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Abstract: One of the major challenges for autonomous vehicles (AVs) is how to drive in shared
pedestrian environments. AVs cannot make their decisions and behaviour human-like or natural
when they encounter pedestrians with different crossing intentions. The main reasons for this
are the lack of natural driving data and the unclear rationale of the human-driven vehicle and
pedestrian interaction. This paper aims to understand the underlying behaviour mechanisms using
data of pedestrian-vehicle interactions from a naturalistic driving study (NDS). A naturalistic driving
test platform was established to collect motion data of human-driven vehicles and pedestrians. A
manual pedestrian intention judgment system was first developed to judge the pedestrian crossing
intention at every moment in the interaction process. A total of 98 single pedestrian crossing events
of interest were screened from 1274 pedestrian—vehicle interaction events under naturalistic driving
conditions. Several performance metrics with quantitative data, including TTC, subjective judgment
on pedestrian crossing intention (SJPCI), pedestrian position and crossing direction, and vehicle speed
and deceleration were analyzed and applied to evaluate human-driven vehicles’ yielding behaviour
towards pedestrians. The results show how vehicles avoid pedestrians in different interaction
scenarios, which are classified based on vehicle deceleration. The behaviour and intention results are
needed by future AVs, to enable AVs to avoid pedestrians more naturally, safely, and smoothly.

Keywords: pedestrian—vehicle interaction; naturalistic driving study; pedestrian crossing intention;
driving behaviour; scenarios classification

1. Introduction

The deployment of autonomous vehicles (AVs) is still facing many challenges, par-
ticularly their application in complex interactive environments, where different types of
road users are included, e.g., pedestrians [1-3]. In such interactive environments, AVs
not only need to make appropriate motion decisions but also need to consider other road
users’ responses to AVs [4]. However, currently, AVs generally consider pedestrians as
dynamic obstacles without intention and generally make simple braking decisions and
actions to stop when AVs encounter pedestrians, especially in the scenarios of pedestrians
crossing the street [5]. One of the reasons for the unnatural decision or behaviour is that the
driver’s habits and pedestrian crossing intention in the pedestrian—vehicle interaction are
not considered [1]. Moreover, the pedestrian—vehicle interaction rationale is unclear due to
the lack of real-world interaction data [6]. Therefore, it becomes essential to carry out inter-
action experiments and behaviour mechanisms analysis to understand how human-driven
vehicles avoid pedestrians in interactive environments.

The experiment methods for pedestrian—vehicle interaction behaviour mainly include
driving simulator experiments with/without virtual reality (VR)-based devices [3,7-10],
designed experiments in closed field scenes [11,12], and naturalistic driving study (NDS)
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in open roads scenes [13-15]. Although the NDS has the disadvantage of efficiency and
security compared to the other two methods due to the accidental and uncontrollable
interaction environments, it can reflect the real behaviour of road users, which cannot
be affected by experiment conditions and related deviations [16]. Pedestrian and vehicle
behaviour data acquisition, e.g., pedestrian position, can often be carried out through fixed
videography, in-motion videography, or other sensors [17-20], and most current studies
focus on predicting whether pedestrians cross the street based on these data [21-23]. It
is known that the pedestrian crossing intention can change at any time, and the driver’s
subjective judgement on pedestrian crossing intention (SJPCI) can affect vehicle deceleration
behaviour directly. Therefore, it is necessary to obtain the crossing intention data at
every moment in the whole process of pedestrian—vehicle interaction. However, the
approach to acquiring quantitative data of the SJPCI of each moment, e.g., the percentage
of crossing probability, and its affect on vehicle behaviour have not been studied in the
existing literature.

Existing studies have identified several objective factors that may affect the interactive
process between vehicles and pedestrians, e.g., time-to-collision (TTC), vehicle speed,
distance from vehicle to pedestrian [24-28]. However, it is unreasonable to only use
the above objective factors to study the interaction behaviour mechanism. Pedestrians’
behaviours and intentions are easy to change with high agility, and they can quickly change
their direction of travel. For example, pedestrians can make a sharp 90° turn without
reducing their speed [29] and can quickly switch from standing to walking [30]. Therefore,
an interaction behaviour study must be carried out based on the objective behaviour data
coupled with SJPCI. Furthermore, most previous interaction behaviour studies were carried
out at intersections or on signalized roads [31-34], and the interaction behaviour can be
affected by these complex scenarios. Hence, the pedestrian—vehicle interaction scenario
of interest should exclude intersections, traffic signals, bumps, and group pedestrians to
reduce the influence factors.

