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Abstract

Weaving sections, where a merge and a diverge are in close proximity, are considered as crucial bottlenecks
in the highway network. Lane changes happen frequently in such sections, leading to a reduced capacity and
the traffic phenomenon known as capacity drop. This paper studies how the emerging automated vehicle
technology can improve the operations and increase the capacity of weaving sections. We propose an efficient
yet effective multiclass hybrid model that considers two aspects of this technology in scenarios with various
penetration rates: i) the potential to control the desired lane change decisions of automated vehicles, which
is represented in a macroscopic manner as the distribution of lane change positions, and ii) the lower reaction
time associated with automated vehicles that can reduce headways and the required gaps for lane changing
maneuvers. The proposed model is successfully calibrated and validated with empirical observations from
conventional vehicles at a weaving section near the city of Basel, Switzerland. It is able to replicate traffic
dynamics in weaving sections including the capacity drop. This model is then applied in a simulation-based
optimization framework that searches for the optimal distribution of the desired lane change positions to
maximize the capacity of weaving sections. Simulation results show that by optimizing the distribution of
the desired lane change positions, the capacity of the studied weaving section can increase up to 15%. The
results also indicate that if the reaction time is considered as well, there is an additional combined effect
that can further increase the capacity. Overall, the results show the great potential of the automated vehicle
technology for increasing the capacity of weaving sections.
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1. Introduction

A weaving section is a highway segment where an on-ramp and an off-ramp are in close proximity. The
name originates from the vehicle trajectory pattern formed by drivers who change from the auxiliary lane to
the highway and vice versa. Weaving sections are considered as typical bottlenecks for highway networks.
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Therefore, the capacity of weaving sections is of high significance for the system-wide operations of these
networks.

Negative impacts on the capacity of weaving sections result from the traffic phenomenon of the capacity
drop, which is widely observed and reported throughout the literature. It is defined as the decrease of
the discharge flow at bottlenecks once a queue has formed upstream (Hall and Agyemang-Duah, 1991).
Numerous reports show different extents of the capacity drop at merges and weaving sections, ranging
normally between 3 % and 20 % (Hall and Agyemang-Duah, 1991; Cassidy and Bertini, 1999; Chung et al.,
2007; Majid Sarvi, 2010; Oh and Yeo, 2012), but in some special cases up to 30% (Kerner, 2002; Yuan et al.,
2014). The underlying causes for a reduced stable capacity in weaving sections include lane changes, driving
behavior, high traffic densities spreading from the shoulder lane onto other freeway lanes, and the speed of
vehicles in congestion (Cassidy and Rudjanakanoknad, 2005; Laval and Daganzo, 2006; Laval et al., 2007;
Chung et al., 2007; Lee and Cassidy, 2009; Yuan et al., 2014). Overall, it is agreed that the cause for it is
related to local traffic conditions and that lane changes are of great significance. Chen and Ahn (2018), for
example, identified the two counteracting effects of lane changes that govern capacity drop: persisting voids
(wasted space) and utilization of vacancies created by diverging vehicles. Recent empirical observations
further suggest that the non-optimal distribution of lane change positions is of great importance for the
decrease of the capacity. For example, Menendez and He (2017) and He and Menendez (2016) discovered
a strongly right-skewed distribution of lane change positions (early lane change positions) in the city of
Basel, Switzerland. Additionally, Lee (2008) and Sulejic et al. (2017) suggest that the concentration of lane
changes in the beginning of weaving sections leads to a low capacity.

The emergence of new technologies, such as automated vehicles, facilitates the optimization and control
of traffic flow (National Highway Traffic Safety Administration, 2013; Friedrich, 2015; Talebpour and Mah-
massani, 2016; Yang et al., 2016, 2018). The automated vehicle technology (AVT) eliminates the influence
of human factors such as the reaction time, reducing headways and the required gap for lane changing,
thus potentially increasing the highway capacity. Moreover, the information provided by automated vehicles
is valuable to identify the traffic states on highways, and can be used for more intricate control (Guler
et al., 2014). The AVT further provides the flexibility for central traffic managers to control the motion
or gap searching decisions of the vehicles and apply adequate measures to improve the operations of traf-
fic systems (Yang et al., 2016). However, the transition from conventional to automated vehicles will not
happen abruptly. Depending on the penetration rate of automated vehicles in the overall traffic stream, the
effects will supposedly differ. The effects of automated vehicles at several different automation stages and
penetration rates, on the capacity of the highway network of Germany were assessed by Hartmann et al.
(2017). Chen et al. (2017) studied the effects of automated vehicles and conventional vehicles on highway
capacity, specially under different lane policies, such as exclusive automated and/or regular vehicle lanes
and mixed-use lanes. However, to the best knowledge of the authors, the specific impact of automated
vehicles on weaving sections including lateral effects and considering different penetration rates still remains
unknown.

The goal of this paper is to propose a systematic framework to evaluate the effects of automated vehicles
on the capacity of weaving sections. The contributions are two-fold. First, we propose an efficient yet effective
multi-class hybrid model to evaluate how automated vehicles can improve the operation of weaving sections
regarding the effects of lane changes. Particularly, we model two aspects of the AVT: (i) the potential to
control desired lane change decisions of automated vehicles, and (ii) the lower reaction times associated with
automated vehicles which lead to reduced headways and shorter required gaps for lane changing maneuvers.
To ensure efficiency, both aspects are characterized by direct macroscopic inputs to the proposed model.
The lane changing decisions are depicted as the distribution of desired lane change positions, and the
reaction times are represented by the fundamental diagrams. Moreover, we examine different application
stages of such technology by considering various penetration rates. Second, the mechanism of the model
enables a systematic search for an optimum distribution of desired lane change positions for a given set of
input parameters in scenarios with different penetration rates. This is formulated as a simulation-based
optimization problem, which is solved for each scenario using a surrogate method that is capable of finding
the quasi-global optimum. Such method and the obtained distribution shed light on where to guide drivers
regarding their lane changing maneuvers.
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The remainder of the paper is structured as follows. Section 2 provides a short review of the related
work. Section 3 describes the proposed multi-class hybrid model and shows the validation results. Section
4 explains the incorporation of the considered aspects of automated vehicles including the optimization.
Subsequently, a simulation is conducted in Section 5 to show the influences of optimum desired lane change
distributions and shorter reaction times on the capacity of weaving sections. Additionally, the effects of the
simultaneous consideration of both aspects are analyzed. Finally, Section 6 concludes the paper and outlines
possible future research.

2. Related work

Lee (2008) developed a microscopic traffic model for weaving sections based on the lane changing and
car following model formulated in Menendez (2006) validated in Menendez and Daganzo (2007). Their lane
changing model distinguishes between three different lane change types, i.e. free, forced, and cooperative
lane changes. Inspired by the multi-lane hybrid theory (MHT) and incorporating certain ideas on the
modeling of the relaxation phenomenon, Laval and Leclercq (2008) proposed a microscopic model for traffic
flow at merges. Still, such microscopic models are typically computationally more complex than macroscopic
models. Additionally, they involve too much stochasticity when considering the distribution of lane change
positions.

Pan et al. (2016) developed a mesoscopic traffic model which is capable of reproducing traffic charac-
teristics as heterogeneous traffic flow distributions, capacity drop and flow balancing effects. The model
incorporates mandatory and discretionary lane change types. Based on the gas-kinematic theory, Ngoduy
(2006) proposed a complex macroscopic multi-class model for highway weaving sections. The model is able
to reproduce traffic dynamics including the capacity drop. Less intricate macroscopic models are based
on the kinematic wave theory (KWT) (Lighthill and Whitham, 1955; Richards, 1956). For example, Jin
(2010) introduced a lane-changing intensity parameter to model the impacts of lane changes on the traf-
fic stream. However, this macroscopic model cannot reproduce the traffic dynamics in weaving sections
including additional lanes connecting the on- and off-ramp, due to the assumption of same density across
all lanes. Leclercq et al. (2011, 2016a,b) built analytical models to study the capacity drop at merges.
They assumed uniformly distributed lane changes based on the empirical evidence of Daamen et al. (2010).
However, another empirical study (Marczak et al., 2014) found a strongly right-skewed distribution of lane
changes in weaving sections. The same conclusion was reported in Menendez and He (2017), on which data
our study is based on. Therefore, we assumed that uniformly distributed lane change positions might not
be adequate for weaving sections. Furthermore, Leclercq et al. (2011, 2016a) did not look at the effects of
lane change positions explicitly. Such analytical models were developed in Marczak et al. (2015) to model
a weaving section as a combination of merges and diverges. This model was able to reproduce the capacity
drop at a weaving section in France. However, Marczak et al. (2015) took the variance of the lane change
distribution as an input parameter, and thus lane change positions themselves were not explicitly considered.
Chen and Ahn (2018) focused on weaving sections, next to merges and diverges. Again, the authors did
not systemically test for numerous lane change position distributions but rather assumed a uniform spatial
distribution and looked at three different scenarios. As such, the effects of different spatial distributions of
lane changes were not explicitly examined. In Ngoduy (2006), Jin (2010) and Pan et al. (2016), the lane
change positions are endogenous, and can only be calculated with model specific methods.

