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ABSTRACT There are generally two kinds of traffic control strategies to relieve traffic congestion in lane-
drop bottlenecks: variable speed limits (VSL) control and lane-changing (LC) control. However, VSL has
limited or even no effect due to many mandatory LC maneuvers near bottlenecks, while LC fails to reduce
traffic congestion when traffic demand is high. Although a few control methods combine VSL and LC, they
do not consider the interaction between VSL and LC, which rules out many potentially good alternatives.
We instead propose an integrated VSL and LC control method under a connected and automated vehicle
(CAV) environment, which can consider the interaction and simultaneously find the values of LC numbers
and speed limits to maximize traffic efficiency. Our control is in the framework of the model predictive
control (MPC), which consists of prediction, optimization, and implementation.We adopt an improvedmulti-
class cell transmission model (CTM) for traffic state prediction, then use the genetic algorithm (GA) for
optimization which optimizes traffic network performance, and implement our control method in the SUMO
platform. Simulation results demonstrate that our control method greatly improves the capacity of the road
and is robust to different traffic demands and scenarios. Our control outperforms no control and VSL-only
control in travel time and exhaust emissions, which reduces total travel time by 23.86% to 44.62% and
exhaust emissions by 10.29% to 48.19%.

INDEX TERMS Connected and automated vehicles (CAVs), lane-changing (LC) control, lane-drop bottle-
necks, variable speed limits (VSL).

I. INTRODUCTION
Lane-drop (reduction in the number of lanes), such as incident
lane blockage, road construction, or inherent design flaws,
is common in freeways due to various reasons. Lane drops
cause local traffic disruptions on a freeway and will be active
bottlenecks when the traffic demand is high [1]. Once the
congestion occurs at these bottlenecks, the capacity will be
lower than the capacity before the congestion, causing the
so-called ‘‘capacity drop’’ phenomenon [2].

The main reason for this is the concentrated manda-
tory lane-changing (LC) maneuvers near bottlenecks as
Fig. 1 shows. These LC maneuvers increase mutual influ-
ences between vehicles, leading to more acceleration and
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FIGURE 1. Mandatory LC maneuvers near a lane-drop bottleneck.

deceleration maneuvers of vehicles near bottlenecks, which
can cause traffic congestion, and even reduce traffic
safety [2], [3]. It is, therefore, necessary to take measures to
control traffic to improve traffic efficiency near bottlenecks.

An intuitive idea is to reduce traffic density and the
inflow entering bottlenecks by limiting speed, which can
reduce mutual influences between vehicles. Therefore, a lot

54710 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/ VOLUME 8, 2020

https://orcid.org/0000-0001-5232-0629
https://orcid.org/0000-0001-6715-0247
https://orcid.org/0000-0001-5526-866X
https://orcid.org/0000-0001-5032-6322
https://orcid.org/0000-0002-5575-6943


Y. Guo et al.: Integrated VSL and LC Control for Freeway Lane-Drop Bottlenecks

of existing work adopts variable speed limits (VSL) control
methods to overcome the ‘‘capacity drop’’ phenomenon [4]
and improve traffic efficiency near lane-drop bottlenecks [5],
[6]. By limiting upstream speed, they starve the inflow to the
bottleneck and reduce traffic density, which reduces traffic
congestion caused by LC near bottlenecks [7].

However, the state-of-art studies find that mandatory
LC behaviors near bottlenecks may result in unsatisfactory
effects of these VSL methods [8], [9].
Zhang and Ioannou [10] indicated that most existing VSL
methods have little improvement in microscopic simulations
in terms of traffic mobility. Besides, in some cases, the speed
limit values generated by the VSL control may be small and
sometimes even less than 20 km/h, which is not allowed on
the freeways in practice.

As mandatory LC near bottlenecks is the main reason for
the capacity drop, researchers adopt LC advisory as in [2]
to encourage LC at proper locations to mitigate the negative
effects of mandatory LC near lane-drop bottlenecks. They
decrease the chance of traffic breakdown by optimizing vehi-
cle distribution in lanes. However, when the traffic demand is
high, only using LC control is not enough for reducing traffic
congestion [11].

Recent work illustrates the necessity to combine VSL
and LC control strategies and proposes combined control
methods [10]. To the best of our knowledge, Zhang et al.
are the first to combine VSL and LC control to provide LC
recommendations to vehicles upstream of bottlenecks [11].
Existing work uses LC control to improve road capacity of
bottlenecks and then adopts VSL to reduce traffic congestion
when the traffic demand is higher than the road capacity.
However, without consideration of the interaction between
VSL and LC control, existing work loses many potentially
good alternatives, which makes the combined VSL and LC
control unable to fully exert control effects to reduce the
traffic congestion, especially under high traffic demands.

We instead propose an integrated VSL and LC control
method, which fully considers the mutual influence between
VSL and LC control. Different from existing methods, which
first use LC to improve road capacity and then use VSL
to reduce congestion, we simultaneously find the values of
LC numbers and speed limits to maximize traffic efficiency.
In this way, our method can benefit from the two control
strategies fully.

To achieve individual control over each vehicle, our work
needs the help of connected and automated vehicles (CAVs).
With the development of vehicle-to-everything (V2X) and
automated driving technology, CAVs can help us not only
obtain the whole spatiotemporal traffic information, but also
send information to each CAV and advise CAVs to change
state at different locations [12], [13].

