
Operational Topic
Is the higher level of automation the better? This paper gives you the answer.

Effects of Automation for
Emergency Operating Procedures
on Human Performance in a
Nuclear Power Plant
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Abstract: The digitization of the control sys-
tems in the main control room of a nuclear
power plant has changed the operators’ role in
coping with accidents and has thus brought
about new human factor problems. This article
focuses on the procedures that are used for guiding
the emergency operating procedures in a nuclear
power plant, and experimentally investigates the
effects of the digitization of procedures on opera-
tors’ mental workload and situation awareness.
In these experiments, the procedures at three dif-
ferent levels of automation, namely, paper-based
procedures (PBPs), electronic procedures (EPs),
and computer-based procedures (CBPs), are used
as the independent variables. According to the ex-
perimental results, using these procedures at a
high level of automation enables the operator to
exhibit favorable operational performance with
a decreasedmental workload; however, the opera-
tor’s situation awareness (SA) is decreased. The
research results presented here can provide a refer-
ence level for optimally setting the level of auto-
mation of the emergency operating procedures
in a nuclear power plant and provide support
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INTRODUCTION
Nuclear power plants generally use
emergency operating procedures to
guide the operators to properly han-
dle accidents (Chiuhsiang et al.
2016). Seasoned operators can exe-
cute the necessary tasks even with-
out the guidance of procedures
(Chang et al. 1999); however, for
complex tasks such as the normal
startup and shutdown of the reac-
tor, most operators experience a
high cognitive workload (Peng and
Zhi 2014). Therefore, under emer-
gency situations, the operators
should follow the guidance of
emergency operating procedures.
The procedures can be classified
into two major types according to
the medium such as paper-based
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procedures (PBPs) and computer-
ized procedures (CPs) (EPRI 2009).

Excessive reliance on automa-
tion can lead to mistakes due to
complacency, operator inattentive-
ness, and lack of familiarity with
the actual operations of a reactor
plant. Automation-related automa-
tion bias and complacency have
typically been considered separately
and independently. Generally
speaking, automation compla-
cency happens under conditions
ofmultiple-task load, whilemanual
tasks compete with the automated
task for the operators’ attention.
Automation complacency can be
found in naive as well as expert par-
ticipants and cannot be overcome
with simple practice. Automation
bias results in making both omis-
sion and commission errors when
decision aids are deficient. Automa-
tion bias cannot be avoided by in-
structions or training, and it can
affect decision making in individ-
uals and teams. If automation bias
is viewed as a special case of deci-
sion bias, our studies suggest that
it depends on attentional processes
that are the same as those involved
in automation-related complacency.
Complacency and automation bias
show distinct manifestations of
overlapping automation-induced
phenomena,with attentionworking
as an essential component. A model
261
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of complacencyandautomationbias
demonstrates that they result from
the dynamic interaction of personal,
situational, and automation-related
characteristics (Parasuraman and
Manzey 2010).

The use of automation tech-
nology is becoming increasingly
popular in complex systems, e.g.,
aviation, autopilot, nuclear power,
health care, and driverless cars, and
these technologies become more
readily available. However, the ex-
tent to which automated aids will
actually improve performance is dif-
ficult to predict, given that these
aids are unlikely to be 100% reliable
and, as such, operators may not
trust them (Poornima et al. 2016).

Automation does not mean
that humans are replaced; quite the
opposite. Increasingly, humans are
asked to interact with automation
in large-scale and complex systems,
including aircraft and air traffic con-
trol, nuclear power, manufacturing
plants, military systems, homes,
and hospitals. This is not an easy
or error-free task for either the
system designer or the human
operator/automation supervisor,
especially as computer technology
becomes ever more sophisticated
(Sheridan and Parasuraman 2005).

