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EVALUATION OF FULL-SCOPE SIMULATOR
TESTING METHODS

A report prepared by M.P. Feher, N. Moray, J.W. Senders and K. Biron, Human Factors
North Inc., under contract to the Atomic Energy Control Board.

ABSTRACT

This report discusses the use of full scope nuclear power plant simulators in licensing
examinations for Unit First Operators of CANDU reactors. The existing literature is
reviewed, and an annotated bibliography of the more important sources provided. Since
existing methods are judged inadequate, conceptual bases for designing a system for licensing
are discussed, and a method proposed which would make use of objective scoring methods
based on data collection in full-scope simulators. A field trial of such a method is described.
The practicality of such a method is critically discussed and possible advantages of subjective
methods of evaluation considered.

RESUME

On discute dans ce rapport de l'utilisation des simulateurs pleine echelle de centrales
nucleaires pour les examens requis pour l'obtention d'un permis d'operateur de centrale
nucleaire CANDU. On y passe en revue les publications sur le sujet et on fournit une
bibliographie annotee des sources les plus importantes. Comme les methodes d'examen sur
simulateur developpees jusqu'a maintenant sont jugees inadequates, on aborde les principes a
utiliser pour integrer les examens sur simulateur au regime de delivrance des permis
d'operateur de centrale nucleaire. A cette fin, on propose une methode objective devaluation
sur simulateur basee sur des donnees enregistrees au simulateur pendant un examen. Le
rapport decrit aussi un essai d'utilisation d'une telle methode d'examen. La viabilite d'une
telle methode fait l'objet d'une analyse critique et Ton aborde aussi les avantages que les
methodes subjectives devaluation pourraient presenter.

DISCLAIMER

The Atomic Energy Control Board is not responsible for the accuracy of the statements made
or opinions expressed in this publication and neither the Board nor the authors assume
liability with respect to any damage or loss incurred as a result of the use made of the
information contained in this publication.
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EXECUTIVE SUMMARY

This report discusses the use of full scope nuclear power plant simulators in licensing
examinations for Unit First Operators of CANDU reactors. The existing literature is reviewed,
and an annotated bibliography of the more important sources provided. The existing literature
is inadequate to provide a complete guide for CANDU operator examinations.

Various ways to use simulators for licensing examinations are discussed. These range from
completely subjective rankings of operator performance by well trained observers to highly
automated data logging methods which rely on a computer both to conduct the simulation and
to perform data logging. Problems associated with each approach are discussed. Particular
attention is given to problems of assessing cognitive activities which do not appear as overt
behaviour. Problems of defining pass/fail criteria are considered, together with weighting
schemes to take account of differing severity of operator errors. A method called the "Status
Colour Band" is suggested for tracking the operators' performance in relation to ideal
performance during the management of a plant disturbance. A trial of this method was
undertaken using the Pickering-B full scope simulator with the assistance of Ontario Hydro,
and the outcome of that trial is described. Data from the trial have been lodged with the
AECB.

We conclude that it is desirable to assess the skill of candidates v/hile they are operating a
simulated power plant as well as testing their knowledge by means of written examinations.
In principle full scale simulators can be extremely valuable in examinations of skill, diagnosis
and fault management, and precise quantitative methods of using them for assessment could
be developed. There are, however, very important issues which must be resolved. These
include the following:

1. Can the simulator record the behaviour of operators as well as plant state
parameters?

2. Can the simulator software handle large amounts of data and analyse such data
rapidly?

3. How should scenarios be selected, and how many scenarios should be used?

4. How can objective measures based on system parameter measurement be combined
with subjective observations, or with ratings made of aspects of operator performance
which cannot be recorded by data logging systems?

5. How can relevant psychological aspects of performance such as monitoring,
attention, thinking, etc. be measured?
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6. What is the relationship between individual and team competence?

7. What assessment problems arise due to the CANDU being highly automated?

Above all. there are very serious problems in establishing the statistical reliability and validity
of any assessment methods. These are compounded by the highly automated nature of
CANDU reactors, which can make it difficult to establish whether the automatic systems or
the actions of the human operators are responsible for the state of the plant. Unless testing
method reliability and validity can be established, the predictive value of simulator
examinations will be quite uncertain. There are special problems due to the small size of the
CANDU operator population. The report discusses these problems in detail, together with
appropriate techniques of measurement, rules for selecting scenarios, and a scheme for
establishing reliability and validity. It also notes that there are topics where no advice can be
given prior to further certification system definition which will require close cooperation
between the utilities and the AECB. Examples of how to develop quantitative scoring
methods are given, together with a report on problems encountered during trials of some of
the methods.

On balance, subjectivt measurement using highly trained examiners may be preferable in cost
benefit terms to an attempt to develop a highly sophisticated quantitative method of
assessment. This is because if the reliability and validity of complex objective quantitative
methods cannot be established, such methods provide assessment of uncertain quality, and
hence are not cost effective. We believe that there are almost insuperable difficulties in
establishing the reliability and validity of objective quantitative assessment methods for
simulator examinations in the context of the Canadian nuclear industry. However, providing
that the examiners are intensively trained using the best training technology, the reliability of
subjective methods may be as great as that of an apparently sophisticated quantitative method
whose reliability and validity are uncertain. If neither objective nor subjective approaches to
assessment can establish reliability and validity with certainty, subjective methods have the
merit of being less costly, and being less dependent on the quality of data logging facilities in
the training simulators.

NEXT PAGE(S) left BLANK.]
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1.0 INTRODUCTION

This report deals primarily with the problem of certifying the Unit First Operator (UFO)
of a CANDU reactor. The conclusions should be applicable to personnel performing similar
jobs in other kinds of nuclear power plants, for example Reactor Operator rank in a
Pressurized Water Reactor (PWR) or Boiling Water Reactor (BWR). If the method
recommended is acceptable for UFO certification, it does not follow that it will suffice for
other personnel such as the Shift Supervisor. We believe that much of what is stated here
will be so applicable, because of the general principles involved. But application to other
kinds of certification will require separate task analyses. Throughout the report we will use
the word "candidate" to refer to someone who has been through a program of training and
has now reached the point where he or she is undergoing examinations for certification as
a UFO. We use the word "operator" to refer to anyone, candidate or otherwise, who is
operating a plant or the simulated plant. We use the word "examiner" to include anyone
on the certification team who is making observations of the candidate's performance, who
is collecting data on the simulator's data logging system or otherwise, or who is analysing
the data, converting them to scores, and is finally using the scores to decide whether the
candidate has passed or failed the simulator portion of the certification examinations. That
is, "examiner" means simply any member of the certification team, whatever their role. We
use the words "assessment" or "certification" to refer to the process of measuring the
qualifications of candidates for the purpose of certification. We use the masculine form of
pronouns throughout to include both masculine and feminine for economy and because the
overwhelming proportion of UFOs, candidates and examiners have until now been male.

In this report we are particularly concerned with the use of full-scope simulators for
evaluating UFO skills in nuclear power plants as part of the UFO licensing procedure.
Many measures are available to evaluate UFO performance. These include but are not
limited to compliance (the ability to follow procedures to the letter where such behaviour
is required), problem solving ability in ill defined situations, good judgment, accurate and
timely performance of tasks, the ability to avoid creating new problems or exacerbating
existing ones, and general characteristics of "good" UFO performance.

For licensing UFOs a method is needed which is practical, rigorous, cost effective, and
suited to the needs of nuclear power in general and the Canadian situation in particular.
Cost and technological complexity will tend to rise as we move to increasingly sophisticated
assessment methods. A method may be desirable in principle, but be impractical given the
properties of a particular simulator. The confidence which we can place on an assessment
is ultimately limited by the confidence which can be placed in the method of data collection,
the certainty that the measures are relevant to plant safety , and the reliability and validity
of the method.



The use of simulators as part of the assessment procedure has face validity, and is usually
welcomed by candidates as an adjunct to paper and pencil examinations. A good simulator
can bring a high degree of realism to the testing situation, both in terms of the actions
required, the time stress, and the possibility of subjecting the UFO candidates to unexpected
events. Hence simulator examinations may seem to be the single best assessment method
for UFO certification. The use of simulators for certification is, however, not easy, and there
is still no standard practice or methodology for simulator-based assessment. Perhaps the
simplest approach is simply to ask a UFO to perform a task in the simulator, and providing
the task is accomplished the UFO passes the test regardless of the sequence of actions, and
whether on the way he makes errors which are subsequently corrected. This is clearly
unacceptable in the context of nuclear power. At the other extreme would be a hypothetical
method in which not merely the UFO's actions but also his speech, intentions and thoughts
could be monitored, to ensure that there was complete understanding as well as skill. This
is technologically impossible.

In this report we first discuss some general questions of the philosophy of certification, and
problems of data collection, definition and measurement. Second, we consider generic
questions of performance measures for certification and how to set criteria for scoring
simulator examinations. Third, we propose a method for providing quantitative assessments
using simulator exercises, followed by specific recommendations for a program to implement
such a method. Finally we briefly consider the results of a field trial which was conducted
at Pickering-B training simulator with the cooperation and assistance of Ontario Hydro to
see to what extent our proposals are practical. Following the conclusions, we present an
annotated bibliography of previous references to simulators for assessment and certification
in the nuclear industry.

By comparison with other topics on which we have prepared reports for the AECB the
literature is extremely sparse. It is only comparatively recently that full scale simulators
have become available widely in the nuclear industry, and there has been little systematic
study of their use for training and licensing. Simulators have been used extensively by the
military for a wide range of training, and by the civilian aviation industry. But the nature
of the simulators, the tasks, and the dynamics of such systems are so different that we do
not feel that much can be gained from that literature. Looking at the relatively sparse
literature we find considerable agreement about the great difficulties which attend the use
of full-scope simulators for assessment. Without exception those who have considered these
problems point to the central problems of determining reliability and validity, and to
problems associated with the choice of scenarios, the training of examiners, with cost, and
with the fact that there are aspects of operator performance which cannot be measured
objectively no matter how sophisticated are the performance measurement systems and data
logging facilities. We are in complete agreement with their findings.



There are two studies which review simulators in general, Jones, Hennessy and Deutsch,
(1985) and Rankin, Bolton, Shikiar and Saari (1984a). The latter is an extensive annotated
bibliography. But reading it emphasises how little is directly relevant to the nuclear
industry. Three studies have considered simulators for training in the nuclear industry,
Rankin et al. (op. cit.), Laughery, (1985), and the anonymous INPO 86-026. The latter does
contain some advice about how to use simulators during licensing examinations, and
mentions most of the topics which we will discuss in this report. But it is little more than
a set of notes, with each topic receiving no more than a sentence or two, and is more in the
nature of a checklist to assist thinking about the topic than a serious guide to how to resolve
the problems involved. A third set of studies deals with the evaluation of simulators, rather
than with the use of simulators to evaluate operators. These are by Laughery, Carter and
Haas (1986), and Laughery and Carter (1986). The former provides a good discussion of
how to collect data, the relation between computer data logging, video recording, subjective
measures, etc., and together with INPO 86-026 offers the best starting point to consider the
topic of the present report. Our own conclusions are close to those of Laughery, Carter and
Haas. Condensed descriptions of these documents will be found in the annotated
bibliography. It is rather alarming to find so little systematic consideration of how to use
simulators for licensing examinations. As we shall see, the topic is far more complex than
it appears at first sight, despite the obvious face validity of the method.

2.0 A FRAMEWORK FOR ASSESSING UFO PERFORMANCE

Whether or not a simulator is used for certification examinations, some general principles
of assessment need to be considered. We begin with a discussion of these, and later
consider in particular how a simulator should be used.

We will often refer to the nuclear power plant system. By system we mean the whole
complex of reactor, generators, controls and displays, etc., together with the personnel at all
levels who operate, maintain and manage it, and the rules and procedures for operation.
A system is an integrated collection of interacting components designed to accomplish a
particular end. Thus a nuclear power plant simulator is a system. An integrated method
of measurement, assessment etc., for licensing a UFO is also a system. The particular
referrent of the word will be apparent from the context in which it occurs. When we wish
to refer only to the hardware of the physical plant and omit the personnel, we will refer to
the plant, whether real or simulated.

To certify the UFO of a system as complex as a nuclear power plant one must measure a
wide range of abilities. These include control actions, mental actions, and social actions. (By
"social actions" we mean interaction with other members of the team of which he is a
member, and with management, maintenance personnel, etc.) One may wish also to
measure not just the timeliness and lack of error in his performance, but the fluency with
which tasks are carried out. It follows that a variety of measures are needed. We can
usefully speak of classes of measurement For example, measures of plant performance
reveal whether the UFOs' actions were correct and effective. Measures of cognitive



performance reveal whether the UFOs thought correctly, made appropriate judgments, etc.
Measures of team performance reveal whether the UFOs interact effectively with other
human members of the system. Measures of fluency reveal whether, although plant
performance remains within acceptable limits, there is evidence of delays, hesitation, etc.
which may suggest that the candidate is as yet not at the peak of ability which good training
can achieve. Each of the above is a class of measurement. In all cases we require
evaluation criteria, values of each measure which determine whether a candidate shows
acceptable competence.

Measurement techniques appropriate to these different classes of measurement vary greatly
in their ease of use, reliability and validity. In addition, we may ask how important is each
class of measurement. Since the easiest to use is probably plant performance, we might ask
whether we need to worry about anything but plant performance. We believe that plant
performance measures alone are not sufficient. This view is supported by INPO 86-026
(1986) which states that simulators should be used to measure proficiency in the areas of
teamwork and communications, diagnostics, use of procedures, systems and procedure
knowledge, log keeping and shift turnover. Most of these characteristics cannot be
determined from plant performance alone.

2.1 System Response Measures

It is interesting that INPO 86-026 does not explicitly consider plant performance and UFOs'
control behaviour as evaluation criteria. If we look at the INPO list, an obvious question
is whether proficiency in the areas mentioned is sufficient to ensure the safety and stability
of the plant. A systematic framework is clearly desirable for organizing assessment.

We shall make use of the term system event In line with our earlier definition of system,
this means any event in the behaviour of any portion of the system, whether human,
software or hardware.

There are seven basic classes of measurement which are plausible candidates for use in
certification. They are :

1. The plant's response to the candidate
2. Actions performed by the candidate
3. The candidate's cognitive performance
4. Diagnosis of plant state by the candidate
5. The candidate's understanding of the system
6 The candidate's performance as a team member
7. The candidate's fluency of performance.

Within each class there are several methods of measurement, and to anticipate, we will
recommend that a weighted average of scores assigned to performance within each of these
classes of measurement is an appropriate overall score for certification. We now consider
the value and difficulty of measures within each of these classes.
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2.1.1 The Plant's Response to the Candidate

Is the candidate proficient in controlling the plant ? The simplest measure would seem to
be the end state of the plant in response to the control actions of the candidate given initial
conditions imposed by the examiners. Is the end state safe and/or stable, or unsafe and/or
unstable ? The candidate would be deemed to have passed the certification test on this
class of system event if the final system state were safe and stable. There are four problems
with such a simple measure. The first is that if each candidate can only be examined on a
very small number of initial conditions, it is unclear at what point we can decide that his
performance was due to skill rather than luck in the choice of incident. The second is that
with a plant as automated as is a CANDU reactor, it may not be easy to decide to what
extent the successful final state is a function of the plant's control systems rather than the
human's actions. Thirdly such a measure does not tell us whether in reaching a final
satisfactory state the candidate may have taken the plant through states which challenged
safety to an undesirable extent. Fourthly, while the final state may be safe and stable, it is
possible that it is not the "best" end state which could have been reached, using the
procedures, from the initial conditions. ("Best" here would be defined by the design criteria
of the plant, and the safety rules of the regulators.) As we shall see, the kind of ambiguity
implied by the last problem should be avoided in a good assessment system, and can be so
avoided by a suitable choice of scenarios.

The use of an assessment criterion based on the "safe and stable end state" requires that the
candidate know what are acceptable plant states which may be entered on the way to the
final safe and stable state. It is useful to think of such a test as being a problem space
through which the candidate must find his way to a solution. The space is defined by plant
state variables, and some regions of the space must not be entered, as they represent states
of the plant which are unsafe or undesirable. In an integrated system of training and
assessment it must be part of the candidate's training to learn which plant states are to be
avoided. He should then reach the safe and stable final state using only acceptable
trajectories through the problem space on his way to the solution. It must be noted that to
define acceptable regions of the problem space is not an easy task. Basic guidelines occur
implicitly or explicitly in Operating Policies and Principles, AECB regulated values, design
specifications, operating procedures, and standard practice. A solution to this problem will
be discussed later in the report, when we introduce the Status Band concept.

By increasing the level of detail at which the problem space is described, and the amount
of detail that is recorded about the actions of the candidate, we can increase the precision
with which we can assess what he did to reach a satisfactory end state. If the plant (or
simulator) which he is controlling collects detailed records of parameter values and control
actions then information about the latter can be made available for assessment. It should
be noted again that the degree of automation in CANDU reactors may cause difficulties,
in that the trend of a parameter may be due to actions by the automatic controller, to
actions of the candidate, or to their interaction. The greater the detail with which
engineering design, regulatory guidelines, or other documents specify desirable, undesirable



and forbidden plant states, and acceptable or unacceptable parameter values, the greater
the precision with which the candidate's skill can be assessed by reference to the plant's
response to his actions. The problem is to specify accurately the desirable parameter values
for as many as possible of the parameters significant for plant safety.

2.1.2 Actions Performed by the Candidate

To establish that candidates can operate the plant safely, the three measures of most
interest are errors made, the effect of those errors on the plant state, and the timing of
operations. We might define an unsatisfactory candidate as one who makes errors in his
interaction with the plant, or who performs correct operations with inappropriate timing.
It then remains to define what errors to count and what timing margins are acceptable.

What is an error ? Recent research on human error has revealed that many systems of
error taxonomy are in use and that not all are consistent or generally applicable
(Rasmussen, Duncan and LePlat, 1988; Reason, 1990). In the context of certification we
may initially define an error as any deviation from the documented operating procedures
or standard operating practices. Unfortunately this definition turns out to be inadequate,
because often procedures and standard operating practices are written in a way which makes
it difficult to be sure whether a candidate is following them, since they allow considerable
latitude in what counts as following the procedure or practice. Furthermore in some cases
the procedures expressly rely on the memory and skill of the candidate, and do not define
precise actions or sequences of actions. There is also the question of what happens in the
case of events for which there are no specific procedures. Such events of course include
those which have not been foreseen by the designers.

The simplest approach to candidate error would be to prepare a list of expected actions on
the basis of published procedures, to score any other actions as errors without regard to the
severity or consequences of the error, and to make the candidate's score the number of
errors which occurred. This is not acceptable for the following reasons.

An examination of operating procedures reveals that there are certain errors which are so
serious that even one such error should result in the failure of the candidate. For example,
in almost all situations the deactivation or isolation of a safety system would fall into this
class. On the other hand suppose that there are two pumps connected redundantly to a
single pipe and the procedures state that pump A should be started, but the candidate starts
B. He then immediately notices his mistake, switches off B and starts A. It would seem
unreasonable to fail the candidate. There is thus a strong case for prioritising errors before
using them as the basis of certification. For each error or class of errors which is foreseen
by the examiners, a weighting coefficient should be determined by considering the extent to
which the error reduces safety. At the end of the examination, the score of the candidate
is determined by the total of weighted errors. To determine a complete list would be a very
time consuming task, and as pointed out above there will be some situations where it is
unclear whether an action is an error or not, because of the nature of the written



procedures. However, even if a complete weighted catalog of errors is not prepared, there
is obvious advantage in preparing such a list for the most important errors and for the
clearest and most important procedures.

An alternative approach to errors is to relate their occurrence to the effect which they have
on the plant. In this case we would not be concerned with the occurrence of the error as
such. Rather the effect of each error would be assessed by examining the extent to which
it caused the plant to deviate from a desired state, looking at changes in state variables
caused by the error. The candidate's score would be obtained by measuring the magnitude
of the deviation from acceptable plant states caused by errors made during control of the
plant. Here again the efficient automatic control of the CANDU reactor may make it
difficult to assess the effect of human error. One can argue, however, that even if the
candidate makes a "serious" error, but in concert with the control exercised by automatic
systems it does not drive the plant into a state which is seriously discrepant with respect to
design criteria, then it is functionally not a serious error, and should be scored appropriately.
That is, one could measure the combination of the candidate and the plant, on the ground
that this is what matters when a UFO is controlling a real plant.

Related to this problem is that of error recovery. A number of studies have shown that
when people make erroneous actions they usually detect and correct them within a short
time. The time may vary from a second or two to several minutes depending on the task
and the dynamics of the system within which they are operating. Current empirical data
suggests that a person will detect about 75% of their own erroneous actions. On the other
hand it seems that errors of perception and judgment which do not lead to immediate overt
action frequently go undetected. These data are discussed by Reason (1990). They raise
the following problem for assessment. If an operator makes an error but detects and
corrects it before it has time to affect the plant, should this be counted against him in an
examination?

The question of the extent to which the competence of the candidate should be assessed in
isolation or as a component of the system, will arise often in this report. In many situations
in life one would not want to measure a candidate's competence in the absence of his tools.
But since a critical role in UFO performance is diagnostic ability and the ability to interact
with a plant which is behaving abnormally despite the automatic controls, it would seem that
we should require at least some evidence of competence measured independently of the
properties of the automatic controllers.

2.1.3 The Candidate's Cognitive Performance

We use the term cognitive performance to refer to a variety of abilities including perception,
attention, memory, diagnosis, problem solving, thinking, decision making, etc. These are
psychological functions by which a candidate's observations and expectations are converted
into action. By and large they are not directly observable, but they are absolutely central
to the competence of the candidate. Many models have been proposed for cognitive
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processes. These include models of attention and signal detection, memory, and decision
making. Furthermore it is in principle possible to use task analysis to determine what a
candidate should be thinking about at different stages of an incident as he tries to follow
procedures, perform diagnosis, and choose appropriate actions. Since a candidate's cognitive
performance is the means by which observations, expectations, habits and memory result in
a choice of action, it would be highly desirable to be able to assess the quality of cognitive
performance. It is not, however, possible directly to determine what a candidate perceives
or thinks. There are methods which can suggest where a candidate is looking, to what he
is attending, and about what he is thinking. Notable among these is eye movement
recording (see, e.g., Moray and Rotenberg, 1989). But unfortunately these techniques are
impractical for certification settings, since they either restrict the movement of the operator,
cannot be used if the candidate uses contact lenses or glasses, or are very costly and require
large amounts of time for analysis. Furthermore, while eye movements indicate to what
area of the control room a candidate is attending, they still remain only an indirect measure
of the content of thought. Our conclusion is that at present only relatively indirect methods
of assessing cognitive performance are practical.

The problem is compounded in simulator examinations by the need to measure cognitive
performance in real time. That is, we would ideally like to know what the candidate is
observing and what he is thinking about from moment to moment. At some moments the
state of the plant and the content of operating procedures imply that no action is required.
But if we observe a candidate refraining from action, can we be sure that the reason for the
inaction is adherence to the operating procedures rather than a failure to observe and
interpret displayed information ? If there is a range of possible actions all of which are
acceptable, we will at best observe the candidate carrying out one action. Can we tell that
he knows that others could have been used had he so wished? In short, how can we
measure cognitive performance ?

