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Abstract

Traditional Single-Sensor, Single-Indicator displays are poorly matched to the cognitive abilities
of operators, especially for large and complex systems. It is difficult for operators to monitor very large
arrays of displays and controls as well as to integrate the data displayed into the meaningful information
needed to complete tasks. Research over the last decade on interface design has suggested that computer
generated graphical or "configural" displays are better designed to support these complex tasks.
Moreover, a theoretical framework for designing such graphical interfaces known as Ecological Interface
Design is becoming more widely accepted as the basis for designing control interfaces for continuous
process control systems. If the start-up sequence of a plant can be thought of as constructing that plant
from its components, then the level at which operators think about the plant becomes progressively more
global and abstract during the start-up procedure. As operators construct the plant, they climb the
"abstraction hierarchy" in terms of their cognitive reasoning. Standard operating procedures (SOPs) do
not support this intellectual effort or change of strategy for thinking more globally about the plant. SOPs
run to many hundreds of pages, are difficult to use, and require multiple operators. The manuals do not in
themselves provide indications that steps have been omitted, performed in the wrong order, performed at
the wrong time, or that inappropriate actions have been performed - nor do they indicate what
appropriate steps have been completed. A graphical interface is proposed which should enforce the
correct sequence of behaviors, prevent incorrect sequences, and provide constant feedback as to the state
of the plant as well as the location of the operator actions in the overall start-up sequence. More
generally, we believe that such an approach can support normal operations and recovery from fault
conditions, but, as shall be discussed, there are difficult problems which have not yet been investigated in
extending the proposed approach to fault management. In the present research Rasmussen et al's
framework was used for designing computer-generated graphical displays that support pressurized water
reactor (PWR) start-up. Specifically, a suite of displays was developed to support a PWR's feedwater
(FW) system start-up as a proof-of-principle. The suite of displays demonstrate the theoretical design
approach and are not meant to represent a fully implementable interface for FW system control.
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1. INTRODUCTION

The traditional Single-Sensor, Single-Indicator (SSSI) display is poorly matched to the cognitive
abilities of operators, especially for large and complex systems [1]. With the increasing use of computing
power, future displays will be computer-generated, "glass" displays presented on computer monitors.
Taking advantage of the computing power means integrating the thousands of individual data points
originally displayed with SSSIs into meaningful representations, or information. There is now increasing
evidence that such computer supported "integrated", "direct perception", and "direct manipulation"
displays can provide a very powerful method of reducing mental workload and supporting diagnosis [2],
[3], [4], [5]. The strength of these configural displays is that they represent plant data at the appropriate
level of abstraction so that this information matches the cognitive demands of the operators' tasks.

Ecological Interface Design (EID) is a recent theoretical design approach for rationally designing
configural, computer-supported displays [6], [7]. A succinct description of the goal of EID is that an
interface should support operator reasoning at different levels of abstraction by showing directly the
system's governing constraints - both physics and physical - in a way that maps those constraints to
geometries in the display. In so doing, the operator is better supported for dealing with both routine and
non-routine events, including unanticipated system states [7].

EID typically involves integrated, direct perception, and direct manipulation displays. An
integrated display is one where the values of several SSSI inputs are shown in a single display in such a
way as to show their mutual interrelations [8]. Direct perception displays (e.g., ecological) allow
operators to perceive the locus of the plant in state-space, without the use of complex calculations, steam
table(s), etc., substituting pictorial displays for numerical displays [6], [9], [10]. Direct manipulation
interfaces provide icons that represent controls, which can be manipulated by a cursor, mouse, or other
input device. Such action results in direct acts on the actual physical components represented by the
icons by means of the computer-plant hardware interface.

We believe that displays that represent the plant's various levels of abstraction, from physical
components available for use to high level state-space relationships that govern the plant's dynamics,
will greatly reduce the cognitive load on the operator and allow the use of perceptual rather than
cognitive mechanisms to support monitoring and diagnosis, as well as fault management. In addition to
providing a more direct perception of plant state, the use of carefully designed graphical displays can
better support the correct use of standard operating procedures (SOPs). Instead of the enormous burden
which text-based SOPs impose, a well-designed direct manipulation graphical interface can allow the
operator to navigate through a sequence of operations with a greatly reduced attention load. Such an
interface should greatly reduce the probability of i) misreading or misinterpreting written SOPs, and ii)
losing one's place during navigation through the many tens or hundreds of pages required.

