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Express What I Think: The Impact of External Human-Machine Interfaces on the
Performance of Lane Change Maneuvers
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Lane change is a complex behaviour involving subtle interactions among road users. Providing external human-machine interfaces (eHMIs) may
improve the safety of lane-changing events. However, previous studies on eHMI mostly focused on the interaction between autonomous vehicles
and pedestrians. As a first attempt, we investigated the yielding behaviour of drivers in lane-changing scenarios when different kinds of eHMIs
regarding the intentions of the cutting-in vehicles (i.e., command, polite and explanatory) are provided. In a driving simulation experiment with 32
participants, we found that all three eHMIs increased yielding rates and minimum time to collision (minTTC) compared to the baseline condition
without eHMI, with the polite eHMI yielding the best results. Regarding subjective evaluation, polite eHMIs were also perceived as having the
highest usability. This study underscores the effectiveness of explicitly expressing lane-changing intentions through eHMIs and demonstrates that
the eHMI design can influence driver behaviour, usability perception, and traffic safety.

CCS Concepts: • Human-centered computing→ Empirical studies in interaction design; Interface design prototyping.

Additional Key Words and Phrases: External Human-Machine Interfaces, eHMIs, Lane-changing Events, V2V Communication, Driver Behavior
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1 Introduction

Lane change is a common maneuver during driving, and it is one of the leading factors of on-road crashes [34, 36, 40].
Particularly in high-density traffic, inappropriate cut-ins can lead to emergency braking of rear vehicles being cut in [40], thereby
increasing the risk of rear-end or side collisions [12, 34]. At the same time, the low yielding rate of the rear vehicles, as a result
of inappropriate lane change timing, can also negatively affect the efficiency of the traffic [42], especially near the entrance of
the ramp. The lane-changing scenario is a typical gaming process. Therefore, increasing the transparency of the players, i.e., the
cutting-in vehicles and the being cutting-in vehicles (BCV), may increase the success rate, safety and efficiency of the lane-changing
process.

Explicitly expressing intention during driving has been widely investigated in the domain of autonomous driving, mostly
relying on external human-machine interfaces (eHMIs) [4, 36]. For example, to facilitate safer and more efficient interaction
between autonomous vehicles (AVs) and pedestrians, previous studies have proposed eHMIs to communicate AV intentions and,
therefore, reduce misunderstandings and uncertainties [14, 20]. In AV-pedestrian interactions, previous research has shown that
both tone and informational content presented by eHMIs can facilitate pedestrians’ interpretations of the AV and subsequent
street-crossing decisions [9, 23, 25, 27]. Positive expressions or clearly stated intentions conveyed by eHMIs typically increase
pedestrian trust and compliance, leading to safer crossing decisions [1, 5, 11, 25]. Conversely, ambiguous or overly assertive
messages can cause uncertainty or discomfort, potentially compromising interaction safety [2, 37, 41].
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2 Trovato et al.

However, though many studies have explored if marking the AVs with eHMI would affect users’ rating of and responses to
the AVs [15, 17], very few studies have investigated how the eHMIs can facilitate vehicle-vehicle interactions in more dynamic
environments, such as lane-changing scenarios, where the explicit expression of intentions may play a more vital role. One study
has tried to improve the legibility of AVs’ lane-changing intentions for vehicle-to-vehicle communication by optimizing the AV
movement during lane-changing; however, the AV movement is still implicit, and its effectiveness depends on other drivers’
interpretation [24]. Another study has highlighted the importance of timing and clarity of eHMI communication in dynamic
scenarios such as automated truck merging, emphasizing how explicit signals can benefit driver reactions and safety outcomes in
highway merging scenarios [18]. However, interacting with trucks is different from interacting with other sedans, as the trucks
may impose higher pressure on other road users.

More importantly, there are two major gaps in previous research. First, these previous studies did not consider the tones of
the eHMI in vehicle-to-vehicle interaction scenarios, which, as has been found in previous AV-pedestrian interaction studies, may
shape human road users’ behaviours [10]. Second, previous studies mostly focused on AV-human interactions. However, human
drivers may use different strategies to interact with AVs than with human-driven vehicles [21]. Therefore, our current study aims
to explore whether explicit expression of driver intention on eHMIs of human-driven vehicles, especially the eHMIs with different
tones, can facilitate safer and more efficient lane-changing interactions among human-driven vehicles.