A number of techniques have been developed by psychologists. One is protocol analysis.
The candidate is required to give a running commentary on his own performance, "thinking
aloud", and so provide a record of his thoughts. A recording is made of the running
commentary for subsequent analysis. This method can yield very powerful information,
often enough to allow the construction of a more or less complete flowchart of thought (see,
for example, Bainbridge, 1974). The weaknesses of the technique are also well documented.
Giving a running commentary on one's thought processes is a relatively rare activity, and
may interfere with thinking unless it has been practised. The rate at which someone works
when thinking aloud may be different from the rate of normal working. It is possible that
giving a running commentary may change the way in which a task is carried out, particularly
in teams. Analysing the recordings is time consuming, and requires considerable skill and
domain knowledge by the analyst. Nonetheless, such recordings can, with care, give
considerable and valuable insight into thought processes.



At the other extreme one could rely on the examiner's observation of the candidate to
determine whether the latter has scanned, attended to, and processed the relevant
information, consulted the relevant procedures, carried out the relevant communication
activities and performed the appropriate actions. Detailed checklists derived from task
analvses should be used bv the examiner. The latter follows the candidate about the control
room and records his observations on the checklist. This technique is again difficult,
although practical. And even if a candidate's protocol has not been recorded, the examiner
can ask the candidate after the examination to comment on any unusual features of the
record, to explain what sources of information he was using, his reasons for action, and
whether there were alternative tactics which he might have used. Video recordings are of
great value in checking the record made by the examiner. The accuracy of the examiner as
a recorder of the candidate's behaviour is obviously crucial. There is an extensive
methodological literature on the analysis of verbal and nonverbal behaviour, and the
methods are well validated and well established in behavioural science (Erikson and Simon,
1984; Scherer and Ekman, 1982 ).

Finally, if a complete record of operator actions and system states has been kept, it is
possible to examine the errors which occurred and to deduce from their nature and pattern
the cognitive processes which led to them. It will often be possible, for example, to show
that a particular action could be explained on the assumption that the candidate was
ignorant of a particular fact. Examining video records, audio records, and the time history
of state variables may enable the examiner to determine that at the time the particular
information was displayed the candidate was in a part of the control room where he could
not have seen it, or was busy examining another display or setting a control. It is then
possible to relate these actions to the procedural requirements and plant state, and to decide
whether the candidate truly made an error or was correctly carrying out procedures in an
environment which prevented him from obtaining the information. (For example, the layout
of the room might make it impossible to observe two gauges at the same time although
procedures called for him to compare their values.)

Data about overt actions in real time should, in principle, be collectable. The required
analysis could then be carried out, even if some difficulty were encountered. Throughout
the analysis of cognitive performance there is a considerable element of judgment required
by the analyst. Hence the quality of the assessment will be only as good as the quality of
the examiner's judgment. Obviously the examiner must be well trained, and steps taken to
establish the reliability and validity of the examiner's ability to record and interpret events.
This can be done by asking the examiner to observe an operator who performs a series of
planned actions in scenarios in which he makes deliberate errors. There is no great
difficulty in obtaining estimates of the examiner's reliability and validity, and observational
techniques can be sufficiently reliable if the examiner is adequately trained.
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2.1.4 Diagnosis of Plant State by the Candidate

Because a central role of the UFO is fault management rather than routine control,
particularly in highly automated reactors such as CANDU, it is of great importance to assess
the diagnostic abilities of candidates. This is true even when emergency operating
procedures (EOPs) are symptom based, and when it is assumed that in emergencies the
main role of the UFO is to monitor automatic safety systems. Sooner or later an incident
will occur which is beyond design base specifications, and the course of the incident will
depend on the candidate's ability to understand what state the plant is in. We must
therefore measure the candidate's diagnostic abilities.

The measures used will depend on the level of diagnosis required at the particular plant for
which the candidate is being certified. If the system uses event-oriented procedures the
candidate must be able to diagnose any event for which such a procedure exists.
Furthermore he must be able to decide that he is faced with an event for which no
event-oriented procedure exists if such is the case. He must also show an ability to realise
that he has made an error in diagnosis and to change the diagnosis (and the required
behaviour sequence). If the system uses symptom-oriented procedures which minimise the
need for diagnosis, the accuracy with which the candidate follows the steps of the procedures
must be assessed. Currently even EOPs which are nominally symptom-oriented always
include some element of event-oriented diagnostic activity. Hence to assess diagnostic
ability, both the ability to perform diagnosis and the ability to follow procedures until it is
realised that a different procedure is appropriate must be measured.

The ways in which a simulator can be used to examine diagnostic ability will be discussed
at the end of the following section on ways to assess a candidate's overall understanding
of the system properties.

2.1.5 The Candidate's Understanding of the System

One of the aims of training is to ensure that a candidate understands the properties of the
plant. Training should ensure an adequate knowledge of the components of the plant and
their properties, the functions performed by the different components, interactions among
the components, and the roles of various personnel. One aim of the examination must be
to measure the extent and quality of such understanding. The examination must measure
how much the operator knows about the plant, and his ability to use his knowledge to
reason about the state of the plant and the causes of unusual events, and to initiate
appropriate responses. Since operating procedures are not entirely symptom-oriented, the
operator must often rely on his knowledge to decide on appropriate courses of action.
When some component or subsystem of the plant is to be taken out of service for
maintenance or testing, the candidate must be able to decide what the effects of removing
that subsystem will be before taking any action. Where operating procedures allow a certain
latitude in choosing actions, system understanding will support appropriate choices of
actions. And while perhaps a case can be made that details of an operator's knowledge may
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be relatively unimportant providing that he can behave correctly when controlling a real or
simulated plant, we believe nonetheless that it is desirable to assess the level of factual
knowledge and functional understanding which the operator has about the plant. One
reason is that simulator examinations inevitably can put candidates through only a very small
number of scenarios. Measuring knowledge would allow us to be more confident that had
other scenarios been used, the operator would have been able to handle them.

Nuclear power plants are immensely complicated systems composed of many inter-related
subsystems. The operator must be able to choose appropriate levels at which to think about
problems which confront him. Thinking about the plant at a low level of description can
result in an overwhelming amount of detail. Thinking about it at too high a level can result
in too general an approach. One aim of training must be to develop knowledge about and
understanding of the plant at a level of detail which is appropriate to the problems of
control which an operator may have to solve. Assessment should be directed both to seeing
whether the candidate has appropriate knowledge and understanding for all foreseeable
purposes, and also whether he is able to choose the level of detail at which to analyse the
plant's behaviour.

Clearly it is impossible to determine the complete extent and detail of an operator's
knowledge. What we need is a systematic way to sample knowledge so that a good estimate
can be obtained. The traditional method is to ask operators questions about plant
properties and require written ("essay") answers. Another method would be to adapt the
"walk-through/talk-through" techniques of task analysis (Moray, Senders and Rhodes, 1985).
The candidate would move around the control room or simulator and describe the state of
the plant from the appearance of the displays and controls and the values of displayed
parameters and variables. This technique could be adapted to a paper and pencil format
if it were felt that static pictures of the displays were sufficient. For example Marshall and
Shepherd (1981) have had considerable success in measuring plant operator knowledge by
showing photographs or diagrams of control room displays to operators and asking them to
diagnose the state of the plant from the pictures. The advantage is that a large number of
pictures could be incorporated in an examination, and there would be no limit on the
number of people tested simultaneously. Written responses to written questions and
photographs would allow many people at a time to take the examination, but the
presentation of plant state information would obviously be impoverished. There is some
evidence that recall of information from memory is situation dependent (Baddeley, 1976),
so that trying to recall knowledge in an examination room may be less efficient than trying
to recall information in a simulator facility which bears closer resemblance to the actual
facility which the candidate is going to control. The most obvious advantage of the
simulator is the realism of its appearance and the fact that information can be displayed
dynamically in a way very similar to the dynamics of the real plant. Obviously the simulator
could be used to present static situation information if it were put on hold at some point
during a run. In that case, the display would be more veridical than photographs, but less
veridical than a dynamic presentation The advantage of such a static presentation would
be to allow several candidates to be tested in quick succession or even simultaneously
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without the need for running the scenario for long periods. The weakness of the method
is that it is less realistic than the dynamic presentation. Cost favours the "pencil and paper"
approach: realism favours the dynamic simulator. Given the very small number of operators
who must be examined for certification in Canada there is no reason to use static rather
than dynamic simulation. We will therefore concentrate on the use of simulators for full
scenarios, bearing in mind that photographs of displays could be used as test material to
extend the probing of knowledge in pencil and paper tests.

Given that a dynamic simulator scenario is to be used to measure knowledge, two methods
are possible. In the first, the operator would talk aloud during the scenario, giving his
reasons for actions in terms of his understanding of the plant state. The problems with
interpreting such "protocols" were indicated in Section 2.1.3. An alternative method would
be to have the operator manage a scenario, and for the examiner to keep a complete record
in the form of the simulator data log and video and audio records, and then replay them to
the operator later, asking him to explain his choice of actions at each point. The advantage
would be that the playback could be stopped at any point and the operator asked for his
explanation without interfering with his actual control of the plant. The examiners would
require good documentation about the state of the plant at each point in the scenario,
against which to evaluate the operator's understanding of the plant state since there would
be the possibility of post hoc rationalisation. The checklist could be generated initially at
the same time as the scenario was programmed into the simulator, since the state of the
simulated plant is of course defined by the programming of the scenario. The candidate
would then be scored on the degree to which his description of the states through which the
plant passed in the scenario was indeed the same as that programmed. This method, though
possible, is very time consuming.

If operator understanding is to be extensively sampled, then three possibilities should be
considered. The first is that written descriptions of the plant state symptoms should be given
to the candidate who is asked to diagnose the plant state from the descriptions. The second
is that photographs of the control room displays should be provided and the candidates
asked to diagnose the plant state from the photographs. Thirdly, groups of candidates
could watch the displays in the control room as a scenario was run, and independently make
notes about the plant, from which they would make written diagnoses. Several short
scenarios could be run in the time normally taken to run one full interactive scenario, since
each would only have to run for long enough to reach a point where a diagnosis was
required, rather than running to completion under the candidates' control. This will be
discussed later in the sections on implementing a practical system.

This section has emphasised knowledge which is needed to diagnose abnormal incidents.
But its implications are equally applicable to the more general problem of understanding
the system during normal operation; that is, knowledge which supports the operator's
understanding of why particular automatic or manual control actions are chosen to control
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the plant during normal operation. Such understanding will mean that when intervention
is required the operator will be closely coupled to the state of the system.

2.1.6 The Candidate's Performance as a Team Member

Assessment of team behaviour is very important. The ideal team is one in which every
member can depend on every other member to perform correctly, and it is important that
a candidate's trust in his colleagues should not override the need to confirm that his
commands have been carried out, and that the information provided to him is accurate.

The highly automated nature of CANDU reactors means that during normal operations a
single UFO can control a reactor. None the less such an operator is a member of a team,
which includes the Shift Supervisor, other UFOs , maintenance personnel, and any other
people with whom it may be necessary for the operator to interact. When managing an
abnormal incident this is even more true, because of the interaction between the person at
the control panel, the person handling the procedures, other operators who may join the
team on a temporary basis, and other people with whom communication must be established
using telecommunication links. There will be a great deal of interaction during incidents
and emergencies, and a candidate should show an ability to work well as a member of a
team. He must be able to perform the necessary diagnostic and control tasks. He may have
to request the help of others, or to give help to others in order to reduce their workload.
He may have to provide or receive decision support, and interpret or provide instructions
or information. Once a situation develops in which the candidate is behaving as a member
of a team, another member of the team could conceivably deliberately supply misleading
information, or might make an error in carrying out the candidate's instructions. It is
necessary to assess whether the candidate will notice such events, and if so, will be able to
cope with them. The team situation emphasises that it is not merely the plant which may
develop faults. Other members of the team may make errors, thus causing even a normal
plant to deviate from the path through the problem space which the candidate expects it to
follow.

We will begin by describing an "ideal" method to assess the quality of behavior as a member
of a team. We think there are overwhelming reasons to think this method is in fact
impractical, but to discuss it introduces important aspects of measurement.

The best way to assess the ability of an operator to act as a team member would be to
develop a team which could be used to measure his ability. The team would be composed
of people trained to proficiency in the roles of UFO, Shift Supervisor, etc. This team would
be part of the assessment personnel, either employed by AECB or by the utility. The only
person present during assessment who was not a member of the team would be the
candidate. The latter would be aware of the fact that the other members of the team were
"actors" rather than "true" operating staff. Scenarios involving incidents of various kinds
would be run with all members of the team playing their roles as efficiently as possible.



14

Two measures would be possible with such a system. The first would simply assess the
efficiency with which the candidate interacts with the other members of the team. The
clarity and conciseness of his communications would be measured, and any ambiguities,
incomprehensible commands, nonstandard language etc. would be noted and would incur
a penalty. The extent to which this assessment would be truly objective would depend on
a number of factors. For example, the number of occasions on which other members of the
team had to ask for a communication to be repeated could be measured objectively. The
number of occasions could be noted when another member of the team performed an action
or provided information in response to a request by the candidate, and the action was
incorrect because of a misunderstanding of the candidate's communication or because of a
wrong request. Other such measures could easily be defined. In all these cases the "actors"
would behave honestly and do their best to be good operators. The efficiency of the
candidate as a team member could be assessed directly as percentage scores on the variables
defined. It would not be as easy to assess the candidate if he were interacting with a team
composed of normal operators. They could go out of their way to make things easy for him
or to cover up mistakes, and there would be no guarantee that from one day's assessment
to another the other members of the team would have equal skill. The idea of an
"assessment team" is to standardise, as far as possible, the abilities of those other than the
candidate involved in the assessment. A possible problem is that if the candidate has
trained with a particular crew it might penalise him to make him work with a team of
strangers. On the other hand, if he can do well in such a context, he will probably do better
with his normal team, so that such an assessment would be conservative.

The second way in which an assessment team could be used to measure the teamwork of
a candidate is for the team to make deliberate errors. This would mean defining detailed
roles for the members of the team when the scenario is planned. During the incident, one
of the assessment team would deliberately give the candidate incorrect information, or an
incorrect instruction, or would incorrectly carry out a command, or perform an incorrect
control action. The measure of the candidate's efficiency would then be the time taken to
notice the deliberate error, and the quality of the performance in recovering from the error.
Expected performance in recovery from the error would be based on operating procedures
or standard operating practices (SOPs) in the light of the state of the plant caused by the
error. Here again the candidate would be aware that the other members of the team were
part of the assessment team, and here again there would be some degree of standardisation
because of the stable composition of the other members of the team.

The problems of such methods are fairly obvious. The members of the team would not be
those with whom the candidate was used to interacting. They would almost always be less
well practised on the particular plant at which the assessment was being carried out than
the people with whom the candidate normally interacts. Their behaviour might not be a
perfect copy of usual practice at a particular utility. It might be considered ethically
objectionable to try to "trick" the candidate by making deliberate errors. But the candidate
would be if anything more than usually alert because he would be expecting an error, so that
despite the deliberate bad performance, he would not be likely to feel that he had been
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examined in an unfair setting. Another problem is that of cost effectiveness. It would
clearly be very costly to maintain a fully trained team of operators whose skills are
equivalent to qualified candidates and Shift Supervisors, and who are, moreover, up to that
standard of skill on severa) reactors. Given the small number of operators in the Canadian
situation, this approach may be deemed by the AECB and the utilities to be too costly.
Performance as a team member, however, is a most important class of operator skill, and
should be measured.

Although we do not believe that this method is practical, the points it raises are important.
To consider it in detail draws attention to the questions about team behaviour which are
most important. If the candidate is assessed while working with his usual team, audio and
video recordings could be made and analysed off line to supplement manually recorded
observations made by the examiners. Conciseness and clarity of communication, ambiguity,
time to initiate or respond to communication, the number of times the candidate is asked
to repeat a communication, etc., must all be measured. The major problem would be to
assess to what extent communication skills and team behaviour by the candidate are
inherently good, or are being supported by other members of his team. This is important,
because knowing the inherent quality of team behaviour will allow one to assess the ability
of the candidate to operate in any team, rather than the one in which he was assessed.

2.1.7 The Candidate's Fluency of Performance

To measure fluency is to measure the degree to which a candidate performs his tasks not
merely correctly but rapidly and without any hesitation. It is a more subjective quality of
performance than the number of errors, the time taken to respond, or the efficiency of
communication. It is not even entirely clear that it is a necessary quality of a good operator.
But it seems reasonable to desire fluent behaviour because it will minimise the time
required for an operator to perform his tasks, will reduce the amount of unnecessary
communication and unnecessary action, and in so doing reduce the workload of the
candidate and of other members of the team. In the general psychology of skilled
behaviour, fluency is generally a characteristic of skills which are highly developed, so that
its existence is a sign that candidates are well prepared for a variety of tasks. Because
conscious problem solving behaviour is slow and hesitant, fluency is a sign that behaviour
has become "skill-based" or "rule-based" rather than "knowledge-based" to use Rasmussen's
distinction (Rasmussen, 1986). Kozinsky and Pack (1982) report that fluency is related to
operator efficiency.

A measurement of fluency must of necessity include some degree of subjective judgment by
the examiner. Two possible objective measures which would have to be validated before
use might be the number and duration of delays in performance, and the number of times
that the candidate reverses an action, countermands an order, or unnecessarily rechecks a
reading. We believe that fluency is probably an important measure of proficiency, but we
do not feel confident at this time to state how it should be assessed, nor how it should be
weighted in an overall score. A small research effort should be supported into fluency, with
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a view to seeing whether work on developing methods to measure it are likely to be cost
effective in view of the goals of operator certification.

3.0 DATA COLLECTION, MEASUREMENT. AND ANALYSIS

Data collection methods range from informal observation, through systematic pencil and
paper records, to full scale computerised data logging of plant parameters and display and
control settings. Methods of measurement can range from subjective ratings to objective
statistical analysis of the data logged by the computer. There is an intimate connection
between decisions about methods of data collection and methods of measurement, since the
precision of data determines the limits of measurement, and decisions about what an
assessor wants to measure define the data required.

It is important to remember that the ultimate requirement is a practical method of assessing
the abilities of a candidate for certification as a UFO. It should be a cost effective but
accurate way of measuring the candidates' skills. There is no reason to collect more data
with more precision than will satisfy the needs of certification. What then is the level of
measurement required? For example, is a simple "Pass/Fail" criterion adequate ? If so,
the data collection and measurement requirements are considerably simplified compared
with the requirements for an accurate measurement of how far below or above the
minimum qualifications a candidate may be.

LOW HIGH
Reliability of Measurement >
Quantity and kinds of Data >
Complexity of Methods >

Cost >
SUBJECTIVE MEASURES OBJECTIVE MEASURES

FIGURE 3.0.1
FACTORS RELEVANT TO CHOICE OF MEASUREMENT

We believe that more than "pass/fail" grade is required, because the level of competence
and training is important to decide on such matters as retraining and requalification. It will
therefore be necessary to consider how measurements from different data sets can be
combined into a single overall score such as a percentage, or at least a number on an open
interval from zero upwards.
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The more precise the measurements required, the more data and kinds of data to be
collected, and the more reliable the final assessment score, the more costly the assessment
method will be. The relation is shown graphically in Figure 3.0.1.

It is relatively cheap to obtain data in the form of subjective impressions or subjective
estimates. On the other hand to collect and analyse data using the full power of a simulator
computer implies additional cost. In theory much of the cost may be already amortised in
the initial cost of the simulator. But it is common to find that simulators either do not have
any data logging capability, or, if they have such ability, that it is rather limited and
adequate software for using it for assessment purposes has not been written. The cost of
further development can be considerable, although viewed over the expected lifetime of a
nuclear power facility, and as a fraction of the total cost of the system, it will be trivial in
terms of the utilities' investment, taking into account the enormous penalties which will be
incurred if an inadequately trained operator causes a major accident. The decisions about
data collection, measurement, and assessment require close cooperation between the
regulators and the utilities in order to make a rational decision about a level of precision
appropriate to the number of people to be trained and certified over the expected lifetimes
of the power plants.

3.1 Subjective Measurement

Subjective measurement depends to a great extent on the skill of the observer who collects
the data. The observer watches the candidate performing the task, and collects data about
that performance using a predetermined method of measurement. Data can range from
verbal qualitative judgments about the overall impression made by the candidate, to the use
of a hand-held keyboard or portable computer with a fixed number of categories into which
the observer subjectively classifies the candidate's behaviour from moment to moment.
Subjective observations made during a simulator exercise should be supplemented by audio
and video recordings which can be used later to check the real-time record. Scores derived
from subjective measurements always depend, to some extent, both on the skill of the
candidate and on the skill of the observers who act as examiners.

Subjective measures are not inherently unreliable. When the method of data collection,
the method of analysis and categorisation of the data, and the methods of statistical analysis
have been carefully developed and standardized, subjective measurement can be highly
reliable. For example, it is widely agreed that the most reliable methods of measuring
mental workload in aircraft pilots are carefully constructed subjective scales. The technology
of subjective rating scale production is highly developed. For example, one can design a
subjective scale on which the observer records judgments about the quality of the candidates'
performance on a 10-point scale. By appropriate statistical techniques it is possible to
ensure that the ten points on the scale are equally distant from one another, just as are the
markings on a thermometer. Furthermore it is possible to determine the statistical
reliability of judgments on the scale, so that a degree of confidence can be placed, in a
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statistical sense, on the ratings. A quantitative decision can be made about how many
observations are needed for a given degree of precision. The construction of subjective
scales is not a matter for amateurs, however, but should be put in the hands of qualified
experts.

A particularly clear example of how a scale can be constructed is given by McDonnell
(1968). Where several examiners act as observers, statistical techniques can be used to
combine their ratings into a more reliable estimate. There exist powerful statistical methods
for handling categorical data, that is, data which does not rank the observations from low
to high , but merely assigns observations to different categories. A detailed discussion of
several scaling methods in the context of the nuclear industry can be found in Seaver and
Stilwell (1983), although the critical comments of Moray (1989) with regard to some of their
recommendations should be noted. Whenever subjective methods are used, the full power
of available statistical techniques should be applied to maximise the reliability and validity
of the scores obtained. In recent years methods have been developed to discover what are
the most important dimensions of complex performance to measure (Rosa, Humphreys,
Spettell, and Embrey, 1985). Such methods should be used to define the dimensions to be
included in any scale.

When using subjective methods there may be difficulties in observing exactly what happens.
The candidate may move rapidly from place to place and the observer may find it difficult
to keep up and at the same time make accurate notes. It will often be difficult or
impossible to be certain whether an operator has or has not visually checked the value of
a displayed variable. If he walks over to the display, touches it with his hand, and speaks
aloud the value displayed, there should be little or no ambiguity in the record made by the
examiner. But if the operator merely glances across the room from a distance of several
metres, it will be impossible for the observer to know what he was observing. Similarly, it
will be impossible for subjective observations to contain any direct records of the thoughts,
intentions, or cognitive processes of the operator. It should be noted that these limitations
do not apply to subjective methods only. As stated earlier, there are no techniques available
for observing such things directly.

Valuable information can be obtained by interviewing or "debriefing" candidates after the
examination. Often ambiguities in the records made by the examiners can be removed if
the candidate is taken through the record and asked what he was doing and why at
ambiguous points. Obviously one must distinguish between explanations on the one hand
and attempts on the other to change the record to a more favorable one by explaining away
errors. But usually such debriefing is very acceptable to the candidate as well as useful to
the examiner. It plays a similar role to the traditional "viva voce" examination following
written examinations in many universities. It provides a last chance for the candidate to set
the record straight about any misinterpretations which the examiner may have made. Such
corrections can only be allowed to play a relatively minor role in the overall assessment, but
they should not be disregarded on that account. At the least they may indicate ways in which
the assessment techniques can be improved on future occasions.
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Subjective observation can be made quasi-objective if a rigorous scheme of behaviour
classification is adopted, or if some of the well established methods of ethological
observation are used (Scherer and Ekman. 1982). For example, an examiner might be
assigned the task of recording any errors made by the operator. This would require him to
have a checklist derived from operating procedures, so that he would be able to check off
each step performed by the operator. This checklist would to some extent "objectify" the
observations of the examiner. Even with such a document it may be very difficult for him
to identify errors of observation or even of action, if controls are placed close together, or
the operator appears to look at a display but in fact does not. Moreover, as mentioned
earlier there is considerable evidence that people frequently correct incorrect action though
not incorrect observations, and there will be problems of knowing whether to count a rapidly
corrected error as an error or not. (Notice that this is equally true of "objective" data.)

