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Automated vehicles (AVs) will be introduced on public roads in the future, meaning that
traditional vehicles and AVs will be sharing the urban space. There is currently little knowl-
edge about the interaction between pedestrians and AVs from the point of view of the
pedestrian in a real-life environment. Pedestrians may not knowwith which type of vehicle
they are interacting, potentially leading to stress and altered crossing decisions. For exam-
ple, pedestrians may show elevated stress and conservative crossing behavior when the AV
driver does not make eye contact and performs a non-driving task instead. It is also possi-
ble that pedestrians assume that an AV would always yield (leading to short critical gaps).
This study aimed to determine pedestrians’ crossing decisions when interacting with an AV
as compared to when interacting with a traditional vehicle. We performed a study on a
closed road section where participants (N = 24) encountered a Wizard of Oz AV and a tra-
ditional vehicle in a within-subject design. In the Wizard of Oz setup, a fake ‘driver’ sat on
the driver seat while the vehicle was driven by the passenger by means of a joystick.
Twenty scenarios were studied regarding vehicle conditions (traditional vehicle, ‘driver’
reading a newspaper, inattentive driver in a vehicle with ‘‘self-driving” sign on the roof,
inattentive driver in a vehicle with ‘‘self-driving” signs on the hood and door, attentive dri-
ver), vehicle behavior (stopping vs. not stopping), and approach direction (left vs. right).
Participants experienced each scenario once, in a randomized order. This allowed assessing
the behavior of participants when interacting with AVs for the first time (no previous train-
ing or experience). Post-experiment interviews showed that about half of the participants
thought that the vehicle was (sometimes) driven automatically. Measurements of the
participants’ critical gap (i.e., the gap below which the participant will not attempt to begin
crossing the street) and self-reported level of stress showed no statistically significant
differences between the vehicle conditions. However, results from a post-experiment ques-
tionnaire indicated that most participants did perceive differences in vehicle appearance,
and reported to have been influenced by these features. Future research could adopt more
fine-grained behavioral measures, such as eye tracking, to determine how pedestrians react
to AVs. Furthermore, we recommend examining the effectiveness of dynamic AV-to-
pedestrian communication, such as artificial lights and gestures.
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1. Introduction

1.1. Mixed traffic of pedestrians and automated vehicles

In Europe, about 26% of road fatalities concern pedestrians (World Health Organization, 2015). Most of these fatalities
occur while pedestrians attempt to cross the road in an urban environment (e.g., European Commission, 2016; SWOV, 2010).

Automated vehicles (AVs) may be expected to reduce these accident rates by replacing error-prone drivers with reliable
computers. However, in the coming decades, there will be a situation of mixed traffic with both conventional vehicles and
AVs driving on the road, giving rise to uncertainty about safety (Sivak & Schoettle, 2015). Unless fully segregated lanes are
created, AVs will also be sharing the roads with vulnerable road users such as pedestrians and cyclists. Before AVs are
deployed in traffic, pedestrian safety should be assessed and guaranteed.

Currently, many researchers are concerned with the development of computer algorithms that enable the detection of
pedestrians using cameras onboard the AV (Ohn-Bar & Trivedi, 2016). Furthermore, ample research is available on how
drivers inside the AV take control, for example when a pedestrian enters the road or when another type of impending hazard
occurs (e.g., De Winter, Stanton, Price, & Mistry, 2016; Gold, Damböck, Lorenz, & Bengler, 2013). However, research that is
focused on the pedestrians themselves is crucial as well, because pedestrians may alter their behavior in response to AVs.

1.2. Interaction challenges between pedestrians and automated vehicles

A model of situation awareness in dynamic decision making developed by Endsley (1995) can be used to reflect on the
factors of relevance during an encounter between pedestrians and AVs (Fig. 1).

As seen in Fig. 1, pedestrians’ crossing decisions and crossing behavior depend on situation awareness. More specifically,
pedestrians predict the behavior of vehicles (Level 3) based on their perception of vehicle and road features (Level 1) and
their comprehension of the situation (Level 2). Vehicle features may include speed and distance (Brewer, Fitzpatrick,
Turner, Whitacre, & Lord, 2005; Kadali & Vedagiri, 2013; Yannis, Papadimitriou, & Theofilatos, 2013) as well as cues provided
by the driver inside the vehicle, such as eye contact and gestures (Habibovic, Andersson, Nilsson, Malmsten Lundgren, &
Nilsson, 2016; Keferböck & Riener, 2015; Kitazaki & Myhre, 2015). Situation awareness, crossing decisions, and crossing
behaviors of pedestrians are also influenced by environmental and individual factors (see the top of Fig. 1). Individual factors
include preconceptions and trust in AVs (Rothenbücher, Li, Sirkin, Mok, & Ju, 2016) as well as knowledge and expectations
about the behavior of road users (AVs) (Houtenbos, 2008). In summary, Fig. 1 illustrates that when pedestrians are able to
perceive and understand an approaching vehicle’s features and the road situation, they are able to make appropriate predic-
tions regarding the behavior of the vehicle. This, in turn, leads to accurate crossing decisions and safe crossing behavior. If,
however, pedestrians have inaccurate perception and comprehension about the behavior of the vehicle, this could lead to
wrong predictions, a state of elevated confusion and stress, and unsafe crossing decisions (and see George & Dane, 2016;
Starcke & Brand, 2012, indicating that stress is associated with decision making).

There are severalways inwhichpedestriansmaymake incorrect crossing decisionswhen interactingwith anAV. First, there
could be a problemof perceptionor comprehension, as pedestriansmight be unable to distinguishwhether they are interacting
with a traditional vehicle orwith anAV. One of the drawbacks of AVs is that communication betweenpedestrians and drivers is
Fig. 1. Model of situation awareness in dynamic decision making, describing the interaction between a pedestrian and an AV (adapted from Endsley, 1995).
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not always possible, because the driver of the AVmay be performing a non-driving task and therefore is not paying attention to
the road (Kitazaki & Myhre, 2015; Rothenbücher et al., 2016). This means that pedestrians may be unable to differentiate
between a distracted driver in a traditional vehicle and an AV driver performing a non-driving task, such as reading a newspa-
per. Second, pedestriansmay havemisplaced trust in AVs, or incorrect expectations about the behavior of AVs because of a lack
of previous experience in traffic situations involving those types of vehicles. For example, if pedestrians believe that the
approaching vehicle is driving automatically, theymay accept a short gap, because they believe that AVs will yield in all cases.
Conversely, it is possible that pedestrians will actually cross with a large gap, because they do not trust the AV’s capabilities.