To reduce computational complexity, we divide the free-
way upstream a bottleneck into several cells by length and
into sub-cells further by lanes and assume that vehicles in the
same sub-cell have the same speed limit. The control problem
is to find the optimal combination of control measures that

results in the best network performance. Our control variables
are speed limits in different sub-cells and LC numbers of
vehicles in different cells. This helps us make full use of the
efficiency of the road by applying different speed limits to
different lanes and consider the mutual influence between
VSL and LC.

To find the optimal combination of control variables,
we apply a model predictive control (MPC) framework. MPC
includes three parts: an internal dynamic model for predic-
tion, an optimization process minimizing a cost function
over a receding horizon, and implementation of the control
strategy solved by the optimization process [5].

Our control method is carried out on an open-sourcemicro-
scopic traffic simulation platform, SUMO. In SUMO, traffic
data (including traffic density, speed, and flow) at the current
time interval are collected with the help of V2X. Based on the
collected traffic data, an improved multi-class cell transmis-
sion model (CTM) is used to predict traffic state during the
receding horizon.We adopt the multi-class CTM proposed by
Yu andAn [14], for it canmore truly reflect the heterogeneous
nature of real traffic networks. However, it does not consider
LC, so we improve it by considering LC control between
different sub-cells to predict the density, speed, and flow rate
in each sub-cell better.

Based on the dynamic traffic model, a cost function over a
receding horizon can be computed with respect to different
speed limits and LC vehicle numbers. We try to minimize
travel time and maximize travel distance by calculating total
time spent (TTS) and total travel distance (TTD) in the cost
function. Considering the non-convexity of the cost function,
the genetic algorithm (GA) is adopted to find the optimal
speed limits and LC vehicle numbers over the receding
horizon in the optimization process. The calculation of the
optimization process is solved in python and sent to SUMO
through the SUMO traffic control interface (TraCI). Then
CAVs change their states in a control horizon according to
the received speed limits and LC vehicle numbers. At the next
starting time of a control horizon, the procedure of prediction,
optimization, and implementation is repeated. To validate
the effectiveness of our control method, some simulation
experiments are carried out. Simulation results show that our
new refined integrated VSL and LC control outperforms no
control and VSL-only control.

The rest of this paper is structured as follows. Section II
introduces the background and Section III introduces the
multi-class CTM and our extensions for traffic state predic-
tion. A combined VSL and LC control method is proposed in
Section IV to maximize future traffic efficiency. In Section V,
SUMO simulation results under different traffic demands and
incident scenarios are analyzed to verify the effectiveness and
robustness of our method. Section VI presents the conclu-
sions and scope for future research.

II. BACKGROUND
Road capacity drops sharply at lane-drop bottlenecks, espe-
cially in mixed flows containing trucks and other heavy
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FIGURE 2. Freeway lane-drop bottleneck caused by lane closure.

vehicles. To clarify the capacity drop phenomenon and our
approach clearly, we consider a two-lane freeway with a lane-
drop bottleneck caused by lane closure andwithout on-ramps,
off-ramps, and other bottlenecks as in Fig. 2. The lane closure
can be caused by various reasons. This paper takes the lane
closure caused by a car incident as an example, and lane
closure caused by other reasons can be dealt with in a similar
way. Assuming Q is the capacity of the two-lane freeway,
when the road segment changes from two lanes to one lane,
the ideal capacity of the bottleneck after the incident should
be Qb = 1/2Q. However, due to frequent LC, acceleration,
and deceleration maneuvers, the capacity cannot reach 1/2Q
and even drops significantly [2].

Existing control methods combined VSL and LC to solve
the above problem. They use LC control to reduce LC behav-
iors at the bottleneck by reminding vehicles to change lanes
in advance. Then, they try to reduce the interplay between
vehicles by limiting their speeds, i.e., VSL control. They
execute the LC control and VSL control successively without
realizing that in the step of LC control, when traffic demand
is high, some vehicles are unable to execute the LC control
command due to the lack of sufficient gaps in the target lane.
They suffer from the ignorance of the interaction between
VSL and LC, which leads to a loss of many potentially good
feasible combinations of VSL and LC. This makes existing
work fail to maximize traffic efficiency.

To fill this gap, we propose a cell-based integrated VSL
and LC control method. Unlike existing control methods, our
method considers the interaction between VSL and LC in the
formulas of multi-class CTM and finds the proper combina-
tion of VSL and LC by solving an optimization problem of
online MPC. By doing so, an optimal combination of VSL
and LC is solved through optimization to truly achieve the
coordination control of VSL and LC.

Our control method is implemented with the help of CAVs.
We assume that all vehicles in our work are CAVs. With
V2X, it is possible to send information to each CAV and
advise CAVs to change speed and make LC at different
locations [15]. This offers the opportunity to distribute LC
maneuvers at different places and smooth traffic flow.

III. TRAFFIC PREDICTION MODEL
To improve the stability of our control method, the desired
coordination of speed limit values and LC numbers should
maximize traffic efficiency in a given horizon. Accordingly,
we develop online MPC for traffic control, for MPC can
deal with multi-criteria optimization and take disturbances
into account [5]. In MPC, an appropriate and accurate traffic
prediction model is crucial.