In this paper, NDS was used to collect motion data of human-driven vehicles and
pedestrians. Additionally, a manual pedestrian intention judgment system was first de-
veloped to acquire the quantitative data of SJPCI at every moment. A new approach to
the analysis and classification of the pedestrian—vehicle interaction behaviour based on
several metrics, e.g., SJPCI, TTC, and vehicle deceleration, is carried out to understand
how vehicles avoid pedestrians. The vehicle deceleration behaviour patterns encountering
pedestrians in different scenarios will lead to a better understanding and development of
advanced driving assistance systems (ADAS) for future AVs.

2. Methods
2.1. Participants

Ten participants aged between 22 and 47 years old (M = 27.4, S.D. = 7.42) were
recruited, consisting of employees and students of Xihua University. They were asked to
fill in questionnaires and consent forms to access the basic information of drivers, e.g., their
age, driving mileage, and driving violation information. All the participants grew up in
China and held valid driving licenses. They had normal vision or were corrected to normal.
In the past three years, all of their driving mileage exceeded 20,000 km, and participants
had not experienced any traffic accidents with pedestrians, ensuring that the participants
had safe and good driving habits.

2.2. Apparatus

A naturalistic driving test platform was established to collect data on vehicle kinemat-
ics and vehicle surroundings, involving pedestrians’ behaviour. The test vehicle equipped
with data acquisition devices and their performance parameters are shown in Figure 1.
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Figure 1. The test platform and its performance parameters.

The Mobileye 630 used in this paper is a vision-based aftermarket ADAS, which
includes forward collision warning (FCW), lane departure warning (LDW), and headway
monitoring and warning (HMW) features. It can provide real-time location position rela-
tionships between vehicles, pedestrians, and lane lines. Vehicle kinematics data, involving
speed, high-precision vehicle position, and acceleration, was acquired through a GPS and
INS Integrated Positioning System. In addition to the Mobileye 630 camera, another camera
was placed in front of the steering wheel, so that its view was consistent with the driver’s.
This camera was used to record the pedestrians” behaviour. Steering wheel angle, accelera-
tor pedal position, and brake pedal trigger signal of the test vehicle were recorded by the
CAN bus analysis recorder.

In addition to the above objective data, the driver’s SJPCI was also needed in this study.
A manual pedestrian intention judgment system was developed to collect the quantitative
data of the SJPCI at every moment (Figure 2), which is different from the previous study
that only considered whether pedestrians cross the street. With simple manipulation of the
joystick, the real-time SJPCI can be recorded in the form of percentages. When it is judged
that the pedestrian has no intention to cross the street, the joystick is placed in the initial
position, i.e., the SJPCI is 0%; when it is judged that the pedestrian has crossing behaviour,
the joystick is placed in the rightmost position, i.e., the SJPCI is 100%; the other different
positions represent the intention intensity of pedestrians to cross the street. The data of
SJPCI in the whole process of interaction change continuously over time. The SJPCI can
be recorded online by the co-driver during the driving experiment process or offline by
the driver during the videography playback process. In this paper, the offline videography
data were used, as shown in Figure 2. Figure 3 shows the naturalistic driving data collection
and output process. The test platform can keep the output of all objective and subjective
data in sync.
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Figure 2. The manual pedestrian intention judgment system.
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Figure 3. Block diagram of data collection.

2.3. Test Events

The experiment was conducted on the streets of Xihua University campus. Figure 4
provides the map of the test route. All experiments were carried out during the day with
good weather conditions from 9:00 a.m. to 5:00 p.m.

Figure 4. Map of the driving route.
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Each experiment was completed by three people, including the driver, co-driver, and
safety instructor. The driver drove the test vehicle, the co-driver operated and controlled
the manual pedestrian intention judgment system, and the rear safety instructor mainly
provided safety reminders and informed the driver of the general driving route, but would
not affect the driver’s driving behaviour and the co-driver’s judgment in any way. The
driver was not informed of the purpose of the test and was asked to drive the vehicle
according to their daily driving habits. Before the experiment, the driver was required to
drive the test vehicle on the test route for half an hour to become familiar with the vehicle
and its related operations.

