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Abstract. This paper discusses whether the ergonomic assessment of the man-
machine interface of the ship console in virtual reality simulation system can
achieve the effect similar to that in physical simulation system. The similarity
of the two systems was verified by assessing the situation awareness level of the
subjects. 9 subjects were recruited to participate in the comparative experiment
of ship navigation tasks in two systems, which 13 tasks were designed under the
three conditions. 10D-SART scale, situation awareness global assess technique
(SAGAT), eye movement data and performance were used to assess the situation
awareness of subjects. The results provided there is a high consistency and no
significant difference among the indices between the virtual reality simulation
system and the physical simulation system. Among these indices, the response
or operation time and gaze entropy had the highest correlation between the two
systems, and the correlation of condition 2 and condition 3 were all above 0.9.
SART score and SAGAT score had the second highest correlation between the two
systems, and the correlation in each working condition reached about 0.7. Under
the influence of different conditions and different users, SART scores and SAGAT
scores of the three conditions had no obvious change trend. The results show that
the virtual reality simulation system can replace the physical simulation system
to a certain extent in the assessment of the operator’s situation awareness. This
method can be used for the scheme assessment in early stages of design to reduce
the development costs greatly.
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1 Introduction

In the field of shipbuilding, with the great improving of technology, the complexity
of information increases geometrically, which puts forward higher requirements for
the ability of operators. Those designs that ignore human physiological and cognitive
characteristics may have endangered the effectiveness of the task, the execution of the
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plan, the schedule and the cost [1]. The concept of situation awareness (SA) first appeared
in aviation psychology, which was used to describe the cognitive characteristics of pilots
during operation. There is no unified definition of SA, which is similar to workload. The
most widely used definition is that SA is the perception of various elements in the
environment, the understanding of their meaning and the prediction of their subsequent
states in a specific time and space, which is explained by the information processing
model proposed by Endsley [2]. Before 1950s, mechanical and electrical faults were
the main causes of aviation accidents, accounting for about 80% of the total accidents.
However, the proportion dropped to 3% with the development of technology in the late
20th century. But the influence of human factors is more and more obvious under the
condition of advanced equipment. NHTSA conducted an in-depth investigation of 5470
traffic accidents and found that about 90% of the traffic accidents were caused by human
factors [3].

In the field of navigation, ship is a complex man-machine system compared with
other navigation equipment. It has many characteristics, such as complex cooperative
relationship, bad environment, long-time operation, high density of people flow, logistics
and information flow in limited or specific space, various human-computer interface
interaction and so on [4]. In the process of automatic navigation, the operator should
always pay attention to the parameters on the interface to ensure the stable operation of
the ship, and take over the disposal in case of abnormal conditions. The fatigue caused
by long-time operation may lead to the operator’s inattention and mental load increase,
which will lead to the problem of SA, and then reduce the performance of the ship.
Therefore, it is necessary to assess the SA of operators in the navigation task, which can
not only optimize the ergonomics of the console, but also improve the performance of
the ship.

The theory of SA has far exceeded the traditional theory of information processing
in explaining behavior characteristics of human in complex operating systems, which
emphasizes the whole function or decision level of human, the subsystem. Therefore,
the SA level is directly related to the environmental perception ability and operation
safety of operators. The research showed that 51.6% of the major accidents and 35.1%
of the non major accidents in aviation accidents were attributed to decision-making
failure, and most of the reasons for decision-making failure were the problems of SA
[5]. Endsley concluded that 88% of the commercial aviation accidents caused by human
factor accidents were related to SA errors [6]. Adams et al. interpreted SA according to
the perception action loop, which was different from the information processing model.
They believed that SA should include both process and result [7]. The problem was that
it didn’t explain how to assess SA as a process or result. Crane used pilot performance
to describe SA, but objective assessment was difficult [8]. Just like the assessment of
workload, the assessment of SA also has the problems of validity, sensitivity, selectivity,
diagnosis, interference and reliability. There is no technology that meets these standards
so far. Therefore, when assessing SA, multiple assessment methods should be used at
the same time as far as possible to ensure the validity. In addition, the research field of
SA belongs to the complex information environment. In the assessment, the duration of
the situation must be long enough to enable the subjects to adapt to the test environment.
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SA reflects the high-level cognitive process of cognition, understanding and pre-
diction. The assessment methods can be divided into four categories, including physio-
logical assessment [7] (eye movement, EEG, etc.), memory exploration assessment [2]
(SAGAT, etc.), operation quality assessment [9] (performance) and subjective assess-
ment [2] (SART, etc.). The situation awareness rating technique (SART) proposed by
Endsley assesses the SA of operators through a 10-dimensional or 3-dimensional SART
scale. However, some people have questioned its selectivity. It is not clear whether
the dimension of SART assesses SA or mental load [10]. Selcon et al. compared the
dimensions of SART with the mental workload index of NASA-TLX through simula-
tion experiments. The results showed that SART assessed things other than mental load,
indicating its selectivity [11]. Some studies have shown that fixation characteristics in
eyemovement are related to SA recent years.Van deMerwe et al. proposed to use fixation
rate, fixation duration and fixation entropy as indexes to assess information acquisition
efficiency in a fault detection task of simulated flight mission [12]. Performance can not
directly reflect the SA of operators, so it is usually used as an indirect assessment of SA,
and SAGAT is considered to be one of the most effective methods to assess SA [9].

