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Among all types of on-road crashes, rear-end collisions dominate, which is closely related to drivers’ car-following (CF) behaviours. CF behaviours
are believed to be based on the states of the directly leading vehicle, though experienced drivers can predict the upstream traffic flow variation
based on subtle cues and act in advance. Thus, providing beyond-line-of-sight (BLOS) information of upstream traffic flow to novice drivers may
improve CF performance. This study proposed two visualizations for BLOS information in CF events, i.e., braking states of the indirect leading
vehicle (ILV-HMI), and the upstream traffic flow information (UTF-HMI). A driving simulator experiment with 24 novice drivers assessed the
effectiveness of the visualizations. Results show that ILV-HMI improved safety margins, reduced cognitive load, and enhanced usability compared
to baseline without BLOS information and UTF-HMI. These findings highlight the advantages of V2V-based BLOS information in improving novice
drivers’ CF performance and enhancing traffic safety.
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1 Introduction

Rear-end collision dominates all on-road crashes [14], and it is closely related to drivers’ car-following (CF) behaviours in
traffic flow. In most of the previous research, the CF behaviours are modelled as responses to the directly leading vehicle (DLV)
[15]. However, research in the behavioural domain and in the vehicle control domain both highlight the importance of being aware
of future traffic variation from the safety and efficiency perspectives. For example, Ge et al. (2018) [8] found that incorporating
both the look-ahead and look-back information into the cruise controller improves traffic flow stability and vehicle safety. Research
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regarding driver behaviour also found that those who are aware of upstream traffic information (especially the experienced drivers)
can respond faster in an emergency braking event [12].

However, due to the block of the DLV, beyond-line-of-sight (BLOS) information, such as the states of the indirect leading
vehicle (ILV) and the upstream traffic flow (UTF) variation information, is usually unavailable in CF scenarios. Specifically, with
the traditional vehicle design, drivers can only perceive the braking states of the DLV based on the onset of the brake lights
and have no information regarding the ILV and UTF. Thanks to the development of vehicle-to-vehicle (V2V) communication
technologies, providing the ILV and UTF information has become technologically possible, even when upstream vehicles are
visually occluded [8]. Thus, some research has explored whether such information can benefit the drivers in CF events. For example,
forward collision warning (FCW) systems based on V2V communication can improve drivers’ reaction times and safety margins
by transmitting braking intentions from DLV [19, 20, 22]. Werneke et al. [17] also proposed a multi-stage warning human machine
interface (HMI) that adjusts the urgency of warnings based on radar-detected situations, emphasizing the importance of timing in
delivering warnings. However, no ILV or UTF information was considered in the studies mentioned above. In contrast, Yang et al.
[19] developed an FCW based on V2V communication and found that the risk of rear-end collisions can be significantly reduced
when the upstream vehicle states are considered when issuing warnings. At the same time, Vos et al. [16] found that providing
drivers with predictive information about upcoming hazards improved reaction times and reduced the likelihood of abrupt braking.

However, previous studies most used V2V-based BLOS information to issue instant warnings, instead of continuous BLOS
situations, which may lead to over-reliance on the warnings [13]. Thus, a video-based simulation also tried to provide raw BLOS
information to following vehicles directly in a head-up human-machine interface (HMI). They found that, when provided with
the braking information of the ILV or the real-time video from the perspective of the DLV, the ego drivers could act earlier [18].
However, only the ILV information was available in this study, and the video-based simulation lacked external validity due to the
lack of a real driving task in the study (drivers only needed to press a button when they felt it necessary to brake). Further, the
study failed to evaluate the range of the BLOS information. It is unknown whether richer BLOS information (e.g., the information
with longer range such as the UTF information) can further benefit the drivers compared to the ILV information only.

More specifically, given that driving is already a cognitively demanding task, it is necessary to explore how much amount of
BLOS information should be provided and how to provide it. Especially, compared to experienced drivers, novice drivers may
especially lack the skills to anticipate traffic variation [11]. Further, novice drivers usually experience a higher workload compared
to experienced drivers, as the vehicle operating techniques have not yet been automated [6]. Thus, they are more vulnerable to the
additional cognitive load as a result of the additional HMIs. Hence, it is especially important to evaluate how the novel interfaces
that were not there in traditional vehicles, such as the BLOS HMIs, would affect novice drivers’ performance, as the additional
information may overload the novice drivers.

Thus, in this study, we expanded the research by Yan et al. (2023) [18] by considering the UTF information in addition to
the ILV information and thoroughly evaluated the effects of the information among novice drivers in a driving simulator study.
Specifically, in addition to the brake states of the ILV visualized in an ILV-HMI, we also considered the role of UTF information in
a UTF-HMI, given that the UTF information can inform potential traffic events earlier in time compared to ILV events. Further, as
rear-end collisions are common [14], we specifically focus on the role of the ILV and UTF information among novice drivers in CF
scenarios.