Lighthill-Whitham-Richards (LWR) model, METANET
model, and CTM are the three most popular models used
for traffic prediction [16], [17]. However, these models
neglect the differences among different kinds of vehicles.
This may cause inaccurate prediction and lead to control fail-
ure for ignoring traffic heterogeneity, especially when traffic
involves heavy vehicles [18]. The common approach consid-
ering multiple types of vehicles adopts a metric called Pas-
senger Car Equivalent (PCE) by representing the influence of
each vehicle in terms of the equivalent number of passengers
per car [19], [20]. However, under different traffic conditions,
the PCE is different. In consideration of dynamic and static
characteristics of different vehicle types, Lint et al. [18]
proposed the FASTLANE model by using dynamic PCEs
(DPCES). Based on DPCEs, extended versions of multi-class
METANET [21] and CTM [14] are proposed. These models
mainly characterize mixed flows of cars and trucks. Later,
mixed flow models consisting of Powered Two-Wheelers
(PTWs) are also proposed [22]. This paper excludes PTWs
according to the actual vehicle types on Chinese freeways.

Compared with other models, CTM is computationally
tractable and easy for us to analyze the evolution of traffic
flow under traffic control [23]. The multi-class CTM based
on DPCEs is suitable for online MPC control [14]. How-
ever, it does not consider LC behaviors between different
lanes. Some studies consider LC behaviors between different
lanes and extend the CTM to multi-lane CTMs [24], [25].
However, these multi-lane CTMs do not consider differ-
ent classes of vehicles. Pan et al. [26] proposed the multi-
class multi-lane model for freeway traffic which focused on
CAVs and regular human-piloted vehicles without consider-
ing the difference between passenger cars and heavy vehicles.
Tiaprasert et al. [27] proposed a multi-class multi-lane CTM
with first-in-first-out (FIFO) property to predict the traffic
state when a fast vehicle (such as a car) cannot overtake a
slow vehicle (such as a truck) due to the limitation of single-
lane roads. The multi-lane CTM with FIFO property can
improve the accuracy of traffic state estimation at the cost of
computational complexity. To achieve a trade-off between the
prediction accuracy and computational complexity, we there-
fore improve the multi-class CTM based on DPCEs in [14]
to be a multi-class multi-lane CTM to make it more suitable
for our integrated VSL and LC control. We refer to [14] for a
full description of the multi-class CTM. For the sake of self-
containedness, we repeat the original multi-class CTM here.

A. ORIGINAL MULTI-CLASS CTM
The original multi-class CTM proposed by Yu and An [14]
is a multi-class version of the CTM. CTM is a discrete-
time model and predicts macroscopic traffic behavior on a
given freeway segment by dividing the freeway segment into
homogeneous sections, i.e., cells. The CTM numbers these
cells i = 1, 2, . . . ,N starting downstream. The density of the
cells at each time step is updated based on the conservation
of inflows and outflows.
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The main feature of the multi-class CTM is that it uses
DPCEs to transform different vehicle classes into a represen-
tative vehicle class [14], [28]. DPCE considers dynamic and
static characteristics of different vehicle types that involve
physical characteristics, real-time speed and minimum head-
way of vehicles. Inmulti-class CTM,DPCE ηi,j(k) for vehicle
class j in cell i is as follows:

ηi,j(k) =
sdj + HWjvi,j(k)

sdcar + HWcarvi,car (k)
, (1)

where k indicates the time instant t = kT , and T is the time
step for the simulation of the traffic flow. sdj is the gross
stopping distance gap of vehicle type j, vi,j(k) is the average
speed of vehicle type j in cell i during time interval k , and
HWj is the minimum headway of vehicle type j. Therefore,
sdj + HWjvi,j(k) is the gross distance gap of vehicle type j.
According to ηi,j(k), when there are J types of vehicles, the
equilibrium density Eρi(k) on the ith cell during time interval
k is [14]:

Eρi(k) =
J∑
j=1

ηi,j(k)ρi,j(k), (2)

where ρi,j(k) is the average density of vehicle type j in cell i
during time interval k .

For the original multi-class CTM, the basic equations for
computing flow and density of vehicle type j in cell i are:

qi,j(k) = ρi,j(k)vi,j(k), (3)

ρi,j(k + 1) = ρi,j(k)+
T
l

(
qi−1,ij (k)− qi,i+1j (k)

)
, (4)

with qi,j(k) the flow of vehicle type j in cell i, qi,i+1j (k) the
flow of vehicle type j from cell i to cell i + 1, and l the cell
length.

To estimate qi,i+1j (k) in (4), traffic demand of vehicle type j
from cell i to cell i+1 is needed. Traffic demand transferring
from cell i to cell i+1 needs to be distributed among different
vehicle types and is proportional to the traffic composition on
cell i [18]. The composition is represented by the flow ratio
Pi,j(k) of vehicle type j in cell i during time interval k . The
traffic composition Pi,j(k) can be calculated as [14]:

Pi,j(k) =
ηi,j(k)vi,j(k)ρi,j(k)∑J
j=1 ηi,j(k)vi,j(k)ρi,j(k)

. (5)

So the flow qi,i+1j (k) of vehicle type j from cell i to i+ 1 can
be calculated as [14]:

qi,i+1j (k) =
1

ηi,j(k)
min

{
Di,j(k),Pi,j(k)Si+1(k)

}
, (6)

where the demand Di,j of vehicle type j and supply Si of all
vehicle classes in cell i can be calculated as follows [14]:

Di,j(k) =

{
ui(k)ρi,j(k)ηi,j(k) if ρi,j(k) ≤ ρj,c
Qj if ρi,j(k) > ρj,c,

(7)

Si(k) =

{
Qi if Eρi(k) ≤ ρc
w
(
ρjam(k)− Eρi(k)

)
if Eρi(k) > ρc,

(8)

FIGURE 3. FD for two vehicle classes.

