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ARTICLE INFO ABSTRACT
Keywords: The inherent complexity associated with lane-changing manoeuvres can significantly disrupt
Lane-changing traffic flow and increase the risk of collisions. While the lane-changing vehicle influences the

Lane-changing models
Autonomous vehicle
Mixed traffic

surrounding traffic, it is also simultaneously influenced by it. This study aims to examine how
the presence and behaviour of surrounding vehicles affect the lane changer’s behaviour. A study
was conducted in the laboratory using video stimuli of various simulated lane-changing scenarios
to achieve the research aim. The study used a two-block design. In the first block, the impact
of the lag vehicle was evaluated by varying its gap and behaviour (acceleration, deceleration or
maintaining speed) relative to the lane-changing vehicle. In the second block, both the lead and
lag gaps were manipulated with respect to the lane-changing vehicle. Data from the participants
(n=29) were collected on dependent variables, including lane change decisions (gap acceptance
or rejection), perceived cooperation, and reaction time. The analysis was conducted using an
Aligned Rank Transform ANOVA. The findings of this laboratory-based study suggest that the
lag vehicle, specifically its behaviour, has more influence on lane change decisions than the lead
vehicle in the target lane. Additionally, when a lag vehicle decelerates to create a gap in response
to a lane changer’s request, its actions are perceived as more cooperative, compared to when it
accelerates or maintains speed. Furthermore, decisions to change lanes are made faster when the
lag vehicle shows a deceleration behaviour. The results of this laboratory-based study provide
valuable insights for improving current lane-changing models. We also discuss the implications
of findings for improving algorithms governing autonomous vehicle interactions in mixed traffic.
Finally, we discuss the benefits and limitations of laboratory-based approaches in studying causal
relationships among different factors, as well as the generalizability of our findings.

1. Introduction

The traffic on highways is mostly influenced by car following and lane-changing principles. In a car-following situation, drivers
maintain safe distances from vehicles ahead, adjusting speed and distance according to changes in traffic flow. Lane changing, on the
other hand, is the act of strategically maneuvering from one lane to another to overtake slower vehicles (discretionary lane change),
avoid a lane blockage further ahead, and prepare for a turn or exit from the highway (mandatory lane change).
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The lane changing is generally more complex than car following. Lane changing is not just a reactive maneuver like car following,
but often a strategic decision based on multiple factors and requiring evaluation of conditions in multiple lanes. Due to the inherent
complexity, lane changing can significantly disrupt traffic flow (Laval & Daganzo, 2006) and create the potential for collisions (Li &
Sun, 2017). Therefore, an improved understanding of factors affecting lane changing would allow us to create and or improve current
lane-changing models. Lane-changing simulation models are also crucial for studying the impact of human-driven vehicles (HDVs)
on autonomous vehicles (AVs) and vice versa in a mixed-traffic environment.

One of the factors that impact lane change behaviour is the presence and behaviour of surrounding vehicles. For instance, a slow-
moving vehicle in the current lane (referred to as the front vehicle) could trigger a lane change. This type of lane change is referred
to as discretionary lane change (Balal et al., 2014). While the presence of a slow-moving front vehicle triggers a lane change, the
actual execution heavily depends upon vehicles in the target lane (referred to as lead and lag vehicles). The existing research shows
that vehicles in the target lane impact the lane-changing vehicle (Moridpour et al., 2010; Long et al., 2020; Yan et al., 2015; Jokhio
et al., 2023). During a typical lane change (e.g. a discretionary lane change), a driver sends a ‘courtesy’ request to lag the vehicle in
the target lane through the turn indicator (Hidas, 2002). The request is either accepted or rejected, resulting in cooperative or non-
cooperative behaviour of lag vehicles respectively (Hidas, 2002; Kauffmann et al., 2018; Stoll et al., 2020). Lag vehicle drivers can
signal their intent by adjusting their speed, such as decelerating to create a gap, facilitating the lane change for the other driver. For
example, in a simulator study by Kauffmann et al. (2018) showed that lag vehicle drivers prefer an early lane change indication and
are willing to cooperate in this situation. In most cooperative situations, the preferred behaviour of lag vehicle drivers is deceleration
when responding to lane change requests (Stoll et al., 2020). This cooperative behaviour is also affected by situation criticality where
drivers show more willingness to cooperate (Stoll et al., 2019, 2020).

