shown how many percentages of the results of all cases (both TVO and 
Loviisa) lie within a factor 3 and 10 using the different methods. 

It can be seen, that the MHCR and the screening method of Swain perform best 
as compared to the TRC-SI -method. The nominal model of Swain was left out 
of further comparisons because of ths very low HEPs produced by the method in 
some cases, which also explains, why only 55 % of the results are within the fac
tor 10 as compared to the TRC-SI -method. 
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Table XIV. Comparison of different operator error quantification methods. 

TVONPP 

Method 

TRC-SI 

HCR 

MHCR 

SLIM 

Swain 
screen. 

Swain 
nom. 

Case 1 

2.2x10"1 

1.4x10"' 

2.0x10"' 

8.0x10"2 

6.8x10"' 

3.0x10'' 

Case 2 

1.9x10-2 

2.3x10"* 

1.4x10"2 

3.6x10"2 

9.1X10"4 

I.OxlO"4 

Case 3 

9.3x10'2 

4 1x10'2 

8.2x10"2 

4.6x10"2 

3.3x10"2 

2.8x1 0"3 

Case 4 

1.2x10"' 

6.0x10"2 

6.2x10"2 

9.5x10"2 

2.9x10"1 

3.4x10"2 

Case 5 

3.1X10"1 

1.4x10-' 

2.2x10"' 

1.9x10' 

1.9x10"' 

7.9x10"2 

Loviisa NPP 

Method 

TRC-SI 

HCR 

MHCR 

Swain 
screen. 

Swain 
nom. 

Case 1 

1.5x10"' 

8.0x10"3 

1.4x10"2 

5.0x10"' 

2.6x10"' 

Case 2 

1.5x10"' 

4.7x10"2 

1.1x10"' 

2.1x10' 

2.0x10"' 

Case 3 

1.7x10"3 

3.2x10"2 

5.9x10"2 

4.8x10"4 

> 

4.0x10s 

Case 4 

7.3x10"2 

1.6x10"2 

3.3x10"2 

2.1x10"' 

2.0x10"' 

Case 5 

3.2x10"3 

2.0x10"* 

1.3x10"4 

4.8x10"4 

4.0x10'5 

Case 6 

1.4x10"' 

7.2x10"' 

7.9x10"' 

6.1X10"4 

5.5x10'9 

Next, the rankings of all cases produced by different methods were compared. The 
Kendall coefficient of concordance W was calculated for the TRC-SI, Modified 
HCR and Swain screening methods which can be regarded as separate. The 
coefficient attained the value of 0,90. The significance of the calculated value was 
tested using the Friedman test parameter, which in this case was 27,0. One can 
conclude, that the value of W is statistically significant at .01 level. 
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Table XV. Relative accuracy of the methods (compared to the TRC-SJ method). 

Method 

HCR 

MHCR 

Swain, 

Swain, 

screen. 

nom. 

Factor 3 

6% 

75% 

45% 

36% 

Factor 10 

73% 

91 % 

82% 

55% 

The rankings were next compared plant-specifically using the Kendall coefficient 
of concordance W. The values of the coefficient (0,56 for Loviisa and 0 3 6 for 
TVO) were not statistically significant, when taking into account the three 
methods. When the SLIM results were included the correlation was statistically 
significant at .01 level for the TVO cases (W = 0,79). As the results of the SLIM 
were calibrated with the HCR/ORE method, it can be regarded as separate from 
the other three methods of this comparison. The SLIM was not used to analyse the 
Loviisa cases. 

In addition to the rankings, also the HEPs produced by different methods were 
compared. Logarithmic transformations of the data were used, because of the 
range of probabilities employed. A similar method was used by Embrey and 
Kirwan (1983). The Pearson product-moment correlation coefficient was used in 
this analysis. In Table XVI results of the analysis are presented. 

When the same analysis was done for all cases using the HEPs instead of log 
HEPs, it was found out, that the correlation between the TRC-SI and Swain 
screening methods was significant at .05 level (correlation coefficient 0,55). Other 
correlation coefficients were not statistically significant. 

6.8 Qualitative findings of the analyses 

Two of the accident sequences selected for plant-specific analyses can be used to 
compare the characteristics of the two plants from the point of view of operator 
behaviour, and the demands that the behaviour of the plant imposes on the 
operators in these sequences. 
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Table XVI. Correlations of log HEPs (all cases). 

Methods 

TRC-SI/HCR 

TRC-SI/MHCR 

TRC-SI/Swain 
screen. 

h 

0.56 

0.68 

0.74 

t 

1.35 

2.79 

3.31 

significance 
level 

— 

.05 

.01 

At both plants the first accident sequence, that was studied, was an anticipated 
transient without scram (ATWS). In both cases the time available for operator 
actions was rather short. This implies that, although a 30 min rule is a design basis 
of the plants, the operators are actually expected to take actions much earlier. The 
rule is applicable only to design basis accidents where there are no additional 
equipment failures. In probabilistic analyses also other, more complicated accident 
sequences are studied. It is also realistic to assume, that the operators anyway take 
actions rather early in the accident and it is necessary to analyse, what these early 
actions probably are and what are their effects on the accident sequence. This kind 
of analysis can only be based on a detailed qualitative analysis of the sequence. 
As concerns especially the ATWS sequence, it was not the original design basis 
of the plants. 

Although the times available were quite short in the ATWS sequences at both 
plants, there is a notable difference in the two cases analysed. In the TVO case the 
actuation of the reactor scram from the relay cabinets is the last option for the 
operators to prevent the reactor core damage, whereas in the Loviisa case the 
operators still have the possibility to use the boron system to shutdown the reactor. 
However, also in the Loviisa case the probability of reactor core damage increases 
if the operators fail to scram the reactor manually, because a simultaneous loss of 
coolant accident is assumed to follow from this failure, as the safety valves of the 
pressurizer are not qualified for water at the moment. 

In spite of the shorter total available time in the Loviisa case, the failure 
probabilities at both plants were qiite similar. This is due to the fact that the 
operators at the Loviisa plant have an opportunity to by-pass the relays of the 
reactor protection system (which were assumed to fail) in a simple way by 
pushing the scram button in the main control room, whereas at the TVO plant the 
operators have to operate some relays in the cabinets using a detailed procedure 
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for that specific purpose. Also no special tags or indications are provided in the 
cabinets, which increases the time needed for that action and the probability of an 
execution failure. 

The other similar accident sequence analysed at both plants was the station black
out. In this accident sequence the connections to the national grid are lost and the 
transition to a houseload operation is unsuccessful. Also the four diesel generators 
of the plant are assumed to fail due to a common tause failure. Thus, the 
probability of this accident sequence is rather small. However, as the supply of 
electricity is so vital for the safety of the present type reactors, the sequence has 
been chosen a design basis for possible future reactors by the regulatory body 
;STUK). 

When the two cases (case 4 for TVO and case 3 for Loviisa) are compared, it 
should be noted that in the Loviisa case an additional failure was assumed (a 
mechanical failure of one of the isolation valves of the primary circulation pump 
seal leakage lines). This was due to the fact, that without this additional failure, 
the inherent safety characteristics of the Loviisa plant provide so much time for 
the operators to restore the electricity supply that the success probability doesn't 
really depend on the operators but on the reliability of the different electricity 
supply sources available at the moment. Even with this additional assumption, the 
failure probability of the operators is higher in the TVO case, mainly because of 
the shorter time available. 

The failure probabilities presented in the previous chapters include only the 
cognitive actions (diagnosis and decision making). The failure probabilities of the 
execution errors were analysed separately. In the station black-out sequence the 
actions to be taken are quite different at the two plants. At the Loviisa plant the 
operators should try to start the gas turbines located at the site. Also, they have the 
possibility to make a connection to a nearby hydro power plant but, due to the 
additional assumption, it was excluded from the analysis because of the long time 
required to establish the connection. There is also a possibility to supply electricity 
from one plant unit to another but, because no procedure is written for this 
measure, and because it was not familiar to the shift supervisors that took part in 
the qualitative analysis, also this possibility was excluded from the analysis. 

At the TVO plant the operators should try to supply electricity to the safety-
related equipment using one of the diesel generators of the other plant unit, 
supposing it is possible taking into account the situation at the other unit, A 
detailed operating procedure has been written ard training has been given to the 
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operators in how to establish this connection. Because the execution of the manual 
actions related with this coupling is a rather complex task, a detailed analysis was 
made concerning the human failure probability in the execution phase. The 
THERP method was used in the analysis. It is suitable for this type of 
proceduralized actions. In the analysis especially the performance shaping factors 
(PSFs) and the dependence between actions were studied. A specific feature of the 
situation is that at the unit where the station blackout has taken place, the actions 
have to be performed in the switchgear room in the light of portable illuminators. 
Therefore, different base error probabilities, stress factors and dependence factors 
were used at different plant units. The best estimate result for the execution failure 
was 1.03x1 Or'. The analysis of the execution failure is presented in detail in a 
work report (Reiman, 1993). Also in this case the analysis was based on a detailed 
qualitative analysis, which included twice a demonstration of all the required 
actions by an operator. 

Based on the analysis it can be concluded, that at the Loviisa plant the operators 
have good possibilities to restore the electricity supply in case of a station 
blackout, whereas at the TVO plant the situation puts much more stringent 
requirements on the operators. The complexity of the cross-connection measures 
is a factor contributing to the relatively low success probability. At both plants the 
operating procedures for severe electricity supply disturbances are in need of 
improvement. Also many other, plant-specific findings were made during the 
analyses. Some examples of these are presented in the following. 

As concerns the TVO plant, the manual depressurization of the reactor is one of 
the most risk-significant operator actions at the plant. In the SLIM session the 
experts' ratings of different factors were quite uniform. All experts agreed, that the 
diagnosis of the situation is not especially difficult, and that the failure probability 
is determined by the decision-making burden. By reviewing the symptom-based 
EOP for low water level in the reactor tank one can conclude that it would be 
beneficial to emphasize the start of the auxiliary feedwater pumps early enough so 
that too much time would not be spent on starting first the main feedwater pumps. 
Procedures should be improved and simulator training given concerning the 
starting of the main feedwater pumps. The remarks made in the ATWS case 
concerning the actions to be taken at the cabinets are applicable also to this case. 

As concerns the Loviisa plant, the operator actions related to leakages from the 
primary circuit to the secondary circuit (case 2) are significant with respect to the 
total core damage risk. However, several actions are being designed to minimize 
this risk. These actions will make the diagnosis of the situation easier and will 
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give the operators more time to depressurize the primary circuit, if the safety 
valves of the secondary circuit fail open. In this way the requirements imposed on 
the operator actions will be further relieved. As in the station black-out event also 
in the total loss of feed water case the operators have considerable time to restore 
the supply of feedwater. Several systems exist at the Loviisa plant for this 
purpose. Therefore, it is not a risk-significant operator action. 

At the Loviisa plant primary coolant leakages outside the containment are 
significant because of the poor separation of redundant subsystems and the lack of 
adequate instrumentation to isolate them automatically. In the accident sequence 
that was analysed (a leakage to the emergency core cooling pump room) the 
leakage has to be isolated manually. It is a difficult decision for the shift 
supervisor, because at the same time eventually half of the emergency core 
cooling systems have to be isolated, too. The isolation may require actions to be 
taken in rooms with increased radiation levels. This contributes to the hesitancy in 
decision making. Detailed procedures are not written for this case. These reasons 
explain the rather high error probabilities that were assessed for this sequence. At 
the TVO plant a good separation between different subsystems makes it possible 
to isolate this kind of leakages automatically. At the Loviisa plant, automation is 
being designed for a specific class of this type of leakages, namely leakages in the 
primary circulation pump injection water system. 

6,9 Summary 

There were two main goals in the analysis of operator behaviour and reliability: 
(1) to analyse in detail selected accident sequences and related operator actions at 
Finnish nuclear power plants, and (2) to compare and evaluate different methods 
used in the analyses. Each of these goals is discussed separately. 

Detailed qualitative and quantitative analyses were made for five cases at the TVO 
plant and for six cases at the Loviisa plant. A special emphasis was put on the 
qualitative analysis, which also was the most time-consuming part of the analysis. 
Several useful qualitative findings were made during the analysis. The quantitative 
results have to be used in a plant-wide risk-analysis to find out the risk-
significance of each operator action. The qualitative findings can then be utilized 
in the backfitting process, as the priorities have first been determined. 

The procedure used in the qualitative analysis was practical and produced useful 
results. As the quantification of operator error probabilities is largely based on 
expert judgment, it is quite essential to perform careful qualitative analyses. 
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In the quantitative part of the analysis several methods were used. Methods based 
on time relability correlations (TRC) were selected for the study. An exception 
was the SLIM, but even there the calibration of the SLIs was done using TRCs of 
the HCR/ORE-method. The significance of sequence timing to probabilistic safety 
assessment modelling his been examined by Bley et al. (1988). They state that an 
analysis of event sequence timing is necessary for a meaningful probabilistic 
safety assessment. Simple engineering analyses based on first principles are often 
sufficient to provide adequate resolution of the time available for PSA scenarios. 
The time available is the basic criterion for the evaluation of human performance 
in this approach. 

The TRC-SI method was developed for the analysis of cognitive operator actions. 
It is based on expert judgment of plant and sequence specific TRCs. A stress 
index (SI) is used to correct the median response time of the TRC formed from 
the assessments of the experts to take into account differences between behaviour 
at a simulator and at real plant. A model was developed for the determination of 
the stress index. It is a model that gives a possibility to evaluate the stress level of 
the operators based on the characteristics of the incident. Edward's (1977) SMART 
is used in the determination of the value of the stress index. Aiso the error factor 
of the TRC is modified. Sensitivity analyses showed -hat the method is not very 
sensitive to the hypotheses it is based on. A method was presented for weighting 
the judgments of different experts. In this study the weighting of experts had only 
a minor effect on the final results. 

There is a substantial amount of dispersion in the results of different methods, as 
can be seen in Table XTV. In principle, the moit reliable results can be achieved 
in a plant and sequence specific analysis. Therefore, the TRC-SI method w&» 
taken as a basis for comparisons. Compared to the TRC-SI method the other 
methods, which utilize generic TRCs, performed reasonably well (excluding the 
nominal model of Swain). Especially the Modified HCR method produced results, 
which were within a factor of 3 in 75 % of the cases. This finding indicates that 
the Modified HCR method could be used at least in a screening analysis. For the 
TVO cases only, the SLIM performed well compared with the TRC-SI method 
(80 % of the cases within a factor of 3). The SLIM produced also a great amount 
of valuable qualitative information. Based on this study the use of the SLIM can 
be recommended, especially if not only quantitative results are looked for. 

The nominal model of Swain produces unrealistically low operator error probabil
ities compared with other methods in cases where the time available is long. This 
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is to some extent characteristic to all models based on TRCs, and, therefore, cut-
oft limits should be used for low probabilities, when these methods are applied. 

The most preferred way is to make plant and sequence specific analyses. The 
reliability of the method would be improved if it could be based on extensive 
measurements of operator behaviour at a plant-specific simulator. Measurements 
could be made in connection with normal retraining courses. Unfortunately such 
data has not been collected at the simulators of Finnish nuclear power plants. An 
exception is the manual depressurization of the reactor, for which sequence 
measurements were made at the TVO simulator with all crews, and the results 
were made available for this study. Otherwise expert judgment had to be used in 
the evaluation of TRCs. If such simulator data would be available, expert 
judgment would still be needed to take into account the differences between 
behaviour at the simulator and at the plant. The utilities are urged to begin to 
collect such a data at their simulators. 

The rather good consistency of the quantitative results (with the exception of the 
nominal method of Swain) was obviously partly based on the fact, that all the 
quantitative analyses were based on the same qualitative analyses. This 
demonstrates, that in order to have independent analyses of the same cases, also 
the qualitative parts should be done separately. 

When the rankings of all cases produced by the different methods were compared, 
it was found out that the correlation was statistically significrM at .01 level. It is 
obvious that, although the absolute values of the probabilities are uncertain, their 
ranking can be estimated reasonably well. The effects of the uncertainties in the 
absolute probability values in context of the full size plant PSA models have to be 
studied with sensitivity analyses. Due to the developments in efficient, fast-
running PSA codes (Niemelä, 1991) this kind of sensitivity analyses can be easily 
performed. A strive for quantitative results always necessitates also a detailed 
qualitative analysis, which often is tlic most important issue. 

It is evident that great uncertainties are involved in the quantification of operator 
errors. According to Hollnagel (1991) the operator cannot be investigated in 
isolation from other actions or from the task context. The proper basis for 
assessing human reliability is, according to Hollnagel, a systematic description of 
the appropriate actions, including how they are related or structured. These goals 
were aimed at in the qualitative analyses of this study. 
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7 ANALYSIS OF TEST AND MAINTENANCE 
PERSONNEL BEHAVIOUR AND 
RELIABILITY (STUDY 2) 

7.1 Introduction 

When the behaviour and error possibilities of nuclear power plant personnel are 
analysed, main attention has often been focused on the operating crew working in 
the main control room of the plant. This is justified, talcing into account their 
essential role in accident management. Their chances of succeeding might be, 
however, worsened if there exist latent equipment failures at the plant as a conse
quence of test and maintenance activities. In several studies it has been shown that 
test and maintenance errors performed by personnel working outside the main 
control room have comprised a noticeable percentage of all human errors. 

The aim of this study was to develop and test methods intended to analyse human 
errors, which may take place in connection with scheduled test or maintenance 
activities outside the main control room. Errors that are studied are of a type that 
have a possibility to stay unnoticed (latent) at least until the next regular test or 
the next refuelling shutdown. 

The dependence of errors between tasks performed in redundant subsystems of a 
safety system is the most important issue when the safety significance of test and 
maintenance errors at NPPs is considered. The most often used method to assess 
dependence presented in the Handbook (Swain & Guttman, 1983) is oriented 
towards operator actions in the control room. The Multiple Sequential Failure 
method (Samanta et a]., 1985) is mathematically more advanced, but it does not 
give any guidance to evaluate the dependence factor in practice. Operating 
experience is not used to quantify dependent human errors at the moment. 

In this study methods based on expert judgment are used. Special attention has to 
be paid to the point that the experts have the prerequisites for making the 
necessary judgments. Therefore it is better to use methods that do not presuppose 
direct quantification of the human error probability or the dependence factor. The 
same principle was adopted also when operator reliability was assessed (ch. 6). 
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12 Assessment of dependence 

7.2.1 The concept of dependence 

An important issue in analysing human errors is the dependence of actions i.e. 
how the success or failure on one task may be related to the success or failure on 
some other tasks. Two tasks A and B are independent, if the probability of failure 
(or success) on Task B is the same regardless of failure on Task A. If tasks are 
not independent, they are dependent. Failure to make a realistic assessment of 
dependence may lead to an optimistic assessment of the overall human error 
probability. 

Dependence can exist between and within people. In principle, there can exist 
positive or negative dependence. Dependence is positive, if a failure in one task 
increases the probability of failure in the second task. Negative dependence can 
occur if the failure in one task is noticed and the second task is performed very 
carefully to avoid errors. The degree of dependence ranges along a continuum 
from complete negative dependence through complete independence to complete 
positive dependence. 