When operators trust an auto-
mation that is more reliable than
manual performance, they are
more likely to rely on the automa-
tion than on their own experience.
Similarly, when operators distrust
an automation that is less reliable
than manual performance, they
are more likely to ignore the auto-
mation and rely on themselves to
control a situation. In both cases,
appropriate reliance occurs. How-
ever, over-reliance or misuse can
occur when an operator over trusts
an automation aid that is less reli-
able than unaided performance.
Likewise, when operators under
trust an automation that is more
reliable than manual performance,
under-reliance or disuse of automa-
tion can occur.

In traditional analog control
systems, paper-based procedures
262
are usually used for emergency op-
erating procedures. Unfortunately, it
has been found that PBPs are as-
sociated with various factors that
can lead to human errors, which
are described in detail as follows:

1. The operators must manually
switch among different proce-
dures, which increases thework-
load (Fink et al. 2009). In
particular, when multiple acci-
dents overlap, many operators
feel confused (Converse 1995);

2. During the implementation of
the procedures, the operators
have to monitor the variation of
the relevant parameters on dif-
ferent media (Niwa et al. 1996);

3. The displayed information is
static and sometimes does
not reflect the real-time status
of the power plant (Fink et al.
2009); and

4. It is difficult to update and up-
grade the procedures (Niwa
et al. 1996).

With the rapid development
of computer technology and the
progress of achievable levels of
automation, the emergency oper-
ating procedures have been gradu-
ally digitized and computerized.
The application of computerized
procedures has become one of the
defining characteristics in advanced
main-control rooms around the
world (Niwa et al. 2001). Computer-
ized procedures represent the inte-
gration of paper-based procedures
and advanced human-system inter-
faces. With the aid of the corre-
sponding digital control systems,
these computerized procedures can
provide the operators with the fol-
lowing abilities (Li et al. 2011; Liu
et al. 2007):

1. Theoperators can switch among
different programs by simply
clicking navigation links, which
greatly reduces theworkloadun-
der emergency situations;

2. The operators can monitor
the relevant parameters to
dynamically track the status
of the entire plant;
www.health-physics.com
3. The parameters that are re-
quired to be monitored by op-
erators during the procedures
are displayed together to re-
duce the difficulty in searching
for information; and

4. The computerized procedures
can be easily updated and
upgraded.

It has been reported that the
advanced features of computerized
procedures can remarkably reduce
the operators’ workload and im-
prove performance during the exe-
cution of procedures (Chiuhsiang
et al. 2016). However, these com-
puterized procedures change the
operators’ roles and their working
conditions. The ability of automat-
ing some of the necessary routines
becomes possible, but the comput-
erized procedures may also bring
about some new factors that can
degrade a human’s performance.
For example, the overlapping of
the digital display interfaces can
easily cause an operator to lose
situation awareness of the plant’s
condition, and thus reduce theoper-
ating team’s understanding of the
overall status of the plant (Kawai
et al. 1999).

Kaber and Endsley (2020) im-
proved the previous work on two
methods to human-centered auto-
mation: intermediate levels of au-
tomation (abbreviated for LOAs)
for keeping operator involvement
in complex systems control and fa-
cilitating situation awareness; and
adaptive automation (AA) for han-
dling operator workload based on
dynamic control allocations be-
tween the hymen and machines
with time. The experiments were
conducted to evaluate the LOA
and AA approach independently,
with the objective of detailing a
theory of human-centered auto-
mation (Kaber and Endsley 2020).

A digital automation control
system software test strategy based
on real nuclear power plant plat-
form was proposed. This proposed
strategy analyzed the system func-
tion and software logic path
September 2021



Table1. Examplesof functionalityprovidedbydifferentcategoriesofcomputerized
procedures (EPRI 2009).

