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Automated vehicles are expected to improve traffic safety and efficiency. One approach to achieve this is via platooning, that is,
(automated) vehicles can drive behind each other at very close proximity to reduce air resistance. However, this behavior could lead to
difficulties in mixed traffic, for example, when manual drivers try to enter a highway. Therefore, we report the results of a within-subject
Virtual Reality study (N=29) evaluating different platoon behaviors (single vs. multiple, i.e., four, gaps) and communication strategies
(HUD, AR, attached displays). Results show that AR communication reduced mental workload, improved perceived safety, and a single
big gap led to the safest merging behavior. Our work helps to incorporate novel behavior enabled by automation into general traffic
better.
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1 INTRODUCTION

Automated vehicles (AVs) will change traffic both for vulnerable road users (VRUs) such as pedestrians [17, 30, 37] as
well as for manual drivers [11, 58, 59]. Anticipated benefits such as reduced accidents [68] and improved fuel usage
either by improved driving [1] or via novel behaviors such as platooning [1] drive the development of these systems.
Especially platooning, that is, a system in which several (automated) vehicles can drive behind each other at a very
close distance of 10m or less [1, 3, 38, 41] with the aid of a technical control system without compromising road safety,
has been researched extensively [1] and is being evaluated with trucks on real streets since 20181.

While numerous works investigated the crossing process of VRUs (e.g., the impact of vehicle shape [25], modality [20],
or scenario [16]), the potential encounters of AVs with manually driven vehicles (“manual drivers”) have been less
investigated. In these encounters, there exists the possibility for uncertainty, for example, when the road is partially
blocked [45, 58]. Another source of uncertainty to manual drivers is unknown driving behavior by AVs. One particularly
well-evaluated approach for AVs to improve road efficiency is platooning. However, this introduces “a new cooperative
driving paradigm for drivers”[1, p. 1]. In the very likely transitional phase during which AVs and manual drivers co-exist
on the roads, AV approaches must account for human behavior and vice-versa. With platoons in mind, there could be
1https://www.truckinginfo.com/278839/real-world-truck-platooning-test-with-real-truck-drivers; Accessed: 12.12.2022
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two di�culties: merging into a, potentially, long platoon on highway entries and traveling in a platoon as a manual

driver. In this work, we focus on the highway entry with an approaching platoon. Driving onto a highway today is

already a complex scenario [71]. With an approaching platoon, this could become unfeasible; therefore, the platoon's

behavior must be adapted. While the platoon could dissolve prior to every entry, this would make it very ine�cient.

Therefore, di�erent approaches are required. With real-world testing undergoing since 2018 and with legislature coming

up to date with AV technology (e.g., in Germany2), the emergence of this scenario becomes within reach in the next

decade and has to be designed in a safe way.

Therefore, we investigated a highway merging scenario with an approaching car platoon in a within-subjects virtual

reality (VR) study with N=29 participants. To address the complexity of highway entry, there are two alterations possible:

altering the behavior and altering available information to the manual driver. Therefore, we altered the platoon behavior

by providing single gaps (35 or 70m long) or multiple gaps (30 or 45m long) and provided three communication designs:

Augmented Reality (AR)-based, using a Head-Up Display (HUD), or attached displays on the AVs alongside a baseline.

We found that the large single gap and the AR communication were clearly preferred. The AR concept also signi�cantly

increased trust and predictability. The large single gap also led to signi�cantly fewer crashes.

Contribution Statement:This work provides two platooning behaviors usable for the merging of manual drivers onto

automated highways. Three communication concepts (AR, attached displays, and a HUD) are also de�ned. Findings of a

VR study with N=29 participants show that the large single gap and the AR communication were clearly preferred and

led to higher trust and fewer crashes.

2 RELATED WORK

This work is based on research in the �eld of external communication of AVs toward manual drivers. However, we also

provide general insights from studies on external communication of AVs towards pedestrians as these can also guide

the design for other road users.

