
Research Article

Transportation Research Record
1–13
� National Academy of Sciences:
Transportation Research Board 2021
Article reuse guidelines:
sagepub.com/journals-permissions
DOI: 10.1177/03611981211031884
journals.sagepub.com/home/trr

Understanding the Lateral Dimension of
Traffic: Measuring and Modeling Lane
Discipline

Rafael Delpiano1

Abstract
There is growing interest in understanding the lateral dimension of traffic. This trend has been motivated by the detection of
phenomena unexplained by traditional models and the emergence of new technologies. Previous attempts to address this
dimension have focused on lane-changing and non-lane-based traffic. The literature on vehicles keeping their lanes has gener-
ally been limited to simple statistics on vehicle position while models assume vehicles stay perfectly centered. Previously the
author developed a two-dimensional traffic model aiming to capture such behavior qualitatively. Still pending is a deeper, more
accurate comprehension and modeling of the relationships between variables in both axes. The present paper is based on the
Next Generation SIMulation (NGSIM) datasets. It was found that lateral position is highly dependent on the longitudinal posi-
tion, a phenomenon consistent with data capture from multiple cameras. A methodology is proposed to alleviate this prob-
lem. It was also discovered that the standard deviation of lateral velocity grows with longitudinal velocity and that the average
lateral position varies with longitudinal velocity by up to 8 cm, possibly reflecting greater caution in overtaking. Random walk
models were proposed and calibrated to reproduce some of the characteristics measured. It was determined that drivers’
response is much more sensitive to the lateral velocity than to position. These results provide a basis for further advances in
understanding the lateral dimension. It is hoped that such comprehension will facilitate the design of autonomous vehicle
algorithms that are friendlier to both passengers and the occupants of surrounding vehicles.

Traditionally, traffic flow theory has concentrated its anal-
yses on the longitudinal dimension of vehicle movement.
The main macroscopic traffic variables (velocity, flow,
density) are all intrinsically linked with this focus. The
need for both simplicity and scalability has led modelers
to discretize the lateral dimension, reducing it to an integer
variable representing a simple lane index number.

The lateral dimension has, however, an influence on
vehicle traffic behavior that is not insignificant. During
the execution of a lane change, a vehicle affects both its
current lane and its target lane (1). Its lateral position
affects the comfort of surrounding vehicles (2) as well as
that of its own occupants (3) and is related to the relaxa-
tion phenomenon through anticipation (4, 5). Standard
deviation of lateral position has been studied as a road
safety (6, 7) and a performance (8–10) metric. Lane
width (11, 12) and the consequent distances to nearby
vehicles, road barriers and signs (13–15) affect vehicle
flow capacity and velocity, in a phenomenon known as
lateral friction.

Drivers tend to increase lateral distance when another
vehicle is located directly parallel to them (16). This

distance increases with velocity (17), perhaps caused by a
subjective perception of safety risk. An autonomous
vehicle (AV) overtaking a conventional one that does
not take this into account and stays in the center of its
lane may be seen as a danger both for its own occupants
and those of the vehicle it is overtaking, depending on
the latter’s lateral position. This reduced safety percep-
tion could result in greater lateral friction, affecting traf-
fic efficiency and potentially creating an actual unsafe
situation.

Note that of the 38 collisions reported by Google/
Waymo through October 2018 under California’s AV
testing regulations, there were two where the car operat-
ing in driverless mode was neither stationary nor hit from
behind, implying that some responsibility on the part of
the AV cannot be ruled out a priori. In both cases, the
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accidents were side impacts related to the cars’ lateral
positions (18).

In light of the foregoing, a clearer understanding is
needed of the lateral dimension of traffic. This greater
knowledge could facilitate a faster adoption of AVs and
a more harmonious transition period during which both
human and autonomous drivers will continue to share
the roads.

There has been a growing interest for some years in
comprehending and modeling the lateral behavior of
vehicles and drivers. The first study to call attention to
the importance of this issue was that of Gunay (2). It has
since been followed by a series of works presenting two-
dimensional models focused primarily on situations of
poor lane discipline (19–23). However, these formula-
tions either do not model lateral position choice or, if
they do, neglect the existence of lanes.