FIGURE 4. Three traffic conditions for two vehicle classes.

where ui(k) is the speed limit of cell i during time interval k ,
Qj is the maximum demand of vehicle type j, w is the freeway
backward shock wave speed, ρjam is the freeway jam density,
and Qi is the maximum supply of cell i.
To estimate vi,j(k), it is necessary to consider whether the

traffic condition is free or congested. For clear clarification,
we only include two types of vehicles here, i.e., cars and
trucks. Vehicle Type 1 is ‘‘car’’ and Vehicle Type 2 refers
to ‘‘truck’’. The free-flow speed of Vehicle Type 1 is greater
than that of Vehicle Type 2, i.e., v1,f > v2,f . Fig. 3 shows
the fundamental diagram (FD) for two vehicle types. The red
line is for the FD of Vehicle Type 1, and the green line denotes
the FD of Vehicle Type 2. ρj,jam, ρj,c, wj, and vj,f are the jam
density, critical density, wave speed, and maximum speed of
vehicle type j, respectively. Density ρ∗2,c linking the FDs of
the two vehicle types as shown in Fig. 3 by blue lines can be
computed as [21], [28]:

ρ∗2,c =
w1ρ1,jam

w1 − v2,f
. (9)

As the density of each type of vehicle ρj cannot exceed its
jam density ρj,jam, three traffic conditions are differentiated
according to the relationship between ρj and ρ∗2,c, as shown
in Fig. 4 [14], [21]. These three traffic conditions can help us
to determine whether some types of vehicles are in congested
traffic conditions or not. In this way, based on different traffic
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FIGURE 5. Cell stretch and configuration of integrated VSL and LC control
system. The green dashed box indicates a cell and the red dashed box
indicates a sub-cell.

conditions, we can have a more accurate speed prediction for
different types of vehicles with the speed limit control ui(k)
applied to the cell i during time interval k .

1) CONDITION A
If
(
ρ1/ρ1,c

)
+
(
ρ2/ρ2,c

)
≤ 1, both vehicle types are in a free

flow state. The average speed of vehicle type j in cell i during
time interval k is vi,j(k) = min

(
vj,f , ui(k)

)
.

2) CONDITION B
From [28], in the multiple vehicle types setting, vehicle
types with slower speed may be still in free flow states,
while vehicle types with faster speed cannot drive by free
flow speed, that is, faster vehicle types are in a congestion
state. This traffic condition is called semi-condition [14],
[28]. Under this condition, the actual speed of slower vehi-
cle types in free flow is less than or equal to the actual
speed of faster vehicle types in congested mode. According
to [21], ρ∗2,c is the boundary condition distinguishing the
semi-congestion condition from the congestion condition.
From [21], if

(
ρ1/ρ1,c

)
+
(
ρ2/ρ2,c

)
> 1 and

(
ρ1/ρ

∗

2,c

)
+(

ρ2/ρ2,c
)
≤ 1, Vehicle Type 1 is in a congested traffic

condition and Vehicle Type 2 is in a free flow condition.
According to [14], the average speed of Vehicle Type 1 in cell
i is vi,1(k) =

{
w
(
ρjam − Eρi(k)

)}
/Eρi(k), and the average

speed of Vehicle Type 2 in cell i is vi,2(k) = min
(
v2,f , ui(k)

)
.

3) CONDITION C

If
(
ρ1/ρ

∗

2,c

)
+
(
ρ2/ρ2,c

)
> 1 and

(
ρ1/ρ1,jam

)
+
(
ρ2/ρ2,jam

)
≤

1, both vehicle types are in a congested traffic condition,
where ρj,jam = ρ1,jam/ηj,jam and ηj,jam = sdj/sdcar .
Their speeds are the same and less than the actual speed of
slower vehicle types. Their speeds are as follows: vi,j(k) ={
w
(
ρjam − Eρi(k)

)}
/Eρi(k).

The space mean speed vi,j(k) of vehicle type j in cell i can
be calculated according to above three conditions.

Above all is the whole multi-class CTM framework for
predicting density, flow, and speed in each cell. For more
details about the original multi-class CTM, interested readers
are referred to [14].

B. IMPROVED MULTI-CLASS CTM
We improve the original multi-class CTM based on DPCEs to
meet our lane-level control and incorporate LC control, since

the original multi-class CTM does not consider the effect of
LC control.

The divisions of cells in existing work are mostly at the
road level, i.e., different lanes of the same road segment
are in a cell. To achieve our lane-level control objective,
we divide road cells into sub-cells further at the lane-level,
i.e., different lanes of the same road segment are different
sub-cells, as shown in Fig. 5. The green dashed box indicates
a cell, and the red dashed box indicates a sub-cell. In this
way, we can provide more specific service on lane-level by
sending different speed change information to different lanes
on road segments. As shown in Fig. 5, light orange sub-cells
are sub-cells on the left lane and light purple sub-cells are
sub-cells on the right lane. The dark purple sub-cell means
that the incident happens in this sub-cell. vl,i,j and ρl,i,j are
the average speed and density of vehicle type j in the ith left
sub-cell. qi,i+1l,j (k) is the flow of vehicle type j from left sub-
cell i to left sub-cell i + 1. vr,i,j and ρr,i,j are average speed
and density of vehicle type j in the ith right sub-cell. qi,i+1r,j (k)
is the flow of vehicle type j from right sub-cell i to right
sub-cell i+ 1.

The demand function in sub-cell i can still be calculated
as (7). There is a difference in calculating the supply of sub-
cell i. We assume Qs is the maximum capacity of sub-cells.
The maximum capacity in the N th right sub-cell where the
incident car is located is zero, i.e., Qs = 0, and the maximum
capacity in other sub-cells is 1/2Q, i.e., Qs = 1/2Q. So the
supply function is turned into:

Si(k) =

{
Qs if Eρi(k) ≤ ρc
w
(
ρjam(k)− Eρi(k)

)
if Eρi(k) > ρc.

