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Automated driving in urban environments not only has the potential to improve traffic flow
and heighten driver comfort but also to increase traffic safety, particularly for vulnerable
road users such as pedestrians. For these benefits to take effect, drivers need to trust and
use automated vehicles. This decision is influenced by both system and context factors.
However, it is not yet clear how these factors interact with each other, especially for
automated driving in city scenarios with crossing pedestrians. Therefore, we conducted an
online experiment in which participants (N = 68) experienced short automated rides from
the driver’s perspective through an urban environment. In each of the presented videos, a
pedestrian crossed the street in front of the automated vehicle while system and context
factors were varied: 1) the crossing pedestrian’s intention was either visualized correctly
(as crossing) or incorrectly (visualization missing) by the automated vehicle (system factor),
2) the pedestrian was either distracted by using a smartphone while crossing or not
(context factor), and 3) the scenario was either more or less complex depending on the
number of other vehicles and pedestrians being present (context factor). In situations with
a system malfunction where the crossing pedestrian’s intention was not visualized,
participants perceived the situation as more critical, had less trust in the automated
system, and a higher willingness to take over control regardless of any context factors.
However, when the system worked correctly, the crossing pedestrian’s smartphone
usage came into play, especially in the less complex scenario. Participants perceived
situations with a distracted pedestrian as more critical, trusted the system less, indicated a
higher willingness to take over control, and were more uncertain about their decision. As
this study demonstrates the influence of distracted pedestrians, more research is needed
on context factors and their inclusion in the design of interfaces to keep drivers informed
during automated driving in urban environments.

Keywords: automated driving, trust, takeover, criticality, system malfunction, distracted pedestrian, smartphone,
situation complexity
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1 INTRODUCTION

Automated driving has the potential to increase traffic safety
(Fagnant and Kockelman, 2015), improve traffic flow
(Hoogendoorn et al.,, 2014), reduce vehicle emissions (Stogios
et al,, 2019) and heighten driver comfort (Hartwich et al., 2018).
However, when automated vehicles move from the highway into
the cities, they face new challenges. While interaction partners on
highways are limited to other motorized road users, in urban
areas, automated vehicles have to interact with vulnerable road
users such as pedestrians or cyclists (Holldnder et al., 2021). In
contrast to vehicles, pedestrians are more flexible and can, for
example, move outside their designated areas or quickly change
their direction by turning on the spot. This makes their behavior
more difficult to predict for automated vehicles (Kooij et al.,
2019). Nonetheless, especially in the city context, automated
driving can greatly benefit pedestrian safety (Utriainen, 2021).
When analyzing pedestrian-vehicle accidents, up to 73% of
accidents could have been avoided with automated driving
(Utriainen, 2021). Other researchers modeled that if all
vehicles were equipped with an automatic emergency braking
system, both the fatality risk and the injury risk of pedestrians
could be decreased drastically by up to 87% (Haus et al., 2019).
However, these advantages can only come into play when
automated vehicles are understood, trusted, and used (Walch
et al., 2017). Survey data from 5,000 people in over 100 countries
revealed that the respondents have concerns about automated
driving such as misuse, legal issues, and safety (Kyriakidis et al.,
2015). A recent study by Deloitte (2021) shows that just under
half of the respondents from various countries consider the
technology as unsafe, and the numbers have even risen in
India and China in the last years. Perceived safety and trust
were shown to predict people’s intention to use an automated
vehicle (Zoellick et al., 2019). As trust plays an essential role in the
decision to use automation (Muir and Moray, 1996), it is relevant
to know the influencing factors and how they interact with
each other.

According to Lee and See (2004), factors that influence trust in
automation include, among others, interface features, a person’s
predisposition to trust, the perceived risk, or time constraints.
System-side factors that have been shown to impact drivers’ trust
are reliability (Forster et al., 2018; Li et al., 2019), transparency
(Kraus et al., 2020; Kunze et al., 2019), the automated vehicle’s
behavior when reaching system limits (Hergeth et al., 2015; Gold
et al., 2015; Kraus et al, 2020), or the occurrence of system
malfunctions (Kraft et al., 2020; Kraus et al., 2020; Seet et al.,
2020). While the former can be considered in the vehicle design,
malfunctions are “sudden, unpredicted errors related to a
system’s reliability within its area of application” (Kraus et al.,
2020, p. 718). In contrast to system limitations where the system
enters conditions it was not designed for and can initiate a request
to the driver to take over control, with a system malfunction,
drivers have no indication that a failure may occur and, thus,
cannot prepare for it. In case of a system malfunction, drivers are
slower to put their hands on the wheel and need longer to take
over control compared to reacting to a system limit (DeGuzman
et al., 2020). Thus, system malfunctions can lead to more severe
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consequences compared to system limits. They also affect trust
ratings which were significantly lowered by a system malfunction
but not by a system limit (Lee et al, 2020). Drivers’ trust
decreased temporarily after experiencing a system malfunction
and recovered again after subsequent error-free interaction (Kraft
et al,, 2020; Kraus et al., 2020). This was demonstrated in
simulator studies where the automated vehicle was either
overtaking other vehicles (Kraus et al., 2020), merging onto
the highway (Kraft et al., 2020) or making a left turn (Kraft
et al., 2020). While these studies show the effect of a system
malfunction on drivers’ trust, the driving scenarios that were used
took place outside the city on the highway or rural roads. The
driving simulator study conducted by Seet et al. (2020) took place
in a city context but no vulnerable road users were involved.
Instead, participants were driving either fully or partially
automated through intersections where malfunctions consisted
of the automated vehicle not decelerating properly. In fully
automated driving, trust was significantly lower after
experiencing a malfunction. During conditional automation,
this decrease in trust did not appear after a malfunction.
However, participants in this condition were able to take over
control and did so significantly more often to avoid danger. Thus,
system malfunctions seem to influence drivers’ trust and their
takeover willingness. In our study, we want to investigate what
impact system malfunctions have in an urban context where
automated vehicles interact with more vulnerable road users such
as pedestrians.

