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Abstract: The development of automated vehicles (AVs) and their integration into traffic are seen
by many vehicle manufacturers and stakeholders such as cities or transportation companies as a
revolution in mobility. In future urban traffic, it is more likely that AVs will operate not in separated
traffic spaces but in so-called mixed traffic environments where different types of traffic participants
interact. Therefore, AVs must be able to communicate with other traffic participants, e.g., pedestrians
as vulnerable road users (VRUs), to solve ambiguous traffic situations. To achieve well-working
communication and thereby safe interaction between AVs and other traffic participants, the latest
research discusses external human–machine interfaces (eHMIs) as promising communication tools.
Therefore, this study examines the potential positive and negative effects of AVs equipped with
static (only displaying the current vehicle automation status (VAS)) and dynamic (communicating an
AV’s perception and intention) eHMIs on the interaction with pedestrians by taking subjective and
objective measurements into account. In a Virtual Reality (VR) simulator study, 62 participants were
instructed to cross a street while interacting with non-automated (without eHMI) and automated
vehicles (equipped with static eHMI or dynamic eHMI). The results reveal that a static eHMI had
no effect on pedestrians’ crossing decisions and behaviors compared to a non-automated vehicle
without any eHMI. However, participants benefit from the additional information of a dynamic
eHMI by making earlier decisions to cross the street and higher certainties regarding their decisions
when interacting with an AV with a dynamic eHMI compared to an AV with a static eHMI or a
non-automated vehicle. Implications for a holistic evaluation of eHMIs as AV communication tools
and their safe introduction into traffic are discussed based on the results.

Keywords: human factors; human–machine interaction; external human–machine interface;
automated vehicles; vulnerable road users

1. Introduction

With the introduction of automated vehicles (AVs), today’s mobility will undergo
fundamental changes. Nowadays, the human driver still executes the driving task. In
future highly and fully AVs (SAE level 4 and 5), the human driver will be more or less
decoupled from the vehicle control [1]. Along with this shift of control, the communication
with other traffic participants (TPs), previously performed by the human driver, needs
to be substituted by AVs [2,3]. Schieben et al. [4] describe today’s dyad of interaction
between human drivers and other TPs (e.g., cyclists and pedestrians) shifting to a triad of
interaction. Within this triad, the main actors are represented by the onboard user (i.e., the
former driver), the AV, and other TPs in the driving environment of the AV. Regardless
of the existence of a human driver, AVs need to communicate with other TPs in their
surroundings in ambiguous traffic situations, enabling a cooperative interaction among
all TPs [4].
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Taking current traffic communication patterns into account, a combination of implicit
communication via the driving behavior (e.g., deceleration, position in lane) and explicit
communication via an external Human–Machine Interface (eHMI) seems to be a promising
approach. The eHMI consists of an external interface connected to the vehicle, which can
transmit explicit signals enabling interaction between AVs and other TPs [2,4–6].

To develop eHMI interaction strategies, it is crucial to take both possible positive
(e.g., faster reaction times, higher subjective trust) and negative effects (e.g., confusion,
miscommunication) for the communication between AVs and other TPs at an early stage
into account.

Hence, the presented study aims to contribute to this topic by investigating pedestrians’
crossing behaviors when interacting with AVs with different eHMI communication designs.
Therefore, we investigate the crossing initiation time and gaze behavior before and during
a pedestrian’s crossing when interacting with an AV. Further, we collect subjective data
such as participants’ road crossing certainty, the perceived eHMI usability, and the affective
reaction to the eHMI.

1.1. Interaction between AVs and Other Traffic Participants

Initially, AVs will be introduced into mixed traffic environments. This means that AVs
will coexist and interact with other TPs, e.g., conventional manually driven vehicles, cyclists,
and pedestrians, in the same traffic environment. Therefore, AVs need to communicate
with other TPs to interact safely [2,4,7]. Moreover, Stanciu et al. [8] state that adequate
communication is highly relevant, especially for VRUs, e.g., pedestrians, to maintain the
traffic flow. Generally, humans use different cues for communication and interaction in
traffic, which can be categorized into the following categories [4,9]: implicit cues are signals
that are not directly sent to a receiver or are sent out unattended by the sender. This
means that the content of the message may not be evident at first glance. For example,
the braking process is an essential implicit signal that illustrates the intention to prioritize
a pedestrian [10]. However, explicit communication is directly sent out to a particular
receiver. It can be transmitted via different modalities reflecting the vehicle’s status,
e.g., hand gestures or the use of turn indicators [9]. Both means of communication, explicit
and implicit, can give information about future intentions and maneuvers of the AV, and
therefore they are of high relevance for the understanding and coordination of other TPs [4].
Studies by Dey and Terken [11] and Lee et al. [12] investigated the behavior of pedestrians
when interacting with a conventional manually driven vehicle while crossing a street. The
results show that the pedestrians used mainly implicit signals to decide if they could cross
the street or not. Explicit communication between vehicle drivers and pedestrians was
rarely used. The authors concluded that pedestrians tend to call upon additional explicit
communication, especially when the vehicle does not behave as expected.

However, Lundgren et al. [13] state that the communication requirements will differ
between pedestrians and AVs. Current research often focuses only on the technical avoid-
ance of collisions for surrounding traffic, e.g., unpredictable stopping maneuvers of an
AV, rather than the interaction between AVs and other TPs. Besides the high relevance of
collision avoidance to maintain a safe traffic flow, a lack of communication between AVs
and other TPs can lead to frustration due to poor understanding or even more severe acci-
dents [4,14]. According to the current number of traffic-related deaths and accidents, more
than one-third can be referred to as the interaction between pedestrians and vehicles [12,15].
This number demonstrates the risk potential for (critical) interaction between pedestrians
and vehicles. Having this in mind, an understandable and expectation-conforming interac-
tion between the AV and other TPs becomes even more relevant to traffic safety. Therefore,
AVs’ future intentions and behaviors need to be transmitted to the surrounding traffic to
enable other TPs to derive their actions subsequently [2].
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1.2. eHMI as a Communication Tool

AVs could use an eHMI as a communication tool addressing the requirements for
smooth and safe interactions with other TPs. According to Schieben et al. [4], the commu-
nication content of the signals presented by an eHMI can be divided into four information
categories. Firstly, information about the vehicle’s driving status allows other TPs to un-
derstand the current automation status of the AV, which is needed to ensure proper mode
awareness. Secondly, information about future maneuvers enables TPs to anticipate the
AV’s upcoming actions and plan theirs accordingly. The third main information category is
the AV’s perception of its environment. This information allows other TPs to verify if the
AV has perceived them. The fourth category includes the cooperation capabilities of the
AV. This category contains information if an AV can communicate cooperatively.

Focusing on the interaction between AVs and pedestrians, Bartels and Liers [16]
emphasize that pedestrians’ behavioral patterns can vary significantly between and within
individuals depending on the situation. Therefore, an eHMI should not only display
the vehicle automation level but also transmit information about the AV’s perception
and intention [5,17]. Although it seems that implicit signals have a significant impact
on pedestrians’ awareness, explicit signals still need to be considered in the design of an
eHMI to resolve ambiguity during low speed, e.g., [11,17,18]. Additionally, an AV should
communicate through an eHMI, at least in situations where pedestrians are not satisfied
with implicit signals from an AV.

One major problem in the interpretation of existing eHMI research results is the
large variety of different eHMI designs tested. Thus far, various eHMI designs have been
developed, e.g., projections on the street, light bands, or displays [19–21]. Conclusions
made in different research studies are always highly affected by the used eHMI design. It
is sometimes difficult to form generalized statements regarding the pure effect of the eHMI
itself [22]. In the present study, we distinguish between static eHMIs, which only display
the current vehicle automation status (VAS), and dynamic eHMIs, which are capable of
communicating an AV’s perception and intention additionally.