2.1 External Communication Towards Vulnerable Road Users

Vulnerable road users such as pedestrians or bicyclists, that is, road users not protected by an outside shield [37],

communicate in tra�c scenarios with ambiguous right of way via eye gaze or gestures. Recent research has looked into

how a missing human driver in a vehicle that is communicating with vulnerable road users (e.g., by waving or nodding)

could be substituted or whether this communication process could even be enhanced [20]. The design of these concepts

varies regarding modality, message type, and communication location [17]. Also, situation characteristics have to be

considered.

While several modalities have been evaluated, visual communication concepts were mostly used [21]. Current

research focuses on scalability [10, 22], accessibility [21], and social aspects [62]. Also, potential challenges regarding

passenger actions, such as pedestrian mode confusion, are evaluated [13, 23].

2.2 External Communication Towards Manual Drivers

While communication to VRUs has gained signi�cant attraction in recent research, communication toward manual

drivers has been investigated less. Therefore, we recapitulate the �ndings of related work on any communication

towards manual drivers to derive our communication concepts.

2https://www.bundesregierung.de/breg-en/news/faq-autonomous-driving-1916398; Accessed: 12.12.2022
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Rettenmaier et al. [58] investigated the communication between an AV and a manual driver in such a bottleneck

situation. In their task, two parked automobiles block the road, forcing both the MV and the AV to utilize the oncoming

tra�c lane to pass the parked vehicle. As a result, both cars must cede the right-of-way to the oncoming vehicle in

an uncontrolled circumstance. As a result, communication is essential. The communication is accomplished using

displays on the AV's radiator grill or road projections. The screens depicted German road signs, which are commonly

used to control tra�c during bottlenecks. The study found that displays outperformed projectors in terms of visibility,

especially at larger distances [58]. Because the driver's gaze is largely oriented upon the approaching AV, the display is

detected earlier. Furthermore, the projections are transparent and hence less apparent than the screens. Nonetheless,

Miller et al. [50] also found that perceivable implicit communication, that is, clearly visible movement, can su�ce for

bottleneck scenarios.

Also, in a bottleneck scenario, Rettenmaier et al. [57] changed the visual signals to communicate the AV's purpose to

the manual driver. This study yielded the best design for communication visualization in the form of a red or green

colored arrow.

Klaus et al. [42]discussed various forms of communication. They di�erentiate between four external human-machine

interfaces (eHMIs): "marking a vehicle as an automated vehicle", "light strips", "display," which shows texts or symbols,

and "projection". They believe that the latter two eHMIs are more bene�cial for communicating with other road users

since their displays and projections can present a huge quantity of information (textual or pictorial).

Avsar et al. [2] investigated an intersection (i.e., a T-junction) scenario. Here, an AV had the right of way but still

yielded to a manual driver, communicating this via a "360°LED light-band" [2]. They discovered that the eHMIs improved

perceived safety and trust in the AV and that handling was assessed as simpler. This reinforces the notion that eHMIs

improve tra�c and communication with manual drivers.

Schlackl et al. [65] used the whole visible car body. They investigated the zipper procedure at a road extension (i.e., a

construction site). The zipper procedure is also performed when merging onto a highway, as is done in our experiment.

The eHMI had three parts: the hood, the rear, and the driver's side. In the shape of a dot, the side recorded the location

of the observed vehicle driving next to the AV. This was to compensate for the lack of eye contact. The tra�c status

was depicted as a symbol on the vehicle's back. Triangles pointing and moving in the direction the participants were

intended to turn in were visible on the front of the AV. Pictograms and triangles were �much better than the ordinary

headlight �asher� [65, p. 82].

Colley et al. [11] investigated two scenarios. First, they evaluated a scenario with emergency vehicles where the AV

would communicate the situation or block the intersection for vehicles other than the emergency vehicle by driving

into it. While external communication aided in understanding the behavior, participants were still confused by this

novel behavior. In the second scenario, a four-way intersection was investigated. In this deadlock scenario, external

communication led to a lower mental workload and fewer accidents, showing the potential of this communication.

These works show that eHMIs have the potential to communicate with other manual drivers but that also implicit

communication can su�ce. We draw from these previous works in designing our communication concepts and further

the understanding how such communication can a�ect drivers in a novel situation, i.e., the merging into a platoon.