Functionality PBPs

CPs

EPs CBPs
CBPs with

PBA

Medium for presentation of procedure Paper Computer-driven displays
Ability to select and display procedure on computer
screen

Yes Yes Yes

Navigation links to aid inmoving between procedures Possibly Yes Yes
Automatic display of process information relevant to a
procedure step

Yes Yes

Automatic processing of procedure step logic and
display of results

Possibly Yes

Integrated soft controls providing capability to send
control commands to equipment

Possibly Yes

Ability for machine to carry out multiple steps on
command from operator

Yes

FIG. 1. Simulation platform in the experiments presented here.
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characteristics and discovered the
system state by the method of
threshold boundary analyzing and
designed a test approach based on
the random combination of logical
combination paths and parameter
value intervals and, finally, created
a real platform test environment.
In particular, the functions of pres-
surized water reactor protection
system were tested and the em-
pirical results demonstrate that
the test strategy has significantly
improved the coverage of paths
and parameters (Xi et al. 2020).
The design of the automated
human-machine interface in the
power plant’s main control room
should mainly aim to improve hu-
man performance (includingmen-
tal load, situation awareness, etc.)
and to optimize human factor en-
gineering designs, analyses, and veri-
fications in accordance with the
tasks performed by the operators. In
this study, the effects of the levels of
automation on human mental load
and situation awareness are investi-
gated through experiments to pro-
vide a reference for the automated
design of emergency operating pro-
cedures in nuclear power plants.

The organization of the work
is given as follows. First, the levels
of automation of the computerized
procedure of a standard nuclear
plant are introduced. Then, the
experimental setup, the critical
variables in the experiment, and
the experimental procedures are
Operational Radiation Safety
explained. Outcomes are analyzed,
followed by the conclusion.

LEVELS OFAUTOMATION
Automation can be applied at

four different stages in which the
operator processes information:
(1) monitoring, (2) status assess-
ment, (3) planning of response,
and (4) implementation of response
(Parasuraman et al. 2000). The level
of automation required at each of
these cognitive stages is application
dependent. Usually, automation at
the lowest level simply integrates
the information in order to facilitate
status monitoring, while automa-
tion at a high level needs almost
no human intervention.

Generally speaking, a lower
level of automation means the op-
erators’ operational load is higher,
thereby leading to a decline in per-
formance; using a higher level of
automation can reduce the opera-
tional load to a certain degree;
www.health-physics.com
however, the operators may rely
too much on the automatic con-
trol system and relax, leading to a
reduction of situation awareness
and a decline in performance
(Huey Wickens 1993; Kaber and
Endsley 2000). Thus, automation
reduces some aspects of the
workload, but also introduces new
issues. A higher level ofautomation
may cause a decline in the operators’
situation awareness due to the
following aspects: (1) reduction of
alertness, (2) excessive trust in
automation, (3) the automated
systems are more complex, (4)
unfavorable human-machine
interface design, and (5) lack of
trust in automation (Endsley 1997).

In terms of functionality, the
computerized procedures exhibit
different levels of automation. As
listed in Table 1, three levels of au-
tomation in computerized proce-
dures are defined by the Electric
Power Research Institute (EPRI)
(EPRI 2009):

Electronic procedures (EPs), i.e., to
display the images and text on a
computer screen. EPs basically re-
produce the paper-based procedures
on a computer screen and provide
the most basic support such as the
links for switching among relevant
procedures;
Computer-based procedures (CBPs),
which provide support in the fol-
lowing aspects: automatic retrieval
and display of the specific informa-
tion required to complete the cur-
rent procedure; direct display of
relevant information on the pro-
cedure interface or other interfaces;
263



FIG. 2. SA Model.

Table 2. LSD multi-comparison results of SA1 scores.

(I) Level of
Automation

(J) Level of
Automation

Mean
difference

(I-J)
Standard
error

Statistical
significance

95% confidence
level

Lower
limit

Upper
limit

PBP EP .093750a .042130 .030 .00939 .17811
CBP .187500a .042130 .000 .10314 .27186

EP PBP −.093750a .042130 .030 −.17811 −.00939
CBP .093750a .042130 .030 .00939 .17811

CBP PBP −.187500a .042130 .000 −.27186 −.10314
EP −.093750a .042130 .030 −.17811 −.00939

aThe significance level of the mean difference is 0.05.
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monitoring the plant’s status and
tracking the trends in important pa-
rameters; providing suggestions re-
garding the priority of processing
for the emergency operations
(which will be ultimately decided
by the operators); and
CBP with procedure-based auto-
mation (CBP with PBA), i.e., the
operators can authorize a series of
procedural steps such that the sys-
tem can automatically implement
the related decisions and opera-
tions according to the procedures.

