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ABSTRACT

In this paper, we address the need for a common communication framework for all
road users when interacting with automated vehicles (AVs). Our vision is to work tow-
ards a unified, comprehensive, and efficient external human-machine interface (eHMI)
that can be commonly used and understood by all. A unified concept is needed since
an AV will drive in mixed traffic (coexistence of AVs, pedestrians, cyclists, manually
driven vehicles and motorcycles). Since manually driven vehicles (MDVs) will be one
of the main road user groups (e.g. due to the first applications on motorways), it is
important to consider this target group in research. Although some researchers have
begun to focus on AV-MDV interaction to fill the gap in recent years, existing studies
are still limited. This paper will summarise existing studies of eHMI with a specific
focus on MDV and add this to the large existing research field of AV-VRU interaction.
Existing literature is classified and summed up around two main aspects: 1) locati-
ons and scenarios of encounters; 2) task requirements of AV-MDV interaction. They
can describe and help us get a more comprehensive understanding of AV-MDV inte-
raction. Based on the literature review, the existing research gaps are summarized to
develop new approaches for a more unified eHMI.
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INTRODUCTION

Automated vehicles (AVs) are often promised to benefit the traffic envi-
ronment from many perspectives, such as improving efficiency, reducing
accidents, and reducing drivers’ task load. To get these benefits, AVs need to
be trusted and accepted not only by the people using them but also by the road
users (RUs) confronted with AVs in daily traffic. While traditionally, many
studies focused on in-vehicle interaction of AVs (e.g. Beggiato et al., 2015;
Stromberg et al., 2018; Carsten and Martens, 2019; Feierle et al., 2020),
more and more research is now focusing on AV-pedestrian interaction from
the perspective of a pedestrian who is confronted with an AV (e.g. De Clercq
et al., 2019; Walker et al., 2019; Dey et al., 2021; Madigan et al., 2021).
Especially in AV-pedestrian research, various external HMIs (eHMIs) smoo-
thening the interaction have been developed. However, in the next couple of
decades, the traffic environment will be a mix of diverse traffic participants
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interacting, including AVs and conventional RUs such as pedestrians, cycli-
sts, and manually driven vehicles (MDVs). Therefore, the interaction between
conventional RUs and AVs will become one of the most important issues
to establish safe and smooth traffic. In this paper, we will mainly focus on
AV-MDV interaction, a topic that has been less studied than AV-pedestrian
interaction.

Challenges of Developing AV-MDV Interaction

There is already a large research field studying the interaction between AVs
and other RUs. Existing studies mainly focus on the interaction between AVs
and vulnerable road users (VRUs) such as pedestrians (e.g. Mahadevan et al.,
2018; Faasetal.,2021) and cyclists (e.g. Bella and Silvestri, 2017; Berge et al.,
2022). These studies established a relatively comprehensive set of study types.
For instance, most studies focus on: 1) the interaction at a specific location,
such as crosswalks (e.g. Dey and Terken, 2017) or intersections (e.g. Wang
et al., 2021); 2) the interaction of a specific target group such as pedestrians
(e.g. Walker et al., 2019; Faas et al., 2021) or cyclists (e.g. Hou et al., 2020;
Ackermann et al., 2021); 3) the interaction with a specific design concept
for an eHMI (e.g. Fridman et al., 2017; Chang et al., 2017; for an ove-
rview of eHMI concepts for pedestrians see Dey et al., 2020). Based on this
large amount of studies, there is extensive knowledge about how pedestri-
ans behave in encounters with AVs, which factors influence the interaction,
what are the preferred eHMI patterns, etc. However, the existing studies and
concepts for pedestrians cannot simply be applied to the interaction with all
human RUs.

Objective

This paper has three main objectives: 1) Provide an overview of and sum-
marise the existing studies of eHMI for manually driven vehicles; 2) Give
guidance or point out topics that require further investigation about AV-MDV
interaction; 3) Encourage researchers to develop holistic eHMIs to cater for
the needs of all RUs.

