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Abstract: This paper investigates the effects of non-driving related tasks, take-over request time, and
take-over mode interactions on take-over performance in human-machine cooperative driving in a
highway environment. Based on the driving simulation platform, a human-machine collaborative
driving simulation experiment was designed with various take-over quality influencing factors. The
non-driving related tasks included no task, listening to the radio, watching videos, playing games,
and listening to the radio and playing games; the take-over request time was set to 6, 5,4, and 3 s,
and the take-over methods include passive and active take-over. Take-over test data were collected
from 65 drivers. The results showed that different take-over request times had significant effects on
driver take-over performance and vehicle take-over steady state (p < 0.05). Driver reaction time and
minimum TTC decreased with decreasing take-over request time, maximum synthetic acceleration
increased with decreasing take-over request time, accident rate increased significantly at 3 s take-over
request time, and take-over safety was basically ensured at 4 s request time. Different non-driving
related tasks have a significant effect on driver take-over performance (p < 0.05). Compared with
no task, non-driving related tasks significantly increase driver reaction time, but they only have
a small effect on vehicle take-over steady state. Vehicle take-over mode has a significant effect on
human-machine cooperative driving take-over quality; compared with passive take-over mode, the
take-over quality under active take-over mode is significantly lower.

Keywords: human-machine cooperative driving; multi-factor interaction; driver take-over
performance; vehicle take-over steady state

1. Introduction

Along with the development of artificial intelligence technology, sensor technology,
big data, and other science and technology, the degree of automobile automation has been
steadily increasing. However, it still takes a long time for the development of intelligent
driving technology to transition fully autonomous driving, so we will be in the human-
machine cooperative driving stage for a long time [1,2]. The system shares the control of
the vehicle with the human, and when the system encounters an emergency and cannot
handle it effectively, the system will send a take-over request to the driver, who needs to
quickly enter the driving state and take over the control of the vehicle in time, otherwise, it
will most likely lead to a traffic accident [3,4]. Therefore, how to complete the take-over
smoothly and safely between automatic driving and manual driving needs to be studied
in depth, and the process of this switch involves various aspects, such as scenario factors,
driver reaction time, vehicle performance, and human-computer interaction [5].

In recent years, many scholars have conducted studies on take-over behavior and its
influencing factors in human-machine cooperative driving. These studies have shown that
factors such as non-driving related tasks [6-8], the take-over request method [9,10], and
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time [11,12] have significant effects on take-over quality. Choi et al. [13] designed driving
simulation experiments for two non-driving related tasks, N-back and SuRT (surrogate
reference task), and they concluded that both the cognitive load and visual load affect the
quality of autonomous driving take-over, but this effect occurs in different time courses.
Niu et al. [14] designed driving simulation experiments for three take-over request times,
two non-driving related tasks, and two highway take-over scenarios. The analysis results
showed that the driver reaction time for the two non-driving related tasks had a significant
effect. Lin et al. [15] found that lower crash risk drivers had shorter brake reaction time
compared to high crash risk drivers. For all drivers, the engagement in a task led to longer
response times, and the time budget affected the longitudinal vehicle control. Shi and
Bengler [16] found that characteristics of a non-driving related task influence take-over
behavior; manual driving following behavior depends on the compatibility of the demand
profiles of the respective non-driving related task and the following driving task. Shi
et al. [17] studied the take-over characteristics of college students under the influence of
various factors, and found no significant effect of different secondary tasks on take-over
time and maximum synthetic acceleration under four request time conditions (p > 0.05).
Wu et al. [18] tested the effects of manual driving, 5 s take-over request lead time, and 7 s
take-over request lead time on take-over performance through driving simulations, and
showed that take-over request lead time significantly affected acquisition performance
and safety.

In addition, many scholars have explored the impact of drivers’ personal characteristics
on the quality of take-over. In terms of gender, Hardman et al. [19], Robertson et al. [20],
and Nielsen and Haustein [21] found that men have more positive attitudes towards
automated driving compared to women. In terms of age, Wang et al. [22] and Scott
Parker et al. [23] found that driver perception levels decreased with increasing age, which
in turn negatively affected take-over performance. However, some studies have reached the
opposite conclusion. Li et al. [24] conducted a driving simulation test and found that there
was no significant difference in most of the measurements adopted to quantify take-over
performance between female and male drivers. Zhang et al. [25] found no significant effect
of driver age on take-over time. Zhou et al. [26] showed that smart vehicle take-over quality
was not statistically significantly affected by age, but driver knowledge of human—-machine
co-driving had a significant effect on take-over quality and safety.