1.3. Effects of eHMIs on the Interaction with Other Traffic Participants

The use of an eHMI as a communication tool presents a promising approach to support
a safe interaction between AVs and pedestrians, e.g., [2,4,23–25]. Besides the positive effects,
possible negative effects, i.e., miscommunication, need to be considered as well [26,27].
Concerning a safe interaction and efficient traffic flow, it is of interest how the use of an
eHMI influences the interaction between AVs and other TPs. Especially for vulnerable
road users (VRUs), such as pedestrians and cyclists, an understandable and safe interaction
would be essential for traffic safety.

Generally, when interacting with AVs, many pedestrians see the need for an AV to be
equipped with an eHMI as a form of communication [5,17,25]. Habibovic et al. [2] argue
that an eHMI is particularly beneficial in situations where negotiation is required, e.g., who
moves first. Moreover, the use of an eHMI could improve safety, acceptance, and traffic
flow even before it is actually necessary [4]. Previous findings support this assumption by
showing a higher sense of safety for pedestrians when interacting with an AV equipped
with an eHMI [5,26]. Furthermore, De Clercq et al. [5] state that a safe street-crossing can
influence the overall acceptance of the eHMI.

Focusing on pedestrians’ crossing behaviors in interaction with AVs, the latest re-
search shows controversial findings. Whereas Clamann et al. [17] found no significant
differences for the crossing decision when interacting with a dynamic eHMI as opposed
to a static eHMI, De Clercq et al. [5] describe that the earlier the dynamic eHMI indicates
a deceleration of the AV, the sooner participants feel safe to cross the street. The authors
conclude that an eHMI can increase the efficiency of the crossing process.

Another important factor regarding safe street-crossing for pedestrians is an adequate
strategy for gaze checks. Especially in traffic scenarios with multiple TPs, VRUs need to
ensure that they have been perceived by all TPs and that a street-crossing is safe. Mitman,
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Ragland and Zegeer [28] showed that pedestrians at unmarked crossings tend to check the
traffic more often in both directions than at ordinary pedestrian crossings. This finding is
supported by Knoblauch, Nitzburg and Seifert [29], who show that pedestrians tend to
make more gaze checks while crossing the street as opposed to waiting at the curb. With
regard to the effects of an eHMI, Kitazaki and Daimon [26] conducted a study in which they
investigated the use of an eHMI on pedestrians’ street crossing behaviors by taking the
frequency of gaze checks into account. The results indicate that participants who encounter
AVs with a dynamic eHMI tend to check the oncoming traffic less than those with a static
eHMI. The additional information of the dynamic eHMI regarding the perception and
intention of the AV could create a feeling of overtrust regarding the future behavior of the
AV and the behavior of other road users. This overtrust might lead to the impression that it
is always safe to cross the street when an AV triggers an eHMI, assuming that other road
users behave accordingly to the AV. As a result, reduced gaze checks toward the oncoming
traffic could lead to critical situations and demonstrate that the presence of an eHMI can
also have negative effects on a pedestrian’s street-crossing behavior.

To sum up, eHMIs can be described as a possible solution showing benevolent effects
for communication, hence the interaction between AVs and other TPs [4]. Nevertheless,
negative effects, e.g., reduced gaze checks to the traffic environment, can occur and need
to be considered to prevent accidents, especially in the interaction with VRUs [12]. A
poor eHMI design can lead to overtrust and confusion if a message is misinterpreted or
different designs are used to transfer the same message. These ambiguous situations can
be potentially dangerous for a safe traffic flow [5]. Therefore, an area of growing research
interest is the evaluation of possible negative effects of eHMI designs on VRUs [2,5,17,26,29],
which should be performed in an early stage of an AV’s interaction design development.

1.4. Study Purpose and Research Questions

Derived from the current research on eHMIs, the present experimental study focuses
on a pedestrian street-crossing scenario in an urban context. While participants took
over the role of a pedestrian, participants had to decide when to cross a street in front
of an approaching vehicle (from the left). Participants encountered interactions with
automated and non-automated vehicles in a VR pedestrian simulator in a mixed traffic
scenario. Since the used mixed traffic environment should induce a situation with realistic
uncertainties for the participants, there was no driver–pedestrian interaction when the
participant encountered a non-automated vehicle. Further, the current study used a
constant approaching behavior (in terms of speed and braking) for all vehicles. This was
performed to standardize the effect of the implicit cues sent by the vehicle movement in
all conditions.

The first research question was if participants behave differently while interacting
with an automated compared to a non-automated vehicle in the chosen pedestrian street-
crossing scenario. Therefore, we compared participants’ behaviors in scenarios with a
non-automated vehicle (no additional driver–pedestrian interaction, no eHMI) to scenarios
where participants faced an automated vehicle with a static eHMI. The static eHMI only
displayed the current VAS.

The second research question was if participants would benefit from additional infor-
mation regarding the automated vehicle’s perception or future intention transferred via
the eHMI regarding their crossing behavior. Therefore, we compared participants’ crossing
behaviors while interacting with a non-automated vehicle, an AV with a static eHMI, and
an AV with different dynamic eHMI design variants (see Table 1). Furthermore, we wanted
to investigate which of the different dynamic eHMI design variants is the most supportive
one in regard to participants’ crossing behaviors.
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Table 1. Experimental design of the presented study.

Interacting Vehicle Type (Within)

Non-Automated
Vehicle N = 62

AV with Static eHMI N = 62

AV with
Dynamic eHMI

Dynamic eHMI interaction design (between)

Intention-based eHMI Perception-based
eHMI Combined eHMI

N = 20 N = 22 N = 20

In addition to possible positive effects of the eHMI on participants’ crossing behaviors,
we also analyzed possible negative effects, e.g., reduced gaze behavior of dynamic eHMIs
in a critical scenario with additional traffic from the opposite side (opposite lane from the
right side).

2. Methods
2.1. Study Sample

A total of 62 participants (29 female) aged between 19 and 61 years old (mean
(M) = 33.19 years, standard deviation (SD) = 11.67 years) took part in the present study. All
participants were recruited through a company internal participant pool. Participants were
residents of the Brunswig area in northern Germany. The familiarity of the situation, i.e.,
crossing a street in urban traffic in front of a vehicle, was rated on average as very familiar
to the participants (M = 4.69, SD = 0.64). The participants felt very experienced in dealing
with such situations (M = 4.56, SD = 0.76) each on a 5-point Likert scale (from 1 = “do not
agree” to 5 = “completely agree”). The results of the ATI (German version [30], 6-point
Likert scale [31]) showed a rather strong average technology affinity of the participants
(M = 4.43, SD = 0.93).

In regard to the chosen virtual reality (VR) study environment (presented via a head-
mounted display (HMD)), participants were asked about their perception of objects in the
VR and possible restrictions due to the HMD in regard to their field of vision. A total of 63%
of the test persons already had experiences with virtual reality (VR), and 37% had already
taken part in a previous VR experiment with a different research question. The experiment
was conceptualized and realized in accordance with the Declaration of Helsinki. Informed
consent was obtained from all participants before the experiment. The participants were
allowed to stop the experiment at any point without justification or consequence. The
participants volunteered, but they were financially compensated.

2.2. Research Design

This experimental study was based on a 3 × 3 mixed design with “interacting vehicle
type” as within-factor and “dynamic eHMI interaction design” as between-factor (Table 1).

The factor “interacting vehicle type” consisted of three levels: non-automated vehicle,
AV with static eHMI, and AV with dynamic eHMI. Using these vehicle types, the first
research question regarding the participants’ behaviors while interacting with an auto-
mated compared to a non-automated vehicle was addressed. Further, the second research
question towards the benefits of additional information regarding the automated vehicles’
perception or future intention transferred via the eHMI was investigated.