One possible remedy to problems of situation awareness is to make the AVs explicitly recognizable, for example via an
external sign stating ‘‘self-driving” (Hagenzieker et al., 2016). Although such a sign may alleviate problems of perception and
comprehension, a sign may also result in confusion, because the presence of an external sign does not guarantee that AV is
driving automatically at that particular moment.

In summary, future AVs may be explicitly recognizable (via signs) or non-recognizable (but still include a distracted
driver). Both these situations may be confusing and stressful for pedestrians, and may contribute to altered crossing
decisions, as explained in Fig. 1. Thus, it is important to analyze the effect of AVs on pedestrians’ gap acceptance, as well
as on subjectively experienced stress levels and visual cues that are taken into account in the decision to cross.

1.3. Previous research on pedestrian – automated vehicle interaction

Thus far, a number of studies on the interaction between vulnerable road users and AVs have been conducted (e.g., Blau,
2015; CityMobil2, 2016; Charisi, Habibovic, Andersson, Li, & Evers, 2017; Clamann, Aubert, & Cummings, 2017; Habibovic
et al., 2016; Malmsten Lundgren et al., 2017; Rothenbücher et al., 2016).

Clamann et al. (2017) experimentally investigated pedestrians’ response times to a Wizard of Oz AV carrying a forward-
facing sign that showed a message (e.g., ‘Walk’, ‘Do not walk’). These authors concluded that legacy behaviors, such as gap
distance, are more important for pedestrians in deciding whether to cross the road than the message displayed on the AV.
Rothenbücher et al. (2016) also used a Wizard of Oz method to assess the behavior of pedestrians when interacting with an
AV without an apparent driver. In a naturalistic driving study, the authors used a car seat costume to conceal the driver, and
measured pedestrians’ behavior in response to the vehicle. Results showed that pedestrians did notice that the car contained
no driver, yet pedestrians were found to be ‘‘surprisingly capable of managing this breach of normality without any commu-
nication cues” (p. 801).

Lagström & Malmsten Lundgren (2015); (see also Malmsten Lundgren et al., 2017) performed a field study in which 13
participants’ willingness to cross was assessed while encountering a traditional vehicle or a Wizard of Oz AV. To create this
Wizard of Oz setup, the authors used a dummy steering wheel in a right-hand steered car, whereas the real steering wheel
was hidden so that the car appeared to be a left-hand steered to the pedestrians. Different vehicle behaviors (stopping, not
stopping) and different driver behaviors (eye contact, phone, newspaper, no driver) were tested. The authors found that a
majority of pedestrians who encountered an AV with an inattentive ‘driver’ or no driver behind the wheel reported an
unwillingness to cross. Conversely, all participants would be willing to cross the road when they had eye-contact with
the driver. The authors recommended that it may be beneficial to provide information to pedestrians by means of an external
vehicle display. Accordingly, the authors also demonstrated a LED strip on the upper part of the windshield, which commu-
nicated to the outside traffic whether the AV is in automated driving mode and about to yield (Lagström & Malmsten
Lundgren, 2015). Similar AV prototypes have been produced by Nissan (LED display showing ‘‘after you”) and Daimler (Zebra
crossing projected onto the road).

Other studies have used questionnaires or interviews to identify the information needs of vulnerable road users who
encounter AVs. Blau (2015) used an online questionnaire from which it was concluded that participants prefer segregated
infrastructure when interacting with AVs as compared to when interacting with traditional vehicles. Hagenzieker et al.
(2016) carried out a questionnaire study in which participants were shown photos of traditional vehicles and AVs with dif-
ferent external signs (‘‘self-driving”) from a cyclist’s perspective. The authors found no statistically significant differences
between AVs and traditional vehicles regarding the participants’ level of certainty as to whether the vehicle had noticed
them or would stop for them. Fridman et al. (2017) performed a survey study using 200 participants recruited via crowd-
sourcing. The respondents rated 30 vehicle-to-pedestrian display concepts mounted at the front of the car. The authors
observed that simple indications (e.g., green pedestrian, green text ‘‘walk”, red text ‘‘don’t walk”) were most indicative of
whether it is safe or not to walk, while certain concepts (e.g., arrows, circles, etc) were more ambiguous. Based on an inter-
view study, Kitazaki and Myhre (2015), provided a list of eight tentative recommendations for communication between
pedestrians and AVs. For example, they recommended that autonomous vehicles should identify themselves on the body
of the vehicle so that others can form an understanding and trust in AVs. However, at present, there remains a paucity of
research regarding AV-pedestrian interactions in real-life settings.

1.4. Aim of this study

As stated above, the interaction between pedestrians and vehicles is based on pedestrians’ interpretation of vehicle fea-
tures (e.g., speed, distance) and communication with the driver. Moreover, road users behave in accordance to how they
expect other road users to behave. When AVs are introduced on the roads, communication with drivers might not always
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be possible, and pedestrians could have incorrect expectations regarding the intention of AVs. Additionally, a mixture of tra-
ditional and new AVs might share the roads and pedestrians might be unable to distinguish with which type of vehicle they
are interacting. This can create problems of perception and comprehension of the vehicle or traffic situation by the pedes-
trian, leading to wrong predictions of the vehicle’s behavior, stress, and changes in pedestrians’ crossing decisions (see
Fig. 1). Therefore, the aim of the present study was to analyze the effect of approaching AVs on pedestrians’ crossing deci-
sions. Specifically, the following research questions were addressed: (1) Do pedestrians’ crossing decisions differ between an
encounter with an AV and an encounter with a traditional vehicle?, (2) Do pedestrians’ crossing decisions differ as a function
of the AV’s external features (‘‘self-driving” signs, driver’s attentional state)?

An experiment in a real crossing environment was performed in which participants (pedestrians) encountered an
approaching vehicle with different occupant behavior (attentive, inattentive, reading a newspaper) and different signage
(roof sign ‘‘self-driving”, hood/door signs ‘‘self-driving”, no signs). The two conditions with the sign were selected from a
photo-based questionnaire study by Hagenzieker et al. (2016). We added a scenario in which the driver was reading a news-
paper, and the vehicle was not equipped with any type of external signs (see also Habibovic et al., 2016). The idea of these
manipulations was to assess the effects of features/information that may be present in AVs in the future. Participants were
not informed in advance about the presence of AVs, to test a possible future situation in which AVs are recently introduced
on the roads and no training is provided to road users.

