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Abstract
Automated Vehicles (AVs) may play an important role in reducing traffic accidents, and in
improving the safety, efficiency and sustainability of our transportation system. External
human-machine interfaces (eHMIs) are often proposed as a way to improve pedestrians’
feeling of trust when interacting with these vehicles. Recently, distance-dependent eHMIs
were introduced, which communicate the intention of a vehicle to a pedestrian aiming to
cross the road, and provide more contextual information the closer the vehicle gets to the
pedestrian. These eHMIs could solve a open issue in this field, that past studies on eHMIs
were limited to assessing the interaction between one vehicle and only one pedestrian. The
more pedestrians are present, the more difficult it can become for eHMIs to communicate
its intentions clearly.
This study aimed to investigate whether distance-based eHMIs can communicate intentions more clearly than a bumper eHMI that only communicates its yielding intent. It was
expected that more contextual information presented by these eHMIs would help pedestrians in being able to distinguish whom the approaching AV was intending to yield to. This
was therefore tested in a virtual reality setup, in which participants were positioned on the
side of the road as a pedestrian, aiming to cross the road. Ten meters to their right, another
pedestrian was present. The AVs which were approaching from the left either yielded to
the participant or the second pedestrian, or kept driving. Participants’ willingness to cross
the road was measured for five different eHMI conditions: a baseline without an eHMI, a
regular bumper eHMI communicating yielding intent, and three distance-dependent eHMIs
that added an additional interface to the bumper eHMI.
The results revealed that when vehicles yield to the participant, two distance-dependent
eHMIs (the bumper eHMI + street projection and the bumper eHMI + progress bar)
help participants’ feel significantly more safe when deciding to cross the road. All eHMI
conditions improved the sense of safety as compared to the baseline condition. When
vehicles yielded to the pedestrian 10 meters further down the road, only the bumper eHMI
+ street projection performed better than the bumper eHMI. In this scenario, that means
that the bumper eHMI + street projection was able to tell the participant more clearly that
it was not going to yield to them. The baseline performed just as good here as the bumper
eHMI + street projection, indicating that the speed and movement of the vehicle played
a central role in making crossing decisions. The bumper eHMI, bumper eHMI + progress
bar and the bumper eHMI + situational awareness all wrongly increased a participants
willingness to cross, as participants wrongly assumed the approaching AV would yield to
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them. Participants rated the bumper eHMI + street projection as the most clear in terms
of communicating intent, and resulted in the most positive experience. Overall, these
findings show that the effect of distance-dependent eHMIs depends on how the contextual
information is presented. The bumper eHMI + street projection yielded the best results,
whereas the bumper eHMI + progress bar and the bumper eHMI + situational awareness
led to confusion and misinterpretation. It is therefore important that researchers and
manufacturers take into account that eHMIs do not lead to miscommunication to avoid
traffic conflicts. Future research should therefore investigate whether eHMIs will lead to
miscommunication in more dynamic and complex scenarios.
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Chapter 1
Introduction
In 2017, 25300 human lives were lost on the roads of the European Union, of which 21%
were pedestrians (European Commission, 2018). Pedestrians are at heightened risk when
crossing the road, 77% of pedestrian accidents happen while crossing (Department for
Transport, UK, 2015). A large portion of these collisions occur on urban roads and lead
to severe injuries and fatalities. Therefore, the European Union has set a goal for 2020 to
reduce the traffic fatalities by 50% since 2010. This goal was however extended recently to
2030, because to the progress in reducing fatalities has in the EU has stagnated in recent
years. For 2050, the goal is to reduce fatalities to almost zero (European Commission,
2019). It is widely expected that the accident numbers can be reduced through the adoption
of Automated Vehicles (AVs), as 92% of accidents occur due to human error (Treat et
al., 1977). AVs may play a role in reducing these errors, but also have the potential to
beneficially change our current transportation system, through improving safety, efficiency,
and sustainability (Howard & Dai, 2014).
While current AV technology seems to be very promising, many critical problems need
to be solved first before AVs can be introduced into our transportation system safely. AVs
of today are struggling with core functionalities such as localisation, mapping, perception,
and decision making (Yurtsever et al., 2020). On top of that, many open problems exist in
the field of human-machine interaction (Yurtsever et al., 2020), which is the field of interest
for the current study. Due to rapid and possibly unexpected developments, it is important
that the design of highly autonomous systems requires a human-centered approach (de
Visser et al., 2018). The high unpredictability of autonomous systems may harm trust
and adoption of AV technologies (de Visser et al., 2018). People also tend to show a lower
sense of trust in AVs as the level of automation increases, lowering people’s acceptance and
experience of AVs (Rödel et al., 2014). In order to profit from their benefits, AVs firstly
need to be trusted both by drivers/passengers, pedestrians and other road users (Morra et
al., 2019). It is therefore of critical importance that the interaction between humans and
AVs is studied intensively, enabling a safe and efficient interaction between humans and
AVs.
Over the last few years, researchers have therefore been proposing new external communication devices that improve trust in the interaction between pedestrians and AVs.
Effect of distance-dependent eHMIs on AV-two pedestrian interaction
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These external human-machine interfaces (eHMIs) have shown to help pedestrians feel
more safe in crossing scenarios (Kooijman et al., 2019). This study will zoom in on the in
the interaction between pedestrians and AVs, and the use of these eHMIs. The interaction
between pedestrians and eHMIs has been a popular topic of investigation for researchers in
recent years. However, many aspects of the interaction between pedestrians and eHMIs are
either understudied or remain largely unknown, or researchers haven’t reached consensus
on them yet (Dey, Habibovic et al., 2020). Currently, there is a lack of studies that show
eHMIs can work in multi-pedestrian scenarios. Ambiguity may arise when more pedestrians are present, since it becomes increasinly difficult for eHMIs to address different road
users clearly and unambiguously (Dey, 2020). This study therefore aims to contribute to
the need of scalable eHMIs, so that eHMIs can be used in scenarios with varying amounts
of pedestrians (Colley et al., 2020).
This study will focus on investigating the whether existing eHMI concepts are viable in
a scenario with multiple pedestrians. The eHMI concepts that will be tested are distancebased eHMIs (Dey, Holländer et al., 2020). Before the study method and results are
presented an overview will be given of relevant literature. Firstly, crossing behaviour will
be discussed. Thereafter, the role of communication between vehicles and pedestrians will
be discussed. Then relevant work on eHMIs and the aspect of scalability will be covered.
Finally, the aims of the current study will be explained in more detail.

1.1

Pedestrian crossing behaviour

Most pedestrian accidents happen at the moment of crossing (Department for Transport,
UK, 2015). One explanation for this might found in the complexity of crossing behaviour.
From the perspective of a pedestrian, crossing the street can be considered a complex task,
as pedestrians need to gather, process, and act on time-dependent information (Geruschat
et al., 2003). This complex task consists out of three phases, walking to the curb, standing
at the curb, and crossing the street. These different phases require different actions of
pedestrians. Walking to the curb requires acquiring information on the physical layout
of the crossing location, and determining a stopping location at the curb. While waiting
at the curb, pedestrians need to identify the critical elements that define whether it is
safe to cross or not. While crossing, pedestrians are required to check the crosswalk area
and keep checking to assure a safe crossing. Before and during crossing pedestrians look at
multiple elements in their surroundings (the environment, crossing elements, and vehicles).
However, at the moment of deciding to cross or not, the majority of a pedestrian’s gaze is
directed at vehicles on the road (Geruschat et al., 2003). At this decision making moment,
many factors play are involved that affect the pedestrian’s decision. These factors will be
discussed in the next section. Thereafter, the most common mistakes that occur in this
decision-making process will be addressed.
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1.1.1

Factors

The complexity of the decision-making process at the time of crossing becomes evident
when one considers the vast amount of factors that play a role. At the moment pedestrians
are looking at approaching vehicles to decide whether they should cross or not, many factors
come into play that affect this decision. Rasouli & Tsotsos (2019) describe these factors
(Figure 1.1), and a distinction can be made between pedestrian and environmental factors.
Pedestrian factors include factors related directly to the pedestrian, such as age and
gender, social factors, and characteristics/abilities of the pedestrian. Gender is addressed
as one of the most influential factors for pedestrian behaviour, in which women show more

Figure 1.1. Factors involved in pedestrian decision-making process at the time of crossing. From ”Autonomous Vehicles That Interact With Pedestrians: A Survey of Theory
and Practice” by A. Rasouli and J. K. Tsotsos, 2019, IEEE transactions on intelligent
transportation systems., 21(3), p. 900-918.
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cautious behaviour than men and demonstrate a higher degree of law compliance. Since
the current study will focus on the aspect of scalability of eHMIs, the social factors of
pedestrian factors are especially important (Colley et al., 2020). These factors include
group size, pedestrian flow, imitation, social status and social norms. Group size seems
to be the most influential social factor in pedestrian behaviour. Several studies show
that pedestrians show more careless behaviour when crossing as a group, such as accepting
shorter gaps between vehicles to cross, or not looking at approaching vehicles when crossing
(Rasouli & Tsotsos, 2019).
Besides the pedestrian factors, there are environmental factors playing a role. Rasouli &
Tsotsos (2019) distinguish three main groups: Physical Context, Dynamic Factors, Traffic
Characteristics. Physical context factors describe aspects related to physical aspects of the
road and the road crossing, as well as weather and lighting conditions that play a role.
Traffic Characteristics include aspects such as traffic volume, the size of the vehicle, and
the type of vehicle. Especially these factors are relevant for the current study (Colley et
al., 2020). Dynamic factors also play an important role. Gap Acceptance is on of the key
dynamic factors, which describes the gap in traffic pedestrians evaluate as safe to cross.
This is highly dependent on vehicle speed and vehicle distance. Finally, communication
plays a significant role. Any signal between road users can be considered communication,
and it is regarded as the main way to resolve traffic ambiguities (Rasouli & Tsotsos, 2019).