The factor “dynamic eHMI interaction design” included three different interaction
designs for the dynamic eHMI. While this factor was a between-factor, participants only
experienced one of the three dynamic eHMI interaction designs. Using this factor, the
research questions regarding the most supportive dynamic eHMI interaction strategy and
possible negative effects of the eHMIs in a critical scenario were addressed. Participants
were assigned to the different conditions of this factor in a randomized order. Each
condition of the dynamic eHMI interaction design contained approximately the same
number of participants, and a balanced gender ratio between the factor levels was achieved.
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2.3. Experimental Factors

The first factor was the “interacting vehicle type”. Since the “interacting vehicle type”
was a within-factor, all participants encountered the three different vehicle types used
in this study. The “non-automated vehicle” was a regular vehicle without an eHMI or
any other additional information (Figure 1a). In the factor level “AV with static eHMI”,
the AV was equipped with a 360◦ LED band, which was mounted on the chassis of the
vehicle (Figure 1b). The information richness transmitted by this eHMI design variant was
limited to only displaying the VAS by illuminating the LED band in a static cyan color [32].
The factor level “AV with dynamic eHMI” contained an AV equipped with an LED band
transmitting a higher level of information richness to the pedestrian, i.e., in addition to the
VAS, the dynamic eHMI also communicated the AV’s intention (braking) or perception
(pedestrian) via the LED band (Figure 1c).
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The between-factor “dynamic eHMI interaction design” contained three different
dynamic eHMI variants: intention-based, perception-based, and a combination of both
interaction designs (see Table 2). The eHMI interaction designs were added on top of
the pure information regarding the VAS [33], i.e., on top of the static eHMI as additional
information in the AV’s communication with the pedestrian. The dynamic eHMI interaction
design communicated the intention and perception of the AV by displaying different light
animations on the LED band. Due to the enhanced information richness of the signal,
pedestrians should be able to predict the future behavior of the AV and plan their actions
accordingly. All vehicles showed an identical approaching behavior regarding their velocity
and deceleration.

2.4. Study Measures

Pedestrians’ crossing decision was analyzed regarding the timing as an objective
measure, i.e., how fast a participant decided to cross the street. Therefore, a button press on
the handheld controller was captured at the point in time when participants intended to
cross the street. Further, participants’ subjective certainty regarding the crossing decision
was measured after each trial by using a 5-point scale (from “very uncertain” to “very
certain”). For participants’ gaze behaviors (representing gaze checks), their head rotation
towards the upcoming traffic from the right at the curb and while crossing the street
was evaluated. For the analysis, gaze data were coded as 0 and 1 (0 = no gaze check;
1 = gaze check). The Self-Assessment Manikin questionnaire (SAM) by Bradley and
Lang [34] was used to obtain the non-verbal assessment of valence, arousal, and dominance,
which is associated with the individuals’ affective reactions to certain stimuli, i.e., here
the interaction with different vehicles and different eHMI communication strategies. The
dimension valence ranges from “unpleasant” to “pleasant”, arousal is from ”aroused” to
“calm” and for dominance from “no subjectively perceived control over the situation” to
“full control”. All dimensions were rated on a 9-point Likert scale. The usability of each
eHMI was assessed on 7-point scales by the participants’ ratings regarding the needed
effort to perceive the communicated information by the eHMI (from “exhausting” to “not



Sustainability 2021, 13, 8396 7 of 18

exhausting”), how well participants felt informed (from “bad” to “good”), and whether
the information helped to anticipate the vehicle’s intention (from “little” to “strong”).
Additionally, participants’ perceived safety while crossing the street was assessed by
asking whether the presented information increased their subjective perceived safety on a
5-point scale (from “do not agree” to “completely agree”).

Table 2. Description of the dynamic eHMI interaction designs used in the present study.

Dynamic eHMI Interaction
Design Description and Illustration

VAS + intention-based eHMI

The static illumination of the cyan LED band represents the VAS at the
beginning of the scenario. At a closer distance to the pedestrian, the LED band

started pulsing (frequency of 1.5 Hz) to indicate that the AV was slowing
down, i.e., the light intensity of the LED band initially decreased until it was
no longer illuminated for a short time and then began to increase again. This

animation was repeated constantly.
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2.5. Experimental Setting

For the present study, an urban traffic scenario in VR was designed with “Unreal
Engine” (Software version 4.21) and conducted with the “VIVE PRO” VR glasses and the
associated handheld controller. The corresponding system was operated with the “Steam
VR” software (version: 1.4.5). Enhancing the effect of emersion, participants’ movement
in the real world was transferred into the VR. Therefore, participants were able to walk
inside the VR environment physically. To ensure the participants’ safety at all times, the
study took place in a laboratory with sufficient space and without real-world obstacles.
Additionally, the walking participants were supervised by the experimenter.

At the beginning of the urban traffic scenario, the participant stood at the street curb
facing the corresponding street (see Figure 2, a). In all trials, the vehicle approached from
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the left (perspective of the participant). A four-way intersection was located 16.5 m to the
participant’s right (see Figure 2, b). In each run, the participant stood in the same position
at the beginning of a trial. One lane in each direction was presented in the VR simulation.
At the end of the street and to the left of the pedestrian, a busy street crossed at a distance
of about 90 m. On the opposite sidewalk, pedestrians moved to the left in the direction
of the busy street. AVs and non-automated vehicles were included in the scenario, and
therefore, it can be described as a mixed traffic environment, ensuring external validity.
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Figure 2. (a) Used urban traffic scenario from the participant’s view to their left (AV approaching);
(b) 4-way intersection located to the right of the participant.

The presented vehicle corresponded to the BMW i3. The participants were instructed
that a vehicle would approach from the left and they decided whether they could cross
the street in front of the vehicle. Participants were asked to behave naturally, like in their
everyday life, and start walking as if they would cross the street in real traffic. Further,
participants were instructed that they can rely on a vehicle’s behavior, i.e., a vehicle that
starts to brake or activates a dynamic eHMI will definitely stop. Each subject encountered
eleven different scenarios. In these scenarios, four vehicles did not give priority to the
pedestrian (one non-automated vehicle; one non-automated vehicle with oncoming traffic
from the right; one AV with static eHMI; one AV with static eHMI and oncoming traffic
from the right). These runs served as distractors and were used to increase the external
validity of the study.
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Moreover, in seven scenarios, the vehicles gave priority to the pedestrians (two times a
non-automated vehicle; two times an AV with static eHMI; two times an AV with dynamic
eHMI; once an AV with dynamic eHMI and suddenly oncoming traffic from the right).
On the one hand, the additional oncoming traffic from the right (other lane) was used to
avoid an artificial environment where vehicles would only travel in one direction. On
the other hand, these vehicles should create a critical situation if a pedestrian decided to
cross the street without checking for upcoming traffic from the right. Participants were
instructed to press a button on the handheld controller in all scenarios if they intended
to cross the street. Additionally, participants should start walking physically to change
their position in the simulated environment. In one last scenario (no. 11) with a yielding
AV with a dynamic eHMI, a non-automated vehicle was triggered by the pedestrian’s
button press and encountered the pedestrian as suddenly oncoming traffic from the right.
Therefore, in this last and critical scenario, as soon as a participant pressed the button, a
non-automated vehicle turned onto the street that the participant intended to cross (see
Figure 3). If the participant was not gaze checking to the right while crossing the street, the
situation evolved into a near-miss with the upcoming vehicle. This situation represents a
controllability-like scenario where we wanted to investigate if participants followed the
signal of the dynamic eHMI blindly and tend to care less about ensuring a safe crossing by
checking the traffic from the other side. This trial was carried out as the last of the eleven
scenarios to avoid a substantial shift of attention to possible oncoming traffic. The different
ten scenarios before were randomized.
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Figure 3. The last scenario (no. 11) was AV with dynamic eHMI and suddenly oncoming traffic from the right after a
participant had pressed the controller button.

