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REPRESENTATION OF PROCESS STATE,
STRUCTURE AND CONTROL

L.P. Goodstein and J. Rasmussen

Abstract. Supervisory control is essentially a decision-making
activity where, among other things, the dm has to maneuver with-
in a complex problem space which reflects key dimensions and at-
tributes of the object system (power plant ...). Of considerable
importance therefore is the representation for the dm of this pro-
blem space comprising at the one end the target demands, goals,
constraints and, at the other, the resources available for meeting
the assigned goals - and all of this in pace with the dynamic
event-driven environment which characterizes the types of systems

of interest.

Previous work has identified the advantages of utilizing the two-

dimensional means-ends/part-whole space as a basic ingredient in

a system representation. This paper associates more detailed
representational requirements at the various levels of the means-
ends axis with the activities of state identification and diagno-
sis. In addition, some examples of display formats which attempt
to incorporate the outlined representational principles within
the context of a PWR plant are discussed.
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INTRODUCTION

Supervisory control can be briefly defined as a decision-making
activity concerned with the allocation of resources in a complex

many-to-many mapping context characterized in the following way
(Lind 1982):

- plant and/or subsystem goals may be multiple and partially
conflicting (for example, when considering safety vs.
production).

- a plant function can have several alternative physical im-
plementations.

- conversely, a component or subsystem can be used to im-
plement one or more functions and thus contribute to the
achieving of one or mcre goal.

- the functional structure is dependent on the current oper-
ating mode.

The situation is complicated by the fact that the plant systems
often are highly automated. This is equivalent to saying that
there is more than one decision-maker:; indeed there could be
said to be three - the desjaner in the form of stored and/or
trained rules, decision tables, algorithms, specifications,
regulations, the automatic control eystem and the operating
staff.

The automatic system is usually in control during normal daily
operations as well as in pre-determined non-normal situations
where specified sets of cues (plant data) will lead automatical-
ly to specified control actions on the plant which change its
physical configuration and hence its functional structure. The
criteria for automating vary; economic factors, critical time
problems and/or a certain satisfaction derived from replacing
the human. 1In this way, the decision-making problems left for
the operating staff can become fragmented but remain neverthe-
less vital since they relate often to the "leftover" tasks of



coping with unforeseen situations as well as monitoring the
automatic control system's performance.

The advent of advanced information technology and, in our view
(Rasmussen and Goodstein 1985), the corresponding need for a
more systematic approach to implementing the three-way cooper-
ation mentioned above has led to proposals for a more formal and
systematic approach to designing and evaluating the oper-
ators'/users' work situation - i.e., in the form of a cognitive
task analysis (see Rasmussen 1985 & 1986a).

Fig. 1 gives a summarized view of such an analysis as a multi-
level mapping process originating with target system demands
which give rise to a corresponding set of control tasks. These
in turn involve decision making activities which require access
to appropriate information. Allocation policies define the
allocation of functions among parties vhile knowledge about
information processing strategies and behavioral modes gives a
basis for the design of suitable information displays and com-
munication between parties. Thus the analysis leads to a defi~
nition and distribution of the functions among the three
partners as well as the structure and form of the interaction
aiong them through the system interface.

This paper will deal with the problem of representation of the
problem space comprising at the one end the target demands,
goals, constraints and, at the other, the resources available
for meeting the assigned goals in the dynamic event-driven
environment which characterizes a typical process plant.

DECISION MAKING IN THE MEANS-ENDS/PART-WHOLE PROBLEM SPACE

A primary component in mapping between the specified work re-
quirements arising from the object system (e.g. power plant) and
the user/operacor's ability/resources for coping with the re-
lated cognitive tasks is a suitable representation of the prob-~
lem space defined by the object system.
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Previous work (Rasmussen & Lind 1981, Rasmussen 1986b) has
described the advantages derived from - indeed the necessity for
- utilizing a two-dimensional means-ends/part-whole space within
which a decision-making activity can take place. Fig. 2 il-
lustrates the various levels of the means-ends dimension in
connection with a technical system. These levels require a
variety of representations and relations which become useful in
a problem solving situation and thus they will be utilized in
connection with the following discussion. Fig. 3 gives examples
of corresponding sunervisory tasks at the various levels.