Most of the studies referred to above focused on the perspective of lag vehicle drivers. However, it is important to consider the
perspective of lane-changing drivers, which is often overlooked. Several studies have indicated that the presence of surrounding
vehicles leads to uncertainty in lane change decision-making (Yan et al., 2015, 2023). Uncertainty here is the challenge of deciding to
change lanes or not in a given situation (Yan et al., 2023). Specifically, factors such as distance gap (between ego and lag vehicle), time-
to-collision (TTC) and closing velocity were influential in predicting uncertainty in decision-making (Yan et al., 2023). In situations
with higher uncertainty, the reaction time to decide on changing lanes after a stimulus was also found to be longer (Yan et al., 2023).

In the following paragraphs, the word ‘decision’ or ‘decision-making’ refers to the acceptance or rejection of certain gaps in a lane
change scenario. Studies by Yan et al. (2015, 2023) showed that the size of the lag gap does influence lane change decisions. On the
other hand, results from Long et al. (2020) indicate that it is primarily the leading vehicle that impacts lane-changing decisions. It is
also unclear how the gaps between the lane-changing vehicle and lead and lag vehicles influence the decision-making process when
changing lanes. In most existing studies, the lag gap is primarily varied. Furthermore, in Yan et al. (2015, 2023), only closing velocity
(that is acceleration) was manipulated. However, the impact of varying behavioural responses from the lag vehicle (e.g. deceleration,
maintaining speed, acceleration), which dynamically alters the gap size, remains unexplored.

Previous studies also show that drivers typically wait a few seconds after indicating and before starting the lane change (Jokhio
et al., 2023). This waiting time suggests that an adequate gap may not be immediately available when deciding to change lanes.
While the actual decision-making process is inherently latent, it can be inferred from the activation of the turn signal. The waiting
time (after starting the turn signal and before starting lane change) is also affected by the presence and gap to lag and lead vehicle
(Jokhio et al., 2023). In this case, a lag vehicle can help lane-change execution by, for example, reducing its speed and creating a
space (Kauffmann et al., 2018; Stoll et al., 2020).

1.1. Current study

It remains unclear whether and how a driver intending to change lanes takes into account behaviour from lag vehicles during
their lane-changing decision process. As mentioned earlier, drivers of lag vehicles may create space (e.g., by deceleration) for those
changing lanes, which is known as cooperative behaviour. It remains unclear whether drivers making a lane change perceive this as
cooperative and if this perceived cooperation influences their decision-making process. Therefore, this laboratory-based study aims
to investigate the impact of surrounding vehicles on lane change decision-making.

Overall, this study is divided into two blocks. In the first block, only the impact of the lag vehicle is measured by varying lag
gap sizes and behaviour. One central focus is examining the role of the lag gap in drivers’ decisions. We aim to understand whether
larger lag gaps, which may provide a higher certainty (Yan et al., 2015, 2023), lead to more frequent lane changes. Additionally,
how the lag vehicle’s behaviour (e.g. decelerating) impacts the decision regarding lane changes. Moreover, we also aim to explore
which behaviour of lag vehicles is perceived as cooperative or not. This would provide deeper insights into the drivers’ perspectives
and how they affect their decision-making in lane changing. Lastly, we want to explore which behaviour of the lag vehicle increases
or decreases the reaction time in the decision-making process of a lane change (e.g. acceptance or rejection of a gap).

While in the second block, the lead and lag gaps are varied concerning the lane-changing vehicle. Here, we aim to explore
how different distance ratios between vehicles affect a driver’s decision to change lanes. The second block shifts from an isolated
perspective (involving just the lag and lane-changing vehicles) to a broader perspective by simultaneously considering the distances
to both the lead and lag vehicles in the target lane. The findings from the second block could provide insight into whether drivers
changing lanes take into account both the gap between the lag and lead vehicle.
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Fig. 1. Simulator mockup used in the study.

2. Method
2.1. Participants

We recruited 29 participants (18 female, 11 male) through the university’s test management system, mailing lists, and student
WhatsApp groups. The participants were between 18 and 79 years old, with a mean age of 38 and a standard deviation of 19 years.
All participants possessed a valid German driving license for a minimum of Class B, which allows them to operate passenger cars.
The participants had driving licenses for 1 to 60 years, with an average of 20.07 years and a standard deviation of 19.13 years. 25
participants held a bachelor’s degree or higher, while 4 participants had up to an intermediate school diploma. The majority of the
participants were either students (11) or employed (9). The rest included self-employed or retired individuals (9). All participants
received compensation, either in the form of money (7.5 euros) or study course credits (0.75 credits), for their time. The course
credits were only applicable to the Bachelors student of psychology at Ulm University.

