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Abstract

Automated vehicles (AVs) may require the implementation of an
external human-machine interface (eHMI) to communicate their
intentions to human-driven vehicles. The optimal placement of the
eHM], either on the AV itself or as part of the road infrastructure,
remains undetermined. The current driving simulator study
investigated the effect of eHMI positioning on human driving
behaviour, during the approach and execution of right turns at T-
intersections. Forty-three participants drove wunder three
conditions: absence of eHMI, eHMI on the AV (eHMlv), and eHMI
integrated into the infrastructure (eHMIi). Participants
encountered AVs that either yielded or did not yield to their
vehicles. The results regarding the placement of the eHMI showed
that both concepts are advantageous, but for different reasons.
eHMIv was appreciated because implicit and explicit
communication are congruent, although the AV must first be
visually identified to respond to it. eHMIi was appreciated because
a familiar cue is always at a known location in the environment; as
a result, participants braked earlier for the intersection and came
less close to the AV (which can be interpreted as a safety advantage
or an efficiency disadvantage). Although there are limitations to
the current driving simulator study, this research provides
important insights into the fundamental question of how
information placement affects drivers’ visual attention demands
and driving behaviour, topics that are important in view of the
development of future cities.
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1 Introduction

As automated vehicle (AV) technology progresses, it raises the question of how to design future
traffic systems. During their initial deployment, AVs will coexist with human-driven vehicles
(HDVs), potentially leading to communication and coordination challenges.

Researchers have suggested vehicle-to-vehicle communication to improve manoeuvre
coordination among (semi-)automated vehicles (e.g., Bulumulle and Bo6loni, 2016; Colley et al.,
2022b; Zimmermann et al., 2018). Another approach involves improving the artificial intelligence
of AVs to better anticipate HDV behaviour (Ohn-Bar and Trivedi, 2016; Rudenko et al., 2020, for
literature surveys) or to improve the social interaction behaviour of AVs (for models, see e.g.,
Crosata et al., 2023; Schwarting et al., 2019; Taghavifar et al., 2024). The focus of the current study
is an alternative solution involving visible lighting in the form of external human-machine
interfaces (eHMIs) that communicate the intentions of AVs to HDVs. This research seeks to
determine whether eHMIs should be situated on the AV or on the road infrastructure.

A large number of studies have previously investigated the effectiveness of eHMlIs. Many of these
have demonstrated the usefulness of eHMIs in clarifying the intentions of AVs when interacting
with pedestrians (e.g., Bindschédel et al., 2021; Deb et al., 2018; De Clercq et al., 2019; Dey et al.,
2020, 2022; Ferenchak and Shafique, 2022; Othersen et al., 2018). Nevertheless, the literature
remains divided on the need for eHMlIs (De Winter and Dodou, 2022; Dey and Terken, 2017; Lee
etal., 2021).

While eHMIs have been examined for interactions between AVs and pedestrians (Bazilinskyy et
al., 2019; Dey et al., 2020, for reviews), only a limited number of studies have examined eHMIs in
AV-HDV interactions. Driving simulator research by Rettenmaier et al. (2019, 2020) found that
eHMIs on the AV positively influenced driver acceptance and resulted in fewer accidents and
reduced passing times in narrow road sections compared to the absence of an eHMI. Similarly, a
simulator study by Avsar et al. (2021) found that eHMIs improved human drivers’ perceived safety
and trust. Mirnig et al. (2021) tested eHMIs on shuttles in real traffic and found that the impact on
drivers was less pronounced than anticipated, with the shuttle’s implicit communication (position,
speed) likely playing a dominant role. Lastly, a test track experiment by Papakostopoulos et al.
(2021) demonstrated that an eHMI on the AV aided manual vehicle drivers in making decisions
more rapidly in intersection scenarios compared to the absence of an eHMI. These studies assessed
eHMIs placed on the AV; however, the comparison between eHMIs on the AV and those on the
road infrastructure remains relatively unexplored.

There has been limited research focusing on infrastructure-based eHMIs. In a review of 70 eHMI
concepts, Dey et al. (2020) documented that most (51) concepts were situated on the vehicle, with
5 projected on the road, 3 carried by vulnerable road users, a single one placed exclusively on road
infrastructure, and 10 featuring a combination of the aforementioned. Mahadevan et al. (2018)
demonstrated a prototype LED-light eHMI designed for presentation on street infrastructure, in
conjunction with an eHMI on the vehicle and another carried by the pedestrian. Participants
indicated a preference for the combined presentation of signals, although a comparison of the
different locations was not conducted. In a virtual reality study, Von Sawitzky et al. (2020) assessed
a smart bicycle path that signalled whether a gap permitted safe crossing, and found that this eHMI
received higher ratings of information quantity and quality than a baseline without eHMI.
Umbrellium (2017) presented a prototype that interacted with road users by displaying messages
on the road surface. Drawing inspiration from this, Locken et al. (2019) tested a smart road eHMI,
featuring a bright zebra crossing when crossing was safe and red icons when it was not. Their
evaluation in virtual reality showed that the smart road resulted in faster crossing times and
increased acceptance ratings compared to five other eHMI concepts, including those on the vehicle.
However, definitive conclusions regarding eHMI placement remain elusive, as the vehicle-
mounted eHMIs differed in brightness, colours, and symbols compared to the smart road.