2 METHODS

2.1 PARTICIPANTS

By following the link on posters distributed in nearby residential areas and online social media, all participants completed a
screening questionnaire to collect demographic information, including gender, age, and driving experience. All participants were
required to be novices who had held a valid driver’s license for less than 12 months and driven less than 5,000 kilometers in the
past year. A total of 24 participants (12 males and 12 females) with valid driver’s licenses took part in this study. Their ages ranged
from 19 to 25 years, with a mean age of 20.83 years and a standard deviation (SD) of 1.95. This study was approved by the Ethics
Committee of The Hong Kong University of Science and Technology (Guangzhou) (protocol number: HREP-2024-0026).
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2.2 Apparatus

As illustrated in Fig. 1, the experiment was conducted in a fixed-base driving simulator by Info Tech, and the scenarios were
developed in SILAB 7.1 (WIVW GmbH, Germany). The simulator had three 43-inch screens (each with a resolution of 1920 x 1080),
positioned approximately 1 meter from the participants’ eyes. It had a steering wheel and pedal system to emulate realistic driving
controls. This configuration provided a horizontal and vertical field of view of 150° and 47° at 1-meter distance, respectively. The
simulation software recorded driving data at a sampling rate of 60 Hz.

Fig. 1. The driving simulator.

2.3 Scenario Design and Driving Task

Fig. 2. The highway scenario design.

The experiment simulated a two-way four-lane highway with straight roads and a posted speed limit of 120 km/h, as depicted
in Fig. 2. In the scenario, a rear vehicle follows the ego vehicle (the blue one in Fig. 2) driven by the participant, following a
designated DLV. As the view of the traffic in front of the DLV was blocked by the DLV, though the participants were informed
of the states of ILV and the upstream traffic flow, the ILV and upstream traffic flow were not set up in the scenario. However,
the speed change of the DLV would follow the speed variation of the ILV and the virtual upstream traffic states. Two traffic
scenarios, as defined by the states of the virtual upstream traffic states, were materialized by the speed of the DLV and adopted in
the experiment:

Congested traffic: The DLV drove at around 16.67 m/s (≈ 60 km/h), simulating low-speed, close-following conditions due to
increased virtual vehicle density in traffic congestion.

Free-flowing traffic: The DLV travelled at a constant speed of 27.78 m/s (≈ 100 km/h), simulating free-flowing traffic with
large inter-vehicle distances and low traffic density.

Chain braking events were also distributed in both traffic scenarios to simulate emergent situations. Two intensity levels of
the chain braking events were materialized by the deceleration of the DLV:

Gradual braking (GB): The ILV’s deceleration led the DLV to decelerate at −1�5 m/s2 for 3 seconds, mimicking common
gentle speed adjustments (e.g., proactive speed control due to road conditions) [7].
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Emergency braking (EB): The ILV’s deceleration led the DLV to decelerate at −5�5 m/s2 for 3 seconds, simulating abrupt
deceleration triggered by sudden hazards (e.g., upstream obstacles) [21].

During the experiment, participants were instructed to follow the DLV, mimicking the behavior of following a friend’s
vehicle to an unfamiliar destination, and to prioritize safe longitudinal control without explicit speed constraints. They were told
to dynamically adjust their speed to maintain a safe distance behind the DLV, avoiding both rear-end collisions and excessive
separation that would constitute "losing sight” of the DLV.

2.4 HMI Design

This study adopted two HMI designs and a baseline condition without additional HMIs (NO HMI). Both HMIs were placed
above the windshield to reduce the information cluster on the road area.

2.4.1 ILV-HMI Design As shown in Fig. 3, the ILV-HMI was designed to deliver the braking states of ILV using static visual icons,
prioritizing simplicity and intuitive colour coding. In line with the universal association of yellow for caution and red for urgency
[3], yellow and red icons signaled GB and EB, respectively. The icons appeared 2 seconds before the DLV brake (as the ILV braked
2 seconds before the DLV braking) and remained visible for an additional 1 second. The icons were fixed in size for consistent
visibility and activated exclusively during GB or EB events to avoid unnecessary distraction.

Fig. 3. The ILV Gradual Braking icon and ILV Emergency Braking icon.

2.4.2 UTF-HMI Design The UTF-HMI aimed to provide participants with a comprehensive view of the upstream traffic flow ( Fig.
4 and Fig. 5) on top of ILV-HMI. It used three arrows of different thicknesses to represent the near-field (0 - 100m in front of the
DLV), mid-field (100 - 200m in front of the DLV), and far-field (200 - 300m in front of the DLV) traffic conditions. The thickness of
the arrow corresponded to the distance of the traffic zone, with a thicker arrow indicating a closer zone. Similar to ILV-HMI, the
colour-coding was used to show the braking state, with yellow indicating GB and red indicating EB. Additionally, the green was
introduced to indicate free-flow traffic in the corresponding zone. The UTF-HMI started to show the braking changes from the
far-field traffic, 5 seconds before the DLV began to brake. Then, it progressed to display the mid-field traffic situation, and finally,
the near-field traffic. The UTF-HMI had the same size as the ILV-HMI, and it was always visible. All arrows were green when there
were no braking events in the upstream traffic.
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