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Findings

The highD dataset is renowned for its large-scale, high-frequency data points
and smooth, precise vehicle trajectories, making it a valuable resource for
various traffic research applications. However, its suitability for studying lane-
changing behavior is questionable due to the lack of upstream and downstream
context at the recording sites. Further analysis shows inconsistency in speed
gains during lane changes in opposite directions, suggesting potential

limitations on its application in lane change studies.

1. Questions

The highD dataset is a large-scale naturalistic dataset capturing human-driven
vehicle trajectories. It is frequently praised for its precise, high-frequency
data points, which result in smooth and accurate vehicle trajectories. The
mean positional errors of vehicle midpoints in both longitudinal and lateral
directions are less than 3 cm (Krajewski et al. 2018). Consequently, it has
been widely used in numerous research projects, particularly in microscopic
traffic studies, including car-following and lane-changing studies.

Despite its high quality, the dataset’s suitability for lane-changing research is
questionable. Lane changes can be broadly categorized into discretionary lane
changes (DLC) and mandatory lane changes (MLC). DLC mainly occurs
when drivers perceive that the target lane offers better driving conditions,
such as higher speeds, improved safety, or compliance with driving rules.
In contrast, MLC occurs when drivers are forced to change lanes to avoid
downstream obstructions or to position themselves in the appropriate lane
for an upcoming maneuver (Wang, Ramezani, and Levinson 2024).

The highD dataset, which does not feature ramps or lane drops in its
recordings, is primarily used for studying DLC (C. Zhang et al. 2022; Ji,
Ramezani, and Levinson 2023; Y. Zhang et al. 2023). However, its recording
segments are relatively short (approximately 420 m), and the specific locations
of the recording sites are not disclosed. As a result, the dataset lacks upstream
and downstream context, making it challenging to infer the broader trajectory
conditions.

In this paper, we examine the suitability of the highD dataset for studying
DLC by analyzing drivers’ lane-changing actions, as well as their behaviors
before and after lane changes.
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2. Methods

The highD dataset consists of 60 drone recordings that are on average 17
minutes in duration. These recordings, referred to as tracks, were recorded
at 6 different locations near Cologne, Germany. Location 1 is the most
represented, with 37 out of the 60 tracks. As a result, our study primarily
focuses on tracks from this location.

The highD dataset is largely clean and requires minimal pre-processing. The
only adjustments made were shifting vehicle locations from the upper-left
corner to their center points and converting the speeds in the x and y
directions to a Euclidean speed. We then extracted the two traffic directions:
lanes 6, 7, and 8 for the rightward (positive velocity) direction, and lanes
2, 3, and 4 for the leftward (negative velocity) direction. Lane changes were
identified as the moments when a vehicle’s lane value changed. We extracted
a total of 10,127 lane changes from location 1, where 4,763 are from lanes 6,
7, 8, and 5,364 are from lanes 2, 3, 4.

Since discretionary lane changes (DLC) are typically assumed to occur when
drivers seek better driving conditions, often for speed gains, we evaluated
whether the recorded lane changes resulted in increased speed. This study
focuses on short-term speed gains, for which we defined two measures: the
1-second speed gain and the S-second speed gain. The 1-second gain is
calculated as the difference between the average speed 1 second after the lane
change and the average speed 1 second before the lane change. Similarly, the
5-second gain is the difference between the average speed S seconds after the
lane change and the average speed 1 second before the lane change. These
speed gains were calculated separately for the two traffic directions across all
tracks at location 1.

3. Findings

The speed gains from all tracks at location 1 were aggregated for comparison.
The distributions of speed gains following a lane change differ significantly
between the two traffic directions, as shown in Figure 1. A summary of the
distribution statistics is provided in Table 1.

The p-value from the two-sample t-test is less than 0.001, indicating that
the difference between the two samples is statistically significant. Notably,
vehicles traveling in the rightward direction tend to exhibit positive speed
gains, while those traveling leftward often experience negative speed gains.
DLC:s are typically associated with positive speed gains, as they are assumed
to occur when drivers seek better driving conditions. Therefore, the negative
speed gains observed for leftward vehicles may indicate that some of these
lane changes are MLCs. This interpretation is further supported by the one-
sample p-values of less than 0.001, which confirm that both the positive and
negative speed gains differ significantly from 0.
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Fig. 1. Distributions of speed gains for the two directions at location 1.

Table 1. Statistics for distributions of speed gains on the two directions.