The AV was driven by using a Wizard of Oz setup (Dahlbäck, Jönsson, & Ahrenberg, 1993; Habibovic et al., 2016), meaning
that a fake ‘driver’ sat behind the wheel (e.g., performing non-driving tasks such as reading a newspaper) while the vehicle
was actually controlled by the passenger next to the ‘driver’ by means of a joystick. Pedestrians’ crossing decisions were
defined in terms of gap acceptance as extracted from video images and GPS recordings. Furthermore, participants were asked
to complete questionnaires for assessing the factors taken into account in their decisions as well as their perceived level of
stress after interacting with the vehicle.

2. Methods

2.1. Participants

Twenty-four participants were recruited at the Delft University of Technology via posters in different faculties and main
campus locations, flyers, individual recruitment, and posts on social media. The number of participants was limited by
restrictions in the number of days and time that the road could be closed to other traffic to perform the experiment.

The participants were 9 women and 15 men aged between 19 and 30 years (M = 24.50; SD = 2.95). Participants had dif-
ferent nationalities but it was a requirement that they came from a country where vehicles drive on the right-hand side
(steering wheel on the left). Eventually, four participants from countries where vehicles drive on the left-hand side were
included because they were used to interact with vehicles that drive on the right-hand side after living in the Netherlands
for several years. Other requirements to participate in the experiment were being older than 18 years and having a good
command of the English language.

During recruitment, it was explained to the participants that they were going to partake in a study that aimed to analyze
the interactions between pedestrians and vehicles, not informing them that Wizard of Oz AVs were involved in the exper-
iment. All participants were rewarded with a gift coupon of €10 at the end of the field study as a compensation for their col-
laboration in the study.

The research was approved by the Human Research Ethics Committee of the Delft University of Technology and the
SWOV (Institute for Road Safety Research) Ethical Committee, provided that pedestrians would not cross the road. Letting
pedestrians step onto the road was also not allowed. Therefore, pedestrians had to indicate their crossing intentions in a dif-
ferent way (i.e., step forward, step backward). All participants provided written informed consent.

2.2. Location and safety procedures

The experiment was conducted at the edge of the Delft University of Technology campus. The road was closed during the
experimental sessions to ensure safety. Road blockages were created by placing fences and signs. Moreover, a security guard
was present during the experiment to prevent other road users from accessing the road. The road consisted of two driving
lanes and two parking lanes. A sidewalk was present on one side of the road; pedestrian crossing facilities were not available
(Fig. 2). To ensure the safety of all persons involved in the experiment, the person sitting in the driver’s seat could immedi-
ately resume control over the vehicle in case of emergency or problems with the joystick. However, such situations did not
occur during the experiment.

2.3. Independent variables

The first independent variable was the vehicle’s appearance. A single vehicle (a white Toyota Prius) was used to prevent
introducing a bias in the participants’ behavior due to the vehicle type or color. The vehicle’s appearance was set according to
one of the following five conditions:
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1. Traditional vehicle (TV) (Manually driven – No signs – Attentive driver): The vehicle was driven manually. The driver
was paying attention to the road and kept his hands on the steering wheel (Fig. 3a).

2. Non-recognizable automated vehicle (AV) (Joystick driven – No signs – Newspaper driver): The vehicle was driven by
the passenger sitting next to the ‘driver’ using a joystick connected to a laptop that controlled the vehicle. The ‘driver’ was
holding a newspaper in front of him as if he would be reading it. The vehicle was not equipped with external signs
(Fig. 3b).

3. Automated vehicle with magnetic signs on the hood and door (AVM) (Joystick driven – Hood & door sign – Inattentive
driver): the vehicle was driven with the joystick by the passenger next to the ‘driver’. The ‘driver’ was intentionally not
making eye-contact with the participant (as if he would not be paying attention to the traffic situation) and did not have
his hands on the steering wheel. The vehicle was equipped with magnetic signs on the hood and the front door on the
pedestrian’s side, showing the text ‘‘self-driving” (Fig. 3c). The hood magnet measured 80 � 30 cm, and the door magnet
measured 60 � 30 cm.

4. Automated vehicle with signs on the roof (AVR) (Joystick driven – Roof sign – Inattentive driver): This was the same as
the previous condition, but now the vehicle was equipped with a roof sign with the message ‘‘self-driving” (Fig. 3d). The
size of that sign was 70 � 25 cm.

5. Traditional vehicle joystick (TVJ): (Joystick driven – No signs – Attentive driver): Because it was suspected that differ-
ences in driving behavior might appear due to the use of the joystick, a fifth scenario was used. In this scenario, the vehi-
cle was driven with the joystick by the passenger but the vehicle looked like a traditional vehicle from the outside (i.e., the
‘driver’ had his hands on the steering wheel, and he was intentionally making eye-contact with the participants) (Fig. 3a).

It is noted that only 5 types of vehicle appearances out of the 18 possible combinations (i.e., 2 driving modes � 3 sign
conditions � 3 attention conditions) were tested. For example, we did not test an AV without signs and with an inattentive
driver. The reason for this non-crossed design is that the experiment would otherwise take too long per participant.

The second and third independent variables were the vehicle’s stopping behavior (stop vs. not stop) and its approach
direction (left vs. right). In all scenarios, the vehicle started driving and increased its speed to 25 km/h. This speed was
reached at a distance of 70 m relative to the participant. The vehicle then gradually reduced its speed to 10–15 km/h. This
speed was reached at a distance of about 20 m from the participant. Finally, the vehicle either stopped or did not stop before
the participant. The vehicle approached the participant from either the left or the right. Thus, 20 scenarios (5 appearances �
2 stopping conditions � 2 approach directions) resulted from the three independent variables. The participants experienced
each of the 20 scenarios once and in a randomized order.

2.4. Procedures

The experiment took place on four days in March 2017, each day between 09:30 and 15:30. A maximum of seven partic-
ipants took part per day. The experiment took about 60 min per participant. Different experimenters were involved across



a) Traditional vehicle (TV): Manually driven – No 
     signs – Attentive driver 

b) Non-recognizable automated vehicle (AV): 
     Joystick driven – No signs – Newspaper driver 

c) Automated vehicle with magnetic signs on the 
     hood and door (AVM): Joystick 
     driven – Hood & door sign – Inattentive driver.

d) Automated vehicle with signs on the roof (AVR): 
Joystick driven – Roof sign – Inattentive driver

Fig. 3. Vehicle configurations used in the experiment.