1.1.2

Common mistakes

On the one hand AVs could reduce the human error in traffic accidents from the perspective
of the driver, but there might also be room for improvement from the perspective of the
pedestrian. It would therefore be useful to know which errors pedestrians commonly make
while making a crossing decision. Habibovic & Davidsson (2012) investigated collisions
between passenger vehicles and vulnerable road users (VRUs) crossing the road, which included pedestrians and cyclists. An interesting finding was that for 70% of the cases, VRUs
saw the conflict vehicle approaching before crossing. However, they made misjudgements
of the driver’s intentions which led to taking inadequate actions to prevent a collision from
occurring. To explain this finding, three main critical events that occurred the most often
before collisions were identified. The number one most common mistake was Inadequate
Timing, which meant that VRUs took premature actions (e.g. they cross too early), no
actions (e.g. they don’t stop when needed), or took late actions too late (e.g. stopping too
late). The second most common mistake was Distance, in which VRUs did not manage
to take appropriate distance. The third most common mistake listed was Duration, which
describes the VRUs staying on the road for a longer duration than expected by drivers.
Three main factors that contributed the most to mistakes were identified (Habibovic
& Davidsson, 2012) . The most often appearing factor was Faulty Diagnosis, caused by
mainly four types of problems. Firstly, VRUs experienced errors in their mental models, as
they incorrectly thought the driver had seen them and would adjust behaviour accordingly.
Secondly, VRUs made incorrect analogies, as they thought the vehicle would slow down,
but was in fact slowing down for other road users. Thirdly, misjudgement of time and/or
Effect of distance-dependent eHMIs on AV-two pedestrian interaction
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distance was a frequent problem for VRUs, in which the time or distance to cross the
road was wrongly judged. Fourthly, Information failure occurred, in which the VRUs were
unable to obtain key information about the current traffic situation and its environment.
The second most common factor was Inadequate plan. Here, VRUs made incorrect plans
given the situation at hand, mainly because VRUs were unaware of negative consequences
of their behaviour. Thirdly, for a minority of the cases Observation missed occurred, which
entails the 30% of the pedestrians that did not see the vehicle before the collision. This
happened mainly due to obstructions in the view, inattention, glare, functional impairments, or influence of substances.
The findings indicate that even if pedestrians have a free line of sight they might not
interpret the situation properly. Pedestrians and cyclists often make a faulty diagnosis or
an inadequate plan that leads to a collision. Therefore, Habibovic & Davidsson (2012)
suggest that many pedestrians and cyclists would benefit from system that increase the
predictability of approaching vehicle behaviour. Specifically, they would benefit from a
system that communicates whether the driver/vehicle intends to give way. This again
indicates the importance of communication in the interaction between AVs and pedestrians.

1.1.3

Role of communication

This section covers the interaction between conventional vehicles (non-Automated Vehicles)
and pedestrians. As the previous sections indicated, communication can play a key role
in resolving traffic ambiguities and avoiding conflicts. In order to interact safely and
pleasantly, road users involved need to have a similar understanding of traffic situations
(Habibovic et al., 2018). The more road users differ in terms of interpretation or awareness
of situations, the more likely conflicts are to occur (Endsley, 1995). This resonates with
research from human-robot interaction indicating that a mutual understanding of each
other’s intent contributes to safe and pleasant interactions (Klien et al., 2004). Since
specifically pedestrians rely on communication when making crossing decisions (Rasouli
& Tsotsos, 2019), misinterpretation of a vehicle’s intent is considered as one of the main
causes of pedestrian accidents (Habibovic & Davidsson, 2012).
To avoid misinterpreting an approaching vehicle’s intent, pedestrians rely on different
communication strategies. Dey & Terken (2017) make a distinction between explicit and
implicit communication. With explicit communication the sender’s intention is to communicate a message to the receiver, while with implicit communication behaviour is conducted
in its own right, but the observer is able to infer the state or the intention of the person
displaying the behaviour. Past studies have provided findings that support the importance
of both of these communication strategies. Research on implicit communication revealed
that movement is the central method of communication that helps pedestrians and drivers
coordinate. From the perspective of pedestrians, the motion patterns and behaviours of
approaching vehicles, such as decelerating or accelerating, or the distance to where the
vehicle stops can often clearly show the intention of the vehicle (Risto et al., 2017; Dey &
Terken, 2017; Moore et al., 2019). On the other hand, researchers propose that explicit
communication plays an important role. Pedestrians gaze at approaching vehicles prior to
Effect of distance-dependent eHMIs on AV-two pedestrian interaction
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crossing more than 90% of the time (Rasouli et al., 2017). A study by Dey et al. (2019)
showed that pedestrians gaze behaviour depends on distance between a pedestrian and
the approaching vehicle. When vehicles are far away, pedestrians focus their gaze on the
bumper and the road in front of the vehicle. The closer a vehicle gets, the more the focus
shifts towards the windshield of the vehicle. One reason for this may be that pedestrians
look for signs possibly given by the driver (e.g. eye contact, a waving hand, flashing lights)
(Sucha et al., 2017). These signs such as eye contact with a driver improve the perceived
safety of pedestrians (Lundgren et al., 2017).
While researchers generally agree that both types of communication play a role in
crossing decisions, the relative importance of these types remains a topic of discussion.
While on one hand findings indicate that vehicle movement alone suffices to communicate
intent of an approaching vehicle (Dey & Terken, 2017; Moore et al., 2019; Risto et al.,
2017), other findings support a need for explicit communication. Habibovic & Davidsson
(2012) showed that in their pedestrian accidents 70% of the pedestrians saw the approaching vehicle, but misunderstood it’s intentions. Habibovic & Davidsson (2012) suggested
that pedestrians would benefit from systems that would increase the predictability of the
behaviour of approaching vehicles. Especially pedestrians that misinterpreted intentions of
vehicles approaching at low speeds, or expected vehicles to slow down, would benefit from
explicit communication (Habibovic & Davidsson, 2012). While in not may be a general rule
that applies to all situations, when interacting with conventional vehicles, it seems that in
some situations explicit communication in the form of a waving hand or eye contact (Sucha
et al., 2017; Lundgren et al., 2017) is beneficial.

1.2

Interacting with Automated Vehicles

When conventional vehicles are replaced with AVs, the interaction with pedestrians will be
affected. One important aspect that needs to be taken into account is the aspect of trust,
as generally people do not trust AVs as much as the conventional vehicles they are used
to. For this reason, this section will also cover eHMIs and in what way they could fulfill
the needs of pedestrians, especially in more dynamic scenarios.

1.2.1

Effects on trust

When semi- and fully automated vehicles will be introduced to the road, drivers will gradually take the role of mere passengers. Drivers may act like passengers by being casually
engaged in non-driving related activities, making them unavailable to respond to traffic
and communicate with other road users (Rouchitsas & Alm, 2019). This means that the
explicit communication channel pedestrians use in today’s traffic with conventional vehicles
may not be present in AVs. The previous section indicated that explicit communication
can play an important role in communicating intent of drivers, the absence of this may
affect the trust pedestrians have in AVs. The higher unpredictability of AVs may harm
trust and adoption of AV technologies (de Visser et al., 2018). Besides that, people genEffect of distance-dependent eHMIs on AV-two pedestrian interaction
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erally experience a lower sense of trust in AVs due to the level of automation. This is due
to the fact that trust between humans and machines can be hard to establish (Morra et
al., 2019). The higher the level of automation, the lower people’s acceptance and general
experience of AVs gets (Rödel et al., 2014).

1.2.2

External Human-Machine Interfaces

AVs need to be trusted both by drivers/passengers and pedestrians in order for them to
be introduced successfully (Morra et al., 2019). In order to overcome problems in trust,
increase the efficiency in the interaction with AVs, and improve general user experience,
researchers have been suggesting the use of eHMIs (De Clercq et al., 2019). EHMIs add a
form of communication (e.g. a light animation on the bumper) on the outside of an AV to
replace the former communication between pedestrians and human drivers. These eHMIs
have shown to help pedestrians feel more safe in crossing scenarios (Kooijman et al., 2019).
Currently, a wide variety of eHMIs has been designed and tested. These eHMIs have
proved to be successful in making AVs appear more reliable, predictable, and transparent to
humans through communicating its intention towards pedestrians (Habibovic et al., 2018).
Some common examples are eHMIs that display text (e.g. I’m waiting or stopping), icons
(e.g. walking or stopping icons), moving light bars indicating intent, street projections (e.g.
arrows, zebra crossing) or tracking light animations that track the location of pedestrians
(Bazilinskyy et al., 2019). The trend in these current eHMI concepts is to communicate
intent: letting pedestrians know about future behaviour of AVs (e.g. I’m yielding, or I’m
not yielding) (Dey, Habibovic et al., 2020). Communicating the intent of AVs improves
the interaction between pedestrians and AVs, and trust and feelings of safety (Habibovic
et al. (2018); Faas et al. (2020)). Due to safety reasons, eHMIs should only communicate
intent, and not instruct pedestrians to act. This might lead to ambiguities caused by a
mismatch between the invitation of the vehicle and surrounding traffic (Andersson et al.,
2017).
While generally researchers agree communicating intent improves the interaction between
AVs and pedestrians, the wide variety of concepts and designs reveals that researchers
haven’t reached consensus on how exactly intent should be communicated. This becomes
clear when considering the findings by Dey, Habibovic et al. (2020). They assessed 64 different eHMI concepts that interact with pedestrians, and found that the concepts differ a lot
in terms of communication modality, nature of message, communication strategy, states
covered, eHMI placement, and many more aspects. Therefore, little can be said so far
about which eHMI designs, colors, placements and modalities lead to the best interaction
in terms of usability, safety, and efficiency (Dey, Habibovic et al., 2020).
A problem with previous findings is that they have only showed that eHMIs improved
interactions in generally simplistic scenarios. Most eHMIs have been tested in rather simple
and unrealistic scenarios, leading to many eHMIs concepts being a viable option. Recent
publications indicate a need for studies that assess the interaction between pedestrians
and eHMIs in more diverse traffic scenarios, for instance with different road users, multiple
vehicles, or varying weather conditions (Dey, Habibovic et al., 2020; Colley et al., 2020).
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Figure 1.2. Depiction of miscommunication in traffic. From ”Projection-Based External
Human Machine Interfaces – Enabling Interaction between Automated Vehicles and Pedestrians” by Dietrich, A., Willrodt, J.-H., Wagner, K. and Bengler, K., 2018, Proceedings
of the Driving Simulation Conference 2018 Europe VR, Driving Simulation Association,
p. 43-50.