METHOD

To structure the existing studies on AV-MDV interaction, we summarise the
existing AV-MDV interaction studies. We came to two aspects that stress chal-
lenges and gaps of AV-MDV interaction studies: scenarios of the encounters
and the task requirements of AV-MDV interaction. Both aspects are summa-
rised to describe AV-MDV interaction and help us get a more comprehensive
understanding of various factors that may influence AV-MDV interaction.
Moreover, some studies from other related research fields that may provide
inspiration or contribution are also addressed.

The keywords in our search included “automated vehicle”, “driving
behavior”, “mixed traffic”, “manually driven vehicle”, “human driver”,
“cooperation”, “uncertainty”, “intention”, as well as combinations of these
initial keywords. Citations and references of important publications were also
reviewed.
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RESULTS

After reviewing, about thirty publications turned out to be relevant to the
topic “AV-MDV interaction”. The findings from the literature review are
presented below.

Locations and Scenarios of Encounters

The locations of AV-MDV interaction are more diverse than AV-pedestrian
interaction. Traffic rules require most pedestrians to walk in designated areas
(e.g. sidewalks or zebra crossings), different from where vehicles are driving.
Therefore, the encounters of VRUs and AVs mostly happen in particular
location-based scenarios. Existing studies mainly addressed these scenarios,
such as crosswalks or zebra crossings (e.g. Rasouli et al., 2017) and unstructu-
red intersections (e.g. Wang et al., 2021). Even in studies in which pedestrians
are not in designated areas, it is always a distinct point in time where a pede-
strian was asked to either cross the road or indicate their willingness to cross
the road (e.g. Dey and Terken, 2017).

However, researchers cannot solely use these particular location-based
scenarios when looking at studies on AV-MDV interaction. MDVs may
encounter AVs all the time during driving. In the limited amount of studies
that looked into AV-MDV interaction, researchers firstly paid attention to
some particular location-based scenarios, such as the deadlock situation or
T-intersections (e.g. Imbsweiler et al., 2018) and bottlenecks (narrow pas-
sage) (e.g. Rettenmaier et al., 2020). In these scenarios, drivers usually need
to negotiate the priority with the oncoming vehicles. Therefore, complex
actions, cooperation, quick responses and anticipation will be required for
drivers to avoid traffic accidents. However, AV-MDYV interaction may happen
everywhere on the road when they meet and interact, such as lane changing
(Kauffmann et al., 2018) and overtaking (Ritchie et al., 2019), making it very
different from AV-pedestrian interaction.

Task Requirements of Interaction

As discussed before, AV-MDV interaction may happen everywhere in every-
day traffic. This means that the information needs may not be restricted to
isolated encounters. Moreover, the information need may be more complex
and continuous for drivers to make manoeuvres for the next series of opera-
tions since multiple factors may influence the interaction in situations such
as overtaking and lane changing.

Differences of encounters and information needs may also lead to the
differences of requirements for eHMI modalities. Some researchers have stu-
died different eHMI modalities. For example, Rettenmaier and his colleagues
(2020) designed a frontal display for bottleneck scenarios in a simulator expe-
riment, using arrows and colours known from traffic signs, to show the AV’s
states and intentions of yielding or insisting the right of the way. Besides
displays, Papakostopoulos and colleagues (2021) used a light strip mounted
on the windshield to show AV’s yielding intention in a four-way junction in a
field experiment. Moreover, in 2019, Rettenmaier and colleagues also condu-
cted a driving simulator study by using a frontal display (using arrows known
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from traffic signs) and projection (project information in the form of arrows
and lines on the road in front of the car). This study showed that the display
improved the efficiency of interaction more significantly than the projection.
The reason may be that the display may have better visibility. These interfa-
ces positively influence interaction efficiency compared to situations without
eHMI. Besides, many other potential interface modalities still remain to be
studied, such as displays with symbols, anthropomorphic displays, auditory
or multi-modal interfaces.