(10)

From above, we can calculate the demand function and sup-
ply function in each sub-cell.

We make extensions to (4) by considering the impact of
LC vehicles. Because of LC control, there are ci,j(k) vehicles
traveling from right-lane sub-cell i to left-lane sub-cell i
within a time of T , so the density function in left-lane sub-
cell i of vehicle type j during time interval k is:

ρl,i,j(k + 1) = ρl,i,j(k)+
1
l
ci,j(k)

+
T
l

(
qi−1,il,j (k)− qi,i+1l,j (k)

)
, (11)

and the density function in right-lane sub-cell i of vehicle type
j during time interval k is:

ρr,i,j(k + 1) = ρr,i,j(k)−
1
l
ci,j(k)

+
T
l

(
qi−1,ir,j (k)− qi,i+1r,j (k)

)
, (12)

where qi,i+1l,j (k) and qi,i+1r,j (k) can be calculated according
to (6). So based on the original multi-class CTM and our
extensions, the density, flow, and speed in each sub-cell can
be predicted.
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IV. THE GA BASED TRAFFIC CONTAOL
We choose MPC for online traffic control, due to the robust-
ness of MPC. In our combined VSL and LC control method,
the values of speed limits in sub-cells and numbers of LC
vehicles in cells are our decision variables. An objective func-
tion considering overall traffic efficiency is used to capture
the future performance of the system to be controlled over
some prediction horizon. Then aGAbased strategy is adopted
to optimize the value of the objective function. According
to the receding horizon scheme of MPC, only the element
in the first control horizon of this optimal input sequence
is applied to the controlled system. After that, vehicles will
change states according to the received speed information,
LC information, and surrounding road conditions as well.

We notice that when the incident is over, upstream vehicles
that followVSL information cannot speed up to themaximum
speed immediately, resulting in a decrease in the utilization
of road capacity. So when the incident is almost over, the
incident vehicle sends the maximum speed limit vf to CAVs
upstream. Though it is a simple idea, this innovation can
effectively improve road traffic efficiency immediately after
the incident is over.

A. OPTIMIZATION PROBLEM
The purpose of our control method is to find the control sig-
nals ul,i(k), ur,i(k), and ci(k) that minimize an objective func-
tion about the future performance. ul,i(k), ur,i(k), and ci(k)
are the controlled left sub-cell speed limit value, right sub-
cell speed limit value, and the number of LC vehicles in the ith
cell. According to MPC, our control computes optimal speed
limits and numbers of LC vehicles during a prediction horizon
Np, and implements them in SUMO for a control horizon Nc.
Np = Tp/T , Nc = Tc/T , and Nc ≤ Np, where Tp and Tc
are times for prediction and control, respectively. The first
prediction horizon is k = 1, 2, . . . ,Np and the first control
horizon is k = 1, 2, . . . ,Nc. After that, the second prediction
horizon is k = Nc + 1,Nc + 2, . . . ,Nc + Np, and the second
control horizon is k = Nc + 1,Nc + 2, . . . , 2Nc. So the nth
prediction horizon is from (n− 1)Nc+1 to (n− 1)Nc+Np,
and the nth control horizon is from (n− 1)Nc + 1 to nNc.
We use the improved multi-class CTM to predict the density,
speed, and flow rate of each sub-cell from (n− 1)Nc + 1
to (n− 1)Nc + Np under these control signals. The objec-
tive function of our integrated control method is set as the
weighted sum of TTS and TTD, to comprehensively improve
traffic mobility and efficiency. TTS can reflect the waiting
time and driving time of all vehicles, while TTD can reflect
the travel distance of all vehicles.

Considering LC maneuvers can disrupt the traffic flow,
we make these LC maneuvers as evenly distributed among
cells as possible, rather than concentrating maneuvers in one
cell. Here is a simple example to illustrate our idea. Suppose
there are two kinds of LC control: A) There are no vehicles
changing lanes in the first cell and 20 vehicles changing
lanes in the second cell; B) There are 10 vehicles changing

lanes in the first cell and the second cell respectively. From
a traffic engineering point of view, B) control is better than
A) control. On the one hand, because vehicles need to find
appropriate gaps to change lanes, there are longer waiting
time of LC vehicles in A) control than in B) control. On the
other hand, many LC maneuvers in the second cell increase
the interaction between vehicles on different lanes, leading to
frequent acceleration and deceleration behaviors of vehicles,
which seriously reduces traffic efficiency. We therefore try to
distribute LC maneuvers among different cells and make ci
not change too often from one cell to the other.

In addition, considering passenger comfort and to prevent
excessive speed changes between adjacent sub-cells, we add
terms about speed change between different adjacent cells
to the objective function to smooth speed transmission from
upstream to downstream.

To maintain the ideal capacity of the bottleneck after an
incident, we try to make the speed limit in the N th left
sub-cell be constant and equal to vf , i.e., ul,N (k) = vf . In
addition, to reduce the waiting time in the N th right sub-cell,
we make the number of LC vehicles in cell N be the number
of vehicles in the N th right sub-cell. The other speed limits
and numbers of LC vehicles in other controlled sub-cells are
decision variables that need to be solved.

