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Due to the rapid development of high-speed train automatic driving, the combination forms of 
multimodal interface are various. In order to determine the differential effects of visual interface 
location and auditory interface on takeover efficiency and validity in high-speed train automatic 
driving scenario, 48 participants were selected to conduct multimodal interface simulation takeover 
test of high-speed train automatic driving, and the takeover reaction time, takeover completion time, 
takeover errors, SUS scale and generalized anxiety disorder scale were analyzed by variance analysis 
and Mann-Whitney U test. The results show that non-speech type auditory interface can attract drivers 
‘attention faster, and has significant advantage in takeover response, but it should avoid the anxiety 
caused by startle effect when used. Finally, reasonable TOR interface design suggestions for high-
speed train autopilot are formed, which can provide theoretical basis for interface design of high-speed 
train autopilot, and provide new research methods for evaluation and optimization of train man-
machine cooperation.
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With increasing urbanization, high-speed trains are becoming the primary means of transportation between 
cities, providing residents with fast, convenient travel1. Accordingly, high-speed-train development and the 
related technologies have received extensive attention. In particular, autonomous driving technology has attracted 
considerable attention because it is directly related to public safety2. At present, research on autonomous driving 
technology and its application mainly occurs in the automobile field, especially with regard to new-energy 
vehicles, where the research is at a more mature stage. Thus, there remains insufficient research on automatic 
driving for high-speed trains. These trains have a long braking distance of 3.7 km when the speed reaches 270 
km/h3, thus requiring a safer and more efficient autopilot sudden takeover system. Currently, automatic driving 
of high-speed trains mainly adopts the driver-on-duty automatic driving mode, which is similar to the automatic 
driving mode of automobiles. In the case of an unexpected crisis or unclear driving environment, it will quickly 
send out a takeover request (TOR) through the warning interface, asking the driver to complete the takeover of 
the vehicle as soon as possible4. Since human driving reactivity is limited, it is necessary to activate the driving 
state to the driver in the shortest possible time and help the driver understand the takeover situation.

The current high-speed-train autopilot system operates as a conditional autopilot stage in which the driver 
needs to take over the task5. This stage is unavoidable and an important transitional stage in the development 
of automated high-speed-train driving. The manual takeover of automatic high-speed-train driving is relatively 
simple, prompted by the visual interface of the driver console display. This type of prompting method cannot 
ensure that the driver will notice and complete the takeover in a timely manner or accurately understand 
the current driving environment and takeover tasks. In research on automated driving takeover prompts, 
multimodal interfaces have been widely verified as an effective warning method for TOR. Yun et al.6 found 
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that purely visual warning interfaces had the worst takeover efficiency, while a combination of visual–auditory–
tactile warnings showed the best performance. Monsaingeon et al.7 noted that multimodal interface takeovers 
stimulate appropriate levels of driving attention and awareness. Lee et al.8 found that a dual-mode interpretive 
takeover interface was more effective than a three-channel single interpretive interface. Such studies have 
revealed that the warning approach of multimodal interfaces is more conducive to improving TOR efficiency 
and driver takeover performance. However, train driving has its own unique aspects of operation—that is, 
moving according to the track, not being able to derail, no overtaking of another train on the same track, and 
traveling much faster than automobiles. Thus, train drivers handle information differently than automobile 
drivers9. As a result, research on multimodal warning interfaces for manual autopilot takeover in automobiles 
is not directly applicable to high-speed-train autopilot takeover. Studies on multimodal takeover in high-speed 
trains have noted that multimodal warning interfaces have faster response efficiency than unimodal warning 
interfaces. While auditory–visual multimodal interfaces have the highest takeover efficiency, haptic interfaces 
do not improve takeover efficiency10. Although studies have demonstrated that multimodal warning interface 
cues can help drivers complete TOR, more research is needed on the presentation content of different channels 
in addition to more detailed differentiation.

