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SUMMARY
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A conceptual framework for operator competency and job training
planning and design being developed and used for operators in
Swedish nuclear power stations is presented briefly. This con-
ceptual framework represents a training technological approach.
It uses terms which are system oriented and familiar to people
working in the plant.

Another conceptual framework is focusing on the information pro-
cessing of the operator and its relation to physical, functional
and abstract representations of the plant and the process. This
conceptual fra'»work has been developed by Risö in Denmark espe-
cially for m-' s crocess-interaction analysis and design.

There are i .• r 3ting relations between the two structures, e.g.
human infor v ...m processing in plant operation is largely a
function o - >u rator learning of the work, the processes and the
plants uni;3,i.s subsystems and components. The two framework
are analyse» ^nd relations between them are indicated.
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PREFACE

it'

The Scandinavian research project NKA/KRU on man-machine aspects
of control room design, human reliability and operator training
in nuclear power plant operation has produced a variety of re-
sults and reports.

The project work on man-process interaction and human reliability
has among other things centered around mental representation
within the operator of the plant process, i.e. it concerns so
called mental models.

Human information processing and cognitive psychology are re-
search fields within human sciences connected with mental modelling.
They are very vital to-day and activities are found in several
places around the world. Through the man-machine system research
going on at Risö in Denmark efforts are made to introduce thinking
from modern cognitive psychology into the design of man-process
interaction in large processes like nuclear power plants.

The Swedish Nuclear Power Inspectorate has recently started the
implementation of a set of competency actions for nuclear power
plant operators concerning recruitment requirements, job training
requirements and requirements on individual competency. The con-
tent of the required operator job training is described in a set
of knowledge terms. These are on the whole process and plant
oriented in order to facilitate understanding and use for plant
officers. Although the knowledge is not expressed in a theore-
tical framework of human information processing there seems to
be interesting relations between the knowledge terms of the
nuclear power operator and the mental models mentioned previously.

The present working paper is aiming for an analysis of possible
relations between the knowledge terminology used in the Swedish
operator competency system and the skill and knowledge terminology
used in Riso's work on mental models and process operation.



INTRODUCTION

t

Ergonomics or Human Engineering in process control system speci-
fication and design has for a long time been connected with "dials
and Knobs" if considered at all. Instruments and controls should
be adapted to the visual and motor apparatus of the human operator.
Furthermore instrument panels and working positions should be
adapted to the size and physical form of the human being. The
adaptation of the working place and physical surface to the ope-
rator is important and it is well documented that this kind of
Human Engineering is needed in many cases (see e.g. [1]). But
there are also other more penetrating Human Engineering con-
siderations which especially in highly automated, complex plant
processes are as important or more important. These concern the
exchange of information between the operator and the process.
Thia Human Engineering involves not only such things as the visi-
bility of presented information. It also concerns the content
and the form of the information exchange between the operator
and the process.

Ergonomics or Human Engineering has grown in importance for many
reasons. One reason emanates from increased size and complexity
of industrial processes which normally are connected with in-
creasing requirements on plant safety including requirements on
actions against risks for human error.

Another reason is connected with modern information techniques which
are enormously flexible and are developing quickly. The technique
offers possibilities for good solutions to man-process interaction
but they will not emerge by chance or by trial and error. Good
solutions will only be reached if qualified Human Factors Engi-
neering is carried out as part of the analysis, specification and
design of the control system and process operation. It is no over-
statement to say that control system development which does not
integrate Human Engineering will give unsafe process control. The
TMI accident is a demonstration of this.

The human operator in the process utilizes some kind of mental repre-
sentation of the process during operation. It is likely that this
mental representation emanates from an intricate interaction bet-
ween inherent characteristics of the human information processing
apparatus and from learning and experiences gained in the actual
plant situations, in similar situations and in previous schooling.
The aim of the control room presentation is to facilitate transfer of
information so that the operator can follow the process and execute his
actions in normal and abnormal plant situations. It is a necessary
task for Human Factors Engineering to guide the content and the
form of control room presentation in order to enhance this infor-
mation transfer. There must be harmony between the operator's mental
model of the process and his information retrieval on one side and
tho actual presentation in the control room on the other. Human in-
formation retrieval and information processing is far too compli-
cated to be handled by common sense.



The mental model of the process is not one simple projection in
the mind of the operator of e.g. the physical characteristics of
the plant. It is a well known observation that the skilled ope-
rator normally acts with several "levels" of the plant in mind.
He may think and act on it at a physical level, i.e. on "nuts
and bolts". But he may also act on a level of "function", where
the "nuts and bolts" are hidden in a "black box". In a plant with
several interacting subsystems there are normally several levels
of function, where all previous levels may have the meaning of
"black box". The division of the plant in "levels" when operating
has been demonstrated among others, through protocols recorded
during the actual work of operators in processes. Such protocols
have been recorded and analysed by a research team at Risö in
Denmark and represent one of the main inputs to the formation
of so called operator mental models. Riso's work on mental models
will be presented more thoroughly later in this paper.