When the speed limit is too small, it may induce wide
moving jam (WMJ) and exaggerate congestions [29]. Con-
sidering the operating efficiency and the maximum speed
limit of a freeway, all ul,i(k) and ur,i(k) should be greater
than a predefined minimum value vmin and less than the
maximum freeway speed limit vf . Considering the comfort
of passengers and acceleration limitation, the speed change
between two consecutive time steps should not be larger than
a predefined value ad . The optimization problem is:

min J = α1Tl
(n−1)Nc+Np∑
k=(n−1)Nc+1

N∑
i=1

J∑
j=1

(
ρr,i,j(k)+ ρl,i,j(k)

)
− α2Tl

(n−1)Nc+Np∑
k=(n−1)Nc+1

N∑
i=1

J∑
j=1

(
ρr,i,j(k)vr,i,j(k)

)
− α2Tl

(n−1)Nc+Np∑
k=(n−1)Nc+1

N∑
i=1

J∑
j=1

(
ρl,i,j(k)vl,i,j(k)

)
+

(n−1)Nc+Np∑
k=(n−1)Nc+1

N−1∑
i=1

(ci+1(k)− ci(k))2

+

(n−1)Nc+Np∑
k=(n−1)Nc+1

N−1∑
i=1

(
ul,i+1(k)− ul,i(k)

)2
+

(n−1)Nc+Np∑
k=(n−1)Nc+1

N−1∑
i=1

(
ur,i+1(k)− ur,i(k)

)2
, (13a)

s.t. ul,N (k) = vf , (13b)

cN (k) = Tqr,N−1(k), (13c)

vmin ≤ ul,i(k) ≤ vf , (13d)
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FIGURE 6. Schematic diagram of the simulation scenario.

vmin ≤ ur,i(k) ≤ vf , (13e)

0 ≤ ci(k) ≤ Tqr,i−1(k), (13f)∣∣ur,i(k)− ur,i(k − 1)
∣∣ ≤ ad , (13g)∣∣ul,i(k)− ul,i(k − 1)
∣∣ ≤ ad , (13h)

where α1 and α2 are weighting parameters for TTS and
TTD, respectively. ρr,i,j(k + 1) and ρl,i,j(k + 1) in (13a) are
calculated by the density ρr,i,j(k) and ρl,i,j(k) according to
two density renewal formulas (11) and (12) in our improved
multi-class CTM. According to the three traffic conditions
in Section III-A, vr,i,j(k) and vl,i,j(k) in (13a) are easy to be
calculated based on ρr,i,j(k) and ρl,i,j(k).

B. GA-BASED SOLUTION ALGORITHM
The above optimization problem is a general nonconvex prob-
lem. To efficiently solve the above MPC problem, one of
the most commonly used metaheuristic search algorithms,
GA, is selected to optimize the problem for its simplicity
and efficiency. Interested readers are referred to [30] for a
full description of the GA. Using the information of CAVs,
average speed, density, and flow rate in each cell are col-
lected. The GA repeatedly generates a population of individ-
ual solutions. These individual solutions are evaluated based
on the objective function value (13a) in the next prediction
horizon according to the modified multi-class CTM with
these collected data. The decision variables on the controlled
segments during time interval k can be represented by

U(k) = (ur,1(k), . . . , ur,i(k), . . . , ur,N (k), ul,1(k), . . . ,

ul,i(k), . . . , ul,N (k), c1(k), . . . , ci(k), . . . , cN (k)).

To reduce the amount of calculation, we make ul,i(k), ur,i(k)
∈ {3, 6, 9, . . . , 30, 33}. In each predicted horizon, the GA
outputs the optimal solution Uoptimal(k) after many gener-
ations, where k = (n− 1)Nc + 1, . . . , (n− 1)Nc + Np.
The Uoptimal(k) is sent to SUMO through TraCI, and CAVs
change their states according to the Uoptimal(k) in a control
horizon Nc.

V. SIMULATIONS AND RESULTS
A. SIMULATION NETWORK AND SCENARIOS
We evaluate the combined control method of a two-lane
freeway in SUMO which has a static speed limit of 120 km/h
(33.3 m/s). Other road parameters are SUMO default val-
ues. Its maximum traffic capacity without an incident
is about 4600 PCE/h/2lanes and the critical density is

TABLE 1. The basic parameters of the two-lane freeway.

46 PCE/km/2lanes. We assume the bottleneck is introduced
by an incident that blocks the right lane in the two-lane
freeway, thus the ideal capacity of the bottleneck during the
incident is about 2300 PCE/h/2lanes. However, the actual
capacity is only about 1270 PCE/h/2lanes due to the effects
of the capacity drop phenomenon. Assuming that the incident
car stops at 3400 m and the upstream segment of the bottle-
neck is divided into 5 parts of 400 m sections, from cell 1 to
cell 5, just as Fig. 6 shows. The simulation step in SUMO
is 1 s and the discrete time step T in our control method
is 10 s. The prediction horizon Tp is 5 min and the control
horizon Tc is 1 min. A 100 min simulation with a 10 min
warm-up time and a 1.6 km warm road length is conducted.
Other basic parameters of the two-lane freeway are shown
in Table 1. In our method, we focus on reducing the TTS,
which means reducing the waiting time and the running time
of vehicles. Accordingly, we set α1 = 0.8 and α2 = 0.2. We
set the predefined minimum speed limit vmin = 3 m/s and
the predefined speed change limit between two consecutive
controlled moments ad = 3.
The car-following model and LC model we use in SUMO

are ‘‘Krauss’’ [31] and ‘‘LC2013’’ [32], respectively. The
LC in SUMO is instantaneous and completed in a single
simulation step. However, an LC maneuver generally takes
longer than a single simulation step. So we set the option
‘‘lanechange.duration’’ in SUMO and activate a simple con-
tinuous LCmodel. Although this will make the simulation run
longer, it can better describe the impact of LC behaviors on
traffic efficiency. To simulate differences in driver behaviors,
vehicle speeds obey a truncated normal distribution, where
the expectation is the free-flow speed of the vehicle and the
variance is 0.1 m2/s2. The upper and lower bounds are set
according to the actual situation. The response time of drivers
also accords with a truncated normal distribution. Due to
the differences in driver behaviors and other factors, traffic
flow has a stochastic feature [29]. Therefore, we perform
10 experiments for each group and obtain the average results
of them.