These remarks about subjective assessment methods apply equally to a standard simulator
exercise in which the candidate operates the simulator for the full duration of an incident,
or to other methods mentioned in Section 2, such as halting a simulator from time to time
and asking questions about the state of the plant, or a "walk-through/talk-through" protocol
analysis. The precision and reliability of subjective measurement do, however, ultimately
depend on the quality of the observer. There is always the danger of personal bias or
inconsistency introducing distortion into the measurements. Examiners using subjective
ratings must be thoroughly trained, and the measuring instruments, (ratings, classification
techniques, verbal descriptions, etc.) validated and tested for reliability. Experts in
subjective techniques must be used, who are familiar with the methods of measurement, with
the techniques of observation, and also with the tasks which the operators perform, since
judgments and interpretations, and even what is observed to happen, depend on a deep
understanding of the nature of the tasks that the candidates are performing. It follows that
either examiners who are familiar with nuclear power plant operation will have to be trained
to perform subjective judgments, or experts in subjective measurement techniques will have
to be made familiar with nuclear power and the details of its
realisation in each plant in which certification examinations are held. (This is often referred
to as the need for "domain specific knowledge".) We believe that either of these alternatives
is acceptable in cost benefit terms, and should a decision be made to include subjective
ratings, the matter will probably be best decided on the basis of the availability for training
of nuclear experts in the staff of the assessment teams.

We should note here that although much of this report tries to establish an objective and
quantitative method for assessment in full scope simulator examinations, we shall in the end
conclude that there are probably insuperable problems to do with establishing the reliability
and validity of such methods, however desirable they may be in principle. This will lead us
to conclude also that from a cost effective point of view it may be necessary to concentrate
on well developed subjective methods. Consequently this section of our report, and the
references and methods mentioned herein, are particularly important from a practical point
of view.
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3.2 Objective Measurement Methods

We define objective measurement methods as any methods of measurement in which data
are collected according to a clearly specified rule or algorithm, whether by human or
machine, and where human judgment plays a minimal or negligible role. If an examiner is
required to judge whether or not a candidate looked at a particular meter and observed its
displayed value, that would be a subjective measurement. If the amount of effort made by
the candidate were measured on a rating scale by the examiner, that would be a subjective
judgment. If on the other hand the examiner saw the candidate call up a particular display
on the CRT screen, and write down a number displayed on the screen, and the observer also
wrote down the identification code of the screen and the number written down by the
operator, that would be an objective measurement. If the examiner were to record a
physiological variable such as heart rate o: heart rate variability as a measure of effort, that
would be an objective measure. If a simulator were fitted with data logging facilities, so that
a time history of the state variable values of the plant could be recorded, together with the
values of displays and the settings of controls, etc., that is objective measurement.

To be more exact, such methods are objective methods of collecting data, or of making
observations. Measurement is always to some extent subjective, in that decisions must be
made as to the level of precision to be used, and as to what counts as an event in a
particular category. In objective methods the possibility of error due to mistakes of
perception or of recording by a human observer are minimised.

Consider the case where full scale data logging facilities are available. Sets of data are
available which represent a time history of variables. The examiners can set criteria for
what ranges of values are acceptable, what ranges marginal, and what ranges unacceptable.
The computer could then be used to measure the number of occasions on which variables
entered unacceptable ranges, and the duration for which they stayed there. These
computations could be performed according to predetermined algorithms, and from them
could be derived a score. If the computer were also provided with algorithms for combining
scores on different sets of data, and with criteria for pass/fail or grading, the entire
assessment system would be as objective as possible. The only subjective element would lie
in initially choosing the criteria, and that is a subjective decision in any assessment
procedure.

Objective measurement can minimise personal bias on the part of examiners, and the
algorithms involved can be determined on the basis of expert opinion, discussions between
the regulators and the utilities, and on past records of effectiveness in certifying candidates
who subsequently perform well at their job. As large an element of objective measurement
as possible is desirable. We shall see, however, that problems of reliability and validity may
nonetheless rule it out. The initial implementation of hardware and software may be costly.
But if, when a simulator is ordered, the design specifications include the ability to log data,
perform statistical operations on it, and implement scoring algorithms, the cost will be
absorbed into the overall cost of the nuclear power plant system and will become negligible.
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A running cost will be incurred due to the need to maintain a staff of programmers to
upgrade the software from time to time, and for hardware maintenance, but again, these
costs already exist where a simulator is in use. Providing that it is possible to ensure the
security of archival records and examination scenarios, the utility computer staff can be used
to maintain the data logging and assessment software so that here again no extra cost would
be incurred over the basic staffing of the simulator.

Initial design of an objective measurement system will be costly. In order to convert the
recorded data values to scores in an examination, the data have to be related to desirable
criteria. Detailed task analysis and engineering analysis is needed to decide which variables
should be recorded, and which carry the most important information for assessment. Every
turn of a knob, activation of a switch, interaction with the display and process computers,
etc., must in principle be recorded, time stamped, and identified. The quantity of data thus
obtained tends to become enormous and unwieldy even if data compression techniques are
used (Kozinsky and Pack, 1982). Furthermore, if scoring is to be automatic, it will be
necessary to write software which will know, for any plant state, what are acceptable and
unacceptable paths through the problem space, and it is not clear to what extent this is
possible, since the computational task seems prone to combinatorial explosion. Operating
procedures constrain possibilities somewhat, but the combinatorial problem remains
formidable. Obviously if algorithms are not adequate to simulate all plant states, the use
of any method must be limited to those scenarios for which realistic simulation is available.

If it were to prove impossible to define all acceptable paths in advance, then a series of
validation exercises or Monte Carlo1 simulations would have to be run, in which a wide
range of possible inputs were simulated for a wide range of plant conditions, and data
obtained on the response of the simulator to all such combinations of plant conditions and
operator inputs. Even if the exercises had to be run as real time exercises with operators,
their advantage would be that a small set of variables could be identified which were
sufficient to identify satisfactory and unsatisfactory control of the plant. When these had
been identified, then that smaller subset would become the set recorded and used for
assessment, rather than the very large set of potentially valuable data. Given that many

1 A Monte Carlo simulation is one in which stochastic methods are used to sample
possible outcomes rather than attempting to explore all possible outcomes exhaustively.
Many replications of a scenario are run using random numbers to represent the actions
which the operator might take. The random numbers are chosen according to a known
statistical distribution, and the results form a statistical distribution whose parameters
provide a probabilistic description of the range of possible outcomes over the sampled range
of possible actions. The method allows a relatively economical sampling of a range of
alternatives, subject to the laws of sampling theory which are well understood in statistics.
Since no real people are used, the simulation can in principle be run faster than real time,
providing a further economy.
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sensors in a plant are redundant or highly correlated, it is certain that research to identify
efficient subsets for use as assessment indicator variables would be worthwhile. This is a
fundamental problem in using objective data logging methods, and should not be
under-rated. Even a large computer's memory can be swamped with data, and the ability
of examiners to see the wood of certification amid the trees of state variables can easily be
overwhelmed. It is most important to identify the subset of data which is essential for
assessment, and to reduce its size to a minimum. This can only be done as a cooperative
effort of utilities, design engineers, regulators, and even operating personnel. If too limited
a set of variables is chosen, it will limit the scenarios which can be used effectively for
assessment; if too large a set, the problem of scoring and interpretation becomes
unmanageable. What is wanted is relevant information, not just data.

It should not be thought that an objective measurement system can solve all problems. For
example, Sheridan (personal communication) has noted that scoring criteria themselves may
be difficult to apply. Figure 3.2 shows two cases where a variable enters an unacceptable
region. The total time which the variable spends in the unacceptable region is almost
identical in the two cases. But if we were to count each entry into the unacceptable region
as an error, there is six times the number of errors in one case as in the other. It is left to
the reader to confirm that it is also possible to have cases where a shorter total time in
the unacceptable region results in more errors, where fewer errors result in a longer time
in the unacceptable region, etc.



23

••J point

unacceptable region
variable

\

variable

B

-

A

FIGURE 3.2 EFFECT OF SCORING CRITERIA ON
"OBJECTIVE" SCORING

Note that if the value which defines the unacceptable region were to be raised or lowered
slightly, the measures would again be different. An objective measurement system is
objective only once its users have made decisions about criterion levels. Those decisions,
while based on sound engineering and reliability analysis, are themselves subjective. Indeed
it is useful to include subjective methods such as those described earlier which may throw
light on the causes and purposes of operator's behaviour. It may be that an operator has
an entirely satisfactory reason, and one which the examiners would find acceptable, for
allowing the system to make "unacceptable" excursions. The need to include such subjective
modification of objective methods should be minimised by choosing appropriate scenarios,
ones for which operators' actions are sufficiently well defined either by existing operating
procedures and SOPs, or by the training received.

It is also obvious that objective methods in the sense of computerised recording cannot
directly measure cognitive behaviour. The latter will have to be inferred from patterns of
objective measurements. For example, if an operator monitors the plant by calling up
screens on a CRT, that kind of monitoring will be logged. If on the other hand he monitors
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merely by moving his eyes over the displayed information, the data logging equipment will
be unable to record such monitoring. No satisfactory method of measuring monitoring
behavior exists other than eye movement recording, and this latter is not practical in the
present context. It follows that if information about cognitive activities is required, some
combination of objective and subjective methods, including video and audio recording,
subjective recording by the observers, analysis of protocols, etc., will be needed.

What we have referred to as objective measurement methods are sometimes called
Performance Measurement Systems (PMSV A description of such a system will be found
in Kozinsky and Pack (1982), which is summarised in the annotated bibliography attached
to this report. The aim of all such systems is to record all changes in state variables and
controls during a simulation, so that the most complete possible objective record exists of
the events which took place. In some cases, steps are taken to record only changes in
variables, so that the data set is reduced to a more manageable size, and the deterministic
nature of the simulation software can then be used to reconstruct the missing data if
required. The system described by Kozinsky and Pack has been used in a number of
studies, for example by Beare, Dorris, Bovell, Crowe and Kozinsky (1984) in their study of
the time-reliability curves for human error. It is surprising to find that rather few training
simulators are provided with such data logging systems. But even when they are, much data
about the interaction of operators with the simulated power plant will still go unrecorded
for reasons which have already been discussed. Any decisions about implementing a PMS
should be made in the light of how the data are to be used, for training, for assessment, for
system redesign, etc.. As we shall repeatedly point out, what PMSs collect are data. What
is useful is information. The distinction will become clear as we proceed. Existing PMSs
are almost always completely unselective in the data they collect unless specific choices are
made subjectively by their operators.

3.3 Summary of Measurement Methods

Before deciding on a certification method using simulators, it is necessary to decide on
criteria which define satisfactory performance. The most obvious of these is the ability of
the candidate to keep the plant within safe limits during operation. This can be measured
objectively using a performance measurement system in which the simulator computer also
acts as a data logger, and applies data reduction and scoring algorithms to the records
obtained. These provide objective scores once the criteria have been decided. Objective
scores can also be obtained from observers using checklists to see whether candidates follow
SOPs and operating procedures correctly. Such scores may be usefully supplemented by
subjective measures, especially if it is felt desirable to assess the extent to which the
operator's behaviour is fluent, whether monitoring is efficiently performed, and where it is
desired to gain insight into the thought processes of the operator. Subjective measures
should be designed with technical rigour using the measurement, analysis, and observational
techniques which have been developed by psychology in the light of measurement theory,
and other sophisticated ways of reducing the variance and bias of subjective measures.
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4.0 PRACTICAL PROBLEMS OF PERFORMANCE MEASURES FOR
CERTIFICATION

The latest generation of training simulators, even if not perfect, provides unprecedented
power realistically to simulate events in nuclear power generation. Furthermore, at least
some of them have been designed to collect and store data during simulation. But there has
been little discussion as to what should be collected. Most PMSs record all values and all
changes in all variables, up to the limits imposed by the bandwidth and the data storage
capacity of the computers. What should be done with the data is usually left to be decided
later. This is not a cost effective approach, nor is it appropriate in a certification tool.

One must distinguish between data and information. The former are simply a set of
measurements made on a set of variables, without any context or meaning beyond the values
of the variables as a function of time. The latter, information, is a set of data chosen in
order to resolve a particular question or to reduce a specific uncertainty. It is selected
precisely because the measurements make sense relative to some specified goal. In the
present context, we need to ensure that the simulator provides information relevant to the
certification of operators. Only those data need to be collected which will support the
decision as to whether the competence of a candidate is sufficient to pass the certification
examination. To collect any other data is, with regard to certification, unnecessary and a
waste of money, whatever other virtues there may be. Can we describe general rules which
should guide the selection of information in a simulator exercise ?

Consider first what can be measured without the use of a simulator. A certification system
for candidates may include written and oral examinations in addition to simulator tests.
Written examinations are probably the more efficient way of examining the full range of
general and specific knowledge which an operator has of the nature of the plant , and
nuclear physics and engineering in general. Oral examinations can be used to clarify written
answers where they are ambiguous, and to give a candidate an extra chance to show that he
has more knowledge than he may be able to write about under pressure. (Many people
seem to be truly "bad at exams", and do less than justice to their ability in a purely written
examination.) But a person may have sound theoretical knowledge of a subject and still be
unable to put it into practice, so some means of assessing practical skill, as distinct from
theoretical knowledge, is required. Not everyone who understands the theory of grammar
is a good writer, nor are professors of aerospace engineering necessarily good pilots. Recent
research has emphasised that there is often a very significant difference between practical
skill and an operator's ability to describe his skill verbally. Practical skill frequently exceeds
verbalisable knowledge. It is for this reason that simulator examinations are so important
in assessing task relevant cognitive abilities. It is in the assessment of practical skill that the
simulator should play a distinctive role. Aspects of knowledge and skill which have been
tested in "classroom" examinations do not need to be retested on the simulator. Rather its
role should be directed to those abilities which benefit from realistic action settings for their
assessment. Either explicitly or implicitly these are the seven classes of measurement listed
in Section 2.1. (Diagnostic ability can be tested to some extent in written answers, and some
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of the other classes of ability to a lesser extent. But we believe those classes of
measurement to be particularly appropriate for simulator exercises.) A good discussion with
detailed recommendations about measurement will be found in Laughery et al. (1986).
While we do not agree with all their recommendations, theirs is probably the single most
thorough discussion of simulator based assessment from a practical point of view.

4.1 Performance Measurement Priorities,

What measures of performance have the highest value as information for certification ? We
require measures relevant to the seven classes listed in Section 2.1. These were the plant's
response to the candidate, actions performed by the candidate, the candidate's cognitive
performance, diagnosis of plant state by the candidate, the candidate's understanding of the
system, the candidate's performance as a team member, and the candidate's fluency of
performance. The problem is to decide what measures of performance assess the quality
of each of these classes of measurement. Measures so identified are the only ones which
need to be collected for the purposes of certification. We suggest that there are four kinds
of measures which collectively provide the necessary information. They are:

1. Plant state as measured by plant parameter values.
2. Operator actions in controlling the plant.
3. Measures of system knowledge and of diagnostic ability.
4. Measures of teamwork and communications skills.

The rest of Section 4.1 contains the core of our suggestions for objective assessment using
a full scope simulator.

4.1.1 Plant State as a Measure of Operator Skill.

The basic data collected for this kind of measurement are values of the plant parameters.
More precisely, we propose to measure not the exact values of the parameters, but what we
will call the plant parameter status. We determine whether the values of any or all of the
parameters are within a range which is completely acceptable, whether they are in a range
which is unusual but does not actually challenge the safety systems of the plant, or whether
the parameters are in a range which is unacceptable. We do not need to measure every
possible plant parameter, since many of them are either not relevant to a particular scenario
or are not related to safety in any immediate way. Furthermore many are correlated or
mutually redundant. It is necessary to identify that subset of parameters which is tightly
coupled to safety, much as is done in defining the variables chosen for the Safety Parameter
Display System in U.S. plants. The task of the operator, working with the automatic
engineered safety systems, is to keep the plant safe and meet any challenges to system
integrity and safety. Given that definition (or any other which may be chosen by the
regulators as a matter of policy), the choice of specific parameters becomes a matter for the
regulators, utilities, and design engineers.
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The values of such parameters once defined should be recorded continuously during the
simulator exercise. Either through the actions of the candidates, or as a result of the
scenario chosen by the examiners and programmed into the simulator, the parameters may,
at some time or times in the scenario, make an excursion into unacceptable regions. The
score obtained by the candidate will be related to whether he successfully returns the
parameters to the acceptable range, and how long he takes to do this.

We propose that for each scenario the ranges of parameters are defined as "Green Band",
"Yellow Band" and "Red Band" regions. We refer to these bands henceforth as plant
parameter status bands. As long as the plant parameters stay in the Green Band,
performance is satisfactory. Excursions into the Yellow Band resulting from inadequate
operator actions should incur a penalty. Excursions into the Red Band are unacceptable.
If a parameter enters a Red Band, the candidate fails that particular simulator exercise. We
shall return to the question of scoring in Section 6.3.1, but to anticipate, the frequency of
occurrences of Red and Yellow Band excursions due to inadequate operator actions, and
how long the plant parameters stay in the Yellow Band, are data to be used as operator
performance measures.

The particular parameter values which define Green,Yellow and Red Bands depend in a
complex way on the choice of scenarios, the recent past history of the plant, the actions
required from the operator, and the state changes required as the operator returns the plant
parameters to the Green Band from a Red Band excursion imposed by the incident
scenario. Assessing the quality of the operator as such is difficult, and may not be possible,
in a system which is as heavily automated and computer controlled as the CANDU. This
does not matter, since, after all, we are not interested in assessing the abilities of the
operator in the abstract, but precisely as a component of the CANDU human-machine
system. It is precisely the virtue of the simulator exercise, as compared with the written or
oral examinations, that it allows us to see the candidate tightly coupled to the dynamics of
the CANDU and its computer control systems.

How should the status bands be defined ? In some plant states there will be no doubt as
to what are the acceptable, unusual, marginal or unacceptable values of parameters. During
normal operation, when the simulator is simulating normal undisturbed operations, all
parameters will be in the Green Band unless the simulator is faulty. But following the
occurrence of a simulated incident the situation changes. Suppose that a Loss Of Coolant
Accident is simulated, and some of the plant parameters are driven by the simulator into
the Red Band. The well trained operator should follow Emergency Operating Procedures
(EOPs) to return the plant to safe status. We have described his actions as navigating
through a problem space, and there may be more than one acceptable route through the
problem space to safe plant status. Very few EOPs are written with such precision that one
and only one set of actions, and one and only one path through the problem space are
defined. In many EOPs there is some latitude for the operator. In some incidents there
may be enough latitude for him to navigate the plant along an unexpected path, and the
sequence of plant parameter values may not be those expected by the examiners, so that the
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duration that they are in Red Bands or Yellow Bands may be unexpected. Likewise the
time history of recovery may be unusual. If scenarios used in certification examinations
include those with latitude or ambiguity in operating procedures then problems will arise
in defining Green, Yellow and Red status bands. If on the other hand scenarios are
carefully chosen in relation to operating procedures and training practice as well as in
relation to challenges to plant safety, then ambiguity can be avoided. (It must be made
clear that in speaking of "green", "yellow" and "red" bands, we do not of course mean that
any such bands are displayed anywhere in the control room. These bands are numerical
criteria applied when the logs of the scenario are retrieved from the computer's memory and
scored by the examiners.)

The only subjectivity of such a test would lie in the initial choice of the criteria for
acceptable or unacceptable parameter values, and the choice of a transformation of the
parameter values into scores. Once the criteria are chosen, the entire exercise becomes a
completely objective matter of measuring parameter values and times. The subjectivity of
criterion choice will be reduced by relating the width of the status bands to the design
specifications of the plant, and regulatory requirements, the two being reflected, for
example, in the set points defined in existing operating procedures. But the values relevant
to a particular scenario will require detailed task analysis and analysis of simulator runs
prior to the examination in order to calibrate the task as an assessment instrument.

Timing should be included as part of the score. If a candidate successfully restores plant
stability, but takes a very long time to do so, he should receive a less favorable score than
if he performs the same sequence within the time specified by operating procedures. The
justification for this is that plants are designed to operate within certain parameter settings,
and any deviation from the design specifications, however slight, challenges the plant. The
longer even a slight challenge exists the poorer we rate the candidate's performance. The
choice of scoring criteria with respect to timing can be approached in an objective empirical
manner, although at the cost of some expense in research, using Time-Reliability Curves.

Examples of Time-Reliability Curves can be found in Beare, et al. (1984), and are discussed
extensively in a recent book by Dougherty and Fragola (1988). Examples of the curves are
shown in Figure 4.1.1. Time-Reliability curves show the proportion of operators (or in the
case of the Beare et al., the proportion of teams) who have completed a particular action
as a function of time since the start of an incident. In the graph shown in Figure 4.1.1, we
see that following a simulated feedwater pump rupture about 25% of the teams had begun
restorative reactions by 9 seconds after the fault occurred, 50% within about 20 seconds, and
90% within about 100 seconds. The upper curve is Beare et al.'s best reconstruction of the
data from real incidents reported to the NRC. The figures are approximately one order of
magnitude higher, suggesting that the unexpected nature of the event slows the response
time by a factor of 10. This difference between simulated and real events should be born
in mind when determining acceptable response times in simulator exercises. If the
difference can be established as true of all nuclear power plant systems it follows that
acceptable response times in a simulator exercise should be considerably faster than would
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FIGURE 4.1.1 TTME-RELIABILITY CURVES BASED
ON DATA FROM BEARE ET AL. (1984).

The asterisks are data from field studies, the dots from simulator studies. The curves show
the cumulative percentages of successful initiation of action in response to a BWR feedwater
pump rupture. Response times in seconds.

Time-Reliability curves could be constructed for individual operators for a variety of
simulated incidents. As many experienced operators as possible would be exposed to a
particular incident in the simulator, and their response times collected. These would be
combined to give a time-reliability curve characteristic of that kind of incident. If the time
taken by a candidate during the examination scenario were recorded, it could be compared
with the generic curve of the experienced operators. The candidate's time would be related
to the generic distribution which characterises the population of operators. If he were faster
than some preselected statistic of that distribution, he would pass. At some point his
performance would be deemed to be unacceptably slow, and his score would be accordingly
penalised. The difference between the data from real and simulator events can be used to
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determine an acceptable response time. We may assume that someone who is in the top
10% in simulator exercises will be in the top 10% in real events, although there seems to
be no direct evidence on that point. Note that as more and more people take the test, and
as more and more people experience it during periodic retraining, the data can be
accumulated if there is an efficient archiving system, so that over time the expected
distributions of times would become more and more representative of the true population
statistics. If the computer were configured so that data were routinely logged during
training, the collection of such normative data would be greatly speeded up at no additional
cost.

In Section 2 we raised the problem of assessing fluency. If the status band concept were
adopted, fluency could be operationally defined in terms of the rapidity with which the plant
parameters were returned stably to the Green Band by the operator, and the number of
overshoots and undershoots of the parameter values as stability was achieved. Such an
approach would remove some of the subjectivity from the concept of fluency.