7.2.2 Dependence models 

In the Reactor Safety Study (1975) a model was used, where the positive 
continuum of conditional probability was reduced to four discrete points. The 
levels of dependence were specified and some examples of tasks were presented, 
where dependence occurs (Swain & Guttman, 1978). The level of dependence was 
assessed as moderate (loose coupling), if the same person performs the same task 
within 24 hours. In the model moderate dependence was used as a level of 
dependence between zero and complete dependence and the failure probability was 
defined as the geometric mean of these two extremes. High dependence was 
defined as the geometric mean of moderate and complete dependence. 

The positive dependence model presented in the Handbook (Swain & Guttman, 
1983) is based on five discrete points of the continuum. In addition to the two end 
points of zero dependence and complete dependence, three intermediate points arc 
used. In the Handbook some examples of tasks are presented for each dependence 
level. All the examples are actions performed by operators in the main control 
room. It is stated in the Handbook that dependence doesn't exist if the time 
difference between actions is over one minute. 
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The dependence model used in the Handbook can be mathematically presented by 
an equation which has two parameters, the base error rate p and the dependence 
factor k. When all tasks are identical, the probability of the i-th successive error 
can be written 

9* = 1 
(fi=l (IT) 

ifi>l 

Noteworthy features of this model are a constant rate of successive errors 
beginning with the second error, a state determined only by the presence or 
absence of an immediately preceding error and an increase in the error rate 
following the first error inversely related to p. The original failure equations of the 
model were selected so as to provide 0, 0.05, 0.14, 0.50 and 1 as values of k for 
different dependence levels. 

In the newest method of Swain (1987) a more simple dependence model is 
presented. Instead of five levels only three dependence levels are used. 
Dependence can exist only if actions on different components are performed 
within two minutes. 

The Multiple Sequential Failure (MSF) model is especially developed to estimate 
the probability of multiple human errors in a system. The model uses the 
independent (base) error probability and systematically modifies it for each 
redundant subsystem in a sequence. Using the same notations as previously the 
probability of the i-th error in the MSF model is 

•f * W (18) 
ifi>l 

The model then applies the failure logic of the system to arrive at a total system 
failure probability which accounts for dependence (Samanta et al., 1985). 
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When compared with the Handbook model a noteworthy feature of the model is 
a negatively accelerated increase in error rate with successive errors. 

To illustrate the meaning of the dependence factor two successive tasks A and B 
are considered. The conditional probability of failure in the second task, given 
failure in the first task, can be expressed as the sum of the independent (base) 
failure probability p and the dependent failure probability pÄ. 

PrifilA) = p+Pf (19) 

The dependent failure probability describes the increase in the failure probability 
due to dependence and can be expressed as a fraction of the total range of the 
conditional probability as 

P4f = kQ-p) (20) 

Thus, 

Pr{B/A) =p+k(l-p) (21) 

In the MSF model, the degree of dependence is assumed to be a continuum and 
an analyst can choose any value between 0 and 1. To assess the value of k it is 
recommended to use either operating experience or expert judgment. As data on 
multiple human errors have not been systematically gathered, the only possibility 
is to use expert judgment to evaluate the parameter k. 

The impact of the dependence is that it reduces the gain in system reliability 
achieved by the use of redundant units. In NUREG/CR-2211 (Samanta & Mitra, 
1981) it has been shown that for k s 0.3, the advantage of using redundancy 
beyond 3 is almost nil. 
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7.2.3 Literature review 

Dependence between errors has been studied in psychological tests that are not 
related with nuclear applications. A clear indication of a learning process is 
presented by Kay (J 951), who stated that persons learned to repeat the errors that 
they had performed. The results of this study were attempted to verify in another 
study reported by Holding (1970). The hypothesis of error learning got limited 
support. Correlations were not strong, however, because some errors made early 
in the test were not repeated. Errors made in the later phases of the test were more 
cften repeated. 

Spettell (1986) presents the results of a laboratory experiment the purpose of 
which was to validate the MSF model. In the experiment small-scale simulators 
and students especially trained for the tasks were used. In general, the results of 
the test showed that there was convergent evidence that dependent sequential 
errors do occur. The results also indicated that there were relatively stable 
individual differences in the performance. 

Rasmussen (1980 b) has studied operating experiences of US plants based on their 
licensee event reports (LER). From the reports 111 cases classed as technician's 
error during test or calibration were identified. A principal observation was the 
major contribution of omissions of steps in task sequences which are functionally 
isolated from the substance of the task (62 cases). Typical examples were omitted 
returns of switches and valves from test to operation. Another major category of 
errors was related with simple mistakes among alternatives (20 cases). 

In a French study (Griffon-Fouco & Ghertman, 1987) some interesting results 
were achieved. As all the reactor trips in 900 MWe PWRs during one year were 
reviewed and the human errors related with them searched, it was found out that 
50 % of errors were made in the control room and 50 % at the plant. Also human 
errors, that occurred during periodic tests, were analysed. Over a period of six 
months 21 errors had been committed. In this case the division between errors 
made in and outside the control room was the same as previously. It was found 
out that 75 % of omissions occurred by the end of the task sequence and about 
70 % of transpositions at the beginning of the sequence. 

The operating experiences of the standby diesel generators in Finnish and Swedish 
NPPs were analysed in a study by Pulkkinen et ai. (1989). The data base 
contained 40 diesel generators with about 150 accumulated diesel generator years. 
The total number of failures discovered was 436 of which 65 were critical. The 
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proportion of failures caused by test and maintenance errors was found to be 26 % 
in the case of critical failures. The main conclusion of the analysis was that the 
carrying out of relative simple routine test procedures is exposed to motivational 
effects. On the basis of the analysis and some theoretical considerations, a 
hypothesis was presented that manipulating errors tend to originate in the 
secondary activities in which the actual controlling feedback is often lacking. In 
contrast to some other studies, failures caused by omissions were rather rare. 

Lucas (1987) describes an analysis of a dependent failures database in order to 
identify their major psychological root causes. A classification scheme of human 
failures was first devised for the study. The scheme is used in a slighty modified 
form in this study. The first stage of classification is based on the three levels of 
human performance proposed by Rasmussen. The database of the study consisted 
of 53 dependent and 36 independent errors from LERs and periodic maintenance 
reports prepared for the NRC. Each of these human errors was classified using the 
devised scheme. There were no significant differences between events classed as 
dependent and those identified as independent in terms of the distribution of 
different types of human errors. The highest proportion of failures occurred at the 
skill-based level (49,4 % of all events). The next most frequent category were 
errors at the knowledge-based level (16.9 %). Errors at the rule-based level 
occurred in 10.1 % of the events. In the second stage classification of skill-based 
behaviour the dominating class was omissions (63.6 %). 

12A Incident reports of Finnish NPPs 

All the quarterly operating experience reports published by STUK, from the 
beginning of 1982 until the end of 1990, were reviewed. Attention in the review 
was focused only on those cases that included a human error in repair or 
maintenance or an equipment left in a wrong state after testing, maintenance or 
operative action. If such a case was found in a STUK quarterly report, also the 
corresponding incident report by the utility was reviewed. Only cases where the 
same error was made in more than one subsystem were included in the analysis 
(dependent errors). The data base comprised in this way included 12 cases. 

Although the number of cases is small, the incident reports were detailed enough 
to permit a detailed study of these cases. To review the different dependence 
models the cases were classified on the basis of the time between successive tasks 
in redundant subsystems. In those cases, where this time was not presented in the 
utility report, it was assessed as best estimate by the author. The time between 
tasks was divided in five classes. In Table XVII these classes and the number of 
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Table XVII. June differences of dependent errors in subsequent tasks. 

Class 

1. 

2. 

3. 

4. 

5. 

Time difference 

< 10 min 

10-30 min 

30-60 min 

1-8 h 

> 8 h 

The number of cases 

3 

3 

2 

0 

4 

cases in each class are presented. The dependent error cases are described in a 
work report (Reiman, 1993). 

In spite of the long time difference between subsequent tasks in redundant 
subsystems in class 5 cases, it can be assumed that the tasks were performed by 
the same person or group. Two of the dependent cases in class 5 were related to 
plant modifications after which the testing was ineffective. In seven of the cases 
the dependent error occurred in spite of both time and spatial separation of the 
tasks in redundant subsystems. 

As it is evident that only a fraction of all humr.n errors in test and maintenance 
activities have been reported to STUK, the data base cannot be used for 
quantification purposes. However, the results can be used to qualitatively review 
the basis of the dependence models of Swain. These models are more useful, when 
evaluating the dependence of control room actions. The models cannot be used to 
assess test and maintenance activities, because the time limit of two minutes is too 
restricting. An important finding is that a large part of the dependent failures are 
related with modifications. These failures are typically not identified in PSAs. 

13 Analysis of test and maintenance errors at the TVO and 
Loviisa NPPs 

7.3.1 Introduction 

Error possibilities related with some test and maintenance activities at the TVO 
and Loviisa NPPs were assessed using the Paired Comparisons and Ranking 
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methods. The methods were used to assess the dependence of errors related with 
these activities. The dependence factor k was used as a measure of dependence. 
After the factor k is determined, the quantification of dependent error probabilities 
can be easily done using the base error probabilities and the MSF model, which 
takes into account the learning of errors. The assessment of the dependence factor 
k is not a straightforward task. It has to be based on information concerning the 
different factors that contribute to dependence. To provide this information, a 
detailed qualitative analysis of human actions is necessary. 

One possibility to try to assess the dependence between errors and especially the 
factor k, which is a measure of the dependence, is to utilize the equation (21), 
which presents the conditional error probability in the second task, given error in 
the first task. As the base error probability is usually « 1, the conditional error 
probability is almost totally determined by the factor k. 

The starting-point in the study was that experts are asked only to make 
comparisons between error probabilities. Also practical limitations have to be 
taken into account. This includes the number of experts available and the nature 
of their expertise. Based on the nature of assessments and on a review of available 
methods the Paired Comparisons and Ranking methods were chosen. 

73.2 Description of methods 

The Paired Comparisons (PC) method is a psychological scaling method based on 
the idea that experts are far better at making simple comparative judgments than 
at making absolute judgments. The experts are asked to compare a set of pairs of 
tasks for which HEPs are required, and for each pair they must decide, which has 
a higher likelihood of error. The stimuli are presented in all possible combinations 
of two (Hunns & Daniels, 1980). 

The theoretical basis of the method is Thurstone's law of comparative judgment. 
The law is based on the postulate that each stimulus, when presented to an 
observer, gives rise to a discriminal process, which has some value on the 
psychological continuum of interest. The psychological continuum can be 
considered to be a continuum of subjective or psychological magnitudes 
(Torgerson, 1958). 

Because of momentary fluctuations, a given stimulus does not always excite the 
same discriminal process. If any stimulus is presented to an observer a large 
number of times (or to many observers once), a frequency distribution of 
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discriminal processes associated with that stimulus will be generated. It is 
postulated that this frequency distribution is normal. The mean of this distribution 
is taken as its scale value. The standard deviation of the distribution is called the 
discriminal dispersion of that stimulus. 

Thurstone's law of comparative judgment is a set of equations relating the propor
tion of times any given stimulus k is judged greater on a given attribute than any 
other stimulus j to the scale values and discriminal dispersions of the two stimuli 
on the psychological continuum. The complete form of the law (Torgerson, 1958) 
is presented in the equation 

v» i = xiM+°\ - V J ° / (22) 

In the equation sk and Sj denote the scale values of the two stimuli and o} and o\ 
the discriminal dispersions of the stimuli, x^ is the normal deviate corresponding 
to the theoretical proportion of times stimulus k is judged greater than stimulus j 
and rjk is the correlation between the pairs of discriminal processes. 

Equation (22) is not solvable in its complete form, since there are always more 
unknowns than observation equations. Torgerson (1958) presents three simplifying 
conditions and calls them Condition A, B and C. In the Condition C Torgerson 
assumed that the standard deviation of the distribution of discriminal differences 
is constant for all pairs of stimuli. Mosteller (1951) assumed equal discriminal 
dispersions and equal correlations and showed that the usual solution to the 
Condition C is a least squares estimate of the stimulus positions on the scale. The 
Condition C of Torgerson and the assumptions of Mosteller produce equations, 
which differ from one another only with respect to the multiplying constant. The 
detailed analytical procedure for Condition C to obtain estimates of scale values 
(which was used also in this study) is presented by Seaver and Still well (1983). 

The Ranking method requires each expert to rank order the set of human errors 
according to their likelihood of occurrence. The underlying psychological model 
for producing scales of likelihood from ranking judgments is the law of categorial 
judgment (Torgerson, 1958), Like the law of comparative judgment, which it 
parallels, the law of categorical judgment is based on Thurstone's general 
judgment model. 

125 



FINNISH CENTRE FOR RADIATION 
AND NUCLEAR SAFETY STUK-Al 18 

A specific problem of the Paiied Comparisons method is how cells corresponding 
to complete agreement in the data matrix, which has entries the proportions of 
times event j is judged more likely than event k, are handled in the analysis. 
Thurstone suggested that such cells be treated as blanks and basically ignored in 
arriving at scale values. This would mean a loss of considerable very diagnostic 
data. The problem is discussed in the following, when the number of experts 
required is assessed. 

The number of experts 

One of the most difficult practical problems in the use of the Paired Comparisons 
or Ranking methods is that they require a large number of judgments in order to 
pioduce reliable scale values and, thus, reliable probability estimates. Before the 
decision on the use of these methods could be made, the possible limitations 
because of the number of experts required had to be known. One of the key 
factors in determining, how many judgments are required, is the handling of 
complete agreement in the data matrix. The number of experts in the Paired 
Comparisons method is analysed by Seaver and Stillwell (1983). Because of the 
similarity of the theoretical model underlying the Ranking method, the results are 
applicable also for that method. 

It is assumed that a relevant population of experts exists, who might be asked to 
assess the relative likelihood of various human errors. Let Dp, dene's the 
proportion of experts from that population that indicate that, for any pair of events 
j and k, event j is more likely than event k. A sample of experts is selected 
randomly from that population. The estimate of the scale value of event k on the 
interval scale is denoted sk'. Assuming the Torgerson Condition C gives 

s: * i Yx- where j * k (23) 

* = F'X(Pk ) <24> 

where F is the cumulative distribution function of the normal distribution and p^' 
is the proportion of the sample, who judged event j to be more likely than event 
k. 
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Table XVIII. Values ofz and max p^ as a function of the number of experts (m). 

m 

z 

maxpjK 

4 

1.29 

0.75 

5 

1.41 

0.80 

6 

1.45 

0.83 

7 

1.55 

0.86 

8 

1.64 

0.88 

10 

1.69 

0.90 

12 

1.80 

0.92 

Assuming independence among experts p '̂ can be assumed to be distributed 
binomially. This leads to the following equations for the mean and maximum 
variance of estimated scale values for various values of p^ (Seaver & StiUwell, 
1983): 

x-0 

o2 » £ [F ^ ) f F(^,) - u* (26) 
«•0 

Let P ! ( l ) - z and F'(0) = -z. The mean of estimated scale values can now be 
presented as a function of z for different numbers of experts and proportions p^ 
using eq. (25). Next the value for z has to be selected. Seaver and Stillwell (1983) 
considered the series of possible values of F"1^') ?or a particular m and used a 
polynomial expansion to find the next value in series. Here a slightly different 
approach is used, which was also proposed by Seaver and Stillwell. 

As u. is expressed as a function of z, it can be seen, that the closer p^ is to 1.0 the 
more sensitive the estimate becomes to z. The highest possible non-unity value is 
chosen for p^ and z is solved to minimize the bias of the estimates of sk'. Results 
of the calculation are presented in Table XVIII. 

Using the values of z in Table XVIII the maximum variance was calculated for 
different numbers of experts using the equation 26. In the analysis of Seaver and 
Stillwell linear extrapolations using five predetermined proportions were made. 
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Table XIX. The 95 % confidence limits on sk' as a function of the number of 
experts (m) and events (n). 

Number of 
events 

(n) 

4 

5 

6 

7 

8 

10 

12 

15 

Number of experts (m) 

4 

0.66 

0.59 

0.54 

0.50 

0.47 

0.42 

0.38 

0.34 

5 

0.62 

0.55 

0.51 

0.47 

0.44 

0.39 

0.36 

0.32 

6 

0.57 

0.51 

0.47 

0.43 

0.40 

0.36 

0.33 

0.29 

7 

0.54 

0.48 

0.44 

0.41 

0.38 

0.34 

0.31 

0.28 

8 

0.50 

0.45 

0.41 

0.38 

0.35 

0.32 

0.29 

0.26 

10 

0.45 

0.40 

0.37 

0.34 

0.32 

0.28 

0.26 

0.23 

12 

0.39 

0.35 

0.32 

0.29 

0.28 

0.25 

0.23 

0.20 

The 95 % confidence limits on s,,' are sk' ± 2oVn. In Table XIX these values are 
shown for various numbers of experts (m) and events (n). 

The number of experts can now be determined, when the number of events is 
known. As acceptable uncertainty bounds for the HEPs ± 0.5 on log HEP is 
chosen (plus or minus one half order of magnitude). Next an estimate of the 
constant a of the logarithmic calibration equation log HEP = a-s^+b was made. It 
was estimated that the HEPs will vary from 0.001 to 0.5 and that the range of 
scale values is 1.5. These assumptions produced the bounds ± 0.28 for the scale 
values. Using these estimates Table XIX can be used to determine that for 
example 8 experts should be used if 12 events are evaluated. It should be noted 
that variances used were maximum variances. The results by Seaver and Stillwell 
(1983) would require the use of 14 events if 8 experts are making the judgments, 
if the same criterion is applied. 

The conclusion of the analysis was that the number of experts needed to produce 
sufficiently reliable estimates is not so high that it would prevent the use of the 
method, and, thus, the method was chosen for the case study. 
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733 The assessment procedure 

The first phase in the assessment procedure was the selection of the human actions 
that were evaluated. The selection was made by the author based on the test and 
maintenance procedures of the TVO and Loviisa NPPs. Only human actions of 
personnel working outside the main control room were considered. This means 
that the personnel whose behaviour was studied, are local operators of the shift 
working at the plant and technicians of different maintenance departments of the 
plant. 

Omission-type error possibilities were identified in the procedures. Typically they 
are activities, where it is required to restore an equipment to the initial state after 
a test or some maintenance activity has been done. Then a screening was 
performed by considering different error detection mechanisms related with the 
human action. If two diverse detection mechanisms were found, one of which was 
testing in real conditions, the case was screened out of further considerations. 
Some cases were selected based on a review of the incident reports of Finnish 
NPPs (ch. 7.2.4). It has to be taken into account that after each of these incidents, 
changes were introduced in the operating procedures of the plant to prevent the 
reoccurrence of the incident. In this assessment, the factors that contribute to the 
dependence, were presented to the experts as they were at the plant at the time of 
the assessment, i.e. after the improvements. Some cases were selected especially 
for the calibration of the probabilities, i.e. they were close to some typical human 
action for which error probability could be found in the Swain's Handbook or 
some other data source. 

Then a detailed qualitative analysis was done by the author for the finally selected 
12 cases. As the main purpose was to make an assessment concerning the 
dependence of errors, the factors contributing to dependence had first to be 
identified. Based on a review of earlier models and own judgment, the factors 
presented in Table XX (page 130) were selected. They could be determined in 
each selected case, and their effect on dependence is consistent, which makes it 
possible to use them in expert judgment. 

To prepare detailed descriptions of the selected cases most of them were 
demonstrated to the author at the respective power plants by the maintenance 
personnel. Photographs were taken of some objects to be able to demonstrate the 
cases further to the human factors experts. Then a description of the cases was 
prepared. Experts of different technical disciplines reviewed the descriptions 
before they were distributed to the assessors. 
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Table XX. Factors contributing to the dependence of errors. 