The first studies modeling lane changing as a non-
instantaneous process have also appeared in recent years
(1). In certain cases they have also taken account of lat-
eral position during the lane-changing maneuver itself
(24, 25). To the author’s knowledge, however, only one
model, that developed by the author, has fully incorpo-
rated the lateral dimension into the context of multi-lane
traffic (4, 5, 26). This formulation, called the two-
dimensional microscopic traffic model (2D- m TM), is
based on a social force paradigm (27, 28) in which drivers
are modeled as though their vehicles were subject to
physical forces. Thus, a lane force is defined as represent-
ing the will of the driver to center their vehicle in the cho-
sen lane. That study left for future work a proper refining
or calibration of such force.

In the present article, lane discipline is defined as a set
of decisions and actions that determine lateral position
choice. Lane discipline can be measured by its effect (i.e.,
the lateral position) and its importance lies in the extent
to which it weakens or strengthens the efficiency of vehi-
cle traffic and drivers’ safety risk perception. This study
is confined to the lateral positions of vehicles that remain
in their lanes, as opposed to those that are in the process
of changing lanes. As part of the analysis, a number of
metrics will be defined for quantifying lane discipline.
They will then be employed to calibrate two models to
be proposed.

For purposes of this study, vehicle trajectories were
obtained from the data sets constructed by the Next
Generation SIMulation (NGSIM) program of the U.S.
Federal Highway Administration (29–31). Although they
have been subject to some criticism for the noise in the
measurements (32), they continue to be the standard
source in this area of research and corrections to mitigate
their deficiencies can be made.

The objective of this paper is twofold: to measure and
model lane discipline. Specifically, it aims to model by

means of refining and/or calibrating the aforementioned
lane force, as well as to propose metrics for quantifying
behavior in the lateral dimension, so that the models can
be assessed. Unfortunately this cannot be done without
first addressing the issue of the noise in NGSIM data.

Lane Discipline in the 2D- m TM

In the aforementioned microscopic 2D social force model
three forces were defined: (i) acceleration force f a, which
is exclusively longitudinal and represents the desire of
drivers to accelerate up to their free-flow velocity; (ii)
lane force f l, which is exclusively lateral and controls lane
discipline; and (iii) repulsive force f r, which is bidimen-
sional and represents driver caution, leading drivers to
keep their distance from other vehicles, especially when
they approach or are already close (4, 26).

Lane force is necessary to counteract the effect of the
lateral component of the repulsive force. The latter is
especially required when an overtaking vehicle attempts
to maintain sufficient clearance from vehicles in neigh-
boring lanes that are particularly wide or very close so as
to avoid potentially negative impacts on surrounding
traffic.

Lane force in the 2D- m TM for the experiments in the
author’s earlier studies was defined as keeping a vehicle
centered in position xl, the center of lane l, as follows:

f l
i (t)=

�(xi(t)� xl)k1 � vx
i (t)k2

0

� �
ð1Þ

where the first component expresses the magnitude of the
lateral acceleration aimed at centering vehicle i in posi-
tion xl, v x

i (t) and xi(t) are respectively the lateral velocity
and position of vehicle i, and k1 and k2 are parameters
measuring the intensity of the response per unit of lateral
distance from the lane center (in units of time �2) and per
unit of lateral velocity (in units of time �1). Note that
social forces are not physical, so neither is mass. For sim-
plicity vehicles are assumed a social mass of 1, so that
f = a.

Following the nomenclature of the 2D- m TM, in the
present study lateral position, velocity, and acceleration
will be represented by x, vx and ax, while longitudinal
position, velocity, and acceleration will be represented by
y, vy and ay. When the two dimensions are graphed, the
lateral one will be on the horizontal axis and the longitu-
dinal one on the vertical one. Finally, on these graphs
the general forward direction of the vehicles is upwards.

As a working assumption in the earlier study, lane
force played the dual role of keeping vehicles in their
lanes and controlling the execution of lane changes. As
regards the latter, k1 and k2 were assumed to be 0:25 and
1, respectively, which meant that a lane-changing vehicle
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touches the central line of the destination lane after
approximately 5 s, following Moridpour et al. (1).

The combined effect of these assumptions was that
the modeled vehicles tended to be overly centered in their
lanes. A more refined definition of lane force that would
generate more realistic lane discipline results was left for
later analysis. Concretely, what is needed is a new func-
tional form for fli(t) and/or different values for its para-
meters. In this paper, some ways for achieving these
necessary improvements in the context of single-lane tra-
jectories are proposed (i.e., excluding lane changes).