Virtual reality (VR) is a kind of digital technology that creates 3-dimensional virtual
world through computer program. In recent years, with the development and maturity of
VR technology, VR technology has been applied in many fields, including scene display,
virtual roaming, design verification, virtual exercise and so on. The design, assessment
and verification system based on VR technology has also been widely used. For a long
time, companies including Boeing, Volkswagen, GeneralMotors, etc. [13] have usedVR
technology to simulate and verify digital models, reducing the use of expensive physical
prototypes, thus saving a lot of costs; at the same time, it can effectively shorten the
R & D cycle and improve the quality of product design. In order to verify whether
there are significant differences in human behavior patterns and work efficiency in the
process of performing complex tasks in the real environment and the VR environment,
Rieuf et al. compared the work efficiency, satisfaction, experience and feeling in the VR
environment and the real environment, and conducted a series of conceptual design in
the two environments. The results showed that the VR environment not only didn’t affect
its work efficiency, but also had better experience in some aspects [14]. The experiment
showed that there is no significant difference in human behavior, feeling and thinking
between VR environment and real environment.

At the same time, VR technology also has some shortcomings, its main purpose is to
provide userswith visual immersion experience, but it can not simulate real human action
or give real interactive behavior, or cannot fully simulate the force feedback in the process
of operation. Therefore, when using virtual reality technology, interaction requirements
and application scenarios need to be considered. Ergonomics assessment method based
on VR has developed from single dimensional visual verification to multidimensional
verification combinedVR and physical, which provides better interactive experience and
real physical operation feedback to ensure the accuracy of user input, so as to improve
the results and quality of product ergonomics verification with the help of hardware in
the loop to carry out simulation verification in the real environment.
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Under the condition ofVRsimulation andphysical simulation, this paper assessed the
SA of operators to verify whether VR simulation system can replace physical simulation
system to assess the design scheme of interface of the console on ship.

2 Experimental Scheme

2.1 Ship Navigation Task

Ship navigation task has many characteristics such as complex cooperative relationship,
long-time operation, high density of people flows, logistics and information flow in lim-
ited or specific space, various human-computer interface interaction and soon.Therefore,
the SA of normal and abnormal operations would be assessed. The main tasks include
finding abnormal conditions under normal navigation conditions, performing conven-
tional command operations such as speed change and direction change, and emergency
handling operations in case of emergency. The specific tasks of each condition are as
follows:

Condition 1:

Task Substance Operation

1 Abnormal display of draft parameters Report abnormal parameters and abnormal
values

2 Abnormal display of trim parameters Report abnormal parameters and abnormal
values

3 Abnormal display of heeling parameters Report abnormal parameters and abnormal
values

4 Abnormal display of speed parameters Report abnormal parameters and abnormal
values

5 Abnormal display of rpm parameters Report abnormal parameters and abnormal
values

6 Abnormal display of heading parameters Report abnormal parameters and abnormal
values

Condition 2:

Task Substance Operation

7 Command: Heading to
90°

Follow the command

8 Command: Heading to
180°

Follow the command

9 Command: Forward X Follow the command

10 Command: Backward Y Follow the command
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Condition 3:

Task Substance Operation

11 Rudder stuck Report the abnormal situation and follow the command

12 Flooded Report the abnormal situation and follow the command

13 Power loss Report the abnormal situation and follow the command

The order of tasks in each condition was not fixed, which was random in each test.