1. 

2. 

3. 

4. 

5. 

Time separation of redundant tasks 

Spatial separation of redundant tasks 

Work procedures 

Documentation of results 

Organizational factors (workers & co-operation) 

Each description included a general presentation of the work and its context. Then 
the factors presented in Table XX were discussed separately. The human error to 
be assessed was clearly defined and a characterization of the error was presented. 
This characterization included an evaluation of whether the corresponding action 
is a primary or a secondary activity, and how the error could be classified using 
the scheme of Lucas (1987). At least the first stage classification (Rasmussen's 
performance levels) was presented for each case. The corresponding work 
procedures were attached to each description. Also other case-specific information 
(lay-out drawings, cabinet drawings, photographs) was presented. The descriptions 
were made as accurate as possible because it was not practical to demonstrate the 
cases to the experts at the respective power plants. The descriptions are attached 
to a work report of the study (Reiman, 1993). The descriptions were originally 
made for 16 different cases, but because of similarity of cases and the great 
amount of paired comparisons, four cases were further screened. The final selec
tion of cases is presented in Table XXI. The identification of the cases and the 
preparation of the descriptions were the most resource demanding parts of the 
study. 

In the selection of human factors experts the starting point was that among them 
there should be both theoretically and practically oriented persons (diversity of 
experts), that they should have a long experience in the nuclear field and that this 
experience should, at least partly, also include assessment of human errors or 
behaviour. Because cases from both NPPs were included in the assessment, 
experts from the utilities were excluded. As 12 cases were finally included in the 
assessments, altogether seven experts were originally selected from VTT and 
STUK. However, one of them could not participate in the study due to other 
duties. Thus three experts from VTT and three experts from STUK made the 
assessments. 
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Table XXI. Human errors assessed with the Paired Comparisons and Ranking 
methods. 

1. Omission to remove a blind flange after a leakage test of 
a reactor containment isolation valve (TVO). 

2. Omission to remove a temporary coupling after a calibration 
of trip limits of the reactor screw system (TVO). 

3. Erroneous removing of a temporary coupling after a 
calibration of trip limits of the reactor screw system (TVO). 

4. Erroneous calibration of reactor pressure measurements of 
the reactor protection system (TVO). 

5. Failure to adjust motor overcurrent relays of the reactor 
pressure control valves (TVO). 

6. Erroneous restoring of a 6,6 kV switch-over automatics 
test (TVO). 

7. Omission to open manual valves on the pressure side of 
the high-pressure boron pumps after testing (Loviisa). 

8. Omission to open manual valves of the reduction water lines 
of the high pressure emergency cooling water system 
(Loviisa). 

9. Omission to remove a cross-over in the plant protection 
system after annual tests (Loviisa). 

10. Omission to open impulse valves of the primary circuit 
pressure measurements of the reactor protection system 
after a calibration of a transmitter (Loviisa). 

11. Failure to open closing valves of the feed-water tank's level 
measurements of the plant protection system (Loviisa). 

12. Erroneous calibration of limit devices of the steam 
generators' pressure measurements of the plant protection 
system (Loviisa). 
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In a one-day training session the Paired Comparisons and Ranking methods were 
described in detail to the experts. The dependence models of Swain and the 
findings of the literature review (ch. 7.2.3) were presented. The results of the 
analysis of incident reports of Finnish NPPs were also presented to the experts 
(ch. 7.2.4). Finally the descriptions of the 12 cases to be assessed were introduced. 

Three tasks were given to the experts. Task A was an assessment of the human 
error probabilities of the 12 cases using the Paired Comparisons method. Task B 
was an assessment of the dependence of human errors of the same cases, also 
using the Paired Comparisons method. Task C was an assessment of the 
dependence of human errors using the Ranking method. 

The Paired Comparisons method was modified in task B so that the experts were 
asked to explain the reasons for their judgments. The purpose of this modification 
was to quarantee a careful consideration of every comparison and to make it 
possible to study afterwards the experts' reasonings. 

The cases were so arranged that in every comparison neither of the cases was 
involved in the previous comparison. The purpose of this arrangement was to 
make the judgments as independent of each other as possible. All experts 
performed the tasks and the comparisons in the same sequence. 

73.4 Quantitative results 

The scale values were calculated using a procedure described by Seaver and 
Stillwell (1983), which is based on the Condition C of Torgerson (1958). The 
scale values were transformed into human error probabilities using a logarithmic 
calibration equation. The logarithmic calibration is used in many methods and it 
is based on the experiments of Pontecorvo (1965) and on theoretical bases 
presented by Hunns and Daniels (1980). 

For the calibration two cases were originally selected, the probabilities of which 
were assumed to be situated in the upper and lower ends of the probability scale. 
Case 1 was assumed to stand in the lower end of the HEP scale. Its probability 
was determined using the Table 20-7 of the Handbook. Case 5 was supposed to 
situate in the upper end of the HEP scale and its probability was determined based 
on Appendix A of the SHARP manual (Hannaman & Spurgin, 1984). The results 
of task A and the calibration points are presented in Table XXII. 
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Table XXII. The results of task A. 

Case 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

Scale value 

- 0.193 

0.363 

0.072 

- 0.390 

0.748 

- 0.394 

0.246 

0.130 

-1.00 

0.632 

0.237 

-0.448 

HEP 

3.0x10^ 

4.6x10* 

1.1x10"* 

1.1X10"3 

3.0x10"* 

1.1x10-* 

2.6x10-* 

1.5x10'2 

1.0x10"* 

1.7x10-' 

2.5x10-2 

9.0X10"4 

Calibration points 

Case 1 Case 5 
HEP * 3.0X10-3 HEP = 3,0x10'1 

In task B the, calibration had to be done in a different way, because the conditional 
human error probability of the second human action in a redundant sub-system 
was assessed in the task. The conditional HEP of the second human action can be 
regarded as the dependence factor k for each case, respectively. There are more 
uncertainties in the determination of the calibration points in task B. In case 5 the 
dependence is clearly complete. For case 1 the class of moderate dependence of 
the Handbook is selected. The results of task B obtained in this way are presented 
in Table XXIII (page 134). The failure probability due to dependent human errors 
of a four redundant system with two out of four success criterion can now be 
easily determined using the MSF model. The different recovery mechanisms have 
to be taken into account, too. A method for a recovery analysis is presented in the 
Handbook. 
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Table XXIII. The results of task B. 

Case 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

Scale value 

-0.264 

0.171 

-0.040 

- 0.193 

1.330 

- 0.121 

- 0.121 

0.000 

- 0.703 

0.184 

- 0.300 

- 0.013 

Conditional HEP (k) 

0.15 

0.25 

0.20 

0.16 

1.00 

0.18 

0.18 

0.21 

0.09 

0.26 

0.14 

0.20 

Calibration points 

Case 1 Case 5 
Conditional HEP = 0,15 Conditional HEP =1,0 

As the purpose of task C was mainly to compare the results of different methods 
in tasks B and C, the results of task C were not calibrated, because the comparison 
of methods can be done better based on the scale values directly. 

The graphical presentation of the scale values of task A in Fig. 7 shows, that the 
different cases could be separated from each other rather well using the Paired 
Comparisons method. The scale values can be well used as such to prioritize 
actions aimed at reducing human error probabilities. The scale value of case 5 is 
clearly the largest (largest error probability). It has to be noted that case 5 deals 
with a situation where one enor already has been made, when the adjusting of the 
motor overcurrent relays was not included in the work order. However, it is an 
example of a situation that requires continuous attentiveness, questioning attitude 
and overriding the formal assignments also in maintenance work. 
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Fig. 7. The scale values of task A for all experts. 
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Fig. 8. The scale values of task Bfor STUK's t^perts. 
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Fig. 9. The scale values of task Bfor VTT's experts. 

Fig. 10. The scale values of task C for all experts. 
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The scale value of case 9 was clearly lower than the others. The inspection in 
question is a primary task and the cross-over in the plant protection system is 
easy to notice in the inspection. Therefore, the omission to remove the cross-over 
in the plant protection system was regarded as negligence with low probability. 
The scale values of cases 4 and 12, which are typical calibration errors that are 
often assessed in PSAs, were rather low. This can be explained by the good 
documentation practices applied in the calibration tasks at the Finnish nuclear 
power plants. Obviously the experts also relied on the skills of technicians 
performing the calibrations. It has to be noted once again, that the results of task 
A do not represent the final error probabilities at the plant, because in most cases 
some independent inspections are performed. However, the results can be used as 
such to compare the error probabilities of the test and maintenance personnel. 

The scale values of task B are shown in Figs. 8 and 9 (page 135) for STUK's 
experts and VTTs experts, respectively. The scale values of STUK's experts are 
more widely dispersed, which reflects a better agreement between experts in that 
group. Fig. 10 (page 135) shows the scale values of task C for all experts. The 
dependence of errors was judged to be clearly highest in case 5, which was also 
chosen beforehand for the calibration with k = 1 (complete dependence). In case 
2 the high dependence assessed by the experts was based on the short time 
between calibrations in redundant sub-systems and in case 10 on the quality of 
procedures. 

The dependence was assessed lowest in case 9 in tasks B and C. The next lowest 
dependence was found in case 1. In both of these cases the original error was 
largely attributed to a random carelessness in the execution of the job, which 
doesn't bring about dependence of errors. 

Uncertainty and sensitivity analyses 

Uncertainty bounds were calculated on scale values in tasks A and B and on HEPs 
in task A. The 95 % error bounds on the scale values were computed as s ± 2-s.e., 
where s is the scale value and s.e. is the standard error of the estimate. The 
uncertainty bounds on scale values can be transformed into bounds on probability 
estimates. The uncertainty bounds on log HEP are ± 2-a-s.e., where a is the 
constant for the calibration equation. 

Conservative uncertainty bounds on scale values can be estimated by calculating 
the maximum variances from eq. (26) as a function of population proportions p^. 
In the calculation the z values in Tabic XVIII are used. Seaver and Stillwell 
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Table XXIV. Uncertainty bounds on scale values and HEPs in Task A. 

Case 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

Scale value 

-0.193 

0.363 

0.072 

-0.390 

0.748 

-0.394 

0.246 

0.130 

-1.003 

0.632 

0.237 

-0.448 

Standard error 

0.144 

0.145 

0.155 

0.148 

0.127 

0.146 

0.148 

0.148 

0.107 

0.139 

0.151 

0.130 

HEP 

7.3x10"4...!.2x10"2 

1.1x10-8...1.9x10'1 

2.4x10^...5.0x10'2 

2.7x10_2...4.9x10-3 

8.6x10-2...1.0 

2.7x10^...4.7x10'3 

6.0x10-3...1.1x10-' 

3.5x10"3...6.0x10-2 

2.0x10-5...1.6x10"4 

4.4x10-*...6.ex10_t 

5.6x10-3...1.1x10-1 

2.9x10-*...3.1x10_3 

(1983) have presented a table to calculate variance estimates as a function of 
proportions up to 10 experts. The table is presented only for five discrete points 
of proportions. Because of the tediousness of calculations, linear extrapolations 
were used in the uncertainty analysis. In the Ranking method an uncertainty 
analysis can be performed in a similar way, but the results have to be transformed 
first into the form of results of the Paired Comparisons method. 

First the results of the uncertainty analyses on scale values are examined. The 
results for task A are presented in Table XXIV for the group of all experts. 

The range of scale values in task A was 1.751 (-1.003...0.748). The maximum 
standard error of scale values (± 0.155) was thus 8,8 % of the whole range. From 
Table XIX one can see that the conservative estimate for confidence limits on St 
was ± 0.33 in the case of 12 events and 6 experts. 
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A similar analysis was done for task B. In this case the maximum standard error 
of scale values was 9.8 % of the whole range. Also in this task the maximum 
standard error was about half of the conservative estimate of Table XIX. The 
analysis for task B was repeated for the experts from STUK only. This was the 
most consistent sub-group of experts. The maximum standard error was 0.193, 
which was 10.7 % of the respective range of scale values. Detailed results for task 
B are presented in a work report (Reiman, 1993). 

For task A also the uncertainty bounds on HEPs were calculated. The results are 
presented in Table XXIV (page 137). In most cases the range of HEP values is of 
the order of one magnitude, which can be regarded as satisfactory. Again, the 
same analysis was repeated for the sub-group of STUK's experts. The range of 
HEP values was in most cases about as large as for all experts. 

In addition to the uncertainty analyses, also sensitivity analyses were performed 
concerning the boundary conditions of the calibration. In task A the HEPs of the 
calibration points were multiplied and divided by a factor of three. In the 
sensitivity analysis of task B it was assumed that the dependence in case 1 is low 
instead of moderate, using the dependence classes of the Handbook. The results of 
the analyses demonstrated that the final human error probabilities were modified 
in almost the similar way as the calibration points. 

Within-expert consistency 

In paired comparison judgments the experts may exhibit internal inconsistencies 
that are shown as circular triads. That is, event a is judged to be more likely than 
event b, event b more likely than event c, and event c more likely than event a. 
The consistency of the expert is determined using the "coefficient of consistency", 
which is defined by the formula (David, 1963) 

n(n2-4) 

where c is the number of circular triads and n the number of events (n even). 
David (1963) has shown that the number of circular triads can be calculated by the 
formula 
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' - 1 *-»" \ * S (*"-¥) (28) 

The values % are the number of times event a; was judged to be more likely than 
any other event. 

Seaver and Stillwell (1983) claim that statistical tests for the coefficient of 
consistency do not perform well for those values of n that are in the range of 
practicality for paired comparison judgments. However, Kendall (1962) has 
presented a method for n larger than seven. He uses a test parameter 

W = —,i x \4-\ + V 
(29) 

where v is the degree of freedom. For n larger than seven c(e) is approximately 
chi-square distributed with v degrees of freedom. The results of the analysis for 
task A are shown in Table XXV and for task B in Table XXVI (page 140). 

The statistical tests showed that in task A all the values of the coefficient of 
consistency are significant at the .01 level. The expert judgments were thus 
internally well consistent. Also in task B all coefficients were significant at the .01 
level. 

Table XXV. Within-expert consistency in task A. 

Expert 

1 

2 

3 

4 

5 

6 

c 

2 

11 

1 

16 

18 

25 

k 

0.97 

0.84 

0.98 

0.77 

0.74 

0.64 

ö 

74.1 

65.2 

75.1 

60.1 

58.1 

51.2 
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Table XXVI. Within-expert consistency in task B. 

Expert 

1 

2 

3 

4 

5 

6 

c 

12 

11 

2 

10 

20 

10 

k 

0.83 

0.84 

0.97 

0.86 

0.71 

0.86 

c 

64.1 

65.2 

74.1 

66.1 

56.2 

66.1 

Internal consistencies of the judgments were analysed also by examining the 
correlation of results of tasks B and C for each expert. For this purpose the results 
of task B had to be transformed into rank order results. This was done by 
calculating, how many times each case was judged more likely than some other 
case. The case with the largest count was ranked first and the others accordingly. 
The correlation of the results of tasks B and C was then calculated using the 
Spearman rank correlation coefficient r„. The correlation coefficients and the test 
parameter t are presented in Table XXVII. 

Statistical tests showed that the correlations of the results of tasks B and C for all 
experts were significant at the .01 level. 

Table XXVII. Within-expert consistency between tasks B and C. 

Expert 

1 

2 

3 

4 

5 

6 

's 

0.89 

0.99 

0.90 

0.75 

0.77 

0.93 

t 

6.24 

31.50 

6.61 

3.53 

3.77 

3.82 
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As a conclusion of the analysis of within-expert consistencies can be noted, that 
all experts made internally consistent judgments in tasks A and B as measured by 
the number of circular triads. Also the judgments of all experts in tasks B and C 
were internally consistent. The findings show that the experts were well motivated 
and made careful assessments. 

Between-expert agreement 

The coefficient of concordance (W) can be used to measure, to what extent there 
is agreement between the experts'judgments. It is a measure of the relation among 
several rankings of several objects. In order to calculate W, each expert's paired 
comparisons are transformed into a rank order form. The effect of tied obser
vations was taken into account in calculations. When n is larger than seven, the 
significance of W can be tested using the Friedman test parameter T, which is 
approximately distributed as chi-square with df = n-1 . 

The coefficient of concordance was calculated first for the group of all experts in 
all tasks. Then two kinds of sub-groups of experts were established. The first 
natural way was to divide the experts according to the organization which they 
represented. Another way was to take apart those three experts, which had long 
experience as reliability engineers. The other three experts formed a quite 
heterogeneous group in this sense. The purpose was to try to examine, which 
factors contribute to the correlation between experts. W was calculated for all 
these four sub-groups in all tasks. The results of the analysis are presented in 
Table XXVIII (page 142). 

The between-expert agreement of the results of the whole group (all experts) as 
measured by the coefficient of concordance was statistically significant at the .05 
level in tasks A and B. In task C the agreement was worse, but some agreement 
existed. The between-expert agreement in the smaller groups was usually not very 
good. Only in the group of STUK's experts was the agreement significant at the 
.05 level in task A. Some agreement was found also in the group "others" in task 
A and in the group of STUK's experts in task C. This is a further demonstration 
of the fact that an adequate number of experts is needed in using these methods. 

7.3.5 Evaluation of the results 

The Paired Comparisons method was modified in task B so that the experts were 
asked to bring forward arguments for every judgment they made. There were 
several reasons for this modification of the method. 
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Table XXVIII. Between-expert agreement as measured by Win all tasks. 

Task A 

Group 

All experts 

STUKs experts 

VTTs experts 

Reliability engineers 

Others 

W 

0.40 

0.61 

0.49 

0.40 

0.54 

T 

26.7 

20.3 

16.1 

13.2 

177 

TaskB 

Group 

All experts 

STUKs experts 

VTT's experts 

Reliability engineers 

Others 

W 

0.34 

0.47 

0.46 

0.35 

0.46 

f 
22.6 

15.6 

15.0 

11.6 

15.3 

TaskC 

Group 

All experts 

STUKs experts 

VTT's experts 

Reliability engineers 

Others 

W 

0,28 

0,54 

0,32 

0,22 

0,46 

t 
18,6 

17,8 

10,6 

7,2 

15,3 
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The basic purpose of the modification was to make it possible to examine, 
whether the experts had understood the concept of dependence in the same way, 
i.e. whether they actually assessed the same issue. Another important argument 
was to be able to make clear the bases of the assessments of each expert and on 
that ground estimate correlations between the experts. 

Another reason for the modification of the method was the goal to achieve 
qualitative information of possible biases in judgments and also of the cases 
assessed. It has been argued that one of the weaknesses of the Paired Comparisons 
method is that it doesn't produce any qualitatively useful information. Also one 
purpose was to ensure careful judgments in every comparison. Each of these goals 
is discussed in the following. 

The concept of dependence 

In task B a list of arguments, presented in the comparisons, was gathered for every 
expert. To be able to qualitatively evaluate the assessment process, all the 
arguments were classified into seven groups. The classes and the total number of 
arguments in each class are presented in Table XXIX (page 144). 

Altogether 455 arguments were presented. Usually the argument was chosen to 
explain why the dependence is higher in some case than in another. Knowledge-
based arguments were used most often. 