1.2.3

Scalability of eHMIs

Scalability refers to the ability of eHMIs to be used in scenarios with varying amounts of
vehicles and/or pedestrians (Colley et al., 2020). It is important that eHMIs are scalable,
since the complexity of the design of an eHMI increases as the number of road users increases. The more road users are present, the more difficult it becomes to address different
road users clearly and unambiguously (Dey, 2020). Most studies fall short of providing insights into how AV interfaces may be used in more complex traffic scenarios (Mahadevan et
al., 2019). This an aspect of pedestrian-AV interaction that remains largely understudied,
and it may render a lot of existing eHMI concepts as unfeasible. It is of critical importance
that eHMIs do not result in misinterpretations, as this could lead to a false sense of safety
(Lee et al., 2019). An example scenario where misinterpretation could occur is presented
in Figure 1.2. This scenario shows that miscommunication might occur when an eHMI lets
two pedestrians know they can cross the road, while this message was only intended for one
of the pedestrians. Another example, described by Rasouli & Tsotsos (2019), says that if
an AV slows down before turning at an intersection, a nearby pedestrian could incorrectly
assume the vehicle is yielding to him/her. In a dynamic urban traffic environment, many
more situations where similar misinterpretations might happen could be imagined. This
problem has received little attention in past studies, and will therefore be the main focus
of the current study.
When looking at studies on this specific topic, recently only a few studies can be
found that include multiple pedestrians and AVs. Colley et al. (2020) listed studies that
investigate eHMI pedestrian interaction and include multiple pedestrians, and found that
overall only 7.90% of the publications included multiple (simulated) people. They list one
VR-based study (Mahadevan et al., 2019) and two real-world setting studies (Moore et al.,
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2019; Hensch et al., 2019). The VR-based study by Mahadevan et al. (2019) investigated
the effects of mixed traffic and group pedestrian behaviour, where pedestrians indicated
their decision while standing on the side of the road. They found that for some participants
the presence of other pedestrians influenced their crossing decisions, while not finding a
significant general effect of group size. Moore et al. (2019) performed a field study with a
Wizard-of-Oz driverless vehicle without eHMI. Their findings showed that pedestrians felt
equally safe to cross on a crosswalk in front of driverless vehicles as vehicles with a driver.
The participants crossed naturally, either alone or with other pedestrians. The other realworld setting study by Hensch et al. (2019) tested interactions between pedestrians and
AVs with eHMIs, and found that in general participants evaluated the use of light signal
eHMIs as beneficial. However, one of the problems they found was that many participants
were unsure about whether eHMI light signals were directed towards them. Hensch et al.
(2019) therefore argue that an eHMI’s directedness is an important factor to consider.
Furthermore, the VR-based study by Dietrich et al. (2018) is specifically relevant to
the current study. They identified the problem that eHMIs generally lack an important
feature: being able to address different communication partners unambiguously. Since nonverbal communication such as hand waving gestures or eye contact are usually directed
at specific individuals, eHMIs may require a similar mechanism to distinguish between
different individuals. A specific scenario was tested in which vehicles approached from the
left side of a road, and a pedestrian was simulated on the other side of the road in front of a
crosswalk. In this scenario, undirected light signals on the windshield and street projections
(a crossing symbol and a stopping line) were used. The results showed that the directedness
of the street projections was experienced as clear and unambiguous, and led to a positive
experience in general. On the other hand, the undirected light signal led to a problem: when
the communicated message of the eHMI was directed at the other pedestrian, participants
often wrongly interpreted this message as directed towards them. Dietrich et al. (2018)
proposed street projection eHMIs as a solution, which is in line with work by Löcken et
al. (2019), who investigated two projection eHMIs that yielded high trust and high sense
of safety. Dietrich et al. (2018) inferred that undirected vehicle communication will lead
to misunderstandings, due to the likeliness of pedestrians assuming messages are directed
towards themselves. EHMIs should either explicitly and directly communicate intent (e.g.
using street projections), or they should not communicate at all. Without communication,
relying on kinematics of vehicles would be safer than causing misinterpretations (Dietrich
et al., 2018).
These results provide an interesting perspective. The findings by Hensch et al. (2019)
and Dietrich et al. (2018) indicate that in situations where multiple pedestrians are involved, eHMIs are required to present more information than just communicating their
intent. They may require to explicitly communicate who they are communicating their
message to, or where a vehicle is going to stop exactly. A recent publication by Dey,
Holländer et al. (2020) made use of eHMIs that apply a comparable strategy: distancedependent eHMIs. These will be covered in the next section.
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Figure 1.3. Visualisation of an eHMI communicating yielding intent (top) and an eHMI
communicating yielding intent + contextual information (bottom).

1.2.4

Distance-dependent eHMIs

Distance-dependent eHMIs are eHMIs that present contextually relevant information based
on the distance to the pedestrian (Dey, Holländer et al., 2020). These eHMIs present
information in phases, providing additional context the closer AVs approach a pedestrian.
These eHMIs present a general message on distance indicating their yielding intent, and
add more specific contextual information giving more insight into whom the vehicle is
yielding to, or what the stopping location will be as the vehicle gets closer. Figure 1.3
shows the difference between interfaces making use of this concept.
The video-based study by Dey, Holländer et al. (2020) tested two distance-dependent
eHMIs in a scenario with one pedestrian. Both of these eHMIs increased pedestrian’s
understanding of vehicle’s intention to yield or not, and increased their willingness to
cross. While these interfaces enhanced the interaction with AVs, the question whether
these interfaces are feasible in more dynamic scenarios remains uncertain.

1.3

Research aims

The current study aims to investigate the scalability of eHMIs. Past efforts were limited in
terms of scalability, since mostly single vehicle to single pedestrian interactions have been
studied. It remains unclear whether the eHMI concepts that have been demonstrated to
work in one-to-one pedestrian-vehicle interactions are viable in cases with multiple pedestrians (Colley & Rukzio, 2020). Therefore, a scenario with AVs will be investigated where
two pedestrians are present, inspired by the scenario sketched by Dietrich et al. (2018)
(Figure 1.2). According to Habibovic & Davidsson (2012), a mistake that would be more
likely to happen in a multi-pedestrian scenario like this is the mistake incorrect analogy.
Incorrect analogies are an important cause in making a faulty diagnosis, due to thinking a
vehicle is slowing down for you, but it is actually slowing down for someone else. Since this
scenario is an exact example of such a situation that might lead to misinterpretation, this
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scenario may show an additional need for explicit information presented by eHMIs (Dietrich
et al., 2018; Hensch et al., 2019). The current study will specifically study the scalability of
distance-dependent eHMIs. Distance-dependent eHMI concepts have presented themselves
as a potential solution for this problem, but have not been tested yet in scenarios with
multiple pedestrians (Dey, Holländer et al., 2020). The current study builds on preceding
studies showing the beneficial effects of distance-dependent eHMIs in pedestrian-AV interaction, while extending this to a more complex scenario. It therefore addresses the research
gap on the lack of AV studies involving multiple pedestrians. The study by Dey, Holländer
et al. (2020) will be taken as inspiration, while in this study pedestrians will interact with
AVs within a virtual environment. The study will aim to answer the following research
question:
RQ: What is the effect of using distance-dependent eHMIs on the interaction between
Automated Vehicles and two pedestrians?
To find an answer to this question, participants will be presented with different types
of distance-based eHMIs. It is expected that distance-based eHMIs provide the explicit
and direct communication that Dietrich et al. (2018) and Hensch et al. (2019) indicate as
necessary in multi-pedestrian scenarios. Based on the findings by Dey, Holländer et al.
(2020), it is expected that pedestrians will feel more safe in front of vehicles with distancebased eHMIs. This means that they show a higher willingness to cross when AVs yield to
them, and show a lower willingness to cross when AVs don’t intend to yield to them. To
test this, a scenario such as shown in the work by Hensch et al. (2019) will be used, in
which participants are put in an environment in which a second pedestrian is nearby on
the same side of the road. The following hypotheses were formulated for this scenario:
H1. Distance-dependent eHMIs will lead to a higher willingness to cross compared to
eHMIs that only communicate their yielding intent when vehicles yield to the participant.
H2. Distance-dependent eHMIs will lead to a lower willingness to cross compared to
eHMIs that only communicate their yielding intent when vehicles yield to the second
pedestrian.
H3. Distance-dependent eHMIs will lead to a higher positive experience than eHMIs
that only communicate their yielding intent.
For further exploration, it will be investigated whether an interaction effect will occur.
Dietrich et al. (2018) showed that in situations where eHMIs communicated undirected
information to the other simulated pedestrian, participants wrongly interpreted this information as meant for them. It is therefore expected that when vehicles yield to another
pedestrian that is nearby, the situation is more confusing as compared to when the vehicle
yields for them. It is expected that the more confusing the scenario is, the bigger the effect
of distance-dependent eHMIs will be.
Effect of distance-dependent eHMIs on AV-two pedestrian interaction

11

CHAPTER 1. INTRODUCTION

H4. The positive effect of distance-dependent eHMIs on willingness to cross is stronger
when the vehicle stops for the second pedestrian, compared to when the vehicle stops
for the participant.
The next chapter will discuss the method used to test the hypotheses, along with a
description of all the materials and procedure that was followed.
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Method
2.1

Experimental Design

In this study two independent variables were manipulated: eHMI type and vehicle behaviour. These were tested in a five (eHMI type) by three (vehicle behaviour) within-subjects
experimental design (see Table 2.1). For all participants there was a baseline condition at
the start in which no eHMI was present. The other four eHMI conditions (blocks) were
counterbalanced between participants using a fixed order scheme (see Table A.2 in Appendix A.1). 24 different orders of blocks were created, and the participants were assigned
to one of the orders by the experimenter. Within each eHMI condition, or block, the
yielding behaviour followed a predetermined order. These orders were different for each
eHMI condition, but all participants experienced the same order of yielding behaviour per
eHMI condition (Table A.1 in Appendix A.1). Vehicles could either yield to the participant
or the second pedestrian, or vehicles could not yield and keep driving. Every participant
experienced 75 trials in total: fifteen trials for every eHMI condition, five for each vehicle
behaviour manipulation.