Other scholars have analyzed driver performance at the moment of take-over from
driver physiological states, such as eye movements and EEG. Using driver eye-movement
data and the NASA-TLX workload questionnaire, Lu et al. [27] determined the effect of
different take-over request modes on visual reaction time under visual load from both
objective and subjective aspects, so as to evaluate the take-over quality. Worle et al. [28]
collected the EEG data of drivers by setting up a long-term driving simulation test, and
found that the quality of the take-over within 15 s after waking up was damaged, resulting
in more driving errors. Alrefaie et al. [29] used heart rate and pupil diameter data to
study the quality of human-machine co-driving vehicle take-over under the influence of
non-driving related tasks.

Several scholars have also explored other factors that affect take-over quality. For
example, Kaye et al. [30] found that the use of handheld cell phones under human-machine
co-driving conditions did not negatively affect vehicle take-over quality. In addition,
the driver’s level of trust in the autonomous vehicle affects their cognitive load during
autonomous driving [31]. Zhang et al. [32] divided 32 drivers into a high neuroticism group
and a low neuroticism group, and investigated the effects of different personality traits
and different take-over request times on take-over quality. The results showed that high
neuroticism drivers were more likely to take over immediately after a take-over request,
while low neuroticism drivers always observed the driving environment first. Doubek
et al. [33] designed experiments with different time budgets and traffic density levels, and
the results showed that drivers exhibited a considerably higher longitudinal and lateral
acceleration than the optimized behavior, especially in the short time budget scenarios.
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Although the effects of take-over request time and non-driving related tasks on take-
over quality have been studied, no systematic research has been conducted on the take-over
quality of human-driven vehicles for the entire human population under the interaction
of multiple factors. No studies have been conducted on the interaction effects between
individual factors under each variable. Nor have take-over scenarios that require driver-
initiated take-over been considered. Instead, according to the results of the Google statistics
report, autonomous driving systems are still inseparable from human intervention, and,
therefore, active take-over approaches are an integral part of such studies.

In summary, the main objective of this paper is to investigate the factors influencing
driver take-over quality and the vehicle take-over steady state, and their significance. In
this paper, interactive driving simulation tests with different take-over times, different
non-driving related tasks, and different request methods were designed to investigate
the take-over response time and steering reaction time used by the driver in response
to different influencing factors, as well as the minimum TTC, the maximum synthetic
acceleration, and the accident rate when the vehicle takes over. The research flow is shown
in Figure 1. The results of this paper can provide a theoretical basis for the study of
autonomous driving take-over behavior in highway environments, and can also provide a
basis for further design and development of human-machine cooperative driving strategies.

Analysis of influencing factors and selection of evaluation indicators
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Figure 1. Research flow chart.

2. Materials and Methods
2.1. Experimental Design
2.1.1. Road Scene

The test road is a 6-lane two-way highway located in a plain area, with an overall
layout of a 45 km long unsealed loop with a speed limit of 120 km/h. The traffic flow
was 300 vehicles/hour in one direction. In addition, the intervals of the scenes and the
length of the roads are different in order to avoid too fixed intervals between scenes, while
at the same time allowing sufficient intervals for the driver’s attention to be focused on
non-driving related tasks. Therefore, the road in the scenario is divided into 6 sections: the
first section is 8 km long (scenario 1), the second section is 8 km long (scenario 2), the third
section is 8.7 km long (scenario 3), the fourth section is 6.8 km long (scenario 4), the fifth
section is 7.47 km long (scenario 5), and the sixth section is 5.76 km long (extended road),
for a total of 45 km. The general layout of the road scenes is shown in Figure 2.
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Figure 2. Scenario distribution.

2.1.2. The Non-Driving Related Tasks (NDRTs)

As vehicle automation increases, driver distraction becomes an inevitable problem.

The distracted driving behavior of the driver essentially increases the driver’s driving load,
leading to a decrease in the driver’s perceived level of attention and alertness [34], which
has a negative impact on driving safety. To investigate the differences in the effects of
single and multiple tasks on driving performance under visual and auditory loads and
their combined loads, the experiment was conducted by selecting four typical types of
tasks: listening to the radio, playing games, watching videos, and listening to the radio and
playing games. The specific task designs were as follows.

1.

Listening to the radio: the staff will play music and news radio broadcasts for the
subject drivers throughout the test, and adjust the sound of the radio according to
the driver’s request. The subject drivers in this group will also be able to observe
the driving environment and freely check the road or mirrors during the automatic
driving phase.

