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Te trafc fow at freeway on-ramps is infuenced not only by the lane changes made by merging vehicles but also by the
longitudinal behavior of the merging vehicles and vehicles in the main lane. Existing car-following models are not suitable to
represent the longitudinal behavior during merging because they are based on the idea that vehicles intend to reach a steady state,
that is, constant time headway and zero speed diference, as soon as possible. At on-ramps, however, merging vehicles have time to
reach this steady state until they reach the end of the on-ramp. We therefore derive a novel car-following model based on desired
time headways that is able to represent this continuous adaptation toward a steady state. From this car-following model, we derive
a lane change model for freeway on-ramps with seven parameters. Te lane change model includes a leader selection algorithm,
which enables merging vehicles to pass or be passed by vehicles in the main lane. Te model also includes components to predict
the lane change start time based on surrogate safety measures and to describe the lateral behavior during the lane change. Due to
the resemblance to car-following models, the methodology to calibrate the lane change model at the microscopic scale can be
adopted from car-following models. To validate the model, we conduct trafc simulations and compare the simulated trafc fow
with trajectory data from two German freeway on-ramps. Te results show that the model accurately represents the longitudinal
driving behavior of merging vehicles and their followers, although it slightly overestimates the number ofmerging vehicles passing
a vehicle in the main lane under congested trafc conditions.Te simulations yield accurate headway distributions, except in cases
of very risky driver behavior, and realistically capture the macroscopic speed-density relationship at the on-ramp.

1. Introduction

Microscopic trafc fowmodels are an important tool to assess
road designs and trafc management measures, to help re-
searchers understand trafc fow, and to study the impact of
automated driving on trafc fow. Tey describe the longitu-
dinal and lateral behavior of vehicles in relation to their sur-
rounding vehicles. Microscopic trafc fow models consist of
car-following models, which describe the longitudinal driving
behavior, and lane change models, which describe the lateral
driving behavior. Car-followingmodels predict the acceleration
of the following vehicle as a function of the gap to the leading
vehicle and the speeds of the leading and following vehicle.
Lane change models predict the lane change start time (lane

change decision model), as well as the longitudinal and lateral
acceleration during the lane change (lane change execution
model), considering the positions and speeds of the sur-
rounding vehicles in both the current lane and the target lane.

Lane changes are typically classifed into desired,
mandatory, and courtesy lane changes [1]. Desired lane
changes, also referred to as tactical [2] or discretionary [3]
lane changes, occur when a vehicle passes a slower vehicle.
Mandatory (or strategic) lane changes occur when the ve-
hicle’s current lane ends or is not along its intended route,
such as at on-ramps, of-ramps, or weaving sections.
Courtesy (or cooperative) lane changes occur when a vehicle
changes lanes to allow another vehicle to make a mandatory
lane change.
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Modeling the merging process at on-ramps is complex
due to the diferent drivingmaneuvers in addition to the lane
change itself. Merging vehicles must accelerate to reach the
speed of trafc in themain lane and to reach a gap into which
they can merge. Tis maneuver is commonly referred to as
synchronization [4]. In dense trafc, merging vehicles accept
smaller time headways during the lane change compared to
regular car-following behavior, and they increase the time
headway after the lane change. Tis maneuver is called
relaxation [5]. In some cases, the vehicle in the main lane
following the merging vehicle must facilitate the merge by
making a courtesy lane change to the left or by decelerating.
Te former maneuver is called anticipation [6], the latter
cooperation [7]. A lane change model for on-ramps must
account for all these maneuvers. van Beinum et al. [8] have
shown that the lane change models used in common trafc
simulation packages are unable to reproduce all of these
maneuvers. van Beinum et al. [8] also pointed out that the
calibration of these lane change models is impractical due to
the large number of parameters. Te driving maneuvers at
on-ramps evoke macroscopic trafc features such as the
capacity drop, which means that the maximum fow in
congested trafc is smaller than in free-fow trafc [9]. Chen
et al. [10] have shown that congested trafc at on-ramps is
also associated with riskier lane changes due to negative gaps
at the start of the lane change.

Many lane change models proposed in the literature are
discrete choice models focusing on criteria that must be met
to perform a lane change. For example, Kesting, Treiber, and
Helbing [11] proposed the MOBIL model, which includes
the incentive criterion describing whether a driver intends to
change lanes, and the safety criterion describing whether it is
safe to change lanes. Another common approach is to model
which gap a merging vehicle accepts depending on the
surrounding trafc [4, 12]. Te decision whether a gap is
accepted or not can be described with logistic regression
models that predict the probability of gap acceptance
depending on the distance to the end of the on-ramp, the size
of the gap, and the speed diference between the merging
vehicle and its adjacent vehicles [13, 14].Te decision to start
a lane change can also be modeled with game-theoretical
approaches, which means that drivers intend to maximize
a payof function that depends on collision risk and speed
gain [6, 15]. Laval and Leclercq [5] criticized decision-based
models for being too complex and inconsistent and pro-
posed a macroscopic lane change model in which the rate of
lane changes depends on the density. Choudhury [16] argues
that drivers develop a latent merging plan when they enter
the on-ramp and choose their acceleration according to this
plan. Other concepts to model the interaction between the
merging vehicle and adjacent vehicles include lateral fric-
tion, which leads to reduced speed [17], and cooperation due
to social interactions between drivers [18]. Data-driven
models based on neural networks or other machine learn-
ing techniques can potentially capture merging behavior
more realistically [19, 20]. While they are crucial for the
development of autonomous vehicles, these black-box
models do not contribute to a deeper understanding of
the complexity of merging behavior.

For a complete microscopic trafc fow model that can
be used in trafc simulations, lane change models must be
combined with car-following models. Te main challenge of
these combined models is to accurately represent the lon-
gitudinal behavior during a lane change, which difers from
the behavior during regular car-following [5]. Nevertheless,
a regular car-following model can be applied if a vehicle in
an adjacent lane can also be regarded as the leader [4, 21]. In
the case of on-ramps, this assumption leads to the problem
that small gaps between the merging vehicle and the leader
in the main lane would result in extreme decelerations,
although small gaps are not unsafe before the merging
vehicle starts changing lanes. To avoid this undesired be-
havior, Schakel, Knoop, and van Arem [4] applied boundary
conditions on the gap, which result in bounded acceleration
values predicted by the car-following model. However, these
boundary conditions do not ensure that the merging vehicle
gradually adapts to the leader in the main lane. Te model
for lane changes at on-ramps proposed in this paper achieves
this gradual adaptation using the idea that the merging
vehicle gradually reaches a desired time headway to the
leader until it reaches the end of the on-ramp.

Trafc fow models must be calibrated to fnd the model
parameter values that minimize the deviation between real
trafc and modeled trafc. Te calibration of lane change
models is more complex than the calibration of car-
following models, which have only one output variable
(acceleration) and a few input variables (speeds and posi-
tions of leader and follower). Lane change models, however,
have more than one output variable (depending on the
model, e.g., acceleration, lateral position, and time of the
lane change) and more input variables (speeds and positions
of the surrounding vehicles in the current lane and the target
lane). To reduce this complexity, some studies rely on a less
complex macroscopic calibration [4], while other studies
observe the model parameters directly from empirical data
instead of calibrating them [22]. Since our proposedmodel is
based on a car-following model, we calibrate the model
microscopically using the methodology for car-following
model calibration, see [23, 24].

Trafc fow models must also be validated to show that
they describe the characteristics of real trafc appropriately.
Te validation of lane change models can be performed at
both the macroscopic and microscopic scales. Macroscopic
trafc characteristics including fow, density, and mean
speed describe overall trafc behavior. Criteria for validation
used in the literature include the relationship between mean
speed and fow [25]; speed contour plots, which visualize
variations in mean speed over time and space [4]; or the
distribution of fows over the lanes [4, 26, 27]. Microscopic
trafc characteristics refer to the behavior of individual
vehicles, for example, speed as well as gaps and headways
between vehicles. In the context of on-ramps, criteria for
validation include the gaps that drivers accept before they
start merging [8, 13], the positions where lane changes
occur, or the distribution of time headways during merging
[8, 28].

Te calibration of the model parameters and the vali-
dation of the models rely on empirical data. Tese data can
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either be macroscopic fows and mean speeds, e.g., derived
from induction loops, or microscopic trajectories derived
from foating car data or from drones or stationary cameras.
Macroscopic data from induction loops are the simplest type
of data. Although they only provide cross-sectional data,
these data are useful to calibrate lane change models if the
cross-sections are sufciently close together [29] or if the
trafc state between the cross-sections is interpolated
[30, 31], for example, using the adaptive smoothing method
[32]. Floating car data provide the trajectories of a sample of
vehicles, and they enable analyses on the location and du-
ration of lane changes and the speeds during lane changes
[30]. However, they do not contain interactions with other
vehicles, so the gap selection and the headways during
merging cannot be analyzed. Trajectory datasets from drones
or stationary cameras allow detailed analyses of these as-
pects. Some researchers collect their own data specifcally for
the analysis of lane changes at on-ramps [28, 29, 33], while
many others still use the NGSIM dataset from 2006
[14, 31, 34, 35]. For all data sources, it is important that both
free and congested trafc states are included to achieve
a model that is valid for both states.