Whether an eHMI is placed on the vehicle or the road infrastructure may influence a driver’s
expectations and attentional requirements in different ways. eHMIs on the infrastructure might
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match the drivers’ expectations, similar to traditional traffic lights. However, a potential drawback
is the increased attentional demands, as drivers must divide their attention between the eHMI and
the AV. An eye-tracking study using animated video clips by Eisma et al. (2020) found that
attention was divided between the AV and an eHMI message projected on the road. Similarly, Lee
(2021; cited in Tabone et al., 2021) argued that with infrastructure-based eHMIs (‘detached eHMIs’),
there is a mental burden of mapping the eHMI to the object it refers to.

eHMIs on the AV may possess certain advantages. Manually controlled vehicles already emit
signals through brake lights and turn indicators (e.g., Norman, 2014), and in line with this, eHMIs
on the AV might be more intuitive for drivers, as vehicle motion (implicit communication) and the
eHMI signal (explicit communication) coincide. However, a potential disadvantage of an eHMI on
the AV is the need for visual search: identifying the moving AV may require time and effort.
Moreover, drivers may overlook the AV or be unable to identify it if it is obscured by structures
such as buildings. In contrast, infrastructure eHMISs can be positioned within the driver’s forward
view. In summary, there are arguments for and against eHMIs on the AV and on the infrastructure.

1.1  Study aim

The aim of this study was to examine the effect of eHMI positioning on the driving performance
and subjective experience of human drivers during interactions with AVs at T-intersections. A
driving simulator study was conducted in which participants were exposed to three conditions:
eHMI situated on the AV (eHMlv), eHMI positioned on the road infrastructure (eHMIi), and a
baseline condition without eHMI. The focus was on safety-related performance, which
encompassed measures such as decelerating and avoiding hazardous crossings in front of non-
yielding AVs.

Métayer and Coeugnet (2021) indicated the importance of assessing eHMIs using both subjective
and objective measures. The current research used various subjective indicators, including
emotional experience (Habibovic et al., 2018; Lau et al., 2021; Wilbrink et al., 2021), workload (e.g.,
Gruenefeld et al., 2019; Tran et al., 2022), perceived safety/criticality of the interaction (e.g., Colley
etal., 2022a; Habibovic et al., 2018; Hensch et al., 2019), as well as trust (e.g., Faas et al., 2021; Hensch
et al., 2019; Kaleefathullah et al., 2022), and acceptance (Faas et al., 2020; Mok et al., 2022;
Rettenmaier et al., 2020). To gather more insights from participants, semi-structured interviews
were conducted, in addition to the objective measures and questionnaires.

2 Methods

2.1 Independent variables
This within-subject study design incorporated two independent variables:

o eHMI placement, consisting of three levels: (1) no eHMI (Baseline), (2) eHMI on the vehicle
(eHMlv), and (3) eHMI on the infrastructure (eHMIi). Each condition was provided as a
distinct drive in the simulator, in a randomized order. This meant that the three conditions
were presented to the participants in six possible order combinations. Consequently, the
three different conditions (Baseline, eHMIv, eHMIi) were approximately equally likely to
occur as the first, second, or third drive.

o The AV’s yielding behaviour, with two levels: non-yielding (5 intersections per drive) and
yielding (5 intersections per drive). In the non-yielding trials, the AV maintained speed. If
the participant drove assertively, they could still cross in front of the AV. In the yielding
trials, the AV decelerated but did not come to a complete halt. The AV’s yielding behaviour
was randomized across intersections but maintained the same order for all participants.
Details on the speeds of non-yielding vehicles are available in the Supplementary Material.

Based on an online study that presented images of approaching AVs with different coloured bars
on the front bumper (Bazilinskyy et al., 2020), the eHMIs were purple to signify that the AV would
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not yield, and green to indicate that the AV was yielding. Red was not used, as this colour has been
considered confusing on a moving vehicle (Bazilinskyy et al., 2020; Dey et al., 2020) and may be
perceived as a mandatory rather than an advisory signal.

2.2 eHMI on the vehicle (eHMIv)

The eHMIv conveyed the AV’s intention through a cube placed on its roof (see Figures 1 and 2).
The cube’s design allowed targeting individual road users. Specifically, when the AV indicated
non-yielding toward HDVs on its right side, the eHMI emitted a purple light on its right and front
surfaces, which were visible to the HDV. The other two surfaces displayed a grey light to avoid
inadvertently informing road users for whom the message was not intended. The eHMIv revealed
the intention of the AV when the AV appeared, which occurred when the HDV had a distance of
70 m from the intersection. The eHMIv displayed the same colour on its right-front faces until it
switched off (i.e., transitioning from purple/green to grey) after the AV exited the intersection.
Note that the current study did not examine the effect of targeting other road users; participants
only viewed the right-front surfaces of the eHMIv, and the back and left surfaces were never
activated.

Figure1.  Left top: eHMIv in non-yielding state, Left bottom: eHMIv in yielding state, Right top: Right
and front surfaces of eHMlv (i.e., the surfaces visible from the participant’s perspective).
Right bottom: Right and back surfaces of eHMIv (the back surface could not be seen from the
participant’s perspective).

2.3 eHMI on the infrastructure (eHMIi)

The eHMIi concept also conveyed the AV’s intent at the intersection in the form of a light display
(Figure 3). It resembled regular traffic lights to maintain familiarity with current traffic, and it used
the same colours and onset timing as eHMIv. The eHMIi was triggered from a pre-existing green
or purple colour to the designated colour when the HDV reached a distance of 70 m from the
intersection. eHMIi did not switch off as the AV passed but remained the same, to avoid that the
colour switching would affect the behaviour of the participants.
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Figure 2. eHMIv in non-yielding state.

Figure 3. eHMI, in non-yielding (top) and yielding (bottom) state. The eHMIi was placed at 6 m from
the start of the intersection.