In addition to introducing different modalities to help drivers perform more efficient TOR takeovers, studies 
have investigated more detailed multimodal interface elements. There are two main forms of TOR cueing 
interfaces. One is same-side cueing, in which the interface is based on stimulus–response compatibility (SRC)11. 
For example, when the vehicle encounters an obstacle or other vehicles on the left side, the driver receives a 
warning cue on the left side of the dashboard, indicating that the driver needs to pay attention to the traffic 
situation on the left. The second type is contralateral cueing—that is, signaling the opposite of the desired 
response (reverse SRC) [12,13,14.15]. This category operates in the form of a warning cue presented on the right 
side of the dashboard when an obstacle or other vehicle is encountered on the left side, telling the driver to steer 
or drive to the right to avoid obstacles on the left. The underlying logic of these two alert positions is different. The 
same-side alert tells the driver to pay attention to the driving environment and situation on that side and make 
a judgment about safe driving behavior. The opposite-side prompt directly communicates driving operation 
and behavior so that the driver can more quickly apply the correct safety operation. Studies have investigated 
the advantages and disadvantages of the two types. Cohen-Lazry et al.12 found that drivers responded faster to 
ipsilateral TOR, while Chen et al.13 found that contralateral signaling had a shorter operational response time. 
However, in the driving environment of a high-speed train, there are no situations involving being parallel to 
other trains or being overtaken by the same track, and the driver’s cab console has a far richer set of components 
for operation than is the case for automobile driving. The different components of a train driver’s console partly 
surround the driver in a ring from left to right. Therefore, for TOR, the driver needs to quickly understand the 
takeover task and the train’s traveling status, accurately find the components in the corresponding area, and 
complete the corresponding takeover task. Thus, the location of cues on the visual channel is also crucial for 
TOR in high-speed-train automation.

The auditory channel is also an important part of the multimodal takeover warning interface. Auditory TOR 
tends to capture the driver’s attention faster and is preferred over TORs with visual information14. Research on 
the auditory elements of multimodal TOR warnings has mainly categorized sounds into two types: speech and 
nonspeech alarms15. Hong and Yang16 found that speech-type sound elements, which convey information that 
could increase the driver’s mental load, might be more distracting than simple nonspeech alarm sounds and 
therefore have implications for takeover response efficiency. Speech-based sounds can convey specific takeover 
tasks or operational TOR processes and elaborate on the current driving scenario. The driver might therefore 
have to work to make sense of the speech content, resulting in a certain cognitive load that leads to slower 
response times but provides a clearer understanding of the post-response takeover task. Choi and Ji17 found 
that building trust is one of the most influential factors for drivers’ adoption of autonomous driving technology. 
Speech-interpreted TOR, meanwhile, can help drivers understand the driving environment and takeover tasks, 
improve or calibrate trust in highly automated systems, and reduce perceived risk owing to the interpretation18. 
Moreover, nonspeech alarm tones can quickly draw the driver’s attention from other tasks, cause the driver to 
quickly notice the current driving environment, and help the driver think about what driving maneuvers need 
to be performed. Faster reaction times mean less risk for TOR, especially for faster vehicles such as high-speed 
trains.

In summary, the use of multimodal TOR in automated driving of high-speed trains is still imperfect. There 
is a need to investigate the effects of different combinations of visual and auditory elements on the response 
performance and operational performance of TOR in automated driving of high-speed trains. This study’s 
research questions are as follows:

1: What is the effect of the location of the visual channel in multimodal TOR on the driver’s takeover response 
and takeover operation performance in high-speed-train autopilot mode?

2: What are the effects of speech and nonspeech alarm tones in the auditory channel of multimodal TOR on 
driver takeover response and takeover operation performance in high-speed-train autopilot mode?

Based on this study’s experimental results, optimization suggestions are provided for the audiovisual design 
of multimodal TOR for high-speed trains using autopilot.

Method
Participants
Forty-eight participants (24 males and 24 females) were recruited for the experiment and divided into four 
groups, with the same number of males as females in each group. All participants were 18–30 years old (M = 22.3; 
SD = 1.9). All participants were informed about the purpose of the experiment. Complete SCL90 psychological 
test, vision and hearing tests before the experiment. All participants were in good physical condition, had good 
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mental state, had no cognitive impairment, normal vision after correction, and no color blindness, weak color 
and other problems.

Experimental equipment
(1) Simulation table: Simulator: The simulator consists of a high-speed train driving simulator on a fan console, 
four Jih-Sun QC1009 touchscreens (13 In) and a large screen consisting of 16 small screens. The buttons on the 
fan console handle most of the functions of the high-speed train console, and the four touchscreens on the fan 
console are used to simulate the human-machine interface of the high-speed train. In the experiment, subjects 
were required to make multimodal TOR-based responses using the console. The large screen simulated the front 
window of a high-speed train cab and displayed the traveling conditions (Fig. 1).