Besides system factors such as malfunctions, environmental
factors also impact drivers’ perception, takeover behavior, and
takeover performance in automated driving. However, there is
much less research on these contextual factors. The criticality of
the situation and the scope of action, manipulated by the number
of lanes or the available time for a driver to act, are context factors
that influence driver’s behavior in manual driving (Heesen et al.,
2012; Stoll et al., 2020a; Stoll et al., 2020b) and takeover scenarios
(Wu et al,, 2019) as well as the acceptance of behavior choices of
an automated vehicle (Stoll et al., 2021). With reducing the scope
of action, the situation was perceived as more critical (Stoll et al.,
2020b) and the acceptance of automated behavior increased (Stoll
et al, 2021). When the criticality of the situation was higher,
takeover time was shorter, and takeovers were more critical and
unsafe, which was reflected in a shorter time to collision to the
front vehicle (Wu et al., 2019). Another context factor that was
explored more extensively in the literature is the complexity of the
situation, which is often associated with the traffic density in a
scenario. A higher traffic density in a highway scenario was rated
as more complex and critical by drivers of a driving simulator
study (Radlmayr et al., 2014) and also impacted their takeover
performance. Participants displayed longer takeover times and a
lower takeover quality (e.g., not keeping enough safety distance,
acting hesitantly, or not performing control glances), resulting in
more critical takeovers when the situation’s complexity was
higher (i.e., more traffic) in a highway scenario (Gold et al.,
2016; Scharfe et al., 2020). This, in turn, can lead to an increase in
uncertainty as it “occurs where the decision-maker has to
estimated or infer the probabilities of the various outcomes
happening” (Beresford and Sloper, 2008, p. 15). With an
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increasing number of interaction partners and possible
interactions, decision uncertainty among drivers might
increase. While these studies show how context factors have
an influence in highway scenarios, this has not been studied
yet in an urban environment. As Tanshi and Soffker (2019)
mentions, the complexity of a situation increases not only with
the number of surrounding vehicles but also pedestrians, as more
interactions are then possible.

In an urban environment, not only the number of pedestrians
is relevant but also their behavior. Pedestrians signalize their
intention to cross a street by standing close to the curb, looking at
the oncoming traffic, or making eye contact with the driver
(Sucha et al, 2017). Pedestrians’ gaze behavior seems to be
particularly decisive, as in 90% of crossings, some form of
attention toward oncoming traffic was present (Rasouli et al,
2017). However, there are some factors that reduce pedestrians’
gazes toward traffic, such as traveling in a group (Lanzer and
Baumann, 2020; Dommes et al., 2015; Pesic et al., 2016) or using a
smartphone during the crossing (Vollrath et al., 2019; Solah et al.,
2016). Especially the latter has led to an increase in smartphone-
related accidents among pedestrians in recent years (Nasar and
Troyer, 2013; Ren et al., 2021). Between 8 (Zhou et al., 2019) and
42% (Wells et al., 2018) of pedestrians were observed to cross the
street while using a smartphone depending on the country and
observation site, with most studies ranging from 20 to 30%
(Vollrath et al.,, 2019; Solah et al., 2016; Horberry et al., 2019;
Thompson et al., 2013; Piazza et al., 2020; Fernandez et al., 2020).
Among all smartphone-related activities, a systematic review
across 14 studies found that texting has the largest effects on
pedestrians’ behavior (Simmons et al., 2020). In a study by Jiang
et al. (2018), only 5% of pedestrians’ gazes were directed toward
the surrounding traffic area when texting on the phone while
crossing at a signalized crossing. This was significantly lower
compared to talking on the phone, listening to music, or being
undistracted. When pedestrians are visually distracted and less
observant of traffic, they do not communicate their intention
clearly and the driver cannot know if the pedestrian has noticed
the vehicle and will react accordingly. As automated vehicles use
pedestrians’ head orientation and gazes when predicting their
paths (Kooij et al., 2019), distracted pedestrians can propose a
source of uncertainty. This can lead to a more critical perception
of the situation and a decrease in drivers’ trust in the automated
vehicle to handle the situation correctly. However, distracted
pedestrians have not been examined yet from a driver’s
perspective, neither in manual nor automated driving. In
manual driving, video-recorded situations with pedestrians are
perceived as more hazardous and critical (Finn and Bragg, 1986;
Borowsky and Oron-Gilad, 2013) especially when drivers are
inexperienced. For automated driving, recent studies have shown
that in situations with pedestrians, drivers have a high need for
information regarding the system’s behavior (Wiegand et al.,
2020; Wintersberger et al., 2020). Around 70% of drivers in a
thinking-aloud driving simulator study requested an explanation
for the automated vehicle’s stopping behavior in a situation where
a child unexpectedly ran across the street (Wiegand et al., 2020).
When participants were asked to identify objects in videos of
urban driving scenes that an automated vehicle should inform
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them about, high priority was given to pedestrians near or on the
road (Wintersberger et al., 2020). When asked why, participants
indicated that feedback from the automated vehicle is particularly
important when predictability is low, such as when a pedestrian
exhibits ambiguous behavior about whether or not they will cross
a street. Furthermore, a near-miss situation between pedestrian
and automated vehicle was perceived as riskiest and trust was
lowest among participants compared to other urban driving
scenes (Wintersberger et al, 2020). A virtual reality study by
Colley et al. (2020) shows the importance of visualizing
pedestrians and their intentions in crossing scenarios to the
driver of an automated vehiclee When pedestrians were
recognized by the automated vehicle and their intentions
(crossing or not crossing the street) were visualized to the
driver, the trust in the automated vehicle increased compared
to a baseline where the vehicle behaved in the same way but did
not visualize anything. Both the transparency of the system and
the visualization mode had an influence on drivers. A system that
was more transparent and used augmented reality, compared to a
tablet-based visualization, was preferred by drivers and rated as
reasonable and necessary (Colley et al., 2020).