2.2

Participants

An a priori power analysis was performed to compute the required sample size. In order
to achieve a power of .90, with an alpha level of .025 (corrected for multiple analyses), 40
participants were needed to find a partial eta-squared of 0.1077 (based on relevant effect
sizes of the effect of distance-dependent eHMIs on willingness to cross (Dey, Holländer et al.,
2020)) in a within-factors repeated measures ANOVA with 1 group and 5 measurements.
In the experiment, 36 participants (14 female, Mage = 23.3, SD = 2.66) participated.
Participants were recruited using the JFS Participant Database of the Human-Technology
Interaction department of the Eindhoven University of Technology. Only participants with
(corrected to) normal eye-sight participated.
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Table 2.1
Experimental design
eHMI type

Vehicle behaviour

No eHMI (baseline)

Yielding to participant
Yielding to second pedestrian
Not yielding

5
5
5

Bumper eHMI

Yielding to participant
Yielding to second pedestrian
Not yielding

5
5
5

Bumper eHMI + situational Yielding to participant
awareness
Yielding to second pedestrian
Not yielding

5
5
5

Bumper eHMI + progress
bar

Yielding to participant
Yielding to second pedestrian
Not yielding

5
5
5

Bumper eHMI + street
projection

Yielding to participant
Yielding to second pedestrian
Not yielding

5
5
5

2.3

Repetitions

Materials

Figure 2.1. The cardboard headset.

Figure 2.2. Screenshot of the app.

This study was performed in October 2020 at the Eindhoven University of Technology.
Due to the Covid-19 related restrictions at that time, it was decided that the Virtual
Reality environment would be presented to participants using their own mobile phone,
instead of in a university lab with a Virtual Reality setup. A mobile VR app was therefore
created allowing participants to participate from home using their own Android phone.
Effect of distance-dependent eHMIs on AV-two pedestrian interaction

14

CHAPTER 2. METHOD

Participants received a Google cardboard headset before the experiment (Figure 2.1).
This headset has a button on the top right allowing the user to press buttons while in
the virtual environment. This button was used by the participants in the experiment to
select buttons and to indicate willingness to cross. The Android application with a virtual
environment and all manipulations was created using Unity3D.

2.3.1

Virtual Environment

Figure 2.3 shows the environment presented to the participants at the start of every block.
The environment consisted out of an 8m wide road with a sidewalk and houses on either
side.

Figure 2.3. Starting position of participants in the virtual environment, around 18m away
from the road. The camera icon indicates the position of the participant.
Participants were able to look around freely in 360 degrees. Throughout the whole
experiment blue information screens were used to provide instructions to the participant
while in the environment. Black buttons at the bottoms of the screens allowed participants
to click through the instructions. Participants could press these buttons by aiming a reticle
at the buttons, and simultaneously pressing the physical button on the headset. The screen
in Figure 2.3 has a button saying ”Walk to the sidewalk”. When participants pressed this
button, the camera moved forward towards the sidewalk. This was done to mimic the
act of walking to the sidewalk in real life. The participants however didn’t walk forward
themselves, only the virtual camera position changed.
Figure 2.4 shows the position of the pedestrian at the side of the road. Here participants
experienced the trials, with vehicles approaching from the left side, and the simulated
pedestrian on the right at a distance of 10m (Figure 2.5).
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Figure 2.4. Participant’s position on the side of the road.The camera icon indicates the
position of the participant.

Figure 2.5. Overview of participant’s position in environment.
Again, blue information screens were presented here to provide instructions. For every
block, participants were presented with a textual explanation of the automated vehicles
and their eHMIs that will be present in that specific block. Thereafter, participants saw a
preview of the vehicles with eHMI approaching and yielding to them. After the instructions
and preview participants could start the block of trials.
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2.3.2

Setup

The vehicles in all 75 trials followed the exact same path. The vehicles started at the left
side of the pedestrian, at a distance of more than 100m away. At the start of every trial,
the vehicle left from the starting point, drove around the corner while accelerating up to
a speed of 50km/h, which was reached after around three seconds since the moment of
driving away (around 20m away from the starting line on the left in Figure 2.6).

Figure 2.6. The movement path (in yellow) of the vehicles, starting from the left side. The
participants were positioned at 1, the second pedestrian was positioned at 2. The arrows
indicate the braking paths for the two different yielding conditions.
As described in the experimental design section, three different vehicle behaviours were
simulated in this experiment. In the non-yielding conditions vehicles kept driving at a
speed of 50km/h until passing the participant and going around the corner on the right
side of Figure 2.6. In the conditions where the vehicles yielded to the participant, vehicles
started decelerating at a distance of 43m from the participant, coming to a full stop at a
distance of 3m from the participant. In conditions where vehicles yielded to the simulated
pedestrian, vehicles started decelerating down at a distance of 33m from the participant,
and came to a full stop at 3m away form the simulated pedestrian. For both of the yielding
conditions, the vehicle decelerated in around 5.3 seconds for a braking distance of 40m,
resulting in a deceleration rate of 2.62 m/s2 , closely approaching regular stopping behaviour
according to Deligianni et al. (2017). The vehicle waited for three seconds in front of the
pedestrian, and then drove away.
The simulated pedestrian was positioned 10m to the right of the pedestrian. This
distance was pre-tested by the experimenter and assessed as an appropriate distance at
which there was a right balance between having another pedestrian close enough to exert
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influence, while also being at a distance far away enough for vehicles to distinguish between
pedestrians in their yielding behaviour. At this distance of 10m, it’s rather hard for
participants to exactly see where the approaching vehicles are going to stop. With a
shorter distance between pedestrians, the realism of the scenario might be lost, due to the
fact that at a too close distance it does not make sense anymore to yield for only one
pedestrian, since then they are so close they could cross together. Also, with the vehicle
being 4.5m in length, and 3m between the vehicle and the pedestrian, there is only 2.5m
left behind the vehicle to cross. On the other hand, at a further distance it becomes quickly
more clear where the vehicle is going to stop, due to the moment of deceleration starting
later.
Furthermore, the decision was made to leave out aspects such as pedestrian crossings.
These give away the intention of the approaching vehicle, making the scenario more predictable, and less realistic. Moreover, drivers in the Netherlands are obliged by law to stop
in front of a pedestrian crossing when there are pedestrians present. This would create a
predictable scenario, which is the opposite of what is intended with the current study. In
order to have the most ambiguity, it was also decided to place the participant in front of
the simulated pedestrian, so that participants would have to find out whether approaching
vehicles would yield to them or for the simulated pedestrian. If the simulated pedestrian
would be positioned in front of the participant, the participant could theoretically cross
any time the vehicles start yielding, regardless of whether the vehicle yields for them or
not.

2.3.3

eHMI Concepts

In this experiment, participants experienced 5 different conditions. In every condition, the
vehicle was a Toyota Prius, without a driver and without passengers. In the first condition, the baseline, no eHMI was present. In the other four conditions four different eHMI
concepts were tested, which will be explained below.
1. Bumper eHMI - Pulsating Light Bar On Bumper

Figure 2.7. Bumper eHMI in driving mode. Figure 2.8. Bumper eHMI yielding.
The bumper eHMI concept is based on existing ’light band’ concepts of Dey et al. (2018)
and Habibovic et al. (2018). The eHMI is a light bar mounted on the front bumper of the
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vehicle, glowing in a solid cyan color while in automated driving mode. When the vehicle
intends to yield the bar changes to a repeating pulsating animation that starts on the outsides of the bumper and flows to its center. Previous studies have showed the usefulness of
this light bar in communicating yielding intent towards pedestrians Dey, Holländer et al.
(2020); Ackermans et al. (2020). The bumper keeps pulsating while the vehicle is waiting
for the pedestrian for three seconds. Just before the vehicle drives off again the animation
stops, and a fully lit bumper is presented again. This bumper eHMI was present in all the
four conditions with an eHMI, not in the baseline. The next three concepts will however
all have this bumper eHMI complemented with an additional distance-dependent display,
providing more contextual information, which will be explained below.
2. Bumper eHMI + Windshield ”Situational Awareness” Display

Figure 2.9. SA display at start of yielding.

Figure 2.10. SA display at end of yielding.