Traditionally there are few conceptual connections between
a well known discipline normally called training technology and
another field of psychology normally called human information
processing to which the work on mental models belong. This may
be surprising especially if one considers that mental models seem
to be highly related to operator skills, experiences and possibly
also operator training. Thus, it is likely that there are inte-
resting relations between operator mental models and operator
training but these relations have not been analysed so far.

Within the Scandinavian project there is the possibility for a first
effort towards such an analysis. There is on one hand the work
mentioned briefly before at Risö in Denmark on operator mental
models and operator information processing. On the other hand
there is the Swedish work on operator training and operator
competency. In this work a knowledge terminology has been gene-
rated. This terminology is primarily plant and process oriented.
The knowledge is defined in terms of e.g. components, systems,
processes, documents etc.

The goal of this paper is to present a feasibility study on
possible connections between Riso's conceptual structure for
operator information processing and Ergonomrad's knowledge termin-
ology used in defining competency requirements for nuclear power
plant operators.

THE PROCESS OPERATOR'S JOB

Before analysing the two approaches mentioned above the job of the
modern process operator will be analysed. This analysis has been
presented elsewhere (2) but will in its main parts be reported
here.

The traditional system operator, e.g. the pilot flying an aiiciart
or tracking a missile, has as hin primary task, correcting for devia-
tions from a prescribed course, i.e. he is active in the feedback
loop of the control process.



The operator of a process can be considered in a similar way as a
"tracker" where the tracking task will be to keep the process with-
in certain values or limits. In a nuclear power plant, the power
production can for instance be defined through a "state point" in
a two-dimensional diagram where the flow in the main circuit pumps
is along one axis and the reactivity of the reactor along the
other. The task of the reactor operator, e.g. when starting up
the plant, will be to keep the "state point" within certain
acceptable limits. There are two levels of limits, the first of
which will give an alarm and the second will trip the reactor.
(See figure 1).

There is, however, at least one important difference between the
task of aircraft tracking and the reactor process tracking. The
reactor process is normally much slower and the process is defined
through a limited number of process variables where each variable
and its functional characteristics and interrelations are known.
These can be learned and furthermore they can be understood from
theoretical principles. The feedback control of the process is
on the whole relatively easy because it is slow and characterized
by simple relations between inputs and outputs of the process.

It has been demonstrated several times (see e.g. [3] and (4]) that
the operator learns to understand the process variables and their
functional interrelations. Through this understanding the operator
will be able to make predictions about the direction of the process,
e.g. whether it will remain in a stable and acceptable state or go
into an unacceptable state. Because of the time characteristics of
the process - relative slowness - it is possible to utilize the
operator's prediction as feedforward control. The feedforward
control is an important characteristic of the work of the skilled
process operator. A very important safety role of the operator
is to prevent the process from going into unsafe states. This
prevention is done primarily through process state predictions or
feedforward control.

Fault diagnosis in the process is to a large extent connected with
the operator task of detecting when and why the process is within
an unacceptable state or is on the way to it. Fault diagnosis in
process operation is performed differently from classical descrip-
tion of fault diagnosis, e.g. in connection with maintenance of
electronic equipment. Process diagnosing is not characterized
primarily by operator judgements and decision based on a set of
symptoms which are presented to the operator more and less simul-
taneously and in a static way. The process diagnosis is a highly
dynamic task which runs in parallel and is interconnected with
normal operation. Thus, it is difficult to separate out from normal
operation.

Another characteristic of modern process control is that many
control loops have been automated. In the main this means that
feedback control in handled by control automatics, e.g. on very
fast or very slow process actions.

The reason for automating very fast processes is obvious. The pro-
cess may be too fast to make it possible for interaction with human
perception, information processing and action, which have certain
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time characteristics or rather are characterized by certain defi-
nite time ranges. If the process is very fast it can not be followed
by human sensing and can not be interconnected with human infor-
mation processing and motor actions.

The same thing happens when the process is very slow. The human
senses will not register a very slow process change. Furthermore
it is difficult for the operator to learn process characteristics
in a process with very long time delays even if the transfer
function between the control action and the process change may
be simple. The problems with operators in processes with large
time delays are demonstrated, e.g. in the navigation of super-
tankers.

In principle there are two ways for attacking the problem of very
fast or very slow processes. One way is automated control and the
other is changing the time scale of the process when presenting
it to the operator. The fast process must be slowed down and the
slow process speeded up.