While refining and/or calibrating the lane force is a
rather small step toward understanding human driving
behavior in the lateral dimension, it is a very necessary
one. In previous work, the author has shown that real-
world lateral position choices are consistent with the
sometimes conflicting goals of keeping centered in a lane
and being at a safe distance from other vehicles to avoid
risks. There is a need initially to understand each of these
to assess how they interact and to grasp the big picture.

NGSIM Data Sets and the Error Problem

As part of the NGSIM program, vehicle trajectory data-
bases were constructed from video images. Three of these
data sets, known as Prototype, I-80 and US-101 (the lat-
ter two named after the freeways they were collected
from), contain data on uninterrupted traffic. All three
include information on lateral and longitudinal vehicle
positions over time for the road segment under study
during the observation period. The main characteristics
of each data set, including the video duration, time step
between positional data, and road segment length, are
shown in Table 1.

The data themselves were extracted from video images
captured by a series of cameras trained on successive sec-
tions of the segment studied and have been analyzed by
various researchers (33). The trajectories were con-
structed with the help of the image recognition technol-
ogy available at the time, which introduced noise into
the measurements. Later corrections were made but they
were not always consistent from one data set to the next
and not all of the noise was successfully eliminated.

According to Punzo et al. (32), the noise includes an
abundance of outliers, suggesting the noise has a
heavy-tailed distribution. Coifman and Li (34) describe

this distribution and demonstrate the apparent introduc-
tion of bias in the longitudinal dimension from projec-
tion errors which ‘‘increase with height of the vehicle and
distance away from the camera.’’ Moreover, ‘‘the original
NGSIM data extraction did a poor job at the transition
from one camera to the next.’’ This appears to be the
case also for the lateral dimension, as will be shown. The
noise tends naturally to be magnified in calculations of
finite differences in velocities and accelerations, resulting
in implausible values, especially for the latter. Note that
lateral acceleration was calculated using finite differences
2, since the data sets do not provide these data.

ax(t)=
v(t + dt)� v(t)

dt
ð2Þ

A series of corrections are suggested in Punzo et al.
(32), including a low-pass filter, a likelihood analysis of
inter-vehicle spacings and acceleration variations, and a
spectral analysis assuming that frequencies above 1Hz
are implausible. All of these corrections are concerned
exclusively with the trajectories’ longitudinal dimension,
however, taking no account of the lateral coordinates. In
the present paper, therefore, the more widely available
original data will be used, whose two dimensions are free
of any differential treatment.

With a view to partially mitigating the effects of the
noise, preprocessing of the data was undertaken. This
began by taking a subsample every five time steps. A
new set of velocities was then calculated based on finite
differences. To eliminate lane-change effects, all vehicle
observations for which the vehicle was not at that
instant in the same lane it was observed in 5 s before or
after were discarded. Since this procedure also excluded
vehicles close to the start or end of the road segment,
only those located more than 100m from either end
were retained. This also served to avoid introducing
velocity biases. Furthermore, only the first five lanes in
each data set were considered given that the sixth one
includes acceleration and deceleration lanes, and non-
constant width.

It should also be noted here that the original data
appear in fact to have been subjected to some correc-
tions. In particular, two of the data sets show signs of
velocity adjustments. As shown in Figure 1, there is a
number of obviously artificial peaks at multiples of 5 ft/s.

Table 1. The Three NGSIM Uninterrupted Traffic Data Sets and Their Main Characteristics

Name Location Date Start Duration Time step Length

Prototype I-80 Freeway, CA, USA December 2003 2:35 p.m. 30 min 1=15 s 899 m
I-80 I-80 Freeway, CA, USA April 2005 4:00 p.m. 45 min 0.1 s 503 m
US-101 US-101 Freeway, CA, USA June 2005 7:50 a.m. 45 min 0.1 s 640 m
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With regard to the bias from perspective and the use
of multiple cameras, significant discrepancies are
observed in the mean lateral position between different
longitudinal positions of a given data set (after eliminat-
ing vehicles changing lanes). This is illustrated by a wide
difference of more than 57 cm in mean lateral position
(t -statistic .150, p -value \10�12000) at 70m of longitu-
dinal distance in the I-80 dataset. Such differences are
observed to a greater or lesser degree in all three data
sets, as seen in the heat maps of the observed vehicle
positions shown in Figure 2. The effect varies from lane
to lane, thus affecting the measurement of the separation
between vehicles in contiguous lanes.