In the current study, we want to examine how system and
context factors influence the drivers” decision to trust and use an
automated vehicle in city scenarios with crossing pedestrians.
Derived from the literature, we hypothesize that a system
malfunction leads to lower trust, higher perceived criticality of
the situation, and a higher willingness to take over control (H1I).
As for the situation’s complexity, we assume that a more complex
situation leads to a higher perceived criticality and more
uncertainty in the decision of whether to take over control
(H2). Lastly, a distracted pedestrian who is crossing the street
looking at a smartphone leads to higher perceived criticality of the
situation, lower trust in the automated vehicle, and a higher
willingness to take over control (H3). Since there are no studies
yet on the interaction of system and context factors, this is looked
at exploratively.

2 METHODS

2.1 Participants

Opverall, 68 people took part in the study. Three participants were
excluded before data analysis as they were not able to watch all
videos correctly due to technical issues. The remaining 65
participants consisted of 34 men and 31 women. Participants’
age ranged from 18 to 60 years (M = 28.54 years, SD = 11.24 years).
Regarding the participants’ highest level of education, about
half of them (49.2%) held an Abitur (German university
entrance diploma), followed by around one third of
participants (35.4%) holding a university degree, and the
remaining 15.4% held degrees from secondary modern
schools. All participants held a valid driver’s license with
39.6% possessing their license between three to five years,
29.2% between ten to twenty years, and 15.4% between five
and ten years. The remaining participants held their licenses
either longer than thirty years (12.3%) or less than three years
(6.2%). The majority of participants (75.4%) drove at least once
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recognized and intention is clear: “cross.”

FIGURE 1 | System states for visualizing pedestrians’ intention, (A) circle not colored when pedestrian is recognized but still too far away, (B) yellow circle when
pedestrian is recognized but intention is unclear, (C) light blue circle when pedestrian is recognized and intention is clear: “stay,” (D) dark blue circle when pedestrian is

a week, with 24.6% driving daily. Participants drove on average
7,686.3 km during the past year (SD = 7,842.7 km) with a range
from 0 to 40,000 km annually. Around one-fifth (21.5%) of
participants were involved in an accident as a driver in the past
five years, with one participant being injured.

Participants were recruited via University mailing lists, the
Department’s participant database, and social media. In order to
be able to participate, people were required to hold a valid driver’s
license and be German native speakers. Participants were
compensated with course credit or had the chance to win one
of ten 10€ vouchers for a bookstore.

2.2 Apparatus and Procedure

2.2.1 Automated System

The automated vehicle displayed in this study was equipped with
a system to visualize pedestrians’ intention like the one used by
Colley et al. (2020). Within a radius of 35 m, every pedestrian was
detected by the system and a circle was displayed above the
pedestrian’s head using augmented reality (Figure 1A). To
visualize the pedestrian’s intention, this circle took one of
three colors when the pedestrian came within a radius of 30 m
to the vehicle. The circle was colored dark blue if the pedestrian’s
intention is to cross the street (Figure 1D), light blue if the
pedestrian’s intention is to stay on their side of the street and not
cross (Figure 1C) and yellow if the pedestrian was recognized but
their intention is still unclear (Figure 1B). The proposed
categorization is based on related work in intention prediction,
for example, Ghori et al. (2018) propose to detect the classes
crossing, stopping, starting and turning, and walking along.
Newer work by Mordan et al. (2020) classifies road crossing
intention either as binary or continuous (i.e., time-to-crossing).
The chosen radius is based on the vision-based approach to detect
pedestrians’ intentions in automated vehicles presented by Fang
et al. (2017). Visualizing the intention via an AR windshield
display is still technically challenging, however, numerous

manufacturers and researchers are working on such
technology such as Panasonic (Szymkowski, 2021). Also, using
AR is based on previous research indicating the benefits of this
technology (Colley et al., 2021). The scenarios in this study were
created using Unity Software (Unity Technologies, 2019a) and
the asset Windridge city (Unity Technologies, 2019b).