Playing the game task: the subject plays the mobile phone WeChat app “Animal
Restaurant”, which is easy to operate and requires essentially no cognitive ability. The
driver in this group is not allowed to monitor the driving environment during the
automatic driving phase until the take-over request appears.

Watching videos: a laptop computer will be placed in front of the driver’s right hand
side to play the Chinese documentary “China on the tip of the tongue” and the sound
of the video will be adjusted according to the driver’s request. The driver in this group
is not allowed to monitor the driving environment during the automatic driving phase
until the take-over request appears.

Listen to the radio and play game task: this is a combination of a listen to the radio
task and a play game task, where the driver plays a mobile phone app while the staff
plays a radio broadcast. The driver in this group is not allowed to monitor the driving
environment during the autopilot phase until a take-over request is made.

The no task group: drivers were asked to monitor the driving environment at all
times, regardless of whether the driving phase was automatic or manual.

The load types corresponding to the five non-driving related tasks are shown in Table 1.

Table 1. The NDRTs.

# NDRTs Load Type

1 no task No load

2 listening to the radio Auditory load
3 playing games Visual load

4 watching videos Audiovisual load
5 listening to the radio and playing games Audiovisual load
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2.1.3. Take-Over Request Time (TOR)

The TOR has been shown to be a determinant of driver take-over performance [35]. It
has been shown that too long of a TOR causes the driver to try to first confirm a dangerous
situation before taking over, thus prolonging the driving reaction time, while too short
of a TOR is not enough to ensure the safety of the take-over. The most common TORs
currently used by scholars are 3, 4, and 6 s [36]. Therefore, to explore and investigate the
safety threshold of the TOR, the TOR in this experiment is designed as 65,55, 4 s, and 3 s.

2.1.4. Take-Over Mode

Current SAE Level 3 automated vehicles are still subject to monitoring false alarms and
system failures, and such deficiencies require actions by the driver to compensate. Therefore,
the active take-over approach is an issue that must be studied in the development of
automated driving technology. As the number of vehicles increases, the number of vehicle-
animal accidents on the highway also increases [37]. Due to the constraints of existing
technology, it is difficult for fast moving vehicles on motorways to accurately identify
animals and alert drivers [38]. The experiment, therefore, designed the unprompted active
take-over scenario as a wild animal walking into the driving road ahead. The test design
consists of four passive take-over scenarios and one active take-over scenario. To facilitate
comparative analysis with the passive take-over test, the active take-over scenario test sets
the time between the appearance of wild animals in the field of view of the driver and the
occurrence of a collision to 6 s, , the specific descriptions are shown in Table 2.

Table 2. Two types of take-over scenarios and descriptions.

Take-Over Mode

Scene Description Scene Pictures

Passive take-over

Active take-over

Description: a broken-down car stopped in the middle of
the lane in front of this vehicle.

Take-over request message:

Auditory—continuous “ding-ding” sound.

Visual—the words “Please take over the vehicle”.

Description: a wild animal crosses the lane from the right to
the left in front of the lane at a speed of 5 km/h.
Take-over request information: none.

Please take over the vehicle

This experiment used a mixed design of 5 (5 NDRTs) x 4 (4 TORs) x 2 (2 take-over
modes), with a total of 25 types of trials, shown in Figure 3. The NDRTs were the between-
group variables, and the TOR and take-over mode were the within-group variables. In the
experiments, each test group completed 4 TOR scenarios in the passive take-over mode, and
1 take-over scenario test in the active take-over mode when performing one non-driving
related task each.
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Figure 3. General arrangement of the test scene.

2.2. Apparatus

A simple driving simulator was used for this test, and the hardware consisted of a
Fanatec steering wheel-pedal set, and a driving simulation display device, as shown in
Figure 4. The simulator is in automatic mode, and the driver only needs to operate the
accelerator, brake pedals, and steering wheel when driving manually. Participants could
push the red button beside the steering wheel to freely switch the AV between automation
mode and manual-driven mode. The scenario design software of the simulator is UC-
win/Road, which can realize functions such as creating roads, generating traffic flow, and
building driving scenarios. We recorded all relevant driving data, including the vehicle’s
position, accelerations, driving distance, steering wheel angle, pedal positions, etc.

Figure 4. Driving simulation equipment.