2.2. Equipment

This study was conducted in a laboratory setting using simulated videos of different lane-changing situations. Video-based exper-
iments have become increasingly popular and are now a viable alternative to simulator-based studies (Stoll et al., 2019; Miller et al.,
2022). These studies offer a practical approach, often with lower costs and easier setup, while still providing valuable insights that
are comparable to those obtained from more complex simulator setups. To increase the level of immersion beyond what is typically
achieved in video-based online studies, this research was conducted in a laboratory setting. The experimental setup consisted of a
static driving simulator and three 55-inch monitors with a display resolution of 1920 by 1080 each. To increase realism, a mockup,
including a steering wheel and a driving seat, was placed in front of the screens, as shown in Fig. 1. The participant’s view consisted
of the front view of the scenario, three back views functioning as the side and back mirrors and the tachometer. The stimuli videos
were produced through SILAB 6.5 driving simulator software (WIVW GmbH, 2023). Participants’ reactions were gathered via three
buttons attached to the steering wheel of the simulator mockup. To increase immersion, participants were informed that the vehicle
detects slower-moving vehicles and signals a feasible lane change with an indicator. However, the final decision to change lanes or
not is made by the participant. Before the actual experiment, the participants were presented with videos and a questionnaire to
familiarize themselves with the study.

2.3. Study design

Each block in our study used a different experimental design. The first block uses a 3x3 within-subject design with two factors,
so each participant experiences every scenario. While in the second block of the study, a one-way within-subjects design is used. The
order in which participants encountered the blocks was randomly selected at the start of the experiment to ensure variability and
minimize potential biases. Additionally, within each block, the conditions were randomly presented to prevent habituation effects,
where repeated exposure might reduce responsiveness to the stimuli. The randomization was applied to both the different conditions
and their subsequent repetitions. The scenario in both blocks was chosen to be located on a straight part of a four-lane German
highway with two lanes in each direction divided by a barrier. This type of highway was chosen for the scenario since it accounts for
approximately two-thirds of the length of the German highway system and is, therefore, the most common highway type in Germany
(Federal Ministry of Transport and Digital Infrastructure and Federal Highway Administration, 2022). The participants took the ego
perspective of a vehicle in the right lane, travelling at 130 km/h. The participant$ vehicle approached a slower lead vehicle in the
current lane, travelling at a speed of 100 km/h.
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Fig. 2. Scenarios for Block 2: lag gap > lead gap (top); lag gap < lead gap (middle); lag gap = lead gap (bottom).

In the first block, the size of the lag gap (48 m, 36 m, 24 m) and the behaviour of the lag vehicle (acceleration, deceleration, and
maintaining speed) were manipulated. The gap to the front (100 m) and lead vehicle (110 m) was kept constant in each scenario.
These values were obtained from Long et al. (2020), who reported that, at these values, a lane change becomes highly likely. The
values for the lag gap size were chosen from Yan et al. (2015), who reported that the participants had a clear preference for a lane
change at these values. The acceleration and deceleration conditions were set to +2, m/s? (Bokare & Maurya, 2017; Wang et al., 2019).
The gap between the lag and lane-changing vehicles was measured when the lane-changing vehicles (i.e., ego vehicles) activated the
turn signal. Depending on the lag vehicle behaviour, this gap increased (deceleration), decreased quickly (acceleration) or decreased
slowly (maintaining speed). The two variables (lag gap size and lag vehicle behaviour) were paired in every possible combination,
resulting in nine conditions. Each condition was randomly presented to the participants six times during the experiment. The distances
to the front (lead vehicle in current lane) and lead vehicle (target lane) were kept the same and constant in each condition.

In the second block, the gap between lead and ego and lag and ego vehicle is varied, as shown in the Fig. 2. In condition one (top
figure), a bigger lag gap and smaller lead gap are available at the time when the video stops. In the second condition (middle figure),
a bigger lead gap and a smaller lag gap are available when the video stops. While in the third condition, equal lead and lag gaps are
available at the time when the video stops. The gap between the lead and lag vehicle is kept constant (Approximately 160 meters or
4 seconds in time gap) in all three conditions. The ego vehicle was driving at 130 km/h, while lead and lag vehicles were travelling
at 140 km/h. The selected speeds reflect actual conditions (average speeds) on German highways (Autobahn), where in most parts
there are no general speed limits (Lohe, 2016). Each condition was randomly presented to participants 20 times, which resulted in
60 responses per participant.