2.2.2 Study Design

To evaluate the impact of system and context factors on drivers’
perception and behavior, a 2 x 2 x 2 within-subjects design was
used. The three independent variables were split into one system
factor and two context factors. For the system factor, we
manipulated whether a malfunction in the visualization of
pedestrians’ intention occurred or not. The system either
visualized a crossing pedestrian correctly and displayed a dark
blue circle above the person’s head (Figure 2A) or a crossing
pedestrian was visualized incorrectly and the circle was missing
(Figure 2B). For the context factor, we manipulated whether the
crossing pedestrian was distracted by looking at a smartphone
(Figure 2B) or not (Figure 2A) and whether the scenario was
more (Figure 2A) or less (Figure 2B) complex depending on the
number of other vehicles and pedestrians being present. In the
more complex scenario, the participant’s vehicle passed two
vehicles in the oncoming lane before encountering the
crossing pedestrian. A vehicle in the opposite lane also
stopped for this pedestrian to cross. There were 15 additional
pedestrians walking on both sides of the street but not crossing. In
the less complex scenario, only one vehicle was driving way ahead
of the participant’s vehicle, and there were no other pedestrians
except for the crossing one. In both scenarios, the participant’s
vehicle was driving with a speed of up to 30 km/h. As for
environmental factors, both scenarios took place in daylight
conditions and on a street with a slight right turn. The
pedestrian crossing the street was on the right sidewalk and
crossed without any supporting infrastructure, such as a
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situation complexity low).

FIGURE 2 | Example scenarios for the three independent variables, (A) no malfunction, system working correctly and displaying a dark blue circle above the
crossing pedestrian’s head (system factor: no malfunction), the crossing pedestrians is not using a smartphone (context factor: no distraction), and other vehicles and
pedestrians are present (context factor: situation complexity high) (B) malfunction of the system, no circle is displayed above the crossing pedestrian’s head (system
factor: malfunction), the crossing pedestrian is using a smartphone (context factor: distraction), and no other vehicles and pedestrians are present (context factor:

crosswalk at a distance of 7.7 m from the participant’s vehicle in
both scenarios. The full factorial design resulted in eight scenarios
that were shown to pedestrians as approximately 20-second long
video scenes from the perspective of the driver of an automated
vehicle. Four additional videos that acted as filler scenarios were
shown to the participants, which also included a crossing
pedestrian. Simulated videos were chosen as they are a suitable
tool to allow good controllability and standardization of scenarios
for all participants. Videos of real or simulated traffic scenes are a
commonly used method in traffic psychology (Borowsky and
Oron-Gilad, 2013; Stoll et al., 2019; Wintersberger et al., 2020;
Colley et al., 2021) that have shown similar results to studies in
real traffic (Hughes and Cole, 1986). Compared to real-world
traffic videos, simulated videos do not have privacy issues that
require pixelation of pedestrian faces or complete recreation of
scenes with instructed pedestrians.

2.2.3 Questionnaires
After each scenario, participants were asked about their
willingness to take over, the certainty of their decision, the

criticality of the situation, and their trust in the automated
system. First, participants rated how likely they would have
initiated a takeover in the presented scenario on a scale from
0 to 100% by using a slider. Afterward, they were asked how
certain they were in this decision on a 10-point Likert scale
ranging from “very uncertain” to “very certain”. Next, they could
explain the reasoning behind their decision in an open question.
They were also asked how they would have acted if they had taken
over control (three response options were provided: drive slower,
brake sooner, brake stronger) along with an open answer
possibility. Alternatively, they could select that they would not
have taken control and, therefore, would not have acted
differently. After providing details about the participants’
takeover behavior, they rated the criticality of the situation on
a 10-point Likert scale ranging from “not critical at all” to “very
critical.” Lastly, the trust in the automated system was assessed by
the German version (Kraus et al, 2020) of the Trust in
Automation Scale (Jian et al, 2000). The scale consists of
seven items that participants can react to on a 7-point Likert
scale with two poles (1 = “do not agree at all” and 7 = “completely
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Less complex scenario
100% 1

75% 1

50% 1

25% 1

Mean Takeover Willingness (+/- 1 SE)

0%

More complex scenario

smartphone

no
:|: . yes

yes

Malfunction

FIGURE 3 | Takeover wilingness by system malfunction, crossing pedestrian’s smartphone use, and scenario complexity. Error bars represent standard errors.
Higher ratings represent a higher willingness to take over. For results of significance tests, see text.

yes

agree”). The complete questionnaire can be found in the
Supplemental Materials.