2.3. Participants

A total of 65 subjects were voluntarily recruited for the experiment, and all drivers
were divided into five groups according to different NDRTs. There were no significant
differences between groups in any of the four personal characteristics of the drivers by
the chi-square test (p > 0.05). Three drivers showed extreme discomfort with the driving
simulator during the test, resulting in 62 valid datasets. All subjects were required to
have a valid driver’s license for at least two years, and no experience driving a vehicle
with a human-machine driving simulator. The subjects were in good physical and mental
health and were not taking any drugs that would affect their driving behavior. The basic
information of the drivers is shown in Table 3.

Table 3. Basic information of drivers.

Gender Age/Year Driving Age/Year Total Driving Mileage/10* KM
Female Male Mean SD Mean SD Mean SD
18 44 35.29 6.88 9.85 5.21 6.01 1.55
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2.4. Procedure

Five non-driving related task groups are required to take turns conducting the experi-
ment. The experimental procedures are described below:

The participants sign an informed consent form and fill in a basic information ques-
tionnaire, which includes information on the subject’s demographic information, driving
experience, mental status, and whether or not they are taking medication.

Staff explain the subject’s research, inform the participants about the take-over op-
eration of the automated driving system, the non-driving related tasks, the take-over
requirements, the take-over scenarios, and other test contents.

The participants are given sufficient time to familiarize themselves with the operation
of the driving simulator and to carry out driving simulation training for other scenarios,
with a short break for the driver at the end of the pre-test.

The formal test starts with the vehicle driving automatically, during which the driver
is required to take both hands off the steering wheel and both feet off the pedals, while
the task group driver begins to perform the non-driving related tasks. The passive take-
over scenario requires the driver to take over the vehicle and perform hazard avoidance
maneuvers when prompted by the system. In an active take-over scenario, however, the
driver can take over the vehicle when a hazardous event is in his or her field of vision.

The driver can take over the vehicle by turning the steering wheel, pressing the brake
pedal, or pressing the accelerator pedal, and the vehicle changes to manual driving mode
when the steering wheel is turned by 1% or the pedal is pressed by 10%. When the driver
has successfully avoided a hazard and the vehicle is moving forward smoothly, control of
the vehicle can be handed over to the automatic driving system by pressing the designated
button on the steering wheel.

2.5. Evaluation Metrics

The evaluation metrics of this study are divided into two parts, which are used
to evaluate driver take-over performance and the vehicle take-over steady state. The
descriptions of each metric are shown in Table 4. The accident rate is a reflection of the
success of the take-over and can be a qualitative judgment of the quality of the take-over.
In automatic driving take-over studies, the take-over reaction time, the steering reaction
time, the minimum TTC, and the maximum synthetic acceleration are the most commonly
used take-over performance evaluation indexes [39-42], and are widely used by scholars.

Table 4. Evaluation metrics and descriptions.

Metrics Definition

Driver Take-Over Performance

The length of time from when the automated driving system sends a
take-over request message to when the driver steers or brakes.

The time from the start of the take-over request message from the
steering reaction time autopilot system to the time the driver changes the steering

wheel corner.

take-over reaction time

vehicle take-over steady state
Test vehicle longitudinal acceleration speed to 0 or successfully change

minimum TTC lanes to avoid obstacles, the minimum collision time from the front of
the obstacle.
The maximum arithmetic square root of the sum of the squared lateral
maximum synthetic and longitudinal accelerations over the course of the scenario, starting
acceleration with the take-over request message from the autopilot system and

ending with the scenario.
The ratio of the number of tests in which collisions and vehicle loss of

accident rate control occurred to the number of all tests.

Note: TTC = M. where d,, 11 is the distance travelled by the previous vehicle, d,, is the distance travelled by
Vi er»l +

the test vehicle, V}, is the current speed of the vehicle n and V,,y is the current speed of the vehicle in front of the
vehicle n.
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3. Results
3.1. Driver Take-Over Performance Analysis
3.1.1. Significance Analysis of Driver Take-Over Performance

The driver take-over performance was tested for significant differences under the
influence of a single control variable, controlling for each TOR and each NDRT separately,
and the effect of different NDRTs and different TORs on each driver take-over performance
indicator was investigated. The statistical results are shown in Table 5.

Table 5. Driver take-over performance checklist.