This paper presents an integrated suite of displays that adheres to the EID principles to support
the start-up of a pressurized water reactor's (PWR) feedwater (FW) system from cold shutdown.
Specifically, the displays are intended as a proof-of-principle to show that meaningful, complex displays
can be designed based on the task requirements as outlined in SOPs, and that such displays support the
cognitive demands of the operator's tasks better than written SOPs. The displays herein demonstrate the
design approach and are not meant to represent a fully implementable interface for FW system control.

The suite of displays will not only support improved control rooms for NPPs, but will also have
relevance to all large and complex industrial systems. In so far as these displays offer improved operator
support, they will reduce human error and its consequences, lead to better fault management and hence
greater safety, and promote greater productivity by increasing the efficiency of normal operation. The
work is thus relevant to power generation, the management of chemical plants, nuclear waste processing,
and the management of all large industrial systems whether hazardous or not.

202



2. A PHILOSOPHY OF DISPLAY DESIGN

Our philosophy is to integrate the information from SSSI sources so as to provide a coherent
picture of system state that does not require the operator to perform elaborate cognitive operations on the
data to determine what the state of the plant is. Rather than displaying SSSI information, a suite of
displays directly reveals the plant's state in terms of the system and physics constraints that govern it.
The operator should be able to perceive even the most complex relationships between variables because
they are directly displayed on the screen. Furthermore, when operators must perform a sequence of
operations over a period of minutes or hours, involving the manipulation and monitoring of many
variables, the form of the display should lead the operator through the sequence without having to
consult complex written operating procedures.

An obvious example of such a sequence is the start-up from cold shutdown procedure for a NPP.
In this case hundreds of variables must be controlled and monitored over many hours. Control actions
must be taken at appropriate moments. The plant must be continuously monitored to ensure that critical
variables follow an appropriate trajectory towards the normal operating state, and above all that the
values of the variables do not approach boundaries which are associated with hazardous plant states. The
written SOPs for start-up run to several hundred pages, and require the operator to move backwards and
forwards through different sections. The manuals do not in themselves provide a checklist facility for
tracking progress, nor do they indicate that steps have been omitted, performed in the wrong order or at
the wrong time, that wrong actions have been performed, or that the correct actions have been done.
SOPs also do not incorporate system alarms. The proposed display architecture is an attempt towards
achieving all of these features.

2.1. SOPs as a "Grammar" for Correct Behavior

We can conceive a computerized SOP design which is embodied in the plant interface. We can
think of the entire sequence of operations as resembling a sentence, not of words but of behavior.
Speaking grammatically requires one to place words in a correct sequence according to rules, so that the
sequence of spoken words results in a sentence which can be understood by a listener. Similarly the
performance of any long rule-governed sequence of actions results in a series of commands which can be
understood by a plant where the architecture embodies the same rules. This is particularly true for PWR
start-up procedures where systems must be brought together with tight tolerances on their own
parameters and with respect to time. SOPs are an attempt to ensure correct rule-governed sequences of
behavior. Similarly, a graphical interface should not only reinforce the correct sequence of behaviors, but
should also prevent incorrect sequences, and provide constant feedback as to the state of the plant, and
the operator's location in the overall start-up sequence. More generally, such an approach can also
support normal operations and recovery from fault conditions.

2.2. Plant Start-up as the Construction of the Plant

If the start-up sequence can be thought of as constructing the plant from its components [2], then
the level at which operators think about the plant becomes progressively more global and more abstract
as start-up progresses. Operators simultaneously construct the plant and climb the "abstraction hierarchy"
from the point of view of cognition [2], [11]. During start-up operators bring components to a state of
readiness by switching them on, providing power, pre-heating them, bringing them up to speed, etc.
Once the components of a subsystem have been appropriately configured, in general the operators no
longer think of the components, but of the subsystem as a single unit [11]. Thus after closing a circuit
breaker, operating a switch, and checking lubricating oil pressure and speed of rotation, an operator no
longer thinks of those as individual parts or variables, but rather of "pump #123" as a single entity. A
group of pumps, condensers, valves and heaters which have been all brought up to operating condition is
thought of as "Feedwater System B", and so on. As the process of start-up continues, the operators' level
of attention should switch appropriately, so that where details are no longer needed, attention is switched
to the global properties of the system as a whole. The displays in a graphical direct manipulation
interface should support the shift in thinking between levels of abstraction and aggregation as they occur.
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Usually SOPs do not support this economy of intellectual effort and change in strategy.
However, given the power of computer graphic interfaces, we believe that it can be done and at the same
time will better support decision making by operators.

2.3. Construction of the Plant as a "Lattice" Diagram

The process of start-up can be represented conceptually by the inverted tree diagram (possibly
better described as a "root" diagram) in Fig. 1. Although this representation is technically not a lattice,
for the sake of brevity we will use the term lattice to describe it. The term "bird's foot" lattice [ 12] has
been proposed for it from the obvious resemblance of the parts of the diagram to the feet, ankle and legs
of a bird, with the structure being repeated at each level of abstraction.