Of all the 455 arguments presented, 63 were placed into the class "others", which 
consisted of arguments that did not clearly express, which factor was assessed to 
contribute the most to the higher or lower dependence or which were not clearly 
related with dependence. Almost 90 % of the arguments presented were such that 
they can be regarded as having influence on the dependence of errors. Thus, u can 
be judged that the experts explicitly assessed the dependence of events in task B. 

The correlation between experts 

The coefficient of concordance (W) that was used to measure the between-expert 
agreement was calculated, in addition to the group of all experts, to some smaller 
sub-groups, too. The smaller groups were set up by using two principles: on one 
hand based on the organization that the experts presented and, on the other hand, 
based on the field of their expertise. 
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Table XXIX. The number of different types of arguments in task B. 

Short time separation 

Procedures 
- lacking or deficient 

Documentation of results 
- signing not required 
- signing required 

Same room 

Organization and co-operation 
- outside contractor 
- one worker only 
- communication problems 

Knowledge-based arguments 
- knowledge-based error 
- knowledge-based recovery 

Characteristics of the work 
- several phases 
- primary/secondary task 
- deficient feedback 

Characteristics of the person 
- random carelessness 

Others 

49 

16 

55 
6 

14 

12 
10 
22 

101 
13 

43 
5 

12 

34 

63 

By examining the quantitative results in Table XXVIII one can notice that the 
between-expert agreement was better in the group of STUK's experts than in the 
group of VTTs experts in tasks A and C. In task B the results were comparable 
in this respect. Considering the other two subgroups one can further notice that in 
all tasks the between-expert agreement was better in the group "others" than in 
the group of reliability engineers. The arguments that different experts presented 
were studied to find an explanation to these findings. The best correlations in all 
tasks were found in STUK's group and the worst correlations in the group of 
reliability engineers. Therefore the arguments used by these groups were studied 
more closely. There was one person in common in these two sub-groups. 
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In the group of reliability engineers the experts seemed to have a quite clear 
internal model of dependence and of factors that contribute to it. However, there 
were clear differences in the models between these experts, which is then reflected 
in the quantitative results. The most distinct differences could be noted in how the 
time between actions in redundant sub-systems was taken into account, and what 
was the effect on dependence if the workers were employed by an outside 
contractor. Also clear differences could be seen in how they treated dependence in 
knowledge-based actions. 

In the STUK's group the effect of procedures and the requirements on 
documentation of results were factors that the experts handled in a rather uniform 
way. Also their views about dependence in knowledge-based actions were in the 
same direction. Some differences could be observed regarding the effects of time 
separation and also spatial separation. When considering the number of different 
arguments presented, the arguments that STUK's group used rather consistently 
were also used most often as a basis for judgment. This obviously contributed to 
the good between-expert agreement in STUK's group. On the basis of these 
findings it is possible to assess sources of correlation between experts and to 
compare the results with the findings of Meyer and Booker (1987) presented in ch. 
4.6. 

Meyer and Booker (1987) found that problem-solving processes were the primary 
source of correlation between experts. The background characteristics were not 
found to be an important source. In accordance with the results of Meyer and 
Booker, the assumptions used concerning the effects of different dependence 
factors seem to be the most important source of correlation in this study. Also in 
accordance with Meyer and Booker, the basic education of experts obviously was 
not an important source of correlation. The latest working experiences seemed to 
have some effect on the judgments. Other factors not mentioned by Meyer and 
Booker (1990) are the values and attitudes prevailing in the organization, i.e. 
cultural factors. These factors have a tendency to unify the judgments of the 
experts from an organization where a strong culture exists. It can be hypothesized 
that the general attitude in STUK concerning the importance of procedures and 
their high quality have had an effect on the judgments of STUK's experts. Also 
the generally pessimistic attitude on knowledge-based errors and their dependence 
can be explained by the conservative approach usually taken in STUK in these 
issues. Differing from the results of Meyer and Booker, the results of this study 
point out that the background characteristics of the experts, especially the cultural 
factors of their organization, may be a source of correlation between the experts. 
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Biases in judgment 

In the Paired Comparisons method many typical response biases such as central 
tendency, avoidance of extremes and anchoring cannot be present because of the 
response mode. Availability bias is as possible in the Paired Comparisons method 
as in any other methods. In some single judgments this bias might have been 
present, but obviously not in a systematic way. Internal fluctuation of the 
responses affecting judgment stability are usually related with fatigue and 
concentration. These are naturally potential also in paired comparisons, but cannot 
be diagnosed from the responses. 

The same factors that have been discussed as possible sources of correlation can 
also be sources of bias in judgment, especially the conservative approach of 
STUK's experts on knowledge-based dependencies in some calibration tasks. 
However, it is difficult to make any assessments of the real biases in judgments 
because of the lack of experimental data. 

One possibility to evaluate judgment errors is to compare the results of cases 4 
and 12, which were technically almost identical (on purpose). The results of task 
A (Fig. 7, page 135) show that their basic error probabilities were assessed to be 
almost equal. In task C some difference can be observed between the 
dependencies of errors in these task (Fig. 10, page 135). When examining the 
results of each expert in task C one can notice that four experts had ranked the 
two cases consecutively and that the difference between rankings was larger than 
two only for one expert. Some internal inconsistencies, perhaps due to fluctuation 
of responses, might explain this deviation. 

Qualitative findings 

To be able to make some qualitative observations of the cases assessed, the 
arguments concerning each case were grouped using the same classification as in 
Table XX (page 130). On the basis of the results some case-specific conclusions 
can be presented. 

The short time separation was the basic argument in cases 2, 3 and 8. In cases 2 
and 3, which are routine preventive maintenance tasks during the operation of the 
plant, the time separation should obviously be enlarged. 

As regards the procedures many conclusions can be presented. The operations with 
impulse valves could be described more precisely in calibration procedures. The 
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restoring of the situation after test or maintenance activities and the requirements 
concerning signing could be indicated more accurately in many procedures. 
Omissions in secondary tasks in the end of a long sequence of tasks are more 
probable and this should be taken into account in designing the procedures. 

These are examples of conclusions that can be presented based on the arguments 
of the experts. The modification of the Paired Comparisons method has clearly 
made it possible to obtain also qualitatively useful information that can be used to 
develop administrative and technical procedures at the power plants. 

7.4 Assessing dependence using multiattribute rating 
techniques 

7.4.1 Introduction 

To obtain a comparative assessment of the dependence of errors in the 12 cases 
that the six experts had evaluated, the author made an analysis using a method 
based on multi-attribute value functions. Additive and multiplicative models have 
been proposed for multi-attributed decision situations. Many studies indicate that 
the mathematical model doesn't have to be complicated to be able to model the 
factors affecting decisions in an adequate way (Huber et al., 1969). 

In this work multi-attribute value functions were used to assess dependence of 
errors. The principles of the SMART (Edwards, 1977) were followed in that way 
that the form of the value function and the attributes were chosen without 
verifying the independence assumptions. Due to the qualitative nature of the 
attributes, the Analytic Hierarchy Process (AHP) of Saaty (1980) was chosen to 
assess weights of different attributes as was also done in the modified SLIM-
based approach (ch. 6.3.2). When the attributes are purely qualitative, any trade
offs between them are difficult. For the same reason the AHP was also used to 
assess the values of the attributes. The weights are normalized so that their sum is 
1, but the values are normalized so that they lay between 0 and 1. 

7.4.2 The assessments 

The attributes that were taken into account in the analysis had to be first 
identified. In the first phase the factors presented in Table XX were chosen. A 
simple additive model was used (1. model). To make the comparisons easier, the 
12 cases were first classified on each of the attributes. The purpose of the classi-
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fication was to guide the pairwise comparisons so that they would be more 
consistent and to make the comparisons less time-consuming. The classification 
is presented in Table XXX. 

Table XXX. Classification of cases with respect to different attributes in 
multiattribute assessment. 

Time separation 

-10 min 
-30 min 
- 1 h 
- 2 h 
- 4 h 
- > 8 h 

Spatial separation 

- same room, close proximity 
- same room 
- separate room 
- separate and different room 

Procedures 

- not existing, not used 
- low quality of procedures 
- standard quality of procedures 
- high quality of procedures 

Documentation of results 

- no requirements 
- signing by initials 
- results written down 

Organizational factors 

- group, contractor 
- one worker, utility 
- group, utilities 

Cases 

8 
2.3.9 
7 
1.5.6 
11 
4,10.12 

2,3.5.6,11 
1 
4,8.9,10.12 
7 

5,10,11 
6,12 
1,2,3,8 
4,7.9 

5,6,10 
1,2,3,7,8,9,11 
4,12 

1.4,10 
2,3,7,8,9,11 
5, 6, 12 
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In the evaluation of the quality of procedures a rating of the procedures into three 
classes was performed. In the evaluation principles presented by Brune and 
Weinstein (1982) were followed, especially concerning the complexity and 
specificity of procedures. 

The cases were first compared to each other concerning each of the attributes with 
the help of the classification presented. Then the attributes were compared to each 
other to obtain weights for the attributes. The result was a ranking of the cases 
with respect to the dependence of errors. 

Then another factor contributing to the dependence was introduced in the analysis. 
This was the characterization of the error descriptions of the 12 cases. The 
classification adopted from Lucas (1987) was used. Another analysis was made 
using now six attributes and an additive model. The weights had to be re-cal
culated because a new attribute was introduced. A new ranking of the cases with 
respect to the dependence of errors was obtained (2nd model). 

Another form of the value function was then introduced. A hypothesis was made 
that the effect of the error type is multiplicative with respect to all other attributes. 
The theory of conjoint measurement provides necessary and sufficient conditions 
for three types of simple polynomial functions: additive, distributive and dual 
distributive value functions (Kranz & Tversky, 1971). A distributive value 
function was chosen (3rd model). Values for different error types were calculated. 
Otherwise the results of the first model could be used. 

In this way three rankings for the 12 cases were achieved. In the first model an 
additive function and the five attributes presented in Table XX were used. In the 
second ,-sr>del the error type was introduced as another attribute and an additive 
functior aas used. In the third model all six attributes were used, but the effect of 
error typ J was assumed to be multiplicative. The analysis did not aim at 
quantifying the ' pendence factor. 

7.4.3 Results 

When the results of the different models were compared using the Spearman rank 
correlation coefficient it was found that the correlation between the second and 
third models was quite good (0.88, significant at the .01 level). The other 
correlations between the models were significantly lower. The results confirmed 
the finding of earlier studies that ii is important to include all the relevant factors 
in the model, the mathematical form of the model is less important. 
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The second and third models, where the error type was included as an attribute, 
were compared with the direct ranking results of the author. As the third model 
showed to provide results that were quite close to the direct ranking results it was 
chosen as the final result. The results of the third model were then compared with 
the results of the six experts that used the Paired Compaiisons method in task B. 
The Spearman rank correlation coefficient was 0,31, which doesn't show any 
statistically significant agreement. 

At first sight it seemed that the agreement between the joint rsult of the experts 
and of the author was quite poor. When examining the results in detail, it turned 
out that this poor agreement was caused largely by a completely different assess
ment of one case, namely case 11. This case dealt with a different type of error 
than any other case. The foreman was assumed to make an administrative 
violation against accepted work procedures. The technical description of the case 
was also quite complicated. The author assessed the dependence in this case as 
very high but the experts assessed it as relatively low. The analysis was repeated 
without case 11. Now, the correlation coefficient attained a value of 0,74, which 
shows a statistically significant agreement at the .01 level between the joint result 
of the experts and the result of the author. 

The assessment of dependence using mulfiattribute rating techniques had a two
fold purpose: to provide a comparison to the assessments of the six experts and to 
provide a basis for a simple dependence model, that could be used in routine 
analyses of dependence. The third, multiplicative model was adopted as a basis for 
further work, which is described in a work report (Reiman, 1993). The model 
presented in the report needs to be validated in further studies with data from 
operating experiences. Simple dependence models are needed for practical PSA 
work, because a large number of cases have to be analysed. Because of resource 
requirements, the Paired Comparisons or Ranking methods can be applied only in 
limited scope studies. 

7.5 Summary 

The dependence of selected test and maintenance activities at Finnish NPPs was 
studied using expert judgment methods. A detailed qualitative analysis was made 
for 12 cases and descriptions of the cases were prepared. The factors that 
contribute to the dependence of errors were identified and described. Photographs 
were taken at the plants to be able to demonstrate the cases to the experts. 
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Three tasks were given to the experts. Task A was an assessment of the human 
error probabilities of the 12 test and maintenance actions using the Paired 
Comparisons method. Task B was an assessment of the dependence of human 
errors in the same cases, also using also the Paired Comparisons method. Task C 
was an assessment of the dependence of human errors using the Ranking method. 
The Paired Comparisons method was modified in task B so that the experts were 
asked to give arguments for every judgment. The purpose of this modification was 
to quarantee a careful consideration of every comparison and to make it possible 
to study the experts' reasonings afterwards. 

In paired comparison judgments, the experts may exhibit internal inconsistencies 
that are shown as circular triads. Statistical tests of the calculated consistency 
coefficients showed that they were all significant at the .01 level. The internal 
consistencies of the judgments were also analysed by examining the correlation of 
the results of tasks B and C for each expert using the Spearman rank correlation 
coefficient. Also these correlation coefficients showed that the judgments were 
internally consistent. The coefficient of concordance was used to measure, to what 
extent there was agreement between the experts' judgments. The between-expert 
agreement of the results of the whole group (all experts) was statistically 
significant at the .05 % level in tasks A and B. In task C the agreement was 
worse. The coefficient of concordance was calculated, in addition to the group of 
all experts, for some smaller sub-groups, also. 

By examining the quantitative results one can notice that the between-expert 
agreement in tasks A and C was better in the expert group representing the 
regulatory organization than the research organization. In task B the results were 
comparable. Considering the other two subgroups one can further notice that in all 
tasks the between expert agreement was better in the quite heterogenous group 
"others" than in the group of reliability engineers. The arguments that different 
experts had presented were studied to find an explanation to these findings. On the 
basis of the results it is possible to assess sources of correlation between experts 
and compare the results with the findings of Meyer and Booker (1987). In 
accordance with their results, the basic education of experts obviously was not an 
important source of correlation. The latest working experiences seemed to have 
some effect on the judgments. Another factor, that is not mentioned by Meyer and 
Booker, is the values and attitudes prevailing in the organization, i.e. cultural 
factors. The results indicate that the background characteristics of the experts, 
especially the cultural factors of their organization, may be a source of correlation 
between the experts. 

151 



FINNISH CENTRE FOR RADIATION 
AND NUCLEAR SAFETY STUK-A118 

As concerns the quantitative results of the study, the scale values were calculated 
using a procedure described by Seaver and Stillwell (1983), which is based on the 
Condition C of Torgerson (1958). Calibration was done based on the fact that for 
small base error rates the dependence factor is close to the conditional human 
error probability of the second sequential task. The quantitative results of tasks A 
and B were found to be sensible to the calibration points used. The dependence 
factors for typical omission type errors in test and maintenance activities were 
found to lie between 0,15 and 0,25. The estimation of the dependence factor using 
the moment method based on an analysis of the failure reports of one Finnish 
utility supported the assumptions used in the calibration of the results (ch. 8.4.3). 

As a conclusion of the exercise it can be noted that the within-expert consistency 
was rather good and the between expert agreement was also statistically significant 
in two out of three tasks. The cases could be reasonably well separated from each 
other. The modification of the method in task B made it possible to obtain 
information which is also qualitatively useful and which can be used to further 
develop administrative and technical procedures at the power plants. To minimize 
dependence of errors in test and maintenance tasks they should be designed so that 
the same tasks in redundant subsystems are not performed on the same day, 
procedures of high quality are used, results arc written down in a protocol and a 
team of at least two persons from the plant staff performs the task. 
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8 ASSESSMENT OF MANAGEMENT AND 
ORGANIZATIONAL FACTORS (STUDY 3) 

8.1 Methodological considerations 

8.1.1 Organization and leadership 

Organizations can only achieve their goals and objectives by the co-ordinated 
efforts of their members. The effective management of human resources is of vital 
importance. An essential part of management functions is to direct the efforts of 
the personnel towards the goals of the organization. This involves the process of 
leadership and the choice of an appropriate leadership style. 

One means of describing and evaluating management behaviour is by the Blake 
and Mouton (1985) Managerial Grid. It provides a basis for a comparison of lea
dership styles in terms of two principal dimensions: (1) concern for production, 
and (2) concern for people. Based on the findings of Blake and Mouton, managers 
that integrate the task needs and concern for people perform best. 

Likcrt (1976) has identified a four-fold model of management on the basis of his 
research into the performance characteristics of different types of organizations. He 
calls the four management types System 1 to 4. Likert established a profile of 
organizational characteristics describing the nature of the four different 
management systems. To summarize, system 1 is a task-oriented, highly 
structured authoritarian management style, while System 4 is a relationship-
oriented management style based on teamwork and confidence. They approximate 
closely to McGregor's Theory X and Theory Y assumptions. Systems 2 and 3 are 
intermediate stages between the two extremes. 

Likert's studies confirmed that the most productive departments or units employed 
management practices within Systems 3 and 4. In System 4 management, there 
exists a high-degree of communication. Responsibility for achieving the goals of 
the organization is widespread throughout the organization. Motivation is based on 
participation and rewards for achievement of agreed goals. The work of Likert has 
drawn increased attention to a people-centered approach in managing a work 
organization and has had an influence on the development of later management 
theories. 
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8.1.2 Organization and safety 

Organizational and management factors are linked to safety in a variety of ways. 
A practical approach for a framework incorporating these factors is presented in 
NUREG/CR-5437 (Marcus et al., 1990). The approach focuses on important 
intermediate outcomes or system goals. Efficiency, compliance, quality and 
innovation were chosen as the primary system goals. Efficiency is related to safety 
because no nuclear power plant possesses an inexhaustible supply of resources. 
Compliance deals with the degree to which the utility follows normative prescrip
tions. Organizations seek to increase the conformance of human performance by 
increasing the extent to which performance can be guided by rules and procedures. 
Quality refers to the attainment of excellence. Quality is directly linked to 
hardware performance, which has a clear relationship to plant safety. Innovation 
refers to the development and application of new knowledge. Innovation as a 
problem solving capacity is increased by observing problems as they occur and 
adjusting practices so that the same problems don't recur. Existing measures of 
efficiency, compliance, quality and innovation may not be highly correlated. The 
competing values model of organizational effectiveness (Cameron, 1980) suggests 
that an overemphasis on one of the outcomes may yield deterioration in one or 
more of the others. 

One of the major questions concerning the relationship between quality and 
compliance hinges on a psychological model of the worker that states that workers 
who are taught to be compliant only perform up to the minimum standards and are 
not capable of taking the initiative necessary to deal effectively with non-
proceduralized tasks (Argyris, 1957). Leadership can play a key role in the 
development of an organizational culture that promotes both compliance and 
excellence. The relationship between maximizing compliance and maximizing 
problem solving capacity is also potentially in conflict. Organizations that require 
compliance are not organizations that can freely innovate. This implies a need to 
optimize between control and freedom in the organization and to enhance vertical 
and horizontal communication and co-operation. 

The existence of multiple goals highlights the importance of trade-offs that 
organizations may have to make. Perrow notes the functional requirements for 
both centralization and decentralization to prevent accidents and cope with 
anomalies when they occur (Perrow, 1984). In his analysis nuclear technology 
becomes untenable because he argues that no single administrative structure can 
simultaneously meet both needs. On the other hand, Laporte suggests that in risky 
technologies repeatedly requiring perfect execution of complex tasks, simultaneous 
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formality and informality can be achieved as an emergent process (Marcus et al., 
1990). 