Through a driving simulator experiment, we examined how different eHMIs tones (i.e., polite, commanding and explanatory)
can affect rear vehicle drivers’ yielding behavior and safety metrics during lane-changing scenarios. Given that we aim to observe
participants’ behaviours in a more natural scenario, the participants were not informed of eHMIs before the experiment. Thus, to
ensure better interpretability of the eHMIs [10], we adopted three different text-based eHMIs, varying in tones. We propose two
research questions:

1)RQ1: whether the presence of any eHMIs on a human-driven cutting-in vehicle influences the yielding rate of the following
vehicles in a lane-changing scenario.

2) RQ2: whether different tones of eHMI on a human-driven cutting-in vehicle lead to different yielding rates of the
human-driven following vehicles.

In response to RQ1, we hypothesize that the presence of an eHMI would influence the yielding behaviour of the following
vehicles (H1), as previous research in AV-human driver interactions has shown that external communication signals from AVs
can improve human drivers’ understanding of the AV’s intention and increase their willingness to yield [10, 19]. In response to
RQ2, we hypothesize that different tones would lead to different responses (H2), as previous research has demonstrated that clear
and direct instructions in a commanding style can enhance response speed in emergency situations [30, 33], polite requests are
generally more acceptable and can increase compliance rates [7], and even simple explanations can significantly enhance others’
willingness to cooperate in social contexts [8].

2 Method

2.1 Participants and Apparatus

Prior to the experiment, all participants completed a recruitment questionnaire regarding their demographic information,
including gender, age, and driving experience. To ensure they are frequent drivers, all participants were required to have held
a driver’s license for at least 2 years and drove at least 5,000 km and at least 3 times per week in the past year. A total of 32
participants (16 male and 16 female) with valid driving license participated in this study. The participants’ ages ranged from 20 to
35 years, with a mean age of 28 and a standard deviation (SD) of 3.66 years, and the years of driving experience ranged from 2 to 9
years (mean: 4.75, SD: 2.19). The study was approved by the Human and Artefacts Research Ethics Committee at the Hong Kong
University of Science and Technology (protocol number: HKUST(GZ)-HSP-2024-0107).

The experiment was conducted on a stationary driving simulator by Info Tech (Figure 1). The simulator has three 43-inch
displays located in front and to the sides, with a horizontal viewing angle of 150° and a vertical viewing angle of 47°. The driving
scenarios were built in SiLAB software by WIVW GmbH, which records the vehicle-related and driving-related data at 60 Hz.
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Fig. 1. The driving simulator.

2.2 Scenario Design and Driving Tasks

In the experiment, drivers were required to drive on an 8-kilometer-long, three-lane highway with three on-ramps and a
speed limit of 80 km/h, as shown in Figure 2. To replicate typical highway traffic with a middle level of congestion, the highway
was designed to have 20 vehicles per kilometre, an average bumper-to-bumper distance of 20 meters between all vehicles, and
an average flowing speed of 60 km/h (i.e., the direct leading vehicle and the vehicle in adjacent lanes both travelled around 60
km/h). The middle level of congestion was selected as lane-changing in such scenarios can be more challenging due to smaller
gaps between vehicles.

In the driving task, participants were instructed to stay in the middle lane of the three-lane highway when possible, follow
the lead vehicle and drive safely. When the distance between the ego vehicle and the entry ramp was 200 meters, a cutting-in
vehicle 50 meters behind was triggered to further accelerate (starting from 60 km/h) at 6 m/s2 until reaching a position 15 meters
ahead of the ego vehicle (which took around 4 seconds) before initiating its lane change maneuver. As shown in Figure 3, the
cutting-in vehicle would make two consecutive lane changes from the leftmost lane to the far-right lane and then exit via the
on-ramp. The scenario included four lane-changing events, during which participants needed to react appropriately, either to yield
to the lane-changing vehicle or to pass it before they finished the lane-changing task, depending on the driver’s willingness.

(a) (b)

Fig. 2. Driving scenarios: (a) Normal driving scenario; (b) Lane–changing scenario.