B. SIMULATION RESULTS UNDER DIFFERENT TRAFFIC
DEMANDS
To compare the effects with and without our control, simu-
lations under low, middle and high traffic demands (1000,
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TABLE 2. Evaluation results under different demands.

2000, and 3000 PCE/h/2lanes respectively) are run. The
low traffic demand 1000 PCE/h/2lanes is lower than the
reduced capacity 1270 PCE/h/2lanes. The middle traffic
demand 2000 PCE/h/2lanes is between 1270 PCE/h/2lanes
and the ideal one lane capacity 2300 PCE/h/2lanes. The
high traffic demand 3000 PCE/h/2lanes is higher than
2300 PCE/h/2lanes. These three simulations are run under
a scenario where there is a lane closure caused by road
construction. The metric of flow is adopted to analyze the
results.

The results without and with control are shown in Table 2.
For low traffic demand (1000 PCE/h/2lanes), the flow has
a little change from 1036 to 1010 PCE/h/2lanes (−2.5%).
However, for middle demand (2000 PCE/h/2lanes), the flow
improves a lot, changing from 1090 to 1647 PCE/h/2lanes
(51.1%). The significant improvement is especially notice-
able in high demand (3000 PCE/h/2lanes), where the flow
is increased from 892 to 2226 PCE/h/2lanes (149.5%). When
the traffic demand is lower than the reduced capacity, vehicles
can run smoothly on the road. There is no need to control
traffic if the traffic demand is lower than the reduced capacity.
When the traffic demand is higher than the reduced capacity,
the increased interaction between vehicles makes it easy for
the traffic at the bottleneck to collapse, resulting in a flow of
less than 1270 PCE/h/2lanes. Under these traffic demands,
our control can reduce the capacity drop phenomenon by
distributing LC maneuvers and significantly improve traffic
efficiency.

To further study the performance of our integrated control,
we investigate the capacity of the road, i.e., when the max-
imum flow rate. For clarity of comparison, the relationship
between the flow and the density upstream of the bottleneck
is presented in Fig. 7. The blue dotted line describes the FD
under our integrated control. The red line shows the corre-
sponding FDwithout control. As Fig. 7 illustrates, our control
improves the maximum volume of traffic from 12.8 PCE/km
to 22.3 PCE/km and themaximumflow rate from 1270 PCE/h
to 2228 PCE/h. The results in Table 3 and Fig. 7 point up that
our method indeed helps to improve road capacity.

C. SIMULATION RESULTS UNDER DIFFERENT INCIDENT
SCENARIOS
To demonstrate the robustness and applicability of our pro-
posed control method, we design three scenarios to test our
method. In each scenario, the incident occurs 10minutes after
the simulation experiment begins. In scenario 1, the incident
lasts for 10 min to simulate a vehicle breakdown or a minor
incident. In scenario 2, the incident lasts for 30 min which
simulates a normal incident. In scenario 3, the incident is

FIGURE 7. FD diagram with and without our integrated control.

not removed to simulate a construction site or a physical
bottleneck. These three scenarios are run under a constant
traffic demand of 3000 PCE/h/2lanes which is higher than
the capacity of the bottleneck.

We compare our method with no control and VSL-only
control. VSL-only control does not consider LC vehicles
and distinguish lanes for control. It sends speed limits to
cells upstream of the bottleneck based on the original multi-
class CTM. To analyze the simulation results and compare
the performances of the network under uncontrolled and
controlled scenarios, TTS, TTD, and average exhaust emis-
sions are used as shown in Tables 3, 4, and 5. Consid-
ering the shock wave dissipation, the statistical period is
the time from the occurrence of the incident to the time
of 10 minutes after the incident is relieved. Average emis-
sions rates are calculated based on the HBEFA3 model [33].
Tables 3, 4, and 5 show that the improvements in TTS and
average emissions are significant under our integrated con-
trol. In scenarios 1, 2, and 3, the improvement percentages of
TTS are 23.56%, 44.62%, and 27.25%, respectively. These
improvements outperform improvement with VSL-only con-
trol, which are 9.16%, 13.84%, and 6.43%, respectively.
The reason for this is that our integrated control method
distributes LC maneuvers and reduces interaction between
vehicles. This reduces the degree of traffic congestion and
waiting time, which leads to a significant improvement in
TTS. In three scenarios, the emissions of CO2,PMx,NOx,
and fuel decrease by 11.23% − 44.68%, 10.29% − 48.19%,
12.32%−26.65%, and 11.23%−44.68%, respectively. Under
VSL-only control, the emissions of CO2,PMx,NOx, and fuel
decrease by 4.45% − 26.24%, 4.84% − 30.67%, 4.85% −
27.62%, and 4.45% − 26.24%, respectively. The decrease
in emissions with our integrated control is far superior to
VSL-only control. The results point up that our integrated
control can bring many environmental benefits. Here are two
perspectives to illustrate this. First, it reduces the waiting
time of vehicles, and therefore decreases the exhaust emis-
sions of vehicles waiting in the queue. Second, it harmonizes
vehicle speed and reduces the acceleration and deceleration
behaviors of vehicles, which decreases exhaust emissions
caused by these acceleration and deceleration behaviors.
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TABLE 3. Evaluation results of scenario 1.