Automatics are also used extensively for direct safety control
in nuclear power plants. The reactor or the turbine will be closed
down automatically if the process reaches certain unwanted pro-
cess values. However, there are normally several means for the
operator to prevent the process from coming close to the limits
for automatic close down. The efficient handling of these means
assumes skills - i.e. process understanding and "process feeling"
of the operator. The operator of a nuclear power plant has an
important job of running the process smoothly and preventing it
from tripping, i.e. to keep it within prescribed limits. The job
is based on an intricate operator understanding and feeling of the
process dynamics, i.e. relations between subsystems or subprocesses.
This understanding and feeling of process dynamics is often called
the operator's "mental model" of the process.

The highly automated process plant causes some problem for the
operator who needs to be active to be able to acquire, maintain
or develop operational skills. The tendency to automate the direct
control of the process, i.e. the feedback loop, makes it difficult
for the operator to acquire the process dynamics and develop the
skill needed to carry out perceptual-motor tasks. There will be
few possibilities for on-the-job training, especially when the

I process is running smoothly. The limited on-the-job training possi-

bilities put demands on special training devices like training simu-
lators. The latter have been used quite extensively in connection
with training and retraining of nuclear power plant operators.
The dilemma of the modern process operator can be stated in the
following way: It is a person who seems to be passive for long periods
but suddenly has to take over and operate actively. The dilemma lies
in the fact that to be able to interact efficiently when operator
control actions are demanded the operator must also follow the pro-
cess actively when the control is carried out by the automatics. Thus,
he has to interact with the automatic control system both in normal
and abnormal states. To be able to carry out this interaction he
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must "simulate" the process in his mind. The "simulation" is based on
his dynamic "mental model" of the process and his updating now and
then of the state of the process. This "simulation" within the
operator seems to be an important tool of the skilled process operator.
For his updating of the process state the operator needs the presen-
tation of process variables and alarms in the control room. The very
skilled operator often acquires what is going on in the process
through variable presentations before the alarms activate. He then
can use the alarms as a verification of his hypotheses about the
state. The alarm can also act as a signal saying that the operator
must give his attention to certain parts of the process which need
to be updated.

The possibility for the operator to act in an adequate way in moni-
toring and operating the process assumes an efficient "mental model"
or set of mental models which to a large extent are the result of
education and training of the operator. These mental models are used
by the operator both for classical feedback operation to a certain

extent but more importantly for feedforward control. The mental
model as such also has to be up-dated. This is normally done
through actual operation of the process. But in a highly automated
and complex process it is also necessary through practice with simu-
lated operation. Thus, the training simulator is an important aid
for the maintenance of mental models. An efficient up-dating of men-
tal models is reached through a combination of theoretical training
on basic physical principles and plant systems and dynamic training
in a simulator.



A TERMINOLOGY FOR OPERATOR KNOWLEDGE

The competency requirements of the power plant operators in Swedish
nuclear power stations are based on job descriptions which have
been carried out with a special job analysis technique. This
technique has been adapted to the conditions in a nuclear power
plant [5]. The main result of job description is a set of so-called
typical tasks. Between 150 and 250 typical tasks are included. If
the operator knows these tasks he knows all tasks which can appear
in the job, i.e. he will be a competent operator.

It is of great interest to find out the knowledge and skills needed to
perform the set of typical tasks that define the job. This know-
ledge and skill ought to be included in the operator job training.

A set of terms for the description of knowledge and skills has
been generated [6]. These terms have been used in analysing the
typical tasks. The analysis has resulted in job training require-
ments expressed as training content in terns which are primarily
related to the plant and its subsystem, its organization and per-
sonnel, documents and procedures. The main reason for choosing a
"system related" knowledge terminology is that the meaning of each
concept used must be easily understood by officers of the plant
and the utility. There are three main sets of terms:

I. Knowledge categories.

II. Knowledge objects which represent distinctive units about
which one has knowledge.

III. Knowledge levels which express the depth of the knowledge.

There are 13 knowledge categories

1. Knowledge of plant layout which is defined through two fea-
tures ,~T3) the names of the parts of the plant and their
localities in accordance with the system list and (b) the
localization of these parts.

2. Component knowledge. There arc some components which arc-
found in a large number over the plant, e.g. pumps and valves.
The knowledge of components is defined through three featurer;,
(a) the function of the component, (b) its construction and
(c) its capacity and its limitation.

3. Knowledge on manoeuvring. This is defined through the "super-
ficial" knowledge of the control room, i.e. the displ.iy» jrvl
controls. The knowledge related to controlling the process will
be found in category 4,System Knowledge and 5,Process Know-
Icåqp. Knowledge on manoeuvring is defined through (a) loca-
lization of displays or controls in the control room, (b) th^ir
operation and (c) testing carried out on the control room
equipment.
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4. System knowledge is the theoretical knowledge of each system
of the plant divided into (a) function, (b) construction and
(c) flow and feed of each system.

5. Process knowledge is theoretical and practical knowledge de-
fined through (a) co-function of systems and (b) control func-
tions related to the process function and (c) critical para-
meters related to different states and state transitions.

