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Abstract. Accident investigations have revealed that human errors are the most
likely reasons of major accidents in the nuclear domain. As the nuclear power plant
system become more computerized and automated, operators pay more attention
to following the operating procedures, rather than why they are conducting a
certain operation, or what results will the operation lead to. On the other hand, due
to complexity of the nuclear system as well as accident scenario, operators are
overwhelmed by detailed operating procedures and component parameters, thus
may lose awareness of system status while conducting operations. This is very
dangerous especially when emergency or unanticipated events occurs.

Researches show that displaying higher information abstraction hierarchy on
the nuclear system interface can help operators achieve higher efficiency as well
as situation awareness. This approach has been used in interface design in the
nuclear domain, and has been proved to be helpful with operators understanding
of the system, as well as the connection between component parameters and the
system status. However, existing applications of abstraction hierarchy are
system-oriented, and do not explicitly supply procedures operation.

This project is an exploratory research to improve the functional displays
design for a 3rd generation nuclear power plant. Our objective in this research, is
to design and evaluate an auxiliary display with higher abstraction hierarchy, for
supplying emergency operating procedures in the emergency scenario. We use
task analysis methods to obtain a list of system components and parameters that
are related to the emergency operating procedures. Work-domain analysis is used
to obtain goal-means connections among system components as well as their
parameters. With this list of elements and their connections, we design an aux-
iliary display, referring to the current system interface design handbook. The
display design is implemented on design-support DCS platform. User testing and
expert evaluation are conducted to evaluate the display design in two aspects:
improvement of operation efficiency, as well as reduction of human errors.
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1 Introduction

1.1 Research Background

As more and more emphasis is paid upon clean energy, nuclear energy is being used to
meet the needs of more industries. However, from Three Mile Island to Fukushima
nuclear power plant accident, the safety of nuclear power plants has been the bottleneck
of the development and wide acceptance of nuclear energy. On the one hand, serious
consequences of accidents could be caused in the field of nuclear power; on the other
hand, there is a high proportion of human error among all errors. With the development
of nuclear power technology and the improvement of system automation, human error
has become the most likely cause of accidents in the field of nuclear power (Endsley
and Garland 2000). This is very dangerous especially when emergency or unanticipated
events occurs (Burns 2008). Thus, a lot of research has been done on how to improve
operator performance. The digital human-machine interface is a very important part of
the factors that affect operators’ performance.

The digital human-machine interface includes the digitized monitoring display, the
alert system and the procedure display. Our study focuses on the procedure display of
the system. Procedure is what guides people to achieve a certain purpose by taking
sequential actions (Niwa and Hollnagel 2002). In nuclear power plant control room, the
operator follows these procedures to carry out corresponding actions. Specifically, we
focus on emergency operation procedures.

1.2 Research Methods

The current procedure display includes three modules: the main step module containing
procedure steps, the sub-step module containing specific operations corresponding to
each main task, and the parameter module containing relevant parameters of the current
system. The issue with this display is that only the detailed steps to be performed are
displayed. Although operators have taken training regarding the reason to perform this
step, it’s hard to maintain overall situational awareness (Baddeley 1972) of the whole
system, since operators are conducting operations with a high degree of concentration
on the current step. Meanwhile, the problem related to situational awareness is the most
likely cause to operators’ errors (Endsley and Garland 2000). Due to the complexity of
the emergency and the operation itself, the operator may be lost in the details of the
specific task, and not able to maintain awareness of “why this task needs to be
accomplished”, “what is going to happen if the step is accomplished” and “what is
going on in the whole system”. The situation is particularly dangerous when the
operator is conducting unfamiliar operation procedures.

Researches have shown that improving the level of abstraction hierarchy of
information displayed on the screen can improve operator performance. This prompts
us to add an abstract auxiliary display to the digitized system to improve the perfor-
mance of the operator in emergency. We evaluate operators’ performance from two
aspects: first, the completion rate of procedures, including the completion time, error
rate, workload, etc.; second, the situational awareness of the system.
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On the other hand, most of the previous researches are focused on the information
content and information organization of the monitoring display. In this study, we will
apply these methods and design concepts to the procedure display. Since the purpose of
improving the abstraction hierarchy of the information (Rasmussen 1985) in the
monitoring display is to improve the operators’ situation awareness of the system state,
it is necessary to obtain the function information of each system components. While in
the procedure display, we are concerned not only about the situation awareness of the
whole system, but also of the current task being operated on. Thus, we need to extend
the study to each system components and operation steps. After obtaining their func-
tional information, we then come up with a reasonable way to organize it.