2.2 The VR Simulation System and the Physical Simulation System

The assessment equipment included high-performance host (Intel i9-10900 processor,
32 GB runningmemory, 1T SSD&2Tmechanical hard disk, NVIDIAGeforce rtx2080s
display), 29 in. screen, VR eye tracker (HTC vive Pro eye, which adopts implantable
VR eye tracking element, with frame rate of 120 Hz, 5-point calibration and accuracy
of 0.5–1.1°) used in the VR simulation system, eye tracking glasses (SMI eye tracking
glasses 2.0, which adopts corneal reflex and binocular stereo dark pupil tracking with
sampling rate of 60 Hz and accuracy of 0.5°) used in the physical simulation system
and laboratory recording equipment (paper, pen, video recorder, recorder pen, etc.),
while software including unity engine (Unity 2019.3.4f1), eye tracker test data recording
software (iMotions), screen recording software (Camtasia 2019), etc.

2.3 Subjects and Test Design

A total of 9 subjects were divided into three groups, all of themwere male, aged between
18 and 45. The first group consisted of four human factors engineering assessment
experts, who have various methods and theories of human factors engineering assess-
ment. They make a comprehensive assessment of the ergonomics of the console on the
ship and give suggestions for improvement, but they are not familiar with navigation.
The second group consisted of three console designers, who have many years of expe-
rience in the design of console on the ship, are familiar with the interface of console
and navigation, and can put forward effective suggestions for the design of console. The
third group consisted of two operators on the ship, who have many years of practical
experience in navigation, and are familiar with the interface of console and navigation,
as well as various task instructions and abnormal conditions during navigation. Before
the test, all the subjects were informed of the test process and the data to be collected,
and signed the informed consent form. All subjects were in good health, and their vision
or corrected vision were normal. They got enough sleep (more than 6 h) within 24 h
before the test.

The test is divided into four parts: the first part is training, which helps the subjects
to be familiar with the real interface and operation of the system. The second part is
to simulate the normal navigation conditions, which requires the subjects to find the
abnormal parameters in time and report to the commander (all the commanders here
and below are assumed by the chief tester). The third part is to simulate condition
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switching. The subjects need to follow the command of the commander to complete the
task, and report to the commander after completion. The fourth part is to simulate the
emergency disposal and other accident conditions. The subjects need to find the abnormal
situation in time and report to the commander. The commander gives the command of
the disposal operation, and the subjects report to the commander after removing the
abnormal situation through the disposal operation.

With the help of the testers, the subjects wore the equipment for VR simulation
system and calibrated it. First, they carried out the first part of training. Then, they
successively carried out the second part to simulate the normal navigation condition, the
third part to simulate the condition switching task, and the fourth part to simulate the
emergency disposal and other accident conditions. There was a 5-min rest after each
condition, and the subjects were required to fill in the 10D-SART scale after completing
each condition. During the test, the eye tracker collected physiological data and the main
tester performed the SAGAT.

The test process of the physical simulation system was the same as above. The
VR or physical simulation system was randomly selected for test. After all tasks were
completed, another system would be tested 24 h later.

2.4 Variables

This test recorded SART score, SAGAT score, eye movement data and performance to
assess SA. SART score is the score of 10D-SART scale. The 10D-SART scale includes
3 primary dimensions and 10 secondary dimensions, as shown in Table 1.

Table 1. Dimensions of 10D-SART scale

Primary dimension Secondary dimension

Q1: Demand q11: The instability of the situation
q12: The complexity of the situation
q13: The variability of the situation

Q2: Supply q21: Arouse
q22: Distraction of attention
q23: Reserve psychological ability
q24: Concentration of attention

Q3: Understanding q31: Familiarity
q32: The quality of information
q33: The quantity of information

First, the average value of each primary dimension is calculated by scoring each
secondary dimension, and then the SA is calculated by Q3 − (Q1 − Q2).

SAGAT score refers to the percentage of correct response to freezing questions [2].
Because of the complexity of parameters and the rapid change of state in each condition,
itwas impossible to interrupt the operation to use freezingmethod. Therefore, interleaved
questions were used to ask the subjects about some parameters on the interface without
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interrupting the operation. The questions included current parameters, target parameters,
parameter changes, etc. These questions were weighted according to the importance of
the parameters, and then the SAGAT score is calculated combined with the correct rate.

