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a b s t r a c t

Mental workload (MWL) is a major consideration for the user interface design in nuclear power plants
(NPPs). However, each MWL evaluation method has its advantages and limitations, thus the evaluation
and control methods based on multi-index methods are needed. In this study, fuzzy comprehensive
evaluation (FCE) theory was adopted for assessment of interface designs in NPP based on operators'
MWL. An evaluation index system and membership functions were established, and the weights were
given using the combination of the variation coefficient and the entropy method. The results showed that
multi-index methods such as performance measures (speed of task and error rate), subjective rating
(NASA-TLX) and physiological measure (eye response) can be successfully integrated in FCE for user
interface design assessment. The FCE method has a correlation coefficient compared with most of the
original evaluation indices. Thus, this method might be applied for developing the tool to quickly and
accurately assess the different display interfaces when considering the aspect of the operators' MWL.
© 2018 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The human factor is one of the key factors in the design and
evaluation of the safety of nuclear power plant (NPP) systems [1].
Numerous statistics show that deficiencies in human factors such
as poor control room design, procedure, and training, are signifi-
cant contributing factors to NPPs incidents and accidents [2].
Hitherto, the number of occurred nuclear incidents is relatively
small, but if the serious accident happens, it will be a big disaster
for people and environment [3]. Therefore, improving the NPPs
safety based on the understanding of human as well as technology
characteristics is a permanent research topic.

Operating in NPPs is often a high MWL task. To avoid incidents,
the operators must constantly acquire and process much infor-
mation from their eyes, ears, and other sensory organs. Such in-
formation includes detect abnormalities, and respond quickly to
events occurring. Especially during emergency situations, operators
often need to process large amounts of information in a short time
and quickly make the decisions, which easily lead to generation of

very high cognitive load, and effect on the efficiency and reliability
of the whole system. Presently, main control rooms of NPPs are
developing to adopt computer-based humanesystem interfaces
(HSIs). The changes in display and control have affected all aspects
of NPP operating functions. Therefore, good interface design will
enable operators to accomplish their tasks efficiently and effec-
tively with minimal errors [4,5].

MWL has become a crucial issue for many kinds of the industry
since the 1960s. It has been used as an essential factor in the
evaluation of human performance in complex systems, and Nach-
reiner [6] concluded that human performance could be affected by
too high or too low MWL. Moray [7] also determined that opti-
mizing the MWL allocation could reduce human errors, increase
system safety, and improve operators' satisfaction. Many studies
have been carried out on themeasurement and assessment of MWL
on human-computer interface (HCI) of NPPs [8,9], which mainly
employed the subjective evaluation method, performance mea-
surement method, and physiological evaluation method [10]. These
studies were mostly based on the results of single-index
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measurement and applied statistical methods for analysis and
evaluation, and they indicated that different evaluation methods
should be applied to different task situations and workload levels.
However, nomethodworks in all cases because eachmethod has its
advantages and limitations. Therefore, using multi-index to
comprehensively evaluate MWL is a reasonable method as an
alternative to the single method or index-based evaluation.

In the stage of designing or improving HCI for NPPs, the quick,
accurate and comprehensive evaluation of MWL of operator
under different display interfaces would play an essential role in
optimizing the mental task design of HCI. It is of great impor-
tance for decision makers to correctly understand the results of
the assessment. For example, when they want to make the de-
cision for the HCI designs, decision-makers have to consider
what information they need to make right choices, and it will be
difficult for people who are not acquainted with professional
knowledge. However, in fact, decision-makers are not required to
understand these details in many cases completely. Because
when selecting the HCI designs, they probably need a judgment
of “good” or “bad,” rather than crisp comparisons. Therefore, the
systematic evaluation method based on the numerical model and
mathematical methodologies need to widely apply in research
and comprehensive evaluation.

The comprehensive evaluation is considered as a multi-
criteria decision-making issue and has some numerical models
applied in this aspect such as the artiflcial neural network
[11e13], principal component analysis [14]. In these methods, the
Fuzzy theory can be better-managed vagueness or information
full of uncertainties [15,16], especially in the management and
application phase after evaluation. Fuzzy comprehensive evalu-
ation (FCE) is a method based on the theory of fuzzy sets that was
introduced in the 1960s [17]. It has now become an effective
multi-factor decision-making tool for comprehensive evalua-
tions. This method has been widely applied in the research and
application of multi-criteria comprehensive evaluation in many
fields, including, but not limited to environmental [18], petro-
leum project [19], water quality [20], manufacturing [21,22],
safety engineering [23,24], and human-machine interface design
[25]. These studies concluded that the sensitivity of FCE method
is higher compared with other evaluation methods thanks to the
predetermined weights and decreased fuzziness by establishing
membership functions. However, FCE method has not yet been
studied for its application in MWL assessment and this has been
identified as a research gap.