At what rate should parameter values be sampled ? To sample all the parameters several
times a second would generate enormous quantities of data. An objective criterion could
be derived from the system bandwidth using the Sampling Theorem. By bandwidth we here
mean the highest frequencies present in a power spectral analysis of the time functions
which describe the variation of plant parameters over time. A slowly varying parameter
should be sampled less often than a rapidly varying one. Theoretically, samples taken at
twice the bandwidth of a signal are sufficient to reconstruct the signal. In practice, it would
probably be desirable to sample at a considerably higher rate, since the actions of the
operator will inject relatively high frequency signals into the system, and it is the effect of
those signals which must be monitored. In the light of what is known about the bandwidth
of the human operator, and taking into account the low pass characteristics of the automatic
controllers, it would seem necessary and adequate to sample each of the parameters chosen
as performance indicators at a rate between 5 to 10 times per second. (See Sheridan and
Ferrell, (1974), for data on the human operator bandwidth and related topics.) Note that
during rapid transients a higher sampling rate would be required to track plant parameter
values.

Since the simulator displays are updated at a rate considerably slower than the sampling rate
we have suggested, some explanation is necessary. The question is whether we are
concerned with operator actions or plant response to those actions. The plant dynamics
effectively act as a low pass filter on actions taken by the operator, so that very rapid actions
may not appear as significant transients due to the inertia of the system and the properties
of computer control. But a sampling rate lower than several times a second will fail to
record very rapid or short actions such as flicking a switch to and fro or momentarily
depressing a button unless the data logging system is specifically designed to hold all actions
in a buffer until the variables are next read. Although the plant dynamics may filter out the
effects of such rapid actions, their existence is relevant to the quality of the operator. The
occurrence of incorrect actions which are rapidly corrected implies a lower quality of
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operator skill than would be deduced if measurements were only made at the rate at which
the automatic system updates displays. Kozinsky and Pack (1982) state that in the PMS they
describe the sampling rate was 4 times per second in order to catch such transient operator
actions.

We assume that all simulators used for assessment will have some data collection system
similar to the Time Action Monitor (TAM) present on the Ontario Hydro Pickering-B
simulator, but capable of collecting data from as many channels as the examiners require,
and in no way interconnected with the printers, displays, etc. of the simulator used by the
operators during the exercise. The TAM will keep a time dated record of all the actions
which the candidates perform at the console. This record, providing it can be synchronised
with checklist times through the use of video, will allow a close approximation to a complete
record of the joint occurrences of procedural consultations and actions taken. This in turn
will allow the examiners to measure the quality of the candidate's responses. The design
of the Time Action Monitor (TAM) and associated hardware and software, and its interface
with audio and video recording equipment must similarly be able to catch very rapid and
transient behavior even when it does not affect the plant.

4.1.2 Assessing Operator Actions.

Under this heading we consider measures of observable behaviour of the operators, not
measures derived from computer data logs. Two kinds of behaviour can be usefully
distinguished. These we will call skill actions and procedural actions. The former are
actions taken by the operator without consulting operating procedures or his colleagues or
superiors, using only highly trained and memorised skills. The latter are actions in which
operating procedures are consulted either directly or with the assistance of a colleague, and
actions taken in compliance with the procedures. Each utility makes a choice, implicitly or
explicitly, as to which actions should be skill and which procedural, when operating
procedures are written and a training program defined.

Plant operating procedures including EOPs have usually been carefully designed to provide
maximum safety and plant protection. If procedures are not followed properly at all times
the plant can be driven into undesirable states. If procedures are followed the probability
of operator induced plant malfunction is reduced. If only plant parameters were to be
recorded there would be no way of knowing whether the operator was following the correct
procedures. Hence it is necessary to record overt operator behaviour, as well as the values
of plant parameters, to identify errors in the use of procedures and skill actions, such as
errors of reading, of consulting procedures, etc.. We assume that errors which have a
significant impact on the plant will tend to result in key safety parameters straying into
Yellow or Red Bands. But because of the automatic control capability of CANDU reactors,
some of these excursions may be automatically prevented. However, to assess the candidate
it is important to know whether he took actions which, but for the quality of the automatic
control systems, would have resulted in a challenge to safety, since we are trying to see
whether the candidate is knowledgeable and skillful in plant control. The quality of
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automatic control in CANDUs makes it particularly important to collect the kind of data
discussed in this section, since otherwise it is possible to mistake the high quality
performance of the plant for high quality performance by the operator. By combining plant
parameter measures with measures of overt operator behaviour, we can obtain a much
better measure of the quality of the candidate.

The quality of the candidate's performance in this regard can be assessed using both
objective checklists and subjective opinion. During the simulator exercise the examiners
should observe the behaviour of the candidate, and note which procedures are consulted and
which actions are taken, using a checklist prepared in advance. The checklist should be
prepared when the simulator exercise is planned, and should contain a list of all the
procedures which it is expected a candidate should consult given the incident which will be
simulated. The list should be prepared in consultation with the utility, who would provide
the examiners in advance with an up to date set of procedures. Those planning the exercise
and preparing the program for the simulator would step through the incident and ensure
that each step at which the operator should consult the procedures or a colleague is entered
in the checklist. The checklist based on the procedures should have a list of the actions
which the operator is expected to take. It should be possible to list the procedures down
one side of the checklist and the actions down the other. It is most important that good
human factors practice be used in designing the checklists, so as to minimise the workload
on the examiners, and to ensure that they can check off actions without having to divert
their attention from the candidates for more than a minimal period.

During the exercise the examiners should watch the operators closely, and listen to their
communication with other members of the team. As the exercise proceeds, the examiner
should check off each procedure used by the operator, and also what actions he performs
at the console whether as a skill action or as a procedural action. If there are points where
the examiner was unable to observe accurately what the candidate did, or if the latter
consults unexpected procedures or makes unexpected actions, the fact should be noted in
a space provided on the checklist. Video and audio recordings should be made throughout
the exercise. After the exercise is over, the examiners should consult the video and audio
recordings as well as TAM records to help clear up any ambiguities in the measures they
have taken during the exercise. Our experience during the preparation of this report has
shown that such recordings are of very great help in performing an accurate analysis of
operator behaviour, since at times the rate at which operators are processing information,
asking for help, acknowledging messages from their colleagues, and executing actions is very
high. While much useful information can be obtained from one or two fixed cameras placed
so as to give broad coverage of the simulator panel, our experience in this project suggests
that a much clearer picture is obtained if a member of the certification team follows the
candidate around the control room with a portable camera. Clip-on wireless microphones
which transmit directly to the video recorder should be used, because of the poor acoustics
and high noise levels in many simulator control rooms. A time signal should be recorded
on the video tape, and this should be synchronised to the time signals used by the computer
driving the simulator so that the various kinds of records can be correlated readily and



33

reliably for performance assessment. Collection of such data is particularly important to
determine the impact of the communications taking place on the actions performed and to
identify who on the operating crew has performed a particular action recorded by the TAM.

It is worth considering what will happen if any of the measures, checklist, recordings, or
TAM, are unavailable. Our experience during the Pickering-B trials shows that without the
TAM it is impossible to obtain a complete record of actions taken by the operator, because
of the rapidity and number of those actions. Certainly accurate timing of candidate actions
will not be obtainable. Equally, without the checklist, only a very subjective and
impressionistic measure of the way in which the operator consults procedures will be
obtained. Without the video/audio recordings, the link between the two will be missing, as
will information about delays in implementing procedures, which may show a lack of
understanding, or ambiguous procedural instructions. Based on a logical analysis of the
relation between the use of procedures, skill based actions, and plant response, and also on
our experience in collecting data in the Pickering-B simulator, we believe that all the
methods we have discussed should be used simultaneously to measure candidates' behaviour.
The ability to combine TAM and audio/visual recording, and to relate event times recorded
on each to the other is at the heart of the objective assessment system. As noted above in
Section 4.1.1 Kozinsky and Pack (1982) recommended a sampling rate of 4 samples per
second. We concur with their recommendation for the reasons discussed earlier.

4.1.3 Measuring System Knowledge and Diagnostic Ability.

System knowledge is the knowledge and understanding which an operator has of the entire
system, including the plant and those personnel with whom he interacts (maintenance
personnel, management, etc.). We use this definition here rather than merely plant
knowledge because to understand what to do in a particular situation requires knowledge
of plant states, procedures, personnel who may be called on to carry out tasks outside the
control room, management policy, etc. In practice plant knowledge is central to this
understanding, and certainly to diagnostic ability. This latter is the ability to determine the
plant state from the combination of displayed plant parameter values, warnings and
annunciator messages and computer warning messages, phone calls, etc. System knowledge
includes knowledge of the role of plant components and an understanding of their
interaction with one another. It is important to assess such knowledge because from it
stems the operator's decision as to what procedures to follow or actions to choose in
situations where the procedures do not specify an exact course of action, or when the
operator decides that the situation is one for which no procedures exist. It ensures that
when in doubt the operator will ask relevant questions and will take into account such
factors as the personnel available from moment to moment, effects of maintenance activities
and other activities such as refuelling on subsystem availability, and so on.
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As mentioned in Section 2 it is not absolutely necessary to use the simulator in dynamic real
time runs to measure such knowledge and diagnostic ability, although to do so is preferable.
There is a tradeoff here between exposing the candidates to a large number of situations,
and exposing them to a small number of situations in a very realistic simulation. If
maximum realism is required, then real time dynamic simulations are needed, but they take
a long time to run, and only one operator at a time can be tested. If diagnostic skill and
understanding of the plant is to be assessed, however, and the largest possible range of the
operator's knowledge tested, then other modes can be considered. In particular,
consideration should be given to the use of what we may call the "freeze frame" mode of
simulation. In this method, the simulator would be run until an incident had developed to
a point where diagnosis of plant state is required. At that point the simulation is halted.
The candidates have been watching the evolution of the plant state from the start of the
simulation, and now independently write down their diagnoses and recommendations for
action. A recommendation may be to perform a particular control action, to consult a
procedure, to call for assistance from a colleague, etc. It might even be to wait to see how
the event develops without taking any action. The advantage is that several candidates
could be simultaneously present, and could perform their diagnosis independently but at the
same time. The frozen simulation becomes in effect an examination question, and the
candidates' diagnoses their written answers. Since the operators are not required to bring
the plant to a safe state, but only to diagnose the plant state, the simulation can now be
halted and another one run. Clearly it will be possible to subject the candidates to a far
larger set of scenarios in this way than if each candidate must run each scenario to
completion.

The extent to which knowledge can be probed in this way is limited only by the range of
scenarios selected, and the time available for developing, running and scoring the tests. The
true state of the plant is known from the simulator program, and so scoring performance
is easy. Providing that the test scenarios are chosen and developed in relation to SOPs and
operating procedures, the most obvious criterion of successful diagnosis is that the candidate
chooses the appropriate operating procedure or SOP to deal with the incident. (This is a
similar criterion to that used by Beare et al. (1984) in their work on time-reliability curves.)
Only if an unexpected procedure were selected by the candidate would further analysis by
questioning the candidate be needed. It will be the responsibility of those running the tests
to ensure that no ambiguous scenarios are chosen, or, if chosen, the alternative
interpretations are known to those scoring the candidates' reports. Oral examinations can
be used as a backup to resolve any remaining ambiguities, and to give the candidates a
chance to justify any eccentric diagnoses.

The main advantage of this mode of knowledge testing is that it is cost effective. It means
that a large number of candidates can be examined on a large number of scenarios in a
short period of time but with a reasonable degree of realism. The method, or variations of
it, has been used in a number of research and operational settings, and is known to be
effective. (See for example, Marshall and Shepherd, 1981). The disadvantage is that very
often in the real plant an operator would interact with the plant to obtain further
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information he felt was needed to complete a diagnosis. However, insofar as he is able to
say so in his answer, this is part of assessing his knowledge, although without the opportunity
actually to carry out such interaction the method will probably underestimate the candidate's
knowledge. The method has greater face validity than written questions even when the
latter are supplemented with photographs or diagrams of displays.

This method of assessment is not a substitute for complete incident management in a
simulator exercise, but should be used as a supplement specifically to increase the range of
abilities sampled . If the number of candidates being certified is very small, it may be
desirable to increase the number of complete incident management exercises rather than
use freeze frame simulations. But there is no doubt that freeze frame allows a greater range
of skill and knowledge to be tested in a given time than full scale incident management
exercises, even if only one operator is to be tested. The cost benefit will have to be
discussed in terms of simulator time, the need for simulator time for training or other
purposes, programming time and costs, etc. But it should be noted that the investment of
time and effort in the preparation of exercises is cumulative. The freeze frame incident can
be taken from the program for a full incident management scenario, which will be used on
another occasion for the latter purpose, and each program becomes part of the library
available for future certification exercises.

4.1.4 Measuring Teamwork and Communication Skills.

If teams do not communicate effectively and work well together smooth plant state
transitions will not occur when needed. Efficient communication and teamwork are
required not merely during control room operations, but also in shift changeovers, and in
communications, both upward to higher levels of management and downward toward plant
technical support staff and maintenance personnel. If a candidate is to be certified as an
operator it is important that his ability to function effectively as a member of a team be
measured.

To test an individual as a member of a team means that ideally the performance of the
other members of the team should be controlled. Consequently the best way to measure
individual performance as a member of a team is to use a team in which all the members
of the team other than the candidate are "standard" team members. In Section 2 we
introduced the idea of a team of operators maintained by the AECB or a consortium of
utilities for the purpose of conducting assessments. During a simulation the actions of the
actors would be logical and appropriate to the scenario, except for carefully planned "errors"
which would require interactive behaviour by the candidate. If the candidate were
inherently poor at communication, the actions of the actors would reflect that, since they
would be misled by the candidate into performing inappropriate actions. Video and audio
recordings and observations made by the examiners would provide the basis for scoring the
candidate's performance on communication and teamwork skills. The actors could also be
debriefed by the examiners to gain additional, if subjective, information.
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We do not, on balance, believe that this method is practical in the context of the Canadian
nuclear power industry. The main reason is that the total number of qualified operators
available in Canada is small. The necessary manpower is simply not available to maintain
a cadre of people qualified sufficiently well to play the necessary roles at every CANDU
reactor. We must therefore seek alternatives for assessing communication and team
oriented behaviour.

One alternative to using such an Assessment Team approach would be to run the incident
with whatever group of operators are normally used for simulator exercises, or the team with
which the candidate has trained, and to provide the examiners with appropriate rating scales
with which to score subjectively the quality of operator performance on the dimensions of
teamwork and communication. They should also score subjectively the extent to which the
candidate was helped or hindered by the behaviour of other members of the team. Again
use should be made of the video and audio recordings to complement the real time records.
Appropriate measures would be the number of times that other members of the team had
to ask for communications to be repeated, the number of occasions on which the candidate
failed to communicate with someone when such communication is required by the
procedures, etc. Rating scales for more subtle aspects of behavior such as cooperativeness,
an appropriate level of delegation of responsibility, etc., could be prepared using standard
scaling procedures such as those mentioned in Section 2. Again we emphasise that casual
scale construction is not sufficient. The technology of scaling is a highly sophisticated
branch of applied statistics, and should be left to professionals, either in house at AECB or
consultants.

Even with the use of the best measurement techniques the members of a team in which the
candidate operates may have a serious impact on the measurement of teamwork. We have
observed cases where someone read procedures so rapidly that it was virtually impossible
for another operator to keep up with him and acknowledge the commands. As always, the
less control there is over the testing situation, the less confident one can be about the
validity of assessment. It seems essential not merely for assessment, but for efficient control
room operations, that responsibilities and positions are clearly mandated, so that everything
for which the candidate is held responsible is in fact at all times under his control, and is
not taken over by someone else in the heat of the moment, or because of personality
dynamics.

Similar comments apply to communications. If there is no standardization of language, nor
any indication in procedures as to when an operator should communicate with other
members of the team, then it is impossible to assess reliably many qualities of
communication. Procedures and training should include clear indications of when requests
for feedback, confirmation, etc should be used. This will both improve the effectiveness of
control room operations and at the same time provide an objective basis for assessing
communication skills. (See also the discussion in Feher, Moray and Senders, 1987.)
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The ability to measure teamwork and communication accurately depends on there being a
clear statement of what is expected of members of the operating team. In our experience
of the nuclear industry we have observed that there is frequently a great deal of flexibility
(some might say ambiguity) in the definition of operator roles. Often it is left to the
operating crew themselves, sometimes to the candidate and sometimes to the Shift
Supervisor to determine who shall do what during an incident, (for example, who shall be
at the control panel and who shall read the procedures). If such ambiguity is allowed, then
a candidate cannot be marked high or low for choosing a particular role, or for changing
that role during the exercise. Here, as in other points in this report, there is a close
connection between the amount of flexibility given to personnel and the precision with which
their performance can be assessed. If the roles of the various personnel involved in the
management of an incident are not well defined, then it will not be possible to measure the
ability of the operator with any confidence. Certainly communication can be assessed. As
already stated, if other members of the team frequently request the candidate to repeat what
he has said, or to rephrase it, or if their actions show that they have not understood what
he has said, then we can be sure that he should receive a low score on communication
ability. There is no standardized vocabulary in nuclear power station control rooms such
as that used in air traffic control. So there is no objective standard of verbal content against
which to measure the candidates' behaviour.

4.2. Generating Scores from Assessment Data

Should the end product of the certification simulator examination, with its combination of
scores based on plant performance, operator behavior, and operator knowledge be a simple
overall pass/fail decision, or should it be something more? A decision on this point has a
considerable impact on the scoring methods, and on the amount of sophistication needed
in combining the different scores. It also has implications for training philosophy which are
inseparable from assessment.

4.2.1 "Master of Plant Operation" or Minimal Competency ?

Minimal competence on a pass/fail basis is much easier to measure than the absolute level
of competence of a candidate. But there are sound reasons for aiming at the latter. The
most important are to do with what happens after certification, and are related to the laws
of human learning which have been established by behavioural science research.

We assume that the certification examination will occur when the candidate has recently
finished training, and may be expected to be at a peak of his knowledge and skill .
Following successful qualification, a period may elapse before he takes charge of the plant.
Even if he begins to work as a UFO immediately, he will, from then on, experience only
normal operating conditions of the plant for long periods, since abnormal incidents are
expected to be rather rare. Consequently his memory and skill for how to handle abnormal
incidents will begin to decay from their level at the time of certification. He will become
progressively more proficient at those skills which he exercises daily, but less and less
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proficient in those which go unpractised. Yet an important reason for retaining the
operator is to include him as a component of the defence in depth when abnormal incidents
occur. Both the acquisition and loss of learning follow curves which are exponentially
decreasing functions of time. (See Figure 4.2.1)
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Skill at normal operations will continue to improve, but at an ever decreasing rate. Skill at
unpractised activities will decay rapidly at first, and will then approach an asymptote. If we
adopt a "pass/fail" criterion for certification, and a candidate passes, we know only that he
is at or above the acceptable level on the day of certification, not how far above that level
he is. Consequently as time passes after certification, we do not know whether the
asymptotic level of skill and knowledge will be above or below the level of certification.
Clearly it is desirable that it should be, if possible, above it. Hence we need to adopt not
just a pass/fail score, but a score which is a measure of absolute ability. A candidate who
passed with a score high above the minimal satisfactory level would be certified and would
be able to operate for a considerable time before retraining were necessary to refresh the
unused skills. A candidate who performed with sufficient competence to be certified but
whose absolute level was not much above the pass/fail level should be required to undergo
refresher training relatively earlier. Hence it is important to try to find a certification score
which indicates the absolute level of competence, not merely whether the candidate has
passed or failed.

4.2.2 Deriving the Overall Score for Certification

In Section 4.1 four kinds of measures were suggested, plant state, operator actions, system
knowledge and diagnostic ability, and teamwork and communication skills. On the basis of
experience in the industry and the AECB's and utilities' attitude to safety, it will probably
be felt that not all of these are equally important in certification. A system should be
developed for using decisions about relative importance to weight the different components
of the assessment appropriately. Such a system was developed during our research at
Pickering-B, and will be described in detail in Section 6 of this report.

Having obtained the scores on the four components of the certification tests, the scores must
be combined. The best way would be to use a linear weighted combination using an
equation of the general form,

Score = a*(Plant State Score) + b*(Operator Action Score) +
c*(Knowledge and Diagnosis Score) + d*(Communication

and Teamwork Score)

where a,b,c, and d are weights based on the relative importance of the types of score.
The choice of weights must be a matter for discussion between the AECB and the utilities.
The form of the weighting function could be modified over the years as a result of
experience, based on the record of candidates subsequent to certification, if the data at
certification were archived. This would provide a way of allowing the certification
procedure to evolve toward increasing reliability and validity by altering the weights for the
final score, emphasising those elements which were discovered to be most reliable and valid.
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5.0 RECOMMENDATIONS FOR IMPLEMENTING, CONDUCTING AND
EVALUATING SIMULATOR CERTIFICATION TESTS

This part of the report provides a set of criteria which must be satisfied if a simulator test
is to be used as part of a certitication examination. We assume a certification system in
which a simulator test is used and in which the operator is required to control the system
in the face of some more or less unexpected disturbance. Data may be directly logged by
the simulator or may be recorded by other methods such as those discussed in Section 2.
In the text some sentences are underlined. These are criteria which must be met. Some
are rather abstract, and relate to a philosophy of assessment. Others are quite detailed
recommendations for the configuration of the simulator and data logger. We believe that
attention should be paid equally to all of them. Technical requirements must be met. But
it is equally important that the AECB and utilities should have in mind a clear picture of
what certification is for, and what their aims are in running a certification examination.
There are strong couplings between training, certification, and operating practice. It is also
extremely important, if a simulator test is included as part of certification, that steps be
taken to validate it as a measuring device.

The end result of certification is a Unit First Operator who meets the proficiency standards
expected of anyone passing through the training and certification system. A certification
examination should pass competent operators and fail poor ones, and a simulator test is of
value only in so far as it supports and contributes to that aim. The recommendations made
in this section are directed to that aim. It is worth making this somewhat obvious point only
because it is impossible to address the effectiveness of an assessment tool unless one has
clearly defined the aim of assessment. We shall refer to aspects of training and operation
as well as to the examination itself because there is such tight coupling between these
aspects of nuclear power operations that it makes no sense to consider them in isolation.

5.1 Certification Philosophy

Before an operator can be certified, the operator must be trained. The certification
examination is an attempt to determine the amount of knowledge and skill acquired, and
whether that skill and knowledge can be used effectively by the operator to produce an
acceptable level of performance. Taken at its face value this suggests that if minimally
acceptable standards of ability are set by the AECB and the operator reaches them in the
examination, then he should be certified as a UFO. As stated in Section 4, we believe, in
the light of well established laws of learning, that operators should show competence
considerably higher than the minimal acceptable. It is the asymptotic level of ability that
should be at or above the minimally acceptable level.

The pass/fail criteria for certification must be demonstrably higher than the minimum
acceptable operational standard.
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The laws of learning clearly indicate that periodic retraining, or preferably continuous
training, should be implemented even after certification. Research into learning has shown
that overtraining plays an important role in skill retention. Overtraining occurs when a
person practices a skill to the level of acceptable performance, and then continues to train
for a further period. The greater the overtraining, the greater the resistance to loss of skill
when training ceases. The rate of decline is reduced by overtraining. This means that the
certification score achieved in a simulator examination could be used to determine
retraining schedules.

The intervals between recertification examinations of a candidate could be based on the
candidate's score when assessed. The higher the score on the certification examination the
longer the interval which could be allowed to elapse before recertification.

If a fixed interval between recertification tests were to be mandated, then a higher score at
certification would make it more likely for a high level of skill to be maintained between
requalification sessions.