After participants signed the informed consent, they received instructions about the experimental task. In each condition, the
participant observed their vehicle driving on a straight part of the highway, approaching the slower lead vehicle. When the ego
vehicle reached predefined distances from the surrounding vehicles, the left indicator activated automatically. The participants were
instructed to decide to initiate lane change by pressing either of the two buttons on the keyboard. Pressing the leftmost button
would mean that participants want to perform a lane change, while the rightmost button implied not performing a lane change. The
reaction time was then calculated between the stopping of the video and the moment participants pressed the button. Additionally,
in block 1, the participants were asked to self-report the perceived cooperative behaviour of the lag vehicle. Participants could
choose from three options: ‘yes,” ‘no,” or ‘not sure’ by pressing any of the three buttons on the keyboard. The next trial appeared as
soon as participants responded to the self-report questionnaire. Following the experimental part, the participants filled questionnaire
regarding the demographics. The experiment lasted for a total of approximately 45 minutes. It is important to note that, none of the
participants reported simulator sickness. This may be because the participants did not experience any lateral motion such as turning,
road curvature, or lane change (Kliiver et al., 2015). The videos were stopped before any lane change was initiated.

3. Data analysis

In this section, the details regarding the data preparation and the data analysis are presented. During the data-cleaning process,
136 (out of 1566) trials were removed due to outliers in the reaction time from block one. Furthermore, 232 trials were removed
from block two. Lower and upper cutoffs were defined to find the outliers in reaction times. The lower cutoff was set to be at least
100 milliseconds (ms), which is the time needed for physiological processes such as stimulus perception and motor responses (Luce,
1986; Whelan, 2008). The upper boundary was determined by figuring out the longest time a participant could take to respond
to the driving situation before a collision with the lead vehicle in the current lane became inevitable. It is important to note that
there were no observed collisions during the simulation runs as the videos were stopped before a lane change was initiated. We set
the upper limit of reaction time to 6000 ms. This was compared to the value obtained through the empirical approach discussed
in Whelan (2008), which gave an approximate value of 5534.13 ms. Following this, the data was encoded and aggregated on the
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participant and condition level. The purpose of the step was to convert decisions to initiate lane change (binary) and perceived
cooperation (multinomial) into continuous variables. In this step, we calculated the overall percentage of “Yes” responses from all
valid repetitions. For reaction time, the mean was computed across all valid repetitions. The valid repetitions refer to the observations
for each subject under specific conditions after removing outliers.

The dependent variables for block one are; lane change decision, reaction time, and perceived cooperation. While in block two, only
the lane change decision is considered. The repeated measures analysis of variance (ANOVA) is widely used when the same subjects are
measured multiple times in repeated measure designs (Keselman et al., 2001). Given the small sample size, it is important to validate
the assumptions of sphericity and normal distribution to ensure the appropriateness of the chosen analysis method. Mauchly’s test
of sphericity (Mauchly, 1940) and Shapiro-Wilk normality test (Shapiro & Wilk, 1965) showed that all dependent variables violated
these assumptions in blocks one and two.

To analyze the data we used the non-parametric Aligned Rank Transformation (ART) ANOVA method (Wobbrock et al., 2011). The
ART method allows ANOVA-type procedures to be reliably applied to aligned ranks for analyzing both main effects and interactions
without increasing the risk of Type I errors (Elkin et al., 2021). The ART involves two steps: alignment and ranking. The alignment
step involves adjusting the data based on the marginal means of the factors, which aligns the data in a way that allows for the
interaction to be analyzed. The ranking step involves ranking the aligned data, which makes the data nonparametric. Once the data
have been aligned and ranked, a standard ANOVA can be performed on the ranked data (Wobbrock et al., 2011). The ART ANOVA
was implemented using ‘art’ function of ‘ARTool’ package of R programming language (Elkin et al., 2021). The ART model is given
by equation (1).

art(Dependent Variable) ~ Predictor 1 * Predictor 2 + (1|Subject Number) (@9)]

Following the ART transformation, an ANOVA was applied to the aligned ranks to identify significant main effects and interactions.
The Aligned Rank Transform Contrasts (ART-C) with Holm-Bonferroni corrections were used to conduct post hoc pairwise comparisons
(Elkin et al., 2021).

4. Results

The following sections provide the results of block one concerning the dependent variables, followed by the results of block two.
For a more detailed summary, please refer to the supplementary materials where ART ANOVA and post hoc test results are provided.
It is important to note that the statistical analyses presented herein are based on the ART method, which applies ANOVA to rank
transformed data rather than raw data. This approach ensures the validity of statistical tests despite non-normal distributions of
data but requires careful interpretation as the results reflect differences in ranks rather than actual values. Additionally, we provide
graphical representations of the raw data to show trends and interactions. The consistency of the trends observed in both the rank-
transformed and raw data indicates that the findings are reliable, despite the differences in the magnitude and scale of the two types
of data representation.