More evidence pointing to this may be appreciated in
Figure 3, which tracks lateral position in the I-80 data
set. For each lane l, the graph in the figure shows the
mean lateral position E ½x� relative to the lane center as a

function of the longitudinal position y. The road segment
graphed is divided into six sections in the photo, each
one covered by a different camera. At each transition
from one camera to the next, there is an abrupt change
in trend.

Given the above evidence of bias, the data preproces-
sing included, for purposes of comparison, a lateral posi-
tion correction in which for each lane and neighboring
longitudinal position, the locally obtained mean is sub-
tracted from the original lateral position data. The result-
ing corrected lateral position is denoted x�= x� E½xjy, l�,
from which the corrected lateral velocity v�x , the corrected
lateral acceleration a�x , and so forth, are then calculated
using finite differences.

The corrected lateral position data do not, however,
totally replace the original data in the analyses. (i) On
one hand, the mean as calculated has a standard error
that oscillates around 2:5 cm, meaning that it is possible
for the real mean to be as much as 5 cm away in either
direction; and (ii) forcing the means to zero results in a
loss of information in that it implies the real means are,
in fact, zero. But this is not necessarily the case so it
would have to be proved, and there are documented
situations where it is not true (35).

The possibility of error measurement distortions or
overcorrections must also be considered when perform-
ing experiments with such data and drawing conclusions
from them. Some examples of this are focusing on the
means or medians of large quantities of data, thus ignor-
ing noise in the tails; using longer time intervals for cal-
culation finite differences; and focusing on trends rather
than exact numerical results.

In any case, the metrics and methodology proposed
here are applicable to any possible source of data on lat-
eral and longitudinal positions. As new data sets become
available, the results presented in this study can be
updated and refined.

Figure 1. Smoothed velocity histogram by dataset. Density
estimated using kernel density estimation (KDE). Velocities
calculated for finite differences.

Figure 2. Heat maps of vehicle positions for each data set. The
bias in lateral positions may be caused in part by camera
perspective effects and the use of video capture from different
cameras.

Figure 3. Mean lateral vehicle position as a function of
longitudinal position for each lane. Abrupt trend changes occur at
coverage transitions between successive cameras. Based on
Federal Highway Administration data set (30).
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Characterization of Lane Discipline

In what follows a series of metrics for lane discipline mea-
sured from the NGSIM data sets are described. Some of
these characteristics are general sample moments of the
kinematic variables (means and standard deviations)
whereas others are the relations between some of these
moments and other kinematic variables.

A key metric for present purposes is the standard
deviation of lateral position (SDLP). Its relevance lies in
its suitability to describe drivers’ departure from the cen-
ter of their lane under similar lane and vehicle width con-
ditions, as well as its use in the literature as a road safety
metric means. The standard deviations of lateral position
for the three NGSIM data sets, both in their original and
corrected versions (the former calculated directly from
the NGSIM data) are given in Figure 2. Using the origi-
nal data (labeled SDLP), the values range from 44 cm to
52 cm. With the corrected data (SDLP �), the standard
deviations are 7 to 13 cm lower. In both cases, the higher
values for Prototype may be the result of greater veloci-
ties or less attentive driver behavior given that the data
were collected outside of peak hours.

The evolution of SDLP as a function of longitudinal
velocity is shown in Figure 4 (vertical axis). It was
obtained by estimating the conditional variance V ½xjvy�
using kernel density estimation (KDE). For each data set
the most representative range of velocities is graphed. As
can be seen, for all three sets, both original and corrected,
SDLP increases with increasing velocity until about
20m/s, with the exception of the corrected Prototype
data where its trend stops rising at around 10m/s.

Note that unless otherwise indicated, the same method
for calculating conditional moments from the density
function using KDE is applied to the other relationships
between the kinematic variables presented here.

Another useful set of characteristics are those describ-
ing the profiles of lateral velocity vx and its relation to
longitudinal velocity. These will be identified by con-
structing histograms and calculating the lateral velocity
means and standard deviations. Given the coexistence of
a majority of lateral velocities that are very small with a
not-insignificant proportion of them that are several
orders of magnitude larger, it will be convenient also to
express lateral velocity on a logarithmic scale. We there-
fore define a variable denoted log speed as the logarithm
of the absolute value of lateral velocity. Since any veloci-
ties numerically equal to zero will be excluded from this
logarithmic variable, it is worth checking what percent-
age of the results they constitute.