Eye movement data were collected and analyzed by iMotions, including fixation
rate and fixation entropy. Fixation rate refers to the number of fixation times per unit
time in AOI, which reflects the degree of attention concentration in a certain area. The
higher the fixation rate is, the better the SA is. Fixation entropy reflects the randomness
of visual scanning [15], which reflects different meanings according to the nature of the
task. For visual search tasks, the higher the fixation entropy is, the higher the workload
is, and the better the SA is. For tasks that need to focus on a specific operation, the lower
the fixation entropy is, the more focused attention is, and the better the SA is [16, 17].

Performance includes response time t and correct rate P. Response time is the average
response time of each task, and correct rate is the percentage of correct response times
to abnormal times of each task.

3 Result and Discuss

3.1 10D-SART Scale

The 10D-SART scale used in this test has more dimensions than the 3D-SART scale,
and the 3 primary dimensions are demand, supply and understanding. The average score
of condition 1 in VR simulation system was 5.42, while which was 5.93 in physical
simulation system. The SA of physical simulation system was slightly better than that of
VR simulation system. There was a certain correlation (r1 = 0.586) and no significant
difference (p1= 0.408) between them.The average score of condition 2 inVR simulation
systemwas 5.44,whilewhichwas 5.69 in physical simulation system.TheSAof physical
simulation system was slightly better than that of VR simulation system. There was a
certain correlation (r2= 0.743) and no significant difference (p2= 0.668) between them.
The average score of condition 3 in VR simulation system was 5.63, while which was
5.24 in physical simulation system. The SA of VR simulation system was slightly better
than that of physical simulation system. There was a certain correlation (r3 = 0.694)
and no significant difference (p3 = 0.570) between them. Meanwhile, the scores of the
3 primary dimensions of demand, supply and understanding had little difference and
good consistency. Among them, the physical simulation system needed less attention of
the operator, which was related to the operators’ familiarity with the operation of the
physical simulation system (Fig. 1).

3.2 SAGAT

The average score of condition 1 in VR simulation system was 94.25, while which was
95.83 in physical simulation system. The SA of physical simulation system was slightly
better than that of VR simulation system. There was a certain correlation (r1 = 0.699)
and no significant difference (p1= 0.541) between them. The average score of condition
2 in VR simulation system was 93.55, while which was 93.46 in physical simulation
system. The scores of the two systems were very close. There was a certain correlation
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Fig. 1. The scores of 10D-SART scale

(r2 = 0.623) and no significant difference (p2 = 0.979) between them. The average
score of condition 3 in VR simulation system was 95.47, while which was 95.07 in
physical simulation system. The SA of VR simulation system was slightly better than
that of physical simulation system. There was a certain correlation (r3 = 0.715) and no
significant difference (p3 = 0.383) between them. The results showed that the SAGAT
score was consistent with that of VR simulation system and physical simulation system
under three conditions (Fig. 2).

Fig. 2. The scores of SAGAT

3.3 Eye Movement Data

For fixation rate, the fixation rate of each task in condition 1 was generally slightly
higher than that in condition 2 and condition 3, subjects needed to pay attention to the
whole screen because of the characteristics of the tasks in condition 1, while they only
needed to concentrate on several main parameters most of the time during the tasks in
condition 2 and condition 3, so the fixation rate was not more than 3 times per second.
There was a significant correlation (r= 0.570) and no significant difference (p= 0.848)
at the confidence level of 0.05 between the two systems.

For fixation entropy, the fixation entropy of VR simulation system was generally
slightly higher than that of physical simulation system. Because the visual field of VR
simulation system was smaller, so the subjects needed to scan more frequently. In con-
dition 2, the fixation entropy of tasks 9 and 10 was smaller than that of tasks 7 and 8,
because subjects only needed to adjust the speed and paid less attention to the parameters
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in tasks 9 and 10. Similarly, the fixation entropy of task 11 was smaller than that of tasks
12 and 13 in condition 3, because when the rudder was jammed, subjects only needed
to press the stop button to slow down and paid less attention to the parameters. There
was a significant correlation (r= 0.956) and no significant difference (p= 0.249) at the
confidence level of 0.01 between the two systems, which can effectively prove that the
simulation effect of VR simulation system is no less than that of physical simulation
system.