The exact quantitative relationship cannot be defined without research once the certification
procedure is in place. It will require a period of three to five years to establish the relation
between scores at certification and reliability as a function of time, even assuming a steady
supply of operators presenting themselves each year for certification.

5.2 Certification Criteria and Performance Measures.

Any method of certification must define clearly the skills and knowledge required of any
candidate, and the levels of skill and knowledge which the candidate is required to show in
each. Performance measures are measures on data collected during the simulator tests.
Certification criteria are the values of those data or of derived statistics which are chosen
by the examiners as representing acceptable performance.

Clear definitions of certification criteria are essential not merely for conducting the
examination, but also to define for the utilities what the aims of training should be. The
choice of measures and criterion values is a task which requires an extensive task analysis
in the light of engineering design specifications, regulatory requirements, operating expertise,
etc. The choice should be determined by a committee including regulatory officials, design
engineers and utility personnel. We cannot state what the criteria should be, but can only
recommend categories of measures.

Any certification examination should, at a minimum, measure the performance of candidates
in each of the first six categories listed in Section 2.1 , and all seven categories would be
preferable.
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The categories are the plant's response to the candidate, actions performed by the
candidate, the candidate's cognitive performance, diagnosis of plant state by the candidate,
the candidate's understanding of the system, the candidate's performance as a team member,
and the candidate's fluency of performance. The justification for this choice of categories
will be found in Sections 2 and 3 of this report. Performance measures can vary from
subjective ratings, through verbal commentaries, to values of state variables logged by the
computer. Further discussion of how to choose variables and how to set criteria will be
found in the sections of this report which describe the Pickering-B exercise, and in Sections
3 and 4.

5.3 Data Collection by the Simulator.

A simulator which is to be used for certification assessment should be provided with a
complete data logging facility, including enough memory and data sampling channels to
allow the real time collection and storage of at least as many variables as there are degrees
of freedom in the system.There should be no interference between the simulation program
and hardware and the programs and hardware for data collection. It should be possible for
the examiners to select different combinations of variables to sample depending on the
scenario.

Most nuclear power plants have far more sensors than there are degrees of freedom2 in the
plant operations. This is because there are many points at which faults may develop, and
it should be possible to detect these in a timely manner. But strictly speaking, in order to
define the overall state of the plant, only as many suitably chosen variables as there are
system degrees of freedom are required, and additional variables are redundant. There are
many such sets of variables and depending upon the particular scenario chosen for assessing
a candidate, different sets will be appropriate. It would be useful to record more variables
than this, since to restrict the record to a chosen subset may mean that certain actions of
the operator may go unrecorded, even though the effect of those actions on the plant will
be recorded at some point in the system. The problem is that real time sampling at an
adequate rate to represent the state of the plant generates huge quantities of data. Given

2 In order to define the state of a complex system at time t, the values of a number of
variables must be known. In general the selection of which variables to use is not unique.
For example, in a simple closed system in which a gas is heated, the relation between
pressure P, temperature T, and volume V is given by PV = kT. where k is a constant. This
is a 2-degree of freedom system, since if any. two of the variables are specified, the value of
the third is thereby fixed. Because of coupling and redundancy there will usually be many
different sets of variables which can be chosen in a complex system. However there will be
a minimum number of variables which is required uniquely to determine the system state.
This minimum number is the number of "degrees of freedom" of the system. It is usually
said that for a commercial nuclear power plant the number is about 45.
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the massive storage capacities of today's computers, this is no longer a problem, and as
much data as is needed can easily be logged and stored on a combination of core, hard
discs, tape, and laser discs. If the volume becomes excessive, data compression methods can
be used (Kozinsky and Pack, 1982). The simulator software should allow a judicious
selection of variables both at the time of data logging and during analysis after the exercise.
It is surprisingly rare to find a simulator which has data logging built into its design, hence
the recommendation above. The stipulation that data sampling should match the degrees
of freedom of the simulated plant should be regarded as a minimum requirement. As noted
in Section 2, one should aim ideally to log all actions performed by the operator at the
console, together with plant state and time of occurrence. This is necessary because
certification requires that we measure the behaviour of the operator, not merely the output
of the plant. This is particularly true for systems such as CANDUs, where the automatic
control systems can compensate for inadequate performance by the operator. This argues
for a data logging system considerably larger than is required to track the plant state. It also
puts constraints on the sampling rate and number of data access channels required. The
TAM system which is part of the CANDU simulators is such a system. It appears in
principle to have adequate facilities if they are fully implemented and fully exploited.

In defining the data to be collected, a formal analysis must be made of the way in which the
data relate to the assessment criterion.

This analysis should include a definition of how data are to be analysed, summarised, and
used to generate assessment scores. This definition is required for each variable which is
to be used in the assessment. Without it, data rates and scoring algorithms cannot be
defined.

Whatever data the examiners may decide to collect, and whatever analytic steps are laken
to justify their selection, validity and reliability must be assessed to see whether scores using
particular variables contribute substantially to discriminating between good and poor
operators. Results will have to be collected for several years, and the performance during
training and during assessment related to the overall scores of candidates, and to their
subsequent success as UFOs. Detailed discussion of validity and reliability is given below
in Section 5.5 and 5.6.

5.4 Scoring Method for Assessment

A clear pass/fail criterion or several criteria must be defined, and must be unambiguous and
concise.

Algorithms or rules must be developed to provide an objective way to combine different
scores, (for example various objective scores, or mixtures of subjective and objective scores).
It is important to reduce subjective bias to a minimum, so that biases of examiners will not
play a significant role, either to reduce or to increase a candidate's score. Objectivity and
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clarity here are important because they define the syllabus from a training point of view, and
give a clear goal to the candidate. The scoring method may be computerised, or may be a
pencil and paper method or one using "manual" calculation. But it must be well-defined.
The method must be examined for validity and reliability after implementing it, and
modified over the years as necessary in the light of experience. Again, it will need the
combined inputs of plant engineers and designers, management and trainers, operators, and
regulators, to decide collectively on criteria.

Experts familiar with scaling theory and measurement theory should be used to establish
desirable statistical properties of criteria. To decide on criteria includes decisions, for
example, as to whether pass/fail is all that is required, whether a numerical score (such as
a percentage) is required, whether failure on a subtest means overall failure even though
performance on others is satisfactory. Attention should be paid to the metrical properties
of the different measures. Ranking or rating data (such as "very slow", "6 on a 10-point
scale for effort",) cannot be combined with interval or ratio data (such as "20° C too high",
"50 litres/minute too low") without appropriate mathematical transforms being applied to
the data.

5.5 Reliability of Assessment.

Any assessment system must be shown to be reliable.

What this means is best shown by a hypothetical example. Suppose that it were possible to
take a single operator and to put him through a particular exercise several times on different
occasions. Suppose that his abilities do not change (he has neither lost nor gained
proficiency). Then we require the assessment method to give him the same score regardless
of who administers the examination, who collects the data , what means are used to collect
the data, and who analyses and scores the data. If a number of different operators whose
skill was in some way known to be identical each performed the same task separately, then
they should all receive the same score, with the same reservations about the conduct of the
examination.

Reliability is therefore a property which ensures that scores are consistent over examiners
and examinations for given candidates. There are many well known ways in which to test
reliability. The nature of the Canadian nuclear industry, with relatively small populations
of operators and plants, rules out many classical designs. Taking practical considerations
into account results in the following recommendation.

To measure the reliability of a certification system using simulator tests, a modified
test/re-test method should be used.

Two separate certification teams should be formed. The members of one team should
neither work with, nor discuss the reliability tests with members of the other team during
the reliability testing period. However, in the reliability exercises both teams should be
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present during each exercise. Several operators should perform a simulated certification
examination, each being tested separately on several different simulator exercises. Each
certification team should assess each operator on each occasion, with no collusion between
the teams. Each certification team should use the prescribed scoring method and prepare
their estimate of the operator's scores. Some of the operators should be highly proficient,
and others less proficient. (A range could be obtained by using people in various stages of
training. Obviously their performance in this exercise should in no way count towards their
eventual certification, since this exercise is to assess the certification system, not the
operators.)

The scores for the two certification teams should be compared, and a reliability coefficient
calculated in the form of a correlation coefficient between the scores awarded to the
"candidates" by the two teams. The range of a correlation coefficient is between zero
(meaning there is no relation between the scores awarded by the two teams), and ±1. A
perfectly reliable assessment method would give a correlation coefficient of +1. This will
in general not be achieved, and the correlation considered sufficient to establish that the
method is reliable is a matter involving subjective judgment.

No method of scoring and assessment should be considered reliable if the correlation
coefficient is less than +0.85

Our justification for the choice of +0.85 is that it can be shown that with such a correlation
about 70% of the variance in the scores by the team is accounted for by the scoring method,
and 30% by other factors including chance. We shall argue below that a correlation
coefficient of +0.7 is needed to establish the validity of an assessment method. If a
correlation coefficient is less than +0.7, the majority of the variability in the scores is due
to factors other than those manipulated by the examiners and may in fact be due to chance.
This is unacceptable. Validity can never be greater than reliability, so we require a
reliability coefficient that is sufficiently high to allow the possibility of a correlation
coefficient for validity of about + 0.7. This means we require a correlation coefficient of
at least +0.85 for reliability. A discussion of this point is available in any good standard
statistics text. Where several different scores are used, and finally combined into an overall
score, the reliability of the scores on the subtests should be measured independently. This
is important because if some scores have very low reliability and others high reliability, the
overall reliability of the combined score may be reduced. Hence it is important to find
subtests which, however attractive from the point of face validity they may be, are
unreliable. These should be dropped from the final assessment score in the interests of
increasing overall reliability and validity.

We are aware that there may be difficulties due to the small number of personnel available
in Canada to carry out such an operation. But if the reliability of the method is not
assessed, it is important for all parties involved in certification to understand that a large
part of the score used in certification may be due to chance. More importantly, the
proportion due to chance will be unknown. Reliability can be progressively refined over a
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period of years. All test results should be archived so that they may be used as a data bank
to improve the statistical power of reliability testing over the years. Care should be taken
to ensure that records can be identified by candidate, by test scenario, and by assessment
team. At the same time privacy of the candidate's record should be preserved as far as
possible. It may be necessary to use a third party to resolve the joint demands of privacy
and reliability.

5.6 Validity of Assessment

The validity of a certification system is the degree to which it does indeed assess candidates
for the qualities on which it purports to assess them. In the present context, this means that
a valid certification method will rate competent candidates as suitable to be certified as
UFOs, and reject those who are not sufficiently competent to be so certified. If validity is
not demonstrated, there is no way to know what the assessment procedure is measuring.

To determine validity we need a criterion which is not part of the certification system itself
against which to measure the certification system. The problem is that we have no objective
way of telling which existing operators are very good, and which are relatively poor. The
fact that CANDU reactors are highly automated further complicates the matter, since they
effectively buffer the quality of the operators to some extent from demands on their
proficiency, and (fortunately) incidents which overcome the automatic safety and control
systems and demand intervention by the operators are few.

To establish validity, we need to be able to tell whether or not the assessment system gives
a "pass" score to those known, on other criteria, to be competent operators, and rejects those
known to be less than sufficiently competent. Despite the fact that it relies on expert
judgment rather than on objective scores, and because the latter do not exist at present, we
recommend the following technique to measure the validity of the certification system.

The validity of the certification system should be established using a criterion of Ranking
of Past Operator History.

We start with the assumption that a certified UFO with several years experience is highly
competent. Either we may make a strong assumption that competence is directly related
to years of service at the rank of UFO, or one of several procedures may be used to rank
such experienced operators. For example, there are several techniques by which judges can
be helped to clarify what the concept "expert", "highly competent", etc. means to them, and
then helped to place a set of candidates in rank order, or even at known distances apart
on a scale of competence. See, for example, Rosa et al. (1985). (This exercise would have
additional "spinoff value in clarifying for management, regulators, supervisors, and even
operators what it is that they themselves think is the essence of a good operator. For
example, is it someone who sticks rigidly to operating procedures, someone who never
allows the plant parameters to deviate more than x% from the normal values, etc.?) At the
other end of the scale, we require people who are known to be less competent than is
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sufficient for certification. Since people totally unfamiliar with nuclear power plants cannot
be asked to perform control tasks, the population on which we can draw is restricted to
those in training. For this group we may make the assumption that length of training is a
direct measure of competence. Less than competent operators are therefore defined as
those with little training for the purpose of the validation exercise. Subjective ratings and
rankings could be added if required.

It is important to make use of the operators to assist in such judgments. Often peer
judgments are very helpful in establishing what qualities are relevant to the performance of
complex tasks, in addition to judgments by supervisors, managers, etc. Such ranking
exercises are sometimes regarded with suspicion by personnel, who believe that they will be
used by management to penalise them in some way. It may be necessary to have at least
this part of the validation performed by an outside agency. Increased rigour of certification
is in fact always, in the long run, to the benefit of those who pass it from both a promotion
and salary point of view. But in the early stages of test construction strict anonymity and
confidentiality must be preserved.

The groups of operators and trainee operators each perform several certification exercises
in the simulator. Data are collected and analysed, and scores obtained.

The operators and trainees used in this phase of the validation must not have been involved
in any way in preparing the validation study, scenario development (see below. Section 5.8)
or assessment system development.

This is because the events in the simulation must be as much a surprise as they would be
to candidates in a real certification examination.

If there is a high correlation between the scores obtained by UFOs and trainees using the
certification system on the one hand, and the rankings of competence given by experts and
length of experience prior to the exercises on the other, then we claim validity for the
certification method.

A correlation coefficient of at least +0.7 is required to ensure that at least 50% of the
variability measured is due to factors manipulated during the assessment exercises. Any
value less than +0.7 means that the system is too heavily driven by unknown, perhaps
chance factors. As with reliability, a search should be made for subscores which appear to
be more valid than the entire test, and the testing procedure or scoring procedure adjusted
accordingly to maximise the overall validity.

5.7 Choice of Scenarios

The decision to use simulator exercises as part of assessment commits the assessors to
decisions about the design of scenarios. If we assume that the simulator is a full scope
simulator then many if not most of the major incidents which can challenge the reactor can



49

be simulated. Which should be used ? The first point is that the assessment procedure
should be fair, and be perceived as fair by candidates for certification. As far as possible
the difficulty of the simulator portion of certification should be equal for all candidates. In
practice this cannot, of course, be guaranteed, any more than equal difficulty of questions
can be guaranteed in a written examination. But it does suggest that each candidate be
required to handle more than one simulated incident, and that a considerable pool of
scenarios be developed.

To our knowledge there has been no research on the selection of scenarios. Even if there
were a library of scenarios for PWRs or BWRs in other countries they could not be used
because of the fundamentally different physical and engineering characteristics of CANDUs.
It will be necessary to develop a set of scenarios in the Canadian context. Since this
involves a great deal of work, cooperation among utilities is desirable. It will have the
advantage both of being cost effective and of standardising certification across utilities to
some degree. It is to be hoped that some degree of standardisation can be achieved in
simulator design at the level of generic software, so that software can be shared. This may
be difficult given the considerable difference in the design of the units and their control
rooms from one plant to another.

Since the choice and design of scenarios is in itself a research topic, we can provide only a
general outline of how to proceed. There have been several studies of how to use
simulators in training, but the majority have concentrated on simulators for the military,
rather than on nuclear simulators. A review is given by Rankin et al. (1984) and in Jones
et al. (1985). But even those who have discussed the use of simulators for nuclear power
plant operator certification do not discuss scenario selection in great detail (see for example,
Laughery et al. 1986).

Scenarios must be chosen which are compatible with the simulator design. Even if it is
desirable to test the ability of candidates to handle a particular fault sequence, a scenario
should not be used if the simulator cannot behave like the real plant to a high order of
precision. The evolution of the event must feel to the operators like the real plant.

Scenarios should challenge the candidate beyond a need to follow a strict path through
operating procedures. In particular they should challenge his problem solving ability. They
should include examples of faults which it is now realised provide particularly difficult
challenges to the system, namely faults in cascade, where one fault triggers a further
abnormality in another part of the system. Another important class of incidents includes
faults involving "latent pathogens" (Reason, 1990) where the defence-in-depth design of the
reactors prevents the operator from noticing that some of his redundant safety systems are
not available until the time of the incident, at which time the classical path demanded by
the operating procedures is no longer available. On the other hand, while there may be no
particular operating procedure to handle the fault, there should at least be symptom based
paths to safe plant state, since the ability of the candidate to follow these paths even when
the plant is in an unusual state is a strong measure of his competence as an operator.
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Scenarios should be chosen in which additional malfunctions of plant and equipment have
a direct and measurable impact on major plant parameters, so that the automatic data
logging and scoring systems can measure the efficiency of the candidate's handling of these
malfunctions.

The collection of scenarios should cover a fairly broad range of normal and abnormal
events, and should not concentrate predominantly on a single event type (such as a large
LOCA). Different candidates should be given at least approximately the same number of
events to handle, and these should cover approximately an equivalent range of difficulty.

5.8 A Model for Scenario Development

While we believe that the following recommendations provide a sound approach to scenario
choice and development, this is a topic in urgent need of research.

1 Choose a Generic Event Type (for example a small LOCA)
2. Determine a set of potential failures which can cause the Generic Event Type
3 Choose one of the failures and program the simulator for that incident

Simulate the incident without any additional malfunctions of plant equipment
using experienced UFOs and save the data to supply a historical record of
what good operators do in this situation. These records can be used to define
the path through the problem space close to which a competent candidate
should stay.

4. Plot parameter trends.
Compare operator actions with automatic plant response to provide a guide
as to the relative contribution of operator and automatic systems.

5. Perform a Sensitivity Analysis.
Find those points in the records which are sensitive to actions of either
automatic controllers or operators. These are the points at which it will be
most easy to detect the quality of the candidate's interventions. (If there are
large sections of the scenario where it makes little difference what action is
taken by the operator, the scenario should be rejected on the grounds of cost
effectiveness, unless there is something about the incident which makes it
particularly important to safe operation.)

6. Select potential additional malfunctions of plant equipment.
On the basis of criteria 1 - 5 , choose additional malfunctions of plant
equipment to add to the scenarios at the sensitivity points, to make the task
harder. Note that any such malfunctions cannot be arbitrary but should be
plausible and logical as consequences of an earlier failure, or plausible
malfunctions which could coexist with the primary one.

7. Try out the scenario with the malfunctions chosen in Step 6.
Run the scenario with one or more malfunctions at a time using one highly
trained and experienced UFO and one trainee at the earliest stage in training
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at which it would be reasonable for him to be able to handle the problem at
all. (Ideally several of each kind of operator would be used, but the choice
of one of each is tailored to the realities of a small population of operators
in the CANDU context. We assume that the trainee chosen is not
exceptionally gifted.)

8. Analyse the data and use the results to select scenarios which discriminate best
between the operators.

Chose those malfunctions which,when the predetermined scoring methods are
used, distinguish most clearly between the experienced and inexperienced
candidates. In particular, the scenario must be one in which the scores result
in the experienced candidate being assigned a "pass" and the inexperienced
trainee a "fail" grade.

The initial conditions for the scenario must be clearly defined with respect to such
parameters as the following: per cent full power; whether fuelling is in progress; status of
all equipment, including any known malfunctions or equipment in maintenance; and
available manning levels.

If a single scenario were to be used repeatedly for assessment, the time at which the fault
occurred should be introduced at random times after startup. This is particularly important
if a single scenario is presented to a particular operator on more than one occasion. The
data cited in Figure 4.1.1 show how sensitive performance is to the level of expectation of
the operator.

If additional equipment malfunctions are to be introduced to make the problem of handling
the incident harder, they must be clearly defined in advance. The time at which the
malfunction occurs must be logged in such a way that the analysis programs can
unambiguously relate it temporally to all other recorded data.

The end of the scenario must be clearly defined as one of the following. The scenario ends
when a specific amount of time has passed since the beginning of the run, or since the
initiating event; or a particular parameter has reached a predetermined value; or it ends
when a particular component has reached a certain status; or it ends when a particular step
in a procedure has been reached. If a criterion such as a return to plant stability is chosen
as the end point, this must be defined objectively before the test. All such criteria must be
documented.

Notice particularly that the scores obtained by operators may depend upon the accuracy with
which the scenario end point criteria are adhered to. The longer the scenario runs, the
greater the time available for the operator to make an error. Thus simply by running a
particular scenario for a longer or shorter time, the score obtained by an operator could
change. Advance specification of all data collection parameters thus stabilises the
measurement system with respect to opportunities for operator error, and prevents an
indefinite extension of the exercise and an arbitrary exposure to risk for the candidate. This
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increases the reliability of the method.

All scenarios must list in advance which parameters will be monitored, at what sampling
rate, and over what period. The nature of the recording devices must be specified
(computer data logging, pen recorders, printers, video recorder, etc.).

5.9 Practical Considerations

A method which has been demonstrated to be reliable and valid can still yield unsatisfactory
results if it is used in an inappropriate manner. Members of the assessment teams must be
trained to use the system exactly in the way it was designed to be used. Full and clear
documentation must be developed and used in such training.

It must be possible to demonstrate that the certification team can indeed use the method
exactly as intended.

The method must always be used in accordance with its design.

It must be realised very clearly that estimates of the reliability and validity of the method
of certification only apply as long as the method is used exactly as it was used during the
estimation of reliability and validity. Any departure (perhaps for "practical" reasons) renders
those estimates uncertain until the reliability and validity have been measured again. For
that reason even minor changes should not be made without very careful consideration. A
series of almost trivial changes, none of which singly will change the reliability or validity
will, in sum, certainly change them.

The certification team themselves should be provided with tools (check lists, etc.) which
ensure as far as possible that all the steps of the assessment procedure are performed in the
correct way and in the correct order. It may be necessary to employ a supervisor who
supervises the examiners. Whatever method is adopted, some check must be made on the
way in which the certification team use their procedures. This is particularly important as
time passes and people become used to the method, and as people leave the assessment
team and are replaced by newcomers.

The certification teams themselves must undergo periodic intensive training.

Every effort should be made to write software and otherwise automate the scoring
procedures. Not only does this remove subjective bias among the certification team as
mentioned earlier, but it ensures a timely announcement to the candidate as to whether he
has qualified. This is a matter of natural justice, and is also important if any appeal is to
be made by an unsuccessful candidate.

Simulator assessment should aim to provide the results of the tests with no greater delay
than occurs in current practice.
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Provision should be made to archive the data obtained during certification.while preserving
the confidentiality of the candidates.

The ultimate test of validity is the subsequent performance of certified candidates in their
actual operations in nuclear power stations. It is essential to be able to look back after
several years to find who has been promoted, who has left the industry, who are regarded
as exceptional, etc., and to compare those data with the scores at certification. The
preservation of confidentiality would make coding schemes for archived data very important,
and the whole monitoring of careers should probably be given to an outside agency, much
as the pilot self reporting scheme of the FAA is handled by NASA. If it is found that even
though high scores are obtained at certification many people do not stay in the industry, or
turn out to be relatively unsuccessful as operators, this would mean that the validity of the
certification procedure was not as high as thought, and such a finding should trigger a
reexamination of the assessment procedure with a view to improving it. In time all selection
and certification schemes tend to become less reliable or valid as the nature of the
population from which candidates are drawn changes due to social changes, educational
changes, etc. Only by keeping archival material over a long period can such changes be
picked up before the loss of validity is shown by a failure of operating expertise in the field.

5.9.1 Integrity of Simulated Events.

In discussing subjective measurement it was suggested that knowledge and skill could be
tested by "freezing" the simulator during a run and asking the candidates to describe the
state of the plant. This cannot be done during runs to assess overall operator performance
in the scenarios we have been discussing in this section. To do so disrupts the concentration
of the candidates, and makes the scenario completely unrealistic. There are four
recommendations in this regard.