4.1. Lane changes

As previously described, an ART ANOVA was conducted to analyze the effects of lag gap size and behaviour on the decision to lane
change. The results showed that the lag gap size does not have a significant effect on the decision to lane change (F(2, 224) = 2.21,
p=0.1119). However, the results showed a significant main effect of lag vehicle behaviour on the decision to lane change (F(2, 224)
= 243.63, p < .0001). The post-hoc test with ‘holm’ method showed a significant difference between acceleration and deceleration
conditions, with the latter having more lane changes (t=-19.421, p <0.001). Likewise, we also found a significant difference between
deceleration and maintaining speed conditions, with the former having more lane changes (t=18.79, p<0.001). Fig. 3 shows the
mean scores across conditions with associated error bars.

The results of ART ANOVA also showed a significant interaction effect between lag gap and lag vehicle behaviour on the frequency
of lane changes (F(4,224) = 4.84, p =.0009). As shown in Fig. 4, for all three gap sizes, the deceleration behaviour of the lag vehicle
was significantly different from acceleration and maintaining speed conditions. For 48 m condition, the lane change frequency
significantly decreases when the lag vehicle accelerated compared to when it decelerated (t=-13.83, p<.0001) and maintained
speed (t= -3.25, p =.023). A significant difference was also observed between acceleration and deceleration (t=-14.08, p<.0001)
and deceleration and maintaining speed (t=14.53, p<.0001) while no significant difference was observed between acceleration and
maintaining speed (t=0.457, p=1.0) in 36 m gap condition. Similarly for 24 m gap condition, a significant difference was found
between acceleration and deceleration (t=-10.25, p<.0001), acceleration and maintaining speed (t=2.92, p=0.048) as well as
deceleration and maintaining speed (t=-13.18, p<.0001).

The results also show the significant differences in lane changes across the lag gap for the same behaviour. There was a significant
increase in the lane changes when comparing acceleration at a 24 m gap to acceleration at a 48 m gap (t=3.18, p=.028). In contrast,
there was a significant decrease in the lane changes when comparing maintaining speed at a 24 m gap to comparing maintaining
speed at a 48 m gap (t=-2.99, p=.042). However, no significant difference in lane changes was found in lane changes for deceleration
across lag gap size.

The results of ART ANOVA showed a significant effect (F(2, 224) = 5.16, p =0.0064) of the lag gap size on perceived cooperation.
The post-hoc tests with the holm method only showed a significant difference between 36 m and 24 m gap condition (t= -3.21,
p=0.0045). The results also showed a significant effect of the lag vehicle behaviour on perceived cooperation (F(2, 224) = 5.16,
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p <.0001). As expected, the post-hoc test showed that acceleration was perceived as significantly less cooperative compared to
deceleration (t=-16.62, p<.0001). In contrast, acceleration was perceived as significantly more cooperative compared to maintaining
speed (t=4.117, p=0.0001)). Likewise, deceleration was perceived as significantly more cooperative compared to maintaining speed
(t=20.74, p<.0001). The mean scores for perceived cooperation for each condition are shown in Fig. 5.

Regarding the interaction effect between the lag gap and lag vehicle behaviour on perceived cooperation, the ART ANOVA showed
a significant difference (F(4, 224) = 3.15, p =0.0151). The post-hoc tests showed only significant difference between acceleration
and deceleration (t=-10.39, p<.0001)) as well as deceleration and maintaining speed, for 48 m condition (t=10.96, p<.0001)).
Similarly, for the 36 m condition, the significant difference was only observed between acceleration and deceleration (t=-11.17,
Pp<.0001)) as well as deceleration and maintaining speed (t=13.37, p<.0001)). However, for 24 m condition, the significant differ-
ence was observed for all three pairs of behaviour, acceleration and deceleration (t=-8.70, p<.0001)), acceleration and maintaining
speed (t=3.85, p<.0001)) as well as deceleration and maintaining speed (t=12.56, p<.0001)). The results did not show significant
differences in perceived cooperation across the lag gap for the same behaviour. The mean scores are shown in Fig. 6.