Reliability of automation is an
optimum balance between opera-
tor fatigue and operator compla-
cency. Reliability of automation is
known to impact operator reliance
on automation. The influence of
reliability and the effects of opera-
tor fatiguemight interact. The pres-
ent study conducted by Wohleber
et al. (2016) investigated the impact
of automation reliability on accu-
racy and reliance and how this im-
pact changes with the level of
fatigue during simulated multi-
ple unmanned aerial vehicle op-
eration. Participants completed
a two-hour simulated multiple
unmanned aerial vehicle mission
assisted by an automated deci-
sion making aid of either high
or low reliability. A decrease in
subjective task engagement and
performance over time marked
the induction of passive fatigue
by the mission. Participants were
more trusting in the high reliabil-
ity condition than in the low reli-
ability condition. Lastly, reliance
decreasedwith timeat any reliability;
264
however, a significant interactionbe-
tween reliability and time on task
demonstrates that the decrease is of
smaller magnitude as the automa-
tion was reliable.
EXPERIMENTAL DESIGN
A simulated steam generator

tube rupture (SGTR) is designed as
the accident in a nuclear plant
which needs operators to inter-
vene at different levels of automa-
tion. The experimental setup is
stated as follows.

Subjects in the experiments

The subjects in the experi-
ments presented here are all senior
undergraduate and graduate stu-
dents on campus in nuclear engi-
neering and its relevant majors.
The subjects include 14 males and
6 females whose ages range from
20 to 27 y, all of whom are familiar
with computer operations but
have no operations experience
with the control systems in nu-
clear power plants.
www.health-physics.com
Devices used in the experiments

A simulation platform of the
control system in a nuclear power
plant (as shown in Fig. 1), which
was independently developed by
the Hunan Institute of Technol-
ogy, is used in the experiments
presented here. This platform
completelymodels theoperators’con-
trolplatformandhuman-machine in-
terface in the main control room of a
nuclear power plant, and the actual
state-oriented procedures of a nuclear
power plant are used in the present
study. The hardware for the simula-
tion platform consists of four 19-inch
color liquid crystal displays, which
are numbered as No. 1 Screen to
No. 4 Screen from left to right.
The procedures in the experiments
are divided according to different
levels of automation, and all of
the relevant operations are imple-
mented on this digital platform.

The SGTR accident is selected as
the experimental scenario. SGTR ac-
cidents have repeatedly occurred in
the history of nuclear power, and
the operators’ timely and accurate
interventions are quite important.
The necessary operational proce-
dures include many steps, which
make SGTR accidents a good repre-
sentative test case. If the operators
cannot give the correct response in
time and according to the proce-
dures, the primary coolant may be
directly discharged into the environ-
ment through the pressure relief
valve on the secondary side of the
safety valve;more seriously, the bro-
ken vapor generatormay be full and
thus overflow, which would greatly
September 2021
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FIG. 4. SA2 scores using the procedures at the different levels of automation.
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aggravate the accident’s radiological
consequences.

Variables in the experiments

The independent variables in
the experiments presented here
are the most common emergency
operating procedures at three dif-
ferent levels of automation: PBPs,
EPs and CBPs. Each subject is re-
quired to complete the experi-
ments using the procedures at all
three different levels. The descrip-
tions of the procedures at the three
different levels of automation in
these experiments are:

1. PBPs: the required operation pro-
cedures in the experiments are
displayed on paper, completely
independent of a computer;

2. EPs: the PBPs are displayed on
the computer screen in the
form of images, and the links
among the associated proce-
dures and those between the
procedures and the operation
interfaces are provided; and

3. CBPs: in addition to the support
provided by the EPs, parameters
and systems that should be
monitored and operated are au-
tomatically displayed according
to the procedural steps being
performed.

The dependent variables in-
clude the multi-level situation

FIG. 3. SA1 scores using the procedures at th
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awareness score, the human men-
tal load. The detailedmeasurement
methods are described below.