At the bottom of the lattice is a row of inverted branches (or "toes"), each of which corresponds
to a simple, single component of the plant (see "Parts" in Fig. 1). During plant start-up these parts are
"aggregated" into subsystems by activating and connecting them, either physically or functionally. In the
lattice representation, each joint (or "ankle") thus represents the fact that a subsystem has been
configured and is beginning to run up towards its set point(s) as a result of the start-up procedure (e.g.,
"Processes"). When several such processes are running, and when required checks have been made to
ensure that all is normal, they must be "aligned" with each other (to ensure synchronization, mass/energy
balance, etc.). When several toes are collectively active, the ankle represents a complete functional unit,
and the operator can now think in terms of connecting that functional unit to other completed units and
details of the sub-units can be ignored. These functional units are now the toes of a higher level
synthesis, and the process proceeds up and to the right towards the fully synthesized and fully functional
normal operating conditions.

| Configural state }
\^ space diagrams J

space diagrams

"Processes" C o n n e c t

Aggregation

FIG. 1. The "lattice" that represents plant start up as aligning and connecting plant components and
sub-systems. The types of displays that could be used to support the start-up procedure at the

appropriate level of abstraction are indicated by the gray background.
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FIG. 2. A high level lattice representing the entire PWR start-up procedure.

3. GRAPHICAL SOPs WITHIN THE LATTICE ARCHITECTURE

This section starts by discussing PWR start-up in terms of the lattice structure just described. A
proof-of-principle example on how the architecture was applied to PWR FW system start-up is then
presented. The section concludes with a discussion of how the architecture may support fault
management.

3.1. Overview of PWR Start-up with the Lattice Architecture

In terms of PWR start-up, the entire process can be summarized in lattice form. In Fig. 2 the
lattice defines plant processes, functions, and states according to the industry-defined stable plant
configurations, Modes 5 through 1. To develop the grammar for the behavioral sequence represented by
a lattice, we note that the typical start-up flow charts accompanying the SOPs can be re-drawn so as to
support a hierarchical representation of the task. The contents of operating procedures can be represented
as a lattice in which the lowest branches are the names of the simplest components, and the top node is
the plant running under normal conditions (see Fig. 2).The reader can imagine how the toes at the bottom
of the lattice could represent the various steps required to move the plant from Mode 5 to Mode 4 to
Mode 3 etc. Jones et al [13] present all start-up steps in a complete lattice.

The operator's task is to activate components and guide these components to their normal
operating state by moving through the lattice, instead of having to read many pages of operating
procedures. An operator will always be acting on individual components such as pumps, valves,
switches, etc. Therefore, they need to be shown physical mimics of these components. In a direct
manipulation display, actions on an icon on the screen result in changes in the object or process
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represented by that icon. Hence, moving a control on the screen by means of a mouse replaces the use of
a manual switch on a traditional control panel. The operator also requires configural state-space diagrams
that show how the operator's action on a specific component is changing the new subassembly's or the
whole system's performance in terms of their boundary constraints.

As a subassembly or process is completed (e.g., an ankle is formed), the mimics of the low level
components and configural displays for lower level functions can be replayed by more global state-space
diagrams. These higher level state-space displays redescribe the subassembly or process at its new
functional level instead of in terms of the component settings, alignments, etc. Configural displays may
be needed for both the generalized functions (i.e., pressure vs. temperature limits for the reactor coolant
system) and the abstract functions (i.e., mass-energy balances on the PWR's secondary side [4], [14]). As
the start-up procedure evolves, the displays for representing the procedures to the left of where the
operator is in Fig. 2 will tend to be more configural and oriented towards functions and processes.
Displays for procedures to the right of where the operator is in Fig. 2 will show component
and subsystem mimics as well as configural displays showing the results of actions taken on the
components or subsystems. However, the graphics should still allow operators to call up relevant mimics
or functional schematics at each ankle to let operators use their expertise if unusual configurations are
required to handle conditions not included in SOPs, thus coupling the intelligence of operators to the
standard SOP and emergency operating procedure (EOP) designs. For example, if two out of four
redundant pumps are required, and one does not start, the mimic diagram helps the operators to decide
what steps to take to work around the problem. The lattice representation allows the operator to retrace a
path from the current state down to the components which are connected to that state, so as to support
manual intervention when required.