The decision ladder (Fig. 4) (Rasmussen 1976) indicates the main
activities connected with decision-making - all of which need
informational support. Left branch traversal, consisting of
activation, observation and identification, is aimed at estab-
lishing "where we are now; what is going on; what could result".
Coming up over the top of the ladder involves judgement, prior-
itization, selection among alternative targets. Right branch
traversal includes elements of synthesis in order to plan and
carry out the control tasks, using the assigned resources, to
correct the immediate situation - a situation which could be
routine, unique, unexpected, dangerous, etc.

Thus issues regarding complexity come to life while traversing
the ladder; identification of current state and potential conse-
quences, choice of immediate goals, maintaining of critical
functions to satisfy these goals, allocation of equipment and
materials without deleterious side effects and within the
necessary time scale and so forth. Reported problems in the
control room reflect operator difficulties in carrying out these
tasks (see e.g., Woods et al (1986)).

With regard to state identification, in a cooperative decision
making system, the computer and the operator each will partici-
pate in attempting to continuously identify the state of the
plant and ensure that the immediate goals are being satisfied.
Since there is an underlying circularity in the iteration of
goal->desired state->actual state->goal, steps have to be taken
to break this loop in some way.



CONTENT OF MEANS-END REPRESENTATION OF TECHNICAL SYSTEMS

. .
MEANS-ENO . PROPERTIES OF THE SYSTEM SELECTED FOR REPRESENTATION
LEVELS .
-
-
PURPOSE . Properties necessary and sufficient for retating the performance of the system
b with the reasons for design, with requirements of environment.
CONSTRAINTS *
. Categorization in terms referring to properties of the environment.
-
*
ABSTRACT . Properties necessary and sufficient to establish retationships according to design or
A intention: energy, value, information, truth, etc. Relationship to underlying caussl
FUNCTION . structure and function is depending on convention and design choice.
»
* Categorization in abstract terms, referring neither to system nor to the environment,
-
»
GENERALIZED . Properties necessary and sufficient to establish "black box* input-output models
d of functions irrespective of underlying implementation; this level is necessary for
FUNCTION d coordination of different rysical processes to serve joint higher level purpose.
»
b Categorization according to recurrent, femiliar input-out-put relationships.
-
-
PHYSICAL hd Properties necessary and sufficient for use of object: for adjustment of object for use,
i to adjust to Limits of use, to predict whether objects will serve particular use
FUNCTION hd to select part to move for control of physicel process.
-
bl Cstegorization according to underlying physicsl process.
»
L 4
PHYSICAL v Properties necessary and sufffcient for classification and recognition of material
b objects; '
FORM b
»
-

Fig. 2. The content of representations at the various levels of
the means-ends hierarcny.



TYPICAL TASKS IN SUPERVISORY PROCESS CONTROL

MEANS-ENDS LEVELS

WHOLE -PART DECOMPOSITION

CFUNCTIONAL DECOMPOSITION

AT EACH LEVEL INDEPENDENTLY)

GOALS AND VALUES
CONSTRAINTS

PLANT MANAGEMENT:

Maximize Capacity Factor, Maintain Plant availability,
prevent Contamination of Envirorment,
Control Safety snd Work Conditions of Employees

FLOW, DISTRIBUTION,
AND ACCUMULATION OF
MATERIAL, ENERGY,
MONETARY VALUES,

PLANT CONTROL:

Control Major Flows of Energy and Mass between Sources
and Orains. Monitor States of Major Balances

Monitor Communication Between Groups and Teams in Plant,

AND HARPOWER Raintenance, Roving Cperators, etc.
CENERAL SYSTEM MANAGEMENT: Control Reactor Flux, Maintain Core Cooling, Control
FUNCT(ONS AND Pressurizer Level, Maintain Feedwater Flow
ACTIVITIES

SPECIFIC WORK

EQUIPMENT OPERATION: Start Feedwster Pumps, Check Bearing Temperature,

PROCESSES. Switch to Stand-by Power Supply
PHYSICAL PROCESSES
OF EQUIPMENT
APPEARENCE, NAVIGATION AND Identify valve 337 for Maintensnce Technician
LOCATION, AND

