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Abstract

This paper presents a cooperative traffic control strategy to increase the capacity

of nonrecurrent bottlenecks such as work zones by making full use of the spa-

tial resources upstream of work zones. The upstream area is divided into two

zones: the regulation and the merging areas. The basic logic is that a large gap is

more efficient in accommodating merging vehicles than several small and scat-

tered gaps with the same total length. In the regulation area, a nonlinear pro-

grammingmodel is developed to balance both traffic capacity improvements and

safety risks. A two-step solving algorithm is proposed for finding optimal solu-

tions. In the merging area, the sorting algorithm is used to design lane-changing

trajectories based on the regulated platoons. A case study is conducted, and the

results indicate that the proposed model is able to significantly improve work

zone capacity with minor disturbances to the traffic.

1 INTRODUCTION

On highways, a work zone usually refers to a temporar-

ily closed area where road construction or maintenance is

underway. Existing studies show that work zones account

for a large proportion of congestions on highways due

to a reduced number of operational lanes (Chin et al.,

2002; Chung & Recker, 2012). The capacity drop near work

zones not only results in reduced traffic efficiency but also

induces more traffic crashes (Han et al., 2020; Memar-

ian et al., 2019; Z. Zheng et al., 2010; Z. Zheng, 2014;

Zhou & Ahn, 2019; Z. Zheng & Sarvi, 2016). To address

this problem, numerous studies have been conducted to
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improve the performance of work zones through various

approaches, such as capacity drop and traffic delay pre-

diction (H. Zheng et al., 2014; Jiang & Adeli, 2003, 2004a,

2004b), traffic flow prediction (Adeli & Ghosh-Dastidar,

2004; Hou et al., 2015), variable message sign techniques

(Hooshdar & Adeli, 2004), merging strategy developments

(Karim & Adeli, 2003), and feedback control (Papageor-

giou et al., 2008).

In the 1990s, the automated highway system was widely

studied to improve highway performance. Most of the

related studies focused on capacity evaluation (Hall, 1995;

Tsao et al., 1997) and control rules for platoon forma-

tion or split (Chien et al., 1995; Godbole & Lygeros, 1994;
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Hall & Lotspeich, 1996) on normal lanes. With the devel-

opment of connected vehicles (CVs), new treatments are

now possible since vehicles can communicate in real-time

through vehicle-to-vehicle or vehicle-to-infrastructure net-

works and thus drive more cooperatively than ever before

(Xu et al., 2020; Z.Wang et al., 2020). One notable approach

is to design cooperative lane-changing trajectories so that

merging maneuvers can be performed more effectively.

A mandatory lane changing (MLC) is usually defined as

a required task that must be performed to follow a specific

route (Z. Zheng, 2014). With the assistance of the emerg-

ing cooperative vehicles, major MLC decision modeling

approaches can be roughly classified into rule-based and

optimization-based methods.

In rule-based methods, the basic idea is to coordinate

mainline and ramp vehicles by certain rules so that

they could drive through bottleneck areas smoothly. For

instance, Ntousakis et al. (2016) proposed an automated

procedure for cooperative vehicle merging considering

the passenger comfort and engine effort in the on-ramp

with one mainstream lane. Model inputs include the time

to the merging point and the final speed for facilitating

the merging procedure. Moreover, the methodology can

also be applied through a model predictive control (MPC)

scheme in case of a system error. Scarinci et al. (2017) used

macroscopic and microscopic traffic flow theory to define

a cooperative merging strategy, which describes the gap

size for merging space and the time needed for creating

the merging gap. The research inspires us to coordinate

on-ramp vehicles with mainline gaps with the purpose

of facilitating merging in a connected environment. Liu

et al. (2018) extended a cooperative adaptive cruise con-

trol (CACC) modeling framework for car-following and

lane-changing rules with both CACC-equipped and

human-driven vehicles (HVs). The method includes

various vehicle dispatching and human driver models,

making it possible to reproduce the traffic dynamics in

multilane highways.