Sulejic et al. (2017) also considered the optimization of lane changes in weaving sections. They used
a commercially available microscopic traffic flow simulation in order to test the influence of lane changing
zones. Each weaving vehicle was assigned to a zone. This assignment was optimized using a swarm particle
algorithm. Additionally, Tanaka et al. (2017) studied the effects of controlling 100 % of vehicles in weaving
sections. The study tested different algorithms in a microscopic traffic flow simulation environment. Next
to the fact that these studies are based on microscopic traffic simulation and thus not applicable for a
sophisticated optimization, they examined traffic flows consisting merely of automated vehicles. Hence, the
effects of mixed traffic on the capacity of the weaving section could not be investigated. Also, Sulejic et al.
(2017) reported that missing vehicles cannot be avoided by their algorithm.
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A multi-lane hybrid theory was proposed by Laval and Daganzo (2004, 2006) to describe the effects of lane
changes on highway sections away from diverges. The authors found that the capacity drop phenomenon is
strongly related to the voids created by lane-changing maneuvers in the traffic stream. The same conclusion
was drawn by Laval et al. (2007), which showed that the MHT is able to reproduce the capacity drop at
merges without adding calibration parameters. However, these models were not explicitly applied and tested
on weaving sections.

Additionally, the possibility to model mixed traffic is not implemented simplistically in most of the
described models. Only the complex continuous model of Ngoduy (2006) includes different vehicle classes.
However, as mentioned before, it does not include lane change distributions as a direct input parameter.
Therefore, none of the aforementioned models fit the purpose of this paper.

To address then such gap, this paper proposes a multi-class hybrid model that takes the lane change
positions as a direct input and incorporates multiple vehicle classes. The proposed model builds on the MHT
(Laval and Daganzo, 2006) and the multi-class cell transmission model (CTM) for mixed traffic by Levin and
Boyles (2016), and includes stochastic effects. The MHT is modified to incorporate mandatory lane changes
(as they are the prevailing lane change type in weaving sections), and both, conventional and automated
vehicles. Therefore, the model is capable of analyzing the potential improvements that the emergence of
AVT brings on weaving sections.

3. Multi-class Hybrid Model

In this section, we develop a hybrid multi-class model for weaving sections based on the original MHT
and the multi-class CTM by Levin and Boyles (2016). The proposed model is then calibrated and validated
with real data from a weaving section in Switzerland. For the readers’ convenience, Table 1 provides an
overview of the indices and the variables used in the rest of the paper.

Table 1: Nomenclature

Indices and sets

M Set of vehicle classes
l, l′ Index of the lanes
Il Set of cells on lane l of the weaving section
i Index of the cells on any lane
j Index of the time-steps
m Index of the vehicle class
Nl Set of adjacent lanes to lane l
h Index of the truncated Gaussian distribution

Variables: Macroscopic framework

∆t [s] Length of time-step
∆x [m] Cell length
u [m/s] Free flow speed
κ [veh/m] Jam density
wj

i,l [m/s] Backward wave speed for cell i at time j on lane l

Qj
i,l [veh/s] Capacity of cell i at time j on lane l

kj
m,i,ll′ [veh/m] Density of vehicle class m in cell i at time j on lane l with ultimate destination lane l′

Sj
m,i,ll′ [veh/s] Sending function (demand) of vehicle class m in cell i at time j on lane l with ultimate

destination lane l′

Lj
m,i,ll′ [veh/s] Lane-changing demand of vehicle class m in cell i at time j on lane l with ultimate

destination lane l′

4



Table 1: Nomenclature (continued)

T j
m,i,ll′ [veh/s] Through flow demand of vehicle class m in cell i at time j on lane l with ultimate

destination lane l′

Rj
m,i,l [veh/s] Receiving function of vehicle class m in cell i at time j on lane l

ρm,i,ll′ [−] Desired probability of changing lanes for vehicle class m in cell i from lane l to lane
l′ (e.g. the empirical distribution for conventional vehicles)

πj
m,i,ll′ [−] Time-variant proportion of demand for vehicle class m in cell i at time j to change

from lane l to lane l′

γj
i,l [−] Ratio by which the demand (through or lane changing) in cell i at time j on lane l is

allowed to move to the next cell
qj

m,i,ll′ [veh/s] Actual through flow of vehicle class m in cell i at time j on lane l with ultimate
destination lane l′

Φj
m,i,ll′ [veh/s] Actual lane-changing flow of vehicle class m in cell i at time j on lane l with ultimate

destination lane l′

Ψj
m,i,ll′ [veh] Number of lane changes of vehicle class m in cell i at time j on lane l with ultimate

destination lane l′

Variables: Microscopic framework

kchange [veh/m] Density threshold for lane change execution
vmin [veh/s] Lower threshold of the particle’s speed (i.e. vehicles’ speed)
vp [m/s] Speed of the particle (i.e. vehicle)
κchange [veh/m] Density threshold for lane changing particles (i.e. vehicles)
αchange [−] Gap acceptance parameter that determines the density threshold for lane changing

particles (i.e. vehicles)
a0 [m/s2] Acceleration constant (see Allen et al. (2000))
vmax [m/s] Upper threshold of the particle’s speed (see Allen et al. (2000))
b [m/s2] Deceleration constant

Variables: Optimization and simulation

H [-] Number of truncated Gaussian distributions
ah [s] Weight of each truncated Gaussian distribution
fh [s] Probability density function of each truncated Gaussian distribution
pr [%] Penetration rate
λ [m] Vehicle length
tr,m [s] Reaction time associated with vehicle class m

ttot [s] Total simulated time

This paper explicitly models the distinction between two vehicle classes, i.e. conventional and auto-
mated vehicles, considering different distributions of desired lane change positions and reaction times. The
former aspect is considered, because the lane change positions are observed to be an important factor for
the decreased capacity in weaving sections (Menendez and He, 2017). The latter aspect is based on the
assumption that automated vehicles are able to react faster than humans, resulting in shorter headways and
smaller required gaps for lane changes.

Unlike the original MHT that considers only discretionary lane changes, the proposed model focuses
on mandatory lane changes, as this is the prevailing lane change type in weaving sections. For this type,
the lane change positions no longer depend on the speed differences between adjacent lanes. Instead, the
distribution of desired lane change positions can be regarded as exogenous and is modeled as a direct input.
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This provides the possibility to optimize the lane change distribution of automated vehicles in order to
maximize the capacity of the weaving section.

The proposed model consists of a macroscopic and a microscopic part. Section 3.1 describes the macro-
scopic framework, which is based on the KWT and its numerical representation, the CTM. The microscopic
lane change algorithm is presented in Section 3.2. Section 3.3 shows the model calibration and validation
with empirical data from a weaving section close to the city of Basel in Switzerland.

3.1. Macroscopic framework

This section develops the macroscopic framework of the proposed hybrid model. Both time and space
are discretized as in the CTM. Each lane in the highway section is divided into a number of cells, each
with a length of ∆x. The time horizon is uniformly discretized into time steps, each with a duration of ∆t.
Here, the Courant-Friedrichs-Lewy condition ∆x = u∆t holds in order to ensure numerical stability, where
u represents the free flow speed. In each cell, a triangular fundamental diagram is assumed with a uniform
free flow speed u and jam density κ.