Fig. 4. Top view illustration of the experiment. (1) Start driving at 25 km/h (70 m from the participant); (2) Reduce speed to 10–15 km/h (around 20 m from
the participant); (3) Stop/not stop before the participant; (4) Change signs and turn around to start driving on the lane corresponding to the following
scenario. Position 1 is about 2 m away from the curb; Position 2 is near the edge of the curb.
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the different days, but the experimenters in the car and the experimenter performing the interviews were always the same.
The 20 scenarios were randomized across participants. The setup of the experiment in the case of a scenario in which the
vehicle approached the participant (pedestrian) from the left is shown in Fig. 4. The dashed black arrows indicate the
vehicle’s path.
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The same protocol was followed for each participant:

– When the participant arrived at the experiment location, one of the experimenters welcomed him/her at the van (Fig. 4).
The van was used as an office place because no nearby buildings or facilities were available. The participant signed an
informed consent form on which the instructions for the experiment were described.

– Another experimenter walked with the participant to Position 1 on the sidewalk (Fig. 4). There, the experimenter
repeated the instructions orally to the participant as follows: You will stand here (Position 1) with your back to the road.
When I tell you, you should turn around and walk until here (Position 2). Vehicles with different characteristics will approach
you, and you should take one step to the front in the first moment you would cross the road and one step backward in the last
moment you would cross the road. It is really important that you do not step onto the road. After that I will tell you to come back
here (Position 1) and I will ask you some short questions that I will record.
Participants had to stand in Position 1 with their back towards the road to ensure that they would not know in advance
which scenario was going to be tested next. In this way, participants could not see that the researchers were changing the
vehicle signs or how the vehicle started driving. Participants walked from Position 1 to Position 2 to simulate a real cross-
ing situation in which pedestrians walk on the pavement while a vehicle is approaching. They were not allowed to cross
the road due to ethical restrictions, and to ensure the safety of all people involved in the experiment.

– Each of the 20 scenarios was followed by an oral interview (‘post-interaction’). At the end of the experiment, another oral
interview (‘post-experiment’) was performed. Both interviews were audio recorded with a mobile phone.

– Back in the van, the participants completed a digital questionnaire and were provided with a debriefing form and a gift
coupon. The debriefing form mentioned the aim of the research (‘‘to analyze the impact of automated vehicles on pedes-
trian crossing behavior and perceived safety”), disclosed which variables were measured (e.g., critical gap with the aid of
video recording), and stated that different scenarios were studied regarding vehicle recognition. The form did not explain
the Wizard of Oz technique, but the experimenter faithfully answered any questions a participant had regarding whether
the vehicle was a real AV.

In each interaction, the vehicle started driving and gave a light sign (high beams) to the experimenter when the vehicle
was 70 m from the participant. The experimenter told the participant to turn around at this moment.

The post-interaction interview consisted of three questions:

(1) Which factors did you take into account before making the decision to take a step backward? Participants were
permitted to provide multiple answers.

(2) Did you perceive something different than what you would see when interacting with a car in real life? (In case of an
affirmative answer: Did this influence your decision making, and how?)

(3) How stressed were you on a scale from 0 (not stressed at all) to 10 (extremely stressed)?

The post-experiment interview consisted of the following questions:

(1) How realistic do you think the setup of this experiment was on a scale from 0 to 10? Do you think it was similar to a
crossing situation in real life? (Why/why not?)

(2) Was it natural for you to take a step forward in the first moment you would cross the road and a step backward in the
last moment you would do it? (Why/why not?)

(3) How do you think the vehicle was driving; do you think the vehicle was driving manually or autonomously?

The post-experiment questionnaire, created in Google forms, was divided into four different parts:

– Part 1: Personal data: Age, gender, and country of origin were asked.

– Part 2: Interaction with the vehicle during the experiment. Participants were asked ‘‘Did you realize, before making the decision

to cross, that in some scenarios the vehicle was equipped with specific signs on the outside with the message self-driving
vehicle?” (yes or no). The subsequent questions were ‘‘In case of affirmative answer to the previous question, did the signs
on the outside of the vehicle influence your decision to cross?” and ‘‘If yes, how did the signs influence your decision to cross?”
Participants were also asked: ‘‘Which of the different sign types was clearer to you?”: ‘‘signs on the side and on the front of the
vehicle” or a ‘‘sign on the vehicle roof” (accompanied with two exemplary photoshopped pictures). Also, the following

questions were asked: ‘‘Did you realize, before making the decision to cross, that in some scenarios the driver was performing
other tasks than driving?” (yes or no) and ‘‘In case of affirmative answer to the previous question, did the fact that the driver
was performing other tasks than driving influence your decision to cross?” and ‘‘If yes, how did the driver performing other tasks
influence your decision to cross?”.

– Part 3: Sensation seeking scale and trust in self-driving vehicles. Sensation seeking of participants was assessed using a Brief
Sensation Seeking Scale (BSSS-8) (Hoyle, Stephenson, Palmgreen, Lorch, & Donohew, 2002). Participants reported their
level of agreement with eight statements, including for example ‘‘I would like to explore strange places”, using a 5-point
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Likert scale from ‘Strongly disagree’ to ‘Strongly agree’. The trust in self-driving vehicles was assessed using questions in
which participants had to show their agreement with six statements, such as ‘‘I trust the self-driving vehicle to interact
safely with pedestrians” on a 5-point Likert scale. This questionnaire was also used by Hagenzieker et al. (2016).

– Part 4: Feedback and further improvements. The participants were asked the following: ‘‘Please write any suggestion or com-
ment you might have to improve the current experiment in the future”.

As pointed out in Section 2.1, participants were not informed in advance about the presence of AVs. The questions from
the post-experiment interview and the questionnaire were provided at the end of the experiment (and not after each inter-
action) to prevent that the behavior of participants in the next trial is influenced by the questions (e.g., participants could
otherwise start focusing more on the vehicle and try to guess if it is driving autonomously or manually).
2.5. Dependent variables

The dependent variables were (1) critical gap, (2) self-reported stress level, and (3) visual cues taken into account when
making the decision to cross the road.
2.5.1. Critical gap
Brewer et al. (2005) defined a critical gap as ‘‘the time in seconds below which a pedestrian will not attempt to begin

crossing the street. If the available gap is greater than the critical gap, it is assumed the pedestrian will cross, but if the
available gap is less than the critical gap, it is assumed that the pedestrian will not cross” (Transportation Research
Board, 2000, p. 18–14). In the present study, the critical gap in terms of distance and time was estimated.

As the current study focuses on pedestrian’s crossing critical gap, the distance when the pedestrian stepped backwardwas
analyzed. The step forward was not used as a dependent measure, because participants stepped forward in response to the
instructions of the experimenter. In a pilot study, participants reported that taking first a step forward and then a step back-
ward feltmore natural to them as compared to a procedurewhere the participants were facing the road the entire experiment.

The following critical gap measures were used.