The MWL measurement methods can be divided into three
main categories such as performance measures, physiological
measures and subjective ratings. However, there is no universal
method because each method has its disadvantage. Additionally,
the human MWL is influenced by many factors such as task de-
mand, physiology, or working environment. These factors have
special characteristics, such as nonlinear, interactive, and fuzzy
correlative, that are suitable for multi-factor assessment using the
FCE method. Therefore, the objective of this study was to develop
a comprehensive method to assess user interface design in NPPs
based on operators' MWL. Firstly, the evaluation index system
(EIS) was selected based on the MWL measurement methods,
including the performance measures (obtained through the speed
of task and error rate), subjective rating (NASA-TLX) and physio-
logical measure (eye response). The weight vector of the EIS was
obtained based on the combination of the variation coefficient
and the entropy weight before establishing the FCE model. Then,
comprehensive evaluation scores for two interfaces were carried
out. The results in this study might be applied for developing the
tool to quickly and accurately assess the different display in-
terfaces based on operator's MWL.

2. Fuzzy comprehensive evaluation method

2.1. Evaluation index system (EIS)

The first step of the FCE method is to ascertain the EIS. In this
study, the evaluation indices were selected follows three major
types of MWL measurement. Performance may be roughly defined
as the effectiveness in accomplishing a particular task [26]. The two
main methods to measure workload by performance are primary
and secondary measures. The basis for using primary and second-
ary tasks to measure workload is based on the assumption that
people have limited resources [27]. The performance measures can
be classified into many categories such as accuracy, task time,
worst-case performance, domain-specific measures, etc [28].
Among them, speed and error rate of the task are two critical
measures of human performance. These indices have been suc-
cessfully applied to measure MWL in domains including driving
[29] and operating in NPP [8,30]. In this study, the speed and error
rate while performing the task was calculated because of the
following reasons: (1) two indices are easy to collect using video
playback feature. (2) speed of task is an important criterion of
operating emergency procedures in NPPs. Operators need to pro-
cess information and to respond with the correct decision quickly.
Under the pressure of time, the operator is at risk of overloading the
MWL. (3) error of task involve risky behaviors that need to be un-
derstood in order to prevent incidents, because that directly relates
to the effectiveness and safety of operating of NPPs system.

MWL assessment based on subjective ratings, such as the NASA-
Task Load Index (NASA-TLX), subjective workload assessment
technique (SWAT), workload profile method, etc., are becoming
increasingly important as evaluation tools and have been widely
used to assess the workload of the operator. Subjective rating
methods are easy to implement, inexpensive and easily adminis-
tered. However, the limitation of the subjective results is that they
can be affected by characteristics of respondents, like biasedness,
response sets, mistakes and protest attitudes [31]. de Waard et al.
[32] also suggested that subjective ratings alone cannot capture
MWL. Hence, use of subjective methods is not recommended when
there is a likelihood that the individuals may fake the results, guess
randomly, have low motivation or prejudices. In this study, NASA-
TLX method was used to evaluate the operators' subjective work-
load [33]. NASA-TLX is the most widely used methods and has
achieved some solid goals in human factors research [34]. This
method is a multi-dimensional rating scale that uses six di-
mensions of workload to provide the diagnostic information about
the nature and relative contribution of each dimension in influ-
encing the overall operator workload.

Physiological measures methods (e.g., psychophysiological sig-
nals) can be influenced by emotional factors and physical due to
apparatuses are attached to user body that constrains user move-
ments and breaks naturalness of interaction. This equipment is also
expensive and depending on the capabilities of the purchased
system, requiring technical skill and operational experience [35].
However, these methods require a relatively small number of
samples and can provide more accurate reports than subjective
measures due to using specialized equipment. They can also pro-
vide “real-time” assessment results, thus allowing us to quickly and
accurately identify usability problems as they occur [36]. The
physiological measures can be divided further into central nervous
systemmeasures and peripheral nervous system measures [8]. The
central nervous systemmeasures (i.e. electrocardiogram) have high
reliability in measurement of MWL [37]. However, the applicability
of these measures is limited due to the expensive instruments, and
the difficulty in mounting the instrument onto subjects. Therefore,
the central nervous system measures were not adopted in this
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study. Peripheral nervous systemmeasures such as eye response as
the indices of MWL [38]. Measurement of eye response is one of the
objective measurement methods and useful for assessing the op-
erators' MWL and the quality of the design interface in real time
[39]. Eye response measure is a technique that captures eye
behavior in response to a visual stimulus, suitable for analyzing
human behavior [40]. A record of user's eye movements during
interaction (i.e., doing a task) with user interface can indicate the
locations and how long user looks on the interface. Additionally,
about 80% of operators' thoughts can be inferred correctly using his
or her eye movement data [41]. Thus eye movements can signal
whether the user interface elicits usage problems or facilitates
efficient and effective task realization. Additionally, many eye
response parameters that are used as MWL measures in operating
industrial control.