No interruption of a scenario should be allowed for the purpose of other kinds of

assessment-

Nothing must be done to interfere with the concentration of the candidates.

Nothing must be done to interfere with the concentration of the examiners.

If a scenario is interrupted by a computer malfunction, only data collected up to that point
should be used for assessment. The same scenario should not be restarted. It is desirable
that the candidate be allowed to take part in any further scenarios on another day. This is
because once a simulator fault has occurred the candidate will be uncertain whether further
unusual events are due to simulated plant malfunctions which he should try to control, or
to simulator computer malfunctions which are irrelevant to his activities.



54

The fact that some subjective observations will be required in order to supplement objective
computerised data collection has an impact on the size of the assessment team required.

The ratio of examiners to candidates during a test should be at least 1:1. and there should
be at least two examiners present at all times.

In order to increase reliability there would ideally be a higher ratio, so that subjective
scores could be averaged. But in the Canadian context of a small industry with relatively
few operators and regulatory staff, that will probably not be practical. This problem recurs
throughout our report. We believe that several of the recommendations made in this
section and elsewhere will be regarded as impractical or excessively costly in terms of money
or manpower, given the size of the Canadian nuclear industry. That judgment is perfectly
reasonable from a fiscal perspective. But statistics do not bow to fiscal demands. If an
adequate number of samples of any distribution is not available, then the estimates made
of that distribution are uncertain. It is simply not possible to assess the reliability and
validity of a system of certification, to design and validate scenarios as suitable, to construct
subjective measuring scales, and so on. with fewer people, fewer trials, and less time than
is outlined in this report. Indeed, even the suggestions we have made in regard to assessing
reliability and validity leave much to be desired. The reader should be warned that when
very small samples are used to calculate correlations, then as the sample size is subsequently
increased, it is highly likely that the correlation coefficient will decrease. This is not a
matter of incompetence in the assessment, but an ineluctable property of probability
distributions which underlie statistical tests. Only if a large population is used in the initial
estimate of the correlation coefficient will its value remain more or less unchanged as
further cases are studied. We emphasise this because we have repeatedly heard a statement
that the small size of the Canadian nuclear industry makes it difficult to satisfy some of the
demands of sampling theory. In so far as our recommendations are not met - and we feel
that they are if anything very conservative in terms of the amount of people, time and data
involved -just to that extent the value of the whole enterprise of simulators as certification
instruments will become uncertain. At some point the effort of using simulator
examinations will not be worth making, since it will not be possible to estimate reliability
and validity and hence the variations in the scores which are genuinely due to the
competence of the operator will remain unknown. At that point there will be no statistically
justifiable use for simulator examinations, although other justifications may be found.

At the end of this report we will discuss the suggestion that it is not possible to validate the
objective certification method which we describe, but that nonetheless certification
examinations using simulators and subjective assessment are worthwhile. The above
discussion of validation and reliability, together with considerations of cost effectiveness, are
central to that suggestion.
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6.0 DEVELOPMENT OF A METHOD FOR CERTIFYING UNIT FIRST
OPERATORS USING A SIMULATOR

With the cooperation of Ontario Hydro, a series of trials was carried out to investigate the
practicality of some of our recommendations and to identify problems which would have to
be resolved in the use of simulator exercises for certification. Ontario Hydro provided
access to a Full Scope Replica Simulator at Pickering-B and furnished two simulator
instructors to play the role of operators. They also provided staff to run the simulator, and
to assist with data recording and analysis. The main aim of the exercise was to see whether
some of the measures which have been recommended in this report could in fact be
obtained.

We shall try to discuss the results of the investigations in terms of the generic properties of
the recommended methods, and will not make reference to properties of the simulator and
data gathering system which are specific to the current configuration of the Pickering-B
simulator.

Due to time constraints only a single kind of fault was used in the simulator exercises. This
was a LOCA due to a 20% leak from a pressure tube inside the core. This was thought to
be a fault which would cause some difficulty for operators, but was not intended to be one
which would necessarily discriminate between operators of differing levels of competence.
The operators were required to use the LOCA AIM procedure to mitigate the event.

Several simulated equipment malfunctions were included to make management of the
LOCA more difficult. The "candidates" knew in advance what the fault would be, and
played the role of "competent" and "poor" candidates based on their experience as
instructors.

6.1 Simulator Properties Required for Certification Exercises.

If the aim of a full-scope simulator examination is to provide objective quantitative data, the
efficiency of the data logging facilities is crucial. It must be possible to collect in real time
the values of all critical parameters which have been identified by task analysis as important
for the plant safety. The data logging capabilities of the simulator computer must be totally
independent of its operations as a simulator, and neither bandwidth, memory capacity, nor
any other concerns must cause these two kinds of functions to interfere with one another.
It must be possible to time stamp all samples of all parameters which are recorded, in a way
which allows data to be synchronised with other recording devices such as video or audio
tape recordings. Ideally provision should be made for time signals to be fed from the
computer to the other recording devices so that true synchronisation is possible. Adequate
provision of electronic links at this point would greatly speed up subsequent analysis. The
computer must be able to control and communicate with any other devices such as recorders
used during the simulator exercise, both during data acquisition and during data analysis.
If real time hard copy printout is required for assessment purposes, a separate printer other
than that used for hard copy output by the operators must be used, since no interference
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with hard copy messaging should occur between assessment and control operations. Such
a printer should either be located in another room or should be effectively silent if the data
are needed in real time by the examiners, so that printer noise does not distract the
operators. These requirements were not fully met by the current configuration of the
simulator at Pickering-B, and this was one of several reasons why the methods we
recommend in this report could not be fully validated.

6.2 Data Collection from the Simulator

6.2.1 Full Historical Record

Full historical records of the candidate's actions are the most important data to collect, since
they are an objective record of what the operator did in his interactions with the plant.
These data can be collected from the Time Action Monitor (TAM) or equivalent
equipment. All operator actions performed manually at the console are recorded with their
respective time of occurrence. This allows the actions to be synchronised with the alarm
sequence, and hence provides a basis for measuring timeliness of responses and for relating
them to plant state information, or to the actions of other people. Although the most
important need is for the computer to be able to store these data for subsequent off line
analysis, it would be of great use to be able to reproduce selected parts of the sequence,
together with any set of variables chosen by the examiners, immediately after the simulator
run ends. This would allow immediate analysis if there were unusual events during the
scenario, so that operators could be questioned about their reasons for what they did. Data
reduction by hand should be avoided. If graphs or data tables are required to display the
values of parameters as a function of time or the temporal relations of alarms and operator
actions, software should be written and incorporated into the standard computer software
library, so that the software can make such outputs accessible at will to the examiners. It
was found that where such immediate recall from computer memory was not possible, the
analysis of the candidate's performance became prohibitively slow, and would be extremely
costly in a real certification system.

6.2.2 Parameter Trends

The computer should be able to collect, store and recover on demand a complete historical
data record of the selected plant parameters for the scenario, and produce it in a form
which graphically displays trends. The examiners should be able to specify the data to be
plotted by name and by time segment, and should be able to call for multiple plots on the
same graph to explore the relation between variables. Without such software the problem
of analysis will be so great as to render objective measurement almost impossible because
of time and labour constraints. Any simulator which does not have such facilities is not an
adequate system for use in simulator examinations. The Pickering-B computer, for
example, has a function called Historical Data Collection which in principle could perform
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the collection part of this task, but at present the computer lacks significant analysis
software. Any computer system to be used for simulator examinations must have such
capabilities fully implemented.

6.2.3 Choice of Parameters to Record.

The decision as to which parameters to collect is the first step in converting data to
information. Part of the preparation of a test scenario consists both in reviewing the
intended course which the scenario will take, and in identifying parameters which will be
most informative of the quality of the candidate's performance. For example, for the
scenario that was used in our investigations at Pickering-B, the following parameters were
chosen on the basis that they are most critical for measuring the plant's response to the kind
of challenge simulated. We were therefore particularly interested in tracking the values of
these, out of the many possible parameters which might have been collected while the
operator dealt with the simulated disturbance. As it turned out, not all could be recorded,
despite the quality of the simulator.

(a) Primary Safety Parameters
Parameters which could be trended by computer printout:

Reactor Power
D2O Storage Tank Level
Heat Transport Pressure (Wide Range) - South Loop
Heat Transport Pressure (Narrow Range) - North Loop
Boiler Pressure - One boiler in North Loop
Boiler Pressure - One boiler in South Loop
Heat Transport Loop Temperature - North Loop
Heat Transport Loop Temperature - South Loop

Parameters which could not be trended by computer but which were available as
chart plots in the desired form:

Heat Transport Pressure (Wide Range) - North Loop
Boiler Level - North Loop
Boiler Level - South Loop

Parameters not modelled but available for manipulation by simulator
operators:
Containment Building Pressure
Vacuum Building Pressure
Reactor Building Pressure.



58

(b) Event Specific Parameters

Parameters available for trending by the computer:
Moderator Temperature
Moderator Head Tank Level
Heat Transport Channel Flow - North Loop
Heat Transport Channel Flow - South Loop
Turbine/Generator Load
Annulus Gas Pressure
Annulus Gas Dew Point

Parameters unavailable but desired:
Emergency Coolant Injection Flow - North Loop
Emergency Coolant Injection Flow - South Loop
Heat Transport Feed Flow - North Loop
Heat Transport Feed Flow - South Loop
Heat Transport Activity (not modelled in the simulator)
Containment Building Activity (not modelled in the simulator)
Heat Transport Bleed Flow - North Loop
Heat Transport Bleed Flow - South Loop
Heat Transport Bleed Condenser Pressure
Heat Transport Bleed Condenser Level
Moderator Cover Gas Pressure
Moderator D2O Collection Tank Level
D2O Liquid Recovery Tank Level
Station Effluent Activity (not modelled in the simulation)

6.2.4 Collecting Data for Automatic Plant Functions and Alarms.

Particularly when certifying operators for a highly automated system such as the CANDU
reactor, records of all alarms and automatic responses to alarms by the plant should be
collected. As has been pointed out several times in this report, the power of the automatic
controls makes it difficult to be certain whether prompt recovery from a challenge to safety
is due to the actions of the operator or to the automatic safety features. Assessment does
not require an entirely artificial mode of action in which it is supposed that a major portion
of automatic control is lost. But to assess the contribution of the operator it is certainly
necessary to know the timing of the automatic actions. There may, for example, be cases
where the operator manually initiates an action within a very short time (of the order of a
second or so) after the automatic systems have performed the same action. In such a case,
providing that there has not been time for the plant to respond to the automatic action, the
operator should be credited with having correctly intervened to exercise control.



59

6.2.5 Collecting Data for Operator Actions

Data on Operator Actions can be recorded in at least three ways. The first is the TAM
system on the computer. The second is an examiner's checklist which is filled in by directly
observing the candidate in the control room. The third method is to review the audio/video
recordings to check interpretations of the checklist or computer logged activity.

If several examiners were available, then the responsibility for checklist use could be divided
up, so that, for example, one examiner recorded the actions at the panel, while another was
responsible for recording communications and delegation of authority. In our investigations
at Pickering-B it became apparent that video recordings, even with a single camera, were
extremely

valuable in resolving apparent ambiguities in the other forms of recording. It would be
worth installing at least two cameras, each synchronised to the computer, which together
could cover the entire room, and which would not necessitate constant manning by a camera
operator. However, it appeared from the trials that a portable camera carried by one of the
assessment team would be even more valuable. For detailed analysis of video and audio
recordings, standard methods for the analysis of nonverbal behaviour should be used. (See,
for example, Scherer and Ekman,1982.)

6.2.6 Combining Data from Several Collection Methods.

Once the data have been collected using the methods outlined above, they can be combined
to construct a final time line record of the entire scenario. This list we call the Event
Chronology Record. It is essential that the different data logging devices, the TAM, the
Historical Data Record, and the video cameras, can be synchronised and that time markers
are available on all of them. The examiners using check lists will find it difficult to record
times of events in addition to marking the items to be checked, but should do so whenever
possible. Within a relatively short time new kinds of electronic data tablets will become
available which will automatically impose time markers on the checklist; but this technology
is not yet available in the form we need.

The Event Chronology Record is intended to provide a complete and logical record of the
progress of the scenario. It includes plant activities and operator activities. The use of a
common time base makes it possible to compare different operators performing the same
scenario, or, after data have been collected on a number of occasions, for their combination
into a composite record of distributions of various critical events in the scenario and their
times of occurrence, thus allowing a direct comparison of new candidates to the population
of operators certified in the past. The Event Chronology Record can obviously also be used
to determine the impact of operator actions or automatic plant responses on any of the
chosen parameters. (Examples of the Event Chronologies obtained during our trials have
been made available to AECB. They are examples only, and are by no means the best that
could be obtained had computers, data recording, data analysis, software development, and
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recording synchronisation all been optimised, and had more time been available. Since they
are only a "proof of principle" and are not suitable for detailed scrutiny they are not
included here.)

6.3 Assessment Criteria

Once the data have been collected and analysed to the point where the Event Chronology
Record is available, the final steps in the assessment are to score the candidate's
performance and apply the cutoff criteria to determine whether the performance was
adequate for certification. The method of scoring depends on the kind of variable being
considered.

In a sense the operator is being scored by comparison with a hypothetical perfect
performance, in which all actions are correct, none are omitted, and all are timely. From
a psychological point of view we believe that some transform should be applied to the scores
so that low but passing scores are avoided. Competence should be associated with high
positive scores. It is important that the process be acceptable to the candidates and the
public, as well as being objectively correct.

6.3.1 Scoring Plant Parameter Trends.

In Section 4 a status band method was proposed for scoring plant parameter trends. This
method was applied to the data obtained in our investigation, and we found it feasible,
although difficult. The main source of difficulty is defining the bands. But it should be
noted that even if raw numerical data were used to describe performance, the difficulty of
determining acceptable performance would remain. We believe that status bands actually
simplify assessment. We propose that they be defined as follows.

During normal operation there is a range over which parameters can vary without being
considered abnormal. The range is defined by standard operating procedure. This range
is the normal Green Band. Outside that band (on one or both sides depending on the
parameter), there is a region which while not corresponding to normal operations, is still
within the design specifications of the plant. This region is the Yellow Band. Any region
outside the Yellow Band is considered a Red Band region, and is a prohibited region of
operation, because it is dangerous, beyond design specifications, or prohibited by company
policy or regulatory rule. Given such definitions, the task of a candidate is to keep all
parameters within their Green Bands, and the efficiency with which he manages to achieve
that is a measure of his competence as an operator.

Under normal operating conditions, particularly with a highly automatic system such as the
CANDU, departures from the Green Band should almost always be a signal that the
operator has behaved inappropriately. The scoring mechanism proposed is based on the
number of occasions and the length of time for which the operator is out of the Green
Band.
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For each scenario, the onset of the incident to be handled by the operator is signalled by
a sudden departure of at least some of the key parameters from their normal range. This
should not count against the candidate since it is caused by the simulator computer. But
clearly we must now define a "Green Band" in terms of the disturbed plant state, rather than
in terms of the normal plant state. From a knowledge of the engineering design of the plant,
and from the physics of the processes involved, it should be possible to say what should be
the expected path from the disturbed state of the parameter back to a normal (or stable, or
satisfactory) state. For example, suppose a particular temperature parameter is normally
at 300°C, but the disturbance pushes it suddenly to 480°C. Knowing what procedure the
operator should follow to deal with the fault, it should be possible to predict the time history
of the return from the latter to the former, (or to a satisfactory) temperature. That is, a
predicted path could be drawn which represents the optimal path for returning the
parameter from a known Red Band value to its desired Green Band value. Call this path
the Expected Recovery Path (ERP). If the candidate behaves as required by the procedures
and training, then his intervention should result in that path being followed closely by the
parameter. Thus a Green Band and Yellow Band can be drawn either side of the ERP, and
it is with respect to those bands that the candidate is assessed during the incident, not with
respect to the Green, Yellow and Red Bands around the normal parameter state.

The major problem is to define the expected paths which parameters will take as they return
to the normal state (or to a satisfactory state) from their disturbed states. However, we
believe, based on our investigations at Pickering-B, that this is possible (see below, Section
7). It does however represent a considerable investment of simulator time and of time to
perform analyses of plant dynamics before the method is used. The expected path, and
hence the expected Green, Yellow and Red Bands could be determined by a series of
Monte Carlo simulations on the simulator, so that an expected distribution of paths could
be established, and a statistical decision criterion used. For example, suppose that a
particular portion of the simulation were run 100 times, with small perturbations for the
starting point, and small perturbations of the automatic systems response. A collection of
curves would result, with a measurable mean and standard deviation as a function of elapsed
time since the incident. One might define the Green Band as within ± 1 standard
deviation about the expected path, and the Red Band as more than ± 2 standard
deviations from the expected path. (The actual number of standard deviations should be
decided in the light of the expected challenge to safety, and would have to result from
discussions between the utilities and the AECB.) Alternatively, if the plant were in a state
where the automatic systems could eventually bring the plant to a safe state, one might keep
the status bands as just defined, but allow the candidate extra credit should he return the
system to a safe state in a shorter time than the automatic systems would take, and without
entering the Yellow or Red Bands. (Note that the bands may be single or double sided. In
some cases it is undesirable that the system either under or overshoot the Green Band
values. In other cases only undershooting or only overshooting may be critical.)
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If parameters are tracked while the candidates interact with the simulator, a record will be
obtained showing the periods when the parameters are within each of the three bands. We
suggest that the following rules are used for scoring performance

6.3.1.1 Scores for Maintaining Acceptable Values During Normal Operation

A perfect score is only given if at all times during the scenario the parameters remain within
the Green Band around the normal parameter values. Any excursion into the Yellow Band
results in a penalty, and any excursion into a Red Band results in failure on that particular
scenario.

6.3.1.2 Scores for Returning to Acceptable Values After a Disturbance.

Disturbed parameters must be returned to acceptable values (whether normal values or
values corresponding to a safe and stable shutdown state) within a specified time, thus
keeping within the Green Band around the ERP. Any excursion into the Yellow Band
results in a penalty proportional to the duration of the excursion into the band, and any
excursion into the Red Band results in immediate failure on that scenario. The appropriate
times should be determined either from engineering design specifications or by using
Time-Reliability Curves. Much as the width of the Bands may be different for different
faults, so may the acceptable times. These must be determined before assessing candidates,
and will depend on the relative importance of faults, etc. These are matters for definition
by the AECB and the utilities in consultation. Some problems will be discussed in Section
6.4.2. The magnitude of the penalties assessed for Yellow Band excursions may also vary
as a function of the importance of the parameter to safety. The absolute penalty will
depend on the overall scoring system adopted, and will be discussed later. The important
point is that all these matters of criteria definition need not be made arbitrarily, but can be
related on the one hand to distributional statistics and confidence levels, and on the other
hand to the overall structure of assessment. The latter includes how many simulator
scenarios will be used in a certification test and what weighting will be applied to the scores
obtained. If only one scenario is used, then a single Red Band score will result in the entire
simulator test being failed. If, say, three scenarios are used, and on one the candidate goes
into the Red Band, then he will pass two and fail one, and it will be necessary to make a
decision as to whether, overall, this is a pass or a fail. There is also the question of a
numerical score rather than pass/fail, as was discussed in connection with asymptotic levels
of learning. (See section 4.2.1.)

Many of these questions cannot be decided in the abstract, and no detailed advice can be
given here. The reason for insisting that they be left to the AECB and the utilities to decide
is that it makes no sense to prescribe scores, cutoffs, criteria, etc., without having a good
idea of the reliability and validity of the measuring instruments. There is no point in asking
for greater precision than is justified by the accuracy and reliability of the measuring
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instruments, and until empirical studies have been conducted using adequate designs and
numbers of participants, no one is in a position to recommend how to make use of scores
on simulator exercises.

6.3.2 Scoring Operator Actions

6.3.2.1 Scoring Actions in Following Procedures

To obtain a perfect score all steps of the procedure must be carried out exactly, on time,
and in the order specified in the procedure. Only where a procedure explicitly states that
latitude is allowed in the choice of steps or order of actions may the operator deviate from
the procedure. Any variation not specified should incur a penalty.

Close examination of procedures reveals that in almost all cases considerable latitude is
allowed. There is variation among utilities and even among plants within a utility. There
are cases where quite general instructions are given, such as to monitor the safety systems,
without specifying what gauges and displays should be examined, or in what order and with
what frequency. There appear to be no cases where operators are told how often to look
at a particular display when monitoring, despite the fact that from a theoretical point of
view one should be able to state the maximum allowable time between looks as a function
of subsystem bandwidth and parameter importance. In other cases the steps to be followed
are quite precise but there is latitude allowed in who should carry them out, be it the
candidate, the Shift Supervisor, or whoever. We cannot discuss here whether procedures
impose an appropriate degree of constraint on the operator. But it is important to note that
the greater the flexibility allowed, the harder it is for examiners to decide whether the action
taken by the candidates is appropriate. One cannot say how this kind of behaviour should
be scored, or how to include the scores in a certification decision, unless AECB and the
utilities can come to an agreement about these details. If it were agreed that almost any
sequence of actions is acceptable providing it leads to restoration of plant safe status and
does not violate safety, then there is no point in using measures of this kind in certification.
On the other hand, if operators have been trained very rigidly to follow exact procedures
step by step, then any deviation should lead to a penalty. If the "Colour Band" scoring
concept for plant status were adopted, we would have a secondary measure of whether
adequate procedure following was taking place, since any marked deviation from acceptable
procedures would presumably lead to parameter values entering the Yellow or Red Bands.

The latitude allowed in interpreting procedures mean that the choice and planning of
scenarios becomes of very great importance. If it is desired to measure the accuracy with
which the candidate follows procedures, then scenarios are desirable in which there will be
little ambiguity in interpreting whether the operators have or have not followed the
procedures exactly. Both from an assessment and also from a safety point of view the roles
of each member of the operating team should probably be more clearly defined. If this is
not done, it will be very difficult to assess candidates since they can hand off difficulties to
other members of the team and cannot be penalised for so doing. Furthermore, in terms
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of safety, no member of the team will be quite sure what expectations there are about his
role in a fault management incident. (This, incidentally, shows how a careful consideration
of certification procedures can provide useful feedback to other aspects of nuclear power
plant operation. Certification is not just a matter of certification. It is part of the design
of the entire nuclear power plant system.)

6.3.2.2 Suggested Scoring Rules for Procedural Actions.

6.3.2.2.1 Actions Defined by Procedures

Failure to perform a procedural step completely or in the right order should incur a penalty.

6.3.2.2.2 Actions Defined as Standard Operating Practices.

Failure to complete an action or series of actions in its entirety and in the correct order as
defined in standard operating practices (SOP) should incur a penalty. The SOP must be
started and ended at the correct time and in the correct sequence. Note that it will not
always be possible to foresee what series of actions will be required, since even if an
expected list of actions has been drawn up for the scenario, the operator may perform an
alternative action or sequence of actions where SOPs allow latitude and adaptability. If a
candidate makes an error, then the expected sequence will change, since the plant will now
be in a different state. If departures from the SOP or operating procedure are to be
measured following the occurrence of such an error, detailed analysis will have to be made
by the examiners after the scenario is over, taking account of the specific incident which
occurred. The prearranged checklist to follow the operator's SOP behaviour will no longer
be correct .