Denote M = {C, A} as the set of vehicle classes, indexed by m, where C represents conventional vehicles
and A represents automated vehicles. Note that the framework proposed in this paper can be generalized
to the cases with more than two vehicle classes. In this paper, we consider these two vehicle classes in order
to evaluate the potential benefits of automated vehicles on weaving sections. We further categorize the flow
and density in each cell according to the lane origin and desired ultimate destinations (hereafter abbreviated
as lane ODs)1.

It is assumed that the speed is independent of the vehicle class and the lane OD. This assumption
guarantees that the conservation of each vehicle class can be treated separately. It is also assumed that
the traffic densities of both classes and different lane ODs are uniformly distributed within the cells. The
first-in-first-out rule applies for each cell.

The macroscopic part of the model follows the CTM and describes the traffic dynamics based on the
mass conservation of each cell. It is illustrated in Figure 1, and is formulated by Equations (1)-(13).

Eq.(1) corresponds to the sending function of the KWT. It calculates the total flow Sj
tot,i,l in cell i on

lane l willing to depart at time j (i.e. move to the next cell i + 1 on any adjacent lane or lane l itself).

Sj
tot,i,l = min

{
Qj

i,l, ukj
tot,i,l

}
(1)

where the first term on the right hand side of Eq.(1) is the cell capacity Qj
i,l. Note that the cell capacity Qj

i,l

is not time-invariant, as it is a function of the penetration rate of the automated vehicles in cell i at time j,
described by Eq.(A.1) in Appendix A. Additionally, the cell capacity is influenced by moving bottlenecks (as
generated in the microscopic model). If a moving bottleneck is currently located in cell i, the corresponding
capacity is adapted to the capacity given by the moving bottleneck. One example of such adaptation can
be found in details in Daganzo and Laval (2005). The second part on the right hand side represents the
maximum flow provided by the number of vehicles on the cell, characterized by the product of the free flow
speed u and the total density kj

tot,i,l, where the total density can be represented as the sum of the densities
over vehicle classes and ultimate lane destinations l′ ∈ Nl ∪ {l}.

kj
tot,i,l =

∑
l′∈Nl∪{l}

∑
m∈M

kj
m,i,ll′ (2)

1Note that the ultimate destination of a vehicle may be different from its temporary destination at a specific point. The
ultimate destination is given by the vehicle’s routing, and hence fixed for each vehicle and independent of the current time and
the vehicle’s position, whereas the temporary destination is the vehicle’s real-time destination at a particular time. Consider a
vehicle which desires to change lane in the end of the weaving section. The temporary destination lane of the vehicle remains
the current lane until the specific point where it desires to change. At and after this specific point, the temporary destination
and the ultimate destination become the same.
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Density update

Sending functions

• Total demand S = f(Q, uk)

• Lane changing demand L = f(pS)

• Through flow demand T = f(S, L)

Receiving functions

• Total receiving flow R = f(k, w, k, Q)

• Demand ratio g = f(R, L, T)

• Actual through flow q = f(T, g)

• Actual lane-changing flow Φ = f(L, g)

Initial density k at time j

Lane changing 

probability update

Lane change 

probability π at time j

j ← j+1

j ← j+1

Multiclass CTM

Desired lane change 

probability r

Figure 1: Macroscopic part of the modified multi-lane hybrid theory.

Given that the flow with different vehicle classes and lane ODs is uniformly distributed, the demand for
each vehicle class and each lane origin l and ultimate destination l′ ∈ Nl, Sj

m,i,ll′ , can be represented as
Eq.(3).

Sj
m,i,ll′ = Sj

tot,i,l

kj
m,i,ll′

kj
tot,i,l

, m ∈ M, l′ ∈ Nl ∪ {l} (3)

We assume that there is a time-invariant distribution (at least for a certain period of time, e.g., several
hours) of desired lane change positions for each vehicle class and each lane OD. This distribution assigns a
probability for each cell i in the weaving section independently of traffic dynamics. This desired probability
of changing lanes in cell i from lane l to its adjacent lane l′ ∈ Nl for vehicle class m is denoted as ρm,i,ll′ . It
is derived from empirical data for conventional and manually set for automated vehicles, and is an input to
the model. Note that ∀l′ ∈ Nl, it holds that l′ ̸= l′′, thus ρm,i,ll′ only applies for the vehicles that desire to
change lane. Naturally, it holds that the sum of lane changing probabilities over a whole lane of the weaving
section is 1 between adjacent lanes l′ ∈ Nl.∑

i∈Il

ρm,i,ll′ = 1, m ∈ M, l′ ∈ Nl (4)

These desired probabilities, however, should be adapted to the real-time traffic dynamics, i.e. flow and
density, when calculating the lane changing demand. This is because the actual weaving demand in each
cell is time-variant and decreases along the weaving section as more vehicles reach their final destination.
For vehicle class m to change from lane l to lane l′ ∈ N (l) at time j, denote πj

m,i,ll′ as the time-variant
probability of changing lane in cell i. The relation between ρm,i,ll′ and πj

m,i,ll′ , as well as the evolution of
πj

m,i,ll′ , will be derived later in a recursive formula in Eq.(13). The lane-changing demand of each vehicle
class and lane OD can be calculated as

Lj
m,i,ll′ = πj

m,i,ll′S
j
m,i,ll′ , m ∈ M, l′ ∈ Nl (5)

Eq.(5) calculates the lane changing demand as a proportion of the weaving demand for the case of
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l′ ∈ Nl. For the trivial case where the origin lane l equals the ultimate destination lane l′, the lane-changing
probability π is always equal zero and thus no lane changing demand exists.

The throughput flow, i.e. the flow that desires to continue on the current lane (instead of changing
lanes), in cell i on lane l at time j is computed as the difference between the entire demand and the lane
changing demand.

T j
m,i,ll′ =

{
Sj

m,i,ll′ − Lj
m,i,ll′ , m ∈ M, l′ ∈ Nl

Sj
m,i,ll′ , m ∈ M, l′ = l

(6)

Eq.(7) corresponds to the receiving function of the KWT. It is independent of the flow composition, but
is constrained by the remaining space (the first term on the right hand side of Eq.(7) and the cell capacity
Qj

i+1,l of cell i + 1.
Rj

i,l = min
{

wj
i+1,l

(
κ − kj

tot,i+1,l

)
, Qj

i+1,l

}
(7)

where wj
i+1,l denotes the backward wave speed and κ the jam density in cell i+1 at time j. Note that wj

i+1,l

is time-variant, as it is a function of the penetration rate of the automated vehicles in cell i at time j.
Next, we determine the ratio by which the demand (through or lane changing) is allowed to move to the

next cell. This is done similarly as in Laval and Daganzo (2006) by assigning the supply to the incoming
flow proportionally to the demand, given as Eq.(8).

γj
i,l = min

{
1,

Rj
i,l∑

l′∈Nl∪{l}
∑

m∈M T j
m,i,ll′ +

∑
l′∈Nl

∑
m∈M Lj

m,i,l′l

}
(8)

where the denominator of the second term represents the total demand in cell i on lane l at time j, which is
calculated as the sum of through flow on lane l and the lane changing flow from adjacent lanes l′ to lane l.

Recall that the flow of different vehicle classes and lane ODs are uniformly distributed in each cell.
Therefore, the actual through flow qj

m,i,ll′ and the actual lane changing flow Φj
m,i,l′l are calculated by

multiplying the corresponding demand with the ratio γj
i,l, i.e.

qj
m,i,ll′ = T j

m,i,ll′γ
j
i,l, m ∈ M, l′ ∈ Nl ∪ {l} (9)

Φj
m,i,l′l = Lj

m,i,l′lγ
j
i,l, m ∈ M, l′ ∈ Nl (10)

where it is assumed that the ratio γj
i,l is split proportionally according to the demands.

The number of lane changes of class m in one time-step ∆t from cell i on lane l to cell i + 1 on lane l′ is
computed in Eq.(11).