(2) Multimodal TOR materials: Different visual and auditory autopilot takeover cue request materials were 
designed using PS 2019 cc software and Microsoft Voice. The design was based on takeover tasks, which were 
categorized into three types: (1) checking whether the driving conditions (battery voltage, total air cylinder 
pressure) were normal through the right HMI, (2) data transmission through the left CIR screen, and (3) braking 
operation through the left driver controller. For the visual material, prompts were provided through different 
icons and texts (Fig.  2). For the auditory material, prompts were provided through alarm tones and voices 
containing instructions to take over the task. The warning time of visual prompt information and auditory 
information is designed according to the real driving situation. When the driver finds the prompt and takes 
over the operation process, the warning prompt will always respond. When the driver needs to click the tablet 
after completing the takeover task, the multi-modal warning interface will stop responding at this time, so as to 
simulate the driver completing the takeover operation.

(3) Other equipment: three iPads 2018 for displaying the multimodal TOR and two Sony FX30 video cameras 
to record the experiment.

Variable design
The independent variables were the audiovisual elements of the multimodal TOR species: the location of the 
visual element presentation and the cue content of the auditory element. The location of the visual element was 
divided into the fixed location at the center of the driver’s desk and the corresponding orientation of the cue 
according to the orientation of the task to be taken over. The cue content of the auditory element was divided 
into two categories: voice cues containing the operation of the takeover task and nonvoice alarm sounds. The two 
sets of independent variables were combined with each other for four sets of multimodal TOR combinations: 
visually fixed speech TOR, visually moving speech TOR, visually fixed nonspeech TOR, and visually moving 
nonspeech TOR.

The dependent variables included takeover reaction time, takeover task completion time, number of takeover 
task manipulation errors, the System Usability Scale (SUS), and the Generalized Anxiety Disorder scale. Takeover 
reaction time can reflect the driver’s response speed under multimodal TOR. Takeover task completion time and 
the number of takeover task operation errors can reflect the driver’s takeover efficiency. SUS reflected the driver’s 
subjective assessment of the usability of multimodal TOR. The Generalized Anxiety Disorder scale assessed 
drivers’ takeover stress and anxiety after different multimodal TORs. The specific indicators are listed below:

(1) Takeover response time. Time calculation started with the multimodal TOR starting to respond to the cue 
and ended with the driver starting to perform the takeover task operation.

(2) Takeover task completion time. Time was calculated from the start of the takeover task by the driver; the 
end time was calculated from the completion of the takeover task by the driver.

Fig. 1.  High-speed train driving simulator and presentation of different visual takeover requests.
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(3) Number of takeover operation errors. The number of errors that occurred during the takeover task was 
recorded; the more the errors, the more inefficient the takeover.

(4) SUS. This scale consists of 10 questions, rated on a five-point Likert scale (completely disagree, disagree, 
average, agree, and strongly agree).

(5) Generalized Anxiety Disorder Scale. A seven-item version was selected to derive an anxiety score (from 0 
to 21), with each item answered on a 4-point scale (0 = not at all, 1 = weak, 2 = moderate, 3 = strong). The original 
version of the questionnaire screened for the frequency of anxiety symptoms in the past two weeks, i.e., the trait 
score. To assess the transient nature of stress, the questions were adapted to create a response schedule for the 
day (e.g., today, do you feel nervous, anxious, or tense?).

Experimental procedure
First, the participants were given an explanation of the purpose and tasks of the experiment. They learned to 
operate the multimodal TOR and takeover task and were tested to ensure they had sufficient familiarity and 
could complete the train autopilot takeover operation. A pre-experiment was conducted to ensure that the 
participants understood the process of the experiment.

Second, the participants were divided into four groups, corresponding to four multimodal TORs with 
different audiovisual combinations. There were 12 participants in each group with an equal number of males 
and females. Personal information was recorded.

Then, a video of high-speed-train driving was played through the simulation table to simulate the automatic 
driving state of high-speed trains. Participants were seated in front of the simulated driving platform, and 
different numbers of iPads were placed according to the group: one iPad was placed at the center of the driving 
platform for the visual fixation group. For the visual mobility group, one iPad was placed in the left, middle, and 
right positions of the driving platform; these were used to provide multimodal TOR prompts corresponding to 
the different takeover task orientations. Meanwhile, different auditory elements were played according to the 
group. To ensure that the auditory channels of the multimodal TOR were in the same location, both speech and 
nonspeech TOR were played from the iPad at the center of the driver’s desk.