2.4 Driving simulator

The participants drove in a fixed-base driving simulator (Figure 4). It featured three ultra-HD
screens providing approximately a 180° field of view. The simulator was equipped with a Fanatec
steering wheel, gas pedal, and brake pedal, with automatic gear changing. The simulator vehicle
had a mass of 1600 kg. The dashboard, side mirrors, and rear-view mirrors were integrated into
the virtual image. The experiment was developed using Unity 3D. The simulator recorded vehicle-
related data at a frequency of 50 Hz.
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Figure 4.  Participant operating the driving simulator.

2.5 Driving route

All participants drove the same 8-km distributor road, consisting of straight road segments and 14
T-intersections. Participants made a right turn at ten of the T-intersections and a left turn at the
remaining four. When turning right, participants interacted with an AV approaching from the left
(Figure 5).

The left turns, which involved no AVs or other traffic, were included to reduce monotony for the
participant. The road segments had different lengths (e.g.,, 1500 m or 500 m) to minimize
predictability for participants. Furthermore, traffic was generated in the opposite lane of the AV
for the 10 right-turn scenarios.

The lane width was 5 m and the distance between the centre of the intersection and the point where
the HDV entered the intersection was 15 m. 80 km/h speed limit signs were placed adjacent to the
road, 450 m from the intersection. Additionally, 50 km/h advisory speed signs were situated 140
m from the intersection.

In the Netherlands, for safety, a 70-m minimum clear-sight distance near intersections is
recommended for roads with a 50 km/h speed limit (CROW, 2012). When the participant reached
70 m from the intersection, the approaching AV, previously hidden by a building or vegetation,
became visible 70 m from the intersection (Figure 5).

2.6 Dependent variables
The dependent variables included measures from questionnaires and interviews, and measures
from the simulator.

Subjective measures

Questionnaires were administered to assess trust, perceived criticality, emotions, acceptance, and
workload following each drive. Participants completed the following questionnaires, designed in
Qualtrics, on a tablet after each condition:
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Figure 5. Interaction between participant (human-driven vehicle; HD'V) and automated vehicle (AV) at
a T-intersection. When the HDV was 70 m from the intersection, the AV became visible, and
the eHMI was activated.

1. Participants’ level of trust in the interacting vehicle was measured on a scale of 1 (not at all)
to 10 (extremely) using a single-item question.

2. Participants’ perception of the criticality of the interactions was measured on a scale of 1 to
10, where 1 to 3 represent ‘harmless’, 4 to 6 represent ‘unpleasant’, 7 to 9 represent
‘dangerous’, and 10 represents ‘uncontrollable” (Neukum et al., 2008, as cited in Siebert et
al., 2014; see also Tscharn et al., 2018).

3. Participants’ feelings/emotions regarding the interacting vehicle were measured using
Bradley and Lang’s (1994) questionnaire. It captured three facets: pleasure, arousal, and
dominance, on a scale ranging from 1 to 9.

4. Participants’” acceptance of “the interaction system (i.e., communicating display (if any) +
vehicle behaviour of driverless blue cars” was measured using a semantic differential
questionnaire introduced by Van der Laan et al. (1997). It captured acceptance on two
dimensions: usefulness (4 items) and satisfaction (3 items), on a five-point scale of -2 to +2.
The items “pleasant/unpleasant” and ‘raising alertness/sleep-inducing” were not asked to
avoid redundancy with the Bradley and Lang (1994) questionnaire, which already captured
pleasure and arousal.

5. The NASA-Task Load Index (NASA-TLX) was used to assess participant workload (Hart
and Staveland, 1988). Workload was measured on six dimensions: mental demand,
physical demand, temporal demand, effort, and frustration, on a scale of 1 (low) to 10
(high), while performance was measured on a scale of 1 (good) to 10 (poor). The mean of
the six items was calculated.

Furthermore, in an oral question after the experiment, participants were asked to rank their
preference for the three eHMI conditions. Preferences were coded on a scale of 1 to 3, where 1 is
the first-ranked preference and 3 the last-ranked preference.
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Driving Behaviour Measures

Four driving behaviour measures were extracted from the simulator for each eHMI condition and
participant (see Table 1). The first two pertain to the speed at which the participant approached the
intersection, providing an indication of the eHMI's interpretability. The third and fourth reflect the
safety of the interaction, with crossing in front of the non-yielding AV deemed hazardous.

Table1l.  Driving behaviour measures and their calculation method
Behavioural measure Unit Definition
Time to enter the intersection s Elapsed time from the moment the AV was activated to when the

HDV entered the intersection.

Time to speed <30 km/h s Elapsed time from the first moment the AV was activated to when the
HDV’s speed was below 30 km/h. No value was computed if the HDV
did not reduce speed to below 30 km/h before arriving at the
intersection. 30 km/h signifies a substantial decrease in speed
compared to the instructed approach speed of 50 km/h.

Crossing before the AV Oorl  Whether the HDV crossed before (coded as 1) or after (coded as 0) the
AV. This variable was determined at the moment the HDV entered
the intersection.

Close interaction Oor1l  Whether the absolute value of the post-encroachment time (PET) was
less than 2 s (coded as “1’) or not (coded as ‘0") (Tang and Kuwahara,
2011). PET was defined as the duration from the moment the HDV
entered the intersection to the moment the AV crossed the same HDV
position. A negative PET indicates that the participant crossed after
the AV, while a positive PET indicates the participant crossed before
the AV.

Interviews

Semi-structured interviews were conducted after the experiment. Participants were asked to reflect
on the eHMIs’ usefulness in decision-making, their motivations behind their selected preferences,
any perceived changes in their driving behaviour, any additional information required besides
vehicle intention, and their overall experience with the experiment.