2.2.4 Procedure

Data was collected online using the survey platform Unipark.
After being informed about the course of the study and
providing informed consent, demographic data was collected.
This included participants’ age, gender, usual driving behavior
(frequency of driving, mileage last year, and average mileage),
duration of driver’s license possession, and accident history in
the past five years. Then the automated system was introduced
to the participants with pictures and explanations of the
visualization system for pedestrians’ intentions and a short
video. It was explained that the vehicle drives automatically
by taking over longitudinal and lateral control, so no
intervention from the participants’ side was necessary. In
addition, participants were told that the automated vehicle
also has an emergency braking assistant and would brake
automatically should a dangerous situation arise or an
obstacle appear in front of the vehicle. Afterward,
participants answered short questions to check whether they
understood the system’s functions. Then, the twelve video
scenes were shown in randomized order followed by the
questionnaires after each video. Lastly, a German version
(Vohringer-Kuhnt and Trexler-Walde, 2009) of the Driver
Behavior Questionnaire (Reason et al, 1990) was
administered and participants could comment on the study
and choose their preferred compensation (course credit or
voucher raffle). On average, the study lasted for about
45 minutes per participant.

2.3 Data Preparation and Analysis
Procedure

For each dependent variable, a three-way repeated-measures
ANOVA with the factors system malfunction (yes/no), the
crossing pedestrian’s smartphone use (yes/no), and the
situation’s complexity (high/low) was calculated using R
(version 4.0.4). Repeated-measures ANOVAs were chosen
since participants answered multiple times due to the within-
subjects design, the independent variables were factorial and the
dependent variables were metric (Field et al., 2012). In case simple
effects were needed, two-way repeated-measures ANOVAs with
the factors system malfunction and pedestrian’s smartphone use
were calculated for the more complex and the less complex
situation separately. Then, Bonferroni-adjusted t-tests were
calculated to reveal differences between two specific groups
(Field et al., 2012).

3 RESULTS

3.1 Takeover Behavior and Decision
Certainty

Takeover willingness (Figure 3) ranged between 0 and 100, with
higher values representing a higher willingness to take over. It
was higher when there was a system malfunction (M = 47.01,
SD = 36.02) compared to no malfunction (M = 25.73, SD = 28.98),
slightly higher when the crossing pedestrian was using a
smartphone (M = 3844, SD = 34.37) compared to not
(M = 34.30, SD = 34.28) and almost similar for the less
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Less complex scenario

Mean Certainty (+/- 1 SE)

-

More complex scenario

smartphone

no
N -

1 1
71
6
5
4-
3
2
no yes

III|

FIGURE 4 | Decision certainty by system malfunction, crossing pedestrian’s smartphone use and scenario complexity. Error bars represent standard errors. Higher
ratings represent a more certain decision. For results of significance tests, see text.

Malfunction

(M =36.02, SD = 34.73) and more complex (M = 36.72, SD = 34.03)
scenario. Inferential analyses revealed a statistically significant three-
way interaction between system malfunction, the pedestrian’s
smartphone use, and the situation’s complexity [F(1,64) = 4.70,
p = .034]. Thus, we analyzed the more and less complex situations
separately. For the more complex situation, only the main effect of
system malfunction was significant [F(1,64) = 26.13, p < .001].
When a malfunction occurred, participants’ willingness to take
over was higher than without malfunction. For the less complex
situation, a significant interaction between system malfunction
and pedestrian’s smartphone use was found [F(1,64) = 8.65,
p = .005] as well as significant main effects for system
malfunction [F(1,64) = 3154, p < .001] and pedestrian’s
smartphone use [F(1,64) = 7.01, p = .010]. Post-hoc tests showed
that there was no significant difference between the participants’
takeover willingness when the crossing pedestrian was using a
smartphone compared to not using a smartphone when a system
malfunction occurred. When the system was working correctly,
however, participants had a higher willingness to take over control
when the crossing pedestrian was using a smartphone compared to
not using one (p = .003).

Decision certainty (Figure 4) ranged between 1 and 10 with
higher values corresponding to a more certain decision.
Participants were slightly more uncertain when the crossing
pedestrian was using a smartphone (M = 7.69, SD = 2.31)
compared to not (M = 7.89, SD = 2.21). Values were almost
similar for a system malfunction (M = 7.71, SD = 2.30) compared
to no malfunction (M = 7.87, SD = 2.22) and for the more
(M =7.79, SD = 2.17) and less (M = 7.79, SD = 2.36) complex
scenario. The three-way repeated-measures ANOVA revealed a

significant two-way interaction between the pedestrian’s
smartphone use and the situation’s complexity [F(1,64) = 4.90,
p =.030]. Thus, we analyzed the two situations separately. For the
more complex situation, there were no significant main or
interaction effects. However, a significant main effect of
pedestrian’s smartphone use was found in the less complex
situation [F(1,64) = 4.90, p = .027]. Participants were less
certain about their decision when the crossing pedestrian was
using a smartphone compared to not using one.