Multi-level situationaware-
ness score. From the perspective of
information architecture, Endsley
classified the situation awareness
(SA) into three levels as is depicted
in Fig. 2 (Endsley 1995): the first
level (SA1) is the human’s percep-
tion of the key environmental fac-
tors; the second level (SA2) is the
human’s comprehension of the
key factors, i.e., the human can un-
derstand the underlying meanings
of the factors through further analy-
sis and integration of the factors per-
ceived at the first level of situation
awareness; the third level (SA3) is
the projection of the system’s future
status, i.e., the human can predict
the system’s future development
tendency based on the integration

erent levels of automation.
www.health-physics.com
of the situation awareness from the
first and second levels, and thus
make appropriate decisions.

The situation awareness global
assessment technique (SAGAT) is
used to estimate themulti-level sit-
uation awareness scores of the sub-
jects (Endsley 1988). The SAGAT
freezes the experiment at a ran-
domly selected time, and the sub-
ject must answer questions that
correspond to different levels of sit-
uation awareness. The number and
rate of correct answers are used as
the evaluation criterion.

Mental load. In the present
study, the task-load-index question-
naire proposed by theNational Aero-
nautics and Space Administration
(NASA) (also referred to as the
NASA-TLX questionnaire is used
to assess the subject’s mental load
(Hart and Staveland 1988). The
NASA-TLX questionnaire is a sub-
jective assessment method that in-
cludes six representative indexes:
mental demand, physical demand,
time demand, performance, effort,
and frustration level. After each ex-
periment, the subject scores each
index according to his/her subjec-
tive experience and determines
the weight of each index through
pairwise comparison.

Experimental procedures

Before the experiments, each
subject received an experiment
manual and a 3-h training course.
The training included the follow-
ing materials: the objective of the
present study, the main system
knowledge of a nuclear power
265



FIG. 5. SA3 scores using the procedures at the different levels of automation.

Table 3. LSD multi-comparison results of SA3 scores.

(I) Level of
automation

(J) Level of
automation

Mean
difference

(I-J)
Standard
error

Statistical
significance

95% confidence
level

Lower
limit

Upper
limit

PBP EP .043750 .038456 .260 −.03326 .12076
CBP .181250a .038456 .000 .10424 .25826

EP PBP −.043750 .038456 .260 −.12076 .03326
CBP .137500a .038456 .001 .06049 .21451

CBP PBP −.181250a .038456 .000 −.25826 −.10424
EP −.137500a .038456 .001 −.21451 −.06049

aThe significance level of the mean difference is 0.05.
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plant, the operation approach of
the simulation platform, and the
application method of the proce-
dures. After the training was fin-
ished, each subject implemented
the operations and exercises no
less than three times. The proce-
dure and interface during practice
were the same as those during the
formal experiment except that
the operation was not terminated
by operation error.

After a 15-min rest, the 20 sub-
jects finished the execution of the
procedures at the above-described
three levels of automation in a ran-
domly drawn order. During the
process of coping with the SGTR
accident, each subject needed to
keep an eye on the power plant sta-
tus information by using the status
display interface. This information
included the status of various de-
vices and the variation tendencies
of relevant parameters. The sub-
jects should carry out the correct
response in time according to the
procedures. System status variables
were simulated to changewith time
so a subjectmight have to select dif-
ferent routes and perform different
controls from one repetition to an-
other. During the experiments, the
experimenter randomly froze the
images once for three minutes,
during which the experimenter
266
quickly asked the subject to answer
the three-level situation awareness
questionnaire. Once the question-
naire was finished, the operation
prior to freezing the images was re-
sumed. Then, after finishing each
experimental operation, each sub-
ject filled out the NASA-TLX ques-
tionnaire according to his/her
subjective feelings during the oper-
ation process according to the pro-
cedures at the corresponding level
of automation. A rest period of
10 minutes was given after the
questionnaire was filled out, and
then the experiments using the
procedures at the next level of au-
tomation were carried out.