6. Reactor core knowledge is actually system knowledge which has
been separated out because of importance. It is defined
through (a) reactor physics and (b) core kinetics.

7. Knowledge on localizing and identifying disturbance. Each plant
has described and analysed a large number of individual and
combined disturbances which can take pl.^ce in the plant. This
knowledge category is both theoretical and practical and con-
cerns (a) the identification of the disturbance and (b) the
prediction of its consequences.

8. Knowledge on measures at disturbances is practical and defined
through (a) checking procedures when a disturbance has happened,
(b) organizing actions against the disturbance and (c) actions.

9. Knowledge on measures at fire, serious accidents and sabotage
is also practical like the previous knowledge category. It is
also defined through (a) checking, (b) organizing actions and
(c) actions.

10. Organizational knowledge. It is knowledge about the plant orga-
nization concerning (a) plant units, jobs and personnel and
(b) competency and responsibility related to units, jobs and
personnel.

11. Administrative knowledge concerns the documents used in the
plant. These can be divided into those documents which the
operator has to fill in and those which are steering or
guiding his work. The category is defined through (a) content
of the document, (b) its placement and (c) its use.

12. Knowledge on safety regulations is actually 3 subcategory to
11 Administrative knowledge. It is divided into (a) content of
safety regulations and (b) their applicability.

13. Knowledge on supervision. This knowledge category has been
divided into four parts, (a) initiation, (b) instruction
(c) motivation and (d) control and feedback.
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There are five types of knowledge objects. Two of these categories
do not represent objects in their physical meaning. But they are all
distinctive entities of the plant which are available in design
or operation of the plant.

1. Technical systems according to e.g. the system list of the
plant.

2. Organizational units or persons according to e.g. the orga-
nizational chart of the plant.

3. Documents according to e.g. the document list of the plant.

4. Disturbances according to disturbance lists of the plant.

5. Actions according to e.g. the list of typical tasks of the
jobs considered.

The depth of the knowledge or skill is defined in three levels

3. Thorough knowledge or skill means learning to the extent
that the material can be activated without use of instruc-
tion, advice or any other aid.

2. Knowledge or skill means that the material can be activated
with use of instruction, advice etc.

1. Orientation means familiarity with the material normally
without demand on performance.

A more thorough definition of these terms are found in Appendix 1.

L » •

I

I
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A TERMINOLOGY FOR FUNCTIONAL MODELS AND HUMAN INFORMATION
PROCESSING

The man-machine system research at Risö concerns, among other
things the problem of how a complex process like nucelar power
production is mentally represented in the operator. The popular
name for this projection of the process is the "mental model".
Besides mental models/ there are some other concepts used like operator
strategies and data. A strategy can be defined as a principle
utilized by the human operator when attacking a problem, e.g.
in controlling the nuclear power production. Data concerns
pieces of information from the system or the environment utilized
"on-line" by the operator for control of the process.

Some of the features of mental models are of special interest to
questions about knowledge and skills and competence of the ope-
rator [7] .

First there is the representation of the physical and functional
parts of a plant, i.e. systems and components. This representation
has been divided into five alternatives:

1. Physical form

2. Physical function

3. Functional structure

4. Abstract function

5. Functional meaning

Physical form is simply a picture characterized by a static spatial
description in physical terms. It represents the "nut and bolt" level
although the degree of resolution in a description can vary consider-
ably and need not necessarily and literarly end in nuts and bolts.
The physical form can be structured in a way that it is nearly
functional, e.g. a photo of an engine from a car.

The physical function still has the physical objects as a main des-
criptor, but there is also added to the image some interrelations bet-
ween the objects which are not just spatial (as in models of physical
form). It has an interrelation of interaction between objects and the
level of aggregation or decomposition into objects or components. This is
not fixed once and for all. It can be changed through rearranging
the boundary between objects according to need or intention of the
human modeller or the operator in the specific situation. The physi-
cal function model is on the whole connected with the function of
the physical components .
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Functional structure is a model which is connected more directly
with the process and not with the physical component. The struc-
ture of the model reflects selected elements of its behavioural
structure. This level is typically the level of scientific mo-
delling and technical analysis. The rules and laws used to inter-
relate are general system independent laws, e.g. physical laws
of N°wton.

An example of a description which reproduces a functional struc-
ture model is a generalized diagram of feedback systems. This
diagram shows the information flow and the interrelations are
deterministic and the system can also be reproduced through an
equation.

Abstract function means that a system is reproduced through one
variable or some variables on a general and more symbolic level
than the physical form or physical functions. An example is when
the process of power generation is described in energy terms or
mass terms through the whole system. Information is also commonly
used to describe the flow in a whole system, where the information
stands for different kinds of physical and functional realizations.
Models of human information processing formed in cognitive psycho-
logy and human engineering are another example of this kind of
model.