In this study, four eye response indices that were used as MWL
measures include pupil dilation, blink rate, total fixation duration
and fixation rate. Eye responses were recorded using the iView X
head mounted eye-tracking device (SensoMotoric Instruments,
German) with a rate of 50Hz, pupil/corneal reflection < 0.1� and
gaze position accuracy< 0.5�e1.0�. BeGaze software version 3.0 was
used to analyze and process data. Calibration of the eye tracker was
performed for every individual at the beginning of the experiment
based on the standard five-point approach provided in the iView X
tracker. The RCV interface presented on the 17 inches liquid-crystal
display monitor, displayed resolution of 1024 � 768 pixels. During
the experiment, raw eye tracking data was recorded in the form of
XY coordinates according to sampling rate. According to the above
analysis, the selected index system for FCE model is illustrated in
Fig. 1.

2.2. Normalization of the original evaluating matrix

With n evaluating indicators and m participant count form an
original indicators value matrix:

X ¼

2
664

x11 x12 … x1n
x21 x22 … x2n
… … …

xm1 xm2… xmn

3
775 (1)

Normalization this matrix to get Eq. (2):

R ¼ �
rij
�
m�n (2)

where, rij is the data of the jth evaluating object on the indicator,
and rij2½0;1�. Among these indicators, to which the bigger the
better, there are (3)

rij ¼
xij �min

j

�
xij
�

max
j

�
xij
��min

j

�
xij
� (3)

while, the smaller the better, there are

rij ¼
max

j

�
xij
�� xij

max
j

�
xij
��min

j

�
xij
�� (4)

2.3. Determining the evaluation criteria

The evaluation criteria for assessing the MWL of user interface
should be ascertained. For each index, evaluation criteria and ranks
are carefully determined. In this study, the evaluation rank set V
assume as: Vr ¼ ½v1; v2;…v5� ¼ (very low, low, normal, high, very
high), respectively with the evaluation criteria is the score, set as
Hr ¼ ½1; 2; 3; 4; 5�. “Very high” means that the operator has
maximum MWL when performing the tasks on the interface and
“very low” indicates that MWL is negligible.

2.4. Determining the fuzzy relationship matrix

Based on the EIS and assessing rules, the fuzzy relationship
matrix is ascertained as:

F ¼
h
fij
i
n�r

¼
2
4 f11 / f1r

« 1 «
fn1 / fnr

3
5 (5)

where, fij represents the fuzzy membership of the ith index
belonging to the jth rank.

For correlated indices such as blink rate, the evaluation of MWL
is better when the index value increases. Then the fuzzy set func-
tion can be selected as:

fikðxÞ ¼

8>>>><
>>>>:

1 x � vik
x� viðkþ1Þ
vik � viðkþ1Þ

viðkþ1Þ < x< vik

0 x � viðkþ1Þ

,if ,k ¼ 1 (6)

fikðxÞ ¼

8>>>>>>><
>>>>>>>:

0 x � viðkþ1Þ; x � viðk�1Þ
viðk�1Þ � x

viðk�1Þ � vik
vik < x< viðk�1Þ

x� viðkþ1Þ
vik � viðkþ1Þ

viðkþ1Þ < x< vik

if ,k ¼ 2;3;4 (7)

fikðxÞ ¼

8>>>><
>>>>:

1 x � vik
viðk�1Þ � x

viðk�1Þ � vik
vik < x< viðk�1Þ

0 viðk�1Þ � x

if ,k ¼ 5 (8)

where, x is the select value of the ith index; vik is the kth rank
threshold of the ith index; and fik is the fuzzymembership of the ith

Fig. 1. Evaluation index system based on MWL measurement method.
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index belonging to the kth rank.
When the MWL is negatively correlated with value of index like

NASA-TLX scores, the membership fik can be given as:

fikðxÞ ¼

8>>>><
>>>>:

0 x � viðkþ1Þ
viðkþ1Þ � x

viðkþ1Þ � vik
vik < x< viðkþ1Þ

1 x � vik

if ,k ¼ 1 (9)

fikðxÞ ¼

8>>>>>>><
>>>>>>>:

0 x � viðk�1Þ; x � viðkþ1Þ
x� viðk�1Þ
vik � viðk�1Þ

viðk�1Þ < x< vik

viðkþ1Þ � x

viðkþ1Þ � vik
vik < x< viðkþ1Þ

if ,k ¼ 2;3;4 (10)

fikðxÞ ¼

8>>>><
>>>>:

