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Abstract: In this article we used simulator experiments to explore the intelligent mechanisms of
human decision-making. Three types of typical emergency scenarios were used in the experiment,
in which Scenario 1 was used to analyze the driver’s choice to protect themselves or to protect
pedestrians in emergency situations. Scenario 2 was compared with Scenario 1 to verify whether the
driver’s avoidance behavior to protect pedestrians was instinctive or selective. Scenario 3 was to
verify whether the driver would follow the principle of damage minimization. The driver’s decisions
and actions in emergency situations, from the cumulative frequency of time to collision (TTC) to the
maximum steering wheel angle rate during the experiments, were recorded. The results show that
the driver was not just instinctively avoiding the immediate obstacle, but more selectively protecting
pedestrians. At the same time, the time taken up by the driver’s instinctive avoidance response
also had a negative impact on decision-making. The actual decisions of the driver were analyzed to
provide a basis for building up the ethical decision-making of autonomous vehicles.

Keywords: driving behavior; time to collision; autonomous vehicle; decision making

1. Introduction

As a solution to replace human driving, an automatic driving system contains many
human driving behaviors and habits behind its design ideas and solutions. In current
autonomous driving technology there is a lack of comprehensive consideration of ethics,
traffic laws, and other ethical theories. For example, the “tram problem” [1]; there are
5 people on one side of the tramway and only one person on the other side. When an
accident cannot be avoided, should one person be sacrificed to save more lives? Especially
for autonomous vehicles, the problem becomes more acute when the decision maker is the
algorithm. At present, the frequent accidents of autonomous cars have made them less
popular with people [2]. Ethical dilemmas pose another set of challenges for the adoption
of autonomous cars. In previous research, MIT has adopted the Moral Machine website,
which allows visitors to the website to make decisions under the multiple dilemmas
designed from the perspective of bystanders [3]. They can make choices by clicking on
the pictures, and they can also compare the results of other people’s choices and make
comparisons to understand the general value tendencies of society and the differences to
one’s own choice tendency. Furthermore, Bonnefon’s research [4] concluded through a
series of experiments that people generally accept “utilitarian autonomous cars”, that is, an
autonomous vehicle selection algorithm based on the principle of minimizing total loss.
Edmond Awad’s research expanded the sample size and scope to assess demographic and
cultural moderators of ethical preferences [5]. The above surveys were conducted in the
form of questionnaires and pictures for data statistics. Choices made by the participants
from different angles are also different. When the situation is particularly critical, the driver
may rely more on instinctive reaction. Therefore, the choices made by the subjects in the
questionnaire may also be different from their real choices. At the same time, smart cars
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should also be more humane, and the reaction of real drivers can be used as an important
reference. Experiments show that there is a difference between the actual driving process
and the choice of questionnaire responses [6]. Most people refrain from acting in a purely
self-interested manner in economic games, but different cultures have different expectations
about what constitutes fair behavior [7]. Every culture prohibits at least some form of
homicide, while disagreeing about which exact form of homicide is wrong [8–10]. Each
of these factors has a strong causal influence on the fatality risk for the passengers of the
self-driving car [11–13]. Autonomous vehicles have the potential to benefit the world by
increasing traffic efficiency [14], reducing pollution [15], and eliminating up to 90% of traffic
accidents [16]. The distribution of well-being and harm inevitably creates tradeoffs, the
resolution of which falls in the moral domain [17–19]. Figuring out how to build ethical
autonomous machines is one of the thorniest challenges in artificial intelligence [20]. To
solve the above problems, we conducted ethical decision-making experiments in the form
of a driving simulator in order to give the participants an immersive feeling to obtain more
instinctive and true-choice results. According to the vehicle dynamics information, the
decision-making behaviors and the operation of the car by the driver throughout the whole
process are analyzed in detail to provide a basis for the ethical decision-making of the
self-driving car.

2. Experiment Methods

As the questionnaire cannot accurately obtain the driver’s more realistic reactions and
decisions, this experiment mainly used a simulator experiment. Simulator experiments
can give the testers a more realistic feeling, under the premise of ensuring the safety of
the testers. The simulator used the Panosim software platform as the simulation platform.
The hardware mainly included a force feedback steering wheel, pedals, and shift levers.
The internal model relayed data to Simulink in order to collect and store car kinematic
parameters such as speed, lateral position, longitudinal position, and yaw angle in real
time. Additional parameters included steering wheel angle, brake pedal position, throttle
opening, and other information reflecting the driver’s actions.