Optimization-based approaches seek to optimize merg-

ing trajectories for various vehicles subject to certain con-

straints. Letter and Elefteriadou (2017) designed a merging

algorithm to maximize average travel speed (ATS) for

connected and automated vehicle platoons on the main-

line and one-ramp lane. It revealed that in uncongested

conditions the algorithm was able to reduce travel time,

increase ATS, and improve throughput. Zhou et al. (2019)

transformed the merging maneuvers task into two related

optimal control problems, which are mainline facilitating

and merging vehicle optimal control. The motivation of

the proposed strategy was to restrain a facilitating maneu-

ver’s impact on the following traffic. Hu and Sun (2019)

developed an online system control algorithm by optimiz-

ing vehicles’ lane-changing and car-following trajectories.

The algorithm divided the ramp area into cooperative

lane-changing and merging regions to deal with multilane

merging problems. Jing et al. (2019) considered the global

optimal merging problem as a cooperative game to achieve

minimum values for the global pay-off conditions. The

optimization problem was then decomposed into multiple

two-player games. Fuel consumption, passenger comfort,

and travel time within the merging control zone were

used as the pay-off conditions. Ali et al. (2019) also applied

the game theory for modeling the comprehensive MLC

models in both the traditional environment and the CV

environment. The model showed high accuracy in repli-

cating observed MLC behavior and achieved minimum

values for the global pay-off conditions. Wu et al. (2020)

proposed a pre-clearing strategy to prioritize emergency

vehicles by developing an optimal trajectory for surround-

ing CVs. Chen et al. (2020) proposed a hierarchical control

approach to facilitate the merging of CVs on ramps. A tac-

tical layer controller applying a second-order car-following

model and an operation layer based onMPC are combined

to minimize an objective function for different time

horizons. The limitation is that their method can only be

applied to a merging area with one main lane. Duret et al.

(2020) also applied the two-layer controllers in splitting a

platoon of vehicles approaching an on-ramp. The results

showed the method guaranteed the possibility of forming

the platoon under safe conditions. Instead of setting

control areas upstream of the merging area, this study

combined the car-following model with the predictive

control to find the optimal trajectory for each vehicle.

In addition,many studies have attempted to improve the

traffic performance upstream of the work zone by adjust-

ing the location of traffic signs,which can be generally clas-

sified into early merge (EM) and late merge (LM) strate-

gies. The overarching idea of EM is to encourage vehicles

to executemerging before approaching thework zone, thus

reducing forced merges to improve efficiency (Tarko et al.,

1998; Yang et al., 2009). For LM, vehicles are encouraged

to use both the blocked and normal lanes until they reach

the merging point (Beacher et al., 2004; Kang & Chang,

2009; McCoy & Pesti, 2001). However, EM may increase

the travel time and delay as the vehicles are forced tomerge

into one lane far away from the work zone. Moreover, LM

may have safety issues for all the vehicles on the blocked

lane to change their lane near the work zone.

In summary, there are three notable limitations in most

existing studies. First, most MLC studies adopted the pas-

sive control approach to moderate merge demand, espe-

cially under overloaded demand. Proactive approaches to

avoid a system failure in advance are rare in the litera-

ture. Second, most studies such as EM or LM only focus on

either efficiency or safety. A more integrated study is nec-

essary considering both efficiency and safety issues. Third,
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F IGURE 1 The technical scheme of the present paper

F IGURE 2 Schematic layout of the emergency area

most studies in the connected traffic environment address

recurrent bottlenecks at fixed locations such as highway

ramps or weaving sections, where pre-solutions are deter-

mined. At nonrecurrent bottlenecks such as work zones or

crash sites, such treatments are not practical, where there

is a need for flexible strategies that could adapt to sporadic

emergency scenarios.

To this end, in this paper, we propose a cooperative con-

trol strategy for work zones, aiming to improve the traf-

fic performance in such areas through proactive regula-

tions and cooperative driving in a connected environment.

Figure 1 illustrates the technical scheme of the present

paper, which can be applied to typical work zones as illus-

trated in Figure 2. For convenience, the blocked lane in

work zones or crash sites will be referred to as the blocked

lane and other lanes as the normal lanes. The gaps men-

tioned in this research indicate distance headway. The pro-

posed control strategy includes two stages, that is, the regu-

lation stage and the merging stage. In the regulation stage,

a nonlinear programmingmodel is developed to adjust lon-

gitudinal positions of vehicles on the normal lanes with

the purpose of accommodating more merging vehicles.