CONFIGURATION CF
MATERIAL RESCURCES

IDENTIFICATION:

® % % % % ¥ @ ® % 5 & & % & & B % % & ¥ B S C P S O S ¢ 5 B B S S P S PP

Follow Vendor Technician to Emergency Diesel B

~

The problem space in supervisory process control of the previous
figure is here used for illustration of typical control tasks at
will be noted that change in 1level of

the various

levels. It

abstraction and decomposition are rather tightly coupled.

note,

that the tasks are 2ll1 performed by the same

decision maker, the control room operator(s).

Fig. 3. Typical tasks in supervisory process control.
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State identification is the first critical step in the decision
process and it can take place at one or several levels of the
means-ends hierarchy. Generally speaking, to avoid circularity,
state identification follows a "narrowing-in" process where,
after an initial coarse classification, the critical state is
found through an increasingly focussed attention which, at the
same time, implies a top-down movement along the means-ends axis
in the problem space.

At each level of the reans-ends hierarchy, the functional re-
presentation of the process plant will form a causal network in
which the type and connection of the individual elements depend
on the level of whole/part decomposition chosen. Since the
operators' diagnosis in the control room is not usually directed
toward the identification of root cause but rather at the
jdentification of appropriate corrective control measures, state
identification will be more concerned with a characterization of
the state of the elements with reference to acceptable limits -
both with regard to the goals set by the next higher level in
the hierarchy and the means for implementation reflected in the
next lower level.

Decision making about state identification and planning there-
fore involves iterative considerations of representations of the
plant at three consecutive levels along the means-ends axis.

The WHAT TO CONTROL Level

This is a representation of the plant in terms of interacting
elements in a causal net which can be selected for control.
¥While this control normally should be exerted on the element
enconpassing the root cause (e.g. faulty component), other con-
trol choices often may have to precede/replace this particular
correction because of time constraints, high risk of damage,
easier control, etc.

Information at this level should include a functional overview
of the plant. The decomposition will depend on the phase in the
decision task and can encompass the complete plant or some
particular subsystem. The overview should make it possible to
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judge the causal interaction among functional elements. This
wiil require a uniform and compatible description. 1In addition,
in order to plan actions, the overview should be structured in
terms of elements which can be "utilized", “activated" or “mani-
pulated" in order to produce corrections by means of suitable
control actions. Consequently, the elements should be defined
in a reasonably "uncoupled" sense as viewed from a control
standpoint and appropriate links to control actions should be
available.

Thus this implies that the WHAT TO CONTROL overview should
utilize the representation and concepts which link directly to
the pext lower HOW TO CONTROL level. That this probably will
tend to enhance the cognitive momentum aspects of the displayed
information (Woods 1984) is an inherent advantage.

As an example, consider the possibilities for changing the
representation top down through the means-ends hierarchy. Since
all major accidents with resulting damages are related to dis-
turbed energy balances, a flow topographic overview at the
abstract level should be structured in terms of the major mass
and energy balances in the system but represented with respect
to related general functions such as heat transfer, cooling,
supply of power, etc.

At the next lower level, a representation of the state of the
general functions should be in terms of the basic physical
processes of the subsystems involved. These, in turn, are
described in terms of the major components.

Thus, at each lcvel, the elements used for decomposition will be
defined in terms of the concepts commonly used for describing
the next lower level in order to aid in the choice of resources
for dealing with a fault. In addition, these elements are those
for which state information should be available - at the WHAT
level in terms of actual state and at the HOW level in terms of
possible state to assist in the selection of control means.