The participants tested in the experiment were 31 volunteers aged between 22 and
39 (the average age was 26.3 years, the standard deviation was 4.2), and the volunteers’
driving experience ranged from 6 months to 12 years (the average driving experience was
3.2 years, the standard deviation was 2.8), The average driving distance was 16,000 km,
and the standard deviation was 2.2. All test subjects had a Chinese legal motor vehicle
driver’s license and had normal or normal vision after correction. Before the experiment,
they had a good rest, had not taken drugs or alcohol that could affect driving, had no heart
or nervous system diseases, and had no simulator vertigo or similar simulator-adverse
reactions. After 10 min of free driving, once the driver was familiar with the simulator and
the driving operation of the simulator, a formal experiment was carried out. As shown in
Figure 1, the experimental scenarios were divided into the following three types: 1. In the
case of brake failure, a pedestrian suddenly appeared in front of the car in its the current
lane, and there were roadblocks in the adjacent lane; 2. In the case of brake failure, there
was a roadblock directly ahead, and there were pedestrians in the adjacent lane; 3. In the
case of brake failure, there were 5 pedestrians in the lane directly in front of the car and
1 pedestrian in the adjacent lane.

To reserve enough time for the driver to judge and react and at the same time not
to allow the driver to stop the car early due to sufficient time, the design of Scenario 1
set the car in the right lane at a speed of 50 km/h. In the side lane, the car cruised at a
constant speed. At this point, the brake suddenly failed, a pedestrian appeared in front of
the vehicle in the same lane, and there were obstacles ahead in the adjacent lane (the driver
could choose to protect themselves and continue straight and hit the pedestrian or turn
to avoid the pedestrian and hit the roadblock. To explore whether the driver’s steering
behavior in Scenario 1 was entirely an instinctual avoidance response or whether their
decision-making considered the protection of pedestrians, an experiment in Scenario 2 was
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designed as a control group for Scenario 1. In this simulation, the car was set to cruise at a
constant speed of 50 km/h. At which point, the brake suddenly failed, and the driver was
only able to control the steering wheel. There was a roadblock ahead in the current lane,
and there was a pedestrian in the adjacent lane. The tester could avoid the roadblock by
turning but would then crash into the pedestrian or they could continue straight ahead to
hit the roadblock. To study whether the driver’s decision would be based on the principle
of the lowest total injury in real driving and the difference between instinctive reaction and
thinking after planning, Scenario 3 was carried out. There were 5 pedestrians ahead of the
car in its current lane and 1 pedestrian in the adjacent lane. The tester could turn to hit a
single pedestrian or continue straight ahead and crash into 5 pedestrians. This scenario
appeared twice during the test.
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(C) hit the barrier or swerve to hit the pedestrian.

3. Results

Scenario 1 was designed to investigate whether drivers would crash into obstacles to
protect pedestrians. From the experimental results, most drivers chose to brake (66.29%) in
crisis situations. In an emergency, due to the short decision-making time, when it is too late
to decide, the driver will subconsciously perform emergency braking to avoid or minimize
the risk. The experimental data shows that 20.57% of the time, when the driver has no time
to react in a crisis, they choose to go with the flow. This is because when the situation was
urgent, some drivers were still in the decision-making stage or were shocked by the sudden
arrival of the scenario, so they could not respond. Hedging behavior. Only a small part
of the experimental data shows that the driver adopted steering or steering and braking
behaviors (11.71%, 1.43%, respectively) to avoid risks.

In-depth explorations of the driver’s decision-making mechanisms in emergency
situations, data processing of collected vehicle dynamic parameters, time to collision (TTC),
steering wheel angle change rate, and other relationships were obtained.

The steering wheel angle data was de-noised and smoothed, and the curve of the
steering wheel angle over time was drawn. Figure 2 shows the change of the steering
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wheel angle of a driver before the accident in Scenario 1. The red line in the figure is the
time of the collision. It can be seen that 1.31 s before the collision, the subject began to
turn to the left to avoid pedestrians. Then the steering wheel angle changes to a negative
when the driver reversed the direction to correct body position. To further explore the
influencing factors that affect the driver’s decision before the collision, the moment when
the car steering wheel had a slight angle input (the steering wheel angle is greater than 8◦)
was taken as the moment when the driver started to control the car, and the time remaining
before the collision was counted. The horizontal axis is the time left before the collision
occurs before the driver starts to control the car, and the vertical axis is the proportion of the
number of people who have already turned by that point. This result is shown in Figure 3.
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Half of the drivers began to control the vehicle 2 s before the collision (Figure 3). The
steeper the curve in the figure, the more people started the steering action during that
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period. It is not difficult to see that most drivers start the steering movement from 3 s before
the collision to 1 s before the collision. The time left to collision from when the driver who
chose to turn to hit the roadblock in Scenario 1 started to control the car and the time left to
the collision from when the driver who chose to hit the pedestrian took control of the car
are plotted as box diagrams in Figure 4.
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Figure 4. TTC comparison chart from when the driver starts to control the car.