Take-Over Reaction Time Steering Reaction Time
Test Variables
Mean Med p Mean Med p
no task 13s 1.22s 0.002 1.69 s 1.68 s 0.001
listening to the radio 1.49s 1.35s 0.000 1.99s 1.84s 0.004
playing games 1.89s 1.83s 0.000 2.60s 235s 0.000
watching videos 2.05s 2.01s 0.000 2.87s 2.40s 0.036
listening to the radio g4 1.84s 0.015 247s 2325 0.002
and playing games

6s 2.17s 2.04s 0.003 2.17s 2.04s 0.002
5s 1.86s 1.84s 0.001 1.86s 1.84s 0.021
4s 1.53s 1.57s 0.000 1.53s 1.57s 0.000
3s 133s 1.26s 0.001 133s 1.26s 0.002

passive take-over 217s 2.04s 3.03s 291s
active take-over 4.69s 481s 0.000 532s 552s 0.000

1. Effect of a single variable on take-over response time.
(1) Impact of the TOR on take-over response time.

Analysis of variance for take-over response time data under different conditions was
conducted, and the results showed that the TOR had a significant effect on response time,
p < 0.05. The effect of different TORs on response time metrics was most significant when
the NDRTs were watching videos (p < 0.001), playing games (p < 0.01), and listening to the
radio (p < 0.01). For different tasks with the same driving load, the results of the descriptive
statistics were used to assist in the analysis. When the audiovisual load was increased
simultaneously, the multi-task listening to the radio and playing games (mean = 1.89 s;
med = 1.84 s) had a shorter take-over time than the single task watching videos (mean =
2.05s; med =2.01 s).

(2) Impact of non-driving related tasks on take-over response time.

When the TOR was 6 s (p = 0.003 < 0.01), 55 (p = 0.001 < 0.01), 4 s (p = 0.000 < 0.001),
and 3 s (p = 0.001 < 0.01), there were significant differences in the response time of drivers
with different NDRTSs, p < 0.05. Among them, the NDRT had the most significant effect on
the response time when the TOR was 4 s, indicating that drivers were more vulnerable to
the driving load at the TOR of 4 s.

(3) Impact of take-over mode on take-over response time.

A paired-sample t-test was used to analyze them comparatively. Overall, the response
time in the passive take-over mode (mean = 2.17 s; med = 2.04 s) was significantly lower
than in the active take-over mode (mean = 4.69 s; med = 4.81 s) (t = —14.737, p = 0.000).

2. Effect of a single variable on steering response time.
(1) Impact of TOR on steering response time.

Different TORs had a significant effect on the steering reaction time, p < 0.05. The
change in the TOR had the most significant effect on the steering reaction time when the
NDRT was playing the game (p = 0.000 < 0.001). When simultaneously increasing the
audiovisual load, multi-tasking listening to the radio and playing games (mean = 1.69 s;
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med = 1.68 s) resulted in shorter steering response times than single task watching videos
(mean = 2.47 s; med = 2.32 s).

(2) Impact of non-driving related tasks on steering reaction time.

The different NDRTs also had a significant effect on the driver steering response time,
p < 0.05. The same effect as the NDRTs on the response time was found, with the most
significant effect when the TOR was 4 s (p = 0.000 < 0.001), followed by 6 s (p = 0.002 < 0.01),
3s(p=0.002 <0.01), and 5 s (p = 0.021 < 0.05). This indicates that drivers involved in
the NDRTs were occupied with more visual and auditory resources compared to no task,
reducing the driver performance in completing steering responses.

(3) Impact of take-over mode on steering response time.

A paired-sample t-test of the driver steering reaction times under both take-over modes
showed that the steering reaction times were significantly lower under the passive take-over
mode (mean = 3.03 s; med = 2.91 s) than under the active take-over mode (mean = 5.32 s;
med =5.52 s) (t = —12.876, p = 0.000).

3.1.2. Driver Take-Over Performance Interaction Impact Analysis

Bonferroni post hoc tests were performed on the driver take-over response time and
the driver steering reaction time for multiple comparisons. Tables 6 and 7 show the results of
multiple analysis tests on the effects of the NDRTs and the TOR on the driver reaction time.

Table 6. Multiple Comparison Test of the Effect of TOR on Driver Response Time.

Significant Difference Values for Different Take-

D}'iver Re.sponse NDRTs over TORs under Non-Driving Related Tasks
Time Indicators
3-4s 3-5s 3-6s 4-5s 4-6s 5-6s
no task 0.001
listening to the radio 0 0
Driver take-over time playing games 0.002 0 0.015
watching videos 0.033 0 0.001
listening to the radio and 0.016
playing games
no task 0.009 0.002
listening to the radio 0.015 0.006
Driver steering time playing games 0 0.001
watching videos 0.04
listening to the radio and 0.001

playing games

Table 7. Multiple comparison analysis test of the effect of the NDRTs on driver reaction time.