The distance-dependent Situational Awareness (SA) eHMI was adopted from Dey,
Holländer et al. (2020). In this concept, the bumper eHMI is complemented with a situational awareness display. This display is inspired by prior concepts (Dey et al., 2018;
Chang et al., 2017), and communicates to the pedestrian that it has been seen and the
vehicle will yield for them. This eHMI therefore aims to distinguish between different
road users and provide directed information. The SA display is a line presented on the
windshield, which lights up in the direction of the pedestrian the vehicle intents to yield
to. The display moves into the direction of the pedestrian, reflecting the change in the
relative position between vehicle and pedestrian. Therefore, the closer the vehicle gets to
the pedestrian, the more contextual information is presented. The SA lights up at the
same time as the bumper eHMI, and moves into the direction up until the vehicle comes
to a stop. Here the SA stays lit in the direction of the pedestrian, and fades away again
just before the vehicle drives away.
3. Bumper eHMI + Windshield “Progress Bar” Display
This distance-dependent Progress Bar (PB) eHMI was also adopted from Dey, Holländer
et al. (2020). This eHMI is again presented with the bumper eHMI. The PB display lights
up at the moment of yielding, and tells the pedestrians that the vehicle is yielding and
gives an estimate of when it will come to a full stop. It does so by displaying a linear
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Figure 2.11. PB display at start of yielding. Figure 2.12. PB display at end of yielding.
progress bar, that begins as a small line on the windshield at the start of yielding, and
expands the closer the vehicle gets to it’s stopping location. At the moment of stopping,
the entire windshield is covered. The display acts therefore as a ’timer’ indicating how
much time there is left before the vehicle will come to a full stop. Also this display starts
at the exact same time as the bumper eHMI, and it expands in size up until the moment
the vehicle comes to a full stop. While the vehicle waits for the pedestrian, the bar stays
fully expanded. Just before the vehicle takes off again the bar fades away.
4. Bumper eHMI + Street Projection Display
The final eHMI concept in this study is the street projection (SP) display. This eHMI is
an addition to the two previous distance-dependent eHMIs, and extends the work by (Dey,
Holländer et al., 2020). It is inspired by the F015 concept of Mercedes-Benz (AutoMotoTV,
2015), and work by (Löcken et al., 2019) and (Dietrich et al., 2018). This eHMI was also
presented with the bumper eHMI. The idea behind it is that the eHMI tells the pedestrian
where it is going to come to a full stop, by explicitly indicating the exact physical location.
The eHMI starts off at the start of yielding and projects two parallel lines that move away
from the vehicle towards the exact location. Then arrows are projected that flow into a
line showing the exact stopping location of the vehicle. The closer the vehicle gets the
smaller the projection becomes. At the moment of stopping, the projection switches to a
zebra crossing. This projection stays lit while the vehicle waits in front of the pedestrian,
and is switched off just before the vehicle drives away again.
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Figure 2.13. Projection animation from the start of yielding to (top) the end (bottom).
The arrow points to the location of the participant. When the vehicle yielded to the
simulated pedestrian the projection was displayed 10m to the right.

2.4

Measurements

In this experiment, one of the main measurements taken was the measure of willingness to
cross the road. This was measured using the button on the cardboard headset. Participants
were instructed to press this button as long as they felt safe to cross the road, and release it
at the moment they did not feel safe to cross the road anymore. Previous studies have used
a similar method to gather continuous input of participants without adding unnecessary
complexity (De Clercq et al., 2019; Ackermans et al., 2020). To ensure that participants
kept using the button, a warning message was created that would pop up on the screen for
three seconds when participants did not press the button once during a whole trial. This
warning message reminded the participant to use the button when feeling safe to cross the
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road. The button press data was saved directly online, using Microsoft Playfab’s player
data service.
In order to get a deeper understanding of the participants’ experience, every block
ended with a short questionnaire, consisting out of nine questions. This questionnaire
was made in LimeSurvey. Participants accessed the survey in an internet browser using
a link shared by the experimenter. The survey questions related to the interaction with
the AVs that the participants just encountered in the experimental block. The first three
questions considered the ’positive experience’ of participants with the vehicles. The second
set of three questions measured participant’s general intent understanding, whether they
understood the intentions of the vehicles. Both of these sets were previously used scales
by Ackermans et al. (2020), and showed to have a good internal consistency. Furthermore
it was important to get a more thorough understanding of whether participants understood when vehicles were yielding specifically to them, and not for the other simulated
pedestrian. Therefore, the scale of general intent understanding was adapted to a specific
intent understanding scale. All of the nine questions were measured on a seven-point Likert
scale, and can be seen in Appendix A.3. Finally, participants ended the experiment with
providing a subjective ranking of the five different eHMI conditions.

2.5

Procedure

Participants registered for a one-hour time slot of their own choice in which they had
a online meeting with the experimenter. Before the experiment took place, participants
had to pick up their own personal headset, and download the virtual reality app on their
Android phone. All participants tried out a demo before the experiment, in which they
got to know the environment, learned how to use the willingness to cross button, and got
familiar with instructions and buttons in VR.
In the experiment, participants had an online meeting in MS Teams with the experimenter, in which the experimenter gave instructions and guided the participant through
the whole experiment. Participants used their own computer to fill out short questionnaires
on their computer at the start and after every block. The participant firstly received a link
to the online survey, and started off with reading and signing the informed consent form.
Next the experimenter made sure the participant’s phone was set up properly, to ensure a
working internet connection, a sufficient battery level and asked participants to switch off
their notifications. The experimenter then provided the password for the Android app, so
that participants could enter the experiment section of the app. The password protection
was built in the app, so that participants were not able to start the experiment before the
experiment had actually started, avoiding the possibility that data would be saved to the
PlayFab player service prematurely. Participants put on the cardboard headset with their
phone, and block 1 started. For every block, participants were presented with a textual
explanation of the automated vehicles and their eHMIs that were present in that specific
block. Thereafter, participants saw a preview of the vehicles with eHMI approaching and
yielding to them. The instructions and preview were intended to ensure participants underEffect of distance-dependent eHMIs on AV-two pedestrian interaction

22

CHAPTER 2. METHOD

stood the eHMI concepts therefore giving more insights into the efficacy of eHMIs, rather
than their intuitiveness (Dey, Holländer et al., 2020). After the instructions and preview
participants could start the block of trials. In every block participants used the headset for
about 5-6 minutes. At the end of every block, instructions in the VR told the participant
to continue with the survey. On their pc, the participants filled out the questionnaire
relating to their interaction with the experienced vehicles. This procedure was the same
for all blocks. After every block the experimenter checked whether the participant was
feeling well, and experienced no signs of nausea or dizziness. After the fifth block the app
showed the participant that the end of the experiment was reached. One last questionnaire
remained, and after this the experimenter debriefed the participant and asked some open
questions.

2.6

Data gathering

Every time that participants pressed and released the willingness to cross button during
a trial, this was considered as an event. Every event was stored directly to the online
PlayFab database. Per eHMI condition, one row was used. The row started with the time
the block was started by the participant. Thereafter for every trial, the yielding condition
was saved with either a (1), a (2) or a (0). After the yielding condition number, all the
press and release events were stored, in which a press was labeled with a ’P’, and a release
with an ’R’. Every ’P’ or ’R’ event was annotated with the time the event occurred (time
since the vehicle started driving) and the distance of the vehicles’ front bumper to the
starting line at the beginning of the road. For every eHMI condition, fifteen trials were
saved per row. Due to a mistake in the script saving the data to the PlayFab database,
every 15th trial (last one of every block) was not saved properly. Therefore, the final data
consisted out of 70 trials per participant, instead of 75.
After participants finished the experiment, the willingness to cross data was collected
from the online PlayFab database, and stored into separate text files per participant. Per
trial, one row was used to store all the events that occurred during the trial. Every button
press and release was stored here, annotated with the time at which the button was pressed
or released (time since the vehicle started driving), and the distance of the front bumper
to the beginning of the road. A python script was used to transfer the 36 separate text
files (containing 70 trials each) into one csv file. In this csv file, every row represented one
trial. The columns indicated the yielding and eHMI condition to distinguish the different
trials. For every trial, the willingness to cross was saved into 61 columns, a column for
every 0.25s since the vehicle started driving, up until 15 seconds. Per trial, the columns
were filled with a ’1’ in case the participant pressed the button at that time, and with a
’0’ when the participant did not. One participant dropped out of the experiment after two
blocks, and therefore only had 28 trials completed. The other 35 participants completed
all trials. Therefore, the final data set consisted out of 28 trials for the one participant and
35 times 70 trials for the other participants, resulting in a total of 2478 trials. This data
set was used for further analysis.
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The responses to all survey questions in LimeSurvey were automatically saved online.
The responses were gathered into one file and exported to a csv file for further analysis.
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Results
In this section firstly the willingness to cross results will be discussed, and thereafter the
questionnaire results.