As pedestrians rely to a great extent on a vehicle’s driving behavior to make their
decisions to cross the street in a vehicle–pedestrian interaction [11], the vehicles’ driving
behaviors in terms of speed and braking, if applicable, were standardized. Therefore, all
vehicles started with a velocity of 30 km/h and showed identical braking behavior, if
applicable, over the trials. If an AV was giving way, the presentation of a dynamic eHMI
started at a distance of 26.3 m from the vehicle to the participant. At a distance of 21.0 m, all
vehicles (automated and non-automated) that gave way started to decelerate from 30 km/h
to 15 km/h. At a distance of 12.3 m, the vehicle reduced its speed further from 15 km/h
to 5 km/h. Finally, the vehicle reduced its speed to 1 km/h at a distance of 6.2 m. The
approaching behavior of the vehicle and start times of the eHMI were selected after a prior
investigation by experts to reach the absolute threshold at approximately the same time for
both presentations. The absolute threshold is a type of perception threshold and marks the
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necessary intensity of a stimulus so that it can be perceived [35]. In the VR simulation, no
acoustic signals were presented.

2.6. Procedure

Following the welcoming procedure, the participants filled out a consent form, a
confidentiality agreement, a demographic questionnaire, and the ATI questionnaire. This
was followed by an instruction phase in which the participants were introduced to the VR
glasses and the VR environment. After the instruction phase, participants familiarized
themselves with the VR glasses and the VR environment by performing test trials in an
urban scenario without any other traffic participants. Within the test trials, participants
could act freely and experience locomotion in VR. Subsequently, the respective eHMI
interaction design was presented and explained in VR. The central task was explained to
the participant and then practiced in one to two training sessions. The participants were
instructed to press a button of the handheld controller as soon as they wanted to cross the
street. They were not explicitly instructed to pay attention to possible oncoming traffic to
avoid a distortion of the results regarding the frequency of gaze control. However, it was
pointed out that they should follow the standard German traffic rules and behave naturally
like in their daily lives. Before the trials were conducted, the participants were familiarized
with the AVs with static eHMIs and the non-automated vehicles. It was made clear that the
AVs with static and dynamic eHMIs were fully automated vehicles and, therefore, capable
of performing all driving tasks without the input of a human driver. Subsequently, the
eleven experimental runs were carried out. After each trial, the SAM questionnaire, the
usability ratings, the crossing initiation time (time to press the button), and rating on the
certainty to cross the road were collected. Before the participants were informed about the
actual goals of the experiment, they completed the final suspicion check and received an
expense allowance of EUR 10 per hour. The study took about 45 min in total.

3. Results

To address the research questions, we investigate pedestrians’ crossing behaviors while
interacting with different vehicle types (non-automated vehicle, AV with a static eHMI,
AV with a dynamic eHMI). The analysis of crossing behavior was split into participants’
certainties and times of decision to cross the street, the number of gaze checks, and a
self-assessment regarding the affective reaction while interacting with the different vehicle
types. In addition, we analyzed the usability of the three dynamic eHMI design variants.
Here, we wanted to assess any differences between the dynamic eHMI design variants to
answer the research question of the most supportive one.

3.1. Pedestrians’ Crossing Behaviors
3.1.1. Decision Times and Certainty

Mixed ANOVAs were used to explore the participants’ certainties and times of decision
to cross the street depending on the interacting vehicle type and the eHMI design. For the
execution of mixed ANOVAs, the prerequisites were met, and the significance level was
determined p < 0.05. All participants with a mean certainty above or below 2.5 SD of the
average of all participants were excluded from further analysis since we considered them
as outliers. Therefore, one participant for the certainty to cross the street from the factor
level ”perception-based eHMI” and one participant for the timing from the factor level
”combination eHMI” were excluded.

Regarding the time of the decision to cross the street (in seconds), a significant main
effect was found for “interacting vehicle type” (Huynh–Feldt F(2, 114) = 21.02, p < 0.001,
partial η2 = 0.27). The point in time participants made their decision to cross the street
was significantly earlier when participants interacted with an AV with a dynamic eHMI
(M = 10.26, SD = 0.86) than with non-automated vehicles (M = 10.89, SD = 1.25), and with
AVs with only a static eHMI (M = 10.85, SD = 1.35). All other post hoc comparisons showed
no significant differences (p > 0.05).
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Regarding the certainty of the crossing decision, a significant main effect for “interact-
ing vehicle type” was found (Huynh–Feldt F(2, 114) = 24.89, p < 0.001, partial η2 = 0.30).
The certainty to cross the street was significantly higher when participants interacted with
an AV with a dynamic eHMI (M = 4.62, SD = 0.51) than with non-automated vehicles
(M = 4.07, SD = 1.03) and AVs with a static eHMI (M = 4.05, SD = 1.05). All other post hoc
comparisons showed no significant differences (p > 0.05).

3.1.2. Gaze Behavior

For the gaze behavior, we investigated participants’ additional gaze checks towards
the right side (possible oncoming traffic) at the curb and while crossing. Ensuring that no
negative effects were induced by the VR hardware, we asked the participants regarding
any subjectively perceived restrictions in the field of view experienced by the VR headset.
Twenty-three participants (37.01%) reported a restricted view due to the VR headset. These
participants were evenly distributed across the factor levels of the independent variable
“dynamic eHMI interaction design”. Seven out of the 23 participants could not compensate
for the restricted view with their head rotation. These participants were excluded from the
gaze behavior results.

In Table 3, the relative frequencies of gazes depending on the interacting vehicle
type are reported. The results reveal that when participants executed a gaze check to
identify the oncoming traffic, it is performed only at the curb rather than while crossing
the street. Consequently, the highest relative frequencies of participants who did not
check the oncoming traffic could be identified while crossing the street. Mixed ANOVAs
were conducted to investigate the gaze behavior at the curb and while crossing the street
depending on the interacting vehicle type and the eHMI design. No significant effects were
found regarding the gaze behavior at the curb and while crossing.

Table 3. Relative frequencies (in percent) of gazes at the curb and while crossing dependent on the
interacting vehicle type.

Non-Automated Vehicle AV with Static eHMI AV with
Dynamic eHMI

At the curb While crossing
the street

At the
curb

While crossing
the street At the curb While crossing

the street

Yes 27.8% 1.9% 30% 4.6% 30.3% 4.3%

No 72.2% 98.2% 70% 95.4% 69.8% 95.7%

A particular analysis was performed for the critical scenario (last one no. 11). It was
represented by one of the yielding AVs with a dynamic eHMI and with an additional
suddenly upcoming vehicle from the right side. Using the gaze data of the participants, we
investigated if participants followed the signal of the dynamic eHMI blindly and crossed
the street carelessly without checking the traffic from the other side. As described in the
previous section, the overall gaze checks to identify the oncoming traffic were highest while
still standing at the curb (27.7–30.3% of all trials) and very low during the actual crossing
of the street (1.9–4.6% of all trials). Since the critical scenario evolves after participants
decided to cross the street (and pressed the controller button to confirm their decision),
only gaze data while crossing the street become relevant. However, there were only two
participants (3.2%) that looked at the right side and checked for a safe crossing in the critical
scenario. In all other cases (96.8%), a critical situation (near-miss) arises due to the absence
of participants’ gaze checks regarding the upcoming traffic.