In this study, we first use the cognitive work analysis to get the information content
to be presented on the display, and the second is to research the organization of
information per different interface design methods. Then we implement the procedure
display on the design-support DCS platform in the actual system. Experiment is then
carried out to evaluate the display for its ability to support situation awareness as well
as task completion.

2 Design of Procedure Display

2.1 Design Method

In “abstract auxiliary display” we concern about two aspects: “abstract” refers to the use
of information abstraction hierarchy (Rasmussen 1985) in the display to show the system
state-related information to help the operator improve the overall state of the system
cognition; “auxiliary” refers to adding computerized procedures to support the display, to
ensure that the operator can successfully complete the procedures in the display.

In terms of showing the system state, in the abstract auxiliary display each relevant
component is displayed, their state being encoded by shapes and colors. Focusing on
the emergency operation procedure we choose, we mainly concern on the coolant
loading, pressure and temperature of the first loop. At the same time, we also show the
functional connection between the components in the display.

In terms of supporting the procedure operation, the display shows various items on
the paper-based procedure, including steps, sub-steps, prompts and monitoring items.
And by highlighting the information associated with the current task in the auxiliary
screen, we combine the procedure steps and the auxiliary screen to improve the
operators’ situation awareness of the current operational task.

2.2 Display Design

Our design called the connection display is shown in Fig. 1. In this display, we keep
the original physical connections among components of the system, components’
parameters and states are encoded by shape, area and color. The main coding methods
and their corresponding meanings are described as follows:
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Fig. 1. Connection display design (Color figure online)

e Circles, pipes and loading

Storage and transmission of the coolant is the main support of loading, represented by
circles and pipes between circles. Specifically, if there is only one-way coolant transfer
between the two devices, the two circles are connected by only one pipe; if there is a
two-way coolant circulation between the two devices, the two circles are by two pipes.
As shown in the figure, it is a one-way transfer from ACC to RCS, and it is a two-way
circulation between CVS and RCS.

In addition, we use the area of circles combined with solid/dashed contour to
represent the volume of each equipment. A solid contour is used when the equipment
(such as the ACC) carries the set amount of load which doesn’t change with condition.
And the device that can introduce more liquid from the outside of the system is
represented by a dashed contour. For circles with solid contour, we use the area size of
the circle to represent the size of its inherent capacity. For example, in PXS system,
IRWST has the largest amount of loading, followed by CMT, and ACC has the
minimum, then circle representing IRWST has the maximum area size, followed by
CMT and finally ACC. Note that the size of area and the amount of the loading are only
corresponded in order, not in proportion.

e Black solid lines and temperature

The direct operation on the temperature is mainly in the form of heat exchange in pipes,
represented by black solid lines in our display. For example, PRHR uses coolant in
IRWST to cool down the high-temperature coolant in the pipe from RCS, through the
pipe heat exchange.
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e Pipes with outlet and pressure

The RCS system primarily reduces the pressure by venting gas (or gas-liquid mixture),
such as in ADS stages 1-3, which depressurize the RCS system by excluding
high-pressure gas from the RCS system into the containment vessel. We represent this
with the pipes with outlet.

Since the procedure is a cooling and depressurization process of the RCS system,
we use color and concentric circles to represent the temperature and pressure in our
display. And the combination of color and pipe represents whether the device is run-
ning or not.

e Colors and temperature

Three colors are used to represent the system temperature: red represents the highest
temperature, which characterizes the temperature of the RCS system and the primary
coolant of the SG; yellow represents the second-high temperature which characterizes
that of the SG secondary side liquid, gas, and RCS gas outlet; the lowest temperature is
represented by blue, as shown in the figure, such as CVS, CMT.

e Colors and equipment status

The color can be used combined with a pipe to represent the operation status of a
device: for example, when a coolant is being transferred between two circles, the pipe
is filled with solid red or blue. Red indicates that the coolant in the RCS flows into the
other device, and blue indicates the flow from the other devices into the RCS. If the
ADS first-stage is running, the ADS first-stage pipeline is filled with yellow dashed
line. For heat exchange pipes, they are filled with solid black when not running, and
filled with read surrounded by a halo when they are running.