In this paper, we derive a lane change model for freeway
on-ramps based on a car-following model that uses the
concept of desired time headways (Section 2). Since the lane
change model is derived from a car-following model, the
methodology for calibrating and validating the model at the
microscopic scale can be adopted from car-following models
(Section 3). We analyze the features of the model using
sensitivity analysis, example cases, and trafc simulations
(Section 4).

2. Model Derivation

We propose a model for lane changes at on-ramps that
focuses on the longitudinal behavior, whichmeans it is based
on a car-following model with the following adaptations:

1. Te merging vehicle (hereafter referred to as merger)
may have more than one leader (see Figure 1(a): one
on the on-ramp and one in the main lane). Te car-
following model calculates one acceleration value for
each leader. Te smaller value is the relevant one. In
the following, we use the term leader for the leader in
the main lane if not mentioned otherwise because this
is the relevant leader in most cases.

2. While the merger is on the on-ramp, it can pass one or
more vehicles in the main lane or be passed by them
(see Figure 1(b)). Tus, the leader is not necessarily
the current preceding vehicle, but the preceding ve-
hicle after merging. Te algorithm for selecting the
leader will be presented in Section 2.5.

3. Te merger must reach a sufcient time headway
(hereafter referred to as headway) to the leader only at
the end of the on-ramp, while smaller and even
negative headways are allowed at the beginning of the

on-ramp, as shown in Figure 1(b). When the lane
change starts, the headway must be at least zero, i.e.,
the merger must be behind the leader.

4. Te follower in the main lane also has more than one
leader: one in the main lane, which is also the leader of
the merger, and the merger. Te headway between the
follower and the merger must also only be sufcient at
the end of the on-ramp, and it must be at least zero
when the lane change starts. Again, the car-following
model calculates one acceleration value for each
leader, and the smaller value is the relevant one.

While adaptation 1 can easily be achieved with any
existing car-following model, adaptations 2, 3, and 4 are
incompatible with existing car-following models because the
models would predict unrealistically negative accelerations if
the headway was small or negative. Terefore, we propose
a new car-following model based on desired headways,
which we describe in the following section. From this car-
following model, we derive the lane change model for on-
ramps.

2.1. Car-Following Model Based on Desired Time Headways.
Te proposed car-following model is based on the concept
that the follower intends to achieve a desired headway Tdes to
the leader. Te headway T at time t is defned as the net
distance between leader and follower divided by the speed of
the follower:

T(t) �
Δx(t)

vF(t)
�

xL(t) − xF(t) − LL/2( 􏼁 − LF/2( 􏼁 − Δxmin

vF(t)
,

(1)

where x is the position, v is the speed, and L is the length of
a vehicle. Δx represents the net distance between leader and
follower minus a minimum distance Δxmin at standstill.
Δxmin is included here to make the model equations more
comprehensible, although it is not included in the common
defnition of the net distance. Index L denotes the leader, and
index F denotes the follower.

Te follower accelerates with acceleration aF such that it
reaches the desired headway after time τ, which we refer to as
adaptation time. To derive this acceleration, we use the
following kinematic equations, assuming the leader has zero
acceleration, which is a common simplifcation in existing
car-following models, e.g., in the intelligent driver model
(IDM) [36]:

xF(t + τ) �
1
2

· aF(t) · τ2 + vF(t) · τ + xF(t), (2)

vF(t + τ) � aF(t) · τ + vF(t), (3)

xL(t + τ) � vL(t) · τ + xL(t). (4)

After the adaptation time, the headway must be equal to
the desired headway:

Journal of Advanced Transportation 3
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T(t + τ) �
Δx(t + τ)

vF(t + τ)
�

xL(t + τ) − xF(t + τ) − LL/2( 􏼁 − LF/2( 􏼁 − Δxmin

vF(t + τ)
� Tdes. (5)

Inserting equations (2)–(4) into equation (5) yields:

vL · τ + xL(t) − (1/2)aF(t) · τ2 − vF(t) · τ − xF(t) − LL/2( 􏼁 − LF/2( 􏼁 − Δxmin

aF(t) · τ + vF(t)
� Tdes. (6)

Equation (6) can be solved for aF:

aF(t) �
vL(t) · τ + xL(t) − vF(t) · τ + Tdes( 􏼁 − xF(t) − LL/2( 􏼁 − LF/2( 􏼁 − Δxmin

(1/2)τ2 + τ · Tdes
�

vL(t) · τ − vF(t) · τ + Tdes( 􏼁 + Δx(t)

(1/2)τ2 + τ · Tdes
.

(7)

Te result of equation (7) is dominated by τ2 in the
denominator, which means smaller values of τ lead to larger
absolute values of the acceleration.Te adaptation time τ can
thus be interpreted as the urgency with which the follower
intends to reach the desired headway, where smaller values
of τ represent a higher urgency. Tis urgency should depend
on the current headwayT(t). If the current headway is small,
the follower must urgently reach the desired headway to
avoid a collision. If the current headway is large, the follower
has sufcient time to reach the desired headway. For sim-
plicity, we assume that τ is equal to the current headway.
However, τ must have an upper bound because otherwise
the absolute value of the acceleration would be very small if

the headway is very large, which occurs for small speeds
(vF⟶ 0) or large distances (Δx⟶∞):

τ(t) � min T(t), τmax( 􏼁, (8)

where the upper bound τmax can be interpreted as the
headway above which the leader does not infuence the
behavior of the follower. Since this parameter is only rele-
vant in a few situations, it does not have to be calibrated. We
select τmax � 10 s.

To avoid physically impossible accelerations, aF should
be bounded by a minimum (negative) acceleration amin and
a maximum (positive) acceleration amax. Te acceleration is
additionally bounded by − vF(t)/τ to avoid negative speeds

Leader
main lane

Follower Merger

Main lane
On-ramp

Leader
on-ramp

Possible leaders
if merger passes

Possible leaders
if merger is passed

Current
leaderMerger

Main lane
On-ramp

LF

xF xM
vF = x·F vM = x·M
aF = v·F aM = v·M

xL
vL = x·L
aL = v·L

LM LL

xE

xE

x

x
y

y

(a)

(b)

Figure 1: (a) Defnition of leader, follower, and merger, (b) small headway between merger and current leader at the beginning of the on-
ramp, and possible leaders if merger passes or is passed.
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after the adaptation time and by vmax − vF(t)/τ to avoid
speeds above the maximum desired speed vmax. As a result,
the model equation of the car-following model based on
desired time headways is as follows:

aF,DTH(t) � max min
vL(t) · τ − vF(t) · τ + Tdes( 􏼁 + Δx(t)

(1/2)τ2 + τ · Tdes
, amax,

vmax − vF(t)

τ
􏼠 􏼡, amin, −

vF(t)

τ
􏼢 􏼣. (9)

In summary, the car-following model has fve parame-
ters listed in Table 1.

Tese parameters have an intuitive physical meaning and
can either be calibrated or directly observed or estimated
from real trafc data. Tey are also similar to the parameters
of other common car-following models, for example, the
IDM with v0, a, b, s0, and T [36]. While the IDM uses v0, a,
and b in all driving situations, our model uses these pa-
rameters only to bound the acceleration (see equation (9)).

2.2. Car-Following Model for Mergers at On-Ramps. To
model the acceleration of the merger in the case of on-
ramps, the car-following model presented in Section 2.1 is
adapted. For now, we assume that the merger has already
selected a leader behind which it will merge. Te selection of
the leader will be modeled in Section 2.5. Te merger aims at
reaching the desired headway until it reaches the end of the
on-ramp, and it also aims at reaching a non-negative
headway before it starts the lane change.

First, we describe the former situation (desired headway
until the end of the on-ramp), which is shown in Figure 2.
Te proposed car-following model can be applied in this

situation by changing the defnition of the adaptation time τ
in equation (6). In the case of on-ramps, the adaptation time
is the time until the merger reaches the end of the on-ramp,
which we denote as τE. Tus, small headways or large speed
diferences between merger and leader at the beginning of
the on-ramp do not result in extreme negative accelerations
because there is enough time for the merger to reach the
desired headway.

To derive the acceleration aM,DesiredHeadway of the merger,
we use the same kinematic equations (2)–(4) as above, but
using index M instead of F. Te position of the merger after
the adaptation time τE is equal to the position of the end of
the on-ramp xE. Since the time until the end of the on-ramp
depends on the acceleration, equation (2) is frst solved for
aM:

aM,DesiredHeadway(t) �
2 xE − vM(t) · τE − xM(t)( 􏼁

τ2E
. (10)

Equation (10) is then inserted for aM into equation (6):

vL(t) · τE + xL(t) − (1/2)aM,DesiredHeadway(t) · τ2E − vM(t) · τE − xM(t) − LL/2( 􏼁 − LM/2( 􏼁 − Δxmin

aM,DesiredHeadway(t) · τE + vM(t)

�
vL(t) · τE + xL(t) − xE − vM(t) · τE − xM(t)( 􏼁 − vM(t) · τE − xM(t) − LL/2( 􏼁 − LM/2( 􏼁 − Δxmin

2 xE − vM(t) · τE − xM(t)( 􏼁/τE( 􏼁 + vM(t)
� Tdes

⟺ vL(t) · τ2E + xL(t) − xE −
LL

2
−

LM

2
− Δxmin + Tdes · vM(t)􏼒 􏼓 · τE − 2 · Tdes · xE − xM(t)( 􏼁 � 0.