3.1.3. Affective Reactions

In the following, the descriptive (Table 4) and inferential (Table 5) results of the
SAM questionnaire [34] are presented. For each eHMI design, participants with a mean
above or below 2.5 SD of the average of all participants were treated as outliers and were
excluded from further analysis (two participants). Therefore, for valence, one participant
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was excluded from the factor levels “intention-based” and “combination”. For arousal,
no participant had to be excluded, and for dominance, one subject from the factor levels
“perception-based” and “combination” was excluded.

Table 4. Descriptive results (M; SD) per dynamic eHMI design as between-factor and interacting vehicle type as within-factor
for valence (V), arousal (A), and dominance (D) by the SAM questionnaire [34].

Intention-Based
eHMI

Perception-Based
eHMI

Combined
eHMI

Non-
Automated

Vehicle

AV with
Static eHMI

AV
with Dynamic

eHMI

Non-
Automated

Vehicle

AV with
Static eHMI

AV
with Dynamic

eHMI

Non-
Automated

Vehicle

AV with
Static eHMI

AV
with

Dynamic
eHMI

M
(SD)

M
(SD)

M
(SD)

M
(SD)

M
(SD)

M
(SD)

M
(SD)

M
(SD)

M
(SD)

V 7.78
(1.90)

7.68
(1.70)

8.10
(1.72)

6.73
(1.52)

6.98
(1.74)

7.82
(1.37)

7.50
(1.53)

7.45
(1.57)

8.03
(1.11)

A 7.63
(1.60)

7.60
(1.73)

8.08
(1.06)

7.11
(1.20)

6.96
(1.49)

7.71
(1.33)

7.28
(1.63)

7.30
(1.67)

7.71
(1.32)

D 7.38
(1.77)

7.35
(1.49)

8.08
(1.01)

6.73
(1.52)

6.73
(1.79)

7.64
(1.26)

6.83
(1.99)

6.88
(1.89)

7.28
(1.69)

Note: M = Mean; SD = Standard deviation. Scale for valence (V), arousal (A) and dominance (D) ranges from 0 to 9.

Table 5. Results of the ANOVA regarding eHMI design and interacting vehicle type for valence,
arousal, and dominance of the SAM questionnaire [34].

df1, df2 F p Partial η2

Valence
eHMI design 2, 57 4.81 0.01 * 0.14

Interacting vehicle type 2, 114 8.84 0.00 ** 0.13
eHMI design *

Interacting vehicle type 4, 114 0.76 0.55 0.03

Arousal
eHMI design 2, 59 0.96 0.39 0.03

Interacting vehicle type 2, 118 5.61 0.01 * 0.09
eHMI design *

Interacting vehicle type 4, 118 1.69 0.95 0.01

Dominance
eHMI design 2, 57 0.75 0.48 0.03

Interacting vehicle type 10.30, 114 10.52 0.00 ** 0.16
eHMI design *

Interacting vehicle type 4, 114 0.47 0.76 0.02

Note: * p < 0.05, ** p < 0.001.

Regarding the participants’ ratings on all three dimensions, valence, arousal, and
dominance, the results showed overall high ratings on a scale from 0 to 9. Moreover,
whereas the highest ratings were given when interacting with an AV equipped with an
intention-based eHMI design, the lowest ratings were given when interacting with a
non-automated vehicle or an AV without a dynamic eHMI (see Table 4).

A mixed ANOVA was conducted to explore the reported valence, arousal, and dominance
dependent on the interacting vehicle type and the eHMI design (Table 5). The assumption
of a normal distribution was violated, which can be neglected due to the same size of the
testing groups. The premises of sphericity and variance homogeneity were met. Due to
the lack of robustness of the Mauchly test, the Huynh–Feldt adjustment was used. Mixed
ANOVAs were tested with a significance level of 0.05.

For valence, there was a significant main effect for “dynamic eHMI design” (F(2, 57) = 4.81,
p = 0.01, partial η2 = 0.14). The reported valence was significantly more positive for the
intention-based eHMI (M = 8.46, SD = 0.66) than for the perception-based eHMI (M = 7.82,
SD = 1.37). The combined dynamic eHMI (M = 8.21, SD = 0.80) did not differ significantly
(p > 0.05). Furthermore, valence differed significantly for “interacting vehicle type” (Huynh–
Feldt F (2, 114) = 8.84, p < 0.001, partial η2 = 0.13). Participants reported a significantly



Sustainability 2021, 13, 8396 13 of 18

more positive valence for the AVs with a dynamic eHMI (M = 8.14, SD = 1.03) compared to
the AVs with only a static eHMI (M = 7.51, SD = 1.47), and compared with non-automated
vehicles (M = 7.46, SD = 1.52). No significant differences for the interaction between eHMI
design and vehicle type were found (p < 0.05).

Regarding the arousal, the main effect for the “interacting vehicle type” was significant
(Huynh–Feldt F (2, 118) = 5.61, p = 0.01, partial η2 = 0.09). Participants felt significantly
calmer when they interacted with an AV with a dynamic eHMI (M = 7.83, SD = 1.52) than
with non-automated vehicles (M = 7.33, SD = 1.47), and compared with AVs with only a
static eHMI (M = 7.27, SD = 1.62). All other comparisons showed no significant differences
(p < 0.05).

For dominance, there was a significant main effect for the “interacting vehicle type”
(Huynh–Feldt (F(10.30, 114) = 10.52, p < 0.001, partial η2 = 0.16). The perceived own domi-
nance was significantly higher when participants interacted with an AV with a dynamic
eHMI (M = 7.82, SD = 1.06) than with AVs with only a static eHMI (M = 7.11, SD = 1.67),
and compared with non-automated vehicles (M = 7.08, SD = 1.64). Moreover, no significant
differences for “eHMI design” and the interaction between eHMI design and interacting
vehicle type were found (p < 0.05).

3.2. Usability of Dynamic eHMIs

In Table 6, the descriptive results of the usability items for each dynamic eHMI design
are described. For all three designs, the mean ratings were relatively high, indicating that
the presented information via a dynamic eHMI was accessible and well-perceived and
that the participants felt well-informed. Moreover, the participants experienced the given
information as supporting, and the eHMIs increased the individuals’ perceived feelings
of safety. Non-parametric Kruskal–Wallis tests were used for analyzing the data due to
violated normal distributions. The results indicated no significant differences between the
three dynamic eHMI designs (p > 0.05).

Table 6. Participants’ mean ratings (M; SD) on the perception of the information, feeling of being
informed, experienced help to anticipate the vehicle’s intention, and the perceived safety (from 1 to
7) regarding the dynamic eHMI interaction designs, i.e., intention-based eHMI, perception-based
eHMI, and the combination of both.

Items Intention-Based
eHMI

Perception-Based
eHMI

Combined
eHMI

M (SD) M (SD) M (SD)
Was it easy to perceive the

information? 5.60 (1.57) 5.95 (0.95) 5.85 (1.09)

How well did you feel informed? 5.80 (1.24) 5.45 (1.30) 5.75 (0.97)
Did the information help to

forecast the vehicle’s intentions? 6.10 (0.85) 5.68 (1.09) 5.95 (0.89)

Did the information increase
your perceived safety? 6.03 (0.88) 5.64 (1.03) 5.58 (1.14)

Note: M = Mean; SD = Standard deviation.

4. Discussion

Regarding the first research question, we analyzed if participants behave differently
while interacting with an automated compared to a non-automated vehicle. Therefore, we
compared participants’ behaviors in scenarios with a non-automated vehicle (no additional
driver–pedestrian interaction, no eHMI) with a scenario facing an automated vehicle with a
static eHMI only displaying the current VAS. Regarding participants’ decision times to cross
the street, the results indicated no significant difference between non-automated vehicles
and automated vehicles with a static eHMI. Further, no significant differences regarding the
subjective certainties of the crossing decisions were found between non-automated vehicles
and automated vehicles with a static eHMI. Moreover, the gaze behavior regarding gaze
checks towards the right side (possible oncoming traffic) at the curb and while crossing did
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not differ significantly between non-automated vehicles and automated vehicles with a
static eHMI.