0 x � viðk�1Þ
x� viðk�1Þ
vik � viðk�1Þ

viðk�1Þ < x< vik

1 x � vik

if ,k ¼ 5 (11)

2.5. Evaluation index weight analysis

The design of weight is one of the important parts of the fuzzy
evaluation method, as it would have a profound effect on the
evaluation results. In order to overcome the subjective limitation
in traditional FEC method, the index weight of this study is ob-
tained based on the combination of the entropy weight and
variation coefficient method. The entropy method is often used
for assessing weights in the technique for the order of preference
by similarity to ideal solution [42]. This method considers
adequately the information of values all the monitoring sections
provided to balance the relationship among numerous evaluating
objects. However, the distribution of the index weights obtained
by the entropy weight method may appear the defects of balance
[43]. The variation coefficient method can improve the workload,
and overcome the adverse effects of abnormal values [44]. In
addition, the combination of variation coefficient and entropy
weight method have been shown the effectively adjust the
problems existing in the entropy weight method [43,45]. The
procedure of calculating the index weight by entropy weighing
method is described as follows:

The entropy of ith indicator is defined as:

Hi ¼ � 1
lnn

Xn
j¼1

fijlnfij ði ¼ 1;2; ::mÞ (12)

where fij is the specific gravity value for each rij and fij ¼ rijPn

j¼1
rij
and

suppose if fij ¼ 0 then fijlnfij ¼ 0.
The weight of entropy of ith indicator could be defined as:

wi ¼
1� Hi

m�Pm
i¼1Hi

(13)

in which 0 � wi � 1;
Pm
i¼1

wi ¼ 1.
The full procedure of determining the weight based on variation

coefficient is described as following:
Calculate the mean square deviation of the ith influencing

factor:

ri ¼
Pn

j¼1rij
n

(14)

si ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
1

n� 1
2

r Xn
j¼1

�
rij � ri

	2
; ði ¼ 1;2; ::mÞ (15)

where, ri stands for the average value of the ith influencing factor
and si is the mean square deviation.

Calculate the variation coefficient of ith influencing factor:

Ei ¼
si
ri
; ði ¼ 1;2; ::mÞ (16)

Normalized the variation coefficient of each influencing factor
and the weights can be obtained

di ¼
EiPm
i¼1Ei

ði ¼ 1;2;…mÞ (17)

where, 0 � di � 1;
Pm
i¼1

di ¼ 1.
The result of the combination of the variation coefficient and the

entropy weight as shown in Eq. (18):

ui ¼ lwi þ ð1� lÞdi (18)

where, l is the preference factor, and l2ð0;1Þ; A ¼ ½ui� ¼
½u1 u2…um�.

2.6. Calculating comprehensive evaluation grade

Fuzzy membership of comprehensive evaluation classes can be
calculated by multiplying weight vector and fuzzy relationship
matrix.

B ¼ A*F ¼ ½u1; u2;…;um�
2
4 f11 / f1r

« 1 «
fm1 / fmr

3
5 ¼ ½b1 b2…br �

(19)

Fuzzy comprehensive evaluation score is:

C ¼ B*HT (20)

3. Experimental validation

3.1. Participants

This experiment has been conducted with participants who have
been trained for the specific task that they have been asked to do.
Specifically, twenty-twomanengineering studentswhowere22±1.6
(mean ± SD) years old have been invited to participate in this exper-
iment. They were required to have good vision ability, to be right-
handed and had no discomfort on the day of the experiment. The
experimental process was overseen by professors and experts who
are specialized inhumanfactors andNPPs technology.All participants
completed and signed an informed consent form approved by the
university institutional review board and were compensated with
extra credit in extracurricular activities in their course.

3.2. Chemical and volume control interface

This study used the operation procedure of circuit preparation
for S-1-RCV-001 of chemical and volume control (RCV), which is
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used in NPP in China (see Fig. 2a). The RCV system helps maintain
the primary system water inventory within the acceptable pres-
surizer level limits in normal operation, during power transients,
during start-up of the plant and during heating and cooling tran-
sients of the primary. The user interface provides operators the
information necessary to monitor the system state. Flow lines
connect different system components with arrows that indicate
flow direction. Gauge values adjacent to each of valves indicate flow
rate, pressure, and temperature. When the interface of RCV system
is used, operatorsmust search and locatemany valves, pumps place
and set required parameters.