Driver Response

Significant Difference Values of Different TORs under Each Non-Driving Related Task

Time Indicators NDRIs 8 A-C A-D A-E B-C B-D B-E C-D C-E
65 0.002
, , 5s 0.011 0.006
Driver take-over time 4s 0.008 0.009 0.001  0.008 0.01 0.001
3s 0.005 0.002
65 0.006 0.007
Driver steering time >s
4s 0.025 0.007 0.003 0.031  0.012
3s 0.001

Note: no task—A; listening to the radio—B; playing games—C; watching videos—D; listening to the radio and
watching videos—E.
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1.  Effect of interaction variables on take-over response time

Multiple comparisons of response times for different NDRTs showed a significant
difference between the 3 s and 6 s TORs (p < 0.05); when the NDRTs were listening to the
radio, playing games, and watching videos, there was a significant difference between 4 s
and 6 s TORs (p < 0.05); there was a significant difference between the 3 s and 5s TORs when
drivers were involved in visual load single tasks (playing games and watching videos).

Multiple comparisons of response times for different NDRTs showed that there was a
significant difference (p < 0.01) between the no task group and the listening to the radio and
playing games group for any TOR condition; when the TOR was 5 s, there was a significant
difference between the no task group and the playing games group; at the 4 s TOR, there
was a significant difference between both the no task group and the listening to the radio
group and the visual load task group (playing games, watching videos, and listening to
the radio and playing games); there was a significant difference between the no task group
and the simultaneous increase in visual and auditory load task group (watching videos,
listening to the radio and playing games) at the 3 s TOR.

2. Effect of interaction variables on steering reaction time

The analysis of the driver steering reaction time in different TOR conditions showed
that there was a significant difference between the 3 s and 6 s TOR for all tasks or no
task, except for the watching video task (p < 0.05). In the 6 s TOR condition, there was a
significant difference (p < 0.01) between the no task group and the playing games group,
and between the no task group and the listening to the radio and playing games group.

The analysis of the driver response time and the steering response time shows that
the TOR affects the driver response time significantly, and the analysis results show that
the response time and the steering response time decrease with the TOR, while the data
position parameter decreases. This indicates that drivers tend to respond immediately in
emergency take-over situations; non-driving related tasks have a significant effect on the
driver response time, with the position parameters always ranked as watching video >
listening to the radio and playing games > playing games > listening to the radio > no task.
However, the response time for a single task is longer when the driving load is the same.

3.2. Vehicle Take-Over Steady State Analysis
3.2.1. Vehicle Take-Over Steady-State Significance Analysis

The vehicle take-over steady state was tested for significant differences under the
influence of a single control variable. Each TOR and each NDRT were controlled separately
to investigate the effects of different NDRTs and different TORs on each take-over steady
state metric. The statistical results are shown in Table 8.

Table 8. Vehicle take-over steady-state inspection table.

Take-Over Reaction Time Steering Reaction Time Accident Rate
Test Variables
Mean Med 4 Mean Med P %
no task 2.02s 1.83s 0.000 7.05 7.11 0.008 9.86%
listening to the radio 1.66s 1.46s 0.000 6.42 6.09 0.002 14.09%
playing games 1.57s 1.27 s 0.003 7.89 8.26 0.001 23.94%
watching videos 1.55s 1.45s 0.000 8.59 8.65 0.013 25.35%
listening to the radioand 7 | 154 0.008 7.69 7.64 0.000 26.76%
playing games
6s 248s 2.61s 0.071 6.23 6.35 0.238 0%
5s 1.89s 1.92s 0.066 6.61 7.20 0.004 1.41%
4s 123s 117s 0.033 7.73 8.14 0.026 7.04%
3s 0.77 s 0.73s 0.166 9.49 9.16 0.319 42.25%
passive take-over 2.48s 2.61s 6.23s 6.35s 50.70%

active take-over

0.000 0.000

0.76 s 0.53s 821s 8.40s 49.30%
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1. Effect of a single variable on the minimum TTC.
(1) Impact of TOR on vehicle minimum TTC

ANOVA was performed for each vehicle take-over steady state indicator. The ANOVA
results for the minimum TTC showed that the variables in the TOR had a significant
effect on the response time, p < 0.05. The effect was most significant when the NDRT
was listening to the radio (p = 0.000 < 0.001), watching a video (p = 0.000 < 0.001), or no
task (p = 0.000 < 0.001). When the NDRT was listening to the radio and playing games, it
had a slightly smaller effect than the other groups, suggesting that the drivers were more
immersed in a single task.