(11)

Tis quadratic equation is solved for τE:

τE �
− xL(t) + xE + LL/2( 􏼁 + LM/2( 􏼁 + Δxmin − Tdes · vM(t) ±

����������������������������������������������������������������������

xL(t) − xE − LL/2( 􏼁 − LM/2( 􏼁 − Δxmin + Tdes · vM(t)( 􏼁
2

+ 8 · vL(t) · Tdes · xE − xM(t)( 􏼁

􏽱

2 · vL(t)
.

(12)

Only real and positive solutions of equation (12) are valid
because the end of the on-ramp is reached in the future. If
equation (12) has two real and positive solutions, the smaller
one is relevant because it corresponds to the nearest moment

in the future.Tis solution is then inserted into equation (10)
to obtain the acceleration of the merger. If equation (12) has
no real and positive solution, the resulting acceleration of the
merger would be so small that it stops before the end of the
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on-ramp. In this case, it can be assumed that the merger
stops at the end of the on-ramp. Equation (3) thus becomes:

vM t + τE( 􏼁 � aM(t) · τE + vM(t) � 0

⟺
2 xE − vM(t) · τE − xM(t)( 􏼁

τ2E
· τE + vM(t) � 0

⟺ τE �
2 xE − xM(t)( 􏼁

vM(t)
.

(13)
For the latter situation (non-negative headway when the

lane change starts), which is shown in Figure 3, the proposed
car-following model can also be applied by changing the
desired headway to zero (Tdes � 0) and the time until the
desired headway is reached to the time until the lane change
starts. To fnish the lane change at the end of the on-ramp at
t + τE, the lane changemust start at t + τE − τLC, where τLC is
the duration of the lane change. τLC is another parameter of
the proposed lane change model for on-ramps in addition to

the parameters of the car-following model introduced in
Section 2.1. Te time until the lane change starts is denoted
as τZeroHeadway � τE − τLC. Inserting Tdes � 0 and τZeroHeadway
instead of τ into equation (7) and adapting the indices, the
acceleration of the merger is obtained:

aM,ZeroHeadway(t) �
vL(t) − vM(t)( 􏼁 · τZeroHeadway + Δx(t)

(1/2)τ2ZeroHeadway
.

(14)

After the lane change has started, the merger also wants
to maintain a non-negative headway. In this case,
τZeroHeadway can be set equal to the current headway.

Te resulting acceleration of the merger is the minimum
of the two accelerations mentioned above to ensure that the
headway at the end of the on-ramp is at least the desired
headway and that the headway at the start of the lane change
is non-negative. Additionally, the bounds introduced in
equation (9) are applied:

Table 1: Parameters of the car-following model based on desired headways.

vmax Maximum desired speed m/s
amax Maximum (positive) acceleration m/s2
amin Minimum (negative) acceleration m/s2
Δxmin Minimum distance at standstill m
Tdes Desired headway s

t
Time t

xL (t + τE) = xL (t) + vL·τE

vM (t + τE) = aM·τE+vM (t)

xE = xM (t + τE)

Lo
ng

itu
di

na
l p

os
iti

on
 x

Tdes

xL (t)

xM (t)
vM (t)

vL

Δx (t + τE) = vM (t + τE)·Tdes

XE

t + τE

Merger
Leader

Figure 2: Time–space diagramwith amerger (M) and its leader (L).Temerger accelerates with aM such that the net headway is equal to the
desired headway Tdes when it reaches the end of the on-ramp xE after time τE. Note that the time–space diagram shows the gross distance
and headway instead of the net distance and headway because it does not show the lengths of the vehicles.
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aM(t) � max min aM,DesiredHeadway(t), aM,ZeroHeadway(t), amax,
vmax − vF(t)

τZeroHeadway
􏼠 􏼡, amin, −

vF(t)

τZeroHeadway
􏼠 􏼡. (15)

2.3. Lane Change Start. So far, we have focused on the
longitudinal behavior of the merger. To model the lateral
behavior, the most essential factor is the time when the lane
change starts. In Section 2.2, we have assumed that the lane
change starts at the latest possible time, that is, such that the
lane change is completed when themerger reaches the end of

the on-ramp. However, it is intuitive to assume that mergers
start the lane change earlier if it is safe.

To quantify the level of safety, surrogate safety measures
(SSMs) are suitable. For example, the Deceleration Rate to
Avoid a Crash (DRAC) describes the required acceleration of
the follower to reach a zero headway assuming that the
leader does not change its speed, see [37]:

DRAC �

− ∞, if xL − xF −
LL

2
−

LF

2
≤ 0,

0, if xL − xF −
LL

2
−

LF

2
> 0 and vL ≥ vF,

−
vL − vF( 􏼁

2

2 xL − xF − LL/2( 􏼁 − LF/2( 􏼁( 􏼁
, if xL − xF −

LL

2
−

LF

2
> 0 and vL < vF.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(16)

If both the DRAC between the merger (index M

instead of F in equation (16)) and the leader and between
the follower and the merger (index M instead of L in
equation (16)) are larger than some threshold DRACmin,
the lane change can start safely. In this case, the adap-
tation time τ becomes the time until the lane change is
completed and not the time the merger reaches the end of
the on-ramp.

Even if DRAC≥DRACmin is not fulflled until the latest
possible lane change start time, the lane change can safely
start because the car-following model for mergers (see
Section 2.2) ensures that the headway between leader and
merger is non-negative at this moment. To ensure that the
headway between merger and follower is also non-negative,
the follower must cooperate by decelerating in some cases.
Tis cooperation will be described in Section 2.6.

t t + τZeroHeadway

Time t

Lo
ng

itu
di

na
l p

os
iti

on
 x

xL (t + τE) = xL (t) + vL·τE

xE = xM (t + τE)

xL (t)
xM (t)

t + τE

Merger
Leader

vM (t)

Tdes = 0

vL

vM (t + τE) = aM·τE + vM (t)
XE

Figure 3: Time–space diagram with a merger (M) and its leader (L). Temerger accelerates with aM such that the net headway is zero when
it starts the lane change after time τZeroHeadway. Note that the time–space diagram shows the gross headway, which is larger than zero, instead
of the net headway because it does not show the lengths of the vehicles.
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In summary, the lane change model has the same fve
parameters as the car-following model (see Table 1) and two
additional parameters (see Table 2). Compared to lane
change models from the literature [4, 11, 12], the number of
parameters in our model is small, which facilitates the
calibration and the interpretability of the model parameters.

2.4. Lateral Position During the Lane Change. After the lane
change has started, the merger changes its lateral position
from the center of the on-ramp to the center of the main
lane. Te lateral position during the lane change yM(t)

follows some s-shaped curve (see Figure 4). Given that t0 is
the time when the lane change starts, y � 0 is the edge
between the on-ramp and the main lane, and WLane is the
lane width, the following boundary conditions for the lateral
position and its frst derivative ẏM(t) apply:

yM t0( 􏼁 � −
WLane

2
, (17)

ẏM t0( 􏼁 � 0, (18)

yM t0 + τLC( 􏼁 �
WLane

2
, (19)

ẏM t0 + τLC( 􏼁 � 0. (20)

Tese boundary conditions ensure that the merger is in
the center of the lane before and after the lane change
(equations (17) and (19)) and that the merger has no lateral
movement before and after the lane change (equations (18)
and (20)).

Te simplest solution for an s-shaped curve fulflling
these boundary conditions is the following third-order
polynomial:

yM(t) �

−
WLane

2
, t< t0,

− 2WLane

τ3LC
t − t0( 􏼁

3
+
3WLane

τ2LC
t − t0( 􏼁

2
−

WLane

2
, t0 ≤ t≤ t0 + τLC,

WLane

2
, t> t0 + τLC,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(21)

ẏM(t) �

0, t< t0 ∨ t> t + τLC,

− 6WLane

τ3LC
t − t0( 􏼁

2
+
6WLane

τ2LC
t − t0( 􏼁, t0 ≤ t≤ t0 + τLC.

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(22)

2.5. Selection of the Leader. When a merger enters the on-
ramp, there is usually more than one vehicle nearby in the
main lane, which could be potential leaders of the merger.
Te merger selects a gap, which means it decides for one of
these vehicles as a leader. Tis decision depends on its
distances to the vehicles in the main lane, the gaps between
them and their speeds. Although a human driver makes this
decision intuitively, we aim to represent this decision in the
lane change model using the concept of desired headways.
To this end, we assume that the merger intends to reach the
desired headway not only to the leader, but also to the
follower. Accordingly, it must consider the follower even
though this contradicts the concept of a car-following
model, where only the leader determines the driving be-
havior. We argue that this modifcation is required to select
the appropriate leader. Te required acceleration to reach
the desired headway to the leader has been derived in Section
2.2, while the required acceleration to reach the desired
headway to the follower will be derived now.