Fig. 5 summarizes in diagrammatic form these shifts in the form

of the representation at the various levels along the means-ends
axis,
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WHOLE — PART

MEANS - ENDS

functional purposes and goals in terms of :
purposes/constraints ENERGY, MATERIAL FLOW AND DISTRIBUTION

mass, energy flows and balances in ierms of:
UNDERLYING GENERIC FUNCTIONS

- - - - - -

performance data on physical equipment in terms of:
INFORMATION ON MAJOR COMPONENTS

Installation, maintenance info on components:

physical form TAKE — A— PART DIAGRAMS, ILLUSTRATIONS

Fig. 5. Representational forms within the means-ends hierarchy.
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The HOW TO CONTROL Level

Information at this next lower level has to support the planning
of control actions. Therefore information on the internal
structure of the elements used to represent the WHAT level is
required. Thus the concepts used to describe the various el-
ements may be different. This follows from the fact that the
roles of these elements at the higher WHAT level will be dif-
ferent - i.e. supply energy or material, maintain a process
parameter at a given critical value, etc. In addition, the
vell-gserved principle of diversity in safety-related design will
result in various alternate resources being available to satisfy
a higher level requirement. These may be based on different
process types (e.g. a power supply can be the normal grid, a
battery or a diesel generator) and consequently different rep-
resentations will be necessary.

The WEY Level

The priority judgements and goal evaluations which determine the
choice of focus for the selection of control actions depend on
information at the WHY level. This level supplies information
on the requirements regarding the causal structure and state of
the WHAT level with regard to current limits of acceptable

operation, consequences of disturbances, operating constraints,
etc.

Pig. 6 attempts to illustrate that, dependent on the situation,
e.g., the degree of diagnostic narrowing-in, WHY, WHAT and HOW
queries can arise at different levels along the means-ends
dimension. At the lowest levels, of course, the queries might
well come from a maintenance or test technician.

To summarize, differences among the three levels are:

= at the WHY level, state identification should be referred to
specified or intended states and information should be
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MEANS -ENDS WHOLE - PART

Fig. 6. The three-level interaction.
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available for priority judgements (production vs. safety) in
case of discrepancies.

- at the WHAT level, state identification should be in terms
of actual current state with relations to the interaction of
elements which are suitable as control objects.

-~ at the HOW level, state identification should refer to
possible states in terms of margins to limits of capacity,
availability for service (potential "success paths® using
the terminology of Corcoran et al (1981)) and means for
control.

STATE IDENTIFICATION AND RESPONSE

As stated above, the means-ends whole-part space will form the
backdrop for decision making - especially when dealing with
disturbed operating conditions. In unfamiliar situations, a
functional reasoning within the problem space which is based on
a conceptual model of the plant and its properties is called
for. This should result in an identification of
state/cause/response - i.e., a kind of "on-line” diagnosis and
planning operation takes place corresponding to what has been
called knowviedge-based behavior.

Actually more of a rule-based identification will be used in a
very large category of situations as the first choice for coping
with frequent familiar events as well as when screening for high
risk possibilities. Based on the designer's pre-planning and/or
the operators' experience, this type of state identification
will depend on a heuristic search for a match between the
available observations of plant state and the attributes of the
members of a task repertoire - i.e., circularity is avoided by
direct jumps from identification to action.

As stated in Rasmussen (1986b), the displays of state at the
various levels should enable "labels" to be given to operational
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situations which in a way "prime™ or initialize the operators
with regard to their intuitive feel and expectations. It is
therefore of primary importance that the displays support a
proper adaptation or "focus®™ on the really reievant features of
the situation.

A guiding principle should be that the underlying concepts used
for describing and representing tune decomposition at a given
level should be determined/influenced by the names and labels
used by the operating staff themselves. This will assist them
in structuring the rule set they acquire with experience. 1t is
important that the rule-based diagnoses on which automatic con-
trol actions and communications to the staff are based is com-
patible with the general professional larguage employed in the
control room so as to promote confidence and trust - even though
the underlying automatic data processing is based on different
concepts.

APPLICATION TO A NUCLEAR POWER PLANT

Fig. 7 describes an underlying structure for a technical systenm
wiiich directly maps into the various levels along the means-ends
axis. Thus the top section (A) expresses in technology-indepen-
dent terms the purpose and related critical goals of a power
plant which relate to production and safety. The lower main
part of the figure expands this framework for a given technology
(nuclear) and also illustrates the many-to-many mappings which
characterize the systems's complexity.