(2) Impact of non-driving related tasks on vehicle minimum TTC

Under different NDRT conditions, there was a significant effect on the vehicle mini-
mum TTC only when the TOR was 4 s (p = 0.033 < 0.05), while the effect was not significant
when the TOR was 6 s, 5 s, and 3 s. This shows that 4 s may be the vehicle take-over
steady-state threshold for driver take-over.

(3) Impact of take-over mode on vehicle minimum TTC

A paired t-test was performed for the minimum TTC under different take-over
modes, and the results showed that the minimum TTC under the passive take-over mode
(mean =248 s; med = 2.61 s) was significantly greater than that under the active mode
(mean = 6.23 s; med = 6.35 s) (t = 6.817, p = 0.000), indicating that the passive take-over
mode is safer.

2. Effect of a single variable on the maximum synthetic acceleration of a vehicle
(1) Impact of the TOR on the maximum synthetic acceleration

ANOVA results show that each variable in the TOR has a significant effect on the
maximum synthetic acceleration of the vehicle, p < 0.05; the most significant effect was
found when the NDRT was listening to the radio and playing games (p = 0.000 < 0.001),
while the least significant effect was found in the video watching group (p = 0.013 < 0.05),
and the significance of the remaining task groups was less than 0.01. The variability of the
values was greater in the multi-task group than in the single task group for the same driving
load, indicating that increased workload affects the stability of avoidance operations.

(2) Impact of non-driving related tasks on the maximum synthetic acceleration

The effect of different NDRTs on the maximum synthetic acceleration was not fully
significant. The different NDRTs had a significant effect on the maximum synthetic acceler-
ation when the TOR was 5s (p = 0.004 < 0.01) and 4 s (p = 0.026 < 0.05), while the effect was
not significant at 6 s (p = 0.238) and 3 s (p = 0.319).

(3) Impact of take-over mode on the maximum synthetic acceleration

The maximum synthetic acceleration under different take-over modes was analyzed
using a paired-samples t-test, and the results showed that the active mode significantly
reduced the longitudinal stability of the take-over (mean = 8.21 m/ s2; med = 8.40 m/ 52)
compared to the passive mode (mean = 6.23 m/s%; med = 6.35 m/s?) (t = —4.677, p = 0.000).

3. Effect of a single variable on accident rate

A Pearson’s chi-square test was used to analyze the differences in accident rates among
the groups, and the results in Figure 5 show that, in terms of the effect of request time on
accident occurrence, the accident rate at 3 s (42.25%) was significantly higher than at4 s
(7.04%) (x2 = 21.06, p = 0.000 < 0.001) and 5 s (1.41%) (x? = 34.47 p =0.000 < 0.001), implying
that overly tight time budgets make it difficult to ensure take-over safety.
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Figure 5. Distribution of accidents under the interaction of factors.

Regarding the effect of NDRTs on accident occurrence, overall, there was no significant
effect of the driver involvement in different tasks on the accident occurrence (p > 0.05). In
the passive take-over condition, a Pearson’s chi-square test was performed for the tasked
group versus the non-tasked group, and the results showed that the partial driving load
had a significant effect on the accident rate of take-over. When the NDRTs were playing
games (x? =5.39, p =0.02 < 0.05), watching videos (x2=7.14, p =0.008 < 0.05), and listening
to the radio and playing games (x> = 9.52, p = 0.002 < 0.05), there was a significant effect on
the accident rate compared to the no task group, but only the listening to the radio task
that increased the auditory load (x? = 2.51, p = 0.113 > 0.05) was not statistically significant
compared to the no task group, showing that performing a visual load task significantly
increases the accident rate during take-over.

3.2.2. Vehicle Take-Over of Steady State Interaction Effects

The Bonferroni post-hoc tests for the minimum TTC and the maximum synthetic
acceleration were performed for multiple comparisons, and Tables 9 and 10 show the
results of the multiple analysis tests for the effect of the TOR and the NDRTs on the vehicle
take-over steady state, respectively.

Table 9. Multiple Comparison Test of the Effect of the TOR on Driver Response Time.