2.3 eHMI Designs

In this study, we designed three distinct types of eHMIs: command eHMI, polite eHMI and explanatory eHMI. Specifically, the
command eHMI stated, "Changing lanes, slow down immediately," the polite eHMI stated, "Changing lanes, please yield to me," and
the explanatory eHMI stated, "About to exit ramp, preparing for lane change." As mentioned previously, the command eHMI was
based on the fact that clear and direct instructions can speed up responses in emergencies [30, 33]; the polite eHMI was based on
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Fig. 3. The bird view of the lane-changing scenario.

the Politeness Theory that polite requests may increase compliance rates [7]. Finally, the explanatory eHMI was based on the fact
that explanations can enhance others’ willingness to cooperate in social contexts [8], which is the case in lane-changing scenario.

All eHMIs were shown in red text on both the rear window and the sides of the cutting-in vehicle. The colour matched the
eHMI design in a large portion of research [13] to improve the salience of the eHMI (as the participant was not told of the eHMI
in advance). However, the placement was somewhat different from what has been widely adopted in AV-pedestrian interaction
[13]. Such a placement better satisfied the needs in the lane-changing scenario by ensuring the eHMIs were clearly visible to
surrounding drivers, including drivers of the ego vehicle (i.e., our participants). Additionally, a baseline group without eHMI
was included. The eHMIs showed up after the cutting-in vehicle started to accelerate and remained visible throughout the entire
two-lane-change maneuver, until the vehicle exited via the ramp. The designs of the three eHMIs and the baseline are illustrated
in Figure 4.

2.4 Experiment Design

This experiment adopted a within-subject experiment design with the eHMI type as the experimental variable. The order of
the eHMI conditions (one baseline and three eHMIs) was balanced using a Latin square design, and there were four lane-changing
events in each drive; therefore, there were four different drives with distinct eHMI orders. The order of the four drives was further
counterbalanced using the Latin square design, with eight participants for each order (four males and four females). Thus, the data
from a total of 512 lane-changing events were collected (32 participants ∗ 4 drives ∗ 4 lane-changing events in each drive).

(a) (b) (c) (d)

Fig. 4. eHMI designs: (a) No eHMI; (b) Command eHMI: “Changing lanes, slow down immediately”; (c) Polite eHMI: “Changing lanes, please
yield to me”; (d) Explanatory eHMI: “About to exit ramp, preparing for lane change”.

2.5 Procedures

Upon arrival, participants signed an informed consent form. They then received training on the operation of the simulator,
followed by a demo drive to familiarize themselves with the setup. They were told to drive along the highway as they normally
would in daily life, while keeping in the middle lane of the three-lane highway when possible, following the lead vehicle and
Manuscript submitted to ACM
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driving safely. However, the eHMI was not mentioned in the training. This was an intentional design choice to avoid priming
effects [31, 32, 35] and allow participants to interpret the eHMIs based on their own perceptions and driving experience, thereby
enhancing the ecological validity of the study.

Following the demo drive, participants did four formal experimental drives, each was around 10 minutes long and contained
four lane-changing events. After completing all experimental drives, participants completed a questionnaire evaluating the usability
of the eHMIs and the baseline interaction (i.e., with brake lights and turn signals only) using the System Usability Scale (SUS) [6].
Finally, before the experiment concluded, participants were asked an open-ended question to gather feedback on the content and
design of the eHMIs.

2.6 Dependent Variables and Statistical Analysis

In this study, both objective and subjective measures were used to assess the effectiveness of different eHMIs. The impact of
the eHMIs on traffic efficiency was evaluated using the yield rate in the lane-changing events, which was defined as the number of
instances in which the driver of the ego vehicle yielded to the cutting-in vehicle. The safety impact of the eHMI was evaluated
using the time-to-collision (TTC), which was calculated as the time remaining until a potential collision between the ego vehicle
and the cutting-in vehicle, assuming constant speeds and trajectories. In the analysis, we focused on the minimum TTC (minTTC)
during the cutting-in event, which represents the moment with the highest collision risk in an event [22]. The perceived usability
of different eHMI types was measured using the standard System Usability Scale (SUS), with a score ranging from 0 (low) to 100
(high) [6].

All statistical analyses were conducted in SAS on demand. A Poisson regression model was utilized to examine the effects of
eHMI on the yielding rate. For minTTC and the SUS scores, a Linear Mixed Model (LMM) was employed. Given that gender may
also have an impact on users’ perception of the eHMIs [39], in all models, the eHMI type (four conditions) and participant gender
(male and female), as well as their two-way interaction, were included as independent variables. The repeated measures were
accounted for through generalized estimation equations (GEE) [26]. If statistically significant effects were identified (𝑝 < .05), Wald
tests were performed for post-hoc pairwise comparisons of yielding ratio and Tukey’s HSD test was applied for post-hoc pairwise
comparisons of minTTC and SUS score.