It can be useful to discuss display requirements in terms of
certain of the levels along the means-ends axis. In addition,
some examples of possible display formats aimed at satisfying
the requirements discussed regarding representation will be
given to illustrate the ideas.
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{

| PROTECT PLANT / PROTECT OPERATION |

PRODUCE AND SUPPLY EL SAFELY AND EFFICIENTLY I

| PRESERVE INTEGRITY, SAFETY MARGINS/OPTIMIZE OPERATION | l
| GEN ___, TRANSPORT___, CONVERT____ DELVER
i ENEHGY ENERQGY . ENERGY EL |
i I
| ENVIRON DELVER
| (P X sec)TERD o
! i
} }
D e :
CRITICAL GOALS 1
ensure fuel ensure pri. ensurecntm || ensure sec. In - re tert.
integrity/ op— || integrity/ op—1(  integrity tegrity/optimize | integrity/op —
timize burnup || tmize transf. transf., convers, | imize transf.
| SeaiTjicAL FLNCTlQNs |
control meintaint | meintain maintain mmaln
heat xfr margins heat xfr. sink

Nefedeh |

ron| | Inv drcl ga#@ . iny | drel
{oved—
[hpi |- | pessive
F | Lismbes
[ sprayt-{ heater|

Fig. 7. Multi-level description of a technical systenm.
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Level of Punctional Purpose

For the power plant, the decision making at this level has to do
with long-range planning regarding plant operations, meeting
daily production goals, ecoromic optimizing, coordination with
net control, meeting redistribution requirements during tran-
sients and major disturbances, observing emission and other
conditions with reference to environmental regulations and stat-
utes.

The control task will be to monitor current operation with
respect to current goals and to anticipate the need for future
changes by transmitting revised requirements downwards in the
means-ends hierarchy when limitations within the present control
regime are approached. Heuristics will have been developed for
guiding decisions relating changes in operational constraints to

utilization of plant resources for the frequently encountered
situations.

We will follow the ideas expressed previously about structuring
the information at one level with reference to the represen-
tation describing the next lower level. Thus it is appropriate -
for the power plant - to indicate information about functional
goals and purpose in terms of energy flow and distribution -
these being the primary descriptors at the next lower abstract
functional level.

To these production (or availability) data must be added appro-

priate overviews of safety-related issues - primarily the status
of the various barriers to the release of radioactive materials

including information on the "nearness to a violation" compared

with reference specifications.

Environmental information should alsn be included as well as
messages indicating special conditions in the plant which may

restrict the degrees of freedom available for continued oper-
ation.

Fig. 8 illustrates a display aimed at fulfilling the above
requirements. Thus the production goal state is reflected in
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Fig. 8. Overview of production and safety.
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the shape of an energy balance icon together with relevant
information on current operational state and production. Safety
goals have been transposed to a barrier (non-flow) diagram
indicating the various lines of defence with appropriate indi-
cators which are sensitive to barrier defects and leaks. The
location of barrier breaks can also be shown pictorially. 1In
addition, environmental conditions, radiation levels, load fore-
casts, notices/reminders about special conditions have been
included. The last-named may affect the degrees of freedom
available for plant operation and, although not included here, a
linking of actual vs prescribed plant state to relevant tech-
nical specifications might be feasible (see, e.g. Dworzak, Nede-
1lik and Van Gemst (1982)).

Level of Abstract Function

At this level, interest is in representing the functional
structure and state of the current plant configuration in terms
which are independent of the specific means for implementation,
environmental conditions, etc. Hence there is a need for an
high level abstract representation suitable for monitoring and
control of a purely functional configuration - the basic causal
structure - which is the prerequisite for overall system oper-
ation. For the type of plant currently under discussion, a
description in terms of a flow topology describing mass, energy
and information and having an underlying structure governed by
the utilized technology (nuclear, gas, wind ... for power
plants) seems to be appropriate.