The upper and lower quartiles, median, etc., of the time remaining to the collision,
when the subject who chose to crash into the pedestrian starts to control the vehicle is less
than the test subject who crashed into the roadblock, indicating that the final result is a
pedestrian crash. When the test subjects started to control the car, the time left before the
collision was relatively short, so there is the possibility that they wanted to protect the
pedestrian by turning, but due to insufficient time crashed into the pedestrian. To explore
whether the result of choosing to hit a pedestrian was due to lack of time, the steering
failed. The data collected in the experiment and the selected parameters of the steering
wheel angle rate for auxiliary analysis were retaken. The period before the collision was
divided into several time windows, the data collection frequency was 100 Hz, the steering
wheel angle derivative at each time was calculated at equal intervals, the steering wheel
angle derivative at each time during each time window was averaged, and this value was
recorded as the steering wheel rotation rate. The steering wheel angle rate reflects the
intensity of the subject’s steering wheel operation. The relationship between the maximum
steering wheel angle rate of the subject who turned into a roadblock in Scenario 1 and the
remaining time to the collision from the start of the steering action is shown in Figure 5.

It can be seen from Figure 5 that if a driver chose to hit a roadblock, when they started
to turn the time left until the collision occurred was shorter, especially when the time was
less than 2 s, and the maximum steering wheel angle rate during the action increased
significantly. The reason for this is that the smaller the TTC, the more vigorously drivers
need to turn the steering wheel to avoid pedestrians.

In Scenario 2, most drivers (75%) ended up hitting the roadblock. However, during
the experiment, only one-third of the participants remained in the lane of the roadblock,
and the rest of the participants swerved towards the pedestrian. When the 12 participants
in this scene found that there was a roadblock ahead in their current lane, except for four
drivers who still chose to stay in the lane where the roadblock was located, the other eight
drivers all performed a vigorous steering action. Only two drivers turned towards the
pedestrians to avoid obstacles, and the remaining six drivers chose to turn towards the
roadblocks in the original lane or crashed into the roadside roadblocks. The driver does
have the instinctive behavior to avoid the target in front of them in a critical situation, but
many drivers made two turns in the second scenario (Figure 6). The first turn was to avoid
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the barricade to protect themselves, and the second was to avoid pedestrians and hit the
barricade. Therefore, the driver does have an instinct to steer in a way that avoids any
target ahead, but when the avoidance behavior may endanger the pedestrian on the road,
drivers would even choose to drive back to the original lane to protect the pedestrian.
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Scenarios 1 and 2 are combined to explore whether the driver intentionally avoided
pedestrians, or just instinctively avoided any obstacles that appeared in their current lane.
The Fisher exact test was performed on the two scenarios from experiments 1 and 2, and
the results were p = 0.0003647 < 0.05. This indicates that the target in the lane ahead of
them had no significant impact on the driver’s decision to prioritize pedestrian protection.
The driver’s steering and avoidance behavior was not only to avoid the current lane target,
but also reflected the selective priority to protect pedestrians.

The design of Scenario 3 is mainly to explore whether human drivers follow the
principle of least harm in critical situations. Among the 13 participants, 30.77% chose to
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keep to the original lane and hit 5 pedestrians, and 53.85% chose to turn right and hit
1 person. The other 15.38% chose to continue to turn right and drive straight out of the
lane. This shows that more than half of the subjects choose to comply with the principle of
minimum total damage in this dilemma.

4. Discussion

The following conclusions can be drawn from the experimental results. In actual
experiments, most drivers did not only consider their own safety, but gave priority to the
safety of vulnerable groups on the road, namely pedestrians, and their steering behaviors
was not only an instinctive reaction. Through the comparative analysis of the results of
Scenarios 1 and 2, drivers did have the instinct to steer to avoid any target ahead, but
when the avoidance behavior may have endangered pedestrians on the road, the driver
even chose to drive back into their original lane. It can be seen from these behaviors
that most drivers paid more attention to the safety of pedestrians on the road when both
the occupants in the car and pedestrians on the road were threatened at the same time
and chose to give priority to the protection of pedestrians, even if their own safety was
be threatened. It was a selective decision made under the principle of giving priority to
pedestrian protection.

In general, most drivers agreed with the principle of minimum total harm, while
the participants who did not show compliance with the principle of minimum total harm
after the end of the experiment said that they did not pay special attention to the number
of pedestrians on both sides in the emergency of the experiment. In an emergency, the
drivers were more concerned about the type and characteristics of the target object and
were able to quickly decide to prioritize pedestrian protection. However, the sensitivity to
the difference in the number of pedestrians in Scenario 3 was not as good as that to two
different targets. Therefore, participants who did not follow the principle of minimum total
damage in Scenario 3 did not agree with their choice in the experiment, which also shows
that the driver’s decisions in critical situations are not optimal solutions. However, the
sensors equipped in smart cars can easily identify the difference in quantity, which can
help the driver realize his driving decision-making intention more perfectly and reduce the
possible injuries caused by traffic accidents. The driver’s decisions in critical situations are
more than just a few choices. In follow-up research, we will explore how to help drivers
better realize their driving decision-making intentions with the help of smart cars equipped
with sensors.
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