2.7  Participants

A total of 46 individuals, all holding a driver’s license, participated. Three women were excluded.
Two exhibited symptoms of simulator sickness, while the third requested exclusion. The remaining
43 participants (31 males, 12 females) had between 2 and 53 years of driving experience (M = 13.5;
SD =14.4). Participants had considerable experience with Advanced Driver Assistance Systems: 30
reported having driven with cruise control, 11 with adaptive cruise control, and 9 with lane-
keeping assistance; none had driven with automated lane change systems. Ten participants had no
experience with any of the aforementioned Advanced Driver Assistance Systems.

Of the 43 participants, 21% were over 45 years old, 49% were between 25 and 45 years old, and 30%
were between 18 and 24 years old. In response to the query, “What is your highest level of education?
(include ongoing education)”, 2 participants indicated secondary education, 5 bachelor’s education,
32 master’s education, and 4 doctoral education. All participants provided written informed
consent, and the study was approved by the Human Research Ethics Committee of TU Delft.

2.8 Procedure

Before the experiment, a questionnaire was used to collect information on the participants’
characteristics. The participants were informed that the study aim was to understand the
interactions between HDVs and AVs.



EJTIR 24(2), 2024, pp.1-24 9
Lingam, De Winter, Dong, Tsapi, Van Arem, and Farah
eHMI on the Vehicle or on the Infrastructure? A Driving Simulator Study

After providing written informed consent, participants received a briefing form. The form
instructed them to follow the directional signals and drive to an office for an important meeting.
The form stated that participants should remain aware of other traffic, drive responsibly, and
adhere to traffic rules. It informed them that, at intersections, AVs would communicate their
intentions through a display on top of the vehicle or a signalling device on the road. The colour
purple would indicate an AV’s intention to cross the intersection first at a speed of around 50 km/h,
while green would represent its intention to slow down. Additionally, the briefing form depicted
a screenshot of the eHMIv and of the eHMIi conditions. The form mentioned that these eHMIs
indicated the vehicles” intent, and were not traffic rules. It clarified that participants were free to
choose whether or not to comply with the AVs’ intent. Participants were instructed to maintain a
speed of approximately 50 km/h while approaching the intersection, marked by a right-turning
sign at a distance of 70 m. Beyond this point, they were allowed to make independent driving
decisions.

The experimenter also summarized the instructions, and indicated to the participant they had
freedom to comply or not with the AV’s intent. They were explicitly told that the eHMI lights were
advisory, and that they were allowed to pass through the purple light without stopping.

Participants completed a 10-min practice drive to familiarize themselves. The practice session took
place in a similar environment to the experiment, without eHMI. Participants then completed three
experimental drives, one for each eHMI condition. After each drive, participants completed the
questionnaire on a tablet.

Upon finishing the driving task, participants completed a 16-item Simulator Sickness
Questionnaire (Bimberg et al., 2020; Kennedy et al., 1993), and a 19-item Presence Questionnaire
(Witmer et al., 2005) (results included in the Supplementary Material). Participants were then
interviewed and given a €10 gift voucher. The experiment duration, including questionnaires and
interviews, was approximately 70 minutes, with optional 5-minute breaks after each drive.

2.9 Analyses

Out of 1290 trials (43 participants x 3 eHMI conditions x 10 interactions), one trial in the Baseline
condition and one trial in the eHMIi condition were removed from the behavioural data due to
erratic participant behavioir (collision with infrastructure and inappropriate deceleration,
respectively). Consequently, 643 and 645 trials were available for non-yielding and yielding AVs,
respectively. For the non-yielding AV trials, the ‘time to speed < 30 km/h" measure was available
for 534 of the 643 trials; in the remaining 109 trials, the participant did not reach a speed below 30
km/h.

The analysis was conducted solely on the non-yielding AV trials. Of the 645 yielding AV trials,
participants let the AV to cross first in only 29, 6, and 5 trials for the Baseline, eHMlv, and eHMI
conditions, respectively. Data exploration revealed that pre-programmed intersection-specific
variations in AV approach speed affected the likelihood of participants crossing before the AV (i.e.,
the slower the AV approached, the more likely HDVs would cross first). Consequently, although
the eHMIs appeared effective at encouraging participants to proceed, the AV-yielding trials were
not considered usable for further analysis.

The four driver behaviour measures detailed in Table 1 were computed by averaging the five
interactions with non-yielding AVs per participant per eHMI condition. For the two binary
measures (Crossing before the AV, Close interaction), this became a percentage (i.e., 0%, 20%, 40%,
60%, 80%, or 100%). Pairwise comparisons were made among the three eHMI conditions using
paired-samples t-tests. t-tests were used because they are known to be robust to mild deviations
from normality, also for Likert item data (De Winter and Dodou, 2010). A Bonferroni correction
was applied to account for multiple comparisons, and the result was considered significant for a p-
value lower than 0.05/3 = 0.0167.

A thematic analysis (Braun and Clarke, 2006) was performed of the transcribed interview data to
obtain insights into the participants’ preferences for the three different eHMI conditions. The



EJTIR 24(2), 2024, pp.1-24 10
Lingam, De Winter, Dong, Tsapi, Van Arem, and Farah
eHMI on the Vehicle or on the Infrastructure? A Driving Simulator Study

thematic analysis was tailored towards understanding participants” experiences with the eHMIi
and eHMIv conditions.

3 Results

3.1  Subjective measures

Table 2 presents the means, standard deviations, and pairwise comparisons among the three eHMI
conditions. Out of 43 participants, 2 preferred no eHMI, 23 preferred eHMIv, and 18 preferred
eHMIi. Participants perceived significantly lower criticality under the eHMIv condition compared
to the Baseline. No significant differences were identified in perceived criticality scores between
eHMIi and Baseline or between eHMIi and eHMlIv.