3.1

Willingness To Cross

The willingness to cross data was inspected firstly for mistakes. To ensure that participants
were performing the task of pressing the button correctly, the data was checked for whether
participants made some critical mistakes. The first mistake that participants could make
was for the scenario where vehicles yield to the participant. In this scenario participants
should press the button at least some time when the vehicle yields to them. If participants
do not indicate to cross at this point at all, even while the vehicle is waiting in front of
them, this might indicate a lapse. Therefore a check was made to see how in many trials
participants did not press a button at all in the time period between two seconds before
stopping and two seconds after stopping. This occurred in 54 trials, 6.63% of the trials
in this yielding condition. Interestingly, 35 of these were found in the baseline condition.
From these 35 cases, 24 occurred in the first three trials. Participants therefore made
most errors in the first trials of the whole experiment. This can be supported with Figure
3.1. This figure displays the average willingness to cross of the first five seconds after a
vehicle starts driving for all trials. Ideally, the willingness to cross is very high the first five
seconds, as the vehicle is far away. However, participants learned to indicate this properly
after experiencing more trials, and therefore show a slightly lower average in the baseline
and the second block.
In the scenario where vehicles yield to the second pedestrian, another mistake could
be made, to not release the button when the vehicle gets too close. Participants should
release the button in this scenario at some point to avoid getting ’hit’ by the vehicle. If
participants keep pressing the button when a vehicle is approaching and passing by, it
might indicate a lapse. This mistake however only occurred twice (0.24%) in all the trials
in this yielding condition. The same mistake could be made in the scenario where vehicles
do not yield at all, but the data did not show any occurrences of this. Overall, the two
Effect of distance-dependent eHMIs on AV-two pedestrian interaction

25

CHAPTER 3. RESULTS

Figure 3.1. Average willingness to cross over the first 5 seconds of a trial. The low spikes
occurred at the start of a new block.
mentioned mistakes (for both yielding scenarios) were identified as showing an indication
of participants not paying attention or not performing the task properly. The trials which
include such mistakes were therefore excluded from further analysis.
Furthermore, the willingness to cross data was inspected for outliers. The average
willingness to cross was computed per yielding condition and eHMI condition. If the
average of a trial was more than three standard deviations away from the mean, it was
labeled as an outlier. Using this method, 16 outliers were found. These cases were excluded,
based on the argumentation that these cases significantly differed visually from the other
data points, which can be seen in Appendix A.2.
As an initial analysis, three logistic regressions were run, one per yielding condition, to
understand the general effects of eHMI condition on the willingness to cross of pedestrians.
The willingness to cross was narrowed down to the period of two seconds before stopping
until the moment of stopping for the conditions where the vehicle yielded to the participant.
For the other two yielding conditions this was two seconds before the vehicle arrived until
the moment the vehicle arrived at the pedestrian (when the front bumper reached the
participants’ position). The decision to use the two seconds time period was made for two
reasons. Firstly this time period is a arguably the most critical moment for deciding to
cross or not, since the vehicle will approach the pedestrian quickly, in only two seconds.
Any mistake here will therefore be more meaningful than for instance a few seconds earlier,
because here it could lead to a collision in case the vehicle keeps driving. Secondly, when
looking at the graphs in Figure 3.2 and Figure 3.3, the graphs seem to diverge a lot at
this moment, making the differences between the conditions more explicit. To get a better
understanding of these differences between the different conditions, pairwise comparisons
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were run per yielding condition.

3.1.1

Vehicles yielding to the participant

Figure 3.2 shows participants’ average willingness to cross for vehicles yielding to the
participant. In this condition, the ideal scenario is that participants notice early on that
the vehicle is yielding to them, so that they feel safe earlier, cross the road early, and
contribute to more efficient traffic. Therefore, the higher the willingness to cross before the
vehicle stops, the better the eHMI works. The graphs shows a clear distinction between
the baseline and the other four eHMI conditions. The baseline condition yields the lowest
willingness to cross values, in which the willingness to cross goes down to 20-40% in the
last few seconds before the moment of stopping. On the other hand, the bumper eHMI
+ street projection shows the highest curve of all, indicating that participants’ were on
average willing to cross for more than 90% of the trials when this eHMI was being used.
The remaining eHMIs show an average between 60-80% willingness to cross.

Figure 3.2. Pedestrians’ willingness to cross as a function of the time-to-stopping for
vehicles yielding to the participant.
To get a general idea of the effects occurring two seconds before the moment of stopping
until the moment of stopping, a logistic regression was run. When predicting willingness
to cross, this logistic regression indicated significant effects for all eHMI conditions, in
which the bumper eHMI (p < 0.001), the bumper eHMI + situational awareness (p <
0.001), the bumper eHMI + progress bar (p < 0.001), and the bumper eHMI + street
projection (p < 0.001) all significantly increased the willingness to cross compared to the
baseline condition. Willingness to cross was also significantly affected by the participant
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(p < 0.001) and the time (p < 0.001). The model had an R-squared of 0.2349, and the
Hosmer-Lemeshow test rejected a lack of appropriate fit (p = 0.2993).
A pairwise comparison was run to compare the different conditions in more detail. The
comparisons revealed that all eHMIs differ significantly (p < 0.001) from each other, except
for the regular bumper eHMI and the bumper eHMI + situational awareness. These results
are reported in Table 3.1. For hypothesis 1, the comparison between the bumper eHMI
and the other eHMIs is specifically relevant. It was hypothesised that the willingness to
cross would be higher for the bumper eHMI + situational awarness, the bumper eHMI +
progress bar and the bumper eHMI + street projection as compared to the regular bumper
eHMI. The results support this hypothesis only partly. The bumper eHMI + progress
bar and the bumper eHMI + street projection lead to a significantly higher willingness to
cross, but no difference could be found between the bumper eHMI and the bumper eHMI
+ situational awareness display. For this yielding scenario, hypothesis 1 can therefore not
be fully supported.

3.1.2

Vehicles yielding to the second pedestrian

Figure 3.3 shows the plotted average willingness to cross for vehicles yielding to the second
pedestrian. In this condition, the ideal scenario is that participants notice early on that the
vehicle is not going to yielding to them, to avoid conflicts and make pedestrians feel more
safe. Therefore, the lower the willingness to cross before the vehicle arrives, the better the
eHMI works. The graph shows that generally, the different eHMI conditions show a very
similar curve, with minor differences. In the two seconds before arrival, it looks like there
are some differences to be found, but further analysis is needed before conclusions can be
made.
Interestingly, the logistic regression indicated significant effects for all eHMI conditions
when comparing them to the baseline condition. The bumper eHMI (p < 0.001), the
bumper eHMI + sitational awareness (p < 0.001), and the bumper + progress bar (p <
0.001) all significantly increased the willingness to cross compared to the baseline condition. On the other hand, willingness was significantly lower in the bumper eHMI + street
projection condition (p = 0.010). Willingness to cross was not significantly affected by the
participant (p = 0.293), but it was affected by time (p < 0.001). The model had an Rsquared of 0.2701, but the Hosmer-Lemeshow test however indicated a lack of appropriate
fit (p < 0.001). Since this model might not describe the data properly, these results need
to be further investigated using pairwise comparisons.
Results of the pairwise comparisons support the findings from the logistic regression
model that the bumper eHMI, the bumper eHMI + situational awareness, and the bumper
eHMI + progress bar all significantly increase the willingness to cross in the two seconds
before the vehicle arrives at the participants’ position. The eHMIs therefore perform
worse at this moment, as their communication slightly increases participants willingness to
cross, whereas it’s actually meant to do the opposite. The baseline therefore outperforms
these three eHMI conditions. The bumper eHMI + street projection however shows a
significantly lower willingness to cross in the chosen time period. In this scenario, also the
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Figure 3.3. Pedestrians’ willingness to cross as a function of the time-to-arrival for vehicles
yielding to the second pedestrian. The point of arrival indicates the moment at which the
front bumper reaches the participants’ position.
bumper eHMI + progress bar shows a statistically significant lower average willingness to
cross than the bumper eHMI, but significantly higher than the baseline. For hypothesis
2 it was expected that distance-dependent eHMIs would decrease the willingness to cross
in this scenario, as compared to the bumper eHMI. This hypothesis can therefore only be
supported partially, since no difference was found between the bumper eHMI, the bumper
eHMI + situational awareness display, and the bumper eHMI + progress bar. Only the
bumper eHMI + street projection improved the performance when compared to the bumper
eHMI, while performing just as good as the baseline no eHMI condition. Moreover, it was
expected for hypothesis 4 that the effect of the distance-dependent eHMIs would be stronger
in this scenario in comparison to the scenario where vehicles yield to the participant. This
interaction effect was not found, which can also be seen in Figure 3.5. In fact, the opposite
was found, in which the effect of distance dependent eHMIs was stronger in conditions
where vehicles yielded to the participant. No support was therefore found for hypothesis
4.

3.1.3

Non-yielding vehicles

Finally, Figure 3.4 shows the willingness to cross for the non-yielding vehicles. In this
scenario, all the vehicles with an eHMI (all conditions except for the baseline) have the
exact same bumper animation. The logistic regression model indicated significant effects
for two eHMI conditions, as the bumper eHMI (p < 0.001), and the bumper eHMI +
progress bar (p < 0.001) both significantly decreased the willingness to cross compared
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Figure 3.4. Pedestrians’ willingness to cross as a function of the time-to-arrival for nonyielding vehicles. The point of arrival indicates the moment at which the front bumper
reaches the participants’ position.
to the baseline condition. In the model, willingness to cross was not significantly affected
by the participant (p = 0.374), but it was affected by time (p < 0.001). The model had
an R-squared of 0.2701, but the Hosmer-Lemeshow test however again indicated a lack
of appropriate fit (p < 0.001). The pairwise comparisons revealed that after correcting
for multiple comparisons, no differences exist between the baseline condition and all the
other eHMI conditons. One minor difference was found between the bumper eHMI and the
bumper eHMI + situational awareness display, in which the latter shows a slightly lower
willingness to cross.
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Figure 3.5. Mean willingness to cross over the last two seconds before stopping/arrival
per yielding and eHMI condition. eHMIs are: BL = baseline, BU = bumper eHMI, SA =
bumper eHMI + situational awareness, PB = bumper eHMI + progress bar, SP = bumper
eHMI + street projection
Table 3.1
Pairwise comparisons of mean willingness to cross of the last two seconds before arrival or
stopping of AVs for all eHMI conditions, displayed per yielding behaviour.
Yielding condition
Participant