The co-driver used the position of the joystick of the manual pedestrian intention
judgment system to represent the pedestrians’ crossing intention. After the real vehicle test,
the videos of pedestrians crossing the street were played back on the screen. The driver sat
on the driving simulator, operated and controlled the joystick of the manual pedestrian
intention judgment system to collect SJPCI, as shown in Figure 2. The pedestrians’ crossing
intentions can change in real-time during pedestrian—-vehicle interaction, so the entire
real-time dynamic change process could be recorded. The results of co-driver’s SJPCI were
not used in this paper, which will be carried out in a comparative study of SJPCI between
the driver and co-driver in the future.

3. Results and Discussion

The pedestrian—vehicle interaction under natural driving conditions belongs to acci-
dental and uncontrollable events. It needs to take a long experiment time to obtain a certain
amount of data through testing. A total of 1274 pedestrian—vehicle interaction events with
a total road mileage of about 980 km were collected.

During the pedestrian—vehicle interaction events, more than 70% of pedestrian move-
ments were crossing incidents involving groups of two or more people [35], a behaviour
that is also affected by pedestrians’ interaction with each other. Furthermore, different
road conditions have an impact on pedestrian—vehicle interaction behaviour. Therefore,
the screening of pedestrian—vehicle interaction events needs to meet the strict qualification
of non-intersections, no traffic lights, no speed bumps, and single pedestrian crossing
behaviour, to avoid their influence on the interaction behaviour. After the strict screening
and processing of 1274 events, only 98 sets of valid pedestrian—vehicle interaction events
were obtained. The 98 events were scattered along the whole driving route.

3.1. Data Overview And Statistics

Based on the 98 datasets of valid events, performance metrics including TTC, SJPCI,
pedestrian position and crossing direction, and vehicle speed and deceleration were ex-
tracted. Moreover, the datasets of events were classified and analyzed according to the
vehicle’s deceleration during the interaction. The purpose of classification based on the
average vehicle deceleration is to effectively combine naturalistic decelerating behaviour
with motion control in future AVs development to enable AVs to avoid pedestrians more
naturally, safely, and smoothly.

Based on whether vehicle deceleration was triggered, the statistical data were divided
into two types of typical scenarios: vehicle deceleration scenarios and non-deceleration
scenarios. According to the changes in the average vehicle deceleration, the deceleration
event conditions were classified into three types by the Ward system clustering method:
mild deceleration, moderate deceleration, and severe deceleration (Table 1). The non-
deceleration, mild deceleration, moderate deceleration, and severe deceleration events
accounted for 38.8%, 8.2%, 36.7%, and 16.3% of interactions, respectively. These results
were related to the characteristics of the campus test: two-way single-lane streets, relatively
short crossing distance, and relatively low vehicle speed.
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Table 1. Data statistics of different scenarios.

Scenarios Initial TTC (s) SJPCI

Average Deceleration

(m/s?)
Non-deceleration scenarios 3.71-7.71 0-100% 0
Deceleration Mild deceleration 3.20-6.28 50-100% —0.62-—0.23
Scenarios Moderate deceleration 2.10-5.83 80-100% —1.48-—0.70
Severe deceleration 1.68-3.86 100% _3.08-—1.81

Table 1 shows the initial TTC at the beginning of pedestrian—vehicle interaction,
the driver’s SJPCI, and the average vehicle deceleration in the entire pedestrian—vehicle
interaction process. The initial TTC in non-deceleration scenarios represents the time
when sensors detect pedestrians. The initial TTC in deceleration scenarios represents the
initial time when the vehicle deceleration. SJPCI represents the percentage range of the
interaction process. Since the data were clustered and analyzed according to the average
deceleration, the TTC and SJPCI in the classification overlapped. The TTC ranged from
3.71 s to 7.71 s under the non-deceleration scenarios, and the distribution range of SJPCI was
0-100%. Under the mild deceleration scenarios, the TTC range at the start of deceleration
was 3.20-6.28 s, the SJPCI ranged from 50% to 100%, and the average deceleration was
—0.62-—0.23 m/s?. Under the moderate deceleration scenarios, the TTC range at the start
of deceleration was 2.10-5.83 s, the distribution range of SJPCI was 80-100%, and the
average deceleration was —1.48-—0.70 m/s®. The TTC range under the mild and moderate
deceleration scenarios had a small difference. Under the severe deceleration scenarios, the
TTC range at the start of deceleration was 1.68-3.86 s, the SJPCI was 100%, and the average
deceleration was —3.08——1.81 m/s2. From the overall trend, with the decrease in the TTC
and the increase in SJPCI, the deceleration behaviour of vehicles was more significant. The
scenarios’ classifications are reasonable and generalized based on the statistical data, but
the detailed data may be subject to change with the test mileage.