While one zipper scenario was evaluated, there currently is a knowledge cap in understanding merging scenarios with

platoons.
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2.3 Platooning of Automated Vehicles

Due to di�erent objectives and motivations, various approaches exist for platooning strategies. While some strategies

seek to establish a commercial �eet or implement platooning as a service [48], others are interested in increasing safety,

reducing congestion, or simply compensating for the lack of skilled drivers [5]. These strategies can be distinguished

according to the following criteria:

(1) what type of control is exercised (longitudinal such as keeping an adequate gap between vehicles and appropriate

speed and/or lateral, such as steering);

(2) what type of platoon structure is required (heterogeneous or homogeneous, i.e., are only vehicles of the same

type, such as trucks of a speci�c brand allowed);

(3) what type of technology is needed (is it necessary to adapt the infrastructure, for example, with additional

sensors such as cameras, or is it possible without it)

In this study, we focused on a homogeneous platoon where longitudinal control is exercised, and no additional

infrastructure is needed. We opted for a homogeneous platoon as this reduces unintended side e�ects such as having to

merge in front of vehicles with variable sizes or di�erent colors as this might in�uence attributions of speed [24]. Only

longitudinal control was simulated, as swaying to di�erent lanes is potentially dangerous if other vehicles are present.

TheSARTRE[5, 60, 63] strategy is an example of such a solution. The idea is to develop and implement tra�c solutions

so that it will be possible to do platooning without having to modify the infrastructure. It de�nes a platoon as a

heterogeneous combination of vehicles led by a heavy manual vehicle. All following vehicles orientate themselves

to the lead vehicle. Using V2V communication, the speci�ed distances and paths are communicated to the following

vehicles. Therefore, longitudinal and lateral control is needed in this strategy. Important to mention here is that in this

strategy, platoons do not have a �xed size but behave dynamically. Vehicles can join or separate dynamically. Moreover,

in an emergency or with loss of communication, the local system, i.e., the vehicle itself, will take over control again.

Kühn et al. [44] have already investigated human reactions to potential AVs on highways in various scenarios. They

conducted a simulation study to determine whether human drivers could, in general, detect an AV based on its driving

behavior, �nding that human drivers could recognize this quite well. They already had appropriate ideas about potential

interaction scenarios and possibilities about AVs and the way they would behave. Various scenarios were investigated

for this purpose, including one where the subject had to enter the highway and line up in front of an AV. It was found

that it was more pleasant for the subject when the AV kept a relatively large safety distance after the vehicle had entered

the lane [44]. However, Kühn et al. [44] only investigated single-vehicle scenarios.

van Loon and Martens[69] have collected di�erent concepts that address the compatibility problems during this

transition phase of mixed tra�c. Optimal driving patterns are often assumed in theory. However, this cannot always be

guaranteed, especially in mixed-tra�c situations [69]. For instance, on the highway at an on-ramp, one cannot always

switch to the left lane to ease merging for entering vehicles, as human drivers are also present and usually want to pass

a slower vehicle.

Therefore, AVs in mixed tra�c will need to be able to co-exist and cooperate with manually driven vehicles (i.e., achieve

so-called �backward compatibility�). Thus, AVs require the ability to anticipate the behavior of vehicles unequipped

with the latest technology based on measurable indicators such as their speed or acceleration and to react accordingly.

Clearly, it would also be important to have forward compatibility, i.e., unequipped vehicles interacting with an AV and

not noticing any di�erence from a human driver. However, this will be less apparent due to the nature of AVs, as they
4
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will be designed to drive e�ciently and safely, which may contrast with human driving behavior [69].

Woodman et al. [74] previously studied low-speed platoons of AVs in inner-city environments via focus groups. They

used low-speed autonomous transport systems (L-SATS), which were equipped with eHMIs to communicate with

pedestrians. They assumed a platoon that doesnot operate completely autonomously. At the start of the platoon, the

AV is supervised by a human who can intervene in an emergency. Within this context, it was interesting that the

participants had more con�dence in the stopping capabilities of the AVs than in those of normal vehicles. One of the

aspects the participants were concerned about was the spacing of the individual AVs. Thus, on the one hand, they were

concerned about safety and whether the AVs would not crash into each other. On the other hand, they were concerned

that people or animals could walk between them if the distance became too great.