When the merger reaches the end of the on-ramp xE, the
headway to the follower equals the desired headway Tdes:

Tdes �
xE − xF t + τE,Fol.􏼐 􏼑 − LM/2( 􏼁 − LF/2( 􏼁 − Δxmin

vF t + τE,Fol.􏼐 􏼑
, (23)

where τE,Fol. is the time until the merger reaches the end of
the on-ramp, assuming that it accelerates such that it reaches
the desired headway to the follower after τE,Fol.. For sim-
plicity, we assume that the follower in the main lane
maintains its speed, which means that vF(t + τE,Fol.) � vF(t)

and xF(t + τE,Fol.) � vF(t) · τE,Fol. + xF(t). With this sim-
plifcation, equation (23) can be solved for τE,Fol.:

τE,Fol. �
xE − xF(t) − LM/2( 􏼁 − LF/2( 􏼁 − Δxmin

vF(t)
− Tdes.

(24)

Tis solution can be inserted into equation (10) to obtain
the acceleration of the merger that is required to reach the
desired headway to the follower in the main lane:

aM,Fol.(t) �
2 xE − vM(t) · τE,Fol. − xM(t)􏼐 􏼑

τ2E,Fol.
. (25)
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Note that aM,Fol. is a lower bound because larger ac-
celerations lead to headways between merger and follower
that are larger than the desired headway. aM, on the other

hand, is an upper bound because smaller accelerations lead
to headways between leader and merger that are larger than
the desired headway.

To select a leader, the merger evaluates aM,i and aM,Fol.,i
for every hypothetical leader i and the corresponding fol-
lower. Te smallest values of aM and aM,Fol. are obtained for
vehicles far behind the merger, and the largest values are
obtained for vehicles far in front of themerger.Te larger the
diference between aM and aM,Fol. for a given leader and
follower, the larger the gap between leader and follower is.
Terefore, the merger wants to select a gap for which the
diference between aM and aM,Fol. is large.

To reach the gap between a hypothetical leader and
follower that is not the current leader and follower, the
merger must pass a vehicle in the main lane or be passed by
a vehicle in the main lane. Passing or being passed is only
possible if it is completed before the merger must start its
lane change. Completed means that the merger has a non-
negative net distance to the hypothetical leader and follower.
Tis condition can be represented by the following
equations:

xM t + τPass,i􏼐 􏼑 − xi t + τPass,i􏼐 􏼑 −
LM

2
−

Li

2
− Δxmin ≥ 0, ∀ i | xi(t)>xM(t), (26)

xi t + τPass,i􏼐 􏼑 − xM t + τPass,i􏼐 􏼑 −
Li

2
−

LM

2
− Δxmin ≥ 0, ∀ i | xi(t)≤xM(t), (27)

where τPass,i denotes the available time for the merger to pass
vehicle i or being passed by vehicle i:

τPass,i �
τE,i+1 − τLC, xi(t)>xM(t),

τE,i − τLC, xi(t)≤xM(t).
􏼨 (28)

Tediference between the two cases in equation (28) is that
themerger has vehicle i + 1 (the leader of vehicle i) as a leader if
it passes vehicle i, whereas the merger has vehicle i as the leader
if it is passed by vehicle i.

Te positions at time t + τPass,i can be computed as-
suming that the vehicles in the main lane maintain their
speed (using equation (3) adjusting the indices) and that the
merger accelerates with aM,i or aM,i+1, depending on the case
in equation (28), using equation (2) adjusting the indices.
Only vehicles that can pass the merger or that can be passed
by the merger before the lane change must start (equation
(26) or (27)) are considered as potential leaders. Of these
potential leaders, the merger selects the one for which the

corresponding leader and follower yield the largest difer-
ence between aM and aM,Fol., i.e., it selects the largest
reachable gap. If this diference is negative, the acceleration
to reach the desired headway to the leader is smaller than the
acceleration to reach the desired headway to the follower. In
this case, the merger must rely on the cooperation of the
follower, i.e., the follower must decelerate to enable the
desired headway. Te behavior of the follower in this case
will be described in Section 2.6.

2.6. Car-Following Model for the Follower Behind a Merger.
After the merger M has merged into the gap between leader
L and follower F, M becomes the new leader of vehicle F.
During the preparation and execution of the lane change,
however, vehicle F has two leaders (L and M). Te in-
teraction between F and L is a normal car-following situ-
ation, so it can be described by the car-following model
introduced in Section 2.1. For the interaction between F and

Table 2: Additional parameters of the lane change model.

τLC Lane change duration s
DRACmin Treshold for lane change start m/s2

t0 t0+τLC
Time t

0

Wlane

Wlane/2

–Wlane/2

–Wlane

La
te

ra
l p

os
iti

on
 y

Merger

Figure 4: Lateral position of themerger.Te lane change starts at t0
and ends at t0 + τLC. Before and after the lane change, the merger
drives in the center of the lane, and during the lane change, it
follows an s-shaped curve.
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M, the same concept as for the interaction between M and L

can be applied. Tat means vehicle F intends to reach the
desired headway to M until M has completed its lane
change. Additionally, F intends to reach a non-negative
headway until the latest possible time the merger starts its
lane change. We assume that the drivers of vehicles in the
main lane can perceive which gap M has selected for
merging even before the lane change has started by esti-
mating the acceleration of M. As a result, only the vehicle
behind the gap that M merges into considers M as a leader

and is defned as F. In conformity with the idea of car-
following models, we assume that vehicle M only infuences
vehicle F if M is in front of F. Tat means if M passes F, it
will infuence F only after the passing maneuver is com-
pleted. Te acceleration of F to reach the desired headway
can be modeled by adapting equation (1). However, the
simplifcation made in Section 2.2 that the leader (in this
case vehicle M) has zero acceleration is not valid because the
acceleration of the merger signifcantly infuences the future
headway. Equation (6) therefore becomes:

(1/2)aM(t) · τ2 + vM · τ + xM(t) − (1/2)aF(t) · τ2 − vF(t) · τ − xF(t) − LM/2( 􏼁 − LF/2( 􏼁 − Δxmin

aF(t) · τ + vF(t)
� Tdes. (29)

To compute the acceleration to reach the desired
headway after the lane change, τ � τE is used. Solving
equation (29) for aF yields:

aF,DesiredHeadway(t) �
(1/2)aM(t) · τ2E + vM(t) · τE + xM(t) − vF(t) · τE + Tdes( 􏼁 − xF(t) − LM/2( 􏼁 − LF/2( 􏼁 − Δxmin

(1/2)τ2E + τE · Tdes
. (30)

To compute the acceleration to reach a non-negative
headway when the lane change starts, τZeroHeadway � τE − τLC

and Tdes � 0 are used. In this case, equation (29) yields:

aF,ZeroHeadway(t) �
(1/2)aM(t) · τ2ZeroHeadway + vM(t) − vF(t)( 􏼁 · τZeroHeadway + xM(t) − xF(t) − LM/2( 􏼁 − LF/2( 􏼁 − Δxmin

(1/2)τ2ZeroHeadway
.

(31)

Te resulting equation for the acceleration of the fol-
lower including the appropriate bounds is:

aF(t) � max min aF,DesiredHeadway(t), aF,ZeroHeadway(t), amax,
vmax − vF(t)

τZeroHeadway
􏼠 􏼡, amin, −

vF(t)

τZeroHeadway
􏼠 􏼡. (32)

3. Model Calibration and Validation

In this section, we describe the trajectory data used for
calibration and validation as well as the methodology to
calibrate and validate the proposed lane change model.

3.1. Trajectory Data. We use trajectory data from two
diferent on-ramp locations with diferent infrastructure
designs and trafc conditions. Te main diferences be-
tween the two locations are the number of lanes, the speed
limit, and the length of the on-ramp (see Table 3). Te frst
dataset was collected by our research group, including the

authors of this paper, following the methodology described
in [38] with some adaptations in the computer vision al-
gorithms. Te trajectories contain an on-ramp on the
freeway A59 in Duisburg, Germany (see Figure 5). Te
trajectories have been gathered from drone videos recorded
during the morning peak (06:30 to 07:15) in August 2022.
Te second dataset is part of the exiD dataset by Moers et al.
[39]. Te trajectories contain an on-ramp on the freeway
A4 in Cologne, Germany. Te data were recorded during
the afternoon peak (approximately 14:00 to 17:00) in 2021.
While the Duisburg dataset contains almost only congested
trafc, the Cologne dataset contains mostly free-fow trafc

10 Journal of Advanced Transportation
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with a short period of congested trafc. Both datasets are
split into two equally long parts, one for calibration and one
for validation.