TABLE 4. Evaluation results of scenario 2.

FIGURE 8. Average flow under different control methods.

FIGURE 9. Distribution of duration in scenario 2 without control.

From Tables 3, 4, and 5, it can be seen that the longer the
incident lasts, the greater the reduction in emissions is.

Our control goal is to increase TTD. However, in sce-
nario 2, TTD does not increase but decreases by −0.20%.
This result is related to the weighting factors we set. We
lay more emphasis on reducing TTS than increasing TTD.
Although TTD decreases in scenario 2, the decrease of TTD
is small and acceptable compared to the improvement of
reduction in TTS.

FIGURE 10. Distribution of duration in scenario 2 with the integrated
control.

FIGURE 11. The proportion of LC vehicles of the integrated control
method in scenario 2.

To further compare our integrated control method with
other methods, we plot the average flow of scenario 2 under
different control methods as shown in Fig. 8. The average
flow is obtained by averaging the flow rate of five controlled
road segments. Fig. 8 shows that, from 10 min to 40 min,
i.e., the incident car blocks one lane, the flow rate of the
bottleneck is far less than 1000 PCE/h/2lanes. The VSL-only
method improves the flow rate to about 1500 PCE/h/2lanes.
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TABLE 5. Evaluation results of scenario 3.

FIGURE 12. The speed limits of the integrated control method in scenario 2. (a) The speed limits in right sub-cells; (b) The
speed limits in left sub-cells.

FIGURE 13. The speed limits of the integrated control method in scenario 3. (a) The speed limits in right sub-cells; (b) The
speed limits in left sub-cells.

Our integrated control method can improve the flow rate to
nearly 2750 PCE/h/2lanes, which outperforms the VSL-only
method. It can be seen that our integrated control can improve
the discharge flow compared with no control and VSL-only
control. There are some jitters in the flow at about 35 min
to 40 min due to the adopted maximum speed control on all
controlled sections when the incident is almost over. When
the incident is cleared, i.e., from 40 min, the average flow
would return to normal level soon under the integrated con-
trol method as there are fewer vehicles queuing in the road
compared with no control and VSL-only control. It means
the integrated control method can reduce the queue size
significantly. We test other scenarios under different traffic
demands, and the conclusions remain unchanged.

To compare the effects of the integrated control on individ-
ual cars, we plot the distribution of duration. The duration is

the total time that takes a vehicle to pass all sections of the
road. It includes the waiting time, which is the time during
which the vehicle speed is below 0.1 m/s. So the duration
indicator can reflect not only the speed of the vehicle but also
the waiting time.

Fig. 9 is the distribution of duration without control in
scenario 2, while Fig. 10 is the distribution of duration with
our integrated control in scenario 2. In Fig. 9, the dura-
tion of many vehicles is concentrated between 1200 s and
1400 s, which means there are many vehicles queuing for
a long time. Whereas in Fig. 10, there are fewer vehicles
concentrated between 1200 s and 1400 s and many vehicles
have a duration of about 200 s. From these two figures,
we can draw that the integrated control significantly reduces
the waiting time of many vehicles and improves traffic
efficiency.
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The proportion of LC vehicles is the ratio of the calculated
number of LC vehicles and the total number of vehicles in
each cell. When analyzing the proportion of LC vehicles,
we find that the proportion in the first control segment and
the second control segment are close to 0 in scenario 1 as
time goes on. The proportion in the first control segment
converges to 0 in scenario 2, which is shown in Fig. 11. This
means there is no need to control vehicles to change lanes
in segments where the proportion is zero. It can be inferred
that the duration of the incident affects the length of the LC
control road segments.

If we divide the cells with shorter lengths, we can figure out
the length of LC controlled segments. In this way, the length
of LC controlled segments is solved by GA. Compared with
methods in [10], which is solved through simulation, our
method of figuring out the length of LC controlled segments
may be more efficient. Furthermore, analyzing the speed
limits calculated from our integrated control, we find that
speed limits from right sub-cell 1 to right sub-cell 5 converge
to 22-27 m/s, which is shown in Fig. 12 (a). The phenomenon
is even more obvious when the control time gets longer,
as shown in Fig. 13 (a). However, there is no convergence
of speed limits in left sub-cells, as shown in Fig. 12 (b) and
Fig. 13 (b). In the future, we will conduct further studies on
this phenomenon.

VI. CONCLUSION
We propose a new refined integrated VSL and LC control
method aiming at freeway bottlenecks under mixed traffic
flows in this paper. Our work is in the framework of MPC
and can consider the interaction between VSL and LC to
maximize traffic efficiency. We improve a multi-class CTM
by considering the impact of LC behaviors to predict traffic
state better. Then we employ a GA-based method to find
the optimal values of VSL and LC numbers simultaneously
during each horizon. Simulation results demonstrate that our
control method can improve the capacity of the road and pro-
vide significant improvements in traffic mobility and exhaust
emissions. Our control method can reduce TTS greatly by
23.86% to 44.62% which outperforms the VSL-only control.
In future work, we plan to study traffic scenarios with

different penetration rates of CAVs. We will consider the dif-
ference between traditional human-driven vehicles and CAVs
and propose a robust control method for different penetration
rates of CAVs.
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