This level is important because the major risks of the systenm
will be related to disturbances in the major energy and mass
balances. There will be no major accident without a release of
energy and/or material accumulations. Therefore the diagnostic
task should begin here through an identification of the dis-
turbed mass and energy flows. A major balance can often be
restored by control actions in several intersecting flow
structures. The choice will depend on the consequences pre-
dicted, the controllability and time constants of the flow
structures involved and the availability of standby resources -
i.e., a simultaneocus consideration of the plant at three levels
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of abstraction. Thus the situation requires an overview of the
total situation with respect to normal and acceptable states as
well as means for judging the consequences of the disturbance
upwards, both in magnitude and time. On the other hand, the
flow structure to choose for control actions depends on the
accessible means for control, possible cross couplings to other
structures and the time constanta of response.

For working directly at this level, therefore, it is important
to have information presented on the actual operational status
of the individual flow structures. This requires therefore the
transformation of all relevant "raw" data into indicators of
flow magnitudes and accumulated levels in sufficient detail so
that the usually very tightly coupled energy flows and energy-
bearing mass flows can be separated.

Overview maps representing the major mass and energy flow paths
with, for example, an analog representation of flow magnitudes
including a reference to normal or specified flow will give an
immediate visual identification of the degree of deviation in
each flow structure and thereby support priority judgements.
Direct visual references to the corresponding conditioning
functions will be useful to guide the downwards search for
control possibilities. An immediate and straightforward visual
access for operator can also support his evaluation of the
results of whatever type of automatic computer-based diagnosis
is incorporated. See later on.

Thus control decisjons at this level are connected with main-
taining the overall control of the major energy and mass flows
and accumulations. Balances and inventories have to be main-
tained and coordinated. 1In addition, margins to acceptable
limits of operation have to be monitored for the subsidiary and
auxiliary services, functions and conditions which are the
"enabling” elements for the main flow paths.

In some cases where disturbances occur, the scenario is known
from experience or has been analyzed during design and the
control alternatives are reasonably well defined for the avail-
able resources and the various operational states. These are
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the conditions for a rule-based response:; i.e., the root cause
is less relevant, distinctions between disturbed and disturbing
functions are less important than a state identification in
terms of underlying "general® functions which can be used as
"control objects". These functions belong to functionally de-
coupled systems, they can be identified by emphasizing certain
(overlapping) domains within the flow topology and, finally,
their operational state as well as control references and
strategies are available. Thus an jdentifjcation is possible in

terms of action alternates - i.e. targets, tasks, actions re-
lated to the right leg of the decision ladder of Fig. 4.

The decomposition of the overview to support this type of de-
cision will depend somewhat on the number of available alterna-
tives for control action which actually exist. The level to
choose should serve to identify the aggregates which can be
isolated and "decoupled” and therefore controlled individually.
As stated, these should be based on the general functjions which
characterize the given technnlogy (although not its details).

Often these "functions"” will be those which are established

separately - i.e. during startup - and aligned before being

interconnected with others. However, in general, they can be
classified as follows:

- they supply energy or material to the main flow path
- they support directly energy transport or storage

- they maintain a parameter or variable at a level which is
necessary for maintaining the main process.

It will be possible to identify variables and critical par-
ameters which define these functions' operational status with
respect to the support they are intended to furnish as well as
the limitations in the resources which implement them. In
addition, prioritization support in utilizing these functions
may be required.
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The degrees of freedom remaining in exercising control at this
level after the specifications derived explicitly from the
functjonal purpose level have been satisfied must be resolved
and reduced through the use of optimizing criteria. Typically
these aim at minimizing cost and maximizing availability/safety
and can affect the choice of configuration at lower levels
and/or parameters for state control.

Fig. 9 attempts to transform the above reasoning into a possible
display format. The upper left portion is mass and energy
related. The current (dark) and possible (dashed) paths of
energy flow are coded within a flow diagram of the main process
where energy sources, exchangers, converter and sinks - ex-
pressed (succinctly) in operator-friendly terms - are located in
ractangular boxes. Flow magnitude is not shown here since, as
stated above, Fig.8 includes an energy balance which for all
operating modes should give a rough indication of the effect of
a disturbance on the overall distribution of energy. However an
attempt at including a mass balance window can be seen; this is
felt to be an potentially informative support since it should be
a sensitive measure of system integrity and, at the same time,
can give a strong indication of the type of fault.