3.4 Performance

According to the average response time (r1 = 0.681) of the 6 tasks in condition 1, the
physical simulation system and the VR simulation system had a high consistency, and
the response time of the physical simulation system was generally lower than that of
the VR simulation system. The main reason was that the visual field of VR simulation
system was smaller, and some parameters ware not easy to view, which was different
from the actual visual field. Some training of operation on VR helmet is needed. There
was no significant difference in the completion rate between the two systems. There were
unfinished situation in tasks 3, 4 and 5. The main reason was that the three parameters
of heel/pitch/speed were not easy to find on the interface. It is suggested to improve the
layout of the three parameters. According to the average completion time (r2 = 0.996)
of the 4 tasks in condition 2, the physical simulation system and the VR simulation
system had a high consistency, and the average completion time of task 7 in the physical
simulation systemwas slightly larger than that in the VR simulation platform. According
to the average completion time (r3 = 0.972) of the 3 tasks in condition 3, the physical
simulation system and the VR simulation system had a high consistency. Overall, there
was a certain correlation (r = 0.988) and no significant difference (p = 0.899) between
the completion time of each condition of the two systems. The time spent on each task
has been shown in Table 2.

3.5 Discuss

The purpose of this study is to verify the effectiveness of the simulation assessment
system by assess the SA of operators, compare the simulation effect of the physical
simulation system and the VR simulation system for the actual operation, and compare
the advantages and disadvantages of the two simulation assessment systems. There was
no significant difference in the assessment index of SA among the three groups of users
in this test. The main reason was that there were great differences in the accumulation of
professional knowledge, operation strategies and skills, and familiarity with the interface
among the three groups of users. There were many variables that affect the ergonomics
assessment index. Due to different attention distribution strategies, the third group of
users were less sensitive to non-important parameters, which leaded to unsatisfactory
performance in condition 1. However, the completion rate of the third group was sig-
nificantly improved during the complex tasks in condition 2 and condition 3, but at the
same time, they had higher self-standard for task completion, and the completion time
could not accurately reflect the operation quality of this kind of users compared with
the first and second groups of users. SA depends on task factors (workload, pressure,



Situation Awareness Assessment for Ship Navigation Tasks 529

Table 2. Average completion time of tasks under each condition

Condition Task VR simulation system (s) Physical simulation system (s)

1 1 4.33 5.33

2 3.44 2.44

3 9.63 8

4 6.89 6.29

5 6.88 5.63

6 11.33 5.67

2 7 93.11 104.33

8 108 106.67

9 4.89 2.89

10 2.67 2.44

3 11 4.33 4.5

12 201.44 201.13

13 164.81 215.22

system design, complexity) and personal factors (goal, experience, anticipation, train-
ing, knowledge, ability). Under the influence of different conditions and different users,
SART scores and SAGAT scores of the three conditions had no obvious change trend.
In the test, the test environment was assessed subjectively, and the main problems were
that the screen color matching was not suitable, the resolution was low, the light color
was not suitable and so on. These problems need to be further improved in the follow-up
test. At the same time, the small sample size was also the main reason that affects the
results of statistical analysis, and the number of samples needs to be further increased
in the follow-up study.

The results of this study can be extended to all kinds of cabins, and theVR technology
can be used to assess the design scheme, which can save the cost of manufacturing a
large number of prototypes, and at the same time, the effect is basically consistent with
the physical simulation system.

4 Conclusion

In this study, through the VR simulation system and the physical simulation system for
three conditions of tasks, several direct or indirect assessment indexes of SA includ-
ing SART score, SAGAT score, eye movement data and performance were recorded.
According to the assessment results of these indexes, it could be seen that the assessment
results of physical simulation system and VR simulation system were highly consistent
(r > 0.5), as shown in Table 3.
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Table 3. Correlation of each index under each condition

Index Condition 1 Condition 2 Condition 3

Response time 0.681 0.996 0.972

SART 0.586 0.743 0.694

SAGAT 0.699 0.623 0.715

Fixation rate 0.412 0.546 0.431

Fixation entropy 0.634 0.995 0.997

Compared with the physical simulation system, the VR simulation system has a
lower cost, because there is no physical model, so only the model and parameters in the
VR environment need to be modified when modifying the design scheme. This study
provides a certain basis for the feasibility and rationality of the scheme assessment of the
console on ships in the VR environment. But at the same time, due to the particularity
of VR equipment and the small field of vision, subjects need a certain amount of time to
learn and train and produce visual fatigue easily. In the future, the design of VR scene
and the selection of test task still need further research.
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