6.3.2.2.3 Actions Defined in Relation to Component Failures.

If a component in the simulated plant "fails", and that component was necessary for the
management of the original event, and if the situation which results is not covered by
operating procedures, then a candidate should do the following :

1. He should try again to use the component.
2. If a redundant backup for the component exists, he should switch control to that
backup. If no such component exists, he should try to transfer control to another
subsystem which performs the same function either directly or indirectly.
3. Once safe status is achieved, he should try to diagnose the nature of the failure and
should initiate actions to have the component repaired. Note that whether this can be
done will depend on the manpower available. If there are no simulated maintenance
activities available in the simulator exercise, this phase cannot reasonably be demanded
of the candidate.
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This sequence is what we understand to be an example of SOP at Pickering-B. That is, in
situations where the defined procedures cannot be followed the operator must be able to
show initiative and solve the problem in a way which does not violate SOPs or operating
procedures. It is clearly legitimate to include such an exercise in certification assessment
tests provided that the expected course of remedial actions can be predicted with confidence
based on SOPs and the training received.
6.3.2.2.4 The Addition or Insertion of Actions

The addition or insertion of unspecified actions into an operating procedure or SOP should
normally incur a penalty . There will be difficulties of definition in the case of SOPs where
latitude is allowed.

6.3.2.2.5 Procedure Dependent Activities

Where the required action depends on a particular parameter value or range of values and
the candidate fails to perform the action at a specified point, a penalty should be incurred.
An example would be the procedural step to shut down the Main Circulating Pumps within
15 minutes after the Heat Transport System Pressure drops below 2 MPa. A penalty would
be incurred if more than 15 minutes elapsed after the pressure dropped below 2 MPa before
this step was performed.

6.3.2.2.6 Continuous Monitoring Activities.

Where a procedure calls for the operator to monitor a process or process variable, the
operator must return and assess the status of the process or variable at reasonable intervals.
Such intervals should be related to the rate of change of the variables or process in
question. If this is not done, a penalty should be incurred.

As mentioned before, this is certainly a desirable criterion of operator proficiency. But if
neither training nor procedure specifies what intervals are correct then it is unfair to
penalise the operators for their choice of interval. There are analytic ways to define the
appropriate intervals, by relating sampling to the rates of change of variables, and either
such methods or empirical investigations should define the appropriate intervals and those
should then be incorporated in training and procedure writing.

6.3.2.2.7 Controlled Change of State.

If a controlled change of state is possible, then the candidate should attempt it unless
otherwise directed by procedures. If it would have been possible for the candidate to bring
about a controlled change of state, but he did not attempt to do so, and an automatic
override or safety system comes into play, then a penalty should be incurred. (It is more
correct for an operator to control the plant using the available process controls than to rely
on safety systems.) Ambiguities in this regard must be defined and resolved in training. For
example, it might be argued that in some circumstances it is safer and less challenging to
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the plant to perform a controlled plant cooldown, reactor power reduction, or turbine
rundown, than to perform crash cooling, tripping, ECI etc. But the main point is that where
training, SOPs, or operating procedures are ambiguous or allow latitude, strict assessment
criteria cannot be used in the certification examination. In general the criteria for
assessment should be no more rigorous than the precision implied by training practice.

6.3.2.2.8 Response to Annunciators and Alarms.

If the candidate fails to look at an alarm before clearing it, a penalty should be incurred.
If the candidate fails to clear the annunciator screens and panels of unnecessary lights,
indications, and alarms in a timely manner, then a penalty should be incurred. As noted
earlier it is not easy to determine whether an operator has or has not looked at a particular
feature of the control room, and even harder to tell if the display has been observed or
perceived. Only when the examiners can be sure of what has happened should a penalty
be given. Again, training could help to improve both assessment and safety if operators
were trained to touch any display which they read. This habit would also help them to be
aware of the sequence of their operations.

6.3.2.2.9 Physical Actions

Any change in switch position or other physical action which is not followed by a
confirmation of response and completion of the desired action should incur a penalty. For
example, if a valve is to be closed, the switch must be turned, the operator must verify that
the valve begins to swing, and must further verify that the swing to the new position is
complete.

6.3.3 Criteria for Teamwork and Communications

Two aspects of teamwork and communication could in principle be scored. The first is the
quality of communication. Here the assessors should count the number of occasions on
which a statement, request, or command by the candidate had to be repeated at the request
of the person to whom it is addressed, and a penalty should be incurred for each occasion.
These measurements can be made from the audio and video recordings.

The examiners should measure the background noise level in the control room during the
exercise to make sure that poor intelligibility is not a function of the signal to noise ratio
due to such problems as air-conditioning, computer printer noise, etc. If the background
noise level is greater than 60 dBA then some of the intelligibility problem will probably be
due to the masking of speech by the background noise unless the operators raise their
speech level to one requiring considerable effort. This is not desirable, and standard data
(see for example Grandjean (1980), p. 301) should be used to make allowance for the
expected effect on levels of intelligibility.
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The second aspect is whether the candidate interacts with other members of the team such
as the Shift Supervisor, other UFOs, etc. in an efficient manner. The candidate should show
an ability to give commands to the appropriate person to carry out actions which are
appropriate to the situation. He should be able to respond to requests, commands or
information from others. For example, if any of the following are true, then a penalty
should be incurred:

- his requests for information or action are not relevant to the situation
- his requests are not clear, concise and reasonable
- the operator does not await the supervisor's permission when appropriate and does not
show that he has understood the reply
- the actions are not carried out correctly.

However, here again there are ambiguities in SOPs and operating procedures in that the
roles of team members are not precisely defined. The tactics adopted will be found to vary
from team to team for a given incident. This is not necessarily bad practice, although it is
important that it should come from carefully thought out and deliberate policy, and not
merely from an oversight. As in the case of all other criteria discussed above, this aspect
of proficiency cannot be assessed unless clear criteria are set up, and these are stated in
procedures and built into training.

6.3.3.1 Suggested Criteria for Assessing Teamwork and Communication

Because of the lack of role definition we did not attempt to test teamwork and
communication scoring criteria during the Pickering-B trials. However, we recommend the
following scoring criteria for any certification where the problems of role definition have
been overcome:

- Documentation
The candidate must keep a clear, coherent and legible log of all malfunctions and

deviation from procedures for subsequent use in communicating with maintenance.

- Clear and Concise Communication
The candidate must communicate in a clear and concise manner with other members of

the team and with colleagues outside the control room, using only well defined technical
terms. He should ensure that any assistant does likewise.

- Effective delegation of tasks.
The candidate must be able to identify available manpower and delegate tasks effectively

and efficiently in a timely manner.

- Status of Required Activities
The candidate must be able to identify all procedural steps or SOPs which have not been

fully completed. (This may include actions which are incomplete due to the activities of
other team members, lack of manpower, etc.)
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- Continuous Monitoring Activities
The operator must be able to identify all variables which must be monitored and

remember to check them at reasonable intervals. He should, where appropriate, delegate
this monitoring activity or ensure that his assistant reminds him of the need to monitor
appropriate variables.

- Delays in Delegated Activities
The operator must be able to identify all activities which have been delegated which are

not complete, and keep track of the course of those activities.

If any of the above activities are violated, then a penalty should be incurred. Note that
qualifiers such as "timely" should be interpreted in a way which is consonant with training.

6.4 Determining the Final Pass/Fail Score.

So far we have considered how to score details of a candidate's performance. This leaves
the question of how to combine the different scores into a single score which determines
whether the candidate passes the examination. Whether or not one adopts a pass/fail
criterion or some other, the problem of constructing a combined score from the various
component scores remains. This section therefore deals with questions of how to determine
weights for different operator deficiencies, and how to combine scores into a single overall
score.

6.4.1 Proposed Method for Combining Scores

To illustrate the scheme a hypothetical set of weights and data will be considered.

Suppose that we arbitrarily say that a penalty of -10 will be incurred for any error.

Let Xj be a score on a component / of the simulator exercise
Then if the candidate fails to meet the criterion c- for a step of a procedure, SOP,
physical action, or other discrete task, Xj = -10.

If the candidate allows a parameter to enter a Yellow Band from a Green Band, then
for a Yellow Band excursion, Xs = -10. If a Red Band is entered, the candidate is
failed on that simulator trial.

For trials where no Red Bands are entered, combine all the X; scores over all the /
items on which the operator is assessed according to the following formula:

Total Score = 2 ( X; + (Sj/T^Xj) for all /.

where Si? Ts are the Severity and Time weightings as determined by expert opinion.
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Since problems were encountered in the Pickering trials due to the simulator not being fully
configured to collect data, the following is an example of how the scheme would work using
hypothetical data. The S/T weighting values in Table 6.4.1 were chosen arbitrarily, but over
a range whose relative values scale with the relative importance of severity and time.
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I;aclor

Severity Factor

Insignificant

Minor Plant
Concern

Major Plant
Concern

Minor Safely
Concern

Major Safely
Concern

Critical
Parameter

Red Rand

Corrects
Anomaly
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-1.0

-0.8

-0.6

-0.4

-0.2

0.0

S/T not applicable:

Corrects
after
short
delay

-0.8

-0.6

-0.4

-0.2

0.0

0.2

Failure on this trial

Time

Corrects
before any
bad effect

-0.6

-0.4

-0.2

0.0

0.2

0.4

Factor

Corrects
but minor
parameter
affected

-0.4

-0.2

0.0

0.2

0.4

0.6

Corrects
but Key
parameter
affected

-0.2

0.0

(I.I

0.4

0.6

0.8

Attempts
correction
but fails
to correct to

-0.1

0.1

U.2

0.5

0.7

0.9

Docs
not
attempt
correct

0.0

0.2

0.3

0.6

0.8

1.0

Table 6.4.1 EXAMPLE OF S/T WEIGHTING FACTORS FOR VARIOUS ERRORS
AND SPEEDS OF RESPONSE

Suppose that the candidate allows the D2O storage tank level to drop below 1 metre into
a Yellow Band. This results in an X value of -10. The examiner decides that the actions
fit the category of "Major Safety Concern" with respect to the Severity standard, and that
the candidate's actions fit the "Corrected Anomaly Rapidly" value for the time component.

Table 6.4.1 indicates a correction factor of S/T = -0.2.

So the resulting overall score for this component of the examination is:
Score = X + (S/T)*X
X = -10.0
S/T weighting factor = -0.2
Score = (-10.0) + (-0.2)*(-10.0) = -8.0

If, on the other hand, the operator had failed to attempt to correct the same problem, then
the score would be

Score = (-10.0) + (0.8)*(-10.0) = -18.0
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Similar scores would be derived for all components of the test and summed to give the
overall penalty. This overall penalty would then be deducted from the maximum possible
score and the result compared to the criterion cut-off score which had been adopted for
certification pass/fail.

6.4.2 Choosing the Pass/Fail Score

Several conceptual issues remain with regard to this scoring scheme. Some of them cannot
be resolved except by detailed discussions between AECB and the utilities. They include
what emphasis should be placed on different aspects of safety and efficiency. For example,
the process described in this section could be used in at least two ways. In the first, all the
scores from all the measures (Plant State, Operator Actions, Teamwork, etc.) could be
combined into a single score, and the single resulting number compared with the specified
criterion for pass/fail. On the other hand, it would equally be possible to keep the
subscores for the categories of Plant State, Operator Actions, etc., separate, and compare
each with its own specified criterion. The obvious difference is that in the latter method a
candidate could pass on some criteria and fail on others. This would raise the question of
whether a pass on some criteria is enough to gain certification, or whether a pass on each
criterion is needed. If all the scores are combined into a single score, then it becomes
possible for a candidate to fail on one or more sections and yet pass the examination as a
whole. If a candidate fails on a single criterion only, should he then have to retake the
examination, but be reassessed only on that criterion ? These are matters of regulatory
policy, not of the technology of certification, and as such they are beyond the scope of this
report.

What magnitude of penalty should be incurred for different kinds of inadequate
performance, and since penalties are all negative, what should be the score for perfect
performance ? Choices for absolute values are obviously arbitrary, but it would be possible
to explore alternative weighting and rescaling schemes in the following manner. A computer
program could be written which would take as its irput the maximum range over which
scores would be allowed to range. For example, we might take "+ 1000" as the maximum
possible score, and "0" as the smallest score. The candidate's final score is the maximum
score minus the sum of all the penalties which have been incurred, weighted by their
importance for safety. In order to take account of the relative severity of the error and
timeliness of recovery, expert judgment could be used to establish weighting factors.
Experienced engineers, operators, regulators and managers should be consulted as to what
weightings to choose, and their judgments combined to give an agreed set of weights.
Methods exist to help such a group to converge on an agreed set of judgments, and to help
them to articulate their reasons for choosing values. (See for example Rosa et al., 1985.)
We recommend that such methods be used. Over time the weights could be replaced with
weights validated by empirical studies using both simulator studies and reports of real
incidents.
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Alternatively a computer modelling approach could be used. A program could be written
to explore a range of values using some algorithm. The program would also know how
many variables would be scored in each category of Plant State, Operator Actions, etc. It
would then run a simulation of scoring, in which it would expiore the effect of varying the
number of penalties obtained on each subsection of the examination and the weights given
to them, and print out the distribution of scores which would be obtained on various
weighting assumptions. If the total range of possibilities became computationally intractable,
Monte Carlo methods could be used. The result would be that before adopting a particular
weighting, scoring and rescaling scheme, one would know what range of scores was likely,
and what proportion of people wouid pass or fail given a certain range of errors. This is in
effect a sensitivity analysis. We recommend that such a model be developed, and that its
output be used as the basis for final discussions between AECB and the utilities as to what
scoring methods and pass/fail cutoffs should be adopted.

There is, however, an alternative and simpler approach which should be mentioned. All
errors could be weighted equally. This at first sight seems unreasonable, since most
operators would claim that some actions are important and others trivial. But it can be
shown mathematically that scores obtained over a sufficiently wide range of faults, each with
a different but carefully chosen weight, will lead to an expected combined score very close
to that obtained by having an equal weight for all errors. To use equally weighted penalities
would lead to a great simplification in scoring examinations. But it may be preferable for
psychological reasons to preserve differential weights.

7.0 EXPERIENCE AT PICKERING-B: IMPLEMENTING A CERTIFICATION
SYSTEM

This section of the report briefly summarizes our experience during the trials at Pickering-B,
and describes our conclusions as to the practical problems associated with the scheme for
certification which we have recommended in this report. Some of what follows is due to
difficulties encountered in the Pickering-B trials, and some is to do with steps which would
have to be taken to implement the scheme whether or not the particular simulator and
facilities of Pickering-B were used. As far as possible we have tried to consider
recommendations and assessment of the scheme's generic practicality , so that details of the
trials which we believe to be very specific to the Pickering-B simulator or to the way in
which the trials were run do not unduly colour the report.

We do not include details of the trials, because the results are highly specific. For example,
Ontario Hydro supplied several of their personnel to help us with the trials, including some
experienced instructors to play the role of operators in a certification examination. We are
extremely grateful for their cooperation, but the fact remains that the details of the
behaviour of these "candidates" are likely not to be entirely realistic because they were so
highly qualified. Hence to give details of timing and the way in which they made use of the
procedures, or the "errors" they made when asked to perform like candidates with low levels
of skill, would be to give an undue impression of realism and certainty to our remarks.
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Similarly, the kinds of data which we could collect, the number of parameters which could
be monitored, the amount of data which could be stored, etc., depended in the trials on the
current configuration of the simulator computers, and to give such details is irrelevant to a
discussion of whether, should a decision be made to implement the scheme described in this
report, the computers could be reconfigured as required. Hence we will keep our discussion
as far as possible at a generic level, basing our judgment on what we believe to be
reasonable conclusions and extrapolations from the Pickering-B trials together with the
logical arguments contained in earlier sections of the report.

7.1 Establishing Colour Band Criteria.

This was, as expected, difficult. The scenario which was used for the trials simulated a 20%
in-core LOCA . It turned out that the effect of simulated failures, and the problem of
measuring the operator's response to them was greatly affected by the scenario chosen. This
in turn was reflected in the difficulty of setting the Green, Yellow and Red Bands. Part of
the problem arises from the highly efficient automatic control systems of CANDU reactors.
We discovered that the 20% leak was enough to trigger an automatic plant response which
was so rapid that it left little scope to measure the efficiency of the operator's response.
The same would be true if more severe transients were chosen. Paradoxically, the easiest
conditions on which to measure the efficiency of the operators' responses turn out to be the
smallest transients, since they do not immediately trigger automatic responses. Probably a
10% leak would have provided a better measure of the operator's ability in the sen;,e of the
Color Band Status measures. Once the automatic safety systems have taken control, most
of the operator's actions are simply to monitor the action of the safety systems. Only if the
latter failed would an operator have a chance to play a major role in parameter recovery
and stabilization. It follows that to test the extent that the operator is able to control the
plant parameters it will be necessary either to use incidents evolving relatively slowly, or a
scenario will have to be planned which includes the disabling of some part of the automatic
safety systems.

This still allows the examiners to measure the extent to which operators follow procedures
and SOPs, but limits their ability to measure the extent to which the operator can keep the
plant within the Green Band relatively to the ERP and return to Safe Status from a
disturbance which pushes the plant parameters into the Red Band. Note that this is not a
feature only of the method we have proposed in this report. Any scenario which triggers
the automatic safety systems and in which the latter work as designed will minimise the
required intervention of the candidate, and will render it difficult to test the latter's skill as
a controller. Once the automatic systems have been triggered, what is measured is the joint
response of human and automatic systems.

It was possible at Pickering-B to develop Colour Bands for some parameters and these were
used to measure the operators' performance. At least one case was found in which
parameter clearly left the Green Band due to inadequate performance by the operator. The
Heavy Water Storage Tank (HWST) Level dropped below 1.0 metre because the operator
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did not ensure that certain valves were closed, Using the SOPs and procedures as a guide,
and on the basis of discussions with people having CANDU operating experience, we
believe that in this case it would have been appropriate to regard levels in the range 0.5
metres to 1.0 metre as a Yellow Band, and below 0.5 metre as a Red Band. This event
happened during the initial calibration runs. The data from the actual test runs shows the
level of the HWST dropping below 1.0 metre and then returning to the Green Band as a
result of operator action.

This emphasises the importance of a careful choice of scenario. The heavy water level was
affected because in the simulation the two loop isolation valves failed to close automatically.
This meant that the operator had to take manual control to maintain the parameter in the
Green Band. No other failure was selected which resulted in deviations preventable by the
operator. As part of the preparation to use quantitative measurement of operator
performance, a large amount of simulator time will be required to identify scenarios in
which meaningful Colour Banding can be used for certification. This work will also require
large amounts of analysis time and consultation between AECB and the utilities. A good
validation and verification program should begin by searching for such scenarios. One
would expect that it should be possible to identify Red Bands as parameter values which
violate Operating Policies and Principles. But our experience now suggests that this may
not be easy in the light of the efficiency of the automatic safety systems in CANDU plants.
(This should be a gratifying result from the point of view of public safety, but makes for
difficulty in objective certification.)

7.2 Composition of Operating Teams

We have referred in several places to problems caused by ambiguities in the roles of
members of the operating teams. Again, let us emphasise that we do not here give any
opinion about the merits of allowing some flexibility as to who does what during an incident.
But since the SOPs and operating procedures allow such flexibility, it was uncertain which
actions the candidate would delegate to another member of the team. Hence it was difficult
to score the candidate for "Procedure Following" once a procedure had been delegated by
him to another team member. This is not a problem unique to the assessment method
recommended in this report; rather it is inherent in any operating philosophy which allows
such flexibility .

The score which is assigned in such an exercise to the candidate is actually a score affected
by the qualities both of the candidate and any other member of the operating team. Just
as the candidate's scores on the Colour Band criterion are affected by the quality of
CANDU's automatic control systems, so are the scores on Procedure Following and
teamwork are affected by the quality of other members of the team and the degree to which
they show initiative and make up for weaknesses or impede the strengths of the candidate.
However, since in real operating conditions a certified operator will have to work with just
such limitations, we believe that it is acceptable to measure his performance even though
"contaminated" by other team members. The examiners should leave room for the
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exceptional case where either serious incompetence in the candidate is compensated for by
others, or outstanding performance by the candidate is rendered impotent by the
incompetence of others. These extremes should seldom be encountered, but provision
should exist for the candidate or the examiners to appeal for re-examination in such
exceptional circumstances.

7.3 Scoring Operator Actions and Monitoring Behaviour.

During the trials it became apparent that there were problems about scoring Procedure
Following. Using the checklist method for measuring the precision with which the candidate
followed procedures we found occasions where partially completing a step in the procedures
resulted in the same score as not performing the step at all. The method we have described
works well where the procedure can be broken down clearly into a set of discrete steps each
one of which must be completed. The steps we used in the Pickering-B trials were based
on the existing procedures, and there were cases where there were steps, often relating to
SOPs, which were not clearly defined in the procedures. The Pickering-B trials suggest
however that given time and experience an adequate checklist approach to assess
compliance with procedures can be developed. To prepare such a checklist which will not
have any ambiguity, we recommend the following criteria, which make explicit the way in
which partially completed steps should be scored.

1. A procedure step which is performed incompletely or improperly is scored as if
the step has been omitted.
2. If a step in a procedure is delegated to another team member and the candidate
does not confirm its completion, it should be scored as if the candidate has failed to
perform it.
3. If a step involves communicating with another team member, both the quality of
the communication and the performance of the step should be scored. Thus if the
step is poorly performed and the quality of communication was poor, two penalties
should be incurred.

There are special problems associated with scoring monitoring behaviour. If a procedure
step specifies that some variable should be monitored and if the examiner decides that the
frequency of monitoring is lower than the situation justifies, then a further penalty should
be incurred. If that step is omitted completely, then a further penalty should be incurred.
The difficulty here is that there is no indication in any procedure of how frequently
monitoring should be performed, quite apart from the difficulty of observing it. However,
because of the extreme importance of monitoring in automatic control, we believe that there
should be provision for an extra penalty if the step is omitted completely.

In principle an importance weighting should be applied to all steps of all procedures. This
may prove difficult if procedures are not specified with precision. It would also require a
great investment of time and effort to obtain expert judgment for all such steps.
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7.4 Choice of Scenarios.

A scheme for selecting scenarios was presented in Section 5 of this report. The Pickering-B
trials confirmed our belief that the general outline presented there is correct. Because of
the very limited time available we were not able to use that method systematically,
especially in regard to validating the choice of scenario. The problem encountered in
choosing a fault which permitted significant manual control by the operator confirmed,
however, that the choice of scenarios is not a trivial matter, and that reliability and
validation are matters to be taken very seriously if objective assessment of candidates is
required.

7.5 Makeup of Certification Team.

As stated at the beginning of this report, we have referred to all members of the assessment
team indifferently as "examiners". Clearly there will be different roles played by different
members of the team. Some may not even be present during the simulator examinations,
but will only be concerned with data reduction and scoring. Others may only enter the
certification process at a later stage when the simulation examination data are being
compared with data from other examinations. Whatever the role they play in the simulator
examination, it is important to institute a proper training program for the examiners. This
would of course be self evident should the idea of a team of "actors" be adopted in an
attempt to standardise some of the team interaction effects. But in recording any data other
than those which are automatically logged by the computer, there is an element of skill
involved. It is not easy to use a checklist to follow someone rapidly performing procedures,
especially if the examiner must also try to record times of events. It is not easy to observe
mom'toring behaviour unless some overt behaviour (such as pointing or touching displays)
is mandated as part of the procedures and SOPs, and as part of the training. It is not easy
to make consistent subjective judgments about fluency or any other aspect of a candidate's
performance. But all of these can be done, and done accurately, providing the examiner is
provided with good and standardized tools to perform them, and providing he is well
practised in their use. Observational methods have been brought to a fine art by ethologists,
and their techniques can be transferred to assessment with a great increase in validity and
reliability. This will not happen unless intensive training and retraining is given, and the
quality of the examiners is itself repeatedly examined at regular intervals.