3.2. Example of the Lattice Displays for FW System Start-up

As a proof-of-principle we will describe a prototype interface for a PWR FW system start-up
sequence that was the lattice diagram introduced above. Operators see a progressively integrated and
abstract representation of the plant as they configure the plant for normal operation, but the computer
system preserves information about a route back to detailed subsystem operation in order to support fault
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Reactor Power
100%
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FW system
operational
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18% power
for 40% steam
dump for sync

Place FW
control in
AUTO

FWMain
nozzle
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1FW009
A.B.C.D
ready

FW pump Start idle, 40% power, 80% power,
master turbine Align turbine Reopen
controller driven driven FW 1FW039
in AUTO FW pumps pumps A,B,C.D &

S/G 1A.B.C.D

FIG. 3. A proof-of-principle overview display for FW system start-up, presenting the steps to be
executed, in order from left-to-right, as well as configural state-space displays at the top.
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FW control to AUTO
1BwGP 100-3, Step 39

valve, controller valve, controller
mimics mimics

valve, controller valve, controller
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valve, controller
mimics

FIG. 4. The display for the "Place FW control in A UTO " node in Fig. 3.

IBWGP 100-3

Revision 6

FOR INFORMATION ONLY

NOTE
FW pressure can be maintained greater than Steam
pressure by control of FW Pump Master Controller
in MANUAL.

NOTE
Step F.39. can be repeated as necessary to line
up flow to each loop.

F. 39. Placing Feedwater Control in Automatic:

a. ENSURE that the Turbine Generator is at approximately 2j)% power (23 5 MW) .
b. VERIFY/MAINTAIN Steam Generator levels at or slightly above program level, by

ADJUSTING the FW Reg Bypass Valve (s), as necessary.
c. VERIFY/CLOSE 1FW510, 520, 530, and 540, FW Reg Valves.
d. VERIFY/OPEN 1FW006A,B,C, and D, FW Reg Isol Valves.
e. With each Steam Generator's level at or slightly above the program level,

PLACE the associated FW Reg Isol Valve in AUTO.
f. PLACE the FW Reg Bypass Valve controllers in MANUAL, and SLOWLY THROTTLE the

Bypass Valves CLOSED.
g. ENSURE that the FW Reg Valves begin to open as the Bypass Valves are

throttled closed.

FIG. 5. A illustration of a PWR's written start-up procedures for one step in bringing the FW system on-
line.
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management. The amount of detail displayed is always appropriate to the level of the current task
because the display "knows" the causal path to the controls of relevant components at the physical level
for both normal and abnormal operation. The suite of graphical direct manipulation displays developed
here is an instantiation of the bird's foot lattice shown in Fig. 1, specialized for the FW system.

Figure 3 presents the highest level proof-of-principle interface for the FW system start-up. At the
top of this interface, several configural state-space displays and a mimic (second from left) are presented
to provide an overview of the system state. Start-up tasks are executed by clicking the mouse on the
nodes in the display, from left to right following the standard English reading rule. Figure 3 indicates that
the first two tasks, FW system realignment and 40% steam dump for synchronization, have been
completed by the black nodes that would be colored green in the actual color display. This means that the
next task to complete is to place the FW control in AUTO. An operator would click on the
grayed node and be presented with Fig. 4. (Note: In terms of entire plant start-up, Fig. 4 shows
what would be one "toe" in the Mode 1 alignment in Fig. 2.) Figure 4 corresponds to the portion
of the written SOP presented in Fig. 5.

Figure 4 would then require the operator to click on the first gray node, Ensure Turb Gen 20%
Power and view another display that would show turbine generator power in the form of a graph or trend
chart. The operator would then be returned to the display in Fig. 4. The line and node for this step would
now be colored green and the operator would click on the next gray node. A graphical display for the
steam generator levels of all four steam generators would be presented, to which the operator may refer
while completing the remaining steps. Next, the operator would click on the third node from the left and
be shown the display in Fig. 6.

VERIFY/CLOSE 1FW006A.B.C,
& D FW Reg Isol Valves 1 1FW006A,B,C,&D

controllers

1FW006A 1FW006B 1FW006C 1FW006D

mm
*¥

1L mi

MlP

\man auto man auto man auto man auto/

FIG. 6. The display for the "VERI/OPEN 1FWOO6A,B,C,D FW Reg Isol Valves" node in Fig. 4.
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Figure 6 represents the lowest level information about the FW system, showing mimics of the
valves and the "virtual" controllers. (Note: An alternative display could show these valves in relation to
the rest of the FW system, in an expanded version of the mimic presented at the top of the display in Fig.
3.) The operator is presented with the display in Fig. 6 and reads the instructions in the highlighted box,
and then directly clicks on the controller. In the present example, the operator has already opened

1FW0006A by clicking on the box that now says "PRESS to CLOSE". The operator can then see if this
command has been executed by the valve icon above that box. This icon becomes outlined in green.
Once all valves are open, all the valve icons are outlined in green, the lines leading to the top node are
green, and the top node itself turns from gray to green. The operator is returned to the display in Fig. 4
where the "VERI/OPEN 1FWOO6A,B,C,D FW Reg Isol Valves" node is now colored in green. Once all
tasks in Fig. 4 are completed, all nodes including the topmost node in Fig. 4 are colored in green and the
operator is returned to Fig. 3, ready to move onto the next major FW system start-up task.