Next, the participants needed to perform the takeover task operation the first time the multimodal TOR was 
found during the autopilot process. Each participant needed to perform the takeover task operation three times 
during the whole process. Each takeover task operation was different.

Finally, after the participants completed the train autopilot takeover simulation experiment, the experimenter 
had the participants fill out the questionnaire and conducted short post-experiment interviews to ask the 
participants about their feelings during the experiment. Acknowledgments were made and the experiment was 
concluded.

Fig. 2.  Visual takeover cue icon with textual cue for takeover task (a), auditory takeover cue content for voice 
type (b), and normal alarm tone for non-voice type auditory takeover cue.
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Results
The experimental data on takeover reaction time, takeover task completion time, and questionnaire scores 
were subjected to the S-W test and ANOVA chi-square test. The data conformed to normal distribution and 
ANOVA chi-square (p > 0.05). Therefore, two-way ANOVA was used for takeover reaction time and takeover 
task completion, while a nonparametric Mann–Whitney U test was performed on the experimentally obtained 
number of takeover errors, SUS scale, and anxiety stress scale.

Takeover reaction time
Two-factor ANOVA was conducted to investigate the effect of multimodal visual position and the auditory 
elements of TOR on takeover reaction time. Visual position did not show significance (p > 0.05), while the 
auditory elements did show significance (p < 0.05), as shown in Table 1. This indicates that visual position did 
not produce a differential effect on takeover reaction time, while auditory elements did produce a differential 
effect on takeover reaction time. Moreover, there was no significance (p > 0.05) in the relationship between 
visual location and auditory elements, indicating that there was no second-order effect between the two. One-
way ANOVA on the auditory element differences revealed that takeover reaction times were significantly lower 
(p < 0.05) in the nonspeech mode than in the speech mode. Data with significant differences corresponded to 
effect sizes greater than 0.8, giving high validity. Figure 3 shows a comparison of takeover reaction times for 
multimodal TORs with different auditory element types.

Takeover completion time
Two-way ANOVA was conducted to investigate the effect of visual position and auditory elements on takeover 
completion time. Visual position showed significance (p < 0.05), and auditory elements also showed significance 
(p < 0.05). There was no significance between visual position and auditory elements (p > 0.05), as shown in 
Table 1. This indicates that there was a main effect of the two types of variables on takeover completion time, 
but there was no second-order effect between the variables. Therefore, one-way ANOVA was performed on 
the visual position and auditory elements. The nonspeech modality took significantly longer than the speech 
modality in terms of takeover completion time (p < 0.05). The modality in which vision followed the takeover 
task took less time than the modality in which vision was fixed at the center (p < 0.05). Data with significant 
differences corresponded to effect sizes greater than 0.8, giving high validity. Figure 4 shows a comparison of 
takeover completion times for multimodal TORs with different visual positions and auditory element types.

Number of takeover operation errors
A nonparametric Mann–Whitney U test was performed on the number of takeover operation errors. It revealed 
that visual location did not have a significant effect on the number of takeover operation errors (p > 0.05), 
whereas the auditory element did have a significant effect on the number of operation errors (p < 0.05), as 
shown in Table 2. A later comparison of the medians of the data revealed that the TOR in the nonspeech mode 
was significantly higher (p < 0.05) than that in the speech mode in terms of the number of takeover operation 
errors (p < 0.05). The corresponding effect value ∣d∣=0.384, a medium effect. Figure 5 shows a comparison of the 
median number of takeover operation errors for different types of multimodal TORs.

SUS
Participants were asked to fill out a SUS questionnaire corresponding to the group and task after completion of 
the experiment to measure the perceived usability of different combinations of multimodal TORs of different 
types in the high-speed-train driving takeover task. After transforming the participants’ SUS scores, it was found 
that there was no significant difference regarding visual location in the SUS scores based on the Mann–Whitney 
U test (p > 0.05); there was, however, a significant difference between auditory elements in the SUS scores (p < 
0.05), as shown in Table 2. Comparing the median SUS scores of each group, it was found that the SUS scores for 
the speech-based TORs were significantly lower than those for the nonspeech-based TORs. The corresponding 
effect value ∣d∣=0.752 is a large effect. Figure 5 shows a comparison of the median SUS scores for different types 
of multimodal TORs.