RESULTS AND
DISCUSSIONS

Using SPSS (version 19) as the
statistical tool, the acquired ex-
perimental data were analyzed to
www.health-physics.com
explore how the level of automa-
tion affects human performance.

Situation awareness
Effects of the levels of au-

tomation on the first level.
The first level scores of the opera-
tors using the procedures at the
three different levels of automation
are displayed in Fig. 3, and we can
observe that the SA1 scores de-
crease gradually with increasing
levels of automation.

Conducting a one-factor anal-
ysis of variance (ANOVA) for the
first level scores using the proce-
dures at the three different levels
of automation shows that the in-
dependent variables significantly
affect the operator’s first level
(F = 9.903 and P = 0.000 < 0.05).
Table 2 shows the results of a least
significant difference (LSD) multi-
ple comparison on the first level
scores using the procedures at the
different automation levels. It is
observed that significant differ-
ences in the first level exists at the
different levels of automation; spe-
cifically, the first level when using
PBPs is significantly higher than
when using EPs and CBPs, and
the first level when using EPs is sig-
nificantly higher than that when
using CBPs.

The most likely reason is that
in the level of the CBP, subjects
were based mainly on an interface
and to monitor the remaining
three interfaces, so reduced the de-
tection of the equipment and pa-
rameters on other interfaces, which
caused lower first level scores; while
using EPs, the subjects need to
search for relevant controls on
September 2021



FIG. 6. SA scores using the procedures at the different levels of automation.

Table 4. LSD multiple comparison of SA scores.

(I) Level of
automation

(J) Level of
automation

Mean
difference

(I-J)
Standard
error

Statistical
significance

95% confidence
level

Lower
limit

Upper
limit

PBP EP .05250 .03397 .128 −.0155 .1205
CBP .16500a .03397 .000 .0970 .2330

EP PBP −.05250 .03397 .128 −.1205 .0155
CBP .11250a .03397 .002 .0445 .1805

CBP PBP −.16500a .03397 .000 −.2330 −.0970
EP −.11250a .03397 .002 −.1805 −.0445

aThe significance level of the mean difference is 0.05.
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each interface, the detection of the
equipment and parameters on
other interfaces are strong, so the
first level is relatively higher; PBP
levels for the subjects are most fa-
miliar, subjects wouldn’t be inter-
fered by procedure interface in the
process of operation and monitor-
ing, therefore to the equipment,
the detection of the equipment
and parameters are strongest, so
leading to a highest SA1 score.

Effects of the levels of
automation on the second
level. Conducting a one-factor
ANOVA for the SA2 scores using
the procedures at the three differ-
ent levels of automation shows
that the operator’s second level
scores exhibit no significant dif-
ference from each other (F = 0.486,
P = 0.617>0.05). Themost likely rea-
son is that all subjects have nuclear
engineering background and accept
training about systems and equip-
ment of a nuclear power plant be-
fore the experiment; therefore, all
have a better understanding of
its main parameters and the un-
derstanding stored in long-term
memory of the participants not
affected by the levels of automa-
tion of the EOPs, therefore lead-
ing to a relatively higher second
level score compared with other
SA levels, as shown in Fig. 4.
Operational Radiation Safety
Effects of the levels of
automation on the third
level. The SA3 scores of the op-
erators using the procedures at
the three different levels of auto-
mation are displayed in Fig. 5.
Similar to SA1, we can observe
that the third level scores de-
crease gradually with increasing
levels of automation.

Conductingaone-factorANOVA
again for the third level scores using
the procedures at the three different
levels of automation shows that the
independent variables significantly
affect the operator’s third level
(F = 12.097 and P = 0.000 < 0.05).
The results of the LSD multiple
comparison on the third level
scores using the procedures at the
different levels of automation are
listed in Table 3. It is observed that
the third level scores are signifi-
cantly higher when using PBPs
and EPs than those obtained when
www.health-physics.com
using CBPs; the results between
using PBPs and EPs exhibit no sig-
nificant difference from each other.