In accordance with the requirements stated above, an important
feature can be seen in the form of the small circled F's and S's
(wvhere F denotes Flow and S denotes support). These serve a
twofold purpose. Firstly, they function as high level "alarms"
(Goodstein 1985) to indicate at the abstract functional level
that a particular flow and/or support function has deviated from
normal for the given operating mode. Note that these non-normal
indications probably will only be relevant for a restricted set
of continuous operating modes (i.e., not transient) where normal
can be defined. Secondly they identify possible control “ob-
jects” the "manipulation” of which will directly affect the
mass/energy relationships. Selection of a particular F, e.g. by
means of a mouse, tracker ball, etc., makes it possible to alter
the energy flow through the path in the topology associated with
the particular F. Upon selection, appropriate guidance appears
in the action window including references to relevant
checklists, etc.
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The S's relate to the underlying functions which are necessary
in order that the main energy flow can be maintained. As stated
earlier, they supply energy or matarial, they support energy
transfer, they maintain a critical parameter and thus need to be
established and aligned as a prerequisite for total operation.
Selecting an S leads to an associated display with a more physi-
cally oriented representation. More on this later.

The remainder of Fig. 9 is intended to support disturbance
handling and spaculations about energy and mass conditions by
including a considerable amount of information which has to do
with the generic functioning of the plant - i.e. in this case,
the thermodynamics of the process. In fact redundancy is sug-
gested on Fig.9 in the form of a P-T diagram indicating primary
and secondary trajectories vs. time (see Broughton and Walsh
(1981) for a more thorough discussion of the advantages of this
approach) as well as a version of Beltracchi's iconic display
based on the Rankine thermodynamic cycle (see e.g. Beltracchi
(1984)). The major features of Beltracchi's approach are dis-
plays of the state of the energy-bearing medium (liquid water,
steam, ..) and the relationships which ensue with regard to
temperature, pressure, saturation and, as well, to the related
inventories, radiation levels, safety valve positions, etc.
Thus equipment-relevant details begin to appear - i.e. two steam
generators, two primary loops, etc. 1In addition, associated
control possibilities can be added - e.g., see the circled F
symbols which are examples of direct manipulation through the

displays themselves. Beltracchi has other examples in his ar-
ticles.

In essence, then, part of Fig. 9 is intended to support an
understanding of the functioning of the main process flow by
means of a detailed presentation of the underlying generic
functions having to do with thermodynamics, heat generation and
transfer, maintaining medium state, etc. Monitoring margins to
limits and indicating critical interrelationships is a primary
aim as is a linking of state to possible action.
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Level of Generic Function

At this level, attention should be paid to the status and
structure of the plant described in terms of generic functions
(which are also general in that the terminology is commonly
found in professional text books and is not connected with a
specific plant or installation). Examples are cooling, supply,
heat transfer, feedback, etc. To serve the purpose of control
planning, the functional performance should be given in relation
to the requirements set by the level above. These functions
should be "expressed" in terms of overviews of the anatomy of
the physical systems currently implementing the function. Again
information at three levels.

Information displays at this level will include conventional
"mimic diagrams" connecting pieces of equipment together to meet
the functional requirements coming from the next level. Inte-
grated state information should be available to indicate whether
these requirements are indeed being met. 1In addition, at this
level, detailed information on control means and characteristics
as well as links to especially relevant inform-tion on critical
component requirements and/or performance limitations will be
useful.

Of special importance at this level are displays of the status
of alternative "back-up" resources to meet the functional re-
gquirements. Switching configurations, operational status,
priority information would have to be based partly on com-
puterized logs of switching and valving status, maintenance
schedules, etc.