Although the initial TTC measured in this paper was no more than 7.71 s in all events,
this does not mean that the actual TTC at the beginning of the interaction between the
vehicle and the pedestrian was less than 7.71 s. Due to the recognition capabilities of
Mobileye and the uncontrollable random pedestrian crossing events, larger pedestrian—
vehicle interaction TTC data had not been recorded in this round of tests. The influence
of pedestrians on vehicles was almost negligible in the case of the larger TTC [6], so
the data in this paper are sufficient to illustrate the influence of pedestrians crossing on
driving behaviour.

In addition, different pedestrian crossing directions have an impact on the pedestrian-
vehicle interaction, as shown in Table 2. The original data had a certain degree of dispersion,
so a more intuitive average value was adopted for the statistical data. The average initial
longitudinal distance and initial TTC when the driver took deceleration measures for
pedestrians crossing from right to left are both less than those for pedestrians crossing
from left to right. Pedestrians crossing from left to right accounted for 80% of the mild
deceleration scenarios, and pedestrians crossing from left to right accounted for 70% of the
moderate deceleration scenarios. In the severe deceleration scenarios, all the events were
pedestrians crossing from right to left. This result is related to the fact that vehicles all drive
on the right side of the roads in mainland China. The process of pedestrians crossing the
entire street from left to right will affect the driver, but when pedestrians cross from right
to left, the driver generally only needs to consider the impact of pedestrians on the lane
where the vehicle is located.
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Table 2. The impact of different crossing directions on vehicle behaviour.

Scenarios Crossing Direction Average Initial TTC AVt.arage Initial
(s) Distance (m)
Mild Left—right 5.57 35.70
deceleration Right—left 5.27 32.67
Moderate Left—right 3.89 33.01
deceleration Right—left 3.74 29.41
Severe deceleration Right—left 2.24 16.78

3.2. Discussion on Different Scenarios
3.2.1. Non-Deceleration Scenario

The non-deceleration scenario refers to the fact that the driver does not take any decel-
eration measures when encountering a pedestrian crossing event. The non-deceleration
scenario mainly included two types: one was that pedestrians had the intention to cross
the street and the behaviour of crossing the street, but driving safety was not affected
due to the large TTC, so the driver did not take any deceleration measures; the other was
that pedestrians had a clear no-crossing or low crossing intention, and the driver believed
that the driving safety could be guaranteed without slowing down, even if the TTC was
small. All the pedestrians had crossed the streets in the first case of the non-deceleration
events. The TTC range was 4.47-7.71 s, and the SIPCI was 70-100%. In the second case, all
the pedestrians ended up not crossing the street. The TTC range was 3.71-5.52 s, and the
distribution range of SJPCI was 0-50%.

Figure 5 shows a non-deceleration event when encountering a pedestrian with a clear
crossing intention and data analysis results. When the vehicle was travelling at about
23 km/h and encountered a pedestrian crossing the street at position 1 (near the centerline),
the TTC was 5.63 s (Figure 5¢), and the driver’s SJPCI was 100% based on the pedestrian’s
behaviour (Figure 5b). Although the driver judged that the pedestrian’s crossing intention
continued to be 100% in the interaction process, the initial value of the TTC was relatively
large, i.e., the initial longitudinal distance between the vehicle and the pedestrian was
long (36 m) and the vehicle speed was slow (23 km/h). Therefore, the driver believed that
the pedestrian’s crossing behaviour would not affect driving safety in this case, and no
deceleration measures were taken. The results illustrate that when the TTC is relatively
large, the distance is long, and the speed is low, even if the pedestrian has a 100% intention
to cross the street, the driver still tends to maintain a stable speed for observation.