The means and standard deviations of the lateral velo-
cities and log speeds are shown in Figure 3 for the three
data sets. As may be expected, the lateral velocity means
are very small.

The approximate distribution of log speed for each
data set (original and corrected) is set out in Figure 5.
Note that the velocities are concentrated between 0:01

and 0:1m/s. The increasing relation between the stan-
dard deviation of lateral velocity and longitudinal velo-
city is evident in Figure 6. Moreover, the relationship
seems to be fairly close to linear. This would be consis-
tent with a steering angle inversely proportional to longi-
tudinal velocity.

The mean lateral position is biased to the left for
Prototype and I-80 (�26 and �24:2 cm respectively),
and close to zero for US-101 (0:67 cm). For all three, the
original data exhibit statistically significant deviations
from the lane center, but become zero after correction.
As regards the much smaller value for the US-101 uncor-
rected case, the author cannot say whether or not it was
subjected to correction, but note that this database is the
most recent of the three. Also, with the available

(a) (b)

Figure 4. Standard deviation of the lateral position as a function of longitudinal velocity: (a) original NGSIM data and (b) corrected data.
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information it is not possible to determine whether the
off-center results for Prototype and I-80 are caused
exclusively by perspective bias or some objective effect of
driver preference or perception.

Finally, as a first approximation to a direct measure-
ment of the lane force parameters formulated in the 2D-
m TM (see 4), the lateral acceleration ax is characterized
as a function of lateral position and lateral velocity. Once
again, the conditional expected values E ½axjx�, E ½axjvx�
are used. For the present analysis the methodology is dif-
ferent. As with the velocities, there are many minor lat-
eral accelerations and a considerable number of major
ones. To study their relationship with other variables,
however, there is a need to separate the positive values
from the negative ones, so in this case the use of the abso-
lute value will be avoided. Likewise, constant bandwidth
KDE is not applied, since it cannot be adapted to the
aforementioned characteristics. What is utilized instead is
a moving average for a fixed quantity of data, sorting the
independent variable by value.

The resulting relationships for each data set, original
and corrected, are shown in Figures 7 and 8. As may be
observed, in all cases the relationship is reasonably linear,
especially near the origin. Deviations from this trend, as
steeper slopes, occur at about two standard deviations
from the mean (see 3). In the case of velocity, a region of
average acceleration close to zero observable in the origi-
nal data disappears in the corrected data.

The dashed trend lines added to the graphs were
obtained by linear regression. Those describing the rela-
tionship between acceleration and lateral positions using
the original data (Figure 7, at left) cut the horizontal axis
between 20 and 30 cm, which is consistent with the off-
center mean lateral position.

The linear regression parameter estimates are summar-
ized in Figure 4. All of the slopes are more pronounced
for the corrected data, suggesting that perspective bias
appears to attenuate the relationships.

ith these results, simple linear models can be constructed
for E ½axjx, vx�. As an example, the I-80 data set gives

(a) (b)

Figure 5. Smoothed histogram of lateral log speed by data set: (a) original NGSIM data and (b) corrected data.

(a) (b)

Figure 6. Standard deviation of lateral velocity as a function of longitudinal velocity: (a) original NGSIM data and (b) corrected data.
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E½axjx, vx�= � 0:29x� 2:73vx: ð3Þ

The standard deviation of the residual error for each
data set is 1:67 m/s 2 for Prototype, 0:59 for I-80, and 0.54

for US-101. The error is calculated as the difference
between actual acceleration and the value predicted by the
data sets’ linear models in the form given in Equation 3
with the coefficients obtained from the corrected data
which is in (Table 4). The distributions of the errors have
heavier tails than a standard normal distribution.

Models

In this section two models are proposed that reproduce
some of the lane discipline characteristics discussed in the
previous section. The idea is to refine the aforementioned
lane force concept by calibrating the k1 and k2 parameters
in (4). With this in mind, an attempt is made to separate

(a) (b)

Figure 7. Relationship between lateral acceleration, lateral velocity, and distance from lane center with original coordinates, by data set:
(a) mean lateral acceleration versus position, (b) mean lateral acceleration versus velocity.
Dashed lines represent the corresponding linear regressions.

(a) (b)

Figure 8. Relationship between lateral acceleration, lateral velocity, and distance from lane center with corrected coordinates, by data
set: (a) mean lateral acceleration versus position, (b) mean lateral acceleration versus velocity.
Dashed lines represent the corresponding linear regressions.