In functional meaning the properties of a system are specified in
terms of relations between variables or states and events in the
systems environment. Functional meaning is connected with the
definition of system bounderies, i.e. it is the function of one
part of the total environment in terms of the rest of the environ-
ment. The boundary around the system will change with the attention
of the observer and the system is that part of the total environ-
ment which the observer wants to control or influence.

An example of a description accordin to functional meaning is
a power plant (the system) in relation to the energy production,
distribution and consumption (the environment).

It is obvious that there is a hierarchy between the five ways of
representing the plant and the boundaries between two adjacent ways are
normally not sharp steps. Through a system analytical approach
it is in principle possible to work oneself "down" from a model of
functional meaning through models of abstract function, functional
structure, physical function to physical form, i.e. down to the
"nuts and bolts" Characteristics of the five types of models are
found in figure 2.

The associated human data processing is also a main concept and it
can be divided into three main levels [8]. These are characterised in
bohaviour terms and refer to knowledge and skill of the operator:

i
1. Skill-based behaviour

2. Rule-based behaviour

3. Knowledge-based behaviour
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Skill-based behaviour seems on the whole to be equivalent to what
is called psychomotor behaviour. It is characterized by "feel" and
subconscious coordinations between perception and motor actions.
The traditional tracking of the operator in its pure form demands
skill-based behaviour. In process operation skill-based behaviour
is characterized by operating on the control console itself instead
of operating the underlying process.

Rule-based behaviour is characterized by procedures and rules for
actions which are connected with certain patterns of the system.
These patterns should be recognized by the operator and should be
followed by certain prescribed actions or plans for actions. Thus
the operator has to detect certain states which according to the
rules demand certain prescribed actions. However, there is no
reasoning or active- understanding demanded of the operator in
carrying out the right actions.

t'

Knowledge-based behaviour represents an advanced level of reasoning
of the operator. The process values presented in the control room,
e.g. flows, pressures and temperatures act as symbols for what is
going on in the process. The operator uses these values to "look
into the process". Through reasoning he reaches a complete picture
of understanding of what is going on in the process. The actions
then taken by the operator are based on this understanding of the
process. Thus, the operator is operating the process in a true
sense and the way he is doing it can be characterized as problem-
solving. Knowledge-based behaviour in a large-complex process like
the generation of electrical power demands the possibility of the
operator switching between different model categories of the plant,
e.g. physical form, physical funtion, abstract function etc. as
presented in figure 2.

The operators information base in these three categories is found
in figure 3, There are no sharp bounderies between the behaviour
categor j.ejj.

AN ATTEMPT TO RELATE TWO TERMINOLOGIES

The two terminologies presentet. nbove, the one on knowledge and
skills and competency for nuclear power operators and the other on
mental models and human information processing are quite different
They emanate from different brunches of the human sciences
which have developed independently without communication. Thus,
there is no immediate way to relate the two sets of concepts to
each other.

In earlier part of this report the tasks of the process operator
were analysed in terms of feedback-feedforward control. The feedback
control can be characterized by some kind of tracking performed by
the operator with strong demands on coordination between visual
inputs and motor outputs and on well-timed and precise actions. This
kind of tracking can be found in jobs like flying an aircraft or
navigating a ship and also in some manual process control but it is more
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boiling, cooling, water treatment, feedback
loops.

Normal operation figures.
Limiting value figures.

Physical function. Variables and their rela-
tions, physical characteristics in graphical
plots and numerical laws.

Normal states, fault
patterns.

Physical function.
components. How components work
connected and interact.

Properties of parts and
How they are

Names and labels of things,
components, places.

Physical form. Physical appearance of parts,
components, switches, keys and indicators
and their locations. Anatomical and topo-
graphic maps.

lental strategies and heuristic rules for
conscious processes:

- Deduction, abduction and search.
- Explanation, prediction, evaluation.
- Planning - i.e. mental experiments, selection
and storage of procedure.

- Manipulation of symbols; rathenatical,
graphic. Schematics and drawings.

Elements of strategies - the process rules -
are system and task independent but model
specific.

OOAL ORIENTED,
HULE BASED

State pattern models, re-
ferences for recognition
and identification of
states, events, situations,
etc.

Associative net relating states, evens, situ-
ations, needs to tasks or activities.

Fran instruction or experience (or derived by
functional reasoning).

Procedures - rules for sequence of actions
upon the physical system or environment in
general. Task and system specific:

- Administrative - legal instructions.
- Technical work procedures. Prescribed by
instruction - verbal or written - or stored
from previous successful occasions, or gene-
rated from functional knowledge.

I'CDEL CCNTHQUZS
SKILL BASED

Templates for activation of
reflexive performance by
events, otjects, situ-
ations.

"Process-feel"

Subconscious model of physical "landscape".