Another non-deceleration event when encountering a pedestrian with a clear no-
crossing intention and data analysis results are shown in Figure 6. When the vehicle was
travelling at about 27 km/h and encountered a pedestrian standing on the right shoulder
(position 1) in front, the TTC was 3.71 s. At this time, the driver judged that the pedestrian’s
crossing intention was 0% from the behaviour that the pedestrian was making a phone call.
Since the pedestrian was always far away from the street, the driver’s SJPCI continued to
be 0% in the interaction process. The driver believed that the pedestrian would give up
crossing and not affect driving safety in this situation, so no obvious deceleration measures
were taken, and the driver basically kept driving at a medium speed fluctuating normally
from 27 km/h to 28 km/h during the interaction process. The results show that when the
pedestrian crossing intention is 0%, the driver chooses to drive at a stable speed to observe
the pedestrian’s behaviour, even if the TTC is relatively small.
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Figure 5. A non-deceleration event when encountering a pedestrian with a clear crossing intention
and the data analysis results. (a) Pedestrian—vehicle interaction schematic diagram; (b) Lateral
distance and SJPCI; (c) Vehicle speed and TTC; (d) Position 1: Pedestrians walked near the center line;
(e) Position 2: Pedestrians walked between the center line and right lane; (f) Position 3: Pedestrians

crossed the right lane line.
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Figure 6. A non-deceleration event when encountering a pedestrian with a clear no-crossing intention
and the data analysis results. (a) Pedestrian—vehicle interaction schematic diagram; (b) Lateral
distance and SJPCI; (c) Vehicle speed and TTC; (d) Position 1: Pedestrians stood on the right shoulder;
(e) Position 2: Pedestrians watched the vehicle; (f) Position 3: Pedestrians gave up crossing the street.

3.2.2. Deceleration Scenario

The deceleration scenario refers to the deceleration measures taken when the vehicle
encounters a pedestrian crossing event, including mild deceleration, moderate deceleration
and severe deceleration. It is analyzed from the existing data statistics (Table 1) that when
3.2 s < TTC < 6.28 s, the vehicle showed mild deceleration behavior with an average
deceleration of —0.62——0.23 m/s?; when 2.10 s < TTC < 5.83 s, the vehicle provided a
moderate deceleration behavior with an average deceleration of —1.48-—0.70 m/s?; and



Sensors 2022, 22, 7860

90f13

when 1.68 s < TTC < 3.86 s, the vehicle showed a severe deceleration behavior with an
average deceleration of —3.08-—1.81 m/s?.

Mild Deceleration

Figure 7 shows a mild deceleration event when encountering a pedestrian crossing
the street and the data analysis results. The vehicle encountered a pedestrian who might
cross the street when it was travelling at about 29 km/h. The initial longitudinal distance
between the vehicle and the pedestrian was long (40 m), and the vehicle speed was medium
(29 km/h). Based on the pedestrian’s behaviour, the driver judged that the pedestrian’s
crossing intention gradually increased to about 75%. Meanwhile, the pedestrian had not
noticed the test vehicle. The driver took mild braking measures to decelerate the test
vehicle, and the TTC was 5.01 s at this time. Then, the pedestrian suddenly turned his head
to observe the rear and noticed the vehicle. The pedestrian gave up crossing and chose
to give way. The driver’s SJPCI was reduced to 30%, and they began to accelerate. The
vehicle speed changed from 29 km/h to 24 km/h during the pedestrian—vehicle interaction,
and the average deceleration was about —0.28 m/ s2. Therefore, the results indicate that
the driver chose to avoid the pedestrian with a mild deceleration in this scenario when the
TTC was relatively large, the initial vehicle speed was relatively high, and the pedestrian
had a high crossing intention.
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Figure 7. A mild deceleration event when encountering a pedestrian crossing the street and the
data analysis results. (a) Pedestrian—vehicle interaction schematic diagram; (b) Lateral distance and
SJPCL; (c) Vehicle speed and TTC; (d) Position 1: Pedestrians started crossing from the right lane line;
(e) Position 2: Pedestrians crossed the right lane line; (f) Position 3: Pedestrians gave up crossing
the street.