The second research question was if participants’ crossing decisions would benefit
from additional information regarding the automated vehicle’s perception or future inten-
tion transferred via the eHMI. Therefore, we compared participants’ crossing behaviors
while interacting with a non-automated vehicle and an automated vehicle with a static
eHMI, with a dynamic eHMI design. The results showed a significant difference between
the groups regarding the decision times and certainties to cross the street. Participants
made their decisions to cross the street earlier when interacting with an AV with a dy-
namic eHMI compared to an AV with a static eHMI or a non-automated vehicle. These
results show that pedestrians seem to trust the signals of the dynamic eHMI. Despite the
short duration of the experiment, significant differences in the timing to cross the street
could be observed, which underlines that the eHMI designs are recognizable and easy
to understand. The positive impression of the dynamic eHMI was also reflected in the
pedestrians’ certainties to cross the street. The results reveal that the participants felt signif-
icantly more certain to cross a street when the AV provided a dynamic eHMI than a static
eHMI or a non-automated vehicle without eHMI. This finding is in line with the results
of De Clercq et al. [5], demonstrating higher decision reliability when dynamic eHMIs are
available. These findings are supported by the participants’ ratings on their self-assessment.
The participants described a more positive valence, felt significantly calmer, and reported
a higher feeling of control when interacting with an AV equipped with a dynamic eHMI
compared to an AV with a static eHMI or a non-automated vehicle without presenting
any form of external communication. De Clercq et al. [5] underline a positive effect on
the pedestrian’s overall acceptance if the AV provides a safe crossing for the pedestrian.
Therefore, it can be assumed that the presented eHMI can help to provide a safe crossing
of the street and thus supports a well-working interaction. However, no significant dif-
ferences were found regarding the participants’ gaze behaviors when interacting with a
non-automated vehicle, an AV with a static eHMI, or an AV with a dynamic eHMI.

The third research question focused only on the three dynamic eHMI design variants.
Here, the question was which of the dynamic eHMI design variants was the most support-
ive one in regard to participants’ crossing behaviors. Although the dynamic eHMI leads
in general to earlier crossing decisions (compared to a non-automated vehicle and an AV
with a static eHMI), there was no significant difference between the three chosen dynamic
eHMI variants in regard to subjective certainties and times of decisions to cross the street.
Overall, the three dynamic eHMI designs achieved high usability ratings and, therefore,
can be identified as an adequate way of communication between AVs and pedestrians.
However, no significant difference in the usability of the three eHMI designs can be found.
The only significant differences between the dynamic eHMI design variants can be found
in the participants’ ratings on their self-assessment. Participants reported a higher positive
valence for the intention-based eHMI compared to the perception-based eHMI.

Finally, we analyzed possible negative effects of the dynamic eHMIs regarding par-
ticipants’ gaze behaviors in a critical scenario with additional upcoming traffic from the
opposite side (opposite lane from the right side). When crossing a street, it is particularly
necessary to check the oncoming traffic from both sides of the road to cross the street safely.
Referring to the frequency of gaze checks before and after entering the street, no significant
differences could be found for the interacting vehicle type. Derived from this, we could
not find any negative effects of the static eHMI or the dynamic eHMI variants compared to
a non-automated vehicle without an eHMI.

4.1. Limitations

Although the pedestrians’ certainties to cross the street in front of an AV with a
dynamic eHMI were significantly higher, it should be noted that the certainty to cross the
street was generally high. A high level of confidence in decision-making, regardless of
the type of interacting vehicle, could have been created due to the presentation of low
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frequency urban traffic and the instruction that a vehicle would stop as soon as it decelerates.
Further, the onset of the dynamic eHMI started before the vehicles started to decelerate
(5.3 m earlier). The different onset times could have created an earlier cue, leading to
faster crossing decision-making. Additionally, the results regarding the frequencies of gaze
controls by pedestrians before and after entering the street (27.7–30.3% of all trials) could
be influenced by the scenario. Knoblauch et al. [29] point out that on highly frequented
streets, considerably more visual checks are necessary for the safe crossing of a street. This
could explain the participants’ fewer visual checks conducted in this study by the used
(low frequency) traffic.

The lack of acoustic stimuli from approaching vehicles could also have had a negative
influence on the frequencies of the gaze controls. Even if the results did not show any
differences between the vehicle type regarding the frequencies of gaze control, in the
critical scenario with upcoming traffic from the right, we found near misses in 96.8% of
all trials. In general, future research on the frequency of gaze control is recommended to
simulate the entire street crossing process preferably. Stanciu et al. [8] mentioned that the
comprehensibility of information conveyed by an eHMI is influenced not only by context
and culture but also by experience. Thus, if the experiment is conducted over a more
extended period, the effects of different eHMI variants regarding the crossing initiation and
the perceived safety while crossing could be even stronger due to increasing familiarity.
Moreover, this study was conducted in a VR environment. Although care was taken to
ensure that the use of an HMD did not influence the participants, it may still have led to a
reduction in immersion and, therefore, to reduced external validity. Future studies need to
consider this limitation and should be performed in a setting as close to reality as possible.
Furthermore, results could also be influenced by cultural differences, manifested in traffic
in many different ways through deviant behavior. Therefore, it is generally essential to
examine the influence of eHMIs on the frequency of gaze control, considering cultural
aspects as well as the type of eHMI design.

4.2. Further Research

AVs will interact in mixed traffic with pedestrians but also with other road users. An
eHMI should contribute to appropriate interaction with pedestrians. The present study
shows that an AV with a dynamic eHMI can contribute to the pedestrians’ certainty to cross
the street. In mixed traffic, the certainty to cross the street with a dynamic eHMI seems to
be higher than in non-automated vehicles and AVs with a static eHMI. Additionally, the
time to cross the street may be reduced with a dynamic eHMI.

Furthermore, the present study could not support the assumption that a dynamic
eHMI negatively influences the frequency of gaze control of oncoming traffic by pedestri-
ans. This discrepancy to the current state of research underlines the necessity to further
investigate the influence of a dynamic eHMI on the frequency of gaze control in the future.
All in all, the research field needs a more transparent structure through additional findings.
Therefore, it is generally essential to examine the influence of eHMIs on the frequency of
gaze control, considering cultural aspects and the type of eHMI design. Additionally, the
combination of eHMIs and other communication tools for AVs, e.g., dynamic HMIs, which
transmit implicit information, i.e., via vehicle behavior, should be investigated in future
research. Moreover, different user groups and more complex traffic scenarios need to be
addressed in future studies to investigate possible positive and negative effects of eHMIs
and to enhance the external validity and generalization of study results.

However, the present study already allows for initial progress in the understanding of
mixed traffic consisting of non-automated vehicles and AVs with static and dynamic eHMIs.

5. Conclusions

This paper aimed to investigate the possible behavioral effects of different eHMIs on
the interaction between AVs and pedestrians by using the example of a street-crossing
pedestrian in an urban traffic environment. Subjective and objective measurements were
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considered to identify pedestrians’ assessments on different vehicle types and different
eHMI designs and their crossing behaviors in the interaction with these vehicles. The
present study looked at non-automated vehicles and AVs with different eHMI interaction
designs, which exclusively used light signals, i.e., a LED light band and/or signal lamp.
The results reveal that additional information regarding the VAS transferred by a static
eHMI had no effect on pedestrians’ crossing decisions and behaviors compared to a non-
automated vehicle without any eHMI. Further, no differences between non-automated
vehicles and automated vehicles with a static eHMI regarding the decision time to cross
the street, subjective certainties of the crossing decision, or gaze behaviors were found.