Significant Difference Values of Different TORs under Each

Vehicle Take-Qver Steady NDRTs Non-Driving Related Task
State Indicators
3-4s 3-5s 3-6s 4-5s 4-6s 5-6s
no task 0.019 0 0 0.018 0 0.003
listening to the radio 0 0 0.046 0
Vehicle minimum TTC playing games 0.017 0.01
watching videos 0.009 0 0 0.011
listening to the radio and 0.012
playing games
no task 0.016 0.018
. . listening to the radio 0.002 0.017
Vehicle maximum c
playing games 0

synthetic acceleration

watching videos
listening to the radio and

playing games 0.003 0
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Table 10. Multiple comparison analysis test of the effect of the NDRTs on driver reaction time.

Vehicle Take-Over Steady
State Indicators

Significant Difference Values of Different TORs under Each
NDRTs Non-Driving Related Task

A-B A-C A-D A-E B-C B-D B-E C-D C-E D-E

Vehicle maximum
synthetic acceleration

6s
5s 0.007 0.019
4s 0.027
3s

Note: no task—A; listening to the radio—B; playing games—C; watching videos—D; listening to the radio and
watching videos—E.

1.  Effect of interaction variables on vehicle minimum TTC

Multiple comparisons of the minimum TTC at different TORs yielded Table 9, where
there was a significant difference between the 4 s and 6 s TORs under any non-driving
related task (p < 0.05); when the driver did not have any driving load, the effect of the
different TORs on the minimum TTC was significant, and the difference between any two
TOR groups was statistically significant (p < 0.05).

Multiple comparisons of the minimum TTC under different NDRTs yielded Table 10,
and there was no statistically significant difference between the groups for NDRTs at any
TOR (p > 0.05).

2. Effect of interaction variables on the maximum synthetic acceleration

Multiple comparisons of the maximum synthetic acceleration under different TOR
conditions reveal in Table 9 that the differences between the 3s and 5s (p < 0.05) and the 3 s
and 6 s (p < 0.05) TORs were statistically significant when the NDRT was listening to the
radio, listening to the radio and playing games, and no task; when the NDRT was playing
games, there was a significant difference between the 3 s and 6 s TORs, within the video
watching group; the differences between any TORs were not significant.

Multiple comparisons of the maximum synthetic acceleration under different NDRTs
yielded Table 10. There was no significant difference between the different NDRTs at the 3 s
and 6 s TORs; the difference between the listening to the radio group and the listening to
the radio and playing games group was statistically significant at the 5s and 6 s TORs, and
there was a significant difference between the listening to the radio group and the playing
games group when the TOR was 5 s.

4. Discussion and Conclusions

In this paper, the level and degree of influence of driving simulation test data were
analyzed using a single factor combined with multiple comparison analysis. We investigate
both the driver take-over performance and the vehicle take-over stability state. Our findings
can be summarized as follows:

Different TORs have significant effects on the driver take-over response time, the
steering reaction time, the vehicle minimum TTC, and the maximum synthetic acceleration.
The response time, the steering reaction time, and the minimum TTC decreased with
decreasing TOR, and the maximum synthetic acceleration increased with decreasing TOR.

The indicators of the driver take-over performance are significantly affected by differ-
ent NDRTs, and the driver take-over performance decreases with the increasing driving
load. In contrast, the vehicle take-over steady state was significantly affected by different
NDRTs only at specific TORs, but again there was a tendency for the vehicle take-over
steady state to decrease with the increasing driving load. In addition, the take-over perfor-
mance under multi-tasking was significantly better than single tasking when the driving
loads were the same, indicating that drivers would be more engaged with a single task.

The vehicle take-over method has a significant effect on the vehicle take-over quality.
Compared to the passive take-over mode, the take-over quality in the active mode is
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significantly lower. Therefore, for people who have not been exposed to autonomous
vehicles, hazard moment messages are necessary.

Finally, the accident rate was analyzed under the three influencing factors, and it
was found that the highest accident rate was found under the 3 s TOR and active take-
over mode conditions. The accident rate spiked when the 3 s TOR increased to the 4 s
TOR, indicating that the safety threshold of the human-machine collaborative driving
vehicle TOR is between 4 s and 3 s. There are still some limitations in this study; for
example, this test scenario was chosen for highway driving, and other road conditions were
not considered. In addition to freeways, urban roads and rural roads with higher traffic
volumes should also be studied. The scenario does not take into account the situation that
other vehicles do not yield when changing lanes, etc. The complexity of the scenario should
be further enriched in the future to explore the quality of the take-over of human-machine
cooperative driving vehicles under complex traffic conditions.
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