Participants were also asked about any alternative actions such
as braking sooner or driving slower that they would perform
when they would take over control. Alternatively, they could state
that they would not perform a takeover. Results for takeover
decision and alternative actions can be seen in Figure 5. The
decision to take over control (represented by the bar plots in
Figure 5) is in line with the results for takeover willingness. When
a system malfunction occurred, more participants would take
over control regardless of situational factors. For the less complex
scenario, there was also an effect of the crossing pedestrian’s
smartphone use. When the system was working correctly,
participants would take over control more often when the
crossing pedestrian was using a smartphone (47% takeover
rate) compared to when not (20% takeover rate). With regards
to alternative actions (represented by the pie charts in Figure 5),
participants preferred to brake sooner in the more complex
scenario regardless of the system’s functionality and the
pedestrian’s smartphone usage. In the less complex scenario,
alternative actions were more balanced between braking
sooner, braking stronger, and driving slower. When a
malfunction occurred, more participants stated that they
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FIGURE 5 | Takeover decision and alternative actions by system malfunction, crossing pedestrian’s smartphone use and scenario complexity.

would perform several alternative actions such as driving slower
and braking sooner. Participants were also able to write down
reasons for their decision for or against a takeover. When
participants decided in favor of a takeover and a system
malfunction occurred, the malfunction was mentioned in an
average of 61.3% of answers. This ranged from 51.3% in the
less complex scenario and without the crossing pedestrian using a
smartphone to 73.2% in the more complex scenario and with the
crossing pedestrian using a smartphone. When participants
mentioned the system malfunction, they said that “the
visualization was missing” [P59], “there was no dark blue circle
above the pedestrian’s head” [P67] or “the symbol was not depicted

by the system” [P66]. When participants decided for a takeover
and the crossing pedestrian was using a smartphone, in an
average of 9.9% of answers, it was mentioned that the
pedestrian was distracted. This ranged from 6.7% in the less
complex scenario without a malfunction to 14.6% in the less
complex scenario with a malfunction. Participant 6 explained that
“since the person crossing the street was looking at their
smartphone, I wouldn’t be sure if the system would recognize
their intention.” and participant 50 stated that “I would have
taken control because it was easy to see that the individual was
reading something and thus was distracted from the traffic.”
Especially in the less complex scenario when the system
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worked correctly but the crossing pedestrian was using a
smartphone, in 23.3% of answers of participants who decided
to take over control, it was mentioned that the pedestrian crossed
unexpectedly (average across all situations where the pedestrian
was using a smartphone: 8.3%). Participant 26 explains their
decision for a takeover that it was a “sudden decision of the
pedestrian looking at the smartphone.” The complexity of the
situation as a takeover reason was only mentioned sporadically by
single individuals (overall six times) such as by participant 35:
“There were a lot of pedestrians on the road, some of whom were
recognized late.” or participant 52: “Unclear situation, I would
probably have driven a little slower.”

3.2 Perceived Criticality

The perceived criticality ratings (Figure 6) ranged from 1 to 10,
with higher numbers representing a higher perceived criticality.
Situations were perceived as more critical when a system
malfunction occurred (M = 5.77, SD = 2.84; without
malfunction: M = 4.23, SD = 2.71) and when the crossing
pedestrian was using a smartphone (M = 5.14, SD = 2.93;
without a smartphone: M = 4.86, SD = 2.83). Criticality
ratings were almost similar for the more (M = 5.02, SD = 2.75)
and less (M = 4.98, SD = 3.01) complex scenario. For inferential
analyses, the three-way repeated-measures ANOVA only revealed
a significant main effect of system malfunction [F(1,64) = 30.28,
p < .001]. However, as the descriptive statistics indicated that
the crossing pedestrian’s smartphone usage had an influence in the
less but not the more complex scenario, we analyzed them
separately. In the more complex situation, there was only a
significant main effect of system malfunction [F(1,64) = 24.89,

p < .001]. Participants perceived the situation as more critical
when a system malfunction occurred. In the less complex situation,
however, there was a significant main effect for the pedestrian’s
smartphone use [F(1,64) = 4.96, p = .029] in addition to a
significant main effect of system malfunction [F(1,64) = 22.62,
p < .001]. Besides the effect of system malfunction, participants
also perceived the situation as more critical when the crossing
pedestrian was using a smartphone.

3.3 Trust

The trust scale values (Figure 7) ranged from one to seven, with higher
values representing higher trust. Trust was lower when a system
malfunction occurred (M = 434, SD = 145) compared to no
malfunction (M = 4.76, SD = 1.42). Values were almost similar
when the crossing pedestrian was using a smartphone (M = 4.52,
SD = 1.44) compared to no smartphone (M = 4.58, SD = 1.47) and
in the more (M = 4.56, SD = 1.42) and less (M = 4.54, SD = 1.48)
complex scenario. The three-way repeated-measures ANOVA revealed
a significant two-way interaction between system malfunction and
the pedestrian’s smartphone use [F(1,64) = 472, p = .034]. As the
descriptive statistics indicated that the crossing pedestrian’s smartphone
usage had an influence in the less but not the more complex scenario,
we analyzed the two situations separately. For the more complex
situation, we only found a significant main effect of system
malfunction [F(1,64) = 2406, p < .001]. When a malfunction
occurred, the participants trusted the system less. In the less
complex situation, there was a significant interaction between system
malfunction and pedestrian’s smartphone use [F(1,64) = 9.27, p = .003]
as well as a significant main effect of system malfunction
[F(1,64) = 18.92, p < .001]. Post-hoc tests revealed that
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there was no significant difference in trust between with and
without smartphone use of the crossing pedestrian when a
system malfunction occurred. When the system was working
correctly, however, participants trusted the system less when the
crossing pedestrian was using a smartphone compared to not
using one (p = .003).