Dynamc world model; schemata for control of
bodily and manual activities:

Locate, orient attention and body, ttove around,
manipulate tools, equipment, systolic aids.

Figure 3, lap if oper-itors' : -.fern-otic•:•. base accoriim to :iasraiss-_-n.
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an exception than something typical in the operation of a nuclear
power plant. The job analysis carried out on the control room jobs
in Swedish nuclear power stations indicates that there is one
situation where there are requirements on precise and well-timed
process tracking. It is in a phase of the starting up of a plant
when the operator has to switch between different methods of
measuring the flow of neutrons (Source Range Monitoring to Inter-
mediate Range Monitoring).

The tasks are characterized by relatively slow state changes.
The operator has to follow and understand what is going on in the
process and in the subsystems. The operator sometimes makes ope-
rational actions but the actions as such are simple, e.g. he turns
one or several switches, meaning, e.g. that he opens a valve, chooses
a measuring range or that he chooses between a manual or an automatic
mode, sometimes he checks and feeds set-points into the control system.
These actions of the operator must be coordinated with the automatic
control of the plant, this he is checking through reading values
of flows, temperatures and pressures. The operator must understand all
the time what is going on in the process and also in those parts which
.are controlled by the automatics. The relative slowness of the
process makes feedforward control possible. Through predictions of
process state changes it is possible for the operator to meet the
process with adequate actions. This feedforward control is impor-
tant for a smooth operation of the plant. A competent nuclear power
operator who is acting with feedforward control does not base his
predictions on highly developed tracking and psychomotor skills.
The predictions are rather based on understanding of what is
happening in the process.

The skill of process tracking seems to fall under the Risö con-
cept of "skill-based behaviour". Thus, this kind of skill-based
behaviour is of relatively minor importance in what constitutes a
competent operation of a nuclear power plant. There are on the
other hand situations in the process control work where an experi-
enced operator develops performance which can be characterized as
"skill-based behaviour", i.e. the operator is doing the work in an
automatic mode without conscious reasoning or decisions. But "skill-
based behaviour" in nuclear power plant control is more an ex-
pression for a principle found in practically all kind of jobs to
"economize" with mental resources. Certain actions will with
accumulated experiences be automated. The conclusion will be that
skill-based behaviour plays a relatively small role in tne work of
the plant operator and it is not critical in relation to what
constitutes a competent operator performance.

Several nuclear power operator tasks are characterized through a
sequence of actions. Process variables have to be checked and in
between the checks there are operational actions. These operations
are simple, e.g. switches being turned. There is a relatively
fixed sequence of activities in normal operation and also in
connection with disturbances. This condition may lead to a state-
ment that the plant can be operated using a checklist for the
checks and actions. The task of the operator in this case will be
to relate actual states of the process or subsystems with the steps
in the checklist and act accordingly. This way of operating the
station with a checklist is also carried out quite extensively.
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Unquestionably many situations can be handled mechanically using
the checklist and knowing where to check and where to operate in
the control room. But this way of operating the process assumes
a perfect set of process indications and controls in the control
room, a perfect instruction and a perfect way of relating the process
indications and the steps in the checklist. This assumption is not
fulfilled. There are imperfections in all the above parts. If the
assumptions were met the process control could have been automated
completely instead of using a human operator.

The control of the process according to a checklist as described
above seems to come close to the ruie-based behaviour in Riso's
terminology. Even if rule-based behaviour is practiced quite

I a lot in the operation of the plant the goal for operator competence
s can not be knowledge of procedures. An operator who is able to

follow only procedures will not be able to make predictions about
the development of the process. Thus, he will not be able to carry

\ out feedforward control, which is important for smooth operation of
the plant.

| It can be concluded that an operator who is characterized by
only rule-based behaviour is a dangerous operator. He can
operate the station for long periodswhere there are no insuffi-

, ciencies in process indications or controls or in instructions
I or no surprises in plant states or in subsystem conditions. But

as soon as there are deviations which are outside the rules and
procedures,with adhering conditions the operator will not be able

! to operate, if he then realizes that he is in a situation outside
the set of rules, procedures and conditions and close down the
station it will not lead to any problems, but there is an obvious

I risk that the operator misinterprets the situation and operates

the station in a way which may lead to unsafe states.
The operator must understand all the time what is going on in the
process. And through understanding he is able to make predictions
about process state directions and he can prevent the process
from going into unsafe states. To express this in Riso's termin-
ology the competence of the operator must be characterized by
"knowledge-based behaviour".