3 Results

3.1 Yield Rate and TTC

As shown in Figure 5 and Figure 6, the eHMI type significantly affected the yield rate (𝜒2 (3) = 45.65, 𝑝 < .001) and the
minTTC (F(3, 93) = 50.5, 𝑝 < .001) in the lane-changing event. However, gender did not have a significant effect on yield rates
(𝑝 = .2) nor on minTTC (𝑝 = .2). The post-hoc comparisons for significant effects of Yield Rates and minTTC are presented in
Table 1.
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Fig. 5. Yield Rates across different eHMI conditions, the darker the colour, the higher the number of yields in the experiment. There is a maximum
of 32 trials under each eHMI condition. In this figure and the following figures, significant (p < .05) pair comparisons are marked with *.

Fig. 6. minTTC across different eHMI conditions. In this figure and the following figures, the boxplot represents the minimum, 1st quartile,
median, 3rd quartile, and maximum, and the symbol x is the mean of the group. M and SD stand for mean and standard deviation, respectively.

Table 1. Pairwise comparisons across eHMI conditions on Yield Rates and minTTC.

Condition Comparison
Yield Rates minTTC

Δ (95% CI) Wald Stat 𝑝-value Δ (95% CI) Wald Stat 𝑝-value

Baseline vs Command −0.355 (−0.703, −0.007) 3.996 .046 −1.003 (−1.426, −0.580) 32.573 < .001
Baseline vs Polite −0.655 (−0.984, −0.327) 15.268 < .001 −2.806 (−3.229, −2.384) 170.621 < .001
Baseline vs Explanatory −0.511 (−0.848, −0.173) 8.807 .003 −1.294 (−1.716, −0.871) 33.744 < .001
Polite vs Command 0.301 (0.006, 0.595) 3.996 .046 1.803 (1.379, 2.226) 49.491 < .001
Polite vs Explanatory 0.145 (−0.138, 0.427) 1.008 .315 1.512 (0.943, 2.091) 26.313 < .001
Command vs Explanatory −0.156 (−0.461, 0.148) 1.009 .315 −0.291 (−0.693, 0.115) 2.062 .358
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3.2 Subjective Metrics

As shown in Figure 7, significant differences were observed in participants’ perceived usability of the eHMI types (F(3,
124)=36.47, 𝑝 < .001). No other significant effects were observed (𝑝 > .05). The post-hoc comparisons for significant effects are
presented in Table 2.

Fig. 7. SUS scores across different eHMI conditions.

Table 2. Pairwise comparisons across eHMI conditions on SUS.

Condition Comparison Δ (95% CI) 𝑝-value

Baseline vs Command −12.51 (−23.13, −1.87) .014
Baseline vs Polite −37.66 (−48.29, −27.03) < .001
Baseline vs Explanatory −32.03 (−42.66, −21.41) < .001
Polite vs Command 25.16 (14.53, 35.79) < .001
Polite vs Explanatory 5.63 (−5.01, 16.25) .515
Command vs Explanatory −19.53 (−30.16, −8.90) < .001

4 Discussion

In this study, we designed three eHMIs to facilitate safer and more efficient lane-changing interactions in a driving simulator
environment. Participants with balanced genders experienced lane-changing scenarios where different eHMI types were displayed
on cutting-in vehicles.

The results demonstrated clear benefits of using eHMIs: vehicles equipped with eHMIs significantly increased both yielding
rates and minTTC compared to baseline vehicles without eHMIs. In response to RQ1 and in line with H1, these results indicate
that explicitly conveying lane-changing intentions can substantially enhance interaction safety and efficiency between drivers,
similar to what has been found in previous AV-human driver interaction studies that used the eHMI to convey the intention of AVs
[19, 28]. It should also be noted that, different from previous pedestrian-AV interaction studies that also considered the component
of the eHMIs [10], our study provides novel evidence extending these benefits into a more dynamic vehicle-to-vehicle interaction
scenario consisting of only human-driven vehicles. Though drivers may not be able to distinguish human-driven vehicles and AVs
by observing the behaviours [38], participants in previous AV-equipped eHMI studies were clearly informed of the AVs. Thus, our
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findings indicate that eHMIs may also be considered for human-driven vehicles in addition to turning signal alone (in the baseline
condition), as the turning signal may not be enough to express drivers’ emotions or intentions.