Ψj
m,i,ll′ = Φj

m,i,ll′∆t, m ∈ M, l′ ∈ Nl (11)
Then, discrete lane-changing particles are generated as outcomes from a Poisson distributed variable

with mean Ψj
m,i,ll′ , m ∈ M. The time-step ∆t is assumed to be chosen small enough so that the likelihood

of having more than one particle is negligible. This is in consensus with the model in general, since ∆t
should be chosen as small as possible to be able to achieve a high model accuracy (Laval and Daganzo,
2006). If there are more than one particle, they will behave the same according to the microscopic model
described in Section 3.2.

The evolution of density is calculated based on the mass conservation Eq.(12). The upper part of the
equation refers to that share of the flow which did not reach its final destination yet, i.e. the case l′ ∈ Nl.
Therefore, that part which is able to change lanes during one time-step is subtracted. The lower part of
Eq.(12) calculates the density for the case of l′ = l. It includes the share of flows which comes from other
lanes l′′ ̸= l and reaches its final destination on l, thus stays on this lane further on.

kj+1
m,i,ll′ =


kj

m,i,ll′ − ∆t

∆x
(qj

m,i,ll′ − qj
m,i−1,ll′) − ∆t

∆x
Φj

m,i,ll′ , m ∈ M, l′ ∈ Nl

kj
m,i,ll′ − ∆t

∆x
(qj

m,i,ll′ − qj
m,i−1,ll′) + ∆t

∆x

∑
l′′∈Nl

Φj
m,i−1,l′′l, m ∈ M, l′ = l

(12)

8



Finally, we calculate the lane changing proportion in time step j + 1. The conservation equation for the
weaving flow that desires to change in cell i can be represented by Eq.(13).

kj+1
m,i,ll′π

j+1
m,i,ll′ = kj

m,i,ll′π
j
m,i,ll′ + ∆t

∆x

ρm,i,ll′∑
i′≥i

ρm,i′,ll′

qj
m,i−1,ll′ − ∆t

∆x
Φj

m,i,ll′ , m ∈ M, l′ ∈ Nl (13)

where the terms kj+1
m,i,lπ

j+1
m,i,ll′ and kj

m,i,lπ
j
m,i,ll′ represent the density of such weaving flow at time j + 1 and

j, respectively. The second term on the right hand side represents the incoming density from the upstream
cell. It is observed that qj

m,i−1,ll′ , i.e, the incoming weaving flow, only includes the vehicles willing to change
in cell i and afterwards. Therefore, the proportion that desires to change lanes in cell i can be represented
by the term ρm,i,ll′/

∑
i′≥i ρm,i′,ll′ . The third term represents the density that has already completed the

lane changing and takes the traffic state on the target lane into account. Then, πj+1
m,i,ll′ can be solved from

Eq.(13).

3.2. Microscopic framework

The previous section showed that the creation of lane-changing particles depends on the traffic state. In
the current section the endogenous calculation of the trajectories of those particles including their effects on
surrounding traffic is presented. This leads to a comprehensive model which reflects the mutual dependency
of traffic states and lane changes by having only two additional calibration parameters compared to the
original MHT.

The original MHT models discretionary lane changes by assigning a probability to each cell related to the
speed differences between the origin and the destination lane. Thus, lane changes only occur when drivers
would be able to increase their speed on the destination lane. However, when modeling mandatory lane
changes this logic cannot be adopted. The crucial difference is that lane changes are also possible when the
speed on the origin lane is higher than the one on the destination lane. Therefore, the lane-changing process
must be modified.

Particle generation at j on lane l

𝑣𝑃 < 𝑣min

𝑘𝑙‘ ≤ ĸchange
yes

Execute lane 

change

no

yes
j ← j+1

Decelerate
Constrained 

motion model

no

Figure 2: Microscopic lane change algorithm.

The new lane change algorithm is illustrated in Figure 2 for a particle generated at time j in cell i on
lane l. For presentation simplicity, we neglect the indices of cells (i), time (j) and vehicle classes (m) of the
density variables.

The intuition of the microscopic model is related to gap searching. This is achieved by comparing the
density on the destination lane kl′ with a parameter κchange. More details on κchange are given below. This
parameter is assumed to be proportional to the amount of gaps on the destination lane l′, and is therefore
interpreted as the reciprocal value of the average gap size which is accepted for a lane change. Moreover, it
takes into account the particle’s speed vp. The explicit relation is shown in Eq.(14).
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If the density on the destination lane kl′ is lower than κchange, the lane change is executed and the particle
behaves according to the constrained motion model (Laval and Daganzo, 2003). This means that after the
lane change it accelerates until it reaches the maximum speed possible or the speed of traffic downstream,
respectively. The acceleration and the maximum speed are chosen according to Allen et al. (2000). The
speed of traffic downstream is estimated according to the fundamental diagram, which is further used to
calculate the capacity restriction resulting from the moving bottlenecks. As soon as the particle’s speed
vp equals the one of traffic downstream, the particle loses its state as moving bottleneck and is therefore
terminated.

However, if the density condition is not met (i.e. kl′ > κchange), the particle decelerates with the
deceleration constant b from the current speed vp to vmin, which is defined as the minimum speed at which
drivers are looking for an appropriate kl′ (see Figure 2). If this minimum speed is reached by the particle
the gap-searching process is continued without any further deceleration. During this process the particle is
acting as a moving bottleneck and thus influencing traffic flow. After the execution of the algorithm for j
the time-step is updated to j + 1 and the algorithm starts again at the evaluation of the density condition.
Both, b and vmin are calibration parameters.

For the case where more than one particle desires to change to the same cell, the traffic flow on the
destination lane is constrained by the slowest particle. Note that the influence of this case on the model’s
results decreases with ∆t → 0, as the probability of more than one particle changing to the same cell
decreases.

In contrast to the original MHT, the lane change probability no longer refers to the probability at the
time of execution, but at the time of decision for a lane change. In other words, it describes the probability
that drivers decide to change lanes at a specific point. However, it is not guaranteed that they are able
to execute the lane change immediately. κchange is calculated as a value between 0 and κ depending on
a calibration parameter αchange. In order to keep the algorithm as simple as possible, it is assumed that
this parameter αchange does not depend on time and space. Tests showed that the model’s accuracy is not
significantly affected with such an assumption.

κchange = κ
w

vp + w
αchange (14)

where κ denotes the jam density, w the backward wave speed, vp the speed of the particle, and αchange a
calibration parameter.

As it is described in Appendix A, the penetration rate impacts the cell capacity Q (see Eq.(A.1)) and
the backward wave speed w (see Eq.(A.2)). In other words, the backward wave speed w changes accordingly
with the share of automated vehicles in the traffic stream. Therefore, Eq.(14) guarantees that κchange is
adapted according to the penetration rate.

3.3. Model Calibration and Validation

In this section, the model is calibrated using empirical data, and the validation results are presented. The
calibration and validation of the model are based on measurements conducted within the Project WEAVE
(Menendez and He, 2017) at a weaving section near the city of Basel, Switzerland. The data was measured
during the entire rush hour on 5 days in October and November, 2014. The length of the studied weaving
section is 500m. This weaving section has two main lanes and one auxiliary lane. It is observed that almost
all (more than 92%) of the lane changes at this site are mandatory lane changes, as they either change from
the main lanes to the auxiliary lane or vice versa (Menendez and He, 2017). Therefore, we build a simulated
weaving section with the same layout (see Figure 3), and consider only the mandatory lane changes. This
includes lane changes from lane 2 to lane 3 and vice versa as well as lane changes from lane 1 to lane 2. The
latter type does not necessarily consist of mandatory lane changes only, but is included for completeness.
Lane changes from lane 2 to lane 1 are not modeled as they consist merely of discretionary lane changes.

The simulation model is created using MATLAB, and calibrated with the empirical data of October 28,
2014. The lane-based fundamental diagrams are estimated based on empirical data observed at the site.
These observations include lane-specific radar and video measurements, which were then aggregated and
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Lane 2

Lane 1

Lane 3

Figure 3: Schematic layout of the weaving section in Basel, Switzerland.

one fundamental diagram was defined for the whole weaving section. Furthermore, the demand is estimated
based on empirical data observed at the site, too. The demand is increased step-wise to its maximum in
order to load the system. The distribution of the lane change positions between lane 2 and lane 3 of the
Basel data set for the calibration is shown in Figure 4a. The lane change distribution between lane 1 and
lane 2 and vice versa is found to be uniform. The calibration process finds the gap acceptance parameter
αchange, the minimum speed at which particles move vmin as well as the deceleration constant b to replicate
the capacity drop. 10 different random seeds are considered in the calibration.
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(a) PDF based on the calibration dataset.
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(b) PDF based on the validation dataset.