3.2. Calibration Methodology. Te aim of the model cali-
bration is to obtain those values of the model parameters for
which the prediction error is minimal. To achieve a model
that accurately represents the driver behavior at the mi-
croscopic scale, we calibrate the model microscopically.
Since our lane change model is based on the concept of a car-
following model, we can adopt the methodology of car-
following model calibration, which has been extensively
discussed in the literature, see [23, 24]. Consequently, we
defne the prediction error as the deviation between the
observed trajectories and the trajectories predicted by the
model. We assume that the behavior of all drivers can be
represented by the same model parameter values, i.e., we
assume that the model is deterministic, which simplifes the
calibration process.

We divide the calibration process into three diferent
cases according to the three submodels described in Section
2: (1) mergers, (2) followers of mergers, and (3) vehicles with
normal car-following behavior, i.e., all vehicles except the
mergers and their followers. Although these submodels
share the same model parameters, the values of these pa-
rameters may be diferent due to the diferent driving be-
haviors in each of these situations.

Te model for mergers (submodel 1, Sections 2.2–2.5)
consists of four diferent components (car-following, lane
change start, lateral position, and leader selection). Since all
model parameters afect more than one of these compo-
nents, we calibrate the model in its entirety without

separating it into its components. By minimizing the de-
viation between the observed and modeled trajectories, the
best model parameter values for all components are ob-
tained. For example, selecting the correct leader reduces the
deviation in longitudinal direction, and predicting the
correct lane change start time reduces the deviation in lateral
direction.

Mergers whose leader or follower make a courtesy lane
change are excluded from the calibration process. Mergers
that change into the left lane directly after merging are also
excluded.

To obtain the modeled trajectories, we select the time
when a merger is at the start of the on-ramp as initial
condition. We assume that the speed and position of the
merger and the current positions and speeds of all vehicles in
the main lane are known. Based on this information, the
model decides which leader is selected and whether the lane
change is started or not and predicts the acceleration and the
lateral position. Te acceleration is used to compute the
speed and position at the next time step. We assume that
a time step of 0.1 s is a good balance between computational
efciency and accuracy. At the next time step, this process is
repeated with the predicted speed and position of the merger
and the observed speeds and positions of the vehicles in the
main lane. Tus, we neglect that the behavior of the mergers
might infuence the vehicles in the main lane to simplify the
calibration. Tis process is repeated until the time when the
merger reaches the end of the on-ramp. For each time step,
the deviation between the predicted and the observed po-
sition is computed. Tis method is referred to as global
calibration [23]. With the deviations, the root mean square
error (RMSE) of the trajectory is computed:

Table 3: Overview of the two trajectory datasets.

Duisburg dataset Cologne dataset
Location A59, Duisburg Meiderich, Germany A4, Cologne Klettenberg, Germany
Number of lanes 2 + on-ramp 3+ on-ramp
Length of the on-ramp ca. 100m ca. 200m
Length of the road section ca. 540m ca. 400m
Speed limit 80 km/h 120 km/h
Total duration 38min 102min
Number of trajectories 2834 (≈4475 vehicles per hour) 7039 (≈4141 vehicles per hour)
Number of mergers 262 (≈414 vehicles per hour) 581 (≈342 vehicles per hour)

Figure 5: Screenshot of the drone video of freeway A59 in Duisburg, Germany. Te on-ramp is at the bottom of the image (travel direction
left to right).
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RMSETrajectory �

�������������������������������������

1
n

􏽘

n

i�1
xMod. − xObs.( 􏼁

2
+ 􏽘

n

i�1
yMod. − yObs.( 􏼁

2⎛⎝ ⎞⎠

􏽶
􏽴

, (33)

where n is number of time steps between the frst and last
position. xObs. and yObs. are longitudinal and lateral position
observed. xMod. and yMod. are longitudinal and lateral po-
sition predicted by the model.

After the RMSE is computed for each trajectory in-
dividually, the total RMSE is computed as the root mean
square of the individual RMSEs:

RMSETotal �

������������������

1
n

􏽘

n

i�1
RMSETrajectory􏼐 􏼑

2

􏽶
􏽴

, (34)

where n is the number of mergers in the trajectory datasets.
To avoid parameter sets that lead to collisions between the
merger and vehicles in the main lane, these parameter sets
are penalized by multiplying the total RMSE with
(nColl + 1), where nColl is the number of collisions.

Te total RMSE is minimized using the pattern search
algorithm. To obtain realistic model parameters, the
boundary conditions listed in Table 4 are applied. Since two
datasets with diferent speed limits are used for the cali-
bration, the maximum desired speed vmax is not calibrated.
Instead, vmax is estimated based on the speed limits, which
are 80 km/h � 22.22m/s for the frst dataset and 120 km/h �

33.33m/s for the second dataset. For the second dataset, the
maximum speed of trucks is set to 80 km/h and the speed of
buses is set to 100 km/h. For mergers that exceed the speed
limit, the individual vmax is set to the maximum observed
speed of this vehicle.

Te calibration of the model for the followers of
mergers (submodel 2, Section 2.6) is conducted in a similar
way. Followers that make a courtesy lane change are not
considered in the calibration process due to the focus on
the car-following behavior. Followers that follow the
merger with a headway larger than 3 s are also not con-
sidered as they are likely not infuenced by the merger.
Since the followers do not change lanes themselves, the lane
change duration τLC is not calibrated again; instead, the
result of the calibration for mergers is used. Te minimum
DRAC to start the lane change is not contained in the
model for the followers. Te other model parameters are
the same as for the mergers, and the same bounds (see
Table 4) are applied. As an initial condition, we use the
speed and position of the follower at the time when the
merger is at the start of the on-ramp. We assume that the
trajectory of the merger is known and that the behavior of
the follower does not infuence the behavior of the mergers.
Te trajectory of the follower is predicted by the model
until the merger reaches the end of the on-ramp.Te RMSE
is defned as in equations (33) and (34), but without the
term containing y because the lateral position of the fol-
lower is not relevant.

For the calibration of the regular car-following model
(submodel 3, Section 2.1), the main diference to the frst two
cases is that we only consider vehicle pairs for which neither
leader nor follower made a lane change in the whole road
section included in the trajectory data. As an initial con-
dition, we use the frst available data point where both leader
and follower are within the road section. Te trajectory of
the follower is predicted by the model until the leader leaves
the road section. Parameter combinations that lead to
a collision due to numerical instability if the leader suddenly
brakes with amin are excluded.

3.3. Simulation-Based Validation. To validate that the pro-
posed model describes lane changes at on-ramps appro-
priately both at the microscopic and macroscopic scale, we
set up trafc simulations of the two on-ramp locations
described in Section 3.1. We use the open source trafc
simulation software SUMO [40]. Te car-following behavior
and the lane change behavior at the on-ramps are modifed
according to the models presented in Section 2. Te models
are implemented in MATLAB [41], and the resulting ve-
hicles’ positions and speeds are transferred between
MATLAB and SUMO with SUMO’s trafc control interface
(TraCI). Desired and courtesy lane changes are handled by
SUMO itself. Te trafc demand is taken from the trajectory
data by aggregating the number of vehicles on the on-ramp
and in the main lanes in intervals of 1minute. For the frst
location (Duisburg), we distinguish four vehicle categories
(car, van, truck, and bus), while the data for the second
location (Cologne) only distinguish three vehicle categories
(car, van, and truck). Te maximum speed of the vehicles is
set slightly above the speed limit (86 km/h for the frst lo-
cation with a speed limit of 80 km/h and 130 km/h for the
second location with speed limit of 120 km/h), which cor-
responds to typical driving behavior in Germany. At the
second location, buses and trucks have a lower maximum
speed of 105 km/h and 86 km/h, respectively. For simplicity,
we assume that the other model parameters have the same
values for all vehicle categories.

To achieve a small deviation between simulated and
observed trafc on macroscopic scale, the simulation should
yield the same amount of congested trafc (i.e., similar
average speeds) as the trajectory data. However, the con-
gested trafc in both trajectory datasets originates not only
from the on-ramps but also from bottlenecks outside the
range of the datasets. Since these bottlenecks are not con-
tained in the simulation either, the amount of congestion
occurring in the simulation would be smaller than in reality.
To account for the bottlenecks in the simulation, the speed
limit at the downstream end of the simulated road section is
changed dynamically according to the observed average
speed at the downstream end of the road section contained
in the trajectory data.
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4. Results and Discussion

In this section, we present the results of the model cali-
bration and validation and discuss the capabilities and
limitations of the model.

4.1. Calibration Results. Table 5 shows the calibrated pa-
rameters of the lane change model for mergers. Te cali-
bration yields reasonable values for both locations. Te
values of amax are equal to the lower bound, which indicates
that mergers do not require large accelerations to reach the
desired headway. Te values of τLC are equal to the upper
bound, which indicates that the average lane change du-
ration is larger than 6 s. However, it must be noted that the
defnition of the lane change start time is not straightforward
in the trajectory data because vehicles do not drive exactly in
the center of the lanes. Te lower value of DRACmin for the
Duisburg dataset shows that mergers accept riskier situa-
tions when they start their lane change. A possible expla-
nation for this observation could be the smaller length of the
on-ramp. In the Cologne dataset, the values of both amin and
Δxmin are equal to one of the bounds. Tis is presumably
a calibration artifact due to the small speed variation in the
data. Te RMSE values for calibration and validation are in
the same order of magnitude, which shows that the model is
not overftted to the data.