3.3. Supporting fault management

The lattice format can be used to support fault management during system start-up by using the
nodes as alarms. For example, suppose that the operator is viewing Fig. 3, ready to start the step "FW
pump master controller in AUTO," and an error arises with the 1FW006C FW Reg Isol Valve open/close
setting. The "Place FW control in AUTO" node in Fig. 3 would turn red. The operator could then click
on that node and be shown the display in Fig. 4. Figure 4 would have a red node at the "VERI/OPEN
1FWOO6A,B,C,D FW Reg Isol Valves" step. Clicking on this node would bring up Fig. 6 showing a red-
filled 1FW006C valve, indicating that the valve has erroneously closed. The operator could then click the
OPEN/CLOSE controller to reopen the valve.

4. CONCLUSION

There is widespread agreement among those working in high technology human factors engineering that
displays using integrated information are more effective than SSSI displays, and empirical evidence is
beginning to support this [2], [4], [15], [16]. On the other hand, there is a considerable art—despite the
movement towards engineering approaches—in designing such integrated displays [17]. Therefore,
before implementing a particular realization of these ideas, careful evaluation is needed, especially of
failure modes. We believe that the notions of i) guiding the operator through SOPs by means of a
graphical display rather than by means of vast, written text procedures, and ii) guiding the operators'
thinking to the appropriate level of abstraction by means of the bird's-foot diagrams are both sound.
However, to date this approach has not been realized in a real plant or a simulator. Furthermore, the ideas
presented here are not meant to represent a fully implementable interface for FW system control but
rather to demonstrate the theoretical design approach. More rigorous systems analyses need to be
conducted, including field studies concentrating on how operators work together and adapt to the work
environment and work artifacts.

The proposed set of graphics is particularly appropriate for the start-up sequence, passing from
cold shutdown to full power. It does not necessarily follow that the same set of graphics is appropriate
for monitoring, detecting faults, diagnosing faults and managing faults once the plant is running.
Consider what the occurrence of a red node in the bird's foot diagram means. If it occurs in Fig. 4, then
the natural thing to do is to click on it, back down to Fig. 6 and take appropriate action. It may be that
one of the valves has failed into a different state, and this can then immediately be rectified—or at least
the operator can go into manual mode to try to reset the valve and override the automatic controllers. But
consider that will happen if a red node appears in the left-hand side of Fig. 2 under Mode 5, after Modes
5, 4, 3, and 2 are complete. Plant pressures and temperatures are now very high. It is not at all obvious
that if we find a valve in an abnormal state upon following the trail of red nodes down the through
lattice, all that is required is to immediately reset the valve. This might result in severe thermal or
mechanical shock to some part of the system.

209



Two more major issues with the implementation of the lattice architecture that are related to each
other are not addressed in this paper. The first issue is concerned with display "real estate." We believe
that multiple computer monitors will be required to show the various mimics, configural displays, and
overviews of the start-up procedure. We have not addressed how to arrange these various displays across
the multiple monitors or how to assign priority to displays that could be replaced completely or partially
covered in a multi-windowing environment. The second issue is that of visual momentum [18]. Visual
momentum concerns how to make the transitions between displays in the lattice architecture seamless
and still provide operators with the knowledge of where they are in the overall start-up procedure.

If the approach advocated here were to be developed, designers would have to take great care to ensure
that only safe and appropriate routes are provided for operators to follow. This is possible if graphics are
developed for all SOPs and EOPs, because plant designers and regulators believe that, by definition, the
latter do provide appropriate paths for all situations. One approach is not to get rid of written SOPs and
EOPs, but instead to make the SOPs available to the operators in a form which more effectively couples
them to the psychological properties of the operators. The graphical displays would not only be as good
as the written SOPs, but would also provide a broader envelope for the success of the SOPs because the
displays show the connection between the activities and the system goals. The displays would go beyond
the written procedures by not only preserving the integrity of the sequence of actions but by also showing
the significance of those actions in relation to the system constraints and goals.
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