Moreover, timing is also essential since AV-MDV interaction may be more
dynamic. For example, an earlier signal (signal at a longer time to collision
[TTC]) and a longer waiting time after the AV has shown intentions have
demonstrated to be more cooperative and unambiguous since human drivers
have more time to decide and plan for the following operations (Kauffmann
et al., 2018). However, an early signal may also be misunderstood by other
RUs (Kauffmann et al., 2018). A longer TTC may be regarded as a sign of
low criticality, reducing human drivers’ willingness to interact and cooperate
with AVs (Stoll et al., 2020). So the ideal timing of interaction may be ‘early’
but ‘within a limited time frame’, which needs to be further investigated.

Other Studies That May Contribute to AV-MDV Interaction

Similar research topics also appear in the research area of human-robot inte-
raction. Phillips et al. (2011) point out that one of the significant changes in
human-machine interaction is the transition in the human’s role from con-
trolling machines to collaborating with intelligence agents (IAs). This change
may make the interaction more likely to be peer-based. As [As, AVs may
have the same potential. Sorokin et al. (2019) offer a design approach to cre-
ate characters for AVs and design them as social actors by analysing public
expectations via online media. Therefore, AVs’ roles in traffic may be a new
topic for eHMI study in mixed traffic.

CONCLUSION

Differences of eHMIs are summarised by looking into existing studies of AV-
MDYV interaction and comparing them with studies for AV-VRU interaction.
The differences will influence eHMI requirement and show that eHMIs for
AV-pedestrian interaction can not simply be used for AV-MDV interaction:

1) MDVs (hence human drivers) have a higher task load than VRUs since
they need to process the information of the eHMI while performing
a driving task, suggesting fewer resources are available to process the
information.

2) The vehicles’ speed is often higher than pedestrians’, which will lead to
a difference in encounters and the need to abstract information from
vehicles being further away.

3) The mere fact that drivers sit in a vehicle may give different requirements
for the eHMI. Factors such as glare of the window, viewing angle to the
AV and noise in the car may produce different requirements regarding
the intensity or design of signals.
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4) The location of the interaction is often different. Where pedestrians usu-
ally walk on the pavement and only cross the road when needed or in
dedicated areas, MDVs drive on the same road stretch as AVs.

5) AV-MDV interaction is more complex and diverse than AV-pedestrian
interaction. For example, in an overtaking situation, vehicles may need
to merge into mixed traffic or move slightly sideways in an adjacent lane
when a car moves slowly towards the other car. These are all manoeuvres
that pedestrians never need to do.

6) From the human drivers’ perspective, an AV may feel more like a peer, a
different road user category from VRUs. Moreover, this topic has not yet
been studied.

Besides these differences, we identified the following potential research
topics that need to be studied more extensively:

1) other scenarios in addition to the ones studied, such as merging and
overtaking;

2) solutions to make eHMIs understood by multiple AVs and MDVs in
diverse encounters;

3) information needs in addition to the common cues that are currently
being used in MDVs (e.g. indicators, brake lights);

4) the timing (onset and duration) for various forms of information;

5) location at which the information needs to be shown (e.g. displays on the
roof of AVs, front, all-around);

6) suitable modality or the need for a multi-modal approach or the design
of more natural concepts such as anthropomorphic or self-explaining
concepts.

Only when the research gaps are filled and more knowledge is gained under
various traffic scenarios and situations with a multi-user perspective can we
start to develop a more holistic eHMI concept. Therefore, we encourage more
eHMI studies for AVs to consider all RUs in mixed traffic. Safe and efficient
mixed traffic can only be accomplished when all RUS’ safety and efficiency are
guaranteed. From the perspective of eHMI design, a good eHMI should not
be provided by simply adding many different interfaces for each particular
target group on an AV but an eHMI that can be accepted and understood by
multiple RUs.
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