Specially, we notice the fact that vehicles driving in pla-

toons usually result in a smaller average gap, indicating

that a large vehicle gap on normal lanes is more efficient

in accommodating merging vehicles than several small

and scattered gaps with the same total length. In other

words, we seek to moderately reform several small gaps

into large gaps so that vehicles could naturally drive with

smaller gaps due to platooning, instead of directly control-

ling headways. We propose a regulation longitudinal posi-

tion (RLP) model to adjust vehicular positions on normal

lanes to create larger gaps for merging as well as minimiz-

ing the introduced disturbance on those vehicles. Subse-

quently, with the regulated gaps, we develop an optimal

control strategy in the merging stage to design optimal

merging trajectories for all vehicles.

In the merging stage, we apply the sorting algorithm to

design optimal trajectories for vehicles in both the blocked

and normal lanes to complete the merging process with

minimum costs. The two-stage model is mainly developed

to relieve congestions at nonrecurrent bottlenecks and cer-

tainly also be applied to promote operational performance

in recurrent bottlenecks.

The remainder of the paper is arranged as follows: Sec-

tion 2 will introduce the assumptions and the nonlinear

model for the proposed control method; Section 3 illus-

trates a new gradient descent algorithm to solve our non-

linear programmingmodel; Section 4 presents a case study

to demonstrate the proposed controlmethod; and Section 5

concludes the paper with discussions.

2 METHODOLOGY

This section elaborates on the proposed models including

theRLPmodel applied in the regulation area and themerg-

ing control model used in the merging area. For the sim-

plicity of tracking notation, we summarize all of the nota-

tions in Table 1 for convenience.

2.1 RLPmodel

The work zone area features a reduced capacity due to

lane closure. When traffic volume exceeds capacity near

the work zone, it will contribute to flow breakdown and

lead to congestion that causes capacity drop. To avoid

breakdown and facilitate the merging before lane reduc-

tion point andmaintain capacity, we here propose the RLP

model to moderately make the vehicles more compact on

normal lanes so that larger lane-changing gaps could be

created to accommodate more merging vehicles. Details of

the RLP model will be elaborated later in this section.

2.1.1 Objective function

In this study, the following assumptions are made: (1) the

initial position and speed of each vehicle are known; (2)

before all vehicles in the normal lanes reach an identical

speed, they adjust longitudinal positions with the constant

acceleration/deceleration; (3) the length of the regulation

area andmerging area are fixed; (4) all vehicleswill comply

with the designed trajectories. In our research, the regula-

tion area length is crucial but depends on various factors

such as the optimal time, the traffic demand, and the lane

width. To focus on the key problem of vehicle cooperation,

we here assume a fixed length of the regulation area.

In the RLP model, we mainly consider two objec-

tives: (1) minimizing safety risks; (2) maximizing capacity
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TABLE 1 Notation list

� Index of the vehicles on any lane

� Index of the lanes

��� The index of vehicle � on lane �

��� The change of the relative distance between

vehicle � and its upstream neighboring � + 1 on lane

� after the regulation longitudinal position (RLP)