Perceived trust, usefulness, satisfaction, and pleasure ratings were higher in the eHMI conditions
than in the Baseline condition, but did not reveal statistically significant differences between eHMIi
and eHMlIv. Participants perceived a significantly lower workload in interactions involving eHMI
compared to the Baseline. Furthermore, eHMIi resulted in a significantly lower arousal score than
eHMlv. Pairwise comparisons did not reveal significant differences in dominance among the three
eHMI conditions.

Table2.  Mean and standard deviations (SD) of the dependent variables, for each eHMI
condition. 1: Baseline (no eHMI), 2: eHMlv, 3: eHMIi. Also reported are the t-
statistic of pairwise comparisons at the level of participants (n = 43)

Variables Unit Mean SD Pairwise comparison

1 2 3 1 2 3 t t t
(1vs2)  (1vs3)  (2vs3)

Subjective measures

Preference ranka 1to3 2.74 1.59 1.66 0.54 0.67 0.66 7.35%** 7.09%** -0.37
Perceived criticality 1to10 3.86 2.95 3.35 196  1.68 2.05 2.89** 1.36 -1.22
Trust 1to 10 491 712 7.35 215 1.75 1.66 -5.43%** -6.36*** -0.66
Pleasure 1to9 4.95 6.49 6.53 1.84 1.49 1.37 -4.60*** -5.41%** -0.17
Arousal 1to9 5.14 4.26 3.67 1.81 1.16 1.55 3.39** 4.79%** 2.60*
Dominance 1to9 4.95 5.09 5.26 1.90 2.06 211 -0.45 -1.04 -0.70
Usefulness 2to+2 -0.19 0.91 0.87 0.97 0.69 0.77 -6.94%%* -6.71%%* 0.38
Satisfaction 2to+2  -0.12 1.02 1.02 1.04 0.78 0.80 6.98*** -6.67%** 0.00
NASA-TLX workload 1to 10 4.83 4.28 4.09 1.81 1.89 1.56 2.14 3.39%* 0.70

Driving measures (non-yielding AVs)

Time to enter the S 6.85 7.20 7.76 0.99 0.91 1.28 -2.71* -5.80%** -3.83%**
intersection

Time to speed <30 km/h> s 418 3.93 3.54 0.49 0.55 0.72 2.90%* 6.24*** 4.58%*
Crossing before the AV % 2116 13.02 14.53 2745 1846 2201 1.97 1.65 -0.50
Close interaction % 5698 60.00 4291 3642 3625 3554 -0.57 2.93** 3.97%**

***p < 0.001. **p < 0.01. *p < 0.05/3.

a Out of 129 ranks coded (43 participants x 3 ranks), 18 ranks were implied from the entirety of the interview. For instance, some
participants reported their favourite condition (e.g., eHMIv or eHMIi) but did not explicitly rank the conditions, yet it was still clear
that Baseline was their least preferred condition.

b The number of trials for which this measure was available was 534 (Baseline: 170; eHMIv: 182; eHMIi: 182). The corresponding sample
sizes used in the statistical tests were 42, 43, and 42 for the Baseline, eHMlIv, and eHMIi conditions.
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3.2 Driving behaviour

Figure 6 shows the mean approach speed for the three eHMI conditions, for non-yielding AVs. It
is noteworthy that at the trigger moment, the mean approach speed was already lower for eHMlIi
and eHMIv than for the Baseline.
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Figure 6.  Mean approach speed when enring non-yielding AVs, for the three conditions. The vertical
dashed line at 70 m is the moment the AV (with eHMI in the eHMIv condition) became
visible, and when the eHMIi switched to the correct state.

Figure 7 depicts the HDVs' trajectories and events (first moment when the participant’s speed fell
below 30 km/h, and crossing behaviour) for the three experimental conditions. It can be seen that
participants in the eHMIi condition slowed down earlier compared to the eHMIv and Baseline
conditions.

Table 2 indicates that the time taken to reach the intersection was longer with eHMI compared to
without eHMI. Moreover, participants took significantly more time to reach the intersection in the
eHMIi condition compared to the eHMIv condition. The results also show that the time taken to
slow down to a threshold speed of 30 km/h was shortest in the eHMIi condition, followed by the
eHMIv condition and the Baseline condition.

Figure 8 provides the distribution of post-encroachment time (PET) values. Firstly, there are more
positive PET values in the Baseline condition (1 = 45), than in the eHMIv condition (n = 28) and
eHMIi condition (n = 31), consistent with the ‘crossing before the AV’ measure shown in Table 2.
Secondly, there are more values between -2 and 0 s for the Baseline condition (n = 79) and the
eHMIv condition (n = 104) compared to the eHMIi condition (n = 64), indicating that in the former
two conditions, the participant merged closely after the passing AV. This is consistent with Table
2, in which it is shown that the number of close interactions (| PET | < 2 s) was significantly lower
for eHMIi compared to Baseline and eHMIv.
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Figure 7. Distance to the entry point of the intersection for the participants (HDVs) and non-yielding
AVs, per HDV-AV encounter for the three conditions. The blue and black horizontal lines
represent the entry point and the center of the intersection for the AV. Purple and green lines
represent the crossing of participants before and after the AV, respectively. Black markers
represent the first moment the HDV reached a speed below 30 km/h. The numbers of visible
markers are 170, 182, and 182 for the left, middle, and right subfigures, respectively.
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3.3 Interviews

This section provides quotes corresponding to the thematic analysis. The reported participant
numbers correspond to the order in which participants were recruited (1 to 46). Overall,
participants preferred to have an eHMI compared to no eHMI at all.

o “I trusted more vehicles with the communication system, because you have to, like I said earlier, you
have to less interpret what it’s doing.” (Participant 3).

o “Inoticed in that base scenario that you are more uncertain, simply because, you don’t know what
the other vehicle is going to do unless you recognise it and it’s speed, which is more difficult to realise
than just a block on top of a car or a light.” (Participant 10).