Cameron (1986) points out that contradictory preferences are held by individuals 
and pursued by organizations simultaneously. He concludes that, to be effective, 
an organization must posses attributes that are simultaneously contradictory. 
Attributes such as the following are present in successful organizations: (1) loose 
coupling and tight coupling, (2) high specialization of roles and high generality of 
roles, (3) continuity of leadership and infusion of new leaders, (4) expanded search 
in decision making and creation of inhibitors to an information overload. These 
equally compelling, contradictory attributes exist simultaneously in an effective 
organization and create both balance and dynamism. 

Argyris (1990) emphasizes learning, competence and justice as a realistic 
foundation of organizational excellence. Learning pinpoints how enors are 
corrected, especially errors that are complex and potentially embarrassing and 
threatening. Competence means solving problems in such a way that they remain 
solved problems. Justice is based on a set of values and rules that apply equally 
to all employees. The double-loop learning model of Argyris (1990) is presented 
in Fig. 11. Single-loop learning solves the present problems but it does not solve 
the more basic problem of why these problems existed in the first place. Therefore 
double-loop learning is necessary. 

Governing 
Values i 

0 

, Actions 

Sit lgle-Loop 

Mismatch 
or Errors 
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»ruble-Loop Learning 

< 

1 

Fig. 11. The double-loop learning model of Argyris (1990). 
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Garvin (1993) defines a learning organization as an organization skilled at 
creating, acquiring, and transferring knowledge, and at modifying its behaviour to 
reflect new knowledge and insights. Svensson (1994) notes that organizations 
differ widely in how they solve problems. They differ in their readiness to 
recognize the need for change, in understanding the true nature of the problem, in 
creating viable solutions, following them through and in continuing the 
improvement cycle. 

Koch (1993) notes that, in their demand for perfection, high-reliability 
organizations impose behaviourial requirements on their employees in terms of 
orientation towards safety that are much stronger than in other kinds of 
organizations. 

These characteristics of safety-oriented, high-reliability learning organizations 
were taken into consideration when the methods used in this study were developed 
(ch. 8.3). 

8.1.3 Organizational culture 

Organizational culture is a complex and pervasive part of any working 
environment. There is a general consensus that it is a major component affecting 
organizational performance and behaviour (Thompson & Luthans, 1990). A deep 
understanding of cultural issues in an organization is necessary to identify what 
may be the priority issues for leaders and leadership. 

Within the sphere of organizational culture studies there has been criticism 
regarding the considerable diversity about what is meant by the concept of culture. 
Some examples of various definitions are given below: 

• Organizational culture can be regarded as a "given" set of self-evident as
sumptions, common to the organizational members, about how work should be 
done, how it is evaluated, and how people are related to each other (Wilkins, 
1983). 

• Organizational culture can be defined as the philosophy, that guides an 
organization's policy towards employees and/or customers (Ouchi, 1981). 

Schein (198S) has defined organizational culture in the following way: 
"Organizational culture is a pattern of basic assumptions -invented, discovered, or 
developed by a given group as it learns to cope with its problems of external 
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adaptation and internal integration - that has worked well enough to be considered 
valid, and, therefore, to be taught to new members as the correct way to perceive, 
think, and feel in relation to those problems". 

Hofstede et al. (1990) showed empirically that shared perceptions of daily 
practices represent the core of an organization's culture. They conclude that the 
values of key leaders undoubtedly shape organizational cultures but the way these 
cultures affect ordinary members is through shared practices. Leaders' values 
become members' practices. Organizational practices are learned through 
socialization at the work place. 

In a growing organization, the leadership externalizes its own assumptions and 
embeds them gradually in the goals, structures and working procedures of the 
group. Schein (1985) has studied, how leaders embed and transmit culture. He 
found that the most powerful primary mechanisms for culture embedding and 
reinforcement are (1) what leaders pay attention to, measure, and control; (2) 
leader reactions to critical incidents and organizational crises; (3) deliberate role 
modelling, teaching, and coaching by leaders; (4) criteria for allocation of reward 
and status and (5) criteria for recruitment, selection and promotion. 

Schein (1985) has also discussed the change of culture in mature organizations. He 
argues that formally designated senior managers of a given organization may not 
be willing or able to provide culture change leadership. Leadership of culture 
change may come from a number of people in the organization. 

The more deeply-routed the organizational values are, the more tenacious and 
unalterable is the culture, understood as a coherent system of assumptions and 
basic values of the organization. Gagliardi (1986) claims that as soon as the 
pressure to change the culture is relaxed, it will tend to return to its original state. 
Pidgeon et al. (1990) note that attempting to change or modify organizational 
cultures in some way solely by management edict need not necessarily lead to any 
significantly changed behaviour within an organization. On the other hand, Kets 
de Vries and Miller (1986) note that managers are very hard to change. 
Organizational cultures are notoriously resistant to change. Therefore it is 
important to try to understand the mechanisms affecting the development of 
organizational culture. This is discussed in ch. 8.3.2. 

Safety being a critical goal of the nuclear power production organizational culture 
at nuclear power plants is studied particularly from that point of view. The 
International Nuclear Safety Advisory Group (INSAG) defined safety culture as 
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follows: "Safety culture is that assembly of characteristics and attitudes in or
ganizations and individuals which establishes that, as an overriding priority, 
nuclear plant safety issues receive the attention warranted by their significance" 
(IAEA, INSAG-4,1991). 

The definition was carefully composed to emphasize that safety culture is 
attitudinal as well as structural, relating to both organizations and individuals, and 
concerns the requirements to match all safety issues with appropriate perceptions 
and actions. Attributes of safety culture such as personal dedication, safety 
thinking and an inherently questioning attitude are intangible. Yet it is important 
to be able to judge the effectiveness of safety culture. INSAG has addressed this 
problem by starting from the perception that intangible attributes naturally lead to 
tangible manifestations that can act as indicators of safety culture. 

Safety culture, as a particular form of organizational culture in complex high risk 
work, is here conceived as an ingredient of adequate expertise. Safety culture 
includes both comprehension of safety demands, and realization of these demands 
in daily activities. This means an ability to interpret concrete situations in terms 
of general safety goals and a commitment to act accordingly. Adequate safety 
culture should at best include sensitivity for potential problems and could 
generally be characterized through reflective attitudes towards the present situation 
and its constraints. The concept of safety culture reflects current trends in the 
development of organization theory. 

Great similarities can be seen between the objectives of safety culture and those 
of a quality programme (Williams, 1991). Quality is, thus, likely to improve 
substantially from the introduction of safety culture. Especially as regards 
maintenance work, excellence in quality can be regarded in some ways equating 
to excellence in safety. The term work culture is used to refer to the norms and 
values that control the attempts of the maintenance personnel to achieve the high 
quality in the work. 

The fNSAG-report deals with the development of safety culture implicitely. It 
adopts a top-down perspective. Thus, attaining good safety culture is conceived 
as internalizing of given safety goals defined by the managers of the organization. 
However, as an effect of the fact that the norms of work are continuously 
constructed in day-to-day decisions, also a bottom-up creation of safety culture 
simultaneously takes place. The development of organizational culture needs 
mediating mechanisms. These have not been made explicit in the safety culture 
concept. According to the learning organization approach mechanisms such as 
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systematic problem solving, learning from past experience and transfer of 
knowledge are necessary for the development of organizational culture (Garvin, 
1993). A model of development of work culture based on these theoretical 
considerations is presented in ch. 8.3.2. 

8.1.4 Commitment 

Commitment is an essential clement of the safety culture introduced by INSAG. 
It may be defined as the relative strenght of an individuals' identification and 
involvement in a particular organization (Porter et al., 1974). When defined in this 
way, commitment involves an active relationship with the organization, and hence, 
to an observer, commitment could be inferred, not only from the expressions of an 
individual's beliefs and opinions, but also from his actions. 

Commitment can be characterized by at least three factors: (1) a strong belief and 
acceptance of the organization's goals and values, (2) a willingness to exert 
considerable effort on behalf of the organization, and (3) a strong desire to 
maintain membership of the organization (Porter et al., 1974). Commitment differs 
from the concept of job satisfaction in several ways. Commitment is more stable 
over time than job satisfaction, which reflects more immediate reactions to specific 
and tangible aspects of the work environment (Mowday et al., 1979). 

Steers (1977) has studied commitment among hospital employees and among 
scientists and engineers using a questionnaire, where the subject was asked to 
express his agreement or disagreement with the item on a seven-point Likert 
scale. He found out that for both samples personal characteristics, job characte
ristics and especially work experience influenced commitment. When the 
organization fails to provide employees with challencing and meaningful tasks, 
commitment levels tend to diminish. Performance was generally unrelated to com
mitment. A possible explanation for the absence of a commitment-performance 
relationship may lie in the conceptualization of the commitment construct. Steers 
concludes that it would be more meaningful to distinguish between passive 
commitment and active commitment. It is conceivable that the employees 
experienced primarily a passive form of commitment and that for some reason it 
was not translated into behaviourial intentions (active commitment). 

One consistent finding cf the commitment studies is that early experiences in an 
individual's employment may have a large impact on the subsequent development 
of commitment. At this time an individual may be particularly sensitive to 
organizational influence. An individual's commitment to an organization may be 
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shaped by the recruitment process or by those steps the organization takes to teach 
him about the values of the organization. 

8.1.5 Orientation 

The concept of orientation, introduced originally by Galperin (1979), refers to a 
subject's cognitive and motivational reactions towards the task he or she is 
supposed to solve or towards a situation to master. This concept was adopted to 
indicate a person's typical way to frame a problem or to handle a conflict in a 
situation that requires activity. When investigating orientation it should be asked, 
how extensively the problem is defined, i.e. what is conceived the object of the 
problem solving activity. The important distinction is whether it is handled locally 
as a temporary deviation or globally including the diagnosis of the problem and 
feedback to develop the system. 

Orientations represent qualitatively different ways to frame a problem and in that 
sense define differences in expertise. Engcström (1989) has, using the concept of 
orientation, shown the existence of qualitatively different types of expertise. He 
conducted extensive interviews with 16 physicians concerning a physician's 
conception of the object of his or her work. The questions required the subject to 
describe and justify his or her reactions in hypothetical difficult situations. 
Engcström found five frames of reference among the physicians which correspond 
to five distinct theoretical patterns of thinking about and dealing with illness. The 
subjects in the study were a quite homogeneous group in terms of age and years 
of professional experience. Engcström concludes that the five frames of reference 
cannot be conceived in terms of stages along the one-dimensional path of the 
Dreyfuses from novice to expert. Expertise is non-universal and there are 
individual differences in experts' orientations. Also Schön (1988) draws attention 
to differences in the ways persons frame problems and he considers them as 
important determinants of expertise. 

A starting point in this study was the idea of the double character of a disturbance 
or a problem. While a disturbance is a threat to the functionality of the 
organization and the technical system, it is simultaneously a possibility to develop 
them. It is assumed that this dual character of the problem could be useful in dif
ferentiating optional reactions towards problems of work. Further, it is assumed 
that orientations indicate a person's potential abilities and willingness to develop 
the system and his own expertise in work (Norros, 1989). 
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The original disturbance orientation model, that included five basic types of 
orientation, has been tested in different industrial contexts. Based on that work a 
problem orientation model was developed for this study. The model includes four 
orientation types which are described briefly below (Norros & Reiman, 1994): 

1. Withdrawal orientation 

If a problem is merely conceived as a threat it is possible to completely 
withdraw from handling it, or to express reluctancy to take responsibility in 
decisions concerning problems. 

2. Routine orientation 

It is possible to tackle a threatening problem locally in a predefined 
manner. This is, in principle, what can be defined in a given task. A 
manager can cope with different managerial problems locally, one by one, 
and on the basis of the immediate appearance of the problem. 

3. Individual initiative orientation 

If a diagnosis of the causes of the problem is made, eventually, also a 
coupling to the system's global functions takes place, and the possibilities 
to develop the system become overt. An implicit expansion of a given task 
is typical of an expert of any craft or profession. In managerial work, this 
would mean identification of managerial problems as indications of more 
general internal conflicts in production or organization. Handling them 
takes place with strong personal efforts. 

4. Systematic development orientation 

A further expansion of the task and development of work can be seen to 
involve the adoption and use of systematic conceptual means for 
development and co-operative efforts. In managerial work, typical features 
would be the creation of new organizational practises as prerequisites for 
the participation of the personnel across the organizational hierarchy. 

In highly complex and risk-intensive production there is great need for expertise 
that exceeds routine orientation. Systematic development orientation (type 4) is 
required in the long term because a conscious control of all functions is essential 
for safety. The complexity of and interdcpendencies in the system require co-
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operation and communication characteristic of fourth level orientation to achieve 
high quality in work. 

As can be seen, the concept of orientation is related to the basic ideas of safety 
culture. Safety culture includes both the comprehension of safety demands and the 
realization of these demands in concrete work. Due to the unpredictability of the 
system, these demands are not fully defined. Thus, an adequate safety culture must 
include certain sensitivity for potential and novel problems, and it is also 
characterized by diagnostic attitudes towards the present situation. This is also 
characteristic of a well developed orientation. 

Likert found in his studies that the prevailing management styles can be depicted 
on a continuam from System 1 through System 4. These different styles describe 
the orientation of the management concerning some important characteristics of 
the organization such as motivation, communication, interaction and the control 
process used in the organization. Comparable orientation dimensions (and some 
others) were used in this study. Although the theoretical bases of the methods are 
different, similar concepts are used in both methods. 

8.2 Organizational assessment methods 

8.2.1 Assessment criteria 

Organizational assessment methods attempt to view the organization as a whole 
and to consider the whole range of variables that contribute to organizational 
behaviour. An argument for this perspective is based on a view of organizations 
as complex social systems. There are two important elements in the analysis of 
organizational factors. The first is the evaluation of what factors are important to 
assess, and the second is the decision of how these factors will be assessed. The 
determination of the factors to be assessed must be based on a model of 
management and organization effects on plant safety. 

Lawlcr et al. (1980) present two primary criteria for the quality of organizational 
assessment. First, assessments can be evaluated on the accuracy of description of 
organizational functioning. Second, assessments can be evaluated on the usefulness 
of their results. 

Evaluating the accuracy of an assessment usually means evaluating the quality of 
assessment tools that are used since discovering the true state of the organization 
is difficult. Testing the validity of information collection methods is generally 
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accomplished by examining measuring instrument sensitivity, instrument 
reliability, convergent validity and discriminant validity. 

There are also other attributes against which a particular data-collection method 
can be evaluated. An important attribute is the freedom from bias. Another is the 
issue of member acceptability and reactivity. An assessment method cannot be 
used if there is a strong opposition on the part of the organization's members. In 
many cases also the apparent or face validity, that is the degree to which the 
method appears to measure what it is supposed to measure, is of great importance. 

Accuracy is an important psychometric property of a rating procedure. One 
assessment methodology can be seen as potentially more accurate than others to 
the degree it excludes response bias errors. Halo error is defined as a tendency to 
rate a person in about the same way on all dimensions because of a general, 
overall impression. Thus, a rater may fail to discriminate among conceptually 
different components of a ratee's behaviour. 

Several viable measurement methodologies for the assessment of organizational 
factors exist. These include interviews, questionnaires, archival methods and 
different behavioural observation techniques. In this study structured interviews 
were used to study cultural issues of the maintenance organization of a nuclear 
power plant. 

8.2.2 Structured interviews 

Members of an organization can be a valuable source of data. Most people in 
organizations are ready to share their perceptions of their work. Several studies 
indicate that structured interviews probably have psychometric advantages c e r 
unstructured interviews (Motowidlo et al., 1992). The term structure involves the 
deliberate application of systematic and predetermined rules for ooservation and 
evaluation. As opposed to an informal unstructured interview, a structured 
interview is goal-oriented. The situational interview (Latham et al., 1980) and the 
patterned behaviour description interview (Janz, 1982) are examples of structured 
interview formats. The situational interview focuses on hypothetical behaviour 
oriented toward the future. It presents situations that might happen and asks what 
the person would do in those situations. The patterned behaviour description 
interview focuses on actual behaviour that occurred in the past. 

One of the most common ways to categorize interview questions is as open and 
closed- Open questions tend to be broad and place few constraints on the 
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responding person. They also enable the person being interviewed to offer 
information ti.at the interviewer did not know to ask for (Oppenheim, 1966). 
Answers to open questions enable the interviewer to observe the person's use of 
key concepts and frames of reference (McGraw & Harbison-Briggs, 1989). 

Another way to categorize questions is as primary and secondary questions. 
Primary questions are those that an interviewer uses to introduce topic areas or 
transition to other areas. Secondary questions are often termed probing qu2stions. 
Their purpose is to find out more about the information offered in response to a 
primary question. The interviewer must be able to use key domain terminology in 
phrasing questions. 

Interviews have some potential problems as data collection devices. They can 
consume large amounts of an assessor's and respondent's time. It is important to 
note that the interviewer can bias the responses by his choices of what questions 
to ask and by the nature of the interactions with the respondent. The interview 
does not provide direct information on behaviour. There are many possible sources 
of bias in self-report measures. These effects have been called the reactive effect 
of measurement and the reactive arrangement bias (Webb et al., 1966). 

The structured interviews conducted in this study are described in ch. 8.3.3. 

8.2.3 Behaviourally anchored rating scales 

The individual level of analysis in this study is based on the concept of orienta
tion, not on the actual observed behaviour. The problems in the assessment are 
similar, though. The most widely used performance measurement techniques are 
the judgmental ones. Judgmental measures are vulnerable to both intentional and 
inadvertent bias. Therefore methods have been improved to create techniques that 
are more resistant to bias. 

Smith and Kendall (1963) outlined two critical demands which arc placed on 
raters whenever performance evaluations arc conducted. The equivalence refers to 
the necessity that the situations under which all ratees are evaluated and the ways 
in which different raters actually evaluate ratees be comparable. The second 
demand on raters is interpretation, which refers to the fact that raters are forced to 
make inferences regarding what is meant on the rating scale and its relationship to 
actual behaviour. A uniform interpretation of standards is needed among the raters. 
The behaviourally anchored rating scale (BARS) method was hypothesized to meet 
these two basic demands by involving the potential raters in the process of scale 

164 



STUK-A118 
FINNISH CENTRE FOR RADIATION 

AND NUCLEAR SAFETY 

construction. Commitment to the rating process should result from involvement in 
scale construction. 

In the B>\RS method simple numerical and adjectival anchors of the scale are 
replaced with descriptions of actual job behaviours. The procedure for developing 
a BARS is quite complex and demanding in terms of time and number of experts 
required (Landy & Farr, 1983). 

Jacobs et al. (1980) have analysed studies comparing BARS to alternative 
methods. Across the ten studies reporting the comparative results of halo error, 
five showed no difference between rating formats, four reported superiority for 
BARS and one showed BARS to be inferior. Jacobs et al. conclude that the survey 
of BARS studies does not offer evidence that the great amount of time and effort 
in constructing a BARS is worth the outcome. However, on utilization and 
qualitative criteria they recommended the method over other formats. 

The use of a BARS type format in the analysis of orientations is discussed in ch. 
8.3.7. Recently also Jacobs and Haber (1994) have reported the use of BARS to 
quantitatively analyse organizational factors based on structured interviews. 