The most likely reason is that
using PBPs forces the operator to
manually switch between the dif-
ferent procedures and paymore at-
tention to searching the interfaces
for parameters and devices, thereby
leading to a higher mental load;
while using EPs, the difficulties in
the switching procedures and
searching interfaces are reduced,
but the attention needed for the
interface management task still
causes a high mental load.

Interviews with the subjects
reveal that the higher degree of au-
tomation at the CBP level implies
that the procedures performing be-
comes easier, hence the mental
workload stays at the lower level,
reducing the ability of analysis
and prediction, and resulting in
the relatively lower third level
scores. On the other hand, the use
of PBP and EP in the arousal level
of mental workload results in the
stronger ability of analysis and pre-
diction; therefore, the third level
score is higher.

Effects of the levels of
automation on SA. The overall
SA scores of the operators using the
procedures at the three different
levels of automation are displayed
in Fig. 6, and we can observe that
the situation awareness scores de-
crease gradually with increasing
levels of automation.

A one-factor analysis of variance
for the acquired situation awareness
scores shows that the independent
variables have significant effects on
267



FIG. 7. Mental load scores using the procedures at the different levels of automation.

Table 5. LSD multiple comparison of mental load scores.

(I) Level of
automation

(J) Level of
automation

Mean
difference

(I-J)
Standard
error

Statistical
significance

95% confidence
level

Lower
limit

Upper
limit

PBP EP .44800a .15304 .005 .1415 .7545
CBP 1.05800a .15304 .000 .7515 1.3645

EP PBP −.44800a .15304 .005 −.7545 −.1415
CBP .61000a .15304 .000 .3035 .9165

CBP PBP −1.05800a .15304 .000 −1.3645 −.7515
EP −.61000a .15304 .000 −.9165 −.3035

aThe significance level of the mean difference is 0.05.
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the situation awareness when
using the procedures at the three
levels of automation (F = 12.314
and P = 0.000 < 0.05). The results
of a least significant difference
(LSD) multiple comparison on
the situation awareness scores
using the procedures at the differ-
ent levels of automation are listed
in Table 4. It is observed that the
situation awareness scores are sig-
nificantly higher when using PBPs
and EPs than those obtained when
using CBPs; the results between
using PBPs and EPs exhibit no
significant difference from each
other. One possible reason is that,
by using CBPs, the information re-
quired in the execution of tasks is
automatically displayed. This could
cause an operator to become re-
laxed and inattentive due to a
dependency on the automatic
system. Additionally, because the
collected information is mainly
displayed on the procedure infor-
mation interface, the operator’s
ability to perceive devices and
parameters at other interfaces is
weakened, i.e., the operator changes
from actively searching for informa-
tion when using PBPs and EPs to
passively receiving information.
Accordingly, the operator’s alert-
ness and analytical and predic-
tion abilities for the system are
all reduced.
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Mental load

The mental load scores of the
operators using the procedures at
the three different levels of automa-
tion are displayed in Fig. 7, inwhich
the operators’ mental load level de-
creases with increasing levels of au-
tomation in the procedures.

One-factor ANOVA for the
mental load scores using the proce-
dures at these three different levels
of automation shows that the inde-
pendent variables significantly affect
the operator’s mental load level
(F = 24.083 and P = 0.000 < 0.05).
Table 5 shows the results of an LSD
multiple comparison on the ac-
quired mental load scores using the
procedures at the different automa-
tion levels. It is observed that signifi-
cant differences in the mental load
exists at the different levels of auto-
mation; specifically, the mental load
level using PBPs is significantly
higher than that usingEPs andCBPs,
www.health-physics.com
and the mental load level using EPs
is significantly higher than that
using CBPs. The most likely reason
is that using PBPs forces the operator
to manually switch between the dif-
ferent procedures and pay more at-
tention to searching the interfaces
for parameters and devices, thereby
leading to the higher mental load;
while using EPs, the difficulties
in the switching procedures and
searching interfaces are reduced,
but the attention needed for the
interface management task still
causes a high mental load. When
separately conducting one-factor
ANOVA for the six indexes in the
NASA-TLX questionnaire using
the procedures at the three levels of
automation, only the physical de-
mand exhibits significant differences
(F = 20.079 and P = 0.000 < 0.05).
This index gradually decreases as
the level of automation of the pro-
cedures increases, as shown in Fig.
8. These results suggest that im-
provements in automation reduce
the operator’s physical exertion as
expected, and thus the operator
can pay more attention to the
analyses of the system and its
parameters.