Only two participants preferred the Baseline condition over the eHMIi and eHMIv conditions.
Their rationale included a preference to make their own judgments, and a generic aversion to
processing supplementary information.

o “Because then you have to rely on your own judgement, you have to decide for yourself and ... if it
is safe, or if it is not safe.” (Participant 17).

o “because we have to look at the light and be like, wait, purple, green. Like, you have to kind of think
about it.” (Participant 30).

Those who favored the eHMIv condition cited the proximity of the eHMI and the AV as reasons
for their preference.

o “I thought the cube was nice because you know ... which car it’s talking about ... with the traffic
light, you might think like: “okay, about which car are we talking?” (Participant 3).

o “on the roof, I found the most helpful because I would look at the car anyways, and check how fast
it’s going before I take a turn, so I would see it and then I could take that into account when making
a decision whether I would take the turn or not, and whereas with the traffic lights, I had to check
the traffic light and then the car and then sometimes I would already have slowed down more because
the traffic light showed purple. But in the end, the car was not super aggressive, so I could have still
taken the turn” (Participant 26).

o “Because it’s on the car itself, and you can watch through the car what car does.” (Participant 28).

o “when it is on the car, then I'm more focused on what is happening around me. And yeah, so I think
that’s more safe than the traffic lights.” (Participant 31).

One participant considered the eHMIi more effective but still deemed the eHMIv their favourite,
stating they preferred it “because it’s different.” (Participant 8).

A drawback of the eHMIi concept is that drivers must distribute their visual attention between the
eHMI and the AV:

o “for cube it was more like, I saw the colour and then I stopped. But with the traffic light, I wasn’t
actually looking at the traffic light, I was looking at the car.” (Participant 8).

o “when you get more confident about the driving, I realised that you stop looking at the car, because
you already know it’s there, but you don’t really, you tend not, like you tend to forget to look at it.”
(Participant 20).

o “although you would still have to check both.” (Participant 42).

Some participants pointed out the high perceptual demands of the eHMIv:

o “because the object is moving ... it has some ... implication on your driving.” (Participant 4).

o “for the visual box on top, I think it was a bit more demanding in terms of getting the speed right
and then see what type of colours (is) in top” (Participant 13).

o “Because the vehicle was kind of out of my line of vision. So I had to really take my focus off to see
where is it?” (Participant 30).

o “that’s directly ... the Achilles’ heel for this thing; I still have to see the moving object. ... if ...
objects are in ... the blind spot ... so you would need a solution for that” (Participant 2).
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Several participants noted that the eHMIi was easier to localize:

o “the signal system ... was straight up ahead in front of me. So, I look at that, and then ...I'll decide
that, fine, there are lights and I'll follow the lights and I'll be safe” (Participant 16).

e “Because I don’t have to search for the car, look for the car where it was and search for the cube. 1
could just look at a signal. And if it was purple, I stopped. If it was green, I would go.” (Participant
38).

o "I can see straight in my vision without having to turn left. And you know, that gap allows me to
have a split second extra in making my decision.” (Participant 40).

o “for meis the traffic light was easier because it’s in your direct vision and you don’t have to look left
or right towards it ... it’s easier for me, as the driver to not have to focus on multiple things.”
(Participant 42).

Moreover, the familiarity of the eHMIi concept was viewed positively:

o "I did like the traffic light more because it is more familiar. ... okay, maybe the colours were not
familiar, but seeing a traffic light and seeing like, stop or go that does help interacting with it”
(Participant 3).

o “if the signals were green, I felt confident in accelerating. .... and that felt very intuitive. It’s like a
real traffic light” (Participant 16).

o “with the signal, it feels more natural, because we are used to a signal, but also like, you can keep
your eyes on the road, kind of, like what’s in front of you.” (Participant 30).

Nonetheless, some participants experienced confusion, as the eHMIi resembled a traffic light but
had an advisory function and displayed a purple colour instead of red. Participants suggested that
such confusion could be detrimental during moments of distraction:

o “Ithink the traffic lights are confusing in the way theyre set up now like this. Too close to the normal
traffic light system. ... if you're not paying enough attention, only the difference in colour makes,
has to indicate that it’s about automated vehicles. And that’s not enough.” (Participant 14).

o "I feel like it's kind of close to the reqular stoplight, so it’s confusing.” (Participant 35).

o “I'mused to normal traffic signs, so this is, this is the same thing, but with a different meaning, so
that’s quite hard to... well, it is not really hard to understand but ... if you get distracted ... ”
(Participant 36).

The eHMIv and eHMIi trigger signals occurred simultaneously. However, the eHM], in its default
state (green or purple), was already visible while approaching the intersection. This aspect of the
eHMIi was generally, but not always, regarded positively:

o “with the traffic lights, I was way more careful when driving up to the intersection, because it was
going to change” (Participant 10).

o “they are very useful, especially the traffic light, because it switched, so you can see like the changes”
(Participant 20).

o “when you were at a distance, they were sometimes purple. But when you got closer, it changed. ...
I actually liked the one with the cubes more. They were a bit more static.” (Participant 34).

o “you can see the signal from a distance even if you don’t see a car. So you know that if it’s green
maybe there is a car coming ... but if it's purple, then you know definitely, that there’s gonna be a
car, driverless car coming towards you. But you don’t necessarily need to see that car.” (Participant
41).