Figure 4: Empirical probability density functions (PDF) of lane change positions.

After the successful calibration, the model is validated with another data set from the same site, which
was recorded on November 3, 2014. The distribution of the lane change positions between lane 2 and lane 3
of the Basel data set for the validation is shown in Figure 4b. Again, the lane change distribution between
lane 1 and lane 2 and vice versa is found to be uniform and 10 different random seeds are considered.

Figure 5 shows, using the validation data for comparison, that the proposed model can successfully
reproduce the discharge rates of the weaving bottleneck and the capacity drop phenomenon for this site.
The dashed line represents the cumulative departure curve from the weaving section considering the flows
on all three lanes. A background flow q = 5040 veh/hr is subtracted in order to highlight the changes in
flows for both analyzing the empirical and the simulated data. The solid lines are added to the figures in
order to indicate the corresponding average flows.

The oblique count based on the empirical data is presented in Figure 5a. It shows the period in
which the capacity drop was observed. The capacity is reduced from about q = 5210 veh/hr to a flow
of q = 4820 veh/hr. The difference of transient and stable capacity corresponds to a capacity drop of about
390 veh/hr.

Figure 5b shows the oblique count based on the simulation results. The transient capacity reaches a
value of q = 5370 veh/hr. It can be seen that the maximum transient flow sustains only from minute
11 to minute 17. After this point the flow decreases. The corresponding discharge rate is measured as
q = 4990 veh/hr. This stable capacity stays at this level during the occurrence of maximum input flow. The
difference of these two values equals 380 veh/hr. This result is close to the empirically measured capacity
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(a) Capacity drop from empirical data.
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(b) Capacity drop from simulated data.

Figure 5: Oblique counts based on empirical and simulated data downstream of the weaving bottleneck. The subtracted
background flow is q = 5040 veh/hr.

drop of 390 veh/hr. The difference in transient and stable capacities between the empirical measurements
and the simulated results is 160 veh/hr and 170 veh/hr, respectively. This corresponds to relative differences
of 3.1 % and 3.3 %, respectively. In both the calibration and the validation no missing vehicles are recorded,
i.e. all vehicles are able to reach their ultimate destination.

4. Optimizing traffic flow using automated vehicle technology

In this section, we exploit the benefits of automated vehicles by controlling their lane change decisions
to optimize traffic flow. The proposed model in Section 3 characterizes such decisions as the distribution
of the desired lane change positions, which serves as a direct input to the model. Therefore, the proposed
model is advantageous over the previous models (e.g. Leclercq et al., 2011, 2016b) in that it enables the
possibility to optimize the lane change distribution of automated vehicles to maximize the capacity of the
weaving section.

The search for the optimum distribution can be formulated as a simulation-based optimization problem.
The model described in the previous Section is implemented in a simulation. For given decision variables,
constraints and an objective function, an optimization is conducted based on simulation runs, which are
considered as function evaluations in this context. The decision variables are the time-invariant desired lane
changing probabilities ρm,i,ll′ , m = A for automated vehicles. One constraint is that such variables should
form a proper distribution, which can be mathematically represented as Eq.(15), and that all probabilities
must be positive numbers Eq.(16).∑

i

ρm,i,ll′ = 1, ∀l′ ∈ Nl, ∀l, ∀m ∈ M (15)

ρm,i,ll′ ≥ 0, ∀l′ ∈ Nl, ∀l, ∀i, ∀m ∈ M (16)

Another constraint ensures that all vehicles are able to change lanes within the weaving section. This is
because the capacity can be potentially increased by having fewer vehicles changing lanes within the weaving
section. Therefore, it is important to rule out such type of solutions. However, as the proposed model is
highly non-linear and stochastic, we cannot give a theoretical guarantee for this constraint. Instead, we
sample a set of random seeds, and require that this constraint is satisfied over this sampled set.

The objective function is taken as the mean value of the stable capacity of the weaving bottleneck, which
can be again approximated by the average over the sampled set of random seeds. The stable capacity is
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calculated as the minimum moving average of the discharge rate at the end of the weaving section considering
only the flows occurring after the capacity drop happened. For the moving average a range of 20 minutes is
considered.

This formulation as described above is non-parametric, i.e. it optimizes the probability of each possible
lane changing position, instead of the parameters in a given distribution. This problem can be solved
using simulation-based optimization techniques, such as the stochastic approximation (e.g. Simultaneous
Perturbation Stochastic Approximation, Spall, 1992) and surrogate models (also known as response surface
methods or metamodels) (e.g. Regis and Shoemaker, 2007). However, the large number of decision variables,
the several hundred function evaluations needed, and the randomness in the system together lead to a
high computational cost for the optimization. Additionally, it is likely that these methods may provide
unsatisfying and unstable solutions for the global problem. Moreover, as no smoothness constraints are
imposed, the obtained distribution may have unexpected oscillations. Therefore, we add a parametric
constraint to the optimization problem to search for a quasi-optimal solution by approximating the lane
change distribution as a truncated Gaussian mixture distribution, i.e.

ρm,i,ll′ =
H∑

h=1
ah,m,ll′fh,m,ll′(i) (17)

where H denotes the number of truncated Gaussian distributions, fh,m,ll′(·) the spatial probability density
function that assigns each cell a probability of each truncated Gaussian distribution, and ah,m,ll′ the cor-
responding weight. We also require that

∑H
h=1 ah,m,ll′ = 1 to ensure that Eq.(15) holds. Eq.(15) - (17)

refer to the lane changing distribution related to both lane changing flow directions. That means that dif-
ferent distributions for both flow directions can be examined. With the parametric approximation, we aim
to optimize the mean, standard deviation, and weight of each Gaussian distribution. The selection of the
truncated Gaussian mixture distribution allows for an approximation of any distribution. In other words, it
keeps the optimization as generic as possible.

To this end, we apply surrogate models to conduct the simulation-based optimization. The applicability
of such models for the transportation field was e.g. shown in He (2014). The model described in Section 3
cannot be solved analytically and thus must be evaluated in a simulation. Compared to analytic solutions,
this simulation is considered as computationally expensive. Generally, the exact mathematical relation be-
tween the input of a simulation and its output cannot be stated explicitly. Thus, such functional relationships
can be considered to be of a black-box type. For computationally expensive black-box optimization prob-
lems, the use of surrogate models is expedient (Müller, 2014a,b). The reason is explained in the following.
Surrogate models build an approximative and continuous surface based on a number of initial evaluations of
the original expensive function. The next most promising candidate for a function evaluation is then chosen
based on this response surface, which evaluation is substantially less computationally expensive than the
original function. Therefore, surrogate models require less function evaluations for computationally expen-
sive black-box functions than other algorithms like e.g. the particle swarm method (Müller and Shoemaker,
2014). The optimization of lane change positions is of such a computationally expensive black-box type,
and thus the use of surrogate models seems to be an appropriate choice. Additionally, this method is able
to handle stochasticity and to find the global optimum.

The schematic optimization framework of this paper is shown in Figure 6. The input for the optimization
is generated with an experimental design. Generally, the purpose of experimental design methods is to
maximize the outcome of information for a limited number of initial points and a high number of possible
parameter combinations. In other words, by using an appropriate experimental design one is able to limit
the total number of function evaluations needed in order to reach the optimum. More details and examples
for different types of experimental design methods can be found in Morris and Mitchell (1995), Montgomery
(2017) and Koehler and Owen (1996). To generate initial points for the optimization conducted in this
paper, a Sobol quasi-random sequence is applied, which typically provides a faster convergence speed (Ge
et al., 2014, 2015; Ge and Menendez, 2017).

After the expensive function evaluations at the initial points are completed, a surrogate model is fitted to
the data. The surrogate model used in this paper is the radial basis function (RBF). This choice is based on
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Figure 6: Schematic optimization framework based on Müller (2014a).

the findings of Müller and Shoemaker (2014), which examined different surrogate models including Kriging
methods and RBF methods. They showed that the RBF method leads to the best results in all examined
scenarios. Other studies have confirmed the convincing properties of RBF in terms of convergence (Björkman
and Holmström, 2000; Gutmann, 2001; Regis and Shoemaker, 2005; Zhou et al., 2013). Additionally, we
conducted numerical tests which showed that the conclusion drawn in Müller and Shoemaker (2014) also
applies to the optimization problem tackled here.