(a) Critical gap in distance units obtained from manual video analysis. Three cameras were placed on the opposite side of
the road from where the participants were standing during the experiment. The three cameras covered a range of
about 30 m to the right and the left side from the pedestrian. Orange cones were placed at the edge of the sidewalk,
behind the participant, with a distance of 5 m between them. Critical gaps were obtained through visual inspection of
the recorded videos, extracting the distance between the participant and the front of the vehicle at the moment the
participant took a step backward.

(b) Critical gap in distance and time units obtained from GPS. Two cameras were placed inside the vehicle, on top of the
dashboard. The view of these two cameras covered the road and the sidewalk (Fig. 5). The moment that the participant
stepped back was extracted from these camera images. The distance between the participant and the front of the
camera was then calculated based on the GPS recordings on board the vehicle. Similarly, the speed of the vehicle
and the critical gap in time units (defined as distance/speed) were calculated.
Fig. 5. View from one of the cameras inside of the vehicle.
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We decided to use both video-based and GPS-based measures of the critical gap, because each of these two approaches
has its own strengths and weaknesses in terms of human coding reliability, objectivity, and temporal resolution. Thus, the
two approaches ought to give the same critical gap distances, but may be subject to different types of error and bias, and
therefore complement each other.

2.5.2. Self-reported stress
The perceived level of stress was measured using a one-item scale with values ranging from 0 (not stressed at all) to 10

(extremely stressed) during the interviews after every interaction between the participant and the vehicle.

2.5.3. Self-reported visual cues
The visual cues that participants took into account were assessed by the answers reported by the participants during the

post-interaction interviews, post-experiment interviews, and the digital questionnaire.

2.6. Statistical analyses and missing value treatment

The critical gap data, self-reported stress, and self-reported visual cues were analyzed by means of frequency counts,
means, and standard deviations. Differences between the five vehicle conditions were analyzed using a repeated-
measures ANOVA, for the left and right approaches separately. The stop and non-stop conditions were averaged per partic-
ipant (see Section 3.1.3 for justification). Multiple comparisons were conducted using the Tukey-Kramer method.

A parametric ANOVA was used instead of a nonparametric test, because there were no reasons to expect inhomogeneity
of variances, data were expected to be approximately normally distributed due to the averaging of two trials per participant
(stop and non-stop conditions), and ANOVA is robust to violations of its assumptions (e.g., Blanca, Alarcón, Arnau, Bono, &
Bendayan, 2017). However, as a robustness check, and to protect against the possibility of heavily tailed distributions
(e.g., floor or ceiling effects in the self-reported stress measure, or early critical gaps scores), the repeated-measures ANOVAs
were repeated after rank-transformation of the 480 scores (24 participants � 20 trials) (Conover & Iman, 1981), see Supple-
mentary materials (Table S1).

For the video-based gaps, there were 19 out of 480 (24 participants � 20 trials) missing values. For the GPS-based
distance and speed gaps, there were 42 out of 480 missing values, and for the time gaps, there were 43 out of 480 missing
values. These missing values were trials in which a participant had misunderstood the instructions as she wanted to step
onto the road, and trials in which the moment of stepping back was not visible on the video recordings by the three cameras
in front of the participant or the camera inside the vehicle. For the GPS-based critical gap time, one missing value concerned
a trial in which the vehicle had come to a full stop, and so a gap time could not be computed.

The experiment took place on four days. The weather conditions of the experiment were variable (good weather on the
first and second day [n = 13], windy weather on the third day [n = 6], rainy and windy weather on the fourth day [n = 5]). The
strong winds led to inaudible recordings of the interviews in some cases. For self-reported stress, 3 out of 24 participants had
no data because of inaudible recordings due to wind. These 3 participants were excluded from the analysis of self-reported
stress. For the remaining 420 trials (21 participants � 20 trials) there were 13 missing values. Missing values were estimated
using Euclidean distance imputation of the nearest-neighbor participant.

3. Results

3.1. Manipulation checks

3.1.1. Self-reported driving mode
First, we examined whether participants believed they were actually interacting with an AV. Participants were asked in

the post-experiment interview how they thought the vehicle was driven. Results showed that 8 out of 20 participants with
available answers thought the vehicle was driven both manually and autonomously depending on the scenario. One partic-
ipant thought the vehicle was driven autonomously in all scenarios. A total of 9 participants believed that the vehicle was
driven manually in all scenarios, and 2 participants were unsure about the driving mode. The remaining four participants
provided no available data due to recording issues (i.e., inaudible recordings due to wind).

3.1.2. Self-reported realism
In the post-experiment interview, the participants were asked to rate the realism of the experiment on a scale from 0 to

10. The mean score was 6.42 (SD = 1.83, N = 19). The most frequently reported justifications were that there was only one
approaching car and/or that this car was driving slowly (8 participants), that they were not allowed to step onto the road
(3 participants), and that there were no pedestrian crossing facilities (2 participants).

From the 19 participants with available answers, 8 reported in the post-experiment interview that the experimental
instructions (i.e., to step forward & backward) were natural to them. The remaining participants stated they were sometimes
confused about when to step forward or backward. For example, one participant reported: ‘‘The step forward was weird; I
think once I kind of forgot that I needed to take a step forward. And the step back was fine”.
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3.1.3. Verification of approach speed
It is important to verify whether the approach speeds were equivalent between the five vehicle conditions. Fig. 6 shows

that the vehicle approached with a higher mean speed in the TV condition than in the four joystick-controlled conditions. A
repeated-measures ANOVA indicated a significant effect between the five conditions for the vehicle’s speed 30 m in front of
the pedestrian (F(4, 92) = 17.26, p < 0.001 for left approaches, F(4, 92) = 18.38, p < 0.001 for right approaches, see Table S2 in
Supplementary materials for means and standard deviations). Tukey-Kramer multiple comparisons showed significant
differences between the TV condition and each of the four joystick-controlled conditions, but no significant differences
among pairs of the four joystick-controlled conditions. The higher speed for the manually controlled car indicates that
the results for this condition should be interpreted separately. For example, if participants in the TV condition have a shorter
critical gap than in a joystick-controlled condition, this may be because the vehicle in this condition approached with a
higher speed.

Fig. 7 illustrates the speed of the vehicle as a function of the distance relative to the participant, for each scenario and
participant. Green markers indicate the moment when the participant stepped back (i.e., the critical gaps). It can be seen that
in almost all cases the participant stepped back before the vehicle started to slow down. In other words, the vehicle’s stop-
ping behavior (i.e., stop & not stop conditions) could not affect the observed critical gaps. We therefore averaged the stop and
not stop conditions in the subsequent analyses.