The use of human factors and ergonomics approach in the
design of process control systems in NPPs presents many oppor-
tunities for improvements with regard to system effectiveness, ef-
ficiency, reliability and safety [46,47]. Our previous research has
improved the limitations of the original RCV interface based on
human factors and ergonomics, is presented in Fig. 2b [48].
Although the original RCV design is used in practice, some design
characteristics suggest that consideration of avoiding human error
and decreasing operators' MWL should be addressed. For instance,
the original RCV interface does not specify task content required for
completion and it also lacks low-level information, high-level in-
formation, and links between reference information support and
services. This lack is added based on the criterion of navigational
links to related information guide (NUREG-07001.1-27). The

criterion of grouping of related information (NUREG-07001.1-28) is
used to group the relevant information with the aim to minimize
user distraction, which minimizes disadvantages of divided atten-
tion and number of attention shifts within a display page and be-
tween them. For instance, the data of 120 MT and 109 MT are the
same type as the data of 110 MT, 112 MT, 113 MT. However, 120 MT
and 109 MT are located on the right side of the main control win-
dow, while the indicators that display 110 MT, 112 MT, 113 MT are
located on the left side of the screen. It increases the visual distance
between objects, making comparisons of the values more difficult.
The important information flows in CP001YFU interface are not
prominent, namely they are thin and poorly visible. NUREG-
07001.2.8-6 (Line Coding) is used to design important display in-
formation flows, and NUREG-07001.1-5 (CorrespondenceMapping)
is used to display information that does not distinguish clearly
between other types. In addition, NUREG-07001.1-29 criterion
(Spatial Proximity for Related Information) and NUREG-07001.5-7
criterion (Redundancy) are also used to address other issues. The
processes of RCV interface analysis and redesigning were con-
ducted carefully and combined with comments from some pro-
fessors and experts who are specialized in human factors and NPP
technology. In addition, user interface layout must also meet the
requirements of technology, system functions and operating
procedures.

Our previous research has also demonstrated that the

Fig. 2. Original interface (a) and redesigned interface (b) of circuit preparation for S-1-RCV-001.
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redesigned interface is more effective than the original interface in
both information searching and processing. The results of t-Test
analysis indicated that redesigned interface was rated significantly
lower in overall workload, time to complete, and fixation duration,
but higher blink rate. However, the evaluation results based on
statistical analyzes made it difficult for decision-makers, especially
for people who are not acquainted with professional knowledge.
Thus, this study developed a comprehensive method to assess user
interface design. This model might be applied for developing a
quick assessment model in interface design field based on opera-
tors' MWL.

3.3. Task and procedure

The main objective of this study is to evaluate the interface
design based on operators' MWL in NPPs. The participants in this
study have been asked to execute one procedure of operation with
two S-1-RCV-001 designs, such as original and redesigned inter-
face. Themain operations are to be performed, such as search valve/
pump, input parameters, and open/close valve/pump, are pre-
sented in Table 1 and participants had to perform these actions
following the procedure checklist. The process did not have any
automatic controllers and had to be monitored and controlled by
operators.

Before the experiment, all the participants got about 30 min of
training. During the training, the participants read and listened to
the electronic lecture, which gave the background information
regarding the location and functioning of the system components.
Also, they were taught how to use the eye tracking system and how
to complete the NASA-TLX questionnaire. The experiment was
conducted in a quiet room with fluorescent lighting (neon lights)
because the lighting conditions are important in the eye tracking
experiment (see Fig. 3). The procedure of the experiment was as
follows:

Each participant received the list of operations and practiced to
complete the procedure without the eye tracking system and
without any time pressure. The practice ended when the

participant fully understood the procedure. After that, the partici-
pant was asked to answer some questions about the subjective
rating methods, eye tracking equipment and operation procedure.
The participant was given explanations on anything that hewas not
clear. Then, the participant took a five minutes rest.

The participant was provided with the eye-tracker which was
validated by the calibration. After calibration step, participant res-
ted his eyes on a blank screen of mild blue colour for 1 min and
started the first session on one of two interfaces in a randomized
order. In the experiment, participant was allowed to use the list of
operations if he needed it.

After finishing the first session, the participant completes the
NASA-TLX questionnaire, and then rested for 5 min before he
started on the other interface.

The participant repeated steps (1) to (3) using the other inter-
face. Each session lasted approximately 40 min.

All participants were asked to complete task seriously, and no
information was given about any specific hypotheses under inves-
tigation. The data of the participants who did not complete the
tasks were excluded from the statistical analysis.

4. Results

4.1. Data preparation for model development

The evaluation of MWL is becoming increasingly important in
designing and using the HCI of many fields. The reason is that when
using the interfaces, with the high-level of MWL, human operators
may exhibit delayed information processing, or even not can
complete the task because the amount of information surpasses
their capacity to process it. In contrast, when their MWL is much
lower than the proper level, they tend to become bored and easily
makemistakes. Therefore, the improvement of HCI design based on
operators' MWL is essential, especially in the field of NPPs.