Gilbert et al. [33] investigated the public perception of the number, a�liation, and purpose of AVs in shared lanes. In

their survey, they found that �eets, and especially �eets associated with a private agency, were perceived as less positive

compared to single or public agency-associated AV �eets. Therefore, we refrained from de�ning the association to a

private or public agency.

Finally, Razmi Rad et al. [54] evaluated the impact of a platoon driving in a dedicated lanenext to manual drivers. They

found that manual drivers accepted shorter gaps when driving next to the dedicated lane.

This overview shows that the topic of platooning is challenging both from the technical as well as from the human

factor perspective. While a lot of work has gone into improving the technical capabilities, only theoretical [69],

survey [33], or focus groups [74], simple [44] or scenarios with dedicated lanes [54] were conducted to approach human

factor challenges. Empirically evaluating drivers' behavior in more complex (i.e., multiple vehicles, multiple lanes)

scenarios with di�erent platoon behaviors and communication concepts to support the manual driver is currently

missing.

3 EXPERIMENT

We designed and conducted a within-subject study to evaluate the e�ects of various platoon behaviors and communica-

tion concepts. This study was guided by the exploratory research question (RQ):

RQ1: What impact do the variableplatoon behavior andcommunication have on manual drivers in

terms of (1) driving behavior, (2) mental workload, (3) trust, (4) perceived safety, and (5) communication

quality?

These measurements were used in previous literature to assess di�erent behaviors and communication possibilities.

We expect that lower mental workload and higher trust, perceived safety, and communication quality are desirable

aspects of the merging process. Due to the exploratory nature of this study, we refrain from stating hypotheses.

Behavior was measured by eye gaze and driving-related measures regarding the merging, such as distance and speed

(see Section 3.2.1). The measured behavior was important to adequately assess objective metrics for the merging process.

Every participant experienced 17 conditions, resembling a 4� 4 design plus a baseline (no communication and no gap

adaption). The independent variables were platooning behavior (Single Small Gap, Single Large Gap, Multi Small Gaps,

Multi Large Gaps) and communication concept (No Communication, AR, eHMI, HUD). In the baseline, the platoon

would not alter a gap, so no gap other than the initial 5m between each vehicle was created.
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3.1 Materials

3.1.1 Virtual Reality Simulator.We modeled the scenarios in Unity version 2021.3.10f1 [67]. We used a Thrustmaster

T150 Pro steering wheel with pedals and an HTC VIVE Pro Eye. This allowed the participants to look over their shoulders

and, for example, check the blind spot. We used the Simple Tra�c System asset [66] with several modi�cations to

generate tra�c. Participants drove a vehicle with 5m length, 2.05m width, and a height of 1.7m. This approximately

represents a Volkswagen Passat Limousine.

(a) Single gap.

(b) Multiple gaps, where the platoon creates a total of four consecutive gaps.

Fig. 1. Platooning behavior used for the VR study (vehicles not to scale). The solid black rectangle represents the starting position,
the striped rectangle an arbitrary position on the acceleration lane. The start point is approximately 100m before the turn, visible on
the lower le� side.

3.1.2 Platooning Behavior.The platoon operated with a distance of 5m between AVs and consisted of 103 vehicles.

This number was chosen to ensure that the participant will encounter the platoon when merging. While previous work

often assumes a maximum platoon size ofŸ 10[49, 75] to achieve high tra�c stability, Zhou and Zhu[75] showed that

higher numbers increase capacity and are feasible without too high degradation in tra�c stability. The platoon traveled

at a speed of 130km/h, the typical velocity, for example, recommended on German highways.

We implemented two di�erent types of platooning behavior in the case of merging: forming one gap (see Figure 1a)

or multiple (i.e., four consecutive gaps in our study) smaller gaps (see Figure 1b). As we were interested in di�erent

required sizes for the gaps, after initial testing, we chose 35 and 70 m for the single gap and 30 and 45m for the multiple

gaps. To determine the proper gap sizes, we followed the recommended safety distance on German highways. According

to German law, the safety distance to the preceding vehicle has to be large enough to ensure that the driver can stop

their car without any problems if the preceding vehicle brakes unexpectedly [55]. For this purpose, it is common to use
6
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