3.2. Effect of vehicle condition on participants’ critical gap

Table 1 shows the means and standard deviations of the critical gap distance per vehicle condition and approaching direc-
tion. A one-way repeated measures ANOVA of the video-based critical gap distances showed no significant differences
between the five vehicle conditions for both left approaches (F(4, 92) = 1.42, p = 0.234) and right approaches (F(4, 92) = 0.
47, p = 0.759). For the GPS-based critical gap distances, there was also no statistically significant difference for left
approaches (F(4, 92) = 1.10, p = 0.363), but there was for right approaches (F(4, 92) = 2.73, p = 0.034). A Tukey-Kramer
multiple comparison showed that the critical gap distance for right approaches was higher for the TV condition than for
the AVR and TVJ conditions.

Table 2 shows the vehicle speed and time gap at the moment that the participant stepped back. The effects were all
statistically significant (F(4, 92) = 15.15, 11.56, 10.27, 10.19 for the speed left, speed right, time gap left, time gap right mea-
sures, respectively, p < 0.001 in all four ANOVAs). A multiple comparison showed that the speed was higher, and the time gap
was smaller, for the TV condition than for the four joystick-controlled conditions. However, there were no statistically
significant differences in speed or time gap between the four joystick-controlled conditions.

In summary, the vehicle in the TV condition approached with a higher speed, which led to considerably shorter time gaps
(Table 2) and which may have contributed to the slightly higher distance gaps (Table 1) as compared to the four joystick
controlled conditions. There were no significant differences in gap distance, speed, or gap time between the four joystick-
controlled conditions.
Fig. 6. Mean speed versus distance between the vehicle and the participant, for each of the five experimental conditions. If the distance is negative, the car
approaches from the right from the participant’s perspective.



Fig. 7. Speed versus distance between the car and the participant, for each individual encounter. If the distance is negative, the car approaches from the
right from the participant’s perspective. If the distance is positive, the car approaches from the left from the participant’s perspective. Green markers =
speed and distance at the moment the participant stepped back, red lines = the car does not stop, black lines = the car stops. Three step-back events are not
visible in this figure (at �74 m, �72 m, & �71 m). (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)

Table 1
Critical gap distance, per vehicle condition and approach direction.

Video-based distance
measurement (m)

GPS-based distance
measurement (m)

Mean SD Mean SD

1. TV: Manually driven – No signs – Attentive driver
- Approaching from the left
- Approaching from the right

19.50 7.58 25.16 5.70
20.82 9.49 26.45 10.15

2. AV: Joystick driven – No signs – Newspaper driver
- Approaching from the left
- Approaching from the right

17.23 6.84 23.94 7.79
20.98 9.20 23.68 8.30

3. AVM: Joystick driven – Hood & door sign – Inattentive driver
- Approaching from the left
- Approaching from the right

17.59 5.40 23.65 4.89
21.64 8.63 23.41 9.32

4. AVR: Joystick driven – Roof sign – Inattentive driver
- Approaching from the left
- Approaching from the right

19.66 8.24 25.11 7.03
19.57 9.62 22.72 7.92

5. TVJ: Joystick driven – No signs – Attentive driver
- Approaching from the left
- Approaching from the right

17.97 6.10 23.45 6.14
20.87 9.09 22.75 8.22
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3.3. Self-reported level of stress

Table 3 shows that perceived levels of stress were low, with an overall average of 2.7 on a scale from 0 to 10. A repeated
measures ANOVA revealed no significant differences for the vehicle approaching from the left (F(4, 80) = 1.12, p = 0.353) and
the vehicle approaching from the right (F(4, 80) = 1.64, p = 0.172).

3.4. Visual cues taken into account

3.4.1. Post-experiment questionnaire
In the post-experiment questionnaire, in regards to the question ‘‘Did you realize, before making the decision to cross,

that in some scenarios the driver was performing other tasks than driving?”, 83% of the participants (i.e., 20 of 24) answered
‘‘yes”. From those 20 participants, 14 (i.e., 70%) reported that the signs influenced their decision-making. There were 7



Table 2
Critical gap speed and time gap, per vehicle condition and approach direction.

GPS speed measurement (km/h) GPS time measurement (s)

Mean SD Mean SD

1. TV: Manually driven – No signs – Attentive driver
- Approaching from the left
- Approaching from the right

16.23 2.41 5.66 0.71
16.01 2.46 5.53 1.39

2. AV: Joystick driven – No signs – Newspaper driver
- Approaching from the left
- Approaching from the right

11.63 3.07 7.55 1.46
12.20 3.82 6.97 1.46

3. AVM: Joystick driven – Hood & door sign – Inattentive driver
- Approaching from the left
- Approaching from the right

12.13 2.39 7.53 1.80
11.60 3.42 7.67 1.78

4. AVR: Joystick driven – Roof sign – Inattentive driver
- Approaching from the left
- Approaching from the right

12.82 3.28 7.22 1.45
11.70 4.05 7.06 1.27

5. TVJ: Joystick driven – No signs – Attentive driver
- Approaching from the left
- Approaching from the right

11.62 2.42 7.37 1.46
11.49 2.84 7.40 1.44

Table 3
Self-reported stress level, per vehicle condition and approach direction.

Stress level (0–10)

Mean SD

1. TV: Manually driven – No signs – Attentive driver
- Approaching from the left
- Approaching from the right

2.85 1.99
2.68 2.06

2. AV: Joystick driven – No signs – Newspaper driver
- Approaching from the left
- Approaching from the right

2.82 1.86
2.83 1.98

3. AVM: Joystick driven – Hood & door sign – Inattentive driver
- Approaching from the left
- Approaching from the right

2.71 1.91
2.98 1.83

4. AVR: Joystick driven – Roof sign – Inattentive driver
- Approaching from the left
- Approaching from the right

2.58 1.93
2.45 1.93

5. TVJ: Joystick driven – No signs – Attentive driver
- Approaching from the left
- Approaching from the right

2.26 1.49
2.54 1.60
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participants who stated that they were more uncertain/doubtful, less safe, or more careful as compared to a traditional
vehicle. Three of 14 participants who reported that the signs influenced their decision making explained that they considered
that the vehicle would stop for them and that the situation was safe.

Regarding the question ‘‘Which of the different sign types was clearer for you?”, 19 out of the 20 participants (95%) who
did perceive the signs reported that the roof sign was the clearest.