Data on two interfaces, original and redesigned, for the twenty-
two participants were collected to prepare for model development
and validation, and results are summarized in Table 2. Specifically,
the NASA-TLX score was calculated according to three steps. At the
first step, weight in each of the six subscales is determined to reveal
the priority of the six subscales. All subscales are self-evaluated and
selected by the operator in a paired form and 15 different com-
parisons, and then, each workload dimension is scored 0e5. At the
second step, to allocate the rating of workload, each of the six
subscales is rated with the goal of determination of each scale's
effect on theMWL. At this step, the operator scores each of these six
subscales from 1 to 100 based on his/her working condition. At the
third and the last step, after determination of weight and rating in

Table 1
Operation of system boots for S-1-RCV-001.

Step Task description

1 RCV start
2 Start the RIS012 of PTR water inlet valve
3 Turn off RIS077VP and RIS078VP of booster pump inlet valve
4 Turn off RIS021VP and RIS023VP of hot section injection valve
5 Turn off RIS020VP and RIS029VP of cold section injection valve
6 Turn off RIS032VP and RIS033VP of water tank isolation valve RIS004BA
7 Turn off RIS033VP and 233VP of downstream isolation valve 002BA
8 Turn off 060VP of seal water injection valve
9 Turn off 061VP of seal water control valve
10 Turn on 076VP, 077VP and 078VP valve
11 Turn off 088VP and 089VP
12 Turn off 048VP of safely shell charge pipe valve
13 Start 050VP valve
14 Check the level of 011 MN and 012 MN in control box
15 Run IREA02 or clean the coolant procedure using RCV
16 Start No.1 and turn on 088VP and 089VP valve
17 Maintain the injection flow: 067VP, 068VP and 069VP
18 Use manual control adjust 061VP valve
19 Ensure RRA and PTR piping isolated
20 Increase the reactor coolant pressure using 013VP valve
21 Switch on RCP037MP
22 Change manual control to the automatic mode in 408KU
23 Set 413KU to the INT position, gradually raise to 7 bar
24 Start RCP131VP, RCP231VP and RCP331VP

…

37 Close the inlet valve RCV034VP in PCV002BA
38 Close the inlet valve RIS013VP in PTR001BA

Fig. 3. Experiment environment and equipment.
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previous steps, NASA-TLX score is calculated in the range 1e100.
The performance data of participants were also calculated for

two interfaces. Specifically, speed of task (sec) was defined as the
time that participant spent on the experiment was recorded as
complete task time. Error rate (%) was determined by comparing
the incorrect sequence of actions to each participant's actual ac-
tions. In the eye response measure method, all data of twenty-two
participants were processed in order to remove artifacts and gaps
such as blinks or eye tracker loses the ability to track when par-
ticipants moving their heads. Fixation rate was collected within the
fixation lengths that varied from 100 ms to 600 ms. The indices
with their respective parameters outside the condition have been
neglected in further analysis. Additionally, the area of interest (AOI)
has been defined as the simulation screen. Thus, all the data fell
outside the defined AOI have been excluded from analysis. In this
study, pupil dilation unit has been collected by pixel; the average
blink rate has been defined as a number of blinks per second. Fix-
ation rate is the number of fixations divided by second.

4.2. Evaluation index weight

Using the data shown in Table 2 and based on Eqs. (12) - (13), the
fuzzy relationship matrix was established as Eq. (21):

w ¼ ½0:126 0:106 0:077 0:127 0:282 0:177 0:105� (21)

Based on Eq. (14)e (17), the variation coefficient matrix was
established as Eq. (22):

d ¼ ½0:127 0:132 0:094 0:144 0:224 0:162 0:117� (22)

Combination weighting for FCE model was established as Eq.
(23) based on Eq. (18):

u ¼ ½0:126 0:119 0:085 0:136 0:253 0:169 0:111� (23)

The weight vector of the EIS is obtained based on the combi-
nation of the variation coefficient and the entropy weights are
presented in Table 3.

4.3. Fuzzy comprehensive evaluation

Using the data shown in Table 2 and based on Eqs. (5)e(11), the
fuzzy membership matrix F was obtained. For example, with the

evaluation data of participant 22nd for the redesigned interface, the
NASA-TLX score, speed of task, error rate, pupil dilation, blink rate,
total fixation duration and fixation ratewere 52.2, 368.1s, 2.8%, 52.4
pixel, 33.4 time/min, 76.0s and 0.4 time/s, respectively. So, the
resulted fuzzy membership matrix F is:

F ¼

2
66664

0 0 0:04 0:96 0
0:49 0:51 0 0 0
0 0 0 0 1
0 0 0:98 0:02 0
0 0 0 0 1

3
77775 (24)

Using Eqs. (19) and (23), the fuzzy comprehensive assessment
matrix B was calculated as Eq. (25).