Table 6 shows the calibrated parameters of the model for
the followers of mergers.Te desired headway of the followers
is larger compared to the mergers. However, the desired
headway only refers to the end of the lane change, while
smaller headways are possible during the lane change when
themerger accelerates.Te values of amax and Δxmin are equal
to the lower bounds, which indicates that the data do not
contain situations where the follower accelerated more or
where the follower came to a standstill. For the Cologne
dataset, the RMSE of the validation data is slightly larger than
the RMSE of the calibration data. A possible explanation for
this diference is that only the validation data contain con-
gested trafc and that the model has been slightly overftted to
uncongested trafc. For the Duisburg dataset, there is no
signifcant diference between the two RMSE values because
both parts of the trajectory data contain congested trafc.

Table 7 shows the calibrated parameters of the car-
following model based on desired headways. Te values
of Tdes are similar to the values of Tdes for the followers of
mergers and they are larger than the values of Tdes for the
mergers. Tis diference shows that mergers intend to in-
crease their headway after the merge when they approach

regular car-following behavior. Tus, the model implicitly
accounts for relaxation.

In general, the calibration results show that the mi-
croscopic calibration methodology, which is established for
car-following models, is also applicable to lane change
models. Nevertheless, it is important that the trajectory data
used for calibration contain congested trafc conditions in
order to obtain reasonable parameter values that are also
valid for these conditions.

4.2. Sensitivity Analysis. To analyze how the choice of the
parameter values afects the error of the calibration, we
conduct a sensitivity analysis in which we vary the calibrated
parameter values by +10 and − 10% and compare the
resulting prediction errors with the prediction error of the
calibrated parameters. Ideally, the prediction error should
increase in both directions if the parameters are successfully
calibrated.

Table 8 shows that the errors change by less than 1% in
most cases, which indicates that the calibrationmethodology
is robust.Tis fnding is particularly relevant for the practical
application of the model in trafc simulations, in which it is
not always feasible to thoroughly calibrate the parameters. In
some cases, the error decreases if the calibrated value is
varied. Tis occurs either if the varied value is outside the
defned bounds or if the optimization algorithm converges
to a solution slightly of the global minimum. Which pa-
rameter is the most sensitive depends on the model and on
the dataset. Overall, amin and Δxmin are the least sensitive
parameters, and Tdes and τLC are the most sensitive
parameters.

4.3. Example Cases. To understand the behavior of the lane
change model and to analyze its strengths and limitations,
we extract three example cases from the trajectory data that
represent typical merging situations:

1. Merger is slower than main lane trafc and selects the
current leader

2. Merger is slower than main lane trafc and is passed
3. Merger is faster than main lane trafc and passes

Figure 6 and Table 9 show the positions and speeds of the
merger and the three closest potential leaders and followers
in the moment when the merger is at the start of the on-
ramp. Table 9 also shows the results of the model in the three
example cases.

Table 4: Lower and upper bounds of the model parameter values.

Model parameter Lower bound Upper bound
Maximum speed vmax (Not calibrated) (Not calibrated)
Maximum acceleration amax 1.0m/s2 3.0m/s2
Minimum acceleration amin − 10.0m/s2 − 3.0m/s2
Minimum distance at standstill Δxmin 1.0m 7.0m
Desired headway Tdes 0.5 s 2.0 s
Lane change duration τLC 3.0 s 6.0 s
Minimum DRAC to start lane change DRACmin − 1.5m/s2 − 0.1m/s2

Journal of Advanced Transportation 13

 1409, 2025, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1155/atr/9971254, W

iley O
nline L

ibrary on [23/04/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



In Case 1, the model predicts correctly that the merger
selects the current leader because the merger cannot pass and
cannot be passed (see Table 9). If the merger decided to be
passed, it would have to decelerate with aM � − 0.47m/s2
according to the model, and it would take τE � 14.6 s to reach
the end of the on-ramp (xE � 409m). Since the lane change
takes τLC � 6.0 s, the available time to be passed is τPass � 8.6 s.
After this time, the merger reaches xM � 368.7m. Within the
same time, the potential leader reaches xL � 375.0m, so the
gross gap is 6.3m. Since both vehicles are approximately 5m
long, the net gap betweenmerger and potential leader is smaller
than the minimum gap of Δxmin � 2.48m (Duisburg dataset,
see Table 5). Tis means the merger cannot be passed. If the
merger decided to pass, it would have to accelerate with
aM � 0.53m/s2. Te merger would then reach xM � 350.5m
within the available time to pass (τPass � 4.2 s). However, the
potential follower is still in front of the merger (xF � 366.9m)
after this time. Tis means the merger cannot pass either. As
a result, the model predicts that the merger selects the current
gap. Even if passing or being passed were possible, the merger
would still select the current gap because it is the gap with the

largest diference Δa between the required acceleration to stay
behind the leader (aM) and the required acceleration to stay in
front of the follower (aM,Fol).

Figure 7 (left) shows the predicted trajectory and the
observed trajectory of the merger, leader, and follower in
Case 1 during the whole merging process. It is evident that
the calibrated value for the desired headway (Tdes � 0.80 s) is
smaller than the observed desired headway, which results in
a deviation in the longitudinal direction (RMSEX � 5.49m).
Since the model assumes the same parameter values for each
driver, this deviation is inevitable. Te lateral position,
however, can be predicted very accurately in this example
case (RMSEY � 0.30m). Furthermore, it is worth noting that
both the predicted and the observed acceleration of the
merger change along the on-ramp. If the assumption that the
vehicles in the main lane maintain their speed was valid, the
model would predict a constant acceleration along the on-
ramp. However, both the leader and the follower continu-
ously adapt their speed depending on their own leaders. As
a result, the acceleration of the merger also adapts. Te
model is able to refect this continuous adaptation.

Table 5: Calibrated model parameters of the lane change model for mergers.

Parameter Duisburg dataset Cologne dataset
Maximum speed vmax 80 km/h∗ 120 km/h∗

Maximum acceleration amax 1.00m/s2 1.00m/s2

Minimum acceleration amin − 4.00m/s2 − 10.00m/s2

Minimum distance at standstill Δxmin 2.48m 7.00m
Desired headway Tdes 0.80 s 0.65 s
Lane change duration τLC 6.00 s 6.00 s
Minimum DRAC to start lane change DRACmin − 1.50m/s2 − 0.10m/s2

RMSE calibration data 3.60m 5.49m
RMSE validation data 3.16m 5.14m
∗Not calibrated.

Table 6: Calibrated model parameters of the model for followers of mergers.

Parameter Duisburg dataset Cologne dataset
Maximum speed vmax 80 km/h∗ 120 km/h∗

Maximum acceleration amax 1.00m/s2 1.00m/s2

Minimum acceleration amin − 3.00m/s2 − 3.88m/s2

Minimum distance at standstill Δxmin 1.00m 1.00m
Desired headway Tdes 1.40 s 1.02 s
RMSE calibration data 3.97m 5.41m
RMSE validation data 3.99m 8.59m
∗Not calibrated.

Table 7: Calibrated model parameters of the car-following model.

Parameter Duisburg dataset Cologne dataset
Maximum speed vmax 80 km/h∗ 120 km/h∗

Maximum acceleration amax 1.00m/s2 1.16m/s2

Minimum acceleration amin − 6.95m/s2 − 8.78m/s2

Minimum distance at standstill Δxmin 1.00m 1.00m
Desired headway Tdes 1.30 s 1.12 s
RMSE calibration data 6.71m 10.02m
RMSE validation data 6.31m 11.04m
∗Not calibrated.
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In Case 2, the merger is very close to the current follower
at the start of the on-ramp (see Figure 6(b)). Due to the speed
diference to the current follower, the merger is not able to
stay in the current gap. Instead, the current follower passes
the merger and becomes its leader. According to the model,
however, the merger cannot be passed within τPass � 8.6 s
because the gross gap between merger and potential leader
(xL − xM � 18.5m) is too small given the length of the
merger (ca. 18m) and the minimum gap (Δxmin � 7.0m for
the Cologne dataset) (see Table 9). Te model instead
predicts that the merger intends to stay in the current gap
and accelerates with aM � 0.85m/s2. After approximately
4 s, the initial follower passes the merger, which means that
the current gap changes (see Figure 7 center). At this mo-
ment, the model predicts that the merger must stay in the
new current gap. To stay behind the new leader, the merger
must decelerate according to the model. Tis example shows
that the model is able to correct its initially incorrect de-
cision. However, this correction results in a sudden accel-
eration change. Te RMSE in longitudinal direction
(RMSEX � 5.79m) is in the same order of magnitude as in
the frst example case, although the deviation in the

acceleration is larger than in the frst example case. Te
RMSE in lateral direction (RMSEY � 1.11m) is larger than
in the frst example case because the model predicts a later
lane change start. Again, the assumption that the parameter
values are the same for each driver afects the prediction
accuracy of the model. For example, if Δxmin or τLC were
smaller in this example case, the model would predict that
the merger can be passed, and the deviation both in lon-
gitudinal and in lateral direction would be smaller.