The post-experiment questionnaire further showed that all the participants who answered ‘‘yes” to the question ‘‘Did you
realize, before making the decision to cross, that in some scenarios the driver was performing other tasks than driving?”
(20 out of 24, as stated above) identified the task as reading a newspaper or a map. 19 of the 20 participants (95%) who
did see the driver reading a newspaper answered yes to the question ‘‘Did the fact that the driver was performing other tasks
than driving influence your decision to cross?” From them, 6 participants reported that they took a step backward earlier,
5 participants explained that they were more hesitant or careful to cross, and 3 participants reported that they preferred
to have eye contact with the driver. One participant explained that he allowed the vehicle to approach him closer because
he assumed that it was a self-driving vehicle that would always yield. In the post-experiment questionnaire, there was no
specific question regarding the influence of driver inattentiveness concerning the two sign conditions. However, some
participants reported taking into account factors such as eye contact or the fact that the driver did not have his hands on
the steering wheel (see Section 3.4.2).
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3.4.2. Post-interaction interview
The answers to the question ‘‘Which factors did you take into account before making the decision to take a step back-

ward?” were coded into different factors. Out of the 480 interviews held (i.e., 24 participants � 20 scenarios), there were
81 missing interview recordings (e.g., inaudible recordings), thus yielding a total of 399 interviews. Participants reported
a total of 736 factors (note that participants could report multiple factors per interview).

The main factors that participants reported as taken into account before making the decision to take a step backward
(i.e., to not cross the road anymore) were: speed of the vehicle (240 out of 736 reported factors) and distance from the vehi-
cle, (204 out of 736). The self-driving signs and the driver reading a newspaper were also considered important factors. In the
case of the scenarios involving a vehicle with signs ‘‘self-driving” (AVM & AVR), the signs were reported as an important
factor 37 out of 306 times. In the scenarios where the driver was reading a newspaper, that fact was reported as an important
factor 33 times out of 141 times.

Examples of other factors reported by participants were: eye-contact or no eye-contact with the driver (28 out of 736),
seeing the hands of the driver on the steering wheel or not (13 out of 736), weather conditions (8 out of 736), vehicle
stopping or not stopping (72 out of 736), small vehicle lateral deviations (caused by the joystick control; 10 out of 736),
or comments regarding the approaching direction or road (41 out of 736).

3.5. Self-reported trust in self-driving technology

Table 4 shows the means and standard deviations for each statement of the questionnaire to assess trust in self-driving
technology.

3.6. Correlational analyses

Table 5 shows a correlation matrix among the age, gender, mean critical gap variables, as well as mean self-reported
stress, trust, and sensation seeking. It can be seen that males accepted shorter gaps, and had a higher sensation seeking score
than females, where the latter effect was not statistically significant (Table 5). Furthermore, it can be seen that the gap
distance and the vehicle speed were strongly correlated. This can be explained by the fact that the vehicle decelerated upon
approach (see Figs. 6 & 7); in other words, if the distance gap is larger, the speed of the vehicle is higher as well.
Table 4
Self-reported trust in self-driving technology.

Question Mean SD

1. In general, I trust the self-driving vehicle 3.67 0.82
2. I trust the self-driving vehicle to avoid obstacles 3.75 0.94
3. I trust the self-driving vehicle when overtaking 3.33 0.87
4. I trust the self-driving vehicle to keep the right lane 3.92 0.65
5. I trust the self-driving vehicle to keep the lane ahead 4.13 0.80
6. I trust the self-driving vehicle to interact safely with pedestrians 3.25 0.94

Note. 1: Strongly disagree; 2: disagree; 3: neither agree nor disagree; 4: agree; 5: strongly
agree.

Table 5
Pearson product-moment correlation matrix among selected variables.

1 2 3 4 5 6 7 8

1 Age (years)
2 Gender (1 = female, 2 = male) �0.25
3 Critical gap distance, video-based (m) �0.11 �0.55**

4 Critical gap distance, GPS-based (m) �0.07 �0.49* 0.93**

5 Vehicle speed at critical gap, GPS-based (km/h) �0.11 �0.56** 0.90** 0.91**

6 Critical gap time, GPS-based (s) 0.14 �0.36 0.67** 0.83** 0.50*

7 Self-reported stress (0–10) �0.05 0.16 �0.29 �0.23 �0.25 �0.02
8 Trust (1–5) �0.24 �0.16 �0.10 �0.16 0.03 �0.33 �0.07
9 Sensation seeking (1–5) 0.00 0.34 �0.22 �0.07 �0.13 0.04 �0.02 �0.05

Note. N = 24, except for variable 4 (N = 23) and variable 7 (N = 21). The means and SDs for the sensation seeking scale are available in the Supplementary
materials (Table S3).

* p < .05 for testing the null hypothesis that the correlation is zero.
** p < .01 for testing the null hypothesis that the correlation is zero.
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4. Discussion

4.1. Main findings: effect of vehicle condition on gap acceptance and self-reported stress

In the near future, there will be a transition period in which a mixture of automated and traditional vehicles will be pre-
sent on the roads. AVs will initially be rare, and pedestrians may not have received instructions or training on how to interact
with those types of vehicles. As a result, pedestrians may hold incorrect expectations about the intentions of AVs, which
could lead to changes in pedestrians’ crossing decisions. This research aimed to assess whether pedestrians’ crossing deci-
sions differ between an encounter with an AV and an encounter with a traditional vehicle, and between AVs with different
features (signs, driver’s attentional state). Our results did not reveal significant differences in the critical gap in terms of dis-
tance and time between the AV and joystick driven traditional vehicle (TVJ) conditions.

Results further showed low self-reported levels of stress, and no significant differences in the critical gap or self-reported
stress between the different vehicle conditions. This may be explained by results from the post-interaction interviews: the
main factors that pedestrians reported to take into account when making the decision to not cross the road were speed and
distance from the vehicle.

Analyses of vehicle speed indicated that the manually driven traditional vehicle was driving at a higher speed than the
other four conditions, an unintended effect that is attributed to the different vehicle control methods (i.e., manual vs. joy-
stick). The difference in speed between the manually driven traditional vehicle condition and the joystick-controlled condi-
tions were presumably caused by the difficulty to change speed using the joystick, which had to be controlled by small hand
movements. This increased speed may have contributed to the slightly higher gap distances for the manual condition
(see Tables 1 and 2). We also observed individual differences in gap acceptance, where males accepted shorter gaps than
females. The fact that males take more risks than females is in agreement with past research (e.g., Zuckerman, Eysenck, &
Eysenck, 1978).