It may be of interest to look into possible relations between
Ergonomrad's knowledge categories of the competency system and
Riso's human information processing concepts according to figure 3.
If we assume strongest possible demand for operator predictions
-feedforward control - in all kinds of operation, normal and ab-
normal situations, as well as a requirement to take care of all
specific operational situations a possible training content can be
analysed and expressed in terms of Riso's human information pro-
cessing concepts. These concepts are divided along the knowledge
categories. The result of such an analysis of relations is found
in figure 4. Some of the Ergonomrad's knowledge categories, Organi-
zational knowledqe and Knowledge on supervision, are not included
in the figure as these parts of competency of the nuclear power
operator are not covered by the Risö concepts.
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It is striking from the pattern of crosses in figure 4 that the
important knowledge categories concerning plant» processes, system
components and disturbances involve "knowledge-based behaviour" of
the operator and furthermore the knowledge is structured according
to different functional models. The operator is using functional
models which vary from Physical form (on plant localities but not
on components) to Abstract function (on, e.g. Process Knowledge).

Certain knowledge categories involve "rule-based behaviour". A
first impression of nuclear power plant operation may be that
rule-based behaviour plays an important role if one considers the
number of operational disturbance and safety instructions found
within the operational organization of the plant. These instruc-
tions are used quite extensively, but not with the meaning that
the operator follows the procedures in the instruction blindly
without understanding what they stand for in terms of processes,
systems and disturbances.

In all situations where the instructions or safety regulations are
used there is a demand on the operator to understand in relevant
plant terms what he is doing. Genuine rule-based operator behaviour
may be found among less experienced operators. But it is not
acceptable to base the operation of the plant only on rules, pro-
cedures and the recognition of states or signs which will activate
prescribed procedures. Rule-based behaviour must be supported by
knowledge-based behaviour among other operators on the shift.

A similar type of conclusion can be made about "skill-based be-
haviour". There are situations in the plant, where skill-based be-
haviour is supporting a competent operation of the plant, especi-
ally in connection with certain manoeuvres which have been mentioned
earlier in this report. On the whole skill-based behaviour always
must be supported by knowledge-based behaviour.

There are also aspects of operator training which can be discussed
in the light of the two conceptual structures.

The analysis of the operator jobs in the Swedish competency work
shows the importance of process understanding of the operator. The
process understanding must be built up systematically through
theoretical training concerning systems, processes, components, dis-
turbances and transients. The theoretical knowledge has to be
developed further and integrated through operational training. The
training simulator is an adequate instrument for this integration
of pieces of knowledge. The training simulator, however, is limited
in scope and the simulator training must be supplemented with prac-
tical experiences from actual plant operation in the control room.

The analysis of relations between the Ergonområd and the Risö con-
ceptual structures illustrates among other things the necessity for the
operator to switch between different functional models. This in
un observation which ought to have implications for the planning
of the operator training and,furthermore,implications for the way
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the information about processes, systems etc. is presented to
the operator in the control room. The operator's "mental" switch
between functional models ought to be correlated with possibli-
ties to switch between corresponding presentations in the control
room. In the conventional control room with its large number of
instruments, recorders and alarms the competent operator selects
data which is in accordance with his present functional mode, which
in turn depends on the type of task he is involved in. It is
likely that the work of the operator can be facilitated through
designing presentations which are more similar to, or in accordance
with, the operator's functional models. Modern presentation techi-
ques with, e.g. VDU:s and mimic diagrams probably offer possi-
bilities for presentations which are better adapted to the way
an operator utilizes process information.

Thus, there is an interesting link of relations starting with the
operator job requirements and operator tasks through operator compe-
tency and job training leading to control room design. This link
supports the often mentioned ergonomic principle (see e.g. [9])
that the planning, specification and design of a power plant should
include some activities going on in parallel or at least with
possibilities for intercommunication. These planning activities
concern the operational organization of the plant including operator
jobs, operator competency and operator training and also the man-
machine communication expressed in terms of presentations and in-
formation interactions. The development of clear interrelations
between the two conceptual structures discussed in this report
emphasizes the need for tools to handle process control planning
procedures in which operator aspects are integrated with infor-
mation system and process aspects in a qualified way.

It is very likely that process control system planning and design
which integrates operational organization and job design, compe-
tency and job training design and man-machine interface design in
accordance with the above mentioned idea is a necessary approach for
the prevention of the sort of situations which happened in the nuclear
power station at Three Mile Island on 28 March 1979 when among other
things a relief valve remained open and reduced the pressure in
the reactor to the extent that it started to dry out and it took
the operational staff more than two hours to realize and under-
stand what was really going on.
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APPENDIX

Knowledge cate9ories( knowledge objects and knowledge levels
concerning job training for control room operators in nuclear
power plants