Multimodal TOR groups Mean and standard deviation (s) F
Cohen’s
d p

Takeover reaction time

Visual position fixation 1.81 ± 0.45
0.124 0.09 0.726

Visual position shift 1.86 ± 0.62

Speech-based auditory cues 2.27 ± 0.33
99.689 2.84 0.000**

Nonspeech auditory cues 1.40 ± 0.28

Takeover completion time

Visual position fixation 8.31 ± 1.19
52.380 2.09 0.000**

Visual position shift 5.89 ± 1.13

Speech-based auditory cues 6.22 ± 1.57
17.963 1.21 0.000**

Nonspeech auditory cues 7.98 ± 1.30

Table 1.  Mean, standard deviation, and one-way ANOVA for takeover reaction time and takeover task 
completion time in different multimodal TOR groups. **represents p < 0.001.
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Generalized anxiety disorder scale
The participants’ perceived anxiety or stress during the experiment was obtained based on the scales they filled 
out before and after the experiment. The total scores before the experiment were subtracted from the total scores 
after the experiment. The Mann–Whitney U test showed that there was no significant difference (p > 0.05) in 
visual location regarding the participants’ anxiety or stress; there was, however, a significant difference (p < 
0.05) in the auditory element regarding the participants’ anxiety or stress, as shown in Table 2. Comparing the 
median anxiety or stress scores of the participants in each group, it was found that the anxiety or stress scores 
for the speech TOR were significantly lower than those for the nonspeech TOR. The corresponding effect value 

Fig. 4.  Speech vs. non-speech auditory takeover cues in the number of takeover errors vs. median Generalized 
Anxiety Disorder Scale score box plots (**represents p < 0.01).

 

Fig. 3.  Average takeover reaction time and average takeover completion time for different TOR combinations 
(**represents p < 0.01).
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∣d∣=0.806 is a large effect. Figure 5 shows a comparison of the median anxiety or stress scores for different types 
of multimodal TORs.

Discussion
This section presents important findings obtained from the analysis of experimental data on a high-speed train 
autopilot takeover task. The effects of different combinations of multimodal TORs on the performance of high-
speed train autopilot takeover are explored. It also collates and retraces the questions asked by some users after 
the experiment and their feedback on the experimental experience, which is used to provide some explanations 
and illustrations of the experimental results.

Regarding sound elements in multimodal TOR, voice-type alert tones were not as fast as nonvoice-type alert 
tones in terms of takeover reaction time in the high-speed-train autopilot takeover task. That is, the non-speech 
type auditory interface is more efficient in takeover. For takeover reaction time, non-speech type of takeover 
prompts compared to speech type of prompts, due to their alerting audio, are able to engage the driver faster, 
wake the driver up quickly from non-driving tasks, react faster and start taking over the task as compared to 
the flat speech alarm audio. In a study by Edworthy et al.19 it was stated that sudden warning tones can be 
quickly picked up by the human auditory system and are easier to localise, and that such sounds are not as easily 
overshadowed by other sounds. This is one of the potential reasons why drivers are able to respond quickly 
during takeover cues. This is consistent with the results of studies conducted by Hong and Yang16 and Forster et 
al.20, who found that compared with nonvoice-type alarms, voice-type alarms—which have content information 

Fig. 5.  Speech vs. non-speech auditory takeover cues in the median SUS usability score box plot (**represents 
p < 0.01).

 