Some participants commented on the technological challenges of implementing the eHMIv and
eHMIi concepts in future traffic situations. They highlighted that the eHMIi system would require
vehicle-to-infrastructure communication:

o “I'mmnot sureifit’s, it’s, it’s going to work when you have multiple cars. Because then, then, a sign
on a car would be, would make more sense, I think. But in this scenario, I would choose the traffic
lights.” (Participant 23).
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o “...just from a technical perspective, that it's way more difficult to have everything interacting and
communicating at the right times when it’s this this static traffic light.” (Participant 29).

o “because it’s closer to the driver. And the signal doesn’t need to travel in the air and can less easily
be disturbed by others, other cars signalling to that system. ... So it was more trustworthy to me.”
(Participant 44).

Additionally, participants observed that relying on the eHMIi signal could be difficult when
multiple vehicles are involved:

o “now, it was only one car. So the traffic light is good. ... but if there are multiple, it’s hard to
distinguish for which one it is.” (Participant 13).

o “Iprefer ... the cubes on the car ... because the traffic light could be wrong, and you’re not looking
at the car, but you're looking at the traffic light” (Participant 22).

However, it was also noted that standardizing the eHMIv may present challenges:

o “with the signals, you can make it standard, you can integrate it with the traffic light system. So I
find that more testable rather than saying every manufacturer will provide a different kind of
signalling system on his car.” (Participant 16).

4 Discussion

This study aimed to determine whether the eHMI should be placed on the automated vehicle (AV)
itself (eHMIv) or on road infrastructure (eHMIi). A driving simulator experiment was conducted,
in which participants turned right at T-intersections while an AV approached from the left.
Participants were exposed to AVs under three conditions: no eHMI (Baseline), eHMIv, and eHMIi.

The results showed that when the AV maintained its speed, participants adopted a slower
approach speed and entered the intersection later when an eHMI was present compared to its
absence. Moreover, with an eHMI, participants tended to cross after the AV rather than before it,
which is expected to benefit safety. Ultimately, 95% of participants preferred AVs with eHMIs. The
current results suggest that safety-related benefits of eHMIs, typically found among pedestrians,
also apply to human-driven vehicles.

Regarding eHMI placement, both eHMIv and eHMIi received equivalent preference rankings and
produced similar crossing decisions. However, reasons for preference differed substantially.
Participants who preferred eHMIv typically did so because they could focus on the AV without
having to distribute their attention between the eHMI and the AV. Although identifying the AV is
visually challenging, once the AV has been identified, its yielding state can readily be seen.

The eHMIi concept appeared to offer some advantages over eHMIv. Specifically, compared to
eHMlv, eHMIi resulted in a lower self-reported arousal level and the participants slowed down
earlier and reached the intersection later for eHMIi compared to eHMIv. Several possible reasons
for these beneficial effect are:

1. Aspointed out, the eHMIv requires the driver to first identify the AV by rotating their head
or eyes. This is time-consuming, and there may be a risk of overlooking the AV. In contrast,
when approaching the intersection, the eHMli is already in the participant’s field of view,
i.e., directly ahead. This interpretation is consistent with Wickens et al. (2008) and Eisma et
al. (2018), who argued that physical effort affects the probability that a stimulus is glanced
at.

2. The eHMIi attracted the driver’s attention even before the AV was visible, while eHMIv
could only be seen when the AV appeared from behind a building/vegetation. That is,
although the trigger location was the same (when the participant was 70 m from the
intersection), the traffic-light-like structure is a cue to which participants could respond
early. This is supported by Figure 6, which shows that the HDV speed in the eHMIi
condition is already reduced at the eHMI trigger moment compared to eHMIv and
Baseline.
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3. The eHMIi remained visible as the AV passed, whereas the eHMIv display turned grey as
the AV passed. Thus, the eHMIi may deter entering the intersection early, since the
participant had to run the purple light. On the other hand, visual inspection of Figure 7
reveals that participants rarely came to a full stop (i.e., the lines in the figure do not run
vertically), so participants did not interpret the eHMIi as a traffic light for which they had
to stop.

The question of how the eHMIv and eHMIi conditions should be implemented in future traffic is
a topic of further discussion, which relates to whether future cities will adopt connectivity of
infrastructure elements. Our findings suggest that positioning signals on the infrastructure is of
benefit compared to signals on the AV, as they encourage the driver to slow down early. However,
it may also be argued that high driving speeds near intersections and short PET values (as found
in the current study for the eHMIv condition) could be seen as an efficiency benefit.

In future traffic, eHMIi and eHMIv may be used in combination. Online and virtual reality studies
have shown that eHMIs on the AV are useful in supporting crossing decisions, especially when
infrastructure elements, such as traffic lights and pedestrian crossings, are lacking (Eisele and
Petzoldt, 2022; Madigan et al., 2022; Métayer and Coeugnet, 2021; Sadeghian et al., 2020). Eisele
and Petzoldt (2022) found that pedestrians are likely to cross (or not) at a green (or red) traffic light,
disregarding the eHMI on the AV entirely. This suggests that the eHMIv concept may become
redundant if traffic lights are already in place at the site.

Our experiment focused only on one-to-one interactions at T-intersections in a rural environment.
Further research is needed to determine the validity of the results for different vehicle behaviours
and road configurations, including left-turn interactions. As traffic density increases, drivers will
have to divide their attention among multiple elements. It can be expected that if many AVs are
present, or if there are visual obstructions such as buildings, the eHMIv condition may become less
preferred. Other challenges for the eHMIv condition include standardization between vehicle
brands and the question of whether the eHMIv should signal the intentions of the ego-vehicle or
also take into consideration the intentions of surrounding traffic.