Operational performance

The operational performance
scores of the operators using the
procedures at the different levels
of automation are shown in Fig.
9. As the level of automation of
the procedures increases, the oper-
ational performance also increases.

One-factor ANOVA for the op-
erational performance of the oper-
ators using the procedures at the
three levels of automation shows
September 2021



FIG. 9. Operational performance scores using the procedures at the different automation levels.

FIG. 8. Physical demand scores using the procedures at the different automation levels.

Vol. 121, September 2021The Radiation Safety Journal
that the independent variables
can impose significant effects
(F = 47.501 and P = 0.000 < 0.05).
The LSD multiple comparison re-
sults of the operational performance
show that significant differences ex-
ist when using the procedures at the
three levels of automation, as can be
seen from Table 6. The operational
performance when using CBPs are
significantly higher than the results
when using EPs and PBPs, while
those when using EPs are signifi-
cantly higher than when using
PBPs. This is mainly due to the fact
that variations in the automation
level can result in a reassignment
of tasks. By using CBPs, the tasks
that are executed by the operators
such as switching procedures and
interface management in PBPs and
EPs are assigned to the computer,
which can thus enhance the opera-
tors’ performance in executing the
main task.

CONCLUSION
This work experimentally in-

vestigated how using emergency
operating procedures at different
levels of automation affects hu-
man mental load and situation
awareness. Although the realiza-
tion of automated procedures has
increased the efficiency of execut-
ing operations, the experimental
results and the related discussions
show that increased levels of
Operational Radiation Safety
automation can reduce the opera-
tor’s situation awareness and thus
severely affect the operator’s evalu-
ation of the system status and their
ability to make appropriate deci-
sions under accident conditions
in nuclear power plants. Therefore,
the design of automated proce-
dures should fully account for
various factors to enhance the op-
erator’s situation awareness, to
maintain the operator’smental load
at an appropriate level, and eventu-
ally to improve the overall reli-
ability of nuclear power plants.

The conditions for a reduced
operator mental workload mak-
ing it possible for the operator to
concentrate on more important
www.health-physics.com
matters rather than wastingmental
effort on mundane items includes:
(1) an easy-to-use automation con-
trol systemwhichprovides a friendly
interface and can be operated by op-
erators without experiences; (2) the
functions provided by the automa-
tion system shouldnot be so compli-
cated; and (3) the automation
system should remind the opera-
tors to take a break after working
for two hours.

The present research results
are expected to provide a reference
for the training of operators in nu-
clear power plants and the design
of automated emergency operating
procedures. It should be noted that
the present study also has some
limitations. In a real nuclear power
plant, the accidents are generally
handled by an operation team;
however, the present study only
focuses on a single operator’s per-
formance and often neglects the
correlation among various perfor-
mance factors. These will be con-
sidered and accounted for in the
follow-up studies.
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Table 6. LSD multi-comparison results of operational performance scores.

(I) Level of
Automation

(J) Level of
Automation

Mean
difference

(I-J)
Standard
error

Statistical
significance

95% confidence
level

Lower
limit

Upper
limit

PBP EP −6.600a 2.305 .006 −11.22 −1.98
CBP −21.900a 2.305 .000 −26.52 −17.28

EP PBP 6.600a 2.305 .006 1.98 11.22
CBP −15.300a 2.305 .000 −19.92 −10.68

CBP PBP 21.900a 2.305 .000 17.28 26.52
EP 15.300a 2.305 .000 10.68 19.92

aThe significance level of the mean difference is 0.05.
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