As an example of a display for this purpose, see Fig. 10, which
will appear as a result of pointing at/selecting the 8 on Fig. 9
lying on the primary circle between R and SG. This presentation
provides an alarm and sslector panel for the relevant critical
primary functions - e.g., inventory and chemistry conrirn”.,
pressure control, circulation, etc. In addition crmposite dis-
plays of two critical variables are included. High:--level alarms
indicating a non-normal state in one or more of the critical
functions will be reflected in the status (color, blink) of the
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Fig. 10. Physical function "selector" display.
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related indicator panel. Pointing at/selecting, for example,
inventory and chemistry, will result in Fig. 11 which is a
combination of Fig. 10 and ar overlay giving more details on the
inventory function. Other overlays would result from selecting
other critical functions. Thus the right half of Fig. 11 sum-
marizes a considerable amount of information on inventory con-
trol - state, other potential resources for controlling inven-
tory, control - and, as well, gives access to lower level dis-
plays of valving ("is" vs. "should be"), full mimic diagrams,
configuration data, etc.

Level of Physical Function

At this level, we begin to approach the maintenance and trouble
shooting task domain. However, a great deal of manipulations are
still carried out remotely from the control room and often
errors of location and manipulation occur. Thus detailed dis-
plays of major components, their state, configuration, handling
information, physical location, etc. will be appropriate -
especially if this information could be transferred directly to
remote displays on location. In addition, switching and valving
records would be important. At this level, video disc tech-
nology seems especially appropriate here.

An Automatic Knowledge-based Diagnosis support

As mentioned earlier, in carrying out diagnostic tasks as-
sociated with supervisory control, (at least) two basically
different approaches or overall strategies are possible ~ a
kncwledge-based functional identification of cause and a rule-
based diaanosis in terms of action alternatives. At this point,
it is relevant to describe how the a knowledge-based approach
could be carried out as an aid for the operator.

At the abstract functional level, an analytic context-free
method for carrying out a diagnosis can by performed by making
inferences about the root cause of the disturbance with resp .ct
to a representation based on the flow topology of the system.

To do this, the approach to carrying out this identification has
to be independent of the actual state of the system and thus
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will be based on "first principles™, a synonym for the under-
lying functional causal relations in the system. The search
will use fundamental conservation laws and consist of a topo-

. graphic search for changes in the mass and energy relations
vhich then can be used to check the actual system. This strat-
egy depends on being able to transform all available process
data up to the level of energy and mass flows. In addition, an
effective set of inference rules is required for identifying the
location of the disturbance in the flow topology. The strategy
is inherently powerful in that it gives the possibility for a
consistent and verifiable identification which, however, re-
quires considerable resources for memory and inference as well
as the availability of suitable reference information concerning
"normal®™ relationships. Such an identification results in a
neutral diagnosis in terms of the location of the cause, inde-
pendent of priorities and procedures.

A systematic identification of the location of the disturbance
in the abstract causal structure can, in principle at least, be
done through an automatic inference algorithm if the normal or
specified state model is available. This approach can be
necessary as a back-up diagnostic tool and for dealing with
unforeseen and/or multiple faults.

Care should be taken in the communication of such a diagnosis to
the operator. Results should preferably be communicated in
terms compatible with general or physical functions, component
malfunctions and the like. Furthermore, if possible, the diag-
nostic result should preferably be compatible with the level
describing the effective action alternatives and, for example,
this will be different for operators and repair staff. A suit-
able accompanying explanation of the manner in which the auto-
matic diagnosis was arrived at is also a sensitive area if
operator acceptance and understanding is to be won.
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COMCLUSION

An attempt has been made to structure the information require-
ments associated with the task of supervisory control of a
complex process plant in which decision making takes place
within a problem space comprising the two dimensions of
means/ends and whole/part. The decomposition of the diagnostic
problem which the operator/user will attempt requires support
from the information displays to allow questions regarding WHY,
WHAT and HOW to be asked (and answered) from any one of several
relevant levels of system description. Good linking between
display levels and appropriate shifts in representation are
needed to support operator "labelling of®" or "focusing in on"
the distinctive features of a given situation. 1In addition,
compatibility with automatic diagnostic aids is an important
problenm.

This area of endeavor is fraught with problems regarding evalu-
ation and validation - is it possible to demonstrate/measure
convincingly an improvement in performance in the control room
with an approach based on the above material when coping with
rare and potentially dangerous situations. For a researcher,
however, the area is rich in possibilities for doing selective
studies of areas within cooperative decision making, cognitive
representation, subjective performance criteria, etc.
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