B ¼ ½0:042 0:044 0:306 0:125 0:483� (25)

Using Eq. (20), fuzzy comprehensive evaluation score is 3.96, so
the MWL assessment result is “High” level. FCE score of all partic-
ipants in two interfaces were shown in Fig. 4.

The results indicated that the original interface had 19 partici-
pants assess higher than “high” level, while redesigned interface
only had 9 one. Compared with five level of MWL, the calculate

Table 2
The results of all evaluation indices.

Evaluation index Original interface (Mean ± SD) Redesigned interface (Mean ± SD)

NASA-TLX score 58.0 ± 7.1 52.3 ± 5.6
Speed (s) 275.6 ± 96.8 231.9 ± 81.4
Error rate (%) 10.2 ± 8.2 9.6 ± 7.1
Pupil dilation (pixel) 53.1 ± 6.9 51.5 ± 5.7
Blink rate (times/min) 18.5 ± 5.2 21.6 ± 6.2
Total fixation duration (s) 87.9 ± 29.7 64.5 ± 21.5
Fixation rate (times/s) 1.57 ± 0.92 1.14 ± 0.64

Table 3
The result of combination of weight.

Method Index Entropy weight Coefficient of variation Combination weighting

NASA-TLX Total mental workload 0.126 0.127 0.126 0.126
Performance Speed (sec) 0.106 0.132 0.119 0.205

Error rate (%) 0.077 0.094 0.085
Eye response Pupil dilation (pixel) 0.127 0.144 0.136 0.669

Blink rate (times/min) 0.282 0.224 0.253
Total fixation duration(sec) 0.177 0.162 0.169
Fixation rate (times/sec) 0.105 0.117 0.111

Fig. 4. The FCE score of all participants in two interfaces.
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mean score 3.4 of original interface states that the assessment
result of the original interface was relatively high level, reflects that
this interface should be improved to reduce the workload for the
user. The results also indicated that the score of redesigned inter-
face (2.8) was reduced for 17.6% in comparison to the original
interface, which indicates that redesigned interface design signifi-
cantly reduced the operator's MWL. In addition, the results of t-Test
of FCE data between two interfaces showed that there are signifi-
cant differences in average FCE score (t ¼ 3.43; p < 0.01), indicating
that this methodmay be used to assess the user interface designs in
NPPs based on MWL.

4.4. Validation of FCE model

Validation of the FCE model for interface design evaluation was
conducted by comparisons between the FCE method and other
indices based on the correlation coefficient. To accomplish this, the
correlation between FCE score and other indices were tested.
Table 4 shows the results of a correlation analysis between FCE
score and other indices of original interface design. It showed that
the FCE score had a positive correlation with the NASA-TLX score
(r ¼ 0.635, p < 0.01), speed of task (r ¼ 0.481, p ¼ 0.024), pupil
dilation (r¼ 0.429, p¼ 0.047) and total fixation duration (r¼ 0.424,
p ¼ 0.049), a negative correlation with blink rate (r ¼ �0.576,
p < 0.01).

The correlation between FCE score and other indices of rede-
signed interface is presented in Table 5. The statistics indicated that
FCE score is also correlated significantly with the NASA-TLX score
(r ¼ 0.492, p ¼ 0.02), speed of task (r ¼ 0.615, p < 0.01), and most
eye response data.

5. Discussions

This study was to develop a comprehensive method to assess
user interface design in NPPs based on operators' MWL. Perfor-
mance measurement base on speed of the task and error rate are
the easy tools to use. They have been used in evaluations of inter-
face designs in many important industries. In this study, the ob-
tained results of weight have shown that the weight of the task
speed has a significant effect (0.119) on the FCE score while the
error rate is low (0.085). This result can be explained by the fact that
human performance should be considered in terms of both MWL
and situation awareness. However, error rate is often not sensitive
to workload in a short experimental time [30,49].