Taken together, our findings confirm previous research (Clamann et al., 2017; Rothenbücher et al., 2016) that individual
predispositions and legacy behaviors such as distance or speed are more important for pedestrians in deciding to cross the
road than are features related to AVs (e.g., external messages on the vehicle). A wealth of prior research concurs that pedes-
trians’ decision to cross a road is dependent on the distance between the vehicle and them, as well as vehicle speed
(e.g., Kadali & Vedagiri, 2013; Oxley, Ihsen, Fildes, Charlton, & Day, 2005; Yannis et al., 2013). A possible explanation is that
relative distance and speed have direct implications for the pedestrian’s safety, whereas vehicle features such as signs or
vehicle size (see Yannis et al., 2013) have only indirect implications. It is important to note that pedestrians might take into
account other factors, such as non-verbal communication with the driver or vehicle features, when the vehicle is slowly
approaching from a short distance (e.g., when the car is creeping forward in a pedestrian crossing zone).

4.2. Visual features taken into account

Although gap acceptance was not statistically affected by the type of vehicle, most of the participants in the post-
experiment questionnaire reported to have perceived the ‘‘self-driving” signs and to be influenced by those signs in making
the decision to cross the road. Participants reported finding the roof sign clearer than the hood/door signs, which could be
because the roof sign is clearly visible from the front, whereas the signs on the hood and door are difficult to perceive.

The majority of participants stated that they felt less safe and more doubtful than when interacting with a traditional
vehicle. These feelings of unsafety may be due to the fact that there was no eye-contact with the driver, an important feature
that pedestrians report to use before making the decision to cross a road (Keferböck & Riener, 2015). The fact that vehicles
with the message ‘‘self-driving” are currently not present on roads could be another factor causing pedestrians to feel unsafe
or confused. In a supplementary analysis, we found that the participants’ critical gap slightly increased with trial number
(Fig. S1). Future research, carried out across multiple days, could examine how participants adjust their expectations and
decisions as they gain more experience with AVs.

The same may apply to the results obtained when the driver was reading a newspaper. The majority of participants
noticed the driver holding a newspaper and reported to be influenced by it. Most of the participants reported that they were
more hesitant to cross or that they preferred to have eye contact with the driver. These results are in accordance with
Malmsten Lundgren et al. (2017), who concluded that perceived safety of pedestrians is worsened when pedestrians are
unable to communicate with the driver as is currently done with traditional vehicles. That particular study also concluded
that eye contact with the driver led to a more calmed crossing situation for pedestrians.

4.3. Critical gap and perceived level of stress

The critical gaps in the present study ranged between 5.66 and 7.67 s. These values are lower than the value of 9.4 s which
we obtained by using an equation provided by Transportation Research Board (2000; assuming a ‘start-up time’ of 1.9 s, a
walking speed of 1.07 m/s, and a road width of 8 m). A possible reason is that default values were considered in the equation
for the pedestrian’s walking speed and start-up time. Empirical studies on gap acceptance found that pedestrians’ median
accepted gap across 11 sites was 6.6 s (Brewer, Fitzpatrick, Whitacre, & Lord, 2006), which is consistent with our results.
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4.4. Sensation seeking and trust in self-driving technology

Trust in self-driving technology was on average of 3.67 on a scale from 1 to 5, meaning that participants were neutral to
positive towards the technology of AVs. However, trust in that technology was relatively low when interaction with pedes-
trians was involved in the question. A possible reason for this is that AVs are still not driving on the roads so it is not known
how they will behave when interacting with pedestrians. Furthermore, to automatically detect pedestrians is a relatively
hard task as compared to automatically maintaining lane (Ohn-Bar & Trivedi, 2016).

No statistically significant correlations were found between sensation seeking and trust in self-driving technology, on the
one hand, and critical gap or self-reported stress, on the other. As described above, features related to AVs were not consid-
ered to be the most important factors for pedestrians in deciding to cross the road, which could explain why the observed
correlations were weak.

4.5. Study limitations

Our study has various limitations. First, only a limited number of participants (24) were involved in the experiment and
all of them were young students at the Delft University of Technology. People at a technical university are not representative
of the general population; they may have a higher affinity towards technology and better spatial skills than average
(Wai, Lubinski, & Benbow, 2009).

Results of the post-experiment interview indicated that about half of the participants believed that the vehicle was driven
in an automated mode in some or all of the scenarios. This suggests that the Wizard of Oz method was credible for these
participants, but that the other half may have recognized the deception that the car was not driven automatically. However,
we did not verify what participants thought of the five vehicle conditions individually. For example, it cannot be ruled out
that some participants thought that the traditional vehicle was driven automatically. Future research could adopt a more
in-depth post-experiment interview to verify the credibility of the Wizard of Oz technique.

The fact that pedestrians were not permitted to actually cross the road (due to ethical reasons) could have also influenced
the results of self-reported stress and critical gaps. Some participants reported during the interviews that they knew they did
not have to cross the road, and that there was no real danger when interacting with the vehicle.

Additionally, no pedestrian crossing facilities were available. The fact that only one vehicle was used and no other road
users were present made the experiment less realistic, as some participants reported. Furthermore, the use of the joystick to
control the car in the Wizard of Oz scenarios involved relatively low approaching speeds of the vehicle. All these factors may
explain why the overall realism was only 6.42 on a scale from 0 to 10.

Weather conditions could have also affected the results of the experiment. In particular, windy weather led to missing
answers during the interview recordings, and some participants in bad weather conditions reported that they could not
always read the signs on the vehicle.

4.6. Recommendations for future research

It is recommended that further studies are performed involving a more heterogeneous participant pool. It is also
important to examine the effects of signs on roads with different configurations and in different locations (i.e., intersections,
vehicle turning).

Measures could be taken to increase the realism of the experiment. For instance, it would be valuable to include multiple
vehicles and multiple types of vulnerable road users. Furthermore, besides reflective signs, dynamic forms of signaling of
crossing intention and automation modes (e.g., via lights and sounds) could be explored (see Fridman et al., 2017 for an
overview of such concepts). Finally, the fact that participants reported to be influenced by the vehicle’s appearance, yet
no significant differences were found in critical gaps, calls for further research using more fine-grained behavioral measure-
ments that can expose participants’ hesitative behaviors when encountering an AV. Accordingly, future research may use
eye-tracking or postural sensors in order to uncover how pedestrians’ behavior is affected by an approaching AV.

The present study assessed pedestrians’ crossing decisions when interacting with AVs for the first time (without previous
experience with them). Future studies may focus on how pedestrians’ behavior might change with experience. For example,
it could be investigated whether experience leads to behavioral adaptation, whereby pedestrians become more cautious, or
conversely, take more risks, when encountering an AV. Furthermore, future research should use a fully-crossed design to test
all possible combinations of vehicle appearance, driver behavior, stopping pattern, and driving direction. The present study
focused on a realistic selection of 20 scenarios that could occur when VRUs encounter AVs.
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