83 Organizational assessment of a NPP maintenance 
department 

8.3.1 Introduction 

Maintenance has a substantial influence on the safety and availability of a nuclear 
power plant, but the management of maintenance and the work of maintenance 
technicians has not been studied extensively. The functions of maintenance 
organization change gradually with the ageing of plant and with developments in 
technology. Preventive maintenance is getting increased attention. The importance 
of plant modifications and their management is increasing. Especially the high 
quality of work in maintenance affects the safety of a nuclear power plant. There
fore, an essential issue in an assessment of a maintenance organization is how this 
high quality can be achieved. 

The purpose of the study was to develop a method for organizational assessment 
from the point of view of organizational culture, and to apply the method in a case 
study. The case study was carried out at the TVO NPP in Olkiluoto. An overview 
of the study is presented by Reiman and Norros (1994). In the following the 
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analysis method and the main results are described. The method is evaluated in ch. 
8.3.7. 

8.3.2 Models of organizational behaviour 

In the study two models were developed. The first deals with the development of 
work culture, or more generally organizational culture, in a mature NPP 
organization, as is the case in the present study. The second model deals with the 
management effects on NPP safety performance. In addition to these new models, 
the disturbance orientation model developed earlier in VTT was modified into a 
problem orientation model as described in ch. 8.1.5. 

The problem of the study was to understand the mechanisms of development of 
organizational culture, and to find means of promoting the development. Attaining 
a good organizational culture is usually conceived as the internalizing of given 
goals as defined by the managers of the organization. The approach in this study 
was to analyse the roles of both the management and the personnel in defining 
and solving problems and in that way developing the culture. 

A model to conceptualize the assumptions about the development of culture in a 
mature organization is presented in Fig. 12. As depicted in the figure, both 
management, through expressing their solutions to managerial problems, and also 
the personnel, through expressing solutions to problems in their work, contribute 
to the development potential in the organization. In addition, organizational 
mechanisms, which the management is responsible to establish, and emergent 
processes contribute to the development of the culture. The organizational 
mechanisms are described in ch. 8.3.6. 

The second model developed in the study deals with the management effects on 
plant safety. The model relics on fairly broad concepts that are applicable to a 
wide range of NPP organizations. Based on studies concerning high-reliability, 
learning organizations (ch. 8.1.2) a model was developed, where plant safety is 
viewed as being influenced by a large number of factors related vith management 
activities. The factors were subsumed under three broader categories. The model 
is presented in Fig. 13 (page 168). 

Every organization creates and exists in an environment. As to whether the 
internal environment is appropriate to accomplish organizational objectives is an 
important issue. The environment that the organization creates and transmits to its 
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Fig. 12. Development of work culture (Reiman & Norros, 1994). 

members affects their performance. The management has to take into account also 
the outside environment that surrounds the organization. 

It is the responsibility of the management to make sure that individuals and the 
organization as a whole discharge their responsibilities in a manner consistent with 
safety. As regards personnel management the managers have to balance between 
conflicting options, such as diversification and integration of functions, taking 
simultaneously into account the strict safety requirements of NPPs. In addition to 
their personnel leadership style, the managers influence the safety through 
communication and coordination of activities. 

In Turner's disaster incubation theory one reason for the accumulation of latent 
failures is the difficulty in handling information in complex situations. The 
likelihood of failures of communication is increased by the fact that organizational 
units develop their own distinctive subcultures and their own communication 
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systems which are permeated by the assumptions of the culture within which they 
develop. They may also make erroneous assumptions about the portion of the 
problem which is being handled by other units. 

Coordination refers to the need to integrate the activities of different parts of the 
organization into a cohesive whole (Osbom et al., 1983). There are coordinating 
activities expected of individuals and there are systems designed to assure the 
participation of individuals in different activities of the organization. Vertical and 
horizontal forms of coordination are emphasized. Olson et al. (1984) have found 
that plants that have well developed mechanisms for coordinating between depart
ments perform better on a number of measures of safety performance. 
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Management is also responsible for defining the safety goals of the organization, 
allocating resources to meet the safety goals, monitoring the implementation stage 
and assessing the results, and finally for using the experiences as a feedback in 
this process. The goals and priorities have to be imbedded in practice and revised 
as circumstances require. The basis for establishing priorities is crucial. A plant 
that has a risk-basis for establishing priorities and an accurate risk model of the 
plant can better take into account safety issues in goal setting. In addition to high-
level safety goals specific performance goals should be established for each 
organizational unit and performance measures should be used to trend 
performance. Performance should be reported to the management on a systematic 
basis so that management can make decisions about reallocation of resources. 

Learning from operating experiences is an important characteristic of safety-
oriented organizations. Marcus et al. (1990) defined several ways that 
organizational learning is important to plant safety. Knowledge concerning nuclear 
technology is imperfect and the more is known about it, the more likely it is that 
accidents can be prevented. Another aspect of learning is the avoidance of 
repeated errors. This can reduce the frequency of initiating events and increase the 
capability to manage an accident if it ever occurs. Learning is also related to 
safety through its effects on worker motivation. The involvement of workers in the 
identification of problems and in the creation of viable solutions to these problems 
can lead to increased acceptance of the goals of the organization and to increased 
commitment to these goals. Good two wa> communications and a bottom up 
approach are important pre-requisites for problem solving. Organizations that can 
learn have the capability to apply new knowledge and to come up with creative 
solutions to unresolved problems. 

The third main area of management activities important to safety is development. 
The change, whether technical or organizational, has to be linked to the goals and 
priorities of the organization. A responsibility of the management is to involve in 
the development activities all parties affected or related with the changes. 
Involving plant personnel in the development process can help them to better cope 
with changes. 

8.3.3 Analysis method 

The study was canied out at the TVO NPP in Olkiluoto. Altogether, 22 people 
from the maintenance organization were interviewed in the study. The organization 
was divided into three levels: management (5), foremen (5) and technicians (10). 
In addition, one person from the work planning section and the QC section were 
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interviewed. The electrical maintenance section was selected to represent the 
maintenance organization. Because the management of the plant and of the 
maintenance department took part in the study, the results can be generalized to 
some extent. A major part of the personnel of the electrical maintenance section 
were interviewed in the study. The organization of the electrical maintenance at 
the TVO NPP is shown in Fig. 14. 

Different sets of questions were prepared for each level of the organization. Word 
for word protocols of the interviews were prepared and analysed by two 
researchers (Dr. Norros and the author) independently. The questions for the 
management were grouped based on the main functions of the management. The 
three main areas were based on the model of management effects on plant safety 
(Fig. 13). These were further divided into more detailed dimensions. 
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Fig. 14. Organization of TVO electrical maintenance. 
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The questions for the foremen and technicians dealt especially with the question 
of how high quality can be achieved in the maintenance work. The questions were 
aimed at bringing forward practical cases, where problems in the execution of 
work or in the attainment of high quality had existed. The purpose was to get 
them to speak in concrete terms of the contents and of the problems of their work, 
and of their relation to these problems. Also, questions related to motivation, 
responsibility and co-operation were presented. Open questions were used and 
probing questions were presented when necessary. The interviews were thus 
structured and goal-oriented. 

The analysis of the interview data was divided into three steps. First, it was 
investigated, both among the managers and the maintenance personnel, what 
problems challenge the attainment of the goals of the organization and what con
flicts exist in the functions of different organizational units. Secondly, the 
interview data was used to assess the characteristic features of the managers' and 
personnel's orientation to these problems. The orientations of managers, foremen 
and technicians were studied using different dimensions based on different aspects 
of activities in their work. A BARS type analysis tool was used to assess the 
personal orientations. The orientation profiles for managers were elicited with 
regard to the main areas of managerial activities. The dimensions for foremen and 
technicians were adopted from earlier studies in conventional industry and they 
included object of work, motivation, communication and work culture dimensions. 

The last part of the analysis dealt with organizational mechanisms which could 
promote the commitment of the personnel to the development of the organizational 
culture in the maintenance organization. These mechanisms should become 
permanent organizational practices in order to create and maintain a new type of 
expertise and culture in the organization. Due to its traditional role, the needs for 
a new type of expertise and culture may only be emerging in maintenance. Parallel 
to these mechanisms different defensive organizational mechanisms may exist 
(Argyris, 1990). These tend to hinder development. The attempt in the study was 
to examine the existence of both types of mechanisms and their effects on the 
organization. 

After a preliminary analysis the results were separately discussed with the 
personnel of each of the three organizational levels of the study. Then a final 
analysis of the data was made. The results are presented for each of the three steps 
of the analysis separately. 
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83.4 Organizational development problems 

It was first investigated, both among the managers and the maintenance personnel, 
what problems challenge the attainment of the goals of the organization and what 
conflicts exist in the functions of different organizational units. Internal conflicts 
of work were first analysed for each personnel group separately. They were then 
related to each other in order to identify some general features that could be 
considered internal conflicts within the maintenance activity as a whole. As a 
result of this analysis three internal problems in the maintenance activity were 
identified (Reiman & Norros, 1994). 

First, situational flexibility is difficult to achieve in a functionally organized and 
compartmentalized maintenance organization. Second, even though predicting 
maintenance demands may be difficult, anticipation and early detection of 
problems should be aimed at. Adequate information technological and conceptual 
tools should be utilized for this purpose within the whole maintenance. Third, to 
achieve mastery of the continuously changing technology and organization, greater 
integration and co-operation between different engineering disciplines and also 
between design, maintenance and operation within the utility is needed. 

Also three general problems in the way of work prevalent in maintenance and in 
the management of maintenance were noted. The first deals with the difficulty of 
finding an optimal principle to control activities carried out in the organization. 
Rule based regulation should not hinder the utilization of expertise in problem 
situations. The second issue is related to the dilemma of open or restricted 
communication. The third contradiction in the way of work is the difficulty to 
create learning in highly regulated activities with a growing proportion of routine 
preventive actions (Reiman 8c Norros, 1994). 

The organizational development problems are discussed especially from the 
management point of view. A significant feature of the problems related to the 
first task area of management, personnel management, is the existence of an overt 
optimization problem between two basic options. This optimization problem could 
be identified at least in relation to four issues in personnel management. These 
were (1) centralized and decentralized decision making, (2) rules and expertise in 
the control of activities, (3) diversification and integration of functions, and (4) 
open and restricted information flow. These four issues comprise a network of 
problems. Evidently, they are interrelated, e.g. the solution regarding decision 
making has implications to the relative roles given to expertise and initiative of 
the personnel and to rule regulated activity. 
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The second main function of the management is setting and implementing goals. 
The problem areas that could be identified within this function were not clear 
optimization problems, but complex demands were characteristic of these 
problems. One of the most often mentioned problems in goal setting and control 
of production was related with the utilization of operating experience. In closer 
view, the problem did not seem to lie in the amount of information, but instead in 
the difficulty of its interpretation and in the ability to use the information 
efficiently. There are at least two probable causes to this. First, conceptual and 
information technical tools for this interpretative work seem to be somewhat 
deficient. Second, active participation to interpreting past experience seems to be 
too restricted. An indicator system was introduced to help in the management of 
maintenance, and this system is utilized in determining production rewards. 
However, no systems exist that would reach all the levels of the organization and 
which could function as actual tools in goal setting and feedback. 

The third main task area of the management is the development activities which 
include organizational and technical duties. If a continuous change is considered 
an internal feature of the system, the role of maintenance will be emphasized. 
From this point of view, several development needs in the maintenance 
organization emerge. First, in order for the organization to react to situative 
demands, there exists a need for flexibility in the use of resources. The organiz
ational compartmentalization, within at least the electrical maintenance section, is 
an obstacle to such flexibility. Another distinct need is the enhancement of 
interactions between maintenance and technical design and the determination of 
die role of maintenance in technical development. The emphasis on traditional 
maintenance skills will probably prove to be insufficient alone and new, more 
analytic and diagnostic skills are needed, too. Determination of new demands and 
establismcnt of the corresponding skills require deliberate development and 
training measures. Organizing them is the responsibility of the management. 

8.3.5 Orientation profiles 

A particular orientation model - in general terms a problem orientation model -
was used to evaluate the development potential of the management and personnel. 
The model that expresses the basic approaches to a problem situation was opera-
tionalized by using dimensions based on different aspects of each personnel 
group's work. The dimensions are indicated in the figures below. A person's 
typical orientation in terms of the four different orientation types presented in ch. 
8.1.5, e.g. (1) Withdrawal, (2) Routine, (3) Individual initiative, and (4) Systematic 
development, finds expressions in each of these dimensions. Thus, a BARS type 
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descriptive matrix of orientation types and orientation dimensions can be achieved. 
In this matrix the concrete forms of orientation options are defined separately for 
each personnel group and thus a contextually meaningful analysis tool is acquired. 
Such matrices were prepared for each of the personnel groups and they were used 
as evaluation criteria when carrying out the analysis of the extensive interview 
data. The matrices used are presented by Norros and Reiman (1991). Each 
question and answer were assessed separately. The assessment of the personal 
orientation in each dimension was based on the assessments of all the questions 
related with that dimension. 

The interpretation schemes were adapted to the concrete tasks of each personnel 
group. Thus, the evaluations of the orientations can be compared across the 
groups. Two independent assessments were made, and discrepancies were dis
cussed before deciding on the final result. For each person an orientation profile 
was constructed and then an average profile for each organizational level was 
formed. A summary of the results of this analysis is presented in the following. A 
comparison of the two evaluations is presented in ch. 8.3.7. 

Fig. 15 summarizes the average orientations of the managers. The orientation 
dimensions, the main task areas of managers, are also indicated in the figure. The 
numbers in the figure represent different orientation types. With regard to 
management work, the third orientation type was termed "active management". 
Typical of it is that conflicting demands in work are identified and interpreted as 

Personnel management 
Leadership 
Coordination of activities 
Communication 

Setting and implementing goals 
Setting goaJs 
Monitonng and assessment 
Experience feedback 

Development 
Organizational development 
Managing plant modifications 

Fig. 15. The average orientation of managers (Reiman cft Norros, 1994). 
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parallel options. A strong reliancy on individual managerial responsibility, 
individual management skills and personal experience in solving problems is a 
further characteristic of this orientation type. A characteristic to downward 
deviation from this type is that daily problems are solved individually, and without 
much concern for their causes and links to other problems. Prescribed responsi
bility is emphasized. Upward deviation signifies orientation, typical of which is 
deliberate contextualization and generalization of problems. Responsibility for 
organizing the analysis of problems and development measures is acknowledged, 
and so is the creation of tools for these activities. 

The dimensions in which managers manifested their strongest orientations were 
leadership, experience feedback and managing plant modifications. Managers 
posses a means to identify the technological constraints of production and they 
actively project future technological development. Conceptual prerequisites for a 
modem developmental management style can be seen to exist within management. 

Other interview data reveal, however, that the preferred leadership style is only 
partially realized in management practices. One of the areas where this 
discrepancy could be noticed was setting and implementing goals. In particular 
setting goals and monitoring and assessment were neglected, while, at the same 
time, the role of experience feedback was well established. Well known comp
laints of communication inside the organization had not been taken into 
consideration sufficiently. 

While the orientations of the managers were mainly evaluated from the point of 
view of how the object of work was defined, the orientations of foremen and 
technicians were also evaluated from motivation, co-operation, and work culture 
points of view. A respective summary of problem orientations for the foremen is 
illustrated in Fig. 16 (page 176). The third orientation type represents a skilful, 
self-reliant and active expert. Redefinition of tasks with the help of contextual 
tools and improved communication characterize a still stronger orientation (Norros 
& Reiman, 1994). 

The work culture was assessed from four points of view. The attitudes towards 
quality, safety, control of work and administrative routines in general were 
evaluated. Control and administrative routines refer to the process whereby the 
behaviour of different organizational units and of the members of the organization 
are brought in line with existing standards. Quality control systems can vary 
considerably as to their formalization. The intensity of supervision is reflected in 
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Object of work 
Motivation 
Co-operation 
Work culture 

Quality of work 
Safety attitude 
Control of work 
Administrative routines 

4— -4 
2 3 

Fig. 16. The average orientation of foremen (Norros & Reiman, 1994). 

the formality of the control system. In order for compliance to be maximally 
achieved, control mechanisms must be seen as legitimate by those being 
controlled. In nuclear power production, the workers should understand the ne
cessity of control and adopt the development of control mechanisms as one of 
their main objects of work. This was measured by the dimensions related with 
control and administrative routines. 

A general impression of the foremen's development potential based on the 
assessment of the orientations is very promising. The strongest orientations were 
registered in the areas work culture and co-operation. Regarding work culture, 
foremen gave advanced definitions of the requirements concerning quality in 
changing maintenance work. Co-operation was well conceptualized, valued and 
practised in daily work. Conceptual tools, which is a subdimension of the object 
of work, was less developed than the other subdimensions and showed some need 
for further advancements. In the motivational dimension the foremen showed some 
weaknesses. 

The technicians' average orientations are presented in Fig. 17. The dimensions 
used in this evaluation equal those used for the foremen. The lesser motivational 
potential resembles the trend observed with the foremen. Particular to the orien
tations of the technicians are some further aspects. With regard to the subdi
mension control of work within the work culture the technicians manifest clear 
weaknesses. Typical of the technicians was to interpret the rules as outer instances 
and as given. 

r 
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Object of work 
Motivation 
Co-operation 
Work culture 

Quality of work 
Safety attitude 
Control of work 
Administrative routines 

2 

Fig. 17. The average orientation of technicians (Norros & Reiman, 1994), 

In the dimension quality of work, which is a subdimension of the work culture 
dimension, the technicians are relatively well off. High quality standards were 
interpreted as being essential, and the interviewees were able to define features of 
quality. However, these quality standards, e.g. carefulness and diligence, ascer.d 
from traditional reparative maintenance work and reflect less adequately the needs 
of diagnostic and preventive activities, which become more and more prevalent in 
modern maintenance. This is related to the fact that in the dimension object of 
work the technicians associated their responsibilities strictly with the execution of 
given actions. Thus, quality is valued but its content is becoming outdated. 

In summary, a diagnosis of the development situation in the maintenance 
organization could be made. The overall impression from the analysis of the 
orientations of the three personnel groups indicates that the foremer express strong 
development potential, and that potential also exists among managers. One factor 
penetrating the orientations in all personnel groups is the underestimation of the 
role of different kinds of communicative of conceptual tools in the development 
of activities. Weaknesses in motivation are characteristic of the organization at its 
lower levels. 

8.3.6 Organizational mechanisms to promote commitment to 
development 

The objective of the last step of the analysis was to examine the situation from the 
point of view of the means that are necessary to exist in the organization for the 
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realization of the development potential, which was measured using the orientation 
model. The means are organizational mechanisms that can promote the personnel's 
commitment and participation to development activities. Therefore they were also 
termed commitment mechanisms. The role of these mechanisms is to mediate 
horizontal and vertical co-operation within the organization. Partly based on 
relevant literature, and partly on the present data, foui organizational mechanisms 
were identified. Then it was examined, what signs there were of the existence of 
these mechanisms. The following four mechanisms were thought to be essential in 
promoting commitment to development: feedback, communication, co-operative 
networks, and learning and development activities (Norros & Reiman, 1994). 

Acquisition of feedback of the results of performance is a well known prerequisite 
for learning. Feedback may be endangered for many reasons, and thus particular 
organizational mechanisms may become necessary. In the data there were very few 
signs of attempts to establish feedback deliberately. A feedback system that was 
mentioned in the interviews is the reward system that partly utilizes the production 
report of the plant. A superior-subordinate discussion system had been recently 
established. While this system is mainly counted as a development system, 
feedback may be seen as a secondary function of it. 