4 DISCUSSION

In this study, we examined the influence of system and context
factors on drivers’ takeover willingness, decision uncertainty,
perceived criticality, and trust in an automated vehicle that
drove through urban environments encountering crossing
pedestrians. On the system side, we varied whether a system
malfunction occurred, and on the context side, we varied
whether the crossing pedestrian was distracted by a smartphone
and how complex the situation was depending on the number of
other road users. We assumed a higher perceived criticality of the
situation, lower trust in the automated vehicle, and a higher
takeover willingness when a system malfunction occurred (HI)
and when the crossing pedestrian used a smartphone (H3).
Furthermore, we hypothesized that a more complex situation
would lead to a higher perceived criticality of the situation and
more decision uncertainty regarding takeover (H2). Interactions
between system and context factors were considered exploratively.

4.1 Influence of System Malfunction
A system malfunction was implemented as a visualization error
regarding the crossing pedestrian. When the malfunction

occurred, participants perceived the situation as more critical,
had lower trust in the automated vehicle, and displayed a higher
willingness to take over control, supporting HI. This is in line
with previous research that shows the negative effect of a system
malfunction on drivers’ trust (Kraft et al., 2020; Kraus et al., 2020)
alongside a higher takeover rate (Seet et al., 2020). Compared to
previous research that focused on highway scenarios, this study
demonstrated a similar result pattern in an urban environment
involving crossing pedestrians. A system malfunction did not
affect drivers’ certainty in their decision to take over control. When
a malfunction is recognized as such by drivers, this may facilitate
their decision to take over control. In this study, the system
malfunction was very low risk since it only consisted of a
visualization error and at no point, a dangerous situation for
the crossing pedestrian developed because the automated vehicle
decelerated in a safe manner in all scenarios (in case of a
visualization error due to the emergency brake assistant that
was part of the automated vehicle). Even though this was the
case, the system malfunction still had a distinct and consistent
influence on drivers. With more severe malfunctions, even stronger
effects can be expected.

4.2 Influence of Crossing Pedestrian’s
Smartphone Usage and Situation
Complexity

Two context factors were varied in this study: the visual
distraction of the crossing pedestrian due to a smartphone and
the complexity of the situation depending on the number of other
road users. The more complex situation was not generally

Frontiers in Human Dynamics | www.frontiersin.org

10

July 2021 | Volume 3 | Article 676667


https://www.frontiersin.org/journals/human-dynamics
www.frontiersin.org
https://www.frontiersin.org/journals/human-dynamics#articles

Lanzer et al.

considered to be more critical and decision certainty was not
lower, thus not supporting H2. However, when comparing the
more and less complex situation, results were similar regarding
the system malfunction but different regarding the crossing
pedestrian’s smartphone usage. While the system malfunction
led to higher perceived criticality, lower trust in the automated
vehicle, and a higher takeover willingness in both situation
complexities, the distracted pedestrian only had an influence
in the less complex situation. Here, the situation was perceived
as more critical (partially supporting H3), and drivers were more
uncertain in their decision whether to take over or not when the
pedestrian was looking at the smartphone during the crossing.
This adds to previous findings where situations involving
pedestrians were generally perceived as more critical by drivers
(Finn and Bragg, 1986; Borowsky and Oron-Gilad, 2013;
Wintersberger et al., 2020). For takeover willingness and trust,
there were significant interactions with the system malfunction.
When the system did not visualize the crossing pedestrian
correctly, it did not matter whether the pedestrian was visually
distracted or not. However, when the system worked correctly,
drivers’ trust in the automated vehicle was lower and their
takeover willingness higher when the pedestrian was using a
smartphone during the crossing (partially supporting H3). This
means that situational factors like a visually distracted pedestrian
do influence the drivers’ perception of the situation and the
actions they would take. However, this influence is not uniform
across other system and context factors (as stated in H3) but is
more complex with interactions between these factors. Although
the system worked correctly, it was trusted less to properly handle
the situations with a distracted pedestrian. When drivers then
decide to take over, more dangerous situations might arise than
when the automated system would remain engaged. This should
be considered when providing information about the automated
vehicle’s behavior to drivers. In our study, information about the
correct identification and classification of the distracted
pedestrian’s intention seemed to be not enough for drivers
since takeover willingness increased. Explanations about the
system’s behavior have been shown to increase drivers’ trust
(Du et al., 2019) and lower drivers’ takeover willingness (Hock
etal., 2016). An explanation specifically tailored to the distraction
of the pedestrian or the system’s behavior (e.g., informing drivers
about a decelerating maneuver) might help in such situations and
should be looked at in future work. Comparing these results to
previous studies that looked at automated driving in urban
environments, overall trust levels were similar to those found
by Colley et al. (2020) and Wintersberger et al. (2020). These
studies also used urban scenarios with crossing pedestrians but
did not experimentally control for situational influencing factors.
However, lower trust, and higher perceived risk were also found
in an especially critical situation where the vehicle did not yield
for a pedestrian who was already crossing the street
(Wintersberger et al., 2020). As this study systematically varied
context factors, it provides new evidence that these effects on
perceived criticality and trust can be attributed to specific
characteristics of the situation, such as smartphone use by a
crossing pedestrian. From a pedestrian perspective, the impact of
a distracted driver of an automated vehicle has already been
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studied. When the driver was distracted (e.g., reading a
newspaper or talking on the phone), pedestrians showed a
decreased willingness to cross (Lundgren et al.,, 2017) or felt
less safe when crossing in front of the automated vehicle (Faas
et al., 2021).

