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Fig. 1. We conducted a video-based study to test the effectiveness of 3 eHMIs: one visual (light-based: SPLB – Slow-Pulsing light
Band), and two acoustic (sound-based: Bell eHMI that emits a dinging sound when the AV yields, and Drone eHMI that indicates
a yielding intent by emitting a droning/ humming sound that changes pitch from high to low as the vehicle decelerates). Results
showed that despite divergences in subjective opinions, the contrast between the eHMIs – individually or in combination with each
other – had little effect in road-crossing decision objectively, indicating that once learned, eHMIs tend to work in general and design
differences have relatively less impact. This leaves room for taking subjective user feedback into account in designing a pleasant user
experience for eHMIs.

External Human-Machine Interfaces (eHMIs) have been evaluated to facilitate interactions between Automated Vehicles (AVs) and
pedestrians. Most eHMIs are, however, visual/ light-based solutions, and multi-modal eHMIs have received little attention to date.
We ran an experimental video study (𝑁 = 29) to systematically understand the effect on pedestrian’s willingness to cross the road
and user preferences of a light-based eHMI (light bar on the bumper) and two sound-based eHMIs (bell sound and droning sound),
and combinations thereof. We found no objective change in pedestrians’ willingness to cross the road based on the nature of eHMI,
although people expressed different subjective preferences for the different ways an eHMI may communicate, and sometimes even
strong dislike for multi-modal eHMIs. This shows that the modality of the evaluated eHMI concepts had relatively little impact on
their effectiveness. Consequently, this lays an important groundwork for accessibility considerations of future eHMIs, and points
towards the insight that provisions can be made for taking user preferences into account without compromising effectiveness.

Permission to make digital or hard copies of part or all of this work for personal or classroom use is granted without fee provided that copies are not
made or distributed for profit or commercial advantage and that copies bear this notice and the full citation on the first page. Copyrights for third-party
components of this work must be honored. For all other uses, contact the owner/author(s).
© 2024 Copyright held by the owner/author(s).
Manuscript submitted to ACM

1

HTTPS://ORCID.ORG/0000-0001-9266-0126
HTTPS://ORCID.ORG/0000-0001-5207-5029
HTTPS://ORCID.ORG/0000-0002-0885-9560
HTTPS://ORCID.ORG/0000-0002-3119-611X


CHI ’24, May 11-May 16, 2024, Honolulu, Hawai’i, USA Dey et al.

CCS Concepts: • Human-centered computing! Interaction design; Interaction techniques.

Additional Key Words and Phrases: Automated vehicle, eHMI, vulnerable road user, VRU, pedestrian, vehicle-pedestrian interaction,
multimodal interface

ACM Reference Format:
Debargha Dey, Toros Senan, Bart Hengeveld, Mark Colley, Azra Habibovic, and Wendy Ju. 2024. Multi-Modal eHMIs: The Relative
Impact of Light and Sound in AV-Pedestrian Interaction. In CHI Conference on Human Factors in Computing Systems (CHI ’24), May

11-May 16, 2024, Honolulu, Hawai’i, USA. ACM, New York, NY, USA, 23 pages. https://doi.org/10.1145/3613904.3642031

1 INTRODUCTION

To facilitate seamless interactions between Automated Vehicles (AVs) and Vulnerable Road Users (VRUs) such as
pedestrians or bicyclists [58] in all situations – including ambiguous ones – AVs may need solutions to bridge the
communication gap arising from the absence of driver-centric communication (such as eye contact and gestures due to
the absence of a human driver) [16, 68, 73, 81]. Prior work has shown that VRUs predominantly rely on vehicle kinematics
to understand driving intent [34, 35, 75]. However, in situations when the intent of the AV is not clear enough from the
kinematics alone, external Human-Machine Interfaces (eHMIs) were shown to be successful [2, 24, 27, 34, 44, 56, 59].