Based on this approximative response surface, the next point is selected where the original function is
evaluated. The strategy for selecting the next sample point is chosen as the candidate point approach (Regis
and Shoemaker, 2007). This iterative method selects one point out of many randomly generated points on
the response surface, which are called candidate points. The selection is based on two criteria. First, the
estimated function evaluation should be low, since the goal is a minimization. Second, the new candidate
should have a far distance from the last one. This facilitates a global search. When the candidate point
is selected, the expensive original function is evaluated. Subsequently, the response surface is updated and
new candidate points are defined. This process continues until the convergence criteria are met (e.g. a
pre-defined minimum change of capacity of the weaving section).

This framework enables to systematically search for an optimum lane change distribution. All constraints
are considered and a maximum capacity can be found for any given penetration rate of automated vehicles.
Thus, the corresponding effects of the found desired lane change distribution can be quantified.

5. Evaluation of the impact of automated vehicle technology

In this section, we apply the proposed model to evaluate the impact of the AVT on the capacity of
weaving sections under various penetration rates. Two types of scenarios are considered based on whether
the difference in reaction times for both vehicle classes is taken into account. In the first type of scenarios, we
assume that reaction times associated to automated vehicles are equal to the ones associated to conventional
vehicles, i.e. there is a unique fundamental diagram independent of the penetration rate. These scenarios
illustrate the benefits of optimizing the lane change decisions for a certain percentage of vehicles. In the
second type of scenarios, we assume a shorter reaction time for automated vehicles. The fundamental
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diagrams in such scenarios are given in Levin and Boyles (2016), and briefly described in Appendix A.
These scenarios demonstrate how the benefits of optimizing the lane change distribution are affected by the
reduction of reaction times. The simulation settings are described in Section 5.1. In Section 5.2 and Section
5.3, the impact of AVT is evaluated in the aforementioned two types of scenarios, under various penetration
rates. Section 5.4 examines the combination effect which occurs when both, optimized lane change positions
and reduced reaction times associated with automated vehicles are considered. Based on these subsections,
Section 5.5 shows a lower and an upper bound for the effects of AVT on the capacity of weaving sections.

5.1. Simulation setup

To gain insights into the effects of AVT on the capacity of weaving sections, we simulate a weaving
section with two lanes, a main lane and an auxiliary lane. The length of the weaving section is 500 m, as in
the WEAVE project. Note that we consider the two-lane weaving section for presentation simplicity. The
proposed model and optimization method can be applied to scenarios with multiple lanes. The simulated
weaving section is shown in Figure 7 where four types of flows are considered. The demand is set to maximum
in order to represent traffic during rush hours.

Main lane

Auxiliary lane

qmain-main

Fmain-aux

Faux-main
qaux-aux

Figure 7: Layout of the simulated weaving section. The flows are the weaving flow (q) and the non-weaving flow (Φ) with
different origins and destinations. The main lane is denoted as main, and the auxiliary lane is denoted as aux.

In this paper, the conventional vehicles are assumed to behave according to empirical observations made
in the WEAVE project Menendez and He (2017), presented in Section 3.3. However, the proposed model is
not limited to that data. Any empirical input parameter configuration for conventional vehicles is possible.
The input parameters applied in the simulation correspond to the ones of the validation dataset. The
fundamental diagram parameters and the three calibration parameters are thus based on empirical data.
Similarly, the vehicle length and the reaction time associated to conventional vehicles are chosen to represent
the empirical data. The reaction time associated to automated vehicles is chosen according to Levin and
Boyles (2016). The initial weaving ratio is set to 0.7. This means that 70 % of the incoming flow on each
lane has the other lane as ultimate destination. This value is set equally for both lanes in order to decrease
the effect of the weaving ratio on the capacity of the weaving section. This helps to highlight the effects
of lane change positions. The acceleration constant and the maximum possible speed which have to be
specified for the constrained motion model (see Section 3.2), are selected as suggested in Allen et al. (2000).
Note that the maximum speed vmax does relate to the mechanical properties of vehicles and can then be
higher than the free flow speed u. More examples can be found in Laval and Daganzo (2006) and in Laval
and Leclercq (2008). The time-step length as well as the total simulated time for each scenario are chosen
based on numerical tests which showed that these values lead to the best trade-off between accuracy and
computational cost. The parameters are summarized in Table 2.

Each evaluation analysis is conducted for six scenarios with different penetration rates starting at 0 %
and ending at 100 % with an increment of 20 %. For each scenario, the optimization process described in
Section 4 is implemented by using and adapting the MATLAB toolbox developed by Müller (2014b), which
is based on Müller and Piché (2011), Müller et al. (2013, 2014) and Müller and Shoemaker (2014). To
reach a reasonable compromise between computational complexity and optimality, we optimize a Gaussian
mixture distribution as the weighted sum of 3 Gaussian distributions. The result of one simulation run is
influenced by the Poisson distributed temporal generation of particles. To account for that, the objective
function of each scenario is approximated by the average of 10 random seeds. Numerical tests have shown
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Table 2: Simulation parameters.

Label Parameter Unit Value
Free flow speed u [m/s] 22.22
Jam density κ [veh/m] 0.125
Penetration rate pr [%] 0-100
Gap acceptance parameter αchange [-] 0.96
Lower threshold of the particle’s speed vmin [m/s] 8.33
Deceleration constant b [m/s2] 2
Vehicle length λ [m] 8
Reaction time associated with conventional vehicles tr, c [s] 1.44
Reaction time associated with automated vehicles tr, a [s] 0.5
Acceleration constant a0 [m/s2] 4
Upper threshold of the particle’s speed vmax [m/s] 38.89
Length of time-step ∆t [s] 0.25
Total simulated time ttot [s] 3600
Number of truncated Gaussian distributions H [-] 3

that the choice of 10 different random seeds represents a good compromise between computational cost and
robustness of the result. Solutions leading to non-executed lane changes are largely penalized while looking
for the optimum. This procedure represents a conservative lane changing behavior, since aggressive lane
changing at the end of the weaving section is not explicitly considered. It is assumed that a conservative
driving behavior of automated vehicles is expedient in mixed traffic, e.g. due to traffic safety.

The initial design consists of 45 function evaluations and is created based on the Sobol quasi-random
sequences. Based on the results of these computationally expensive function evaluations, the surrogate
model creates a approximative response surface. For each scenario, 300 additional function evaluations are
run to reach a satisfying convergence, i.e. if the change of the objective value is negligibly small (the change
of capacity is less than 5 veh/hr), which corresponds to the stop criterion (see Figure 6).

With the optimized lane change distribution, we further evaluate each scenario with a set of 50 random
seeds. Note that more random seeds are chosen for evaluation than for optimization. This is to validate the
optimized lane change distribution with a wider range of situations. For each scenario, the average capacity
and average missing rate (i.e. the percentage of vehicles that fail to change lane within the weaving section)
are recorded.

5.2. Impact of AVT: optimized lane change positions assuming same reaction times

In this subsection, we study the effects of optimizing the lane change positions. The headways associated
to both vehicles classes are assumed to be based on the human reaction times (see Table 2). The capacity
and backward wave speed can be calculated according to Appendix A as 2000 veh/hr and 20.0 km/hr,
respectively. Conventional vehicles change lanes according to the empirically observed distribution in the
validation data (see Figure 4b).

The simulation results are presented in Figure 8. The y-axis depicts the capacity in vehicles per hour
averaged across lanes. The x-axis shows the penetration rate of automated vehicles in the traffic stream
in per cent. The actual capacity is depicted as a dashed line while the maximum capacity is shown as a
solid line. Additionally, error bars are added to indicate the values of the 95 % confidence interval of the
actual capacity. The theoretically maximum possible capacity is shown as a reference value for the actual
capacity. It corresponds to the capacity of the fundamental diagram. The values of the maximum capacity
are constant since they are not influenced by the share of automated vehicles in the scenarios evaluated in
these scenarios.