Simulated pedestrian

eHMI

t

p

d

t

p

d

BL - BU
BL - SA
BL - PB
BL - SP
BU - SA
BU - PB
BU - SP
SA - PB
SA - SP
PB - SP

28.09
27.20
34.83
44.93
0.92
7.31
19.47
5.91
17.44
12.51

<0.001
<0.001
<0.001
<0.001
1.000
<0.001
<0.001
<0.001
<0.001
<0.001

-0.945
-0.988
-1.268
-2.238
-0.031
-0.243
-0.836
-0.213
-0.849
-0.614

5.86
5.02
4.45
-2.05
-0.84
-1.47
-8.35
-0.62
-7.45
-6.85

<0.001
<0.001
<0.001
0.403
1.000
1.000
<0.001
1.000
<0.001
<0.001

-0.212
-0.190
-0.169
0.094
0.027
0.048
0.309
0.021
0.283
0.263

Non-yielding
t

p

-3.41
0.007
1.48
1.000
-1.76
0.786
-0.24
1.000
4.79 <0.001
1.54
1.000
3.16
0.016
-3.14
0.017
-1.71
0.866
1.52
1.000

d
0.129
-0.051
0.066
-0.008
-0.180
-0.063
-0.121
0.117
0.060
-0.058

Note. Significant effects at a Bonferroni corrected confidence level of 0.005 (for 10 comparisons)
are highlighted in bold and italics, and presented along with effect size Cohen’s d. eHMIs are:
BL = baseline, BU = bumper eHMI, SA = bumper eHMI + situational awareness, PB = bumper
eHMI + progress bar, SP = bumper eHMI + street projection.
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3.2

Questionnaire results

The questionnaires were firstly tested for their internal consistency. The Cronbach’s Alpha
scores of all the three scales show a good internal consistency, with values of 0.86 and above.
These scales were therefore used for testing for differences between the different conditions.
Three repeated measures ANOVA were run to test for the effect of the eHMI condition on
the three different questionnaire scales. These scales were normally distributed for 12 out
of the 15 conditions. The decision was made to keep using a repeated measures ANOVA
due to the robustness of ANOVA tests to violations of normality (Blanca et al., 2017). The
data was checked for outliers, but none were found.
Table 3.2
Internal consistency reliability scores of questionnaires
Dimension
Positive Experience
General Intent Understanding
General Intent Understanding

Items

Cronbach’s Alpha

3
3
3

0.91
0.86
0.87

Figure 3.6. Overview of the mean questionnaire scale scores per eHMI condition.
The three repeated measures ANOVAs revealed that eHMI condition had a significant
effect on positive experience F(4, 137) = 21.29, p < 0.001, general intent understanding
F(4,137) = 38.88, p < 0.001, and specific intent understanding F(4,137) = 29.96, p <
0.001. The mean values per scale are presented in Figure 3.6.
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Pairwise comparisons were run per scale to examine the differences between the different eHMI conditions. These results are reported in Table 3.3. Participants rated the
baseline, bumper eHMI, bumper eHMI + situational awareness, and the bumper eHMI +
progress bar with similar positive experience scores, no statistically significant differences
between them were found. The bumper eHMI + street projection was the only eHMI
that significantly increased the positive experience, compared to both the baseline and
the bumper eHMI. In hypothesis 3 it was hypothesised that distance-dependent eHMIs
yield a higher positive experience. This hypothesis can therefore only be partly supported, as only the bumper eHMI + street projection improved this scale score. General
intent understanding was the lowest for the baseline condition, all the eHMI conditions
improved the scores significantly on this scale. Only the bumper eHMI + street projection
was statistically significantly different from the bumper eHMI in terms of general intent
understanding. Specific intent understanding was not different for the baseline condition,
the bumper eHMI condition and bumper eHMI + situational awareness condition. It was
however significantly higher in the bumper eHMI + progress bar condition and the bumper
eHMI + street projection condition. Again, only the bumper eHMI + street projection
scored significantly higher than the bumper eHMI for specific intent understanding.
Table 3.3
Pairwise comparisons of mean questionnaire scale scores.
Positive Experience
eHMI
BL - BU
BL - SA
BL - PB
BL - SP
BU - SA
BU - PB
BU - SP
SA - PB
SA - SP
PB - SP

t

p

0.48
1.000
1.02
1.000
2.60
0.102
6.11 <0.001
0.54
1.000
2.12
0.356
5.63 <0.001
1.57
1.000
5.06 <0.001
3.49
0.006

General IU

Specific IU

d

t

p

d

t

p

d

-0.106
-0.234
-0.594
-1.704
-0.117
-0.457
-1.444
-0.350
-1.362
-0.931

5.74
6.86
8.06
9.72
1.16
2.37
4.03
1.20
2.84
1.65

<0.001
<0.001
<0.001
<0.001
1.000
0.191
0.001
1.000
0.050
1.000

-1.086
-1.504
-1.811
-2.310
-0.255
-0.532
-0.959
-0.336
-0.877
-0.533

0.42
1.63
3.85
8.26
1.21
3.44
7.84
2.21
6.58
4.37

1.000
1.000
0.002
<0.001
1.000
0.007
<0.001
0.282
<0.001
<0.001

-0.086
-0.350
0.835
-2.179
-0.264
-0.757
-2.121
-0.518
-1.961
-1.319

Note. Significant effects at a Bonferroni corrected confidence level of 0.005 (for 10 comparisons)
are highlighted in bold and italics, and presented along with effect size Cohen’s d. eHMIs are:
BL = baseline, BU = bumper eHMI, SA = bumper eHMI + situational awareness, PB = bumper
eHMI + progress bar, SP = bumper eHMI + street projection.

At the end of the experiment participants ranked the eHMI conditions according to
their preference. In line with the other results, the bumper eHMI + street projection was
ranked the best by 30 out of 35 participants. The second most preferred eHMI was the
bumper eHMI + progress bar, and then the bumper eHMI + situational awareness. The
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bumper eHMI was at the fourth preferred eHMI. The baseline condition, the condition
without any eHMI, was on average the least favourite option.
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Discussion
4.1

Main findings

Since previous work on distance-dependent eHMIs showed promising results (Dey, Holländer
et al., 2020), it was hypothesised that distance-dependent eHMIs would improve the interaction in a multi-pedestrian scenario, as compared to having a more ’simple’ eHMI
only communicating its yielding intention. Three distance-dependent eHMIs were therefore chosen for this experiment, and tested in a multi-pedestrian scenario. It was expected
that these eHMIs increased the willingness to cross when vehicles yield to the participant,
and that they reduce the willingness to cross in case vehicles intent to not yield for them.
Moreover, it was expected that these eHMIs would yield a better positive experience, and
communicate intent more clearly.
When the vehicle yielded to the participants, two eHMIs (bumper eHMI + progress bar
and bumper eHMI + street projection) increased participants’ willingness to cross compared to the bumper eHMI, in which the bumper eHMI + street projection outperformed
all the eHMIs significantly. The bumper eHMI + street projection showed very high average willingness to cross scores (above 95%) in the few seconds before the AV stopped. In
this scenario, the bumper eHMI + progress bar yielded the second best results, in which
participants’ average willingness to cross varied between a range of about 70-85%. The
bumper eHMI + situational awareness was not significantly different from the bumper
eHMI condition, but both of these eHMIs do in fact lead to an average willingness to cross
between 60-70%, significantly higher than the baseline condition. These findings show
firstly that any of the eHMIs significantly and drastically improve the willingness to cross
when a vehicle was intending to yield to the participant, as the baseline was significantly
lower around 20-30% on average. These findings also show that in scenarios where an AV
intends to yield for a pedestrian, the pedestrian feels the most safe when this AV projects
exactly at which location the AV intends to stop.
It becomes interesting when considering the findings for the scenario where AVs yield
to the second pedestrian. In this scenario, it was expected that the distance-dependent
eHMIs would communicate more clearly than a regular bumper eHMI that the AVs were
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not yielding to the participant but to the second pedestrian. This would lead to a lower
willingness to cross. This was found for the bumper eHMI + street projection condition
only, as here participants showed a significantly lower willingness to cross in the two seconds
leading up to the AV passing the participant. Surprisingly, when considering the four other
conditions, it becomes clear that the baseline was actually outperforming the other three
eHMIs in terms of safety. The baseline showed a lower willingness to cross than the bumper
eHMI, the bumper eHMI + situational awareness, and the bumper eHMI + progress bar.
These three eHMIs therefore led to more unsafe behaviour, since participants were more
willing to cross the road, while the approaching AV was actually not intending to yield
to them at all. The differences are however rather small between all conditions, which
indicates how important vehicle kinematics are in deciding when to cross the road. The
scenario in which AVs did not yield at all did not show any effects of any eHMI whatsoever,
also shows the relevance of vehicle movement in making crossing decisions.
The questionnaire results are in line with the other findings, overall participants rated
their experience with the bumper eHMI + street projection as the most positive. It was
the only eHMI that was rated as more positive than the bumper eHMI, and the only eHMI
that communicated the specific intent more clearly than the bumper eHMI.
Overall, the results have shown that the distance-dependent eHMIs do not all improve
the overall experience as compared to the bumper eHMI. Whether distance-dependent
eHMIs improve the experience depends on which specific eHMI is being used, and how
it communicates the contextual information to the pedestrians. In scenarios where AVs
yielded to the participant, only the bumper eHMI + progress bar and the bumper eHMI +
street projection increased willingness to cross compared to the bumper eHMI. The bumper
eHMI + street projection was the only distance-dependent eHMI that was also beneficial for
pedestrians in scenarios where the AVs yielded to the second pedestrian, but it performed
just as well as the baseline condition. In such scenarios, the vehicle movement therefore
seems to play a key role. Moreover, the bumper eHMI, the bumper eHMI + situational
awareness, and the bumper eHMI + progress bar actually hindered the pedestrian in this
scenario, as they made participants think AVs were yielding to them more than in the
baseline and bumper eHMI + projection conditions, while it was in fact yielding to the
second pedestrian. While the effect sizes of these negative effects on willingness to cross are
rather small, it does have a significant consequence in reality. An increase in willingness to
cross at the wrong moment of only a few percentages may have catastrophic consequences
in real life traffic, and it conflicts highly of the initial goal of AVs to reduce traffic fatalities
and injuries.