Most previous work on eHMIs focused on visual communication, employing abstract light patterns [65], anthropo-
morphic features [10], text [16], symbols [11], or projections [66]. However, relying solely on visual communication can
have drawbacks for multiple reasons: VRUs may have permanent impairments, experience situational impairments (e.g.,
by being distracted, the view being occluded), or could just not be looking toward the AV [18]. Some work, therefore,
also included personal devices such as the smartphone in communication [14]. However, relatively little research
has been conducted with the auditory modality, or combined audio-visual multi-modal interfaces for communication
between AVs and VRUs.

To address this research gap, we used a video-based study (# = 29) to systematically investigate the relative
contribution of visual (light-based) and auditory (sound-based) communication in eHMIs in effectively communicating
a vehicle’s intention to yield as reflected in pedestrians’ willingness to cross and subsequently explored subjective user
preferences. We found that the presence of any eHMI, irrespective of modality, benefited pedestrians in understanding
the yielding intention of a vehicle. However, in the controlled, experimental setting, there was no evidence that the
modality of the eHMI played a role in objectively modulating pedestrians’ willingness to cross the road. However,
people had different subjective opinions and preferences for specific (combinations of) modalities. Interestingly, many
people pointed out perceiving some forms of multi-modal eHMIs as overwhelming and unpleasant.

Taken together, this potentially indicates that eHMI modality does not need to be a determining factor in the
development of a functional eHMI. There is no one optimal modality for eHMI effectiveness, making it possible, and
perhaps critical, to cater to accessibility needs and user preferences. Although eHMI modality has an effect on user
experience, there is no evidence of its impact on effectiveness in terms of communicating driving intent in neutral
environments. This insight further adds to the discussion on the usefulness of multi-modal eHMIs from the perspective
of accessibility – designing for accessible, multi-modal eHMIs may have the freedom to focus more on policy constraints
and user preferences without a critical hindrance in terms of the effectiveness of conveying vehicle intention.

Contribution Statement. Previous work has mostly shown theoretical or anecdotal evidence regarding the benefits or
drawbacks of multi-modality, and conclusive evidence has been missing. To address this, we contribute by exploring
the effect of multi-modality through empirical tests of the relative impact of an eHMI’s modality – visual, auditory, and
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a combination thereof � in communicating an AV's intent to yield. Using a video-based study (# = 29), we contribute

by showing the objective response of pedestrians to multi-modal eHMIs in terms of their willingness to cross (i.e.

e�ectiveness of visual, audio, and multi-modal eHMIs), as well as the subjective user preferences. Our insights highlight

that eHMIs can be e�ective regardless of modality. This highlights the opportunity and feasibility of taking user

preferences into account from an early stage in the eHMI development process, subsequently improving the interactions

between AVs and pedestrians.

2 RELATED WORK

The mechanisms through which road users communicate today are diverse and include both explicit (e.g., hand

gestures, turn indicator) and implicit (e.g., velocity) communication channels [78, 82, 85]. While the de�nition of these

communication channels varies somewhat depending on the context and author (see e.g., [8, 38, 71]), it is important to

note that these channels are often not mutually exclusive and are used in parallel.

Similar to the interaction between humans, one could expect that both implicit and explicit communication will be

important for smooth interactions between AVs and VRUs in their vicinity. While repeated exposure might help VRUs

to eventually learn to correctly interpret an AV's behavior based on its implicit communication, providing additional

explicit signals of the AV's perceptual and cognitive capabilities is likely to help guide VRUs through the interaction [86].

This is also the reason why explicit communication from AVs using eHMIs with various modalities, either separately or

in combination, has attracted considerable attention in the research community.