In Case 3, the trafc in themain lane is congested and the
merger has a larger initial speed than the trafc in the main
lane (see Figure 6(c)). As a result, the merger passes its
current leader, and the current leader becomes the follower.
According to the model, however, passing is not possible
because the gross gap between merger and potential leader
(xL − xM � 7.0m) is too small given the lengths of the ve-
hicles (ca. 5m) and the minimum gap (Δxmin � 2.48m for
the Duisburg dataset) (see Table 9). Nevertheless, the merger
passes the current leader after approximately 2 s due to the
small absolute value of aM and the large speed diference
between merger and current leader (see Figure 7 right). At
this moment, the model predicts that the merger must stay

(a)

(b)

(c)

Figure 6: Example cases for merging at on-ramps.Te color of the vehicles and the numbers above the vehicles indicate the current speed of
the vehicles. (a) Case 1: merger is slower than main lane trafc and selects the current leader, (b) Case 2: merger is slower than main lane
trafc and is passed, (c) Case 3: merger is faster than main lane trafc and passes.

Table 9: Initial conditions and results of the lane change model for the three example cases (see Figure 6).

Case xM vM xL vL xF vF aM aM,Fol. Δa τE τPass
xM
after
pass

xL after
pass

xF after
pass

Passing
possible Selected leader

1 308.6 9.0
282.5 10.7 262.0 10.0 − 0.47 − 0.09 − 0.38 14.6 8.6 368.7 375.0 348.4 No
315.4 12.4 282.5 10.7 0.45 0.13 0.31 10.5 — — — — — Yes
334.6 10.9 315.4 12.4 0.53 1.08 − 0.55 10.2 4.2 350.5 379.8 366.9 No

2 121.7 18.3
103.5 24.1 2.5 24.8 0.18 0.16 0.01 13.2 7.2 259.0 277.5 182.1 No
158.2 23.8 103.5 24.1 0.85 1.04 − 0.19 11.5 5.5 — — — — Yes
204.5 24.9 158.2 23.8 1.0 2.09 − 1.10 11.2 5.2 230.0 333.7 281.2 No

3 307.6 8.1
293.1 7.6 278.7 7.8 − 0.33 − 0.09 − 0.24 19.0 13.0 384.6 391.6 380.7 No
312.5 4.8 293.1 7.6 − 0.35 − 0.06 − 0.29 25.3 — — — — — Yes
325.9 5.1 312.5 4.8 − 0.29 − 0.21 − 0.08 21.6 15.6 398.4 405.4 388.0 No
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in the new current gap. Tis leads to a discontinuity in the
acceleration, but the discontinuity is much smaller than in
example case 2. Te RMSE in the longitudinal direction
(RMSEX � 3.81m) mainly results from the fact that the
observed net headway between merger and leader is very

small well after the lane change start. Tis unsafe behavior is
not considered in the model. Instead, the model predicts that
the net headway between merger and leader converges to the
desired headway (Tdes � 0.80 s for the Duisburg dataset)
without falling below it. In return, the predicted net headway

Case 1 Case 3Case 2

RMSEX = 5.4916 m

RMSEY = 0.29912 m

RMSE = 5.4997 m

RMSEX = 5.7858 m

RMSEY = 1.1066 m

RMSE = 5.8907 m

RMSEX = 3.8072 m

Leader
Follower
Merger observed

Merger model
Lane change start observed
Lane change start model

Leader
Follower
Merger observed

Merger model
Lane change start observed
Lane change start model

Leader
Follower
Merger observed

Merger model
Lane change start observed
Lane change start model

Merger to leader observed
Merger to leader model
Follower to merger observed

Follower to merger model
Lane change start observed
Lane change start model

RMSEY = 1.6782 m

RMSE = 4.1607 m

Merger observed
Merger model
Lane change start observed
Lane change start model
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Figure 7: Trajectories of merger (observed and predicted by the model), leader, and follower in the three example cases shown in Figure 6.
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between merger and follower is smaller. However, it must be
noted that we use the observed trajectory of the follower to
compute the headway, which means the follower does not
react to the modeled trajectory.

Te three example cases show that the model has a good
capability of predicting the correct leader even if the pre-
diction is wrong at the start of the on-ramp. Te reason
behind this wrong prediction is the condition that the gap
must be non-negative after passing (equations (26) and
(27)). Tis condition is necessary to prevent impossible
passing maneuvers, but it also prevents some possible
passing maneuvers because it might lead to safer merging
behavior than observed in the trajectory data. If only the
condition that the selected gap has the largest diference
between aM and aM,Fol is considered, the model predicts the
selected gap correctly in all three example cases. To analyze
whether this observation holds for all observed merging
maneuvers, we present a more generalized analysis of the
leader selection in Section 4.4.1.

Te three example cases also indicate that the model
would make better predictions if other parameter values
were used. However, the calibrated parameters are de-
terministic and represent average driving behavior. For
future applications of the model in trafc simulations,
stochastic parameters are expected to yield more realistic
results.

4.4. Validation Results. For the validation results presented
in this section, we use the part of the trajectory data pre-
sented in Section 3.1 that has not been used for calibration, as
well as the results of the trafc simulations described in
Section 3.3.

4.4.1. Leader Selection. To analyze how well the lane change
model is able to predict which vehicle the merger selects as
a leader, we use a confusion matrix (see Table 10). Te
model predicts a leader at every timestep until the lane
change start, but the tables contain only the prediction at
the start of the on-ramp (Table 10 top) and at the start of the
lane change (Table 10 bottom). Table 10 confrms the
observations made in Section 4.3 that the model is not
always able to predict the selected leader correctly at the
start of the on-ramp. Cases in which the merger passes are
predicted as “no passing” or rarely as “merger is passed.”
Cases in which the merger is passed are predicted correctly
in the Cologne dataset, but rarely predicted as “no passing”
in the Duisburg dataset. However, the model is always able
to predict the selected leader correctly at the moment the
lane change starts. Tis result shows that minimizing the
RMSE in the longitudinal direction is a suitable approach to
calibrate the leader selection component of the model.
However, a major limitation of this analysis is that the
trajectories of the potential leaders and followers do not
adapt to the modeled trajectory of the merger. To overcome
this limitation, we also analyze the number of passing
mergers and mergers being passed in the simulations and
compare these numbers with the trajectory data (see
Section 4.4.3).

4.4.2. Lane Change Position. To validate the component of
the model that predicts the lane change start time, we
compare the observed and the modeled lane change posi-
tions (see Figure 8). Since the lane change start is not well
defned for the trajectory data, we use the middle of the lane
change as a reference, that is, the moment when the center of
the vehicle crosses the marking between on-ramp and main
lane. Figure 8 shows that there is a good agreement between
the observed and modeled lane change positions in the
Duisburg dataset, while there is no clear correlation in the
Cologne dataset.

Figure 8(b) right indicates that the modeled lane change
positions fall into two clusters, one cluster around x ≈ 200
and the other cluster at x> 260. Te reason for this behavior
is that the merger can start the lane change in one of two
cases. Te frst case is that the time until the end of the on-
ramp equals the lane change duration (τE � τLC). Tese lane
changes occur mostly toward the end of the on-ramp
(x> 260). Te second case is that it is safe to start the
lane change earlier (DRAC≤DRACmin). Since the trafc
density is low in the Cologne dataset, this condition is often
fulflled when mergers are at the start of the on-ramp, which
leads to the cluster around x ≈ 200. Te observed lane
change positions, however, are mostly between x � 200 and
x � 270, which is between the two clusters. Te most likely
explanation for this deviation is the large length of the on-
ramp in Cologne. Due to the length, mergers do not start the
lane change early even it would be safe to do so. Instead, they
remain on the on-ramp longer and reduce the speed dif-
ference to the vehicles in the main lane before they start the
lane change. To refect this behavior in the model, DRACmin
would have to vary along the on-ramp so that mergers accept
a larger accident risk toward the end of the on-ramp.
However, this adaptation would increase the complexity of
the model.

4.4.3. Microscopic Simulation Results. So far, we have
compared observed trajectories with the corresponding
modeled trajectories. While this approach is important to
evaluate the model microscopically, it has several important
limitations. One major reason for deviations between ob-
served and modeled trajectories is the assumption that all
drivers share the same model parameters. Another reason is
the assumption that the follower of the merger does not
adapt to the modeled trajectory of the merger. Furthermore,
the behavior of the model cannot be analyzed in situations
that are not included in the data. A trafc simulation can give
insights into whether these limitations are relevant.

First, we analyze the number of mergers who pass or are
passed by vehicles in the main lane. In the simulation, the
follower of the merger adapts to the merger, which addresses
one of the mentioned limitations. Table 11 shows that there
is a good agreement between simulation and trajectory data
for the Cologne dataset. Tere are slightly less passing
maneuvers in the simulation than in reality, although the
total number of passing maneuvers is small. Te simulation
of the Duisburg dataset contains considerably more situa-
tions where the merger passes vehicles in the main lane than
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the trajectory data. Whether the merger decides to pass
depends mainly on the speed diference to the vehicles in the
main lane. In the Duisburg dataset, the mean speed in the
main lane is small, which means that mergers are usually
faster than vehicles in the main lane when they enter the on-
ramp. In reality, it can be observed that mergers already
adapt to the speed in the main lane before they enter the on-
ramp. Tis early adaptation cannot be fully captured in the
simulation. As a result, the speed diference in the simulation
is often larger than in reality, which leads to more mergers
passing vehicles in the main lane. A possible solution to
overcome this limitation is to analyze the speed of the
mergers before the on-ramp to identify the location where
the mergers start to adapt to vehicles in the main lane.