Table 2. Standard Deviation of Lateral Position (SDLP) from
Original and Corrected (*) Data, Relative to Lane Center, by Data Set

Dataset Prototype I-80 US-101

SDLP (cm) 52.8 44.9 43.8
SDLP (cm) 45.9 35.4 31.1
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the predictable response to the lateral position and velo-
city from other influences such as the various stimuli
attributable to neighboring vehicles, perception errors,
tolerance thresholds, and so forth.

The models therefore include a deterministic term for
lane force and a random term to represent whatever
effects lane force does not cover. For the sake of simpli-
city the influence of longitudinal velocity is left out of
the analysis. Thus, the proposed formulations are con-
cerned only with the lateral axis. Both take the form of a
random walk (36).

The models’ quality is evaluated by how well they fit
the metrics proposed in the previous section. The spe-
cific metrics used are SDLP, standard deviation of lat-
eral velocity, and the mean and standard deviation of
lateral log speed. The evolution of the lateral positions
(using the original and corrected data sets) of three
arbitrarily selected vehicles from the first 15 min seg-
ment of the I-80 data set (original and corrected) is
shown in Figure 9.

The models range from the very simple and analyti-
cally tractable to the relatively complex but more accu-
rate in reproducing reality. The simplest one has just two
parameters while the most complex one requires five.

For each model, 4,000 random walks were run from
scratch, each consisting of 100 time steps after a 50-time
step warm up period. Both numbers were selected to

approximately match the number of trajectories and data
points of the NGSIM datasets.

First-Order Autoregressive Model

The first model is a first-order autoregressive formula-
tion, AR(1). Though extremely basic it has a known ana-
lytic solution, equivalent in discrete time to the Ornstein-
Uhlenbeck process (37). It is written as follows:

vx(t)= � kx(t)+ j(t), j(t);N (0, n2) ð4Þ

The model has only two parameters: k, for the deter-
ministic part, and n, for the random part. N represents
the normal distribution. Applying Euler’s method of
approximation with a step size of 0:5 s (to be consistent
with the subsample of the original data), gives

x(t + dt)’ x(t)+ dtvx(t)

= x(t)+
1

2
�kx(t)+ j(t)ð Þ

= 1� k

2

� �
x(t)+

j(t)

2
;

ð5Þ

now let j=1� k
2 , et =

j(t)
2 and s= n

2 , then

x(t + dt)=jx(t)+ et, et;N (0,s2) ð6Þ

Table 3. Mean and Standard Deviation (SD) of Lateral Velocity and Lateral Log Speed

Original NGSIM data Corrected data

vx m=s½ � log10jvxj
Velocity

v�x m=s½ � log10jv�xj

Mean SD Mean SD Zero Mean SD Mean SD

Prototype 0:006 0:20 �1:02 0.46 0:76% �0:003 0:18 �1:13 0:52
I-80 �0:002 0:16 �1:55 0.73 5:15% 8:19 � 10�4 0:15 �1:42 0:67
US-101 0:002 0:15 �1:33 0.58 2:15% 8:18 � 10�5 0:14 �1:40 0:63

Figure 9. Selected actual vehicle trajectories using original (left) and corrected (right) data.
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which fits the definition of an AR(1) model where the
constant term is zero. This allows us to determine a priori
using algebraic methods the stationary distribution of
the positions, which will be normal with mean zero and
variance:

V ½x(t)�= s2

1� j2
=

n2

(4� k)k
ð7Þ

If x(t);N (0, n2

(4�k)k ) and j(t);N (0, n2), then by
Equation 4 and the properties of the normal distribution,

vx(t);N 0,
4n2

4� k

� �
ð8Þ

From Equation 7 and Equation 8, and given the stan-
dard deviations for lateral position and lateral velocity,
values for the parameters can be calculated. Using the
corrected values for data set I-80 from Tables 2 and 3,
gives the following system of equations:

nffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(4� k)k

p = 0:354

2nffiffiffiffiffiffiffiffiffiffiffi
4� k
p = 0:15

ð9Þ

whose positive solutions are k ’ 0:0449 and n ’ 0:149.
The trajectories resulting from this model exhibit the

standard deviations for lateral position and velocity it is
desired to reproduce. However, because of the model’s
simplicity there is little ability to control the other charac-
teristics. The mean and standard deviation of log speed
can be obtained algebraically and are approximately
�1:099 and 0:4824, respectively. The former value depends
linearly on the standard deviation of velocity while the lat-
ter value is invariant with respect to the parameters.