e Concentric circles and the size of the pressure

From the work analysis of the system, most of the automatic cooling and pressure relief
operations are related to the RCS system pressure. In the display, we use concentric
circles to represent RCS system pressure. There are some representative pressure
values, such as when the RCS system pressure is lower than 11.72 MPa, CMT and
PRHR are in use, and when it’s less than 4.9 MPa the ACC is triggered to come into
use. As shown in the figure, from inside to outside, concentric circles form a pressure
drop scale ring. To show the correspondence between the pressure and the devices
being triggered by each pressure value, devices are placed on the corresponding
concentric circles. For example, when the RCS pressure drops to a specific value, the
corresponding concentric circle lights up (turns black) and the corresponding device
starts to work (pipe filled).

3 Design Valuation

3.1 Operating Environment

Since the design of this abstract auxiliary display is engineering-oriented, it is neces-
sary to extend the design scheme to all procedures. The focus of attention is on
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Fig. 2. Design implementation on system display

practical application in nuclear power plants. Therefore, the compatibility between the
design and the original nuclear power plant system, and the operating experience are
very important. Considering the actual situation of the laboratory, we combined user
test and expert evaluation to evaluate the display design.

e Procedure display. In this study, the following two procedure displays are
involved:

— Original procedure display: the display that includes only the main step
module, the sub-step module and the parameter module, not including the
abstract auxiliary display;

— Procedure display with abstract auxiliary display: the display that includes
the main step module, the sub-step module and the parameter module, together
with the abstract auxiliary display (Fig. 2).

e Operational tasks. As previous researched have shown, the structural
goal-instrument information has a significant effect on performance improvement
when the operator performs a non-designed task, but little help in designed tasks
and the situation with interference. To solve the problem in these two cases, we use
highlighting relevant information to connect procedure display and abstract display
to provide operational purposes-means information. To distinguish these three
cases, the following three tasks are designed:

— Designed benchmark task: to conduct the emergency operation procedures;

— Designed benchmark task with non-design tasks: When conducting proce-
dures, abnormal situations happen in the system, which is about parameters
relevant to the designed benchmark task, but doesn’t affect the operation and
final system status. For example, CMT level value is normal, but is shown
abnormal and in alarming color in the abstract. If the operator raised this
question during the operation or interviews, then consider the operator’s
non-design task completed;
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— Designed benchmark task with interference: the interference occurs when
operator is conducting procedure steps, whereby the performance of the operator
after the return to the task is evaluated. Situational awareness questionnaires,
which are needed to obtain data during task operation, serve as interference in
our experiment.

3.2 Testing Process

In the user test section, a total of two nuclear power plant operators participated in the
test. The two operators respectively go through the following processes: training,
completing the learning experience questionnaire, conducting emergency operation
procedure tasks (filling in the situational awareness questionnaires in the process),
filling in the operation experience questionnaire and post-test interview.

In the procedure operation section, the operator conduct operations alone in the
simulated control room, using the abstract auxiliary display, and the accident process
and data are controlled from the simulator by staff. During operation, to ensure that the
operation process is close to the actual situation of the main control room as much as
possible, staff and expert reviewers observe the operator’s screen and mouse operation
in the observation room through the Morae recording and monitoring tools on another
screen.

3.3 Operator Performance Measures

In the user test section, on the one hand we obtain subjective opinions feedbacks
through the interview, on the other hand we also collect the following quantitative data
(Kim and Seong 2009).

e Task completion time: the whole time the operator needed to complete the
operation from the beginning to mandate procedures.

¢ Situational awareness: it is divided into situation awareness of system status and
of procedure operations (Burns 2008), the two of them are also divided into overall
perception of the process, and understanding of the current situation respectively.
The overall perception is measured by the questionnaire sent out after the task is
finished, at which time the participant cannot see the system display and need to fill
out the questionnaire relying on their own recall. The question in the questionnaire
is about the whole operation process, the change trend of local or global parameters.
The understanding of the current situation involves questions like “why you are
conducting this operation”, “what do you expect to see when this operation is
completed” and “why is this situation happening”. A total of four situation
awareness questionnaires were sent during the test. The first time was after the
operator chose to start the operation, and the situation awareness of the system state
was examined. The second and third were completed respectively by the operator
after the operation of two modules of operations, and cognition of the current
operation was examined. The fourth is sent when the operation is completed, once
again on the cognition of system status.
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e Workload: we use the NASA-TLX scale to examine workload, including six
dimensions of mental demand, physical demand, time pressure, effort requirement,
performance satisfaction and frustration, each dimension scoring 1-10, with higher
scores indicating greater workload.

e Non-design task completion: CMT level value is normal during the test, but is
shown abnormal and in alarming color in the abstract. If the operator raised this
question during the operation or interviews, then consider the operator’s non-design
task completed.