Moderate Deceleration

A moderate deceleration event when encountering a pedestrian crossing the street and
the data analysis results are shown in Figure 8. When the vehicle was travelling at a speed
of about 31 km/h, the driver found that a pedestrian might cross the street from left to
right. According to the pedestrian’s behaviour, it was judged that the pedestrian’s intention
to cross the street rapidly increased from 0% to 100%, and then the pedestrian made a clear
crossing behaviour at a fast walking pace. Although the TTC was large at 5.33 s at this time,
the driver’s SJPCI continued to be 100%, and he believed that the pedestrian’s crossing
behaviour affected driving safety in this situation, so moderate deceleration measures were
taken. The vehicle speed changed from 31 km/h to 26 km/h during the vehicle-pedestrian
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interaction, and the average deceleration was —1.13 m/s?. Although the TTC at the time of
deceleration triggered in this moderate deceleration event was larger than that in the above
mild deceleration event, the SJPCI and vehicle speed were higher, which posed a greater
threat to the driver’s driving safety, resulting in greater braking deceleration. That is, the
driver tends to avoid pedestrians with moderate deceleration behaviour in the scenario of
large TTC, high SJPCI, and high vehicle speed.
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Figure 8. A moderate deceleration event when encountering a pedestrian crossing the street and
the data analysis results. (a) Pedestrian—vehicle interaction schematic diagram; (b) Lateral distance
and SJPCI; (c) Vehicle speed and TTC; (d) Position 1: Pedestrians started crossing the left lane line;
(e) Position 2: Pedestrians walked to the center line; (f) Position 3: Pedestrians crossed the right

lane line.

Severe Deceleration

Figure 9 shows a severe deceleration event when encountering a pedestrian crossing
the street and the data analysis results. When travelling at about 26 km/h, a vehicle en-
countered a pedestrian who suddenly appeared from the side of the vehicle parked at the
roadside, and the driver’s SJPCI was sharply increased to 100% based on his behaviour. The
initial distance between the vehicle and the pedestrian was relatively short (20 m) and the
vehicle speed was medium at 25 km/h. At this time, the TTC value was small at 3.24 s, and
the driver’s SJPCI continued to be 100%. The driver believed that the crossing behaviour
seriously affected driving safety, so they adopted severe braking behaviour. Then, the
pedestrian suddenly turned his head and noticed the vehicle. The pedestrian stopped
crossing the street, but at this time, the pedestrian was already at position 2. The driver con-
tinued to brake due to the high SJPCI and short distance. After the pedestrian realized that
the vehicle braked to yield, he continued to cross the street. The vehicle speed changed from
25 km/h to 5 km/h during the pedestrian—vehicle interaction, with an average deceleration
at about —3.08 m/s?. The results indicate that the driver tends to avoid pedestrians with a
severe deceleration in the scenario of small TTC, high SJPCI, and short distance.
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Figure 9. A severe deceleration event when encountering a pedestrian crossing the street and the
data analysis results. (a) Pedestrian—vehicle interaction schematic diagram; (b) Lateral distance and
SJPCI; (c) Vehicle speed and TTC; (d) Position 1: Pedestrian suddenly appeared from behind a vehicle;
(e) Position 2: Pedestrian had seen the approaching vehicle; (f) Position 3: Pedestrian ran to cross
the street.

4. Conclusions

In this paper, NDS was used to study the underlying behavioural mechanisms of
how vehicles avoid pedestrians. A manual pedestrian intention judgment system was first
developed, and the quantitative data of SJPCI at every moment throughout the interaction
process was first collected and analyzed. In total, 1274 pedestrian—vehicle interaction
events were collected. From these, 98 single-pedestrian crossing events of interest were
screened and classified by the Ward system clustering method into the non-deceleration sce-
nario, mild deceleration scenario, moderate deceleration scenario, and severe deceleration
scenario, accounting for 38.8%, 8.2%, 36.7%, and 16.3% of events, respectively.

This study provides data statistics and process analyses of vehicle deceleration be-
haviour in different interaction scenarios. The results show that the vehicle deceleration
behaviour is relative to initial TTC, SJPCI, vehicle speed, pedestrian position and crossing
direction. With the quantitative data and different scenarios classification, human-like AVs
can be developed to avoid pedestrians more naturally, safely, and smoothly.
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