Multimodal TOR groups Median z Cliff ’s d p

Number of receivership errors

Visual position fixation 1.000
−1.688 −0.257 0.091

Visual position shift 1.000

Speech-based auditory cues 1.000
−2.521 −0.384 0.012*

Nonspeech auditory cues 1.000

SUS score

Visual position fixation 68.750
−1.043 −0.172 0.297

Visual position shift 70.000

Speech-based auditory cues 72.500
−4.560 −0.752 0.000**

Nonspeech auditory cues 67.500

Generalized Anxiety Disorder scale

Visual position fixation 5.500
−0.229 −0.038 0.819

Visual position shift 5.500

Speech-based auditory cues 4.000
−4.836 −0.806 0.000**

Nonspeech auditory cues 7.000

Table 2.  Median and descriptive statistics for the number of errors on the takeover task, SUS scores, and 
generalized anxiety disorder scale scores under different multimodal TOR groups. *represents p < 0.05, 
**represents p < 0.01.
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in addition to sound, which serves as a reminder to the driver while also conveying new information—distract 
the driver’s attention from alarms, resulting in a slower takeover response. Moreover, the information conveyed 
by voice-type alarms leads to higher cognitive conformity, and because it is a common language that drivers are 
familiar with, drivers cannot help but want to listen to the meaning of the information conveyed in its entirety21. 
This also contributes to an increase in takeover reaction time, which was confirmed in the participants’ post-
experiment interviews in this study. The participants mentioned that upon hearing voice-type alerts, they would 
react to the need to start the takeover but would also wait until they had fully heard the instructions for the 
takeover task before becoming more comfortable. Furthermore, this type of familiar information can be less 
stimulating to the driver22, which may lead to a lesser perception of the sense of urgency that the takeover cue 
hopes to bring. Other studies, however, have found that alarm tones, owing to their abruptness and warning 
nature, can attract the attention of a driver who is engaged in a nondriving task more quickly, but they might 
also have a startle effect on the driver, which can increase takeover reaction time23. Therefore, the design of 
multimodal TOR sound elements needs to be considered in various aspects. It requires the rapid capture of the 
driver’s attention through nonspeech-based alarm sounds while also avoiding sounds that can startle the driver. 
The first step of cueing can optionally be done through a non-speech annunciation tone from small to large 
volume, which attracts the driver’s attention. Then, through voice-type cues, guidance is provided for specific 
takeover tasks, and the use of voice-type messages as guidance rather than alarms may be a more usable method 
of auditory takeover cueing.

Drivers hearing voice-type alarm tones performed better than those hearing nonvoice-type alarms in terms 
of time to completion and the number of takeover errors. This finding is explained by Koo et al.18, who showed 
that the interpretation of voice alarm tones for takeover commands helped drivers understand the current 
scenario and the required task operations, which could increase trust in autonomous driving and thus reduce 
risk. Meanwhile, Richard et al.24 noted that most learning is guided by the comprehension process. Thus, voice-
type alarm tones, while prompting the takeover, increased the driver’s understanding of the takeover task and 
clarified the operation, thus helping the driver accomplish the takeover task. In addition, speech-type alarm 
tones can reduce visual workload during driver–automation interaction25. Naujoks et al.26 similarly found that 
drivers tended to pay less attention to the visual human–computer interaction interface when provided with 
an additional speech output. When multiple channels of information are delivered, it can help avoid cognitive 
overload caused by too much information. In this regard, to effectively help accomplish takeover task prompts 
in high-speed-train autopilot situations, takeover task guidance can be provided by supplementing voice-like 
alarm tones. At the same time, if it can be combined with a human-machine collaboration system that provides 
step-by-step voice guidance based on the driver’s operating steps, it may become a takeover cue with a lower 
error rate.

Visual presentation position There is no significant difference between the two visual interface presentation 
modes in terms of takeover reaction time for multimodal TOR in high-speed trains. There is no significant 
advantage or disadvantage in prompting the driver to take over, either by fixing it in the centre of the driver’s 
console or by following the takeover task operation position. This may be due to the fact that auditory cues are 
dominant for cautionary messages such as alerts or takeover cues27. For the current stage of automated driving 
in high-speed trains, drivers need to observe visual information such as road and vehicle conditions as well as 
signals at all times, even though it is automated driving. Therefore, information in the auditory channel is more 
easily captured when there is sufficient visual cognitive load28. This also resulted in no significant difference in 
takeover responses between the two visual cue interfaces. This finding also provides design ideas for multimodal 
takeover interfaces, where when there is too much information in one modality, it may be possible to intervene 
by introducing another modality with potentially better results.