1-second gain 5-second gain
Lanes 6,7,8 Lanes 2, 3,4 Lanes 6,7,8 Lanes 2,3,4
2-3(Ir)4-5 Mean (m/s) 0.23 -0.12 0.50 -0.39
Std (m/s) 0.35 0.39 0.83 0.96
Sample size 4,763 5,364 4,763 5,364
p-value (null: u = 0) <0.001 <0.001 <0.001 <0.001
2-3(Ir)4-5 p-value (null: gy = ps) <0.001 <0.001

A similar pattern is observed for the S-second speed gain, as shown in
Figure 1b and summarized in Table 1. With a p-value less than 0.001, the
difference between the two samples is once again statistically significant.
Additionally, the one-sample p-values confirm that the means are significantly
different from 0. Some studies have highlighted that unnecessary DLCs
can contribute to congestion by creating oscillation in the traffic (Ahn and
Cassidy 2007; Gao and Levinson 2023). However, the speed drop from
the leftward direction should not be attributed to this, as both would
have experienced the same speed reduction. Furthermore, over a short-term
horizon (1 or 5 seconds), the resulting speed reduction should not be
statistically significant.

We, therefore, hypothesize that the recordings from location 1 are influenced
by the presence of ramps as illustrated in the red box in Figure 2. Specifically,
the rightward traffic likely includes vehicles that have recently merged from an
on-ramp, with the lane changes primarily being DLCs aimed at balancing the
traffic across lanes. In contrast, a portion of the lane changes in the leftward
traffic are likely MLCs, performed with the intention of exiting the freeway
via an off-ramp. This distinction could explain the observed discrepancy
between the two directions and the negative speed gains experienced by the
leftward vehicles.
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Fig. 2. The hypothesized context of location 1 from the highD dataset.
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Fig. 3. Distributions of speed gains for lane changes separating the two directions.

To test this hypothesis, we computed the distributions after excluding lane
changes from lane 4 to 3 and from lane 3 to 2. We believe that some of
these lane changes are intended for exiting the freeway. As shown in Figure
3a and Table 2, there is insufficient evidence to conclude that the means of
the distributions are less than 0. In other words, after removing the potential
MLCs, the speed gains are no longer statistically significantly below 0.

Similarly, for lanes 6, 7, 8, we explore the speed gains for vehicles changing
lanes to the left. Both Figure 3b and Table 3 suggest that the speed gains
for the left-only lane changes are higher than left and right combined. This
again reinforces our assumption that a portion of the vehicles have entered
the freeway from an upstream on-ramp which prompts them to change lanes
to increase speed. The p-values indicate the speed gains are statistically greater
than 0.
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Table 2. Statistics for distributions of speed gains for lane changes from lane 2 to 3 and 3 to 4.

Mean (m/s) Std (m/s) Sample size p-value (null: © > 0)
2-5 1-second gain 0.04 0.42 2,310 1.00
5-second gain -0.01 1.01 2,310 0.37

Table 3. Statistics for distributions of speed gains for lane changes from lane 8 to 7 and 7 to 6

Mean (m/s) Std (m/s) Sample size p-value (null: 4 < 0)
2-5 1-second gain 0.36 0.37 2,198 <0.001
5-second gain 0.81 0.91 2,198 <0.001
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Fig. 4. Heatmap for lane change frequencies.

Another piece of evidence that ramps exist (as illustrated in Figure 2) is that
the number of lane changes tends to increase toward the hypothetical ramps.
This is illustrated by the heatmap of lane change frequencies in Figure 4. The
higher lane change activity may suggest more MLCs for vehicles approaching
an off-ramp or DLCs performed by vehicles that have recently merged from
an on-ramp. Additionally, the data reveal that lane change frequencies are
higher in the inner lanes compared to those between the outer lanes and their
adjacent lanes. Several factors could explain this phenomenon. For instance,
trucks, which are subject to lower speed limits, often travel in the right-most
lanes, while passenger cars may prefer to avoid sharing lanes with slower-
moving trucks, leading to fewer lane changes in those areas. The percentages
of lane changes for each pair of adjacent lanes are summarized in Table 4.
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Table 4. Summary table for lane change frequencies between all adjacent lane pairs

Lanes 6,7, 8 (rightward)

lane change direction 6to7 7to8 8to7 7toé

lane change portion 0.37 0.17 0.13 0.33
Lanes 2, 3, 4 (leftward)

lane change direction 2to3 3to4 4to3 3to2

lane change portion 0.13 0.30 0.38 0.19

In conclusion, based on the evidence and reasoning presented above, we
propose that additional pre-processing is necessary before using the highD
dataset for lane change studies. Specifically, researchers should extract only
those trajectories that align with the study’s focus. For instance, studies on
DLCs might benefit from concentrating solely on rightward traffic. Although
our analysis primarily focuses on location 1, similar inconsistencies are also
present at the other locations. This may indicate an inherent bias in the
selection of recording locations for the dataset.
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