The function of communication is to organize and co-ordinate actions in the 
context of the whole organization. Through communication the worker can create 
an awareness of the significance of his own actions to the safety and functionality 
of the whole system. The common norms and habits of work are mediated through 
communication. Communication mechanisms were found to be poorly developed 
in the electrical maintenance. Some foremen reported private inventions in this 
area. 

Co-operation networks are necessary for the planning and execution of complex 
activities. Examples of these mechanisms are participation in the goal setting and 
co-operation in the planning of modifications. Some examples could be found 
concerning the establishment of co-epcrative networks in the electrical 
maintenance. Two kinds of co-operation we»e mentioned. The first form is "inter
disciplinary" co-operation. As an example it can be mentioned that systematic co
operation was established between the plant modification group of the electrical 
maintenance and the electrical design office. The second form of co-operation was 
designed to mediate between persons of the same expertise. For example the use 
of workpairs as an organizational cell in maintenance work and exchange of 
personnel between the two units were consciously promoted. 
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Important steps forward had been taken at the plant to create learning and 
development mechanisms. Some examples are systematic analysis and revidation 
of preventive maintenance programs, development of the maintenance information 
system, and implementation of the superior-subordinate discussion system. 

In summary, a fairly large number of measures were reported that could be 
classified under the four organizational mechanisms. However, these measures, 
and perhaps many more that remain unnoticed, have not yet really constituted a 
mechanism for development because no common awareness of them as an 
interconnected structure existed. Conceptualizing these mechanisms would be an 
object of future organizational development work (Reiman & Norros, 1994). 

It might be that the commitment in the organization that was analysed is more of 
the type of passive commitment using the concept of Steers (1977). The 
commitment mechanisms analysed in this study represent the active type of 
commitment. Signs of defensive mechanisms could be observed. 

83,7 Evaluation of the analysis method and results 

Studies of organizational culture have relied largely on qualitative methods. They 
produce richly detailed data which can be used to generate descriptions of cultures 
(Siehl & Martin, 1988). However, it is difficult to make comparisons 
systematically when only qualitative data are available. Also quantitative 
approaches have been used to the study of cultures. These have usually relied 
upon questionnaires. They are often regarded as of minor importance in 
organizational culture research. Only when linked to other cu'tural expressions can 
questionnaires tell something about the unique nature of an organizational culture 
(Aaltio-Marjosola, 1991). 

In this study a hybrid approach was used that combines qualitative and 
quantitative methods for studying organizational behaviour. As was presented in 
ch. 8.3.3, the analysis of the interview data was divided into three steps following 
the model of development of work culture (Fig. 12). To improve the validity of 
the analysis method, two researchers analysed the interview data independently. 
The first and third steps of the analysis were qualitative, but the second step, the 
assessment of the orientations, was quantitative. In all analysis steps a consensus 
opinion was reached in a discussion between the two researchers. The results 
presented in ch. 8.3.4...8.3.6 are based on that consensus opinion. To evaluate the 
analysis method, the original assessments of the researchers were compared. The 
agreement between the researchers was rather good as regards the quantitative 
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results in the second analysis step. The Spearman rank correlation coefficient of 
the orientation assessments of the managers varied between 0.75 and 1.00. The 
coefficient varied between 0.8S and 1.00 for the main dimensions of the foremen 
and between 0.64 and 0.93 for the main dimensions of the technicians. Lower 
correlations were found between the researchers in some subdimensions of work 
culture for technicians (0.44 in the subdimension quality of work and 0.16 in the 
subdimension control of work). It is obvious that the characterizations of these 
subdimensions, especially the control of work, still need improvement. 

The problem of self-report bias was minimized by interviewing persons from all 
levels of the organization and from all parallel organizational units, which made 
it possible to compare their responses. No reactive attitude could be observed on 
the part of the interviewees. This may be due to the fact that the researchers came 
from outside organizations and to the fact, that the confidentiality of the individual 
responses was clearly emphasized. 

To evaluate the orientations, the different orientation types were characterized with 
regard to the dimensions that were used.. The attained matrix served as a tool to 
achieve an orientation profile for each person. This matrix resembles the BARS 
format, although it was not constructed following the method proposed by Smith 
and Kendall (1963). It was expected that the use of this matrix would make the 
judgments of the two researchers more uniform and would help to avoid bias, 
especially halo error. The quantitative results of the second analysis step 
(orientation) are discussed from this point of view. 

The dynamics of halo reduction can be examined, when a rating instrument with 
multiple items for each dimension of performance is used. If halo errnr is being 
reduced, within-dimension correlations should remain high while between-
dimension correlations are reduced. On the other hand, the expected value of the 
intercorrelation between any two measures of human cognitive ability (based on 
reliable measures and large samples) is not zero but is some small positive value. 
The size of the correlation varies as a function of the nature of the abilities being 
assessed (Humphreys, 1979). 

The correlation between dimensions for both researchers was analysed using the 
coefficient of concordance. The results of the analysis are presented in Table 
XXXI. 
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Table XXXI. Correlations between dimensions. 

Foremen 

Researcher 1 

Researcher 2 

Technicians 

Researcher 1 

Researcher 2 

Coefficient of concordance 

0.93 

0.71 

Coefficient of concordance 

0,24 

0.33 

As can be seen, the correlations between dimensio" 3 are rather high for foremen, 
which might evidence of halo error. For management, only one dimension (with 
several sub-dimensions) was used in the analysis. 

In Table XXXII, the correlations between different items of a dimension are 
presented for the management and between different items of the work culture 
dimension for foremen and technicians. 

Table XXXII, Correlations between items of a dimension. 

Management 

Researcher 1 

Researcher 2 

Foremen 

Researcher 1 

Researcher 2 

Technicians 

Researcher 1 

Researcher 2 

Coefficient of concordance 

0.63 

0.46 

Coefficient of concordance 

0.78 

0.69 

Coefficient of concordance 

0.51 

0.49 
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All the correlations between items of a dimension were statistically significant at 
.05 level, as they should be. 

Halo was analysed for each person also based on the distribution of the orientation 
assessments of all questions. The assessments of the two researchers were 
compared using the Kolmogorov-Smimov statistic. This is defined as the 
maximum vertical distance between two distribution functions. The results showed 
that only for one of the managers and one of the technicians the hypothesis of 
identical distributions was rejected at the .05 level. 

Leniency (and its opposite) refers to a displacement of a particular rating or the 
mean rating from some ideal point. The differences in orientation assessments 
between the two researchers were compared for each person. This showed that the 
differences were quite random as concerns foremen, but were almost all in the 
same direction as concerns management and technicians. The number of different 
assessments concerning the personal orientations was greatest in the sub-
dimensions goal setting and experience feedback for management and in the 
dimension object of work and in the sub-dimension control of work for 
technicians. 

Taking into account the direct comparison of the results of the two researchers and 
the correlation coefficients, the conclusion of the author is that halo error probably 
influenced the assessments of the orientations of the management to some extent 
and that in some subdimensions the researchers used a somewhat different scale, 
in spite of the use of the BARS type analysis tool. This may be due to the 
different backgrounds of the two researchers. All the technical information that the 
author had available may have influenced the judgments, whereas the other 
researcher made her assessments based on the interviews only. Although the 
correlations between dimensions were high for foremen, it is probably not mainly 
due to halo error, as both researchers had quite similar results, but due to the 
advanced orientations of the foremen in all dimensions. 

8.3.8 Summary 

The main goals of the study were to develop a method for organizational 
assessment and to apply the method in a case study. The case study was carried 
out at the maintenance department of the TVO in Olkiluoto. The method was 
found to be a useful and practical way to diagnose the state of the organization. 
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The attempt and the problem of the study was to understand the mechanisms of 
development of work culture and to find mechanisms to promote such 
development. These mechanisms are processes that provide a mediation between 
the control of management (top-down) and the intentions and actions of the 
personnel (bottom-up). Structured interviews were chosen as the method for the 
study. Altogether, 22 people from the maintenance organization were interviewed 
in the study. The organization was divided into three levels: management, foremen 
and technicians. The electrical maintenance section was selected to represent the 
maintenance organization. 

The analysis of the interview data was divided into three steps. First, it was 
investigated, both among the managers and the maintenance personnel, what 
problems challenge the attainment of the goals of the organization, and what 
conflicts exist in the functions of different organizational units. Secondly, the 
interview data was used to assess the characteristic features of the managers' and 
personnel's orientations to these problems. The last part of the analysis dealt with 
the commitment of the personnel. An attempt was made to find concrete 
organizational means which could promote the commitment of the personnel to the 
development of the work culture in the maintenance organization. Also, defensive 
mechanisms were noted. 

Based on the results of the analysis, a general judgment of the development 
potential of the maintenance organization was made. The diagnosis is that the 
starting point for organizational development is rather good. The potential needed 
to implement such a development programme was found to exist. The potential is 
especially strong among the maintenance foremen, and also exists in the 
management. Meanwhile, without conceptual and co-operative development 
measures, the potential of technicians cannot be developed and realized further. 
This puts pressure for the management to implement their advanced management 
philosophy in practical measures. 

Development of the work culture in the organization requires organizational 
mediators. Four central mechanisms were identified and their existence in the 
organization was studied. In a strict sense, as a set of conscious instruments for 
organizational development, such mechanisms could not be observed in the 
interviews, whereas elements of such were found. 
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8.4 Assessment of the performance of a NPP maintenance 
department 

8.4.1 Assessment of dependent failures in maintenance 

An organizational analysis should always include at least two parts: 

(1) an analysis of the cultural issues of the organization based on structured 
interviews of the personnel, and 

(2) an analysis of the performance of the organization measured by 
appropriately chosen indicators of performance. 

Additionally, also behavioural observations should be made if it is possible taken 
into account the resources available. 

Performance indicators have been developed especially in the USA. There are a 
number of dimensions in maintenance performance, and indicators for them would 
be useful in trending plant and organizational performance. 

Olson et al. (1988) have made a series of analyses of available plant performance 
data to determine if the data can be used to construct indicators of performance for 
several important plant functions. Concerning the maintenance performance, an 
attempt was made to create an indicator based on observed repeated failures. This 
measure was referred to as maintenance rework. It refers to cases where 
maintenance needs to be repeated because the original work was either incomplete 
or incorrect. The maintenance rework reflects the quality of the maintenance work 
actually performed. In the study cases were identified where events had resulted 
from an improper or ineffective previous repair. However, for only a few plants 
were there a sufficient number of cases to support a measure for trending. It was 
concluded that the available data was not capable of supporting the development 
of a maintenance rework indicator. 

In another study by Wreathall et al. (1990) programmatic performance indicators 
especially for the maintenance of nuclear power plants were developed and 
evaluated. Programmatic indicators are assumed to provide leading indications of 
trends in safety that would be confirmed by changes in direct indicators. In the 
first phase 78 indicators associated with maintenance were identified as possible 
candidates. Using specific preference criteria a list of nine maintenance indicators 
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Table XXXIII. Candidate maintenance indicators (Wreathall et al, 1990). 

Number of repeat maintenance items 

Number of realignment errors 

Number of wrong unit/wrong train events 

Number of inadvertent ESF actuations due to test and main 

Backlog of Engineering Change Notices related to performance 

Mean time between repairs 

Scrams due to test and maintenance 

Wrong parts events 

Thermal performance 

was selected. Data was collected from eight operating nuclear power plants and 
the candidate indicators were validated via thorough statistical analyses. Analysis 
of die data suggested two maintenance indicators which were considered to have 
had a statistically significant potential for characterizing trends in maintenance 
activities. These were the number of inadvertent emergency safety feature (ESF) 
actuations due to test and maintenance errors and the plant gross heat rate. The 
nine candidate maintenance indicators are listed in Table XXXIII. 

Performance indicators which directly or indirectly are related to maintenance are 
used by the nuclear industry. A variety of parameters are collected and reported 
internally for management use in daily plant operation. Indicators such as 
maintenance work request status, mean time between repairs, unscheduled cor
rective maintenance percentage, unfinished corrective maintenance work and 
backlog of non-conformance reports are used. The data gathering systems at 
nuclear power plants, especially in Finland, are well developed and provide 
possibilities to produce different kinds of performance indicators for the 
management of the plant. At the TVO plant a monthly maintenance report is 
compiled, which includes some typical maintenance indicators and other mainten
ance-related information. 

The purpose of this work was to analyse the performance of the maintenance 
department of the TVO plant using the available data bases of the utility. More 
detailed indicators of maintenance work than those already in use were searched 
for, especially from the point of view of human performance. As the dependence 
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Table XXXIV. Information gathered from failure reports. 

-

-

-

-

-

-

-

-

equipment code 
installation place 

failure report number 

time and date of the starting of the work 

time and date of the finalizing of the work 

cause(s) of the failure 

description of the failure 

remedial actions 

of errors between tasks performed in redundant sub-systems is an issue of great 
safety significance in test and maintenance activities, the number of dependent 
human errors was chosen as a candidate performance indicator of maintenance 
work. The analysis required examination of the data included in the failure reports 
of the plant. For this purpose, the utility provided a list of all failure reports, in 
which the cause of failure was classified as either operating or maintenance 
personnel performance or a deficient procedure. The list covered the whole 
operating history of the plant (until the end of 1991). 

From the relevant failure reports the information presented in Table XXXIV was 
gathered. 

The information provided by the utility was analysed using the method presented 
in Fig. 18. 

First the causes of all failures were classified using the scheme of Lucas (1987) in 
a slightly simplified form. Then the information received from the utility was used 
to identify human errors that possibly had affected different subsystems of the 
same system. A starting-point in the identification was to look for dependencies 
only inside systems (between subsystems) to simplify the procedure. In the 
preliminary selection phase candidates for dependent failures were chosen based 
on equipment codes, times and dates of the starting of the work and codes for the 
cause(s) of the failure. The identification of dependent failures was in most cases 
based on the qualitative description of the failure and the remedial action. It turned 
out that these descriptions of failures were rather complete in the data base of the 
TVO plant, which improved the reliability of the identification. 
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SEARCH OF ALL. FAILURE REPORTS. IN WHICH THE 
CAUSE OF FAILURE IS EITHER PERSONNEL 
PERFORMANCE OR DEFICIENT PROCEDURE 

I 
CLASSIFICATION OP THE FAILURE CAUSES USiNO 
THE SCHEME OF LUCAS (10*7) 

1 
SELECTION OP THE CANDIDATES FOR DEPENDENT 
FAILURES INSIDE SVSTEMS (S3 CASES) 

1 
REVIEW OF THE CANOfTATE DEPENDENT 
FAILURES BY THE EXPERT8 OF THE MAINTENANCE 
DEPARTMENT OF THE UTILITY 

1 
FINAL SELECTION OF THE DEPENDENT FAILURES 
(»CASES) 

I 
ESTIMATION Of TRENDS OF PERFORMANCE 
INDICATORS AND DEPENDENCE FACTORS 

Fig. 18. Flow diagram of the analysis of dependent failures in maintenance. 

From the data base 33 dependent human errors were identified in the first phase. 
This is only a small fraction of all the failures analysed. In the second phase of 
the identification the list of dependent errors was delivered to the utility, where the 
experts from different maintenance areas made an independent assessment of the 
causes of failures and their nature. Then all the identified cases were reviewed by 
the representatives of the maintenance department and the author together. Based 
on this review seven of the candidate cases could be excluded from the final list. 
The results of the identification and classification of dependent failures are 
presented in Table XXXV (page 188). 

The design errors were errors performed by other than the test and maintenance 
personnel of the plant and were therefore separated from the other cases. The 
design errors were performed partly in the original design phase and partly in 
designing modifications of the plant. Also in the class "omissions" two cases were 
related with the returning of equipment into the correct state after a modification. 
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Table XXXV. C Afication of identified dependent failures (Reiman, 1994). 
Class 

Skill-based errors 
- mistakes among alternatives 
- omission 
- carelessness 
Rule-based errors 
Knowledge-based errors 
Design errors 

The number of cases 

2 
7 
6 
1 
3 
7 

If only the errors performed by the plant personnel are examined, 80 % of the 
dependent errors have taken place at the skill-based level. Dependent errors at the 
knowledge-based level occurred in 15 % of the cases. The identified cases were 
classified also with respect to the responsible organizational unit. The results 
showed that the maintenance department was responsible for 16 cases and the 
work planning office for two cases. These two organizational units thus covered 
about 70 % of all the identified dependent errors. 

An attempt was made to also identify errors in those independent tests and 
inspections that should have revealed the dependent errors. This identification had 
to be based on assumptions about the inspections that should hive taken place. In 
10 cases it can be assumed that such a connected secondary error must have taken 
place. However, there are large uncertainties in this identification. In five of the 
cases the secondary errors were related to deficient quality control and in three 
cases to plant start-up inspections after refuelling shutdown. General quality 
assurance deficiences were found in two cases. Also judgments concerning the 
secondary errors were reviewed by the experts from the maintenance department. 

Based on the study, the following indicators of the quality of maintenance work 
can be proposed: 

• the yearly number of omission type human errors 
• the yearly number of mistake among alternatives type human errors 
• the yearly number of dependent human errors. 

The trends of omission and mistake among alternatives type errors are presented 
in Fig. 19. The trend of the yearly number of all dependent errors is shown in Fig. 
20. Similar patterns can be seen in both figures. 
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Fig. 19. The yearly number of omission (•) and mistake among alternatives (x) 
type human errors. 
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Fig. 20. The yearly number of all dependent human errors. 
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8.4.2 Estimation of the dependence factor 

The results of the identification were used to estimate the dependence factor k 
separately for omission type and mistake among alternatives type of dependent 
errors using the moment estimation method. The general technique of moment 
estimation is to match the moments of the data to the theoretical moments. The 
number of sub-systems affected was determined from the data ba:j for each 
dependent error. As the total number of opportunities for errors was not available, 
an approach used by S-manta and Mitra (1981) was followed. It was assumed that 
the base error probability for mistake among alternatives type errors is p = 10"2 

and for omission type errors p = 3 x 1(T2. If we let x„ denote the number of times 
n subsystems were affected by human error, the total number of opportunities for 
human error can be calculated from the equation 

(1-p)* = 5L (30) 
x0+x1+x2+xi+x4 

which can be used to solve XQ. The data presented in Table XXXVI was used in 
the estimation. 

The moment equations presented by Samanta and Mitra (1981) were used in this 
application. The system failure probabilities of the MSF model were placed in 
these equations and after neglecting some higher-order terms, the dependence 
factor k was solved. The solution for mistake among alternatives type of errors 
was k = 0.17 and for omission type of errors k = 0.19. 

Table XXXVI. Estimation of the dependence factor. 

Mistakes among alternatives 

Number of subsystems affected 

1 

2 

3 

4 

Cases 

35 

1 

0 

1 

Omissions 

Number of subsystems affected 

1 

2 

3 

4 

Cases 

91 

2 

3 

2 
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Samanta and Mitra analysed the dependent failure data of Rasmussen using a 
similar approach. Their result for a 4-unit system was k = 0,40, which is a rather 
high dependence. The results of this study refer to a somewhat smaller dependence 
but the results are, of course, plant-specific. Because of the rather high base error 
probabilities used in the estimation, these results may be slightly conservative. 
Therefore, it can be concluded that operating experiences support the assumptions 
used in the calibration of the results of the Paired Comparisons excercise (ch. 7.3). 