In response to RQ2 and in line with H2, our results also revealed nuanced differences between the types of eHMIs tested. The
polite eHMI was most effective, resulting in the highest yielding rates and the greatest minTTC compared to both command and
explanatory eHMIs. This finding aligns well with the Politeness Theory [7, 29], emphasizing that drivers respond more positively
to cooperative, respectful messaging. Interestingly, although the command eHMI and explanatory eHMI did not significantly differ
in safety-related metrics, participants perceived the explanatory eHMI as more usable. This discrepancy likely arises because the
explanatory message provided contextual information, making the lane change appear justified and reasonable [19]. In contrast,
the command message, while clear and direct, potentially conveyed an authoritarian or aggressive tone, triggering psychological
resistance or reduced acceptance among drivers [29]. These subtle yet important insights underscore the critical role of message
framing in shaping driver perceptions and cooperation and may be extended to other scenarios involving AVs and human road
users. Consequently, designers of vehicle interfaces should carefully consider not just the clarity of the intention expressed but
also the social and connotations conveyed by different wording choices.

While these results provide valuable insights, certain limitations should be acknowledged. Firstly, the study was conducted in
a driving simulator, which offered controlled and reproducible scenarios but removed the complexity and variability in real-world
traffic scenarios. Consequently, certain behavioural nuances and comprehensive driving metrics might not be fully captured.
Future studies should consider validating our findings in on-road experiments. Secondly, participants were not explicitly informed
whether the surrounding vehicles were AVs or human-driven vehicles. Thus, it is unclear whether participants assumed the
cutting-in vehicles were AVs or human-driven vehicles, which may limit the interpretability of the findings. Future studies
should clearly inform participants about the vehicle types beforehand or even explore how the vehicle type can influence users’
perception of the eHMIs. Thirdly, although the SUS scores in this study reflected participants’ subjective impressions of eHMI
clarity and effectiveness, its original design for active system users may limit its suitability for evaluating the reception of external
information on vehicles. Future research should explore alternative subjective measures that are more suitable for evaluating
the effectiveness of external message communication. Moreover, though we considered the gender effects in the models, we did
not observe differences between males and females regarding behavioural metrics and preferences and the current analysis did
not explicitly account for other individual differences, such as driving styles (i.e., aggressive or conservative tendencies) and
personability. Given that heterogeneous groups may have different levels of susceptibility to the framing of the information [3],
their influence on driver responses and acceptance of different eHMIs should be considered. Furthermore, the participant sample
was composed predominantly of young drivers with less than 10 years of driving experience. This demographic narrowness limits
the generalizability of our findings, particularly to older or more experienced populations. Expanding the age and experience
range in future work would help address this limitation. Next, as a preliminary study, we used the text-based eHMI to ensure the
interpretability of the eHMI and to isolate the effects of tone. Future research could extend these findings by exploring multimodal
eHMIs, combining text with graphical icons, colour-coded signals, or dynamic animations, potentially capturing attention more
effectively and catering to diverse driver preferences and cognitive strategies. Moreover, integrating physiological and eye-tracking
measurements could provide deeper insights into drivers’ real-time responses to various eHMI formats. Finally, considering the
significant cross-cultural differences identified in previous studies [16], future research should examine the generalizability and
effectiveness of explicit intention communication strategies across diverse cultural and regional traffic contexts.

5 CONCLUSION

Though an increasing number of commercially available vehicles are equipped with eHMIs, most of them are used for
entertainment purposes. Exploring the role of eHMI from the vehicle-to-vehicle communication perspective can potentially benefit
traffic safety and efficiency. As one of the first studies focusing on expressing lane-changing intentions to facilitate vehicle-to-
vehicle interaction among human drivers, we explored the eHMI designs with different tones to facilitate vehicle-to-vehicle
interaction in lane-changing scenarios. The results validated the effectiveness of explicitly expressing drivers’ intentions through
eHMIs and indicated that different eHMIs tones might yield different behaviours in lane-changing events and result in different
levels of user acceptance. Our research has laid a foundation for future research to gain a deeper insight into eHMI design and
enhance its applicability across diverse real-world traffic scenarios.
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