Another important aspect of the merging behavior is the
headway between the merger and the leader, which is
controlled by the merger, and the headway between the
merger and the follower, which is controlled by the follower.
Te most important diference between simulation and
observation is that there are almost no negative headways at
the start of the lane change in the simulation (see Figure 9).
Negative headways are not inherently unsafe because the
vehicles are not in the same lane yet and the headway usually
increases after the lane change starts due to the speed dif-
ference between the two vehicles. Nevertheless, the model
does not reproduce this risky behavior. To refect this be-
havior, the model could be adapted by decreasing the lower
bound of Δxmin to negative values, which would allow risky
lane changes that start with negative gaps.

At the end of the lane change, there are some small
headways in the data, which the model does not reproduce.
As a result, the peak in the distribution in the simulation is at
larger headways. Since the model assumes the same value of
Tdes for all mergers, the variation of the headway at the lane
change end is smaller than in reality. A more realistic dis-
tribution of net headways could be achieved by using sto-
chastic values of Tdes. Nevertheless, this deterministic model
generates varying headways due to the varying boundary
conditions, in particular speed changes of the leader during

the merging process. Apart from these mentioned difer-
ences, the model is able to reproduce the headway
distributions well.

Te third aspect of merging behavior is the speed dif-
ference between merger and the vehicles in the main lane. In
the trajectory data of the Duisburg dataset, most mergers are
slightly slower than the leader, but slightly faster than the
follower (see Figure 10(a)). Tis tendency is also visible in
the simulation, although larger (absolute) speed diferences
occur more often. Together with the headway distributions,
these results indicate that real drivers temporarily accept
small headways if the (absolute) speed diference is small,
while the model aims for larger headways, which can only be
reached if the (absolute) speed diference temporarily
increases.

For the Cologne dataset, the deviation between simu-
lation and observation is smaller (see Figure 10(b)). While
the simulation yields a larger variation of speed diferences
between merger and leader at the end of the lane change
compared to the trajectory data, the opposite is true for the
speed diferences between merger and follower at the start of
the lane change.Tese results must be interpreted cautiously
due to the diferent lane change positions (see Section 4.4.2).

4.4.4. Macroscopic Simulation Results. Te microscopic
evaluations presented so far do not give insights whether the
model is able to describe trafc fow at the macroscopic scale.
To evaluate the capability to reproduce the formation and
propagation of congestion waves, we compare the speeds in
the main lane as a function of time and position (see Fig-
ure 11). Since there is only a short period of congestion in the
Cologne dataset, only the Duisburg dataset is analyzed. In
both speed contour plots in Figure 11, it is evident that the
on-ramp acts as a bottleneck, which means that there are
lower speeds before the on-ramp (x< 300) than behind the
on-ramp (x> 430). Tus, the lane change model accurately
describes the trafc fow characteristics of the on-ramp.
However, the speeds in the simulation before and behind the
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Figure 8: Comparison of the observed and modeled lane change positions. (a) Duisburg dataset, (b) Cologne dataset.
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Table 11: Comparison between simulation and observed trajectory data with respect to passing maneuvers.

Selected gap
Duisburg Cologne

Simulation Observed Simulation Observed
Merger is passed 4 (1.5%) 8 (3.1%) 10 (1.7%) 13 (2.2%)
No passing 164 (62.1%) 198 (75.9%) 576 (97.0%) 555 (95.5%)
Merger passes 96 (36.4%) 55 (21.1%) 8 (1.3%) 13 (2.2%)
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Figure 9: Distributions of headways at the start and at the end of the lane change. (a) Headway between merger and leader, (b) headway
between merger and follower, (left) Duisburg dataset, (right) Cologne dataset.
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on-ramp are slightly higher than in the data. Tis indicates
that the car-following model overestimates the capacity of
the freeway, which leads to less congestion. A possible ex-
planation for these results could be the calibration meth-
odology, in which we excluded a large proportion of the
trajectories, mainly due to lane changes. It is conceivable that
the trajectories used for calibration are not representative in
terms of the car-following behavior. To represent the car-

following behavior around the on-ramp better, a macro-
scopic calibration might be more suitable.

Figure 12 shows that the speed–density relationships of
the main lane and the on-ramp can be reproduced accurately
in the simulation. Only the few data points in the Cologne
dataset with small speeds cannot be found in the simulation.
Te reason behind this is again that the capacity of the car-
following model is overestimated. As a result, the congestion
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Figure 10: Distribution of speed diferences at the start and at the end of the lane change. (a) Speed diference between merger and leader,
(b) speed diference between merger and follower, (left) Duisburg dataset, (right) Cologne dataset.
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that originates from a bottleneck downstream does not
propagate realistically. Nevertheless, the speed–density re-
lationships show that the lane change model can represent
the trafc fow at the on-ramp well.

5. Conclusions

In this paper, we presented a lane change model for freeway
on-ramps derived from a car-following model based on
desired time headways. Te model consists of three sub-
models, one for merging vehicles, one for the followers of
merging vehicles, and one for all remaining vehicles with

regular car-following behavior. Te trajectory-based cali-
bration methodology was adopted from car-following
models as well. Te seven parameters of the model have
an intuitive meaning, which enables an evaluation of the
calibrated parameter values. Te calibration results indicate
that the parameter values are plausible and that the model
predicts the trajectory of mergers with an RMSE of 3.6 m in
the dataset with congested trafc and a short on-ramp and
5.5 m in the dataset with free-fow trafc and a longer on-
ramp. Te RMSE for the trajectory of the followers of
mergers is in the same order of magnitude. Te sensitivity
analysis shows that parameter variation causes only a small
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increase in RMSE, indicating that the calibration is robust. A
detailed analysis of three typical cases (merger selects current
leader, merger is passed, and merger passes) demonstrates
that, despite the small number of parameters, the model can
accurately represent the longitudinal driver behavior of
mergers and their followers in the main lane, as well as the
decision of the merger to pass or be passed.Te lateral driver
behavior, mainly the positions of the lane changes, can be
described well only for the location with a short on-ramp
and with congested trafc. In microscopic simulations, the
number of mergers passing a vehicle in the main lane is
slightly overestimated, which likely results from mergers
adapting their speed to trafc in the main lane before the on-
ramp—a behavior not fully captured in the simulation. Te
distribution of net time headways and speed diferences is
accurately represented in the simulation, except in cases
involving risky behavior with very small headways at the
start of the lane change. Te lane change model makes good
predictions also at the macroscopic scale in terms of the
speed–density relationships and the role of the on-ramp as
a bottleneck. However, the results indicate that the car-
following model overestimates the capacity of the freeway
before and behind the on-ramp, which impairs the capability
of the model to reproduce the propagation of congestion.
Te main goal of the novel car-following model presented in
this paper was to apply it to the car-following behavior of
merging vehicles and their followers. Further research is
required to improve the car-following model for regular car-
following behavior.

For the validation of the model, a deterministic approach
with the same parameter values for all drivers was used.
Stochastic parameter values could further improve the re-
sults, in particular the headway distributions. However,
a stochastic approach would require a more complex cali-
bration methodology in order to identify the best parameter
values for each individual driver.

With the three submodels, a complete trafc simulation
of an on-ramp can be run, with the exception of desired and
courtesy lane changes. Further research is recommended to
evaluate whether the lane change model can be extended to
these types of lane changes. We assume that the main
concept of our lane change model, which is that the lane
changing vehicle has two leaders and that it gradually
reaches the desired headway after some time, is also ap-
plicable for desired and courtesy lane changes.

Te validation results have shown that the model is
suitable to assess on-ramps in terms of trafc fow. For
example, the efect of the length of the on-ramp and the
efect of diferent trafc volumes and diferent truck ratios
can be analyzed. Whether the model is also able to assess on-
ramps in terms of trafc safety, that is, the question whether
the simulation yields a similar amount and similar spatial
distribution of conficts, is also a topic for further research.
Since the model contains a SSM as a parameter, we expect
that the model can also be optimized for trafc safety in
addition to trafc fow in future research.

Te model can also be used to assess trafc management
measures related to on-ramps, for example, ramp metering.
While current ramp-metering algorithms are mostly based

on macroscopic parameters, our lane change model could be
used to develop a microscopic ramp-metering algorithm.

While our model primarily describes human driving
behavior, it also holds relevance in the context of connected
and automated vehicles. Recent research explores how au-
tomated vehicles interact with human-driven vehicles, and
which implications this mixed trafc has for both trafc fow
and safety. To make valid predictions, models that capture
the driving behavior of both humans and automated vehicles
are essential.
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