Visual takeover cues presented in different positions can facilitate takeover task completion at a faster rate 
than visual takeover cues that are always presented in the same position. Cohen-Lazry et al.12 similarly found 
that ipsilateral visual cues facilitated faster takeover speeds. Meanwhile, Chen et al.13 found that contralateral 
visual cues resulted in faster takeover speeds. It has also been found that differences in the location where visual 
takeover cues are presented do not present a significant difference in takeover speed14,29. These studies were 
conducted on self-driving takeovers in cars. When driving a train, however, the driver is seated in the middle of 
a fan table and needs to pay attention to far more screens and buttons than is the case when driving a car. There is 
no overtaking or being overtaken when driving a train, so there is no need to look at the left rear versus the right 
rear. In this regard, there is no situation where the visual cues are presented on the opposite side. Looking at this 
study’s experimental results, since the train’s driver platform has a fan-like shape, when the visual takeover cue 
was given in the center position, the driver’s field of view switched when completing the takeover task, especially 
for the left- and right-side operations. This could also explain why the visually presented position-following 
task movement group had faster takeover completion. It was also mentioned in the post-experiment interviews 
that although the visual takeover cue could appear on any of the three flat panels, the auditory takeover cue 
compensated for the fact that the driver might not have noticed the visual cue on the two flat panels in the 
first place. Therefore, after hearing the audio takeover cue, he or she would quickly look for the location where 
the visual cue appeared and be able to take over the operation in that location. In this regard, based on the 
operating environment and task characteristics of the train driver’s platform, the visual presentation position of 
the multimodal TOR can be designed to be closer to the direction of the takeover operation.

Meanwhile, regarding the SUS scores, the voice-based alarm tones and the presentation of visual takeover 
cues based on the location of the takeover operation had higher scores. With the nonvoice alarm tones, the 
participants’ anxiety perceptions were also significantly higher than in the case of voice alarm tones. The fact 
that nonvoice alarm tones tended to produce takeover anxiety in drivers may have been the reason for their 
low usability scores. Nonvoice-based alarm tones can attract attention more quickly but can have a startle 
effect, produce anxiety, and fail to improve takeover performance. Thus, using fading nonspeech alarm tones 
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as a prelude to auditory elements, followed by speech-like alarm tones for takeover task instructions and visual 
takeover cues presented to follow the location of the operating task, could be better for multimodal high-speed-
train autopilot takeover TORs.

Conclusion
This study compared participants’ takeover reaction time, takeover performance, usability score, and takeover 
task anxiety for multimodal TORs with different visual cue presentation locations and different auditory cue 
elements in combination with each other in a high-speed-train driving autopilot takeover experiment. It was 
found that for takeover reaction time, nonspeech auditory takeover cues had a significant advantage over 
speech auditory takeover cues owing to their ability to attract drivers’ attention faster. In terms of takeover task 
completion performance, drivers with voice-based auditory takeover cues performed better and were able to 
understand the takeover task operation through voice messages, which helped them understand the current 
takeover situation and perform the takeover operation more quickly. In terms of the presentation position of 
visual cues, the completion time of visual cues distributed according to the location of the takeover operation 
was less than that of the one presented in a fixed position. The presentation of following the location of the 
operation task reduced the driver’s line-of-sight switching during the takeover operation and enabled the driver 
to complete the takeover task more quickly. Regarding SUS scores, the voice-based takeover prompts and the 
visual presentation of following the location of the takeover operation both had high scores. While nonvoice-
based takeover cues can speed up the driver’s takeover response, the anxiety caused by the startle effect needs to 
be avoided. Therefore, the abruptness of nonvoice-based prompts should be weakened. This study’s results can 
provide a theoretical basis for the design of multimodal TOR for high-speed-train autopilot takeover and also 
provide a research method for train autopilot takeover.

This study has some limitations at this time due to the objectives of the study and the number of subjects. 
Since some driving experience is required, the subjects selected were 48 driving students who had gone through 
at least 3 months of relevant driving courses in traffic schools. The number of subjects just meets the experimental 
conditions, which is not very sufficient. At the same time, the results of the experiment show that non-voice 
prompts and voice prompts have their own advantages, but due to the current experimental environment and the 
subject situation, this study has not been able to present a more accurate quantitative study. In this regard, in the 
subsequent study, we will ensure the adequacy of the sample of subjects by finding more subjects to participate 
in the driver training programme and thus participate in the experiment. Meanwhile, we will further divide the 
broadcast time of non-verbal cues and verbal cues, and combine the two to investigate whether the combined 
auditory cues can bring about less anxiety perception and better takeover performance. Further enriching the 
continuity and usefulness of the study.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable 
request.
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