Visual eHMIs . In the state of the art of eHMI research, external visual communication is the primary modality of

explicit communication in AVs with other road users. In the meta-analysis of the eHMI design space, Dey et al. [30]

found that an overwhelming 97% of the coded concepts (68 out of 70) use a visual modality. Several studies show that the

presence of a visual eHMI could aid the interactions between VRUs and AVs [24, 68]. However, there is currently no clear

agreement which information is most bene�cial and e�cient, and how many visual signals might be suitable. Visual

eHMIs have been envisioned in a variety of form factors, ranging from light bands [2, 34, 48, 51, 65], two-dimensional

displays on grills and/ or windshields [6, 11, 32, 84], or projections on the street ahead [23, 36, 61]. Each of these form

factors and placements has its own bene�ts and limitations, and there is currently no clear evidence which of them is

most suitable. However, one can argue that the front of the vehicle matches current expectations of pedestrians who

generally look towards the location of the driver's head or vehicle movement [37, 41]. Considering this, the visual eHMI

used in this study is located on the vehicle grill.

Auditory eHMIs . Recent policy guidelines in Europe with regard to silent vehicles (including Electric Vehicles)

mandate that all vehicles need to emit an auditory signal based on the European Union's regulation on auditory vehicle

alert systems (AVAS) [5, 42]. With regard to auditory cues for AVs, research has been limited. Prior work has shown

that auditory cues in the form of friendly messages to engage pedestrians, positive feedback to invite pedestrians to

cross the street safely, urgent warnings or alarms are able to successfully attract pedestrians [22]. In a recent real-tra�c

study by [74] with a Wizard-of-Oz AV to assess the impact of audio interfaces on AV communication within the actual

outdoor soundscape showed that sound designed to communicate the vehicle speed led pedestrians to have a clearer

perception of the vehicle's intent and experience a better interaction quality. This is an example of acontinuous audio

cuethat communicates the status/ intent of the vehicle at all times. In contrast, several studies used auditory icons as

discrete audio cuesto evaluate sound in AV communication. For instance, Böckle et al. [7] used a bell sound to indicate

that the AV will start driving. Hudson et al. [60] proposed di�erent sound cues including playing music or a verbal
3
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message to announce a vehicle's yielding intention. While music was not e�ective, a clear preference was reported for

the verbal message �safe to cross�; a result corroborated by other studies that also validated the use of verbal messages

by Mahadevan et al. [69], Mahadevan et al. [70], and Colley et al. [16]. However, spoken text has the disadvantage of

language-dependence and distortion in a busy tra�c environment. Deb et al. [25] also showed that people generally

prefer a loud sound over a loudspeaker announcing safety. A recent study [76] tested di�erent humming sounds, jingles,

human-like utterances (�ahem�), horns, and bells for automated buses in real tra�c, and found that auditory cues can

be used to e�ectively engage with other road users, and that di�erent sounds have di�erent connotations and meanings.

Work by Florentine et al. [47] shows that although music as audio cues was useful in a warning/ acknowledgement

situation, people tend to prefer light-based eHMIs for AVs to communicate an intention to yield. This was contradicted

by Merat et al. [73], who showed people's preference for auditory signals over visual ones in announcing situation

awareness and detection. Deb et al. [27] also showed that, compared to sound (horn, music, and verbal warning saying

�safe to cross�), visual eHMIs had a much larger e�ect on the willingness to initiate crossing. Besides experimental

evaluations, recent patents demonstrating the way to generate acoustic feedback as a means for AVs to interact with

pedestrians [50, 88] highlight the technological readiness of this communication mechanism.

Multi-modal eHMIs . Previous work has recognized the need to design for communication with accessibility in

mind, and emphasized the necessity for multi-modal communication [4, 16, 17, 52, 67]. However, the review by Dey et al.

[30] shows that only a fraction (approximately 30%) of the concepts in the literature are multi-modal. In their study, Dou

et al. [39] designed 12 eHMI concepts where visual (LED-based smile/arrow), audio (human voice/warning sound) and

vehicle body language (the approaching speed decreases gradually/remains unchanged) modalities were combined and

evaluated in VRThey concluded that multi-modal eHMIs resulted in more satisfactory interaction and improved safety

compared to the uni-modal eHMI, in addition to noting that the visual modality had greater impact than audio, especially

when it comes to the warning sound. On contrary, results from the Wizard-of-Oz study by Ahn et al. [3] showed that

auditory signals are advantageous over visual ones in cognitive response. They also concluded that a combination of

audio-visual modality is most e�ective in understanding information. The eHMI with an audio-visual modality was also

reported to be more appealing than the eHMI with a single modality in the VR study with 12 pedestrians by He et al.