4.2. Reaction times

The results of the ART ANOVA did not show a significant effect of lag gap (F(2, 224) = 0.13, p =0.871). However, it did show
a significant impact of behaviour on reaction time (F(2, 224) = 18.35, p<.0001). The post-hoc test shows that reaction time was
significantly different in acceleration and deceleration (t=5.14, p<.0001) as well as deceleration and maintaining speed conditions
(t=-5.34, p<.0001). There was no significant difference between acceleration and maintaining speed conditions (t=-0.204, p =.838).
The mean scores are shown in Fig. 7.
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The ART ANOVA also showed a significant interaction effect between the lag gap and behaviour on reaction time (F(4, 224) =
7.28, p < .001). The post-hoc tests showed no significant difference between acceleration and deceleration in the 48 m condition
(t=0.33, p=1.00). However, a significant difference was observed in reaction time between acceleration and maintaining speed
(t=-3.82, p=0.0049) as well as deceleration and maintaining speed in the 48 m condition (t=-4.16, p=0.0014). For the 36 m
condition, a significant difference was only found between acceleration and deceleration (t=>5.59, p <.0001) as well as acceleration
and maintaining speed conditions (t=3.16, p=0.046). For the 24 m condition, no significant differences were observed between any
levels of behaviour. Similarly, the results did show significant differences in reaction across the lag gap for the same behaviour. The
mean scores are shown in Fig. 8.

4.3. Second block: lane changes

The objective was to determine which of the vehicles in the target lane has more impact on lane change decision-making. In
block two, we kept the speed of the lead and lag vehicles constant to create a scenario in which the gap between these remains
constant. Hence, only the gap was varied when the video stopped, resulting in either a big lead or lag gap in conditions one and two
and an equal gap in condition three. The analysis was also conducted using ART ANOVA. The results showed a significant effect of
varying gaps on the frequency of lane changes (F(2, 56) = 88.96, p < .0001). The post-hoc tests showed that significantly more lane
changes were performed in case of a big lag gap compared to a big lead gap (t=13.21, p<.0001) and equal gap (t=5.62, p<.0001).
Furthermore, significantly more (t=-7.59, p<.0001) lane changes were performed in case of an equal gap compared to a big lead
gap. Fig. 9 shows the mean scores across conditions with associated error bars.

5. Discussion

This section provides a detailed discussion of findings about existing literature and their implications. This laboratory-based study
was divided into two blocks. In the first block, a 3x3 within-subject design was adopted. The impact of lag gap and lag vehicle
behaviour was studied on the decision to lane change, perceived cooperation and reaction time. The second block investigated the
influence of varying distance ratios between vehicles in the target lane on a driver’s lane change decision only.

5.1. Lane changes

Contrary to our expectations, the results did not show a significant effect of the gap on lane change decisions. These results do not
align with the findings of Yan et al. (2023) who showed that gap size affects decision-making. They found that larger gaps resulted
in more frequent lane changes compared to smaller gaps. Additionally, they showed that medium gap sizes (36 to 44 m) may induce
uncertainty in drivers’ decision-making. This uncertainty, as Yan et al. (2023) suggests, results from the ambiguity of medium gaps,
which are neither clearly safe nor too tight for a lane change. This uncertainty could lead to different behaviours among drivers.

The results further indicated that regardless of initial gap sizes, lane changes (or acceptance of gap) increased when the lag vehicle
showed a clear deceleration behaviour compared to acceleration and maintaining speed. This finding suggests that drivers interpret
the deceleration of the lag vehicle as a clear sign of yielding, making them more confident and likely to initiate a lane change. On the
other hand, maintaining speed conditions resulted in fewer lane changes (except at 48 m gaps) than acceleration and deceleration.
This suggests that the lag vehicle’s appropriate behavioural response can assist the lane changer in deciding whether to change lanes
or not. Not responding to a lane changer’s request (e.g. to turn the signal) could create an ambiguous situation for the changer.
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Fig. 9. Lane changes by varying gap sizes. The error bars represent + standard error of mean (SEM).

The results also showed a significant interaction effect between lag gap size and lag vehicle behaviour. The frequency of lane
changes increased when the lag vehicle showed a clear deceleration behaviour at all lag gap sizes. In each, scenario, the deceleration
increased the gap size, resulting in a certain gain in safety. According to Long et al. (2020), this gain in safety would increase the
possibility of lane change. The acceleration resulted in more lane changes at 24 m gap sizes than maintaining speed. In a condition
with a 24 m initial gap size, when the lag vehicle accelerated, it crossed the changing vehicle and created a small lead gap behind
it. In this condition, the lag vehicle became the lead vehicle in the target lane. This could explain the increased frequency of lane
changes compared to maintaining speed, even though the resulting lead gap was smaller. This behaviour is further explained by the
results of block two, which is discussed in detail later in this section. In contrast, the results showed that maintaining speed conditions
resulted in significantly more lane changes than acceleration at a bigger (48 m) lag gap size. This indicates that drivers prefer lag
gaps that are equal to or larger than 48 m (or approximately 1.2 seconds) when lag vehicles show no clear behaviour.