Theweight value of overall eye response indices was the highest
value 0.669, indicating that this measurement method is of
particular importance for the evaluation of operator's workload
when using the interface control. One of the reasons is that four
indices of eye movement in this study directly relate to MWL, and
are commonly used in the assessment of MWL. Specifically, blink
rate has been observed to decline with increased workload
resulting from processing visual stimuli, however, it has been
observed to increase with increased load resulting from memory
tasks [38] and the connection between blink rate and workload
seems tenuous [50]. In this study, blink rate is the highest value
(0.253) in eye response indices, which confirms that the redesigned
interface is effective in reducing the operators' workload. Pupil
dilation indices showed the value 0.136, which is due to pupil
dilation can be used as an indirect measurement of the psycho-
logical load. It is related to the amount of cognitive control, atten-
tion, and cognitive processing required for a given task [51,52].
Recently, a lot of research has used pupil dilation as a factor to
consider the amount of MWL in interactive tasks with industrial
control interfaces [8,48]. They indicated that pupil diameter in high
complexity task is larger than in a low complexity task operation.
Fixation indices also can be used to distinguish between workload
conditions. Among fixation indices, fixation rate is mostly used by
reading, human factors and usability testing. This index is found
that it is negatively correlated to difficulty of task, and it can be used
as the MWL measurement [53]. Fixation indices in this study have
indicated that redesigned interface is more effective in information
searching. This was in accord with previous findings that higher
fixation on a particular area can be indicative of greater interest in
the target, or it can be a sign that the target is complex in someway
and more difficult to be searched [54]. This result is also consistent
with several recent studies used fixation analysis in MWL evalua-
tion and these indices often show high reliability [55,56]. However,
one different challenge in eye movement method is that the data
can be influenced by physical, emotional factors and lighting con-
dition. Therefore, this method should be paired with an additional
data collection method to interpret the recordings accurately, and
subjective assessments are usually used. NASA-TLX has been suc-
cessfully applied to measure MWL of HCI in many domains such as
automobile [57,58], NPPs [8,9,59] and others. The weight value of
0.166 indicated that NASA-TLX method significantly influences the
result of the comprehensive evaluation.

The FCE method showed the overall score and level of MWL.
The results showed that the operator's MWL level is lower than

Table 4
Correlation between the FCE score and other indices data in original interface.

FCE score NASA-TLX Speed Error rate PP BR TFD FR

FCE score Pearson Correlation 1
Sig. (2-tailed)

NASA-TLX Pearson Correlation .635a 1
Sig. (2-tailed) .002

Speed Pearson Correlation .481b .361 1
Sig. (2-tailed) .024 .099

Error rate Pearson Correlation .191 .166 -.095 1
Sig. (2-tailed) .395 .460 .675

PP Pearson Correlation .429b .459b -.028 .146 1
Sig. (2-tailed) .047 .032 .903 .516

BR Pearson Correlation -.576a -.414b -.543a .028 -.209 1
Sig. (2-tailed) .005 .043 .009 .902 .351

TFD Pearson Correlation .424b .186 .077 .069 .239 -.476b 1
Sig. (2-tailed) .049 .408 .732 .761 .285 .025

FR Pearson Correlation .410 .276 .096 .447b .091 -.010 .180 1
Sig. (2-tailed) .058 .214 .671 .037 .688 .965 .423

PP, pupil dilation; BR, blink rate; TFD, total fixation duration; FR, fixation rate.
a Correlation is significant at the 0.01 level (2-tailed).
b Correlation is significant at the 0.05 level (2-tailed).
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the original interface when using the redesigned interface, sug-
gesting that the redesigned interface has increased the operator
performance. The validity of the proposed method has been tested
by correlation between FCE score and other indices. Results analysis
showed the correlation between FCE score and most indices of
evaluation index system, indicating that FCE method can be used
for the interface design evaluation based on MWL and provide an
applicable model for MWL control in improving the control inter-
face designs in NPPs. However, the analysis did not reveal a high
correlation, possibly due to the influence of some indices less
sensitive to workload in this experiment, as well as the limitations
of subjective and objective methods when combining them into a
single index.

The proposedmethodology in this study has some limitations to
be mentioned. First, a small number of samples was used in ex-
periments, this reduced statistical power. Additionally, in some
cases, the basic visual capabilities may be alike regardless of being
an engineering student or a professional operator, all participants
were students, who cannot represent the real operators. Although
they have basic knowledge, after practice, they had adequate
knowledge and skills for solving the problem used in the experi-
ment. Furthermore, their experience might be very different from
the experience of real operators who have been trained for years.
Finally, experiment environment may cause significant differences
among the outcomes; thus results have limited reliability. There-
fore, a field study is needed in future to validate the results of the
present study because of lighting conditions are essential in eye
responses. Also, further validation with professional operators or
experts is needed before applying these results in the industry.

6. Conclusions

A fuzzy comprehensive evaluation model was developed to
assess user interface design in nuclear power plant (NPP) based on
operators' MWL. By using various MWL evaluation methods for
reference to establish the index system, the scientific and ratio-
nality of the evaluation index system have improved, and the
combination of the variation coefficient and the entropy method
used to determinate indexes weight can avoid the deviation caused
by subjective factor effectively. The results of FCE method indicated
that the redesigned interface is more effective than the original
interface when considering the aspect of the operators' MWL,
which means that different interface designs have a significant

effect on the operators' MWL. In addition, correlation analysis
showed that FCE correlates with most of the original evaluation
indices. This means that the FCE method can perform an effective
and integrative assessment of user interface designs based on
multiple factors. Thus, this methodmight be applied for developing
the tool to quickly and accurately assess the different display in-
terfaces based on operator's MWL.
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