[54]; the pedestrians selected the combination of a symbol and anthropomorphic voice as preferable over other eHMI

types. The importance of multi-modal eHMI was also highlighted by Mahadevan et al. [70] who designed four eHMI

concepts combining at least two modalities: visual (on vehicle or street), auditory (on vehicle or pedestrians' cellphones)

and physical (vibration on pedestrians' cellphone or moving hand on vehicle), and pointed out that each modality

has speci�c trade-o�s which designers should consider when making new interfaces. Insights on the e�ectiveness of

multi-modal eHMIs are inconclusive. In this work, we attempt to address this through a systematic comparison of three

di�erent eHMIs to understand user preferences in AV-pedestrian interaction.

3 eHMI CONCEPTS

To investigate the user preferences of communication, we chose three di�erent eHMIs: one visual, and two auditory.

Visual (light-based) eHMI: SPLB/ Slowly-Pulsing Light Band

A Slow-Pulsing Light Band (SPLB) was used as a representative of the visual eHMI. We picked the light band eHMI

design since it is the most widely used/ proposed visual eHMI [30] due to its relative simplicity, ease of implementation,

and abstract execution [1, 24, 33, 43, 51, 53, 55, 77]. We adapted the light band design by integrating insights from prior
4
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research [31, 43, 65], which show that a uniform pattern like a slow-pulsing animation in cyan color is a good solution

for showing intention to yield. For our study, we designed the SPLB mounted on the bumper of the vehicle. When the

AV cruises in the automated mode without an intention to yield, it glows in a solid, cyan color. When the AV intends to

yield, it pulsates in a sinusoidal pattern (the entire light bar alternately dims and glows at a rate of 0.75 Hz). This pattern

was chosen because it was found to be the most appropriate animation pattern to communicate yielding intention for

an AV in prior research [31]. When the AV wants to start driving again, the light bar returns to a steady glowing state,

indicating a state change to �driving in automated mode�. In essence, the pulsating eHMI tells the pedestrian, �I intend

to yield�, while the steadily glowing eHMI communicates, �I intend to keep driving�.

Auditory (sound-based) eHMI

As discussed in Section 2, two kinds of intention-communicating sound-based eHMI designs have been used in the

space of auditory eHMIs so far without any conclusive evidence regarding their e�ectiveness. To this end, we chose

two auditory eHMIs � one representative of each [74]: continuous and discrete.

Continuous sound-based eHMI: Drone . Derived from prior work [74], this eHMI produces a continuous, droning

sound as an indication of the AV's driving intention, akin to AVAS (acoustic vehicle alerting systems) used in electric

vehicles1 [87]. The eHMI emits a three-voice square wave with the fundamental frequencies of 43, 65, and 87 Hz, with

frequency variations set at a rate of 3% over fundamental frequency, for each fundamental frequency, for every 1

km/hr of speed change [74]. The droning sound depends on the AV's intent. The two states of the AV � �driving in

automated mode� and �at rest� correspond to two levels of droning sounds � a higher pitched and a lower pitched

drone, respectively. As the AV slows down to a complete stop, the pitch of the drone decreases continuously. The rate

of change of the pitch is dependent on the deceleration of the AV � the faster the AV decelerates, the faster the pitch

changes down. Essentially, this leads to the behavior that when the AV is driving/ cruising, the eHMI generates a hum

of constant pitch that is independent of the speed of the AV. Once the AV starts to yield, the eHMI generates a hum of

decreasing pitch corresponding to the vehicle's speed. Once the vehicle stops, the eHMI continues to emit a constant

hum of a lower pitch, and this continues as long as the AV stays stopped (indicating AV �at rest�). When the AV intends

to start driving again, the sound quickly returns to the high-pitched hum corresponding to the non-yielding intention

(indicating the vehicle is �driving in automated mode�).