8.4.3 Evaluation of the method 

The method used in the identification of dependent errors can be compared with 
the method that was used in the Nordic Common Cause Failure Data Benchmark 
Exercise (Hirschberg, 1990). The database used in that study comprised 340 fail
ure reports from the Scandinavian Nuclear Power Reliability Data System. Several 
groups made the identification of common cause failures independently. Only one 
of the groups made a computerized analysis. VTT used the t»me span between 
failures as a primary factor for the identification of common cause failures. 
Failures within one month interval were further investigated with consideration 
given to failure mode, cause and criticality. Potential dependencies between 
different systems were not considered. The result of the exercise was considered 
encouraging and it indicated that the identification could be reasonably performed 
with the available raw data. 

The method used to identify dependent human errors in this study followed the 
method used by VTT in the Nordic Exercise. A slight limitation of the 
identification procedure was the amount of qualitative information about the 
causes of failures in the failure reports. Consequently, subjective judgment had to 
be used. The identification of dependent failures was made by one person only 
(the author), but it was reviewed by the experts of the utility. 

8.4.4 Summary 

The results of the study indicate that dependent human errors occur in the 
maintenance of NPPs but their contribution to the total amount of failures is 
minor. On the other hand, their safety significance may be notable once they 
occur. Three performance indicators of maintenance work were proposed and their 
timely trends were determined. The dependence factor was estimated for mistakes 
among alternatives and for omissions. 
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The great percentage of skill-based errors and the large amount of connected 
secondary errors indicate that increased attention should be paid to the motivation 
of maintenance and inspection staff so that the likelihood of dependent errors 
would be minimized. Increased attention should be given to work procedures and 
work permits to avoid omissions in routine tasks. The results support the findings 
of the orientation assessments, which showed weaknesses in motivation at the 
lower levels of the maintenance organization. 

More attention should also be paid to the qualitative information presented in the 
failure reports. The utilities should use this information to evaluate dependent 
human errors and to develop testing and maintenance activities so that this kind of 
multiple errors would be avoided to the extent possible. 
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9 SUMMARY OF RESULTS 

The assessment of human reliability and of the impact of organizational factors on 
nuclear power plant safety are based mainly on expert judgment. Therefore, the 
use of expert judgment in analysis of human and organizational behaviour was 
studied theoretically and in practical case studies. 

Human errors *ere analysed in two case studies. In the first study cognitive errors 
of control room operators were analysed. Existing methods were further developed 
for this purpose. Errors of test and maintenance personnel were analysed in the 
second case study. A method to assess organizational behaviour was developed 
and applied in the third case study. Detailed summaries of each case study are 
presented in respective chapters. 

Study 1: Analysis of operator behaviour and reliability 

For the analysis of cognitive operator actions the TRC-SI method was developed. 
In the method a stress index (SI) is used io correct the median response time of 
the TRC, formed from the assessments of experts, to take into account differences 
between behaviour at a simulator and at a real plant. The stress index was de
termined using a model that evaluates the stress level of operators based on the 
characteristics of an incident. Also the error factor of the TRC was modified. 
Sensitivity analyses showed that the method is not very sensitive to the hypotheses 
that it is based on. A method was presented for the weighting of the judgments of 
experts. In this study the weighting of experts had only a minor effect on the 
results. The HCR method was modified to better take into account the effects of 
different PSFs. A modified version of the SLIM was also used. The methods of 
Swain were used for comparison. 

It is evident that great uncertainties are related with the quantification of operator 
errors. However, when the rankings produced by different methods were 
compared, it was found that the correlation was statistically significant. Although 
the absolute values of the probabilities arc uncertain, their ranking can be 
estimated reasonably well. 

A strive for quantitative results necessitates a detailed qualitative analysis, which 
often is the most important part. The procedure used in the qualitative analysis 
was practical and useful. A great amount of valuable qualitative information was 
produced in the study. 
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Study 2: Analysis of test and maintenance personnel behaviour and reliability 

The human reliability and dependence of some test and maintenance activities 
were assessed using the Paired Comparisons and Ranking methods. One of the 
most difficult problems in the use of these methods is that they require a large 
number of judgments in order to produce reliable estimates. Therefore the possible 
limitations because of the number of experts required was analysed first. 

For the assessments a detailed qualitative analysis was made and descriptions were 
prepared of each human action. The factors that contribute to the dependence of 
errors were identified based on a review of earlier models and own judgment. 

The Paired Comparisons method was modified so that the experts were asked to 
explain the reasons for their judgments when they assessed the dependence 
between errors. This made it possible to attain also qualitatively useful results in 
the study. 

The dependence factors for typical omission type errors in test and maintenance 
activities were found to lie between 0.15 and 0.25. The estimation of the 
dependence factor using the moment method based on an analysis of the failure 
reports of one Finnish utility supported the assumptions used in the calibration of 
the quantitative results. 

Study 3: Assessment of management and organizational factors 

A method for organizational assessment was developed and applied in this study. 
The method was found to be a useful way to diagnose the development potential 
of the organization. 

The attempt of the study was to understand the mechanisms of the development 
of work culture in a NPP maintenance organization and to find means to promote 
the development. A model was developed to describe the development of work 
culture in a mature nuclear power plant organization. Another model was 
developed concerning the management effects on plant safety. 

The assessment method was based on structured interviews of the personnel. The 
analysis of the interview data was divided into three steps. First, it was 
investigated, what problems challenge the attainment of the goals of the 
organization. Secondly, the interview data was used to assess the characteristic 
features of orientations of the managers' and of the personnel to these problems. 
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The concept of orientation is related to the basic ideas of safety culture. The last 
part of the analysis dealt with organizational mechanisms that can promote the 
personnel' commitment and participation to development activities. Based on the 
analysis a diagnosis of the development potential in the organization was made. 
The result was that the starting point for development is rather good. 
Organizational mechanisms as a set of conscious instruments for organizational 
development should be established. 

Another part of the organizational assessment dealt with the performance of the 
maintenance organization. The purpose was to find detailed indicators of the 
maintenance work, especially from the point of view of human performance. The 
data base of the utility was used in the study. Some indicators of the quality of the 
maintenance work were proposed and the trends ol these indicators were 
presented. Also an estimation of the dependence factor for two types of errors was 
made. The results indicate that dependent human errors occur at nuclear power 
plants but their contribution to the total amount of failures is minor. The great 
percentage of skill-based errors and the large amount of connected failures in the 
related inspections indicate that increased attention should be paid to the 
motivation of the maintenance and inspection personnel. 
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10 DISCUSSION OF RESULTS 

10.1 Methodological issues in expert judgment 

Expert judgments have always entered analysis in informal ways. Examples 
include judgments about what problems need to be analysed, what models to use, 
what data sources to draw upon and how to interpret results (Otway & von 
Wintcrfeldt, 1992). Recent formal uses of expert judgment are explicit and 
documented, and they involve a deliberate attempt to bring about the assumptions 
underlying a judgment. Implicit judgments are more difficult than explicit 
judgments to communicate precisely. Clear communication requires that judgments 
arc made explicit for review and appraisal. 

If the biases in an expert judgment are to be determined, then the expert's reasons 
for his beliefs must be found. Expressing these reasons permit a critical 
comparison of various experts' assumptions and possibly lead to modifications in 
their way of thinking by allowing the exchange of ideas. The biases and de
pendence amongst experts can be better understood if the analyst knows the 
reasons for judgments. This information can also be used to rank experts on the 
basis of the sophistication of their analysis. A desirable feature of any expert 
aggregation method is the ability to represent expert biases and dependence. The 
Baycsian aggregation schemes fulfill this requirement, but they are in many cases 
quite complicated to use. 

In all case studies the experts were asked to express reasons for their judgments. 
This made it possible to achieve important qualitative information based on which 
some findings have been presented. They can also be used to evaluate the biases 
in judgments at least qualitatively. Usually the internal consistency of the 
judgments was rather good in this study, whereas between-expert agreement was 
not as good but still satisfactory. An important finding was made in the analysis 
of test and maintenance activities. It was found out that the cultural factors of the 
organization may have an effect on the judgments of experts and may thus be a 
source of correlation between experts. This is a finding that has not been reported 
in earlier studies. A similar effect could be observed in the orientation assessments 
of the organizational analysis. 

Conclusions from earlier experimental studies indicate that experts cannot be fully 
calibrated. The miscalibration can be handled with broad uncertainty measures. 
Another more basic approach is to use elicitation methods that will minimize the 
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biases that contribute to miscalibration and to train experts so that they are aware 
of their possible biases. Experts are subject to the same cognitive and motivational 
biases as other humans if preventive measures are not used in the elicitation. 

The expert judgment elicitation should be designed to fit the experts and the way 
humans think rather than to force the experts to adapt to standard methods. There 
are several factors that can enter into the elicitation process and the data that the 
expert gives can be conditioned on a wide variety of factors. Structuring of the 
elicitation may be an effective way of controlling these factors. It means imposing 
controls on the elicitation process. Structuring can include using a predesigned set 
of questions, allowing only particular kinds of communication between the experts 
and requiring a certain response mode to be used. A structured elicitation process 
can be monitored and it can limit the intrusion of bias. The results of this study 
support the conclusions of earlier studies supporting the use of structured 
elicitation methods. 

10.2 Applicability and limitations of the results 

The primary area where quantitative human reliability analysis methods have been 
developed is in connection with probabilistic safety assessments (PSA) of nuclear 
power plants. Some attempts have been made to quantify the effects of 
management and organizational factors on plant safety, too. 

In this study methods were developed and experimentally tested for qualitative and 
quantitative analysis of human errors. Also a method was developed for an 
organizational analysis. The method doesn't aim at the quantification of risk, but 
the purpose is to reveal possible latent organizational problems and to raise the 
quality of organizational behaviour in general. 

The methods applied or developed in the study for human reliability analysis can 
be used in any qualitative or quantitative risk analysis. Especially the SLIM can 
be used to analyse different kinds of problems. The method can be used also 
without calibration to rank priorities of safety issues. The Paired Comparisons 
method has been applied in safety studies in chemical industry. In addition to the 
obvious limitation of accuracy, other limitations are mainly related with the 
resources required for the analysis and the number of experts required. The latter 
issue is discussed in detail in connection with the second case study (ch. 7). For 
practical PSA work also more simple methods are needed to analyse routine 
maintenance tasks. 
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The method developed for organizational analysis can also be applied to study 
other than nuclear power plant organizations. It has to be noted that the method 
and the questions to be asked have to be adapted in each case to the organization 
to be analysed. However, the models of development of organizational culture, 
managements effects on plant safety and the problem orientation model developed 
in the study are generic. If the method is applied to a non-nuclear organization, 
more weight should be given to actual observation of work and to review of 
documents that direct the organizational behaviour. A limitation of the method 
used in the study is the resources required and therefore a more straightforward 
method, based on the same theoretical ideas, is being developed. 

All the case studies were designed from the beginning so that they are not only 
exercises of expert judgment methods. The purpose was to produce real, useful 
results, and this was made clear to the experts. The descriptions of the human 
actions that were analysed were made as detailed as possible. Best available 
experts were used to produce the judgments required. However, the detailed 
technical results arc plant and human action specific and should not be applied in 
any other context without careful consideration. 

103 Recommendations 

First some recommendations concerning the use of human reliability analysis 
methods are presented. It is emphasized that a thorough qualitative analysis is 
essential to achieve credible reliability estimates. The qualitative analysis should 
include interviews of the personnel, who perform the tasks, and walk-throughs of 
the tasks. Based on the interviews the effects of different PSFs can be assessed 
and time-line diagrams can be prepared. In order to have independent analyses of 
the same cases, also the qualitative parts of the analysis should be done separately. 

In the quantification of control room operator error probabilities plant and 
sequence specific methods are preferable. The TRC-SI method developed in the 
study is such a method. The use of the SLIM can also be recommended based on 
the experiences of the study. It produces a great amount of useful qualitative 
information. The Modified HCR produced results which were in most cases quite 
close to the results of the TRC-SI method. As a rather simple method the MHCR 
can be recommended at least in the screening analysis. The nominal model of 
Swain produced unrcalistically low operator error probabilities compared with 
other methods in cases where time available was long. The model should be used 
only with the greatest caution. Cut-off limits should be used for low probabilities 
with all TRC based methods. 
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Concerning the methods used in the analysis of test and maintenance tasks, the 
Paired Comparisons was found to be a practical method. The modification of the 
method, where the experts were asked to give arguments for every judgment, 
made it possible to obtain information which was also qualitatively useful. 

Because of resource requirements, the Paired Comparisons can be applied only in 
limited scope studies. For practical PSA work, a simple dependence model is 
needed. The model should be validated in further studies with data from operating 
experiences. 

A structured, formal method should be used in the elicitation of expert judgment. 
It includes a documentation of the method and of how the experts arrived at their 
final opinions. Such a documentation allows the formal method to be reviewed by 
peers. Improvements are needed in the current PSA practices in this respect. 

A structured group interaction method (The Nominal Group Technique) was used 
in the SLIM analysis. The process improved the consistency of the assessments. 
The qualitative usefulness of the method was also high. Most experts expressed 
satisfaction with the method. The NGT can be recommended if behavioural 
aggregation is used. 

Different methods have been u:;cd to weigh the judgments of experts. These 
include the use of self-weights and peer assigned weights. Their use cannot be 
recommended. The analyst has to be responsible for the weight assessment. Equal 
weights should be used, if there is no clear basis for using different weights. One 
alternative for the weight assessment procedure is presented in the study related 
with the TRC-SI method. 

The method used in the organizational analysis was found to be a useful way to 
diagnose the development potential of the maintenance organization. In the 
orientation assessments low correlations were found between the two researchers 
in some subdimensions. The characterizations of these subdimensions still need 
some improvements. A less time-consuming method should be developed for 
further applications. 

An important question is, how could the reliance on expert judgment in human 
reliability analysis be reduced. As concerns \hr, behaviour of control room 
operators, data should be collected regularly at the training simulators in transient 
and accident situations. This should not disturb the training of operators because 
to be able to assess TRCs it is sufficient only to measure the time taken for a 
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diagnosis of the situation during a normal retraining exercise. Another, more 
useful approach would be to perform tests especially for research purposes, as has 
been done in France (Montmaycul & Mosneron-Dupin, 1994). In these test also 
qualitative data has been gathered (for example departures from strict observance 
of procedures). This has made it possible to model extraneous operator actions in 
PSA, which is quite unusual. 

As regards the test and maintenance errors, more attention should be paid at the 
plants to the documentation of errors and their causes and this information should 
be used to analyse errors in depth. Testing and maintenance activities should be 
developed so that dependent human errors would be avoided to the extent 
possible. The efficiency of different inspection practices as error detection 
mechanisms should be examined in further studies. To reduce uncertainties of 
PSA, by revealing possible latent organizational problems, analyses of 
organizational behaviour should be made. 

Turner (1978) in his mode] of disaster development refers to an important aspect 
of communication in the pre-disaster period. In the prevention of accidents co
operation and communication inside and between organizational units is an 
essential issue. An organizational analysis can find problems and support 
development in these areas. 
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11 CONCLUSIONS 

The main objectives of the whole study were to review, develop and 
experimentally test methods that arc used in human reliability analysis and to 
develop and test methods of organizational analysis, that could complement PSA 
methods, reduce uncertainties of PSAs and contribute to the development of or
ganizational behaviour in general. The common frame of reference in human 
reliability and organizational analysis is thut they arc both primarily based on 
expert judgment. 

Main attention has often been focused on the control room operators, when human 
behaviour and error possibilities at nuclear power plants are analysed However, 
in several studies it has been shown that the test and maintenance personnel 
contribute to a great part of all human errors. In this study errors of both operators 
and maintenance personnel were analysed in two case studies. 

Increased attention has lately been focused on the effects of management and 
organizational factors on nuclear power plant safety. A major part of the residual 
hazards of complex, well-defended technologies such as nuclear power plants 
arise from the interactions between the social and technical aspects of the system. 
Major accidents happen when latent organizational failures combine with local 
triggering events. A better understanding of organizational behaviour is needed to 
prevent these latent failures. A method for organizational assessment was 
developed in the work and was applied in a case study. 

A general conclusion of the study is that expert judgment can be used in human 
reliability and organizational analysis taking into account the remarks and 
recommendations presented in ch. 10. Expert judgments have significant 
uncertainties, and it is critical to include these when reporting expert judgments. 
Expert judgments are not equivalent to technical calculations based on physical 
laws or to the availability of extensive data on the quantities of interest. They 
should not be used to avoid gathering additional data or other scientific 
information, when that is possible. 

The case studies have pointed out different possibilities to further improve human 
and organizational behaviour at nuclear power plants. In the control room work 
the improvements are most often related with operating procedures or control 
room ergonomy. Examples of such findings were the need to improve the 
procedures for the total black-out situation at both plants. Control room ergonomy 
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could be improved especially at the BWR plant. In maintenance more attention 
should be given to the training of technicians so that the number of simple 
omission errors could be reduced. It was also found that more analytic and 
diagnostic types of skills are needed in maintenance work. Interactions between 
maintenance and technical design should be enhanced. These are only examples of 
findings that can be made in a careful analysis of human and organizational 
behaviour. In many cases the improvements were made or were initiated after the 
analysis. 
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APPENDIX 
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HCR/ORE 
HEART 
HEP 
HRA 
HTA 
IAEA 
1NSAG 
LER 
LOCA 
MAPPS 
MAUT 
MHCR 
MSF 
NGT 
NOMAC 
NPP 
NRC 
ORE 
PC 
PSA 
PSF 

Analytic Hierarchy Process 
Analysis of Variance 
Absolute Probability Judgment 
Anticipated Transient Without Scram 
Behaviourally Anchored Rating Scales 
Boiling Water Reactor 
Commission of the European Communities 
Committee on the Safety of Nuclear Installations 
Emergency Operating Procedure 
Electric Power Research Institute 
Emergency Safety Feature 
General Adaptation Syndrome 
Human Cognitive Reliability 
Human Cognitive Reliability/Operator Reliability Experiments 
Human Error and Reduction Technique 
Human Error Probability 
Human Reliability Analysis 
Hicrarchial Task Analysis 
International Atomic Energy Agency 
International Nuclear Safety Advisory Group 
Licensee Event Report 
Loss of Coolant Accident 
Maintenance Personnel Performance Simulation 
Multi-Attribute Utility Theory 
Modified Human Cognitive Reliability 
Multiple Sequential Failure 
Nominal Group Technique 
Nuclear Organization and Management Analysis Concept 
Nuclear Power Plant 
Nuclear Regulatory Commission 
Operator Reliability Experiments 
Paired Comparisons 
Probabilistic Safety Assessment 
Performance Shaping Factor 
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SHERPA 
SI 
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SLIM 
SLIM-MAUD 

SMART 
SPSA 
STAHR 
STUK 
THERP 
TLA 
TRC 
TRC-SI 
VTT 
WPAM 

Pressurized Water Reactor 
Reactor Safety Study 
Systematic Human Action Reliability Procedure 
Systematic Human Error Reduction and Prediction Approach 
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Success Likelihood Index 
Success Likelihood Index Method 
Success Likelihood Index Method - Multi-Attribute Utility 
Decomposition 
Simple Multi-Attribute Rating Technique 
STUK Living PSA Code 
Socio-Technical Approach to Assessing Human Reliability 
Finnish Centre for Radiation and Nuclear Safety 
Technique for Human Reliability Error Rate Prediction 
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Time Reliability Correlation 
Time Reliability Correlation - Stress Index 
Technical Research Centre of Finland 
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