However, the results show that participants benefit from the additional information
of a dynamic eHMI. Participants made their decisions to cross the street earlier. They
felt more certain regarding their decision when interacting with an AV with a dynamic
eHMI compared to an AV with a static eHMI or a non-automated vehicle. Additionally,
participants described a more positive valence, felt significantly calmer, and reported higher
control feelings when interacting with an AV equipped with a dynamic eHMI compared
to an AV with a static eHMI or a non-automated vehicle. No significant differences in
the usability of the three dynamic eHMI designs were found. Finally, we could not find
any negative effects of the static eHMI or the dynamic eHMI variants compared to a
non-automated vehicle without an eHMI.

Author Contributions: Conceptualization, M.W., J.I., A.S. and M.O.; methodology, M.W., J.I., A.S.
and M.O.; formal analysis, J.I., M.L. and M.W.; data curation, M.W., J.I. and M.L.; writing—original
draft preparation, J.I., M.L., M.W. and M.O.; writing—review and editing, M.W., M.L., A.S. and M.O.;
visualization, M.W. and J.I.; supervision, M.O.; project administration, M.O., M.W. and A.S.; funding
acquisition, A.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research has received funding within the project ‘interACT’ from the European
Union’s Horizon 2020 research and innovation programme under grant agreement No. 723395. This
material reflects only the author’s view and the Innovation and Networks Executive Agency (INEA)
and the European Commission are not responsible for any use that may be made of the information
it contains. The APC was funded by the German Aerospace Center (DLR).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki.

Informed Consent Statement: All participants gave their informed consent for inclusion before they
participated in the study.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study, in the collection, analyses, or interpretation of data, in the writing of the manuscript, or
in the decision to publish the results.

References
1. SAE International. Taxonomy and Definitions for Terms Related to Driving Automation Systems for On-Road Motor Vehicles; Standard

J3016_202104; SAE International: Warrendale, PA, USA, 2021.
2. Habibovic, A.; Andersson, J.; Lundgren, M.V.; Klingegård, M.; Englund, C.; Larsson, S. External Vehicle Interfaces for Communi-

cation with Other Road Users? In Road Vehicle Automation 5; Meyer, G., Beiker, S., Eds.; Springer International Publishing: Cham,
Switzerland, 2019; pp. 91–102.

3. Färber, B. Communication and Communication Problems Between Autonomous Vehicles and Human Drivers. In Autonomous
Driving; Maurer, M., Gerdes, J.C., Lenz, B., Winner, H., Eds.; Springer: Berlin/Heidelberg, Germany, 2016; pp. 125–144, ISBN
978-3-662-48845-4.

4. Schieben, A.; Wilbrink, M.; Kettwich, C.; Madigan, R.; Louw, T.; Merat, N. Designing the interaction of automated vehicles with
other traffic participants: Design considerations based on human needs and expectations. Cogn. Tech. Work 2019, 21, 69–85.
[CrossRef]

5. de Clercq, K.; Dietrich, A.; Nuñez Velasco, J.P.; de Winter, J.; Happee, R. External Human-Machine Interfaces on Automated
Vehicles: Effects on Pedestrian Crossing Decisions. Hum. Factors 2019, 61, 1353–1370. [CrossRef] [PubMed]

6. Faas, S.M.; Mathis, L.-A.; Baumann, M. External HMI for self-driving vehicles: Which information shall be displayed? Transp. Res.
Part F Traffic Psychol. Behav. 2020, 68, 171–186. [CrossRef]

http://doi.org/10.1007/s10111-018-0521-z
http://doi.org/10.1177/0018720819836343
http://www.ncbi.nlm.nih.gov/pubmed/30912985
http://doi.org/10.1016/j.trf.2019.12.009


Sustainability 2021, 13, 8396 17 of 18

7. Stiller, C.; Burgard, W.; Deml, B.; Eckstein, L.; Flemisch, F. Kooperativ interagierende Automobile. Automatisierungstechnik 2018,
66, 81–99. [CrossRef]

8. Stanciu, S.C.; Eby, D.W.; Molnar, L.J.; St. Louis, R.M.; Zanier, N.; Kostyniuk, L.P. Pedestrians/bicyclists and autonomous vehicles:
How will they communicate? Transp. Res. Rec. 2018, 2672, 58–66. [CrossRef]

9. Markkula, G.; Madigan, R.; Nathanael, D.; Portouli, E.; Lee, Y.M.; Dietrich, A.; Billington, J.; Schieben, A.; Merat, N. Defining
interactions: A conceptual framework for understanding interactive behaviour in human and automated road traffic. Theor. Issues
Ergon. Sci. 2020, 57, 1–24. [CrossRef]

10. Beggiato, M.; Witzlack, C.; Springer, S.; Krems, J. The Right Moment for Braking as Informal Communication Signal between
Automated Vehicles and Pedestrians in Crossing Situations. In Advances in Human Aspects of Transportation; Stanton, N.A., Ed.;
Springer International Publishing: Cham, Switzerland, 2018; pp. 1072–1081, ISBN 978-3-319-60441-1.

11. Dey, D.; Terken, J. Pedestrian Interaction with Vehicles: Roles of Explicit and Implicit Communication. In Proceedings of the
9th International Conference on Automotive User Interfaces and Interactive Vehicular Applications. AutomotiveUI’ 17:ACM
9th International Conference on Automotive User Interfaces and Interactive Vehicular Application, Oldenburg, Germany,
24–27 September 2017; Boll, S., Pfleging, B., Donmez, B., Politis, I., Eds.; ACM: New York, NY, USA, 2017; pp. 109–113, ISBN
978-1-4503-5150-8.

12. Lee, Y.M.; Madigan, R.; Giles, O.; Garach-Morcillo, L.; Markkula, G.; Fox, C.; Camara, F.; Rothmueller, M.; Vendelbo-Larsen,
S.A.; Rasmussen, P.H.; et al. Road users rarely use explicit communication when interacting in today’s traffic: Implications for
automated vehicles. Cogn. Tech. Work 2020, 5, 145. [CrossRef]

13. Lundgren, V.M.; Habibovic, A.; Andersson, J.; Lagström, T.; Nilsson, M.; Sirkka, A.; Fagerlönn, J.; Fredriksson, R.; Edgren, C.;
Krupenia, S. Will there be new communication needs when introducing automated vehicles to the urban context? In Advances
in Human Aspects of Transportation: Advances in Intelligent Systems and Computing; Stanton, N., Landry, S., Di Bucchianico, G.,
Vallicelli, A., Eds.; Springer: Cham, Switzerland, 2017; pp. 485–497.

14. Brown, B.; Laurier, E. The trouble with autopilots: Assisted and autonomous driving on the social road. In Proceedings of the
CHI Conference, Denver, CO, USA, 6–11 May 2017; pp. 416–429.

15. World Health Organisation. Global Status Report on Road Safety 2018. Available online: https://www.who.int/violence_injury_
prevention/road_safety_status/2018/en/ (accessed on 30 June 2021).

16. Bartels, B.; Liers, H. Bewegungsverhalten Von Fußgängern Im Straßenverkehr-Teil 2; Forschungsvereinigung Automobiltechnik e.V.:
Berlin, Germany, 2014.

17. Clamann, M.; Aubert, M.; Cummings, M.L. Evaluation of Vehicle-to-Pedestrian Communication Displays for Autonomous
Vehicles. In Proceedings of the 96th Annual Research Board Meeting, Washington, DC, USA, 8–12 January 2017; pp. 6–12.