Discrete sound-based eHMI: Bell . This eHMI uses auditory icons [40] to communicate the AV's intention. As

opposed to music or spoken words, which have disadvantages as discussed in Section 2, we used an abstract auditory

icon and chose the sound of a bell, as used in prior work [7]. The bell sound was generated from a single sample

downloaded from an online audio repository2 released under the Creative Commons license. The single bell sound

sample is concatenated to form a repeating bell sound sequence. When the AV cruises without the intention to yield,

there is no sound. When the AV intends to yield, the eHMI activates a bell dinging at a frequency of 0.75 Hz. This sound

is played throughout the time that the AV slows down, stops, and stays at rest until it is ready to start driving again, at

which point the bell sound of the eHMI deactivates.

No eHMI . As a baseline, we included a `No eHMI' condition with no light or sound augmentation, and the AV operates

without explicitly communicating its yielding or non-yielding intent.

1https://unece.org/press/new-un-regulation-keeps-silent-cars-becoming-dangerous-cars, last accessed: Apr 16, 2023
2https://freesound.org/, last accessed: Feb 27, 2023
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Visual eHMI (Light) Discrete auditory eHMI (Bell) Continuous auditory eHMI (Drone)

No eHMI
5 Drone

5 Bell
5 5 Bell + Drone

5 Light
5 5 Light + Drone
5 5 Light + Bell
5 5 5 Light + Bell + Drone

Table 1. We used a full factorial design using three eHMIs, resulting in 8 eHMI combinations (blocks)

4 RESEARCH QUESTION AND HYPOTHESES

Our goal was to investigate the e�ectiveness of acoustic cues in the communication of intent of AVs in AV-pedestrian

interaction in contrast and combination with light-based cues. In a video-based study, we investigate the following

research question:

Does the addition of acoustic cues to a light-band eHMI aid in the communication of yielding intent?

Our hypotheses were as follows:

� H1: The addition ofBellsound to SPLB will help pedestrians comprehend an AV's yielding intent sooner.

� H2: The addition ofDronesound to SPLB will help pedestrians comprehend an AV's yielding intent sooner.

� H3: The addition of the combination ofBellandDronesounds to SPLB will help pedestrians comprehend an

AV's yielding intent sooner.

We posit that multiple modalities will increase the salience of the eHMI and will enable a pedestrian to understand

the vehicle's driving intent more e�ectively. We ground these hypotheses in Wickens' Multiple Resource Theory (MRT)

model [90], which states that when a task requires di�erent resources, (e.g., in this case, the task of crossing depends on

visual and auditory perception of the vehicle's intent), they can be processed simultaneously and quicker.

5 METHOD

The eHMI concepts were evaluated in a video-based within-subject experiment, as this allowed for practicable lab

conditions where any potential danger for participants can be avoided. The experiment was submitted to and approved

by the ethical review board of the researchers' institution(s).

Task. In this video-based experiment, the participants watched 48 videos of an AV approaching them while they

assumed the role of a pedestrian intending to cross the road. While watching the videos, the participant indicated their

willingness to cross the road in real-time as the vehicle in the video approached them [89].

Participants . We conducted the study with university students and sta� who were recruited through convenience

sampling, via a variety of channels, including the university experiment participation database, social media, and word

of mouth (# = 29, 8 male, 21 female;mean age= 29”83years; (� = 6”91years). Only individuals who had normal or

corrected-to-normal vision were recruited. We implemented a within-subjects setup across the 8 evaluation conditions

(Table 1).

5.1 Apparatus and Study Setup

For the experiment's video stimuli, we captured video clips of an approaching Toyota Prius from a pedestrian's

perspective. The pedestrian location was at the curbside of a straight road that was free from any tra�c or other road
6
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