The results show that the positions of lane changes alone have a significant impact on the actual dis-
charge rate of the simulated weaving section. The optimization method is able to find the optimal desired
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Figure 8: Capacity for several penetration rates of AVT considering optimized lane change positions.

distribution for automated vehicles which maximizes the capacity for each penetration rate. Thereby, the
actual capacity can be increased from about 1700 veh/hr with no automated vehicles in the traffic stream up
to about 1950 veh/hr with only automated vehicles in the weaving section. These values are averaged across
lanes. The increase compared to the base case of 1700 veh/hr is about 15 %. The improvement becomes more
evident, when it is considered in relation to the maximum possible improvement of 300 veh/hr. Then, one
can see that about 83 % of the maximum theoretically achievable improvement is reached by looking for an
optimum lane change distribution. Moreover, it can be seen that the marginal benefits of more automated
vehicles decrease with an increase in penetration rate. Additionally, only one missing vehicle occurs within
the tested 50 runs at the scenario with a penetration rate of 100 %. None of the evaluation runs for the
other scenarios show any missing vehicles.
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Figure 9: Performance comparison for penetration rates of 0 % and 100 % of automated vehicles.

In order to understand some underlying reasons for the aforementioned observations, the performance
of the weaving section considering different penetration rates is examined in detail. Figure 9a illustrates the
input (gray lines) and the output (black lines) distribution of lane change positions for two extreme scenarios
(0 and 100 % penetration rate). The gray lines correspond to the desired lane change positions and the black
lines to the distribution of executed lane changes. The recorded positions are shown as probability density
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function across the simulated weaving section. The underlying data is given in a discrete form, i.e. the
number of executed lane changes per cell is recorded. However, the curves are smoothed for presentation
purposes. The distribution of executed lane change positions from the auxiliary lane to the main lane and
vice versa do not substantially differ. Thus, Figure 9a shows the average lane change positions for both lane
changing flows. The solid line depicts the lane changes for a 0 % penetration rate, while the dashed line
illustrates the distribution for a 100 % penetration rate.

Analyzing the output distributions, Figure 9a is consistent with our intuition, and suggests that a slightly
right-skewed distribution with the mean in the first third of the weaving section leads to a higher capacity.
This outcome might result from the fact that a less concentrated distribution of lane changes in general
leads to smaller voids in the traffic stream Menendez and Daganzo (2007). The higher concentration of lane
changes in the beginning of the section might be reasoned by the fact that voids created in the beginning
of the weaving section have a higher chance of being filled by other lane-changing vehicles later on, when
compared to voids created towards the end of the section.

Lane changing particles are following the algorithm described in Section 3.2 in order to check if they
are able to change lanes. Since the density conditions might not be met immediately for all particles, the
distribution of executed and desired lane change positions might deviate from each other. However, the
distribution of executed lane change positions for both scenarios do not deviate much from the distribution
of the desired lane change positions. Figure 9b shows the distributions of minimum particle speeds for both
scenarios. These minimum speeds relate to the looking-for-gap state of particles, since particles accelerate
after they successfully change lanes until their termination. The figure reveals that in the case of 100 %
automated vehicles, the minimum speeds of particles are much higher than for the case with conventional
vehicles only. Thus, lane changing vehicles spend less time accelerating and the resulting voids in the traffic
flow are smaller. Ultimately, this leads to a higher capacity.

Notice, however, that the real optimum is not known. Hence, the quality of the found solutions can only
be estimated. Given the high number of function evaluations and the small changes of the objective value,we
can reasonably assume that the found optimum is near to the real one. Additionally, for the scenario of
100 % automated vehicles, assuming the same reaction time which is associated to conventional vehicles,
the solution is very close to the theoretical maximum capacity. The latter value serves as an upper bound
for the optimization in this scenario. Assuming that the optimization results have a similar quality in all
scenarios, this result is another hint that the found optimum is close to the real one.

5.3. Impact of AVT: optimized lane change positions assuming reduced reaction times

This subsection studies the impact of optimizing the lane change positions of the AVT considering
reduced reaction times associated to automated vehicles. To highlight the potential of both AVT aspects in
terms of increasing the capacity, three curves are shown in Figure 10. The axes correspond to the ones of
Figure 8 in Section 5.2.

First, and similar to Figure 8, the maximum capacity is plotted. Again, the values depend on the
fundamental diagram. However, the fundamental diagram depends on the penetration rate as described in
Appendix A since we are considering different reaction times associated to the two vehicle classes. Thus,
the maximum capacity increases with a growing penetration rate as shown in Figure 10 as solid line.

Second, the actual capacity is calculated for the case that automated vehicles have reduced reaction
times. The impact of the share of automated vehicles on the capacity and backward wave speed at each
position of the numerical grid of the simulation is explained in Appendix A. In order to understand the
effects of reduced reaction times alone, the distribution of lane change positions is assumed to be equal
to the empirically observed distribution in the validation data (see Figure 4b) for both vehicle classes.
Therefore, the penetration rate in each cell stays the same throughout the whole highway section. Thus, the
fundamental diagram is modified equally in all cells according to Levin and Boyles (2016). Ultimately, the
increase of the penetration rate leads to an increase of the actual capacity of the weaving section in these
scenarios. The results are illustrated as dotted line in Figure 10. It can be seen that similar to the maximum
capacity, also the actual capacity grows from 1700 veh/hr to about 3300 veh/hr when only reduced reaction
times are considered. These values serve as base to derive the combination effect that occurs when both
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Figure 10: Capacity for several penetration rates considering different reaction times.

AVT aspects are combined (see Section 5.4). Error bars indicate the range of the 95 % confidence interval
of the recorded capacities. However, the range seems to be negligibly small.

Third, the actual capacity is calculated for the case that automated vehicles have reduced reaction times
and their desired lane change positions can be controlled. For each examined penetration rate the lane change
distribution is optimized as described in Section 4. Additionally, the reduced reaction time associated to
automated vehicles is taken into account. This leads to the fact that the fundamental diagram can vary across
each position in the time-space area. As expected, the capacity can be additionally improved, as illustrated
by the dashed line in Figure 10. The actual capacity increases from 1700 veh/hr to about 3800 veh/hr, which
is an additional 500 veh/hr more than the potential of reduced reaction times only. As before, error bars
indicate the range of the 95 %-confidence interval of the measured capacities which seem to be negligibly
small again. The recorded actual capacities are close to the maximum possible capacities and show the
potential improvement of automated vehicles in weaving sections.

Similar to Section 5.2, the missing vehicles were recorded. A total of two missing vehicles occurs within
the tested 50 runs at a penetration rate of 100 % when both AVT aspects are considered. All other evaluation
runs including those when only reduced reaction times are considered do not show any missing vehicles.

Another way of comparing the latter two curves is to set them in relation to the maximum capacity, as
shown in Figure 11. This describes the capacity reduction for each scenario, which is distinguished from
the capacity drop. The latter one is the ratio of the transient and the stable capacity, whereas the capacity
reduction shown here is the stable capacity compared to the theoretically potential of the capacity based
on the fundamental diagram. In contrary to the capacity reduction, the capacity drop depends thus also on
the transient capacity which might differ from case to case and is influenced by stochasticity. Therefore, the
capacity reduction is chosen in order to create comparability between the two cases in terms of considered
AVT aspects.

The dashed line illustrates the capacity reduction occurring when only reduced reaction times are con-
sidered. It can be seen that the curve stays at more or less the same level and strongly increases from 40 %
to 60 % penetration rate and slightly afterwards. This general behavior might be explained as follows. Due
to the increasing maximum capacity, which follows from the reduced reaction times associated to automated
vehicles, it is not surprising that the average capacity generally increases as well. The growing capacity
reduction, on the other hand, seems to be counter-intuitive at first glance. In the simulation studies the
demand was adapted according to the capacity. Thus, a growing capacity leads to a higher flow and there-
fore also to a higher number of lane changes in the weaving section. According to the modified MHT, lane
changing vehicles might create voids in the traffic stream, and more lane changes typically lead to more
voids in the traffic stream. However, those voids are not filled as fast as they are created as the free flow
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Figure 11: Capacity reduction considering both aspects of AVT and shorter reaction times only.

speed and acceleration rate are independent of the vehicle class. Thus, a higher amount of lane changing
automated vehicles leads to more voids in the traffic flow and consequently to a higher capacity reduction.
The fact that this increase occurs mainly after a penetration rate of 40 % might result from the specific shape
of the lane change distribution. As shown by the solid line, which corresponds to the case where both AVT
aspects are considered, the capacity reduction relies strongly on the lane change distribution. For the case
of considering both AVT aspects simultaneously the increase of the capacity reduction is much lower. The
difference shows the potential of controlling the desired lane change positions of automated vehicles. The
impact of lane change positions on the capacity of the simulated weaving sections gains more importance
when the total traffic volume increases. This shows that there exists a combination effect between those two
aspects.