18. Dey, D.; Matviienko, A.; Berger, M.; Pfleging, B.; Martens, M.; Terken, J. Communicating the intention of an automated vehicle to
pedestrians: The contributions of eHMI and vehicle behavior. IT Inf. Technol. 2020, 63, 123–141. [CrossRef]

19. Kettwich, C.; Dodiya, J.; Wilbrink, M.; Schieben, A.M. Light-based communication of automated vehicles with other traffic
participants—A usability study in a Virtual Reality environment. In Proceedings of the 13th International Symposium on Automotive
Lightning; Khanh, T.Q., Ed.; Utzverlag GmbH: Munich, Germany, 2019; ISBN 978-3-8316-4817-7.

20. Bazilinskyy, P.; Dodou, D.; de Winter, J. Survey on eHMI concepts: The effect of text, color, and perspective. Transp. Res. Part F
Traffic Psychol. Behav. 2019, 67, 175–194. [CrossRef]

21. Bengler, K.; Rettenmaier, M.; Fritz, N.; Feierle, A. From HMI to HMIs: Towards an HMI Framework for Automated Driving.
Information 2020, 11, 61. [CrossRef]

22. Dey, D.; Habibovic, A.; Löcken, A.; Wintersberger, P.; Pfleging, B.; Riener, A.; Martens, M.; Terken, J. Taming the eHMI jungle: A
classification taxonomy to guide, compare, and assess the design principles of automated vehicles’ external human-machine
interfaces. Transp. Res. Interdiscip. Perspect. 2020, 7, 100174. [CrossRef]

23. Böckle, M.-P.; Brenden, A.P.; Klingegård, M.; Habibovic, A.; Bout, M. SAV2P-Exploring the Impact of an Interface for Shared
Automated Vehicles on Pedestrians’ Experience. In Proceedings of the 9th International Conference on Automotive User Interfaces
and Interactive Vehicular Applications. AutomotiveUI’ 17:ACM 9th International Conference on Automotive User Interfaces
and Interactive Vehicular Application Adjunct, Oldenburg, Germany, 24–27 September 2017; Boll, S., Pfleging, B., Donmez, B.,
Politis, I., Eds.; ACM: New York, NY, USA, 2017; pp. 136–140.

24. Fridman, L.; Mehler, B.; Xia, L.; Yang, Y.; Facusse, L.Y.; Reimer, B. To Walk or Not to Walk: Crowdsourced Assessment of External
Vehicle-to-Pedestrian Displays. 2017. Available online: http://arxiv.org/pdf/1707.02698v1 (accessed on 30 June 2021).

25. Merat, N.; Louw, T.; Madigan, R.; Wilbrink, M.; Schieben, A. What externally presented information do VRUs require when
interacting with fully Automated Road Transport Systems in shared space? Accid. Anal. Prev. 2018, 118, 244–252. [CrossRef]

26. Kitazaki, S.; Daimon, T. To Make Automated Vehicles Communicative and Sociable on Roads. In Proceedings of the ITS World
Congress, Copenhagen, Denmark, 17–21 September 2018.

27. Lee, J.; Daimon, T.; Kitazaki, S. Negative Effect of External Human-Machine Interfaces in Automated Vehicles on Pedestrian
Crossing Behaviour: A Virtual Reality Experiment. In Proceedings of the 21st Congress of the International Ergonomics Association
(IEA 2021); Black, N.L., Neumann, W.P., Noy, I., Eds.; Springer International Publishing: Cham, Switzerland, 2021; pp. 718–725,
ISBN 978-3-030-74607-0.

28. Mitman, M.F.; Ragland, D.R.; Zegeer, C.V. Marked-Crosswalk Dilemma. Transp. Res. Rec. 2008, 2073, 86–93. [CrossRef]

http://doi.org/10.1515/auto-2017-0129
http://doi.org/10.1177/0361198118777091
http://doi.org/10.1080/1463922X.2020.1736686
http://doi.org/10.1007/s10111-020-00635-y
https://www.who.int/violence_injury_prevention/road_safety_status/2018/en/
https://www.who.int/violence_injury_prevention/road_safety_status/2018/en/
http://doi.org/10.1515/itit-2020-0025
http://doi.org/10.1016/j.trf.2019.10.013
http://doi.org/10.3390/info11020061
http://doi.org/10.1016/j.trip.2020.100174
http://arxiv.org/pdf/1707.02698v1
http://doi.org/10.1016/j.aap.2018.03.018
http://doi.org/10.3141/2073-10


Sustainability 2021, 13, 8396 18 of 18

29. Knoblauch, R.L.; Nitzburg, M.; Seifert, R.F. Pedestrian Crosswalk Case Studies. Sacramento, California; Richmond, Virginia; Buffalo,
New York; Stillwater, Minnesota (FHWA-RD-00-103); Federal Highway Administration: McLean, VA, USA, 2001.

30. Franke, T.; Attig, C.; Wessel, D. A Personal Resource for Technology Interaction: Development and Validation of the Affinity for
Technology Interaction (ATI) Scale. Int. J. Hum. Comput. Interact. 2018, 35, 456–467. [CrossRef]

31. Likert, R. A Technique for the Measurement of Attitudes; The Science Press: New York, NY, USA, 1932.
32. Werner, A. New Colours for Autonomous Driving: An Evaluation of Chromaticities for the External Lighting Equipment of

Autonomous Vehicles. Colour Turn 2018, 1, 1–14. [CrossRef]
33. Wilbrink, M.; Schieben, A.; Kaup, M.; Willrodt, J.-H.; Weber, F.; Lee, Y.M.; Markkula, G.; Romano, R.; Merat, N. Preliminary Inter-

action Strategies for the interACT Automated Vehicles. Available online: https://www.interact-roadautomation.eu/wp-content/
uploads/interACT_WP4_D4.1_Preliminary_Human_Vehicle_Interaction_Strategies_v1.0_approved_Uploadwebsite.pdf (ac-
cessed on 26 July 2021).

34. Bradley, M.; Lang, P.J. Measuring emotion: The self-assessment manikin and the semantic differential. J. Behav. Ther. Exp.
Psychiatry 1994, 25, 49–59. [CrossRef]

35. Kiesel, A.; Koch, I. Wahrnehmung und Aufmerksamkeit. In Lehrbuch Allgemeine Psychologie; Kiesel, A., Spada, H., Eds.; Hogrefe:
Göttingen, Germany, 2018; pp. 35–120, ISBN 9783456856063.

http://doi.org/10.1080/10447318.2018.1456150
http://doi.org/10.25538/TCT.V0I1.692
https://www.interact-roadautomation.eu/wp-content/uploads/interACT_WP4_D4.1_Preliminary_Human_Vehicle_Interaction_Strategies_v1.0_approved_Uploadwebsite.pdf
https://www.interact-roadautomation.eu/wp-content/uploads/interACT_WP4_D4.1_Preliminary_Human_Vehicle_Interaction_Strategies_v1.0_approved_Uploadwebsite.pdf
http://doi.org/10.1016/0005-7916(94)90063-9

	Introduction 
	Interaction between AVs and Other Traffic Participants 
	eHMI as a Communication Tool 
	Effects of eHMIs on the Interaction with Other Traffic Participants 
	Study Purpose and Research Questions 

	Methods 
	Study Sample 
	Research Design 
	Experimental Factors 
	Study Measures 
	Experimental Setting 
	Procedure 

	Results 
	Pedestrians’ Crossing Behaviors 
	Decision Times and Certainty 
	Gaze Behavior 
	Affective Reactions 

	Usability of Dynamic eHMIs 

	Discussion 
	Limitations 
	Further Research 

	Conclusions 
	References