4.2

Relation with previous research

When an AV yields to the participant, all the eHMIs in this study clearly show it is
beneficial to communicate the yielding intention, which is line with a lot of previous work
on the benefit of eHMIs in pedestrian-AV interaction (Habibovic et al., 2018; Ackermans
et al., 2020; Dey, Holländer et al., 2020). Moreover, it partially supports the findings by
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Dey, Holländer et al. (2020) because two of the distance-dependent eHMIs improved the
experience when AVs yield to the participant. However, the situational awareness eHMI
did not yield the same positive result of Dey, Holländer et al. (2020). The bumper eHMI +
street projection was the best eHMI across all measurements, it led to the best experience
and the most safe crossing decisions. This is in line with earlier studies showing the benefits
of using street projection eHMIs (Löcken et al., 2019; Nguyen et al., 2019).
The findings that the the bumper eHMI, the bumper eHMI + situational awareness,
and the bumper eHMI + progress bar have a negative effect on the interaction when AVs
intend to stop nearby a pedestrian, is in line with findings by Dietrich et al. (2018). Their
work showed also that when a message sent by an AV is not intended for you, confusion is
likely to arise. Similar results was gathered by Hensch et al. (2019), in which participants
noticed light signals of AVs in a parking area, but misinterpreted whether it was directed to
them. The results of the scenario where the AVs do not yield to the participant however do
show very minor differences between the eHMI conditions. This highlights the importance
of vehicle kinematics in making crossing decisions, supporting findings by Moore et al.
(2019); Dey & Terken (2017). However, in order to make a difference in reducing traffic
accidents, any small negative effect can be catastrophic.

4.3

Limitations

The experiment was conducted in virtual reality, and specifically in mobile virtual reality.
The perceptions of depth, speed and motion in general may be different from virtual reality
setups, and thus even more different from real life scenarios. Moreover, participants were
in their own familiar environment and only indicated their willingness to cross, without
actually moving in the physical world. The feeling of immersion may therefore have been
rather low. The crossing task used in the experiment may therefore not fully represent what
participants would do in a real life scenario, also possibly due to the lack of a negative
consequence for making mistakes. However, the willingness to cross graphs seem to be
very similar to graphs in the studies by Dey, Matviienko et al. (2020) and Dey, Holländer
et al. (2020) in which respectively a real world scenario and a video setup were used. This
indicates that the general effects of eHMIs in the current experiment may transfer to a
real world setting. The vehicle movement was also created to be as realistic as possible,
and is in line with related studies in this field. The vehicles approached at 50km/h, and
slowed down with a regular deceleration rate over 40 meters (Deligianni et al., 2017). Such
gentle braking behaviour was recently found to be the more preferred over early braking
or aggressive braking behaviour (Dey, Matviienko et al., 2020).
While using the virtual environment allowed for control of many variables, real life
scenarios have many more factors that play a role and that may affect crossing decisions
(Rasouli & Tsotsos, 2019). In the experiment vehicles only approached from the left side,
and followed the exact same paths and same movement apart from the different yielding
and stopping positions. The second pedestrian was always on the same spot on the right
side of the participant, while no other pedestrians were present anywhere else. Also, no
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other road users were present which may have increased the realism of the scenario. The
results of this study may therefore not generalise to other situations, for instance when
more pedestrians are present, or when vehicles approach, from multiple directions. One
could also argue that the used scenario lacks realism, since you could argue AVs would
either stop for both pedestrians in this scenario, or not stop at all. However, many other
situations can be imagined where a vehicle might slow down but not stop for you, for
instance when a vehicle wants to park behind you, take a turn, stop for another pedestrian
at a crossing, or stop for a nearby traffic signal. In this experiment, the situation with the
second pedestrian was designed to be as confusing as possible, so that any possible effect
of an eHMI would be stronger. This effect may therefore be less strong when for instance
the second pedestrian is further away, since then the chance of misinterpretation might be
lower.
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Chapter 5
Conclusion
5.1

Future work

The findings regarding the scenario where AVs yielded to the second pedestrian should be
used as a basis for future work. Future studies should investigate more whether eHMIs
do lead to confusion and more unsafe scenarios, and whether they lead to over reliance
(Holländer et al., 2019). The consequences of making mistakes in the scenario where AVs
yield to the participant are low, since the AV will yield anyway. The danger lies in the
scenario where AVs do not yield to the pedestrian, where the pedestrian over-relies on eHMI
signals, disregarding his own perception of vehicle speed and movement cues. There should
therefore be a good balance in eHMIs’ communication, so that they can communicate
intent while keeping the chance of causing miscommunication to an absolute minimum.
Future work should therefore aim to find out whether eHMIs can be used in other dynamic
scenarios, with more pedestrians, with other road users, or with more AVs. It should be
investigated whether in these scenarios, the eHMIs proposed by researchers over the last
few years do not lead to confusion in the pedestrians’ decision making process. Researchers
and manufacturers aim for a safer transportation system, so it should be certain that eHMIs
do actually make the roads safer. As the findings showed in this study, having no eHMI
was just as safe as the street projection when the AV yielded to the second pedestrian.
Hence, if eHMI concepts that are unable to specifically communicate their intentions to
multiple road users unambiguously, it might be a better option to not use these eHMIs on
AVs at all, despite losing the possible benefits of improving trust in AVs.

5.2

Conclusion

This thesis aimed to test the effect of distance-dependent eHMIs on the interaction between
AVs and two pedestrians. The effect of distance-dependent eHMIs depends on which contextual information is being presented, and in which way. When yielding to the participant,
all eHMIs improved the experience, but when the vehicle intended to yield to the second
pedestrian, all eHMIs except for the eHMI + street projection increased the willingness
Effect of distance-dependent eHMIs on AV-two pedestrian interaction

39

CHAPTER 5. CONCLUSION

to cross wrongly. In this scenario, the baseline and the bumper eHMI + street projection
performed equally well.
Firstly, it can be concluded that the street projection display was a useful eHMI for
all the yielding scenarios, as it outperformed all other eHMIs when AVs yielded to the
participant, and it didn’t have any negative effect in scenarios where the AV yielded to
the second pedestrian. Secondly, it can also be concluded that in the scenario where AVs
yielded to the second pedestrian, the baseline was just as clear as the bumper eHMI + street
projection. In this scenario, there seems to be very little need for the extra clarification that
the AV is yielding to the other pedestrian, participants could already make their decision
based on vehicle kinematics. Finally, the conclusion can be drawn that three eHMIs caused
a misinterpretation, leading participants to wrongly think the vehicle would yield to them,
while it did not. While being a small effect, this effect may have large consequences, and
should therefore be taken into account in future research on the interaction between AVs
and multiple pedestrians. Overall, distance-dependent eHMIs therefore may improve the
interaction when AVs intend to yield to the participant, but more importantly may pose
a risk when AVs slow down for another pedestrian, unless the exact stopping location can
be projected. This should therefore be investigated in future work.

Effect of distance-dependent eHMIs on AV-two pedestrian interaction

40

References
Ackermans, S., Dey, D., Ruijten, P., Cuijpers, R. H. & Pfleging, B. (2020). The effects
of explicit intention communication, conspicuous sensors, and pedestrian attitude in
interactions with automated vehicles. In Proceedings of the 2020 chi conference on
human factors in computing systems (pp. 1–14).
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Appendix A
Appendices
A.1

Experiment orders

Table A.1
Fixed order of yielding behaviour per eHMI condition
eHMI condition
BL
BU
SA
PB
SP

Yielding condition
1
2
0
2
1

2
0
2
1
2

0
1
0
1
0

0
2
1
0
1

2
0
2
2
0

1
1
0
2
0

0
2
1
0
2

2
1
2
2
1

0
1
1
0
2

1
2
0
1
0

1
0
1
0
2

2
2
0
1
1

1
0
2
2
0

0
1
2
1
2

2
0
1
0
1

Note. Yielding conditions are: 1 = Yielding to participant, 2 = Yielding to second pedestrian, 0 = Not yielding.
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Table A.2
Order of eHMI blocks per participant
Order

eHMI order

Participants

1

BL, BU, SA, PB, SP

011

012

2

BL, BU, SA, SP, PB

021

022

3

BL, BU, PB, SA, SP

031

032

4

BL, BU, PB, SP, SA

041

042

5

BL, BU, SP, SA, PB

051

6

BL, BU, SP, PB, SA

061

7

BL, SA, BU, PB, SP

071

072

8

BL, SA, BU, SP, PB

081

082

9

BL, SA, PB, BU, SP

091

092

10

BL, SA, PB, SP, BU

101

102

11

BL, SA, SP, BU, PB

111

12

BL, SA, SP, PB, BU

121

13

BL, PB, BU, SA, SP

131

132

14

BL, PB, BU, SP, SA

141

142

15

BL, PB, SA, BU, SP

151

152

16

BL, PB, SA, SP, BU

161

17

BL, PB, SP, BU, SA

171

18

BL, PB, SP, SA, BU

181

19

BL, SP, BU, SA, PB

191

20

BL, SP, BU, PB, SA

201

21

BL, SP, SA, BU, BP

211

22

BL, SP, SA, BP, BU

221

23

BL, SP, PB, BU, SA

231

24

BL, SP, PB, SA, BU

241

192

Note. Every number indicates a participant. eHMIs are: BL = baseline, BU = bumper
eHMI, SA = bumper eHMI + situational awareness, PB = bumper eHMI + progress bar,
SP = bumper eHMI + projection.
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A.2

Willingness to cross data outliers
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A.3

Questionnaires

A.3.1

Positive Experience

A.3.2

General Intent Understanding

A.3.3

Specific Intent Understanding
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