Summing up, the results presented in Figure 10 and Figure 11 indicate the high potential of controlling
the desired lane change positions in order to decrease the capacity reduction, i.e. increase the actual capacity
of the weaving section. Additionally, the results indicate the existence of a combination effect when both
AVT aspects are considered.

5.4. Combination effects between the lane change positions and the reaction time

In this subsection, we further investigate the benefits of optimizing the lane change positions when
considering the difference in reaction times associated to both vehicle classes.

The previous subsections investigated the actual capacity improvements for three different cases: (i) the
controllability of desired lane change positions (ELC(pr)), (ii) the reduced reaction times associated with
automated vehicles (ERT (pr)) and (iii) the combination of both AVT effects (Etot(pr)). For each penetration
rate the different effects in terms of actual capacity increases are recorded and listed in Table 3. The last
column of Table 3 represents the combination effects, explained as follows.

The investigation of these numerical results shows the existence of a positive combination effect. This
effect can be modeled as Eq.(18)

Etot(pr) = βLCELC(pr) + βRT ERT (pr) + βLCβRT ECO(pr) (18)

where Etot(pr), ELC(pr), ERT (pr), ECO(pr) represent the total effect, the effect of the lane change po-
sitions, the effect of the reduced reaction time, and the combination effect between those two aspects in
scenarios with penetration rate pr. The coefficients βLC and βRT take only values of 0 or 1 depending on
whether the corresponding aspect is considered.
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Table 3: Actual capacity improvements for all scenarios.

Penetration rate Total effect Lane change position effect Reaction time effect Combination effect
(pr) [%] Etot(pr) [veh/hr] ELC(pr) [veh/hr] ERT (pr) [veh/hr] ECO [veh/hr]

0 0 0 0 0
20 430 200 215 15
40 735 225 455 55
60 1040 235 635 170
80 1515 245 1005 265
100 2140 245 1575 320

The combination effect is understood as the extra benefits obtained from the optimization of the lane
change distribution as the reaction time associated to automated vehicles decreases. It can be seen that
the combination effect is always positive, and increases strictly monotonically with the penetration rate.
This suggests that the improvement in terms of actual discharge flow is higher when considering both
aspects simultaneously than when we simply sum the improvements of both aspects considered separately.
Therefore, this confirms that the distribution of desired lane changes is of growing importance when the
penetration rate of automated vehicles increases.

5.5. Lower and Upper bound for the effects of an optimized lane change distribution

This investigation shows that the effects of optimizing the lane changing positions for varying reaction
times associated with automated vehicles differ. Based on that, a lower and an upper bound for the potential
effects of an optimized lane changing distribution on the capacity of weaving sections can be defined. The
lower bound results from the conservative case where the reaction times associated to automated vehicles
equals the one associated to conventional vehicles. It corresponds to the values of ELC(pr) for the simulation
study conducted within this paper. On the contrary, the upper bound relates to ELC(pr)+EIN (pr), including
the combination effects obtained by decreasing the reaction time. Note that the value of the upper bound
increases if the selected reaction time decreases. Nevertheless, the general trend still applies. Both bounds
are illustrated in Figure 12. Based on the simulation study performed in this paper, we expect that the
benefit of the optimization of the lane change distributions lies between the two bounds. This shows the
potential of such optimization with AVT for this case.

The extent of the benefits of optimizing lane changes is influenced by other input parameters such as the
ratio in the traffic stream which desires to change lanes, the length of the weaving section, etc. Nevertheless,
the trends shown based on the input parameter configuration used here will still be valid. The simulation
study shows a proof of concept of the proposed extension of the MHT for weaving sections.

6. Conclusion

This paper proposes a hybrid multi-class model to study the effects of automated vehicles on weaving
sections, which has been rarely explored in the literature. Two aspects of automated vehicles are studied,
i.e. the flexibility to control the lane change decision and the reduction in reaction times. The proposed
model builds on the MHT, and extends it by considering multiple vehicle classes. Additionally, we mod-
ify the original MHT to model mandatory instead of discretionary lane changes and take the lane change
distributions as a direct exogenous input. Apart from the fundamental diagram, the proposed model in-
cludes three calibration parameters, two more than the original MHT. It is shown that the proposed model
successfully reproduces traffic states in the weaving section as well as the capacity drop phenomenon for
a weaving section close to the city of Basel, Switzerland. Thus, the model is able to reproduce important
traffic dynamics occurring during high demand in weaving sections.

Simulation is conducted to examine the effects of the two aforementioned aspects alone as well as their
combination effects. Both aspects of automated vehicles are found to have substantial effects on the capacity.
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Figure 12: Upper and lower bound for capacity improvements by AVT.

For the lane change distribution, the analyses of different penetration rates show that the actual discharge
rate can be increased with a growing share of automated vehicles in the traffic stream. The marginal effects
are found to decrease with higher penetration rates. For the reduced reaction time, the results show a non-
linear increase of the capacity of the simulated weaving section with a growing penetration rate. However,
the capacity reduction, defined as the relative difference between the maximum theoretical capacity and the
actual capacity increases. Lastly, both aspects are considered simultaneously. The simulation results show
that the further increase of the capacity reduction in case of different reaction times for both vehicle classes
can be mostly prevented with a quasi-optimal distribution of lane changes. Moreover, the analysis reveals
that a positive combination effect exists for the simulated weaving section. This means that the additional
capacity gained by considering both aspects together is higher than the sum of additional capacities resulting
from each aspect considered separately.

It is concluded that the consideration of lower average reaction times due to automated vehicle technology
leads to an underestimation of the capacity increase if automated vehicles can also be controlled. To sum up,
the analysis of mixed traffic in weaving sections with the modified MHT shows the potential of controlling
the desired lane change positions of automated vehicles in terms of increasing capacity. The model indicates
a lower and an upper bound for the effects of AVT on the capacity of weaving sections.

Future research includes extensions to the modified MHT. Discretionary lane changes can be modeled
in addition to mandatory ones. Furthermore, the effects of platoons of automated vehicles on the capacity
could also be investigated. The results of the current study give insights on the optimum lane change
distribution in weaving sections with respect to its capacity. This could be of guidance for a microscopic
algorithm for the control of automated vehicles. The development of an optimization algorithm applicable
for real time traffic control will further increase possible capacity gains.
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Appendix A. Impact of reaction times under various penetration rates

One potential advantage of automated vehicles is that they typically have shorter reaction times than
conventional vehicles. This leads to shorter headways and smaller required gaps for lane changing maneuvers,
and thus an increased capacity and backward wave speed in the fundamental diagram.
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Figure A.13: Impact of reaction time differences on the fundamental diagram.

Levin and Boyles (2016) studied the impact of reaction time on the fundamental diagram under various
penetration rates. Mathematically, the capacity for heterogeneous flows is described as follows. For more
details regarding the derivation, please refer to Levin and Boyles (2016).

Q = u
1

u
∑

m∈M
km

ktot
tr,m + λ

(A.1)

The backward-wave speed is computed as

w = λ∑
m∈M

km

ktot
tr,m

(A.2)

where u is the free flow speed, m index of the vehicle class, M the set of vehicle classes, tr,m the reaction
time of vehicle class m, km the density of vehicle class m, ktot the total density, and λ the average vehicle
length.

With an increasing penetration rate, the reaction time associated to automated vehicles leads to a fun-
damental diagram with greater values for both the capacity and the backward wave speed. The fundamental
diagram of each cell is adapted according to the proportion of automated vehicles in it (see Figure A.13).
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