4.3 Limitations and Future Work

There are some limitations to this study. In this online
experiment, we measured takeover willingness which may
not necessarily reflect takeover behavior displayed in a
driving simulator or real vehicle. However, there are
indications that results from online studies are comparable to
results from other data collection methods (Hock et al., 2019).
While the decision whether to take over or not might be similar
in both online and lab settings, with the present data, no
conclusions can be drawn about the takeover quality or the
point in time at which drivers would potentially take over. As
results indicated differences in takeover willingness, future
studies should look more into how takeovers would take
place using methods such as VR or driving simulators that
allow more interactivity between participant and automated
system. In addition, real-world scenarios can be difficult to
assess both for human drivers and, most likely, for algorithms as
well. Coupled with imperfect visualization technology (e.g.,
AR), we hypothesized that there will be errors in visualizing
pedestrian intention. While our assumptions were sound and we
employed a systematic approach in varying the correctness of
the visualization, further investigation within a real vehicle is
necessary. However, since this is a safety-critical topic, more
research should be done in a laboratory or driving simulator
setting before it can be tested in a real world setting. Moreover,
the results obtained in this study are based on subjective
measurements. Future studies should include more objective
measurements to strengthen the results. For instance, physical
indicators such as skin conductivity and heart rate metrics could
be used to measure the perceived criticality as studies have
found that these are closely correlated with driver’s stress level
(Healey and Picard, 2005). To better understand why the effect
of the crossing pedestrian’s distraction differed in the two
situation complexities, more qualitative data should be
gathered. Even though participants could state a reason for
their decision, they were not instructed to mention all factors
that influenced them in the respective scenarios. Methods like
the thinking aloud technique (Grahn et al., 2020) could help to
clarify which aspects of a situation led to the participants’
decision and make the decision process more visible.
Furthermore, future work should examine in more detail
what information an automated vehicle should provide to
drivers concerning context factors in urban environments
with crossing pedestrians. Additional information regarding
the distraction of the crossing pedestrian or the complexity
of the situation might be helpful to reduce the perceived
criticality, increase drivers’ trust, and ultimately lower
takeover willingness. Explanations or other feedback could
help drivers to keep the automation engaged (Hock et al,
2016) and, thus, profit from the benefits automated vehicles
can have in urban environments. Lastly, this study highlights
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how system and context factors interact with each other. As only
a limited number of these factors were considered in this study,
future research should examine further system and context
aspects. On the system side, this could be an incorrect
visualization of pedestrians’ intentions as not crossing instead
of a complete lack of visualization or varying the reliability of
the visualization system depending on the number of cases it
works correctly. On the context side, this could be other
distractions of crossing pedestrians such as talking instead of
texting on the phone, talking to others in a group, or, more
generally, the interaction partner itself (e.g., a child crossing vs.
an adult crossing).

4.4 Conclusion

Automated driving in urban areas can increase the safety of
vulnerable road users when the automation is trusted and used
by drivers. However, there is a lack of studies on how system and
context factors influence drivers of automated vehicles,
especially in scenarios with crossing pedestrians. In an online
experiment, it was examined what impact a system malfunction,
the situation complexity, and the visual distraction of a crossing
pedestrian have on the drivers’ perceived criticality of the
situation, their trust in the automated system, their takeover
willingness, and the decision certainty. Regardless of context
factors, a system malfunction led to higher perceived criticality,
lower trust, and higher takeover willingness supporting findings
from previous studies conducted in highway scenarios. A more
complex situation in itself had no impact, only in combination
with the visually distracted pedestrian. In the less complex
situation, drivers perceived the situation to be more critical
and were less certain in their decision when the crossing
pedestrian was using a smartphone. Furthermore, when the
system was working correctly, drivers displayed a lower trust
and a higher takeover willingness in situations with distracted
pedestrians. Therefore, context factors play a role in the drivers’
perception and actions and should be considered when providing
information about the automated vehicle’s behavior to drivers.
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