��,0� Number of vehicles that can merge into the gap

between vehicle � and its upstream

neighboring � + 1 on lane � before the RLP

��,1� Number of vehicles that can merge into the gap

between vehicle � and its upstream

neighboring � + 1 on lane � after the RLP

��,0� Speed of the vehicle � on lane � before the RLP

��,1� Speed of the vehicle � on lane � after the RLP

��� The acceleration rate of vehicle � on lane � during the

RLP

	�� Time for acceleration/deceleration during the RLP of

vehicle � on lane �

∆	�� The time difference to complete the acceleration or

deceleration between vehicle � and its upstream

neighboring � + 1 on lane �

��� The travel distance of the vehicle � on lane � during the

RLP

��,0� The location of vehicle � on lane � before the RLP

��,1� The location of vehicle � on lane � after the RLP

�,0� The available distance gap between vehicle � and its

upstream neighboring � + 1 on lane � before the RLP

�,1� The available distance gap between vehicle � and its

upstream neighboring � + 1 on lane � after the RLP

��� The security longitudinal distance between a vehicle

and its upstream neighboring on the same lane

���� The total travel time used in the RLP

�� The total number of vehicles on the blocked lane

��� The absolute value of the relative moving distance

between vehicle � and its upstream neighboring

� + 1 on lane � after the RLP

�
�,�
� Binary variable to determine the value of the piecewise

constant nondecreasing function

� The weighting factor of the capacity term for different

priority needs in optimization

���� The maximum vehicle speed

���� The minimum vehicle speed

improvement. Decision variables in the optimization prob-

lem include the speed ��,1� of vehicle � on lane � after the

regulation stage and the acceleration rate ��� of vehicle �

on lane � during the regulation stage. Safety and capacity

are two crucial objectives when vehicles are driving near

the emergency area. In our research, the regulation of gaps

can be seen as a disturbance to normal traffic, which may

induce conflicts and increase crash risk. The disturbance

is measured by the change of distance ��� between a vehicle

pair (here, we use vehicle pair to indicate a vehicle � and

its upstream neighboring vehicle � + 1 on the same lane)

due to the regulation as shown in Equation (1) inwhich the

sum of |���| represents disturbances to the normal traffic:

�1 = min

(
�∑
�=1

��∑
�=1

|���|
)

(1)

Since a large gap on normal lanes is more efficient in

accommodating merging vehicles than several small and

scattered gaps with the same total length, we measure

the increased capacity by counting the increased num-

ber of vehicles on the blocked lane that can merge into

the normal lane. After rearranging vehicles on the same

lane, some small gaps are combined into big ones between

vehicle pairs, which provide enough space for vehicles to

merge. Therefore, we optimize the capacity improvement

by maximizing the sum of increased gaps between any

vehicle pair:

�2 = max

(
�∑
�=1

��∑
�=1

��,1� −

�∑
�=1

��∑
�=1

��,0�

)

= min

(
�∑
�=1

��∑
�=1

��,0� −

�∑
�=1

��∑
�=1

��,1�

)
(2)

With both safety and capacity taken into consideration,

an objective function is definedwith Equation (3) in which

ω is the weighting factor of the capacity term for different

priority needs in optimization. Detailed explanations of ω

will be introduced in Section 4:

� = �1 − � �2

= min

(
�∑
�=1

��∑
�=1

||���|| − �∗

(
�∑
�=1

��∑
�=1

��,1� −

�∑
�=1

��∑
�=1

��,0�

))
(3)

2.1.2 Constraints

As illustrated in former studies (Castillo-Manzano et al.,

2019; Choudhary et al., 2018; Matírnez et al., 2013; Sun

et al., 2018; X. Wang et al., 2016; X. Wang et al., 2018),

the speed variation of vehicle pairs will increase the crash

risk. In addition, to keep the relative distance �,1� stable

after the regulation stage, one constraint in our research

is that all vehicles on the normal lanes have the identi-

cal speed ��,1� to enter into the merging area. Other con-

straints are developed mainly considering three aspects,

including: (1) vehicle dynamic, which describes the lon-

gitudinal behavior of each vehicle; (2) safety constraints,
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which guarantees the minimum distance between a vehi-

cle pair; (3) capacity improvements, which guarantees that

the merging demand due to work zones can be accommo-

dated after regulation.

(1) Vehicle dynamic

In this paper, we assume that each vehicle in the regula-

tion area executes either uniform acceleration or decelera-

tion motion to reach the identical speed ��,1� , respectively.

For a single vehicle, the speed before and after the RLP is

��,0� and ��,1� , respectively. As a result, each vehicle on the

normal lane needs 	�� to achieve the desired identical speed

as follows:

	�� =
��,1� − ��,0�

���
(4)

�max ≤ ��,1� ≤ �min (5)

If the vehicle does not need to execute acceleration or

deceleration, it will cruise at a constant speed ��,1� during

the whole RLP.

The variety of ��� and �
�,0
� contributes to different 	�� for

acceleration or deceleration. As a result, the time differ-

ence∆	�� between a vehicle pair during the regulation stage

can be obtained:

∆ 	�� = 	�� − 	��+1 (6)

To ensure that the regulation can be completed in time

before the lane reduction point, we set up a time threshold

�max , which is the maximal regulation time:

	�� ≤ �max (7)

After the regulation stage, all the vehicles on the nor-

mal lanes have the identical speed of ��,1� . However, since

the acceleration (deceleration) time 	�� for each vehicle is

different, vehicles with longer regulation time may exe-

cute either uniform acceleration or deceleration motion

first, and then travel at the constant speed ��,1� until all the

vehicles in the regulation area cruise with ��,1� . Therefore,

the travel distance ���� consists of two parts, that is, the

uniform acceleration (deceleration) part and the constant

speed part, which are modeled as follows:

��,1� = ��,1�+1 (8)

��� =
(��,1� )

2
− (��,0� )

2

2∗���
+ �max − 	��

∗��,1� (9)

���+1 =
(��,1�+1)

2
− (��,0�+1)

2

2∗���+1
+ �max − 	��+1

∗��,1�+1 (10)

(2) Safety constraints

To avoid traffic conflicts, a safety distance should always

be maintained between a vehicle pair in the longitudinal

direction during regulation as defined in Equations (11)

and (12):

�,0� ≥ min (11)

�,1� ≥ min (12)

Although safety distance may depend on the speed of

vehicles, we assume a constant length min as the safety

distance to facilitate modeling and solution development.

Since the cooperative driving concept is adopted in this

study, we believe that a uniform safety distance can be a

reasonable simplification because each vehicle is aware of

other vehicles’ movements, which could largely reduce the

risk of conflicts.

(3) Capacity improvements

In our research, themerging capacity is increased by reg-

ulating the longitudinal distance between different vehi-

cles. The relative moving distance between vehicle � and

its upstream neighboring � + 1 on lane � after the regula-

tion stage can be obtained by the travel distance of a vehicle

pair:

��� = ��� − ���+1 =
(��,1� )

2
− (��,0� )

2

2∗���
−
(��,1�+1)

2
− (��,0�+1)

2

2∗���+1

− ∆	��
∗��,1� (13)

The available gap between a vehicle pair before and after

the regulation stage is according to the initial location and

the relative moving distance, respectively:

�,0� = ��,0� − ��,0�+1 (14)

�,1� = �,0� + ��� (15)

With a larger distance between a vehicle pair, the num-

ber of vehicles that can merge into the gap increases. The

number of vehicles that can merge into a gap of length �,1�
can be seen as a function of the gap length. In addition, a

fact is that in the merging area, the average gap occupied
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F IGURE 3 The illustration for accommodating vehicles

by a vehicle is smaller in larger gaps than that in smaller

gaps.

The mentioned phenomenon is illustrated in Figure 3.

It is assumed that the minimum gap �,1� to accommodate

one vehicle is �2, while when the 
�,1
� changes from �2 to

�3 − � (where � is infinitesimal to ensure the inter-vehicle

space cannot accommodate two vehicles), the gap still can

only accommodate one vehicle. When the former vehicle

moves ahead �meters longer than the later vehicle, the �,1�
can then accommodate two vehicles. Therefore, the aver-

age gap occupied in larger gaps by a vehicle is smaller than

that in smaller gaps.

To estimate the increased capacity during the RLP, we

here design a piecewise constant nondecreasing function

to map the gap length to merge capacities according to the

average gap.Without loss of generality, we assume that the

function is divided into � + 1 segments as Equation (16)

��,1� =

⎧⎪⎪⎪⎨⎪⎪⎪⎩

0 �1 ≤ �,1� < �2

1 �2 ≤ �,1� < �3

⋮

� − 1 �� ≤ �,1� < ��+1

� ��+1 ≤ �,1�

(16)

where �1, �2, … ��, ��+1 are threshold values of gaps.

To ensure that all of the vehicles on the blocked lane can

merge into the normal lane, the sum of ��,1� on the normal

lanesmust be larger than the traffic demandon the blocked

lanes as defined in Equation (17):

�∑
�=1

�∑
�=1

��,1� ≥ �� (17)

F IGURE 4 FThe sorting algorithm

We would like to note that, in this step, the vehicles

on the blocked lane are not directly assigned to the cre-

ated gaps. The major reason is that such a mapping pro-

cedure indicates solving the regulation problem and the

matching (vehicle-to-gap) problem simultaneously, which

both are NP-hard problems. Solving several NP-hard prob-

lems simultaneously can be very challenging and even

intractable in practice. Moreover, we believe that creating

as many gaps as possible for merging vehicles is a more

robust and possibly safer approach, compared with assign-

ing each vehicle explicitly to a gap that needs to be created,

especially in unexpected cases such aswhen there aremore

merging vehicles coming.