Examples of trajectories generated by this model are
plotted in Figure 10. As can be seen, they appear to

oscillate more abruptly than the actual trajectories in
Figure 9 that alternate relatively calm periods with sud-
den corrections. This is consistent with the normal distri-
bution of the modeled velocities, which implies a lower
frequency of very low or zero velocities and very high
velocities than the true distribution. As a result, it indi-
cates a frequency of intermediate velocities that is clearly
greater than the real case (see also Figure 13 for the cor-
responding distribution of lateral log speed). This sug-
gests that a more complex model with heavier tails for
the distribution of velocities is needed so that more of the
characteristics observed in the previous section can be
reproduced.

Second-Order Model with Mixture-Distributed
Random Term (doblog)

A simple way of achieving the above-described combina-
tion of low and high accelerations is to combine two dis-
tributions, one whose standard deviation is high and the

Figure 10. Selected trajectories generated by the first-order
autoregressive model.

Figure 11. Selected trajectories generated by the mixture-
distributed doblog model.

Figure 12. Comparison of sample real and modeled trajectories.
The first-order autoregressive trajectory zigzags excessively, while
the real and doblog trajectories alternate relatively calm segments
with sudden corrections.
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other for which it is low. With this approach in mind, the
following model is formulated:

ax(t)= � k1x(t)� k2vx(t)+ l(t),

l(t);p 3L(0, s)+ (1� p)3L(0, u),
ð9Þ

In other words, the random part has a probability p of
following one logistic distribution with shape parameter
s, and a probability 1� p of following the other logistic
distribution with shape parameter u. This model is called
doblog, an abbreviation for its double nature from two
different logistic distributions.

To calibrate doblog, the NSGA-II algorithm (38) for
multi-objective optimization is used, with objective func-
tions that fit the model-derived results to the direct-data
results for each of the four metrics. All four objectives
can be satisfied. The results of the parameter calibration
are as follows:

k1 = 0:07381, k2 = 2:4785,

p= 0:4824, s= 0:2308, u= 0:01316

Selected trajectories generated by the model are shown
in Figure 11. They reveal a greater frequency of low
accelerations than was the case with the previous model,
which is more consistent with the true trajectories in
Figure 9. In other words, a pattern of alternating rela-
tively calm periods and sudden corrections more alike to
the real trajectories is observed.

Finally, Figure 12 compares sample real and modeled
trajectories. The AR(1) trajectory zigzags excessively,
while the real and doblog trajectories alternate relatively
calm segments with sudden corrections. The histogram
in Figure 13, in turn, compares the log speed frequencies
for both proposed models—and an additional second-
order one without the mixture-distributed term, excluded
here for space reasons—with those of the real (corrected)
I-80 data shown in Figure 5.

Conclusion

An analysis was conducted of the lateral dimension of
vehicle behavior in highway traffic. The study focused
on vehicles observed to be in the same lane 5 s before

and after the instant of observation. The data consisted
of high-resolution vehicle trajectories contained in three
data sets constructed by the NGSIM program of the
U.S. Federal Highway Administration.

Evidence was found in these trajectories that is consis-
tent with perspective bias caused by the location of the
cameras that filmed them. A simple solution was pro-
posed for mitigating the problem that comes, however,
at the cost of losing information on other possible biases
such as an unconscious driver preference for a particular
side of the lane.

A series of metrics were proposed to characterize lane
discipline and its effects on lateral position choice. These
metrics are (i) SDLP, also used in other areas of trans-
port engineering; (ii) the mean of lateral position; (iii)
standard deviation of lateral velocity; (iv) the mean and
standard deviation of lateral log speed (i.e., the logarithm
of the absolute value of velocity); (v) and the average
relation between lateral position, lateral velocity, and lat-
eral acceleration. In the case of SDLP and lateral velo-
city, their behavior as a function of longitudinal velocity
was also studied. The proposed metrics should be appli-
cable to any future vehicle traffic data set that records
lateral and longitudinal positions over time.

Before the lateral position data were corrected, it was
found that in two of the data sets the mean values were
more than 20 cm to the left of the lane center. Although

Figure 13. Smoothed histogram of log speed for proposed
models and corrected I-80 data set.