KNOWLEDGE CATEGORIES

1. KNOWLEDGE OF PLANT LAYOUT

a. Designations
b. Localities

2. COKI'ONENT KNOWLEDGE

a. Function
b. Design
c. Capacity - limitations

3. KNOWLEDGE ON MANOEUVRING

a. Localization (in the control room)
b. Operation { " " " • )
c. Testing

4. SYSTEM KNOWLEDGE

a. Function
b. Design
c. Plows and feeds

5. PROCESS KNOWLEDGE

a. Co-functions between subsystems
b. Control functions
c. Parameters

6. REACTOR CORE KNOWLEDGE

a. Reactor physics
b. Core Kinetics

7. KNOWLEDGE ON LOCALIZING AND IDENTIFYING DISTURBANCES

a. Disturbance identification
b. Prediction of consequences
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8. KNOWLEDGE ON MEASURES AT DISTURBANCES

a. Checking
b. Organizing actions
c. Actions

9. KNOWLEDGE ON MEASURtS AT FIRE, SERIOUS ACCIDENTS AND
SABOTAGE

a. Checking
b. Organizing actions
c. Actions

10. ORGANIZATIONAL KNOWLEDGE

a. Unit and person
b. Competency and responsibility

11 ADMINISTRATIVE KNOWLEDGE

a. Document content
b. Document placement
c. Document use

12. KNOWLEDGE ON SAFETY REGULATIONS

a. Content
b. Applicability

13. KNOWLEDGE ON SUPERVISION

a. Initiation
b. Instruction
c. Motivation
d. Control and feedback
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KNOWLEDGE OBJECTS

There are five categories of objects. Two of the categories

do not represent objects in its physical meaning. But they

are all distinctive entities of the plant with which the

staff must be familiar.

1. TECHNICAL SYSTEMS

Technical systems and subsystems are all well defined

according to their function in a nuclear power plant, e.g,

the reactor, the turbine, the steam generator etc. They

are listed in a separate document, The System List, of

the plant.

2. ORGANIZATIONAL UNITS OR PERSONS

These are specified in the organ za^ional chart of the

plant, e.g. the unit for plant maintenance which is

divided into subunits and different jobs. Each job is

connected with an individual.

I
I
I
I

3. DOCUMENTS

There are several types of documents, regulations, instruc-

tions, drawingr flow-charts, logs, reports etc. All these

are specified within the plant.

4. DISTURBANCES

These are nearly infinite, especially if one takes combina-

tions of disturbances into consideration. There is in each

plant a thorough list of solitary disturbances - more than

one hundred.

5. ACTIONS

There is nearly an infinite number of actions carried out

in the analysed jobs. Special procedures have been used to

generate a limited number of action which are representa-

tive for the jobs, e.g. the list of Typical Task found in

the Job Analysis and Job Description.
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KNOWLEDGE LEVELS

1. TECHNICAL SYSTEMS

Thorough knowledge

Knowledge

(3) Knowledge about system parameters,

e.g. flows, pressure and temperature

and about flow-ways without use of

instructions and system diagrams.

Thorough knowledge about influences

from other systems.

Thorough knowledge about the compo-

nents of the system and its place-

ments.

Knowledge about power feeding with-

in the system.

(2) Knowledge about flows, pressure

and temperature and about flow-

ways with uso of instructions or

system diagrams.

Knowledge about influences from

other systems.

Knowledge about the principle struc-

ture of the system and its components.

Orientation (1) Knowledge about the function of the

system and relations to other

systems.
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2. ORGANIZATIONAL UNITS AND PERSONS

Thorough knowledge (3) Knowledge about the organization

in detail of the utility.

Knowledge about competence and respon-

sibility of personnel which is im-

portant ft» the operation of the

plant.

Knowledge (2) Knowledge about the organization of

the production unit of the utility

and about related competence.

Orientation (1) Overview knowledge of the organi-

zation of the production unit of

the utility.

3. DOCUMENTS

Thorough knowledge (3) Knowledge about all documents of

relevance for the operation of the

plant.

Knowledge about the applications

of each of these documents.

Knowledge about how logs and re-

ports of relevance for the plant

operation are being filled in and

handled.

Knowledge (2) Knowledge about all types of docu-

ments relevant for the operation.

Knowledge about the application of

those documents needed for a safe

continued operation and safe shut-

down of the plant.



Orientation

Orientation about how logs and

reports are filled in and handled.

(1) Knowledge about all types of docu-

ments relevant for the operation.

Orientation about the application of

thOGO.

4. DISTURBANCES

Thorough skill

Skill

Orientation

(3) Detect disturbance patterns.

Identify causes of the disturbance.

Estimate consequences of the distur-

bance without use of disturbance

instructions.

(2) Detect disturbance patterns.

Identify causes of the disturbance.

Estimate consequencies of the distur-

bance with use of disturbance

instructions.

(1) (Not used).

5. ACTIONS

Thorough skill

Skill

Orientation

(3) Take necessary steps to ensure con-

tinued operation, safe shut-down

or prevent influences from the

surroundings without use of instruc-

tions.

(2) Take necessary steps with use of

instructions to ensure continued

operation, safe shut-down or prevent

influences from the surroundings.

(1) (Not used).