5.2. Perceived cooperation

Current literature suggests that lag vehicle drivers consider decelerating, to allow the lane changer to merge, as cooperative
behaviour (Heesen et al., 2012; Stoll et al., 2020). Acceleration can also be considered cooperative, but it is highly dependent on
the context (if accelerating the vehicle creates a gap behind it) (Stoll et al., 2020). However, existing studies only focused on the
perspective of a lag vehicle driver (one who is cooperating to create a gap). Therefore, in this study, we investigated which behaviour of
the lag vehicle is considered cooperative by the lane-changing driver (one who is requesting cooperation). The participants responded
to the behaviour as cooperative, non-cooperative or not sure. The results showed that participants, having the perspective of a lane-
changing driver, perceived deceleration as cooperative behaviour in all lag gap sizes. As previous studies have shown, deceleration
is a clear indication of yielding or creating a gap; hence, it is considered as cooperative behaviour. However, acceleration could also
be interpreted as cooperative behaviour in situations with smaller initial gaps. In this situation, the accelerating lag vehicle might
create a gap behind it which lane changing vehicle can use; hence, this behaviour could be interpreted as cooperative as well (Stoll
et al., 2020). Further research is needed to explore the impact of acceleration on perceived cooperation, ideally with the dynamic
interaction scenarios in the driving simulator.

5.3. Reaction time

We expected a lower reaction time in conditions with clear behaviour (e.g. deceleration or acceleration), irrespective of the
decision (e.g., acceptance or rejection of the gap). However, the results showed a significantly lower reaction time in deceleration
conditions than in acceleration and maintaining speed. The higher reaction times in acceleration conditions could be explained by
increased uncertainty (Yan et al., 2015). Yan et al. (2015, 2023) provides insights into driver uncertainty during the decision-making
process, with longer reaction times reflecting increased uncertainty in lane-change decisions. The acceleration closes the lag gap, and
it might be difficult for the driver to predict the trajectory given the small to medium gap. On the other hand, the deceleration is a
clear indication of yielding (in this case, creating a gap), which increases certainty; hence, it is also associated with lower reaction
time. Contrary to our expectation, no significant difference in acceleration versus maintaining speed conditions existed.
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5.4. Second block: lane changes

The decision to change lanes is affected not only by the lag vehicle but may also be affected by the presence of a lead vehicle.
The second block aimed to investigate how the presence of lead and lag vehicles impacted lane change decisions. We kept the speed
of lead and lag vehicles the same to maintain a constant gap between them. By doing this, we created three situations, as shown in
Fig. 2. When the video stopped, one of three conditions was presented: a large lead gap with a small lag gap (Condition 1), a large
lag gap with a small lead gap (Condition 2), or equal lead and lag gaps (Condition 3). The results indicated that the frequency of lane
changes was higher in situations with large lag gaps than with large lead and equal gaps. The frequency of lane changes was also
higher in situations with equal gaps than higher lead gaps. This suggests that the lag gap is more dominant in influencing lane change
decisions than the lead gap. These results align with, for example, studies by Yan et al. (2015, 2023). However, our findings are in
contrast with the findings of Das et al. (2020). Their findings suggested that drivers tend to give more importance to lead gaps than
to lag gaps when making lane-changing decisions. One possible reason for this discrepancy could be the difference in data collection
methods. It is important to note that, Das et al. (2020) used naturalistic driving data, while our study collected data in a controlled
laboratory environment. In naturalistic settings, drivers are influenced by various external factors that were not accounted for in our
laboratory-based approach.

5.5. Implications

The findings of this study have several implications for improving existing lane-changing models and improving algorithms of AV
interaction in mixed traffic situations.

Current lane change models can be calibrated to consider the behavioural responses of lag vehicles for more accurate predictions.
Existing models also do not account for reaction time as a variable that can be influenced by other factors. Given the variability
in human behaviour, reaction time can be modelled probabilistically, drawing from empirical data to define the distribution of
reaction times under various conditions. Our study also provides empirical data to calibrate gap-acceptance or gap-rejection criteria.
Our findings provide insights into how lane-changing drivers may perceive the behaviour of lag vehicles (e.g. cooperative or non-
cooperative). Subjective variables, like the perception of cooperation, are not commonly incorporated into lane-changing models
but could add a layer of realism. Last but not least, our findings suggest complex interactions between the variables (e.g. gap and
behaviour) and could guide efforts to include such complexities in future lane-changing models.