Table 4. Linear Regressions of Moving Averages for Lateral Acceleration with Respect to Distance to Lane Center and Lateral Velocity

Original Corrected

x vs ax vx vs ax
x vs ax vx vs ax

Data set Slope Intercept Slope Intercept Slope Slope

Prototype �0:26 �0:07 �1:53 0:01 �0:70 �4:33
I-80 �0:24 �0:06 �2:03 �0:01 �0:29 �2:73
US-101 �0:23 ’ 0:00 �1:85 ’ 0:00 �0:37 �2:32
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part of this deviation seems not to be real but rather the
effect of camera perspective bias, the existence of some
other concurrent cause such as drivers’ perception bias
as to their true position and that of the lane center must
also be considered given that the steering wheel is located
to one side of the vehicle.

It was also discovered that SDLP consistently
increased with longitudinal velocity, at least up to some
critical level. The standard deviation of lateral velocity,
on the other hand, increased almost totally linearly with
longitudinal velocity.

Two models were proposed with differing levels of
complexity and ability to reproduce certain characteris-
tics observed in the data. The modeling focused exclu-
sively on the lateral dimension, ignoring the effects of
other factors such as longitudinal velocity. The proposed
models were (i) an AR(1) model with two parameters
that reproduces the standard deviations of lateral posi-
tion and lateral velocity but not the peculiarities of the
latter’s distribution; and (ii) a second-order model with a
random term that follows a mixture distribution and has
five parameters, substantially improving the reproduc-
tion of the lateral velocities distribution.

Simulations with the doblog model resulted in cali-
brated values for the k1 and k2 parameters of approxi-
mately 0:07 and 2:5, respectively, to match the I-80
dataset lane discipline measurements, not too far apart
from those obtained from linear regression, at 0:29 and
2:73 (per Table 4). This suggests that the correct calibra-
tion of lane force in the 2D- m TM would have values in
the same general vicinity. Naturally, since both methods
yield different results, with non-negligible implications in
modeled lane discipline, further research is needed to
understand why there are such discrepancies or which of
the two methods is the most accurate. A possible explana-
tion could lie in (i) the assumption that lane force is linear
or (ii) the effect of modeling all other factors (including
lateral interaction with other vehicles and perception
biases) as a random term independent from position,
which could be inducing some distortion in the model.

The calibration results are not compatible with this
lane force being used in changing lanes, which would
take more than 40 s under the definition of lane change
specified in Delpiano (26), meaning that, contrary to the
assumptions made at that time, either lane-changing
needs to be considered a separate process from lane
keeping or the lane force needs to be nonlinear. Further
research is needed to explore these alternatives.

The idea behind the use of a mixture distribution is
consistent with a simple notion that deserves some
comment here and would no doubt constitute an inter-
esting topic for future research. The basic idea is that
lateral accelerations have diverse causes and thus their
characteristics may reasonably be suspected to vary

accordingly. These causes include: (i) in the case of very
small accelerations, inaccuracies in driver perception or
vehicle alignment; (ii) driver corrections of lateral posi-
tion to stay centered; (iii) and external stimuli such as
road-surface imperfections, overtaking by vehicles that
are particularly wide or off lane center, or the approach
of nearby vehicles in neighboring lanes. Note, however,
that, as can be seen in Figure 13, the doblog model still
does not perfectly fit the data, but with the addition of
further distributions, the goodness-of-fit would likely
be improved. Incorporating the effects of longitudinal
velocity into the models remains a task for future
research.

Finally, with regard to driverless vehicle technology,
safety risk perception and initial trust have been pro-
posed as important factors in its adoption (39).
According to Bellem et al. (3), safety risk perception
depends in part on user comfort, which is determined in
turn by the way AVs are operated—including the lateral
dimension. Making AVs have a more naturalistic lane
discipline by letting them move away from the lane’s cen-
ter when appropriate could contribute to a smoother
adoption. As the authors note, ‘‘[T]he preferred driving
style [of an AV] does not necessarily correspond to how
a human driver would drive the vehicle manually’’ (3).
Yet failing to take into account what is of value in the
human style of driving may be counterproductive from
the viewpoint of traffic efficiency (40) as well as traffic
safety (41). In turn, it is a common concern that too
strictly centered AVs could cause harm to infrastructure
by concentrating the traffic load at specific points. AVs
with naturalistic lane discipline could therefore be benefi-
cial for roads by distributing the load.
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