Future research should explore whether the eHMIi should be functionally and perceptually
distinct from traffic lights (by using, e.g., a purple light in a different infrastructural form or
location). Another challenge of the eHMIi concept is that it would require vehicle-to-infrastructure
communication. However, the eHMIi does not need to be restricted to a physical traffic light; it
could also be displayed on the driver’s dashboard (BMW, 2021; Kettwich et al., 2016; Winzer et al.,
2018), on a head-up display (Yang et al., 2016), through augmented reality (Von Sawitzky et al.,
2019), or on a wearable device (Martins et al., 2019).

A limitation of this study is that the participant sample is not representative of the general
population, with most participants having an engineering education. Additionally, the study
design has a limitation, in that although the presentation order of the three eHMI conditions was
randomized, the order of yielding and non-yielding AVs within each condition was the same for
all participants, which may introduce some bias (due to, e.g., presentation order, and length of the
straight that preceded the intersection). However, further analyses of the mean times to enter the
intersection (see Table S5 of the Supplementary Material) indicate that the results are robust.

5 Conclusion

The current driving simulator study among manual drivers investigated where eHMI information
should be placed: on the AV or on the road infrastructure. This is an important question that relates
to how future cities should be developed in regard to vehicle-to-infrastructure connectivity. The
current study has shown that there are pros and cons to both concepts. An eHMI on the AV
(eHMlIv) has advantages in terms of divided attention, as all necessary information is available on
the AV. Participants made tighter crossing decisions in the eHMIv condition, something that can
be interpreted as unsafe, but also as an efficiency advantage. An eHMI on the infrastructure
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(eHMII), on the other hand, has advantages in terms of familiarity and also fixedness in placement,
making visual search easier. Technically, however, it is challenging for this concept to replace
traffic lights. Despite its limitations, the current study provides an important first step in the
process of thinking about how safety, efficiency, and the visual attention demands of car drivers
should be optimized towards the future.
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Table S1. Automated vehicle behavior for the ten intersections encountered by the
participants
Intersection Baseline eHMIv eHMIi Transition of colours (eHMIi)
1 Non-yielding Yielding Yielding Purple to Green
2 Yielding Yielding Non-yielding Purple to Purple
3 Yielding Non-yielding Non-yielding Green to Purple
4 Non-yielding Non-yielding Yielding Purple to Green
5 Yielding Yielding Non-yielding Purple to Purple
6 Non-yielding Non-yielding Yielding Green to Green
7 Non-yielding Non-yielding Non-yielding Green to Purple
8 Yielding Yielding Non-yielding Purple to Purple
9 Non-yielding Non-yielding Yielding Green to Green
10 Yielding Yielding Yielding Purple to Green

Note. eHMIi colours that were already correct while the participant was approaching the intersection are marked
in boldface (green to green, purple to purple).

The approaching AVs differed in their yielding behavior (i.e., non-yielding vs. yielding), and

showed some variability in speed (see Table S2 for non-yielding AV).

Table S2. Mean speed of non-yielding AVs at 70 m and 0 m, and over the entire distance
between 70 m and 0 m from the start of the intersection
Condition AV speed (km/h)
AV at70m AVatOm AV from 70 to O m

Mean SD Mean SD Mean SD
Baseline (n = 214) 48.03 0.43 51.47 1.93 47.84 4.65
eHMlv (n = 215) 48.19 0.30 52.66 2.76 47.54 4.98
eHMIi (n = 214) 48.15 0.37 53.43 2.03 47.36 481

Note. The non-yielding AV braked if the participant cut in front of it, which can explain some
of the variability between trials and conditions.

Table S3.

Mean SD
Nausea 14.3 14.3
Oculomotor 15.9 155
Disorientation 19.6 19.7
Total score 18.7 16.1

Note. Scoring was done according to Kennedy et al.
(1993). Simulator sickness was rated on 16 items
from 0 (none) to 3 (severe). The maximum possible
score is 200.34, 159.18, 292.32, and 235.62 for the
nausea, oculomotor, disorientation, and total score,
respectively (Bimberg et al., 2020). One participant
did not fill in the questionnaire.

Results of the Simulator Sickness Questionnaire (1 = 42)



EJTIR 24(2), 2024, pp.1-24 24
Lingam, De Winter, Dong, Tsapi, Van Arem, and Farah
eHMI on the Vehicle or on the Infrastructure? A Driving Simulator Study

Table S4. Results of the 19-item Presence Questionnaire (1 = 42)

Mean SD
Involvement (9 items) 444 0.81
Visual fidelity (2 items) 4.96 1.28
Adaptability /immersion (6 items) 4.98 0.64
Interface quality (2 items) 3.04 1.17

Note. Presence was rated on a scale of 1 (none at all) to 7 (a great deal).
One participant did not fill in the questionnaire.

Table S5. Mean and standard deviation (SD) of time to enter the intersection (s) for
intersections in which the automated vehicle did not yield, specified per
intersection (n = 43)

Mean SD
Baseline eHMIv eHMIi Baseline eHMIv eHMIi
Intersection 1 6.93 — — 1.39 — —
Intersection 2 — — 8.38 — — 2.15
Intersection 3 — 7.30 7.31 — 1.36 1.98
Intersection 4 7.14 7.31 — 1.27 1.14 —
Intersection 5 — — 7.79 — — 1.61
Intersection 6 6.86 6.93 — 1.17 1.22 —
Intersection 7 6.57 7.07 7.64 1.32 1.18 1.26
Intersection 8 — — 7.66 — 142
Intersection 9 6.74 7.38 — 1.44 1.27 —

Intersection 10 — — — — — _

Note. It can be seen that, for the same intersection, the mean time to enter the intersection is longer for eHMIv
than for Baseline (Intersections 4, 6, 7, 9), longer for eHMIv than for Baseline (Intersection 7), and longer for eHMIi
than eHMIv (Intersections 3, 7), which corresponds to Table 2.