3.4 Data Analysis

e Task completion time. The two operators spent 17 min and 21 min respectively
completing 23 steps of the procedure. Since there is no comparison between
operation with and without the abstract auxiliary display, we asked operators to
evaluate the task completion time during the post-test interview. Both operators
reckon that, due to the screen integration and automatic navigation, they do not
need to find their relevant displays and parameters on their own, thus the use of the
abstract auxiliary screen can shorten task completion time.

o Situational awareness. In the case of questionnaires on situational awareness, the
two operators showed relatively significant differences. The first operator received a
high score in four questionnaires, and the four experts who participated in the
review considered the operator’s response to be correct. In post-test interviews,
the operator said he was familiar with the process of the accident, and can recall the
accident process and direction after a brief observation of the abstract display. The
second operator received a low score on the situational awareness question in the
system state, especially the state of CMT component is poorly understood. In
post-test interviews, the operator said he was not familiar with the process of the
accident. As we can see, the abstract auxiliary display has a better effect when
operators are more familiar with the situation.

e Workload. Both operators selected moderate workloads in the workload scales.

e Non-design task completion. Both operators raised question regarding CMT
loading alarm in interview.

3.5 Operators’ Feedback

In terms of usefulness, both operators considered the current abstract auxiliary display
to include all the components, parameters, and procedural operations required for the
emergency operation. And system abnormal is easy to notice using this display.

In terms of usability, the operators offered some improvement suggestions.

First, the connection relationship of internal RCS system components is better to be
displayed intuitively.

Second, we can combine the auxiliary display with the original display where
detailed system components and all parameters are shown, since the auxiliary works
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better in obtaining situation status in a short time, but more detailed information need to
be provided using original system displays.

Finally, in terms of degree of computerization, it is desirable that the system can
recommend the next operation in the procedure, eliminating the need for the operator’s
comparison and judgment steps so that the operator only needs to finalize and confirm
the recommended operation from the system.

4 Results and Discussion

4.1 Results and Suggestions

From the operators’ performance and interview we can that the current abstract aux-
iliary display design can meet the basic operation of the chosen emergency operation
procedures. The future direction of improvement is to achieve the navigation con-
nection between abstract auxiliary display and the original display, and involve all the
relevant parameters from the original system flow diagram display in the abstract
auxiliary display.

After the evaluation, it was found that the operators and the experts basically
recognized the function of the success in procedure operation support of the abstract
auxiliary display, and hoped to use the display as part of the comprehensive function
display to help the operator complete the procedure operation and understand the
system status.

The abstract auxiliary display can be used as a part of the comprehensive function
display, facilitating the operator’s procedural operations. It can be applied in two ways.

e One is to reduce the display size and embed it into the original system flow diagram
display, to help the operator detect the overall status of the system. To make this
happen, we need to adjust the current size of the corresponding parts in the display
to ensure that each part and their status are still recognizable after reducing the
display size.

e The second is to involve all the relevant parameters from the original system flow
diagram display in the abstract auxiliary display, which can ensure that the operator
can rely on this one screen to complete all the procedures operation. Considering
the large number of parameters, we will need to add a new layer, and the operator
can freely choose which part of the display parameters to be shown.

4.2 Limitations and Future Works

First, due to constraints of time, equipment and personnel, we were not able to carry out
sufficient usability testing after completing the design and implementation of the
abstract auxiliary display. Thus, the design also requires follow-up engineering
experiments and further improvements before being introduced in the nuclear power
plant system.

Second, when applying this design to the whole system beyond the chosen
emergency operation procedure, the method of our study can be used, which is, work
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analysis based on work domain, display design using original connections and various
coding methods, and implementation on the design-support DCS system.

Finally, to fully prove the help of the abstract auxiliary display to the operator and
the integration with the original display, we need to carry on the engineering experi-
ment after systematic application of the picture, and obtain the feedback from the
operators and make the next iteration.
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