Examining should not be thought of as something which anyone can do without professional
training. If this advice is disregarded, the result will be that the assessment is always of the
examiner as well as the candidate, which introduces the potential for ambiguity. Examiners
should receive training in CANDUs and their properties, knowledge and understanding of
SOPs and operating procedures, the nature of simulators and their limitations, and the
specific limitations of each simulator used for assessment, and the use of checklists, video
and audio records. They should also receive training in how to use the assessment
procedures and tools. The training and assessment of examiners is an indispensable part
of a UFO assessment scheme.
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7.6 The subjective alternative.

We wish to emphasise that we have found no published literature which has solved the
problems which we have raised, and little that has even discussed it. The difficulties which
we have enumerated and discussed at length above force us finally to consider a radically
simpler and less costly alternative. Assessment could be kept entirely at a subjective level,
providing that reliability and validity could be assured, or at least estimated. Simulators as
realistic stages on which the candidate UFO can play his role could be coupled with teams
of independent, highly trained and frequently calibrated judges. That judges can be highly
reliable and suitably valid is amply supported by many studies in applied psychology, and
the use of subjective scales in the evaluation of aircraft prototypes. In the large they agree
with one another and give similar ratings to similar performances on different occasions.
It is our view that judges can similarly be trained and qualified through a highly structured
training program to assess in a quantitative though subjective way the performance of
candidate UFOs. We feel that serious attention should be given to quantifying the
reliability and validity of judges through a series of carefully constructed assessment
exercises in which it is the judges who are to be assessed, not the actors on the simulator
stage.

The reason that we wish to raise this possibility for serious consideration even after a
considerable effort to establish an objective quantitative method, is closely tied to the
problems of reliability and validity, together with considerations of practicality and cost
effectiveness. We have pointed out repeatedly that it will be a lengthy and costly
undertaking to determine the reliability and validity of any method of assessment. It will
be no easier to establish the reliability and validity of subjective methods than of objective
methods. But because there is much less work involved in preparing those methods, the
overall cost will be much less. Furthermore, if the determination of reliability and validity
proves to be too difficult, there will be no illusion of quantitative objectivity, and relatively
little effort, time and money will have been invested. Furthermore, if a substantial
proportion of CANDU full scope simulators are not configured in such a way as to meet the
data logging requirements outlined in this report, there will be no alternative to relying on
subjective methods. It should also be noted that many aspects of so-called "objective"
measures implicitly contain a large element of subjective judgment, such as choosing criteria,
interpreting responses to ambiguous procedures or practices, etc.. Furthermore, as shown
in Sections 2,3 and 4, even an "objective" method should be supplemented by subjective
measures of many aspects of candidate performance. So a decision to rely overtly on
carefully constructed subjective assessment is not so great a departure from the nominally
objective as it might at first seem.

We assert once again that subjective methods are not to be confused with fuzzy or sloppy
measurement. Subjective methods can be quantitative when properly developed. If the
techniques of modern scaling theory are applied to the development of subjective
measurement, highly reliable measuring instruments can be developed, and, what is more
important, the users will know what their reliability is.
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8.0 CONCLUSIONS

1. Overall, simulator examinations have very great potential as part of the certification
procedure. But the technique of using them is complex, and the amount of effort required
to guarantee the objectivity and precision of the results is considerable. Cooperation
between AECB and the utilities would be required in the development of an assessment
system.

2. Simulator examinations can provide quantitative estimates of a candidate's
competence. Providing appropriate care is taken it is possible to develop a comprehensive
scheme to measure the plant response to the candidate's actions, and the quality of the
candidate's actions in interacting with the plant and his team members, and for assessing his
ability to follow Standard Operating Practices, and Operating Procedures. The success of
the attempt is heavily dependent on the properties of the simulators and data logging
systems.

3. The most important problem in this, as in any assessment method, is to ensure that
the method is valid and reliable. Validity means that the assessment method does indeed
measure what it claims to measure, namely, in this case, the ability to perform adequately
as a Unit First Operator, and that if the competence of the candidate changes, so will the
score. Reliability means that if a single candidate is repeatedly examined by the same
examiner, or if he is examined by different examiners, or if a variety of tests is used, then
if the candidate's competence does not change, he will on each occasion obtain a very
similar score. That is, reliability ensures that if the score is valid, it changes for no reason
except for changes in the competence of the candidate. This report indicates how reliability
and validity can be estimated, at the cost of considerable investment of time and manpower.

4. If the procedures described to establish validity and reliability of the assessment
method are not followed, the value of simulator exercises as a certification tool will be quite
uncertain. Simulator exercises may still retain some value for the subjective impressions
they give of the candidates' ability, but they cannot be regarded seriously as an objective
measuring instrument for certification. To develop a method of simulator examination
which is both reliable and valid as a quantitative measuring instrument will be difficult,
costly and time consuming.

5. Both objective measures and subjective measures can be used to provide quantitative
scores of candidate competence. The objective measures of greatest face validity are
derived from records of plant parameters and control settings which the simulator itself
should be able to collect. If the simulator itself cannot do so much of the value of simulator
exercises is lost. Methods are described for using such data to derive appropriate scores for
measuring the qualities of candidates. Partly objective measures based on checklists and
direct observation can be used to record aspects of a candidate's behaviour which cannot
be logged by the computer. These include the proficiency with which he follows SOPs and
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operating procedures, the extent to which he adequately monitors the displays in the control
room, and communications and teamwork. Cost benefit considerations may in the end
suggest subjective methods as being preferable.

6. If it is decided to pursue objective quantitative measures, we suggest the use of a
semi-quantitative method, the "Colour Band System", for measuring the efficiency of the
operator in controlling plant parameters. The Colour Band System provides a measure of
the accuracy and speed with which an operator controls deviations of plant parameters in
normal and abnormal operation.

7. The usefulness of simulator examinations is critically affected by the ability of the
simulator computer to log data on all relevant parameters and controls in real time if
quantitative objective assessment is required. If this facility is not present, the value of the
system is very greatly reduced. If the existing facilities in operating plants in Canada are not
suitable for the task, a new test facility would have to be established or subjective methods
adopted.

8. To measure adequately the more subjective aspects of performance and behaviour,
it is essential to make use of the technology of subjective measurement, observational
techniques and scaling which has been developed by the behavioural sciences.

9. The choice of scenarios for simulator examination is of the greatest importance. We
present a method for choosing and validating scenarios. This again is a step which requires
very considerable investment of effort.

10. Computer simulation should be used to explore the properties of scoring schemes.
We have discussed the problems of scoring performance using the different kinds of data,
and the problems of determining a suitable score for pass/fail criteria. The questions which
arise here will require considerable consultation between the AECB and the utilities.

11. Members of the certification team will require extensive training in the use of the
techniques adopted. This is as important as any other aspect of developing an assessment
scheme. It is not sufficient to take an ex-operator and declare him an examiner or a judge
without extensive training in a range of pertinent topics.

12. Final validation of any scheme must be against the subsequent performance of UFOs
once qualified. It will take several years to collect validation of this kind.
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ANNOTATED BIBLIOGRAPHY

This appendix provides summary information about the contents of the more important
references which were found relating to the use of simulators for nuclear power plant
licensing examinations. They are presented in more detail than the general references
because they contain technical detail which, with one exception, is directly related to the
topic of this report. While there is an extensive literature available on the properties of
simulators in general, we have restricted our references to those where the information is
directly related to the nuclear industry. Reports which deal with aviation simulators,
gunnery simulators, ship simulators, etc., and which are mainly to do with training, are so
far removed in content from the issues addressed in this contract that we do not feel that
they can be used with any confidence to make decisions about nuclear licensing.

Beare, A. N., Dorris, R. E., Bovell, C. R., Crowe, D. S., and Kozinsky, E. J. 1984. _ "A
Simulator-based Study of Human Errors in Nuclear Power Plant Control Room Tasks."
NUREG/CR-3309. U.S.Nuclear Regulatory Commission.

General Summary

Basic Objectives : To study performance data from a PMS system

Major Findings or Recommendations:

Scenarios were primarily chosen within the realm of EOPs and EOPs were used
during each experiment.

Performance shaping factors: Operating experience was found to have no observable
effect. This was considered a result of over-training of the pre-licensed operators
which resulted in high performance levels. Stressfulness of the scenario was found
to produce higher error rates as the stress level of the scenario was reduced.

Simulator Topics

Types of Simulator Addressed : Full scope high fidelity
Simulator for Certification of Operators

Collins, P. F., and Holman, J. J. 1976. "A Guide for the Licensing of Facility Operators,
including Senior Operators." NUREG-0094. U.S. Nuclear Regulatory Commission,
Washington, D.C.
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General Summary

Basic Objectives : To present the components of a licensing examination for nuclear
power plant operators.

Note that this was published in 1976 and does not consider simulators.

Major Findings or Recommendations :

Components of Licensing Process :

Medical examination
Examination in groups for efficiency
Operator-written examination :

Topics include:
Principles of reactor operation
Features of facility design
General operating characteristics
Instruments and controls
Safety and emergency systems
Standard and emergency operating procedures
Radiation control and safety

Additional topics-senior operator only
Reactor theory
Radioactive material handling, disposal and hazards
Specific operating characteristics
Fuel handling and core parameters
Administrative procedures, conditions, and limitations

NOTE: During written examinations, operators are permitted to use any applicable
material normally provided in the control room.

Oral examination: A series of talk-through events dealing with:
Various prestart checks
Reactor start-up
Alarm identification and response
Expected plant state scenarios
Control response patterns
Inter-relationships of ancillary equipment
Mathematical calculations required
Plant instrument and control design
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Use of monitoring equipment, plant, and personnel
Emergency and administrative procedures
Plant technical specifications

Kozinsky, EJ., and Pack, R.W. 1982. General Physics Corporation, "Performance-
Measurement system for Training Simulators." NP-2719. EPRI. Palo Alto.

General Summary

Basic Objectives :

Discusses an Operator Performance Measuring System (PMS). The system is
designed to work with full-scale, real-time simulators. The objectives of the PMS
are:

To provide an empirical database for statistical analysis of operator reliability
and for allocation of safety and control functions between operators and
automated controls

To develop a method to evaluate the effectiveness of control room designs
and operating procedures

To develop a system for scoring aspects of operator performance to assist in
training evaluations and to support selection research

Major Findings or Recommendations :

The BWR pilot study suggests that PMS will:
Objectively and accurately record, organize, and present operator errors
Help in the evaluation of trainee performance

Simulator topics :

Uses of Simulator Addressed:

PMS uses the simulator computer to collect data. The collection program is written
in assembly language and collects analog and digital input and output from the
simulator. PMS collects all I/O information once per second and switch
manipulations are checked once per 1/4 second to avoid missing rapid manual
manipulations. A dynamic compression technique was used to reduce data bulk (no
data is collected if no change occurs). The result is recorded as a series of snapshots,
each containing the status of every light, meter, switch, and knob in the simulator.
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Types of simulator Addressed:

Full-scale high fidelity simulator

Simulators for Certification of Operators :

PMS provides a complete and exact chronology of very switch and dial position in
the simulator for the entire exercise.

Multi-attribute disutility scaling showed promise as a method for providing
meaningful performance scores.

Further pilot research programs demonstrated the following:

A potential method of scoring operator performance was developed to use in
training evaluation.

The "smoothness" with an operator manually controls certain variables was
found to be a potential indicator of operator proficiency. Methods were
developed to measure this proficiency and record it in a format suitable for
training evaluation.
Techniques for measuring error rates, suitable for direct application into fault
tree and event tree analysis, were developed.

Efficient computer software and techniques were developed and refined for
real-time collection and analysis of simulator data.

PMS data analysis programs were written in FORTRAN and run off-line. These programs
were run on a mini-computer although newer versions of simulators can run these on the
simulator computer after the simulation so as to avoid magnetic tape transfers. The analysis
time was about the time of a "coffee break."

Data were then structured according to type of data, use of data, and data indexing for
analysis.

See Figure 2-4, page 2-8, "Structure of the Performance Measurement System"

Kinds of data created :

Errors by system, specific errors, and time of occurrence
Multiple attribute profiles
Operator response time (and correctness) to alarms and events
Continuous variables performance data
Sequence and time of all control manipulations
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Uses of data were:

Training feedback immediately after the end of a simulator training session
Training management evaluation of class performance and training program
effectiveness
Research projects

Data indexing for analysis:

See Tables 2-2 and 2-3 on pages 2-10 and 2-11.

Error assessment and evaluation:

A detailed discussion on Multi-attribute Disutility Scaling begins on page 3-13.
It discusses using the attributes of error, economic loss, danger to populace,
and personal cost, in a subjective disutility function. Linear or non-linear
regression and policy capturing techniques are used to produce error scaling.
This was considered to be the most expedient approach.

Fullerton, A. M., Peelle, E., and Reed, J. H. 1982. "An Evaluation of the Nuclear Power
Plant Licensing Examination: Final Report." NUREG/CR-3458. U.S. Nuclear Regulatory
Commission, Washington, D.C.

General Summary

The report contains findings and conclusions about the U.S. NRC's nuclear power
plant operator license examination based on six months of field research in 1981/82.
The report describes and evaluates the examination system as it existed at the time.
It includes discussions on the concepts of validity and reliability as they relate to
control room operator examination, operator performance measures, and
performance-shaping factors. The report continues by discussing what could and
should be done to improve the licensing examination system. It suggests that new
examinations must be based on task analysis and should incorporate methods for
measuring operators' problem solving ability in ill-defined situations. It suggested
that the U.S. NRC needs to clarify whether the examination is a test of minimal
competence or a master test, whether separate licensing tests are required for
Reactor Operator and Senior Rector Operators. The report then presents what the
authors consider to be a model of a new licensing process which includes validated
selection procedures, a computerized basic knowledge examination, an apprenticeship
period with documentation of performance, and a computerized, tailored test to
assess problem-solving ability and system understanding.
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Basic Objectives:
The objectives of the report were to answer the following questions:
How well does the current system work?
How could the current system be improved?
Is there a better method for determining whether an individual is qualified to operate
the controls of a nuclear power plant safely?

Major Findings or Recommendations:

NRC considers certification as a mastery of plant operation whereas the utilities see the
certification as a minimal competency test which requires further apprenticeship and
practice before full competency is achieved.

There were no data to support any relationship between the examination and good operator
performance. Numerous performance shaping factors and the absence of an adequate task
analysis or operator performance measure confounded prediction of operator performance.

Expert judgment was the basis of the current licensing system.

Licensing credibility depends on the integrity, experience and expertise of the examiners.

Written examinations focus on a fairly superficial level of information. The test requires
little synthesis and evaluation, problem solving, or demonstration of knowledge of system
relationships. Rather the test requires memorization of a large number of details which may
or may not be useful on the job.

Plant specific information is less important on the written test than the combination of
generic and manufacturer-specific information. Possibly, this is a result of the low general
level of information required. It may be that plant-specific details become more important
when a candidate is required to analyze, synthesize and diagnose.

Little standardization of level of content in written exams for RO's and SRO's. The NRC
should provide point value targets for each of the general areas of generic-plant specific
material, technical content areas, knowledge levels, problem-solving questions, and
procedures and technical specification content.

Requirements of a Certification System:

A list of critical knowledge and skills must be generated to provide content validity for the
written examination. Task analytic data and cognitive analysis can be used to generate the
list.
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Performance measures must be designed to sample adequately the relevant job behaviours
that are critical to successful job performance.

Reliability must be ensured by obtaining sufficient numbers of measures on each individual.

Since observer expert judgment will ultimately be required, observer reliability must be
demonstrated.

Qualified professionals, for example industrial psychologists, should oversee the design of
examiner training programs.

Research is required in order to determine: (1) th.; strategies developed and used by
experienced operators to make ill-defined problems well-defined; (2) the links between
subject knowledge (e.g. reactor physics; plant systems) and operator problem-solving
strategies; and (3) the aspects of problem-solving ability that are most important to
performance in emergency situations.

Computerized testing and full-scope simulators should be used.

A Model Certification Process should include:
1) Validated candidate selection tests
2) Preliminary licensing written examination
3) Apprenticeship period
4) Computerized tailored tests to demonstrate the ability to diagnose off-normal

and emergency situations as well as to demonstrate mastery of the knowledge
needed to operate the plant under normal conditions.

5) A plant specific simulator test to demonstrate mastery of the necessary
perceptual/cognitive and psychomotor skills. Designed for normal and well
defined emergency conditions only.

6) Plant walkthrough to demonstrate the operator's knowledge of location of
plant equipment, alarms and monitors.

Simulator Topics:

Simulators should be used to test ability during normal and well-defined emergency
conditions only. The report suggests that problems of measuring and grading
operator performance will have to be overcome before the use of the simulator can
be expanded.

Types of Simulator Addressed:

Full scope, high fidelity.
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Simulators for Certification of Operators:

The report does not deal directly with the topic of using simulators because at the
time few were available. The following problems were noted with using simulators
at the time of the report:

lack of locally available simulators
possible negative effects upon operators from being examined on simulators
different from their own plant
examinations scheduled on weekends and backshifts
difficulty in distinguishing individual

Fraley, D.W., and Scharold, P.G. 1984. "Phased Usage of Training Simulators for Nuclear
Power Plant." UNC Nuclear Industries.

General Summary :

Simulators used during the various stages of development provided feedback which
resulted in a more efficient and effective training tool.

The importance of this document to simulator testing methods is the authors
methods for determining the relative importance of operator tasks for determination
of training content.

Basic Objectives :
To discuss and present the results of using simulators as training devices
during various stages of interim simulator design and modification.

Major Findings or Recommendations:
Phased usage is a good method for designing simulators.

Simulator Topics:

Uses of Simulator Addressed:
Operator Training

Types of Simulator Addressed:
Full-scope high fidelity



Simulators for Certification of Operators:

The methods used in this report could provide a simplistic approach to the design
and selection of scenarios for testing operators.

1. Generate a list of operator tasks including both physical and cognitive
2. Rank order them by importance
3. Use expert subjective assessment of the relative importance of contiguous

pairs of tasks
4. Use normalization techniques (described in this report) to generated weighted

values
5. Design and select scenarios which test according to the weighted values

developed.

Hollnagel,E.and Rasmussen J.1981 "Simulator Training Analysis: A Proposal for Combined
Trainee Debriefing and Performance Data Collection." RISO National Laboratory. Roskilde,
Denmark.

General Summary:

To present an approach of using training simulators in a detailed psychological study
of human performance in order to generate methods of observation and analysis
which may improve the daily use of training simulators.

Major Findings or Recommendations:

The report is primarily concerned with a proposed system for improving simulator
training through an improved data collection and feedback system

Since the report is in fact a proposal, it does not provide an answer but instead
discusses the possible approaches to the proposed system and the theoretical
background for the approaches.

The type of the methods proposed, cause/effect analysis, the use of prototypical
performance comparison, etc., would require a great deal of time and effort and
would probably have to repeated many times for use in operator certification. As a
result there is limited application to the problem of operator certification using
simulators.

Simulator Topics:
Uses of Simulator Addressed:

...Research for improved operator training programs (improved information
feedback . system)



89

Types of Simulator Addressed:
Full-scope high fidelity training simulators and research simulators

Simulators for Certification of Operators:

The report discusses the use of data and the analysis required. It suggests that a
prototypical performance must be developed to describe the appropriate sequences
of activities along a time line. The description of actual performance may then be
described as a variation of the prototypical performance.

It is noted that the generation of the prototypical performance requires a number of
translational aids and considerable experience with the analyst.

Various levels of performance descriptors are noted including basic concepts such as
mental models, decision strategies, etc., which in given situations are combined to
produce the performance.

Rankin, W.L.,BoIton, PA.,Shikiar, R., and Saari, L.M. 1984. "Nuclear Power Plant
Simulators for Operator Licensing and Training. Part 1: The Need for Plant-Reference
Simulators. Part 2: The Use of Plant-Reference Simulators." NUREG/CR-3725. U.S.
Nuclear Regulatory Commission, Washington, D.C.

General Summary

This document provides a good introduction to the value of simulators and a point
of departure for further development. It includes some comments on constraints
which limit the use of simulators within a licensing system.

Basic Objectives
Part 1: The need for plant-reference simulators
Part 2: The use of plant-reference simulators

Simulator Topics :

The Need for Plant-Reference Simulators:

Running emergency events on an operating nuclear power plant is not
feasible. A simulator is a more valid means than written and/or oral
examinations for testing an NPP operator's ability to carry out the perceptual,
cognitive, communicative and motor skills necessary to mitigate emergency
events
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Given that it is important to test in a full-task environment the ability of the
NPP operator to apply knowledge regarding plant-specific information in a
time-critical situation (i.e. an emergency event), licensing examinations given
in a plant-reference simulator are more valid than those given using a generic
simulator, (i.e. one that generally resembles the control room of a generic
type of plant) .

Simulators and training Devices for Operator Training:

Arguments for requiring phnt-reference simulators for training included:
Analysis of operator tasks indicates that certain types of tasks require a
plant-reference simulator for complete learning.

Training on the plant itself is problematic in that (aside from economic
considerations) many types of operations could not be safely practised on the
plant and there is a danger of damage to the plant.

Feedback is needed for learning to take place, it is most effective when it is
precise and the most precise feed-back comes from a high-fidelity
plant-reference training device or simulator.

Research and theory on transfer of training finds that the greatest opportunity
for producing positive transfer occurs when the stimulus conditions and the
response conditions between the training device or simulator and the actual
equipment are equivalent.

Although research on fidelity and training effectiveness does indicate a need
for high fidelity devices or simulators in the early states of training or for
training of procedures, expert opinion is that experienced operators, familiar
with a specific control room, will benefit most from high fidelity, full-scope,
plant-reference simulators for practice in discriminating and generalizing
unforeseen emergency events and such operators will exhibit greater user
acceptance of a high fidelity plant-reference simulator.

Research indicated that team training is important in the development of
team performance, especially for handling events for which probable
consequences are hard to predict, and that such training is best done in a
full-task, high-fidelity device after individual operator skills have been learned.

Types of Simulator Addressed:
Full-scope high fidelity
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Simulators for Certification of Operators :

Five recommendations for administration of simulator examinations in operator
licensing thai reflect the goal of both maximizing reliability and validity of the
examination process:

Use a core set of standard scenarios that reflect important operator job skills
in all plants.

If necessary, also administer unique scenarios that reflect particular job skills
required at a specific plant.
Use a standardized procedure for administering simulator examinations.
Use a standardized grading form or an objective measurement device, if
available, for evaluating candidate on simulator examinations.
Train examiners on the administration of the simulator examination and the
use of the grading form.

Selby, D.L., and Hensley, W.T. 1984. "A Ranking Scheme for Making Decisions on the
Relative Importance of Potential Nuclear Power Plant Malfunctions." NUREG/CR-3523
U.S. Nuclear Regulator Commission, Washington, D.C.

General Summary

Basic Objectives:
To help determine the content of training programs for operators

Major Findings or Recommendations:

The report itself is not particularly applicable to the CANDU system, however, it is
obvious that the selection of malfunctions for certification of operators is difficult.

It is logical to assume that an important training item is also an important item for
certification purposes.

The limitation of this report is that it dealt with specific hardware malfunctions and
did not consider the human error element in its ranking scheme.

Simulator Topics:

Types of Simulator Addressed:
High fidelity, full-scope
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Simulators for Certification of Operators:

The selection of scenario components or malfunctions (human or plant), for use with
simulators, is not a trivial concern if it is to truly test the operator's ability to handle the
"important" plant evolutions.
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