In scenarios involving an AV (e.g. SAE Level 3 (SAE International, 2018)), where the human user primarily monitors rather
than actively drives, the decision-making process for lane changes becomes especially critical. The findings suggest that participants’
preferences for initiating a lane change varied depending on the behaviour of the lag vehicle. For example, the deceleration of the lag
vehicle can be viewed as a non-verbal communication signal for yielding (cooperative) and should be interpreted by an AV as such.
The decision made by an AV must also align with the preference of its user (i.e. driver). Previous research has shown that aligning
individual preferences with AV decisions leads to more positive impressions of the system than when decisions are not aligned (Park et
al., 2020). A mismatch between drivers’ preferences and AV behaviour may lead to disengagement, especially in partial AVs (Gershon
et al., 2021; Nordhoff & De Winter, 2023). An AV should also be able to recognize situations when the surrounding vehicle drivers are
cooperating. However, cooperation must be requested by AN using clear communication using turn signal (Kauffmann et al., 2018;
Jokhio et al., 2024).

5.6. Limitations

While this laboratory-based study provided valuable insights, it as most driving simulator studies, has limitations in terms of
generalizability of the results. Our study aims to investigate the causal relationship between the behaviour of surrounding vehicles
(specifically the lag and lead vehicle) and the driver’s decision to change lanes. To improve the understanding of this causal relation-
ship, it is crucial to have the highest possible control over the experimental setting, which results in better internal validity (Hock et
al., 2018). This can be achieved through laboratory-based simulation studies, which offer a controlled environment where specific
conditions can be safely replicated and studied. However, it is important to note that the results of such studies should not be viewed
as an absolute reflection of real-world driving scenarios. Therefore, the findings of simulator studies, like any other study, should
always be interpreted with caution, taking into account their specific limitations in scope.

This study was conducted in a laboratory setting; however, pre-recorded videos were used as stimuli. Using pre-recorded videos
restricts the ability to replicate the full range of sensory inputs and interactions that occur during actual driving, thereby reducing
the level of immersion. Our objective was to examine driver behaviour in specific lane change scenarios. However, if participants
had control over the vehicle, it would be difficult to expose them to the precise conditions required for our analysis. Future studies
may use driving simulators that provide more dynamic interaction and improved immersion. However, allowing interactions with
vehicle control in study designs would likely require substantial adjustments.

For future research on lane change behaviour in the laboratory, whether conducted through video-based or driving simulator
studies, it is important to study a larger and more diverse participant pool to ensure the findings can be more broadly generalized.
Additionally, further investigation is needed to explore the transferability of results, such as those related to study paradigms affecting
immersion. Researchers should also consider using naturalistic driving data to understand how surrounding vehicles affect lane change
decision-making. However, implementing these approaches presents considerable challenges, including the complexity of setup and
overall cost (Bargman, 2015). Additionally, due to the uncontrollable nature of real-world settings, it is difficult to isolate the effects
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of specific variables on driving behaviour, even though naturalistic data possesses high ecological validity. This can lead to a decrease
in internal validity, making it impossible to draw any causal conclusions from the results. In summary, this study provides a piece of
the puzzle to understand lane change behaviour. However, more research is required using different study paradigms.

6. Conclusion

This study aims to provide insights into how the presence and behaviour of surrounding vehicles affect lane-changing behaviour.
To achieve this, we conducted a laboratory-based study to assess the impact of surrounding vehicles on lane changing by varying
the gap sizes and the behaviour (particularly of lag vehicles). Overall, the study used a within-subject design in two blocks. Lane
change interaction videos were used as stimuli. Participants’ responses were collected after each scenario (presented multiple times)
to determine the frequency of lane change, reaction time and whether or not the behaviour of the lag vehicle was perceived as
cooperative.

Our findings contribute to the growing body of literature on lane-changing behaviour by providing insights into the impact of
surrounding vehicles. The results indicate that a lag vehicle more than a lead vehicle affects the overall behaviour. Furthermore, the
behaviour of a lag vehicle is perceived as more cooperative when it decelerates to create a gap while responding to a request by the
lane changer. Lastly, the decision to change lanes is made faster when the lag vehicle shows a clear deceleration behaviour.
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