2.2 Merging control model

After longitudinal regulations, the normal lanes are well

prepared with larger feasible lane-changing gaps, and the

subsequent issue is how and when vehicles on the work

zone lane merge into normal lanes. Here, we applied the

sorting algorithm (Wu et al., 2020), which could find opti-

mal trajectories to transform a multi-lane vehicular pla-

toon from any permutation to any desired permutation

through cooperative driving.

A brief introduction of the sorting algorithm is presented

as shown in Figure 4. In the sorting algorithm, we first

discretize the vehicle platoon as a grid system, which is

further modeled with a matrix presentation. The problem

of cooperative merging is then converted to a problem of

matrix transformation, following practical rules of vehicle

movements. Subsequently, each matrix that denotes a per-

mutation of the vehicle platoon is considered as a vertex

in a graphic domain. Following this logic, finding the opti-

mal trajectories to complete the merging is equivalent to

finding the shortest path between the initial and objective

nodes in the graphic domain, which can be easily solved by

many existing path-finding algorithms. Note that in each

movement step, a vehicle can only move to an adjacent
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cell. More details can be found in the previous work of the

authors (Wu et al., 2020).

3 SOLVING ALGORITHM

In this section, we develop a two-step algorithm to improve

the operation in the regulation area and provide a brief

introduction of the sorting algorithm applied in the merg-

ing area.

3.1 A two-step solving algorithm for the
regulation model

In the regulation stage, both ��,1� and ��� are decision vari-

ables, and the problem has been formulated as a nonlin-

ear programming problem with the objective function of

Equation (3) and constraints from Equations (4) to (17).

In the two-step solving algorithm, in order to simplify the

model, we first perform the following transformation on

the original model:

(1) Linearize the objective function.

The existence of absolute values in the objective function

complicates the model, and we introduce a new variable

���, which satisfies

��� ≥ ��� (18)

��� ≥ −��� (19)

Then, the objective function can be derived as

� = min

(
�∑
�=1

��∑
�=1

��� − �∗

(
�∑
�=1

��∑
�=1

��,1� −

�∑
�=1

��∑
�=1

��,0�

))

(20)

(2) Linearize the piecewise constant nondecreasing func-

tion.

We introduce � + 1 binary variables �
�,�
� (j = 0, 1, 2, . . . ,

p–1, p), and set the binary matrix B as

� =
[
��,0� , ��,1� , ��,2� , … , ��, −1� , ��, �

]
(21)

The piecewise constant nondecreasing function can be

explained in Equations (22) to (25):

�∑
�=0

�
�,�
� = 1 (22)

��,1� = � ∗[0, 1, 2, … , (� − 1) , �]
�

(23)

�,1� > �∗
[
�1, �2, �3, … , ��+1

]�
(24)

�,1� ≤ �∗
[
�2, �3, … , ��+1,!

]�
(25)

whereM is a big value.

We apply a two-step algorithm to solve this optimization

model. The basic idea is to convert this nonlinear program

model into a linear program model. For the ��,1� is limited

to a certain range upstream the work zone, we first use the

gradient descent method to determine the ��,1� , and then

only the ��� is unknown. As a result, we can regard the

model as the linear program model.

In the gradient descent method, we use the first-order

difference to replace the derivative for determining the

descent direction:

∇� (�) =
� (� + ∆�) − � (�)

∆�
(26)

Then, the initial speed of the next iteration �2 is

�2 = �1 − #∗∇� (v) (27)

where �1 is the speed of the former iteration, and # is the

step size and # ∈ �+.

The complete two-step algorithm used in the RLP to

solve the optimization model is illustrated as follows:

Algorithm I Calculation of function value of Equation (20)

3.2 Sorting algorithm for merging

As described in Section 2.2, the problem of cooperative

merging is converted to a problem of matrix transfor-
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TABLE 2 Optimization model parameter values designation

Parameter Value Parameter Value Parameter Value Parameter Value

� 10 (m/veh) min 10 (m) �� 12 (veh) �max 20 (s)

TABLE 3 Initial values of the model

Vehicle name %&
&

%&
'

%&
*

%&
-

%&
.

%&
/

%'
&

%'
'

%'
*

%'
-

%'
.

%'
/

%'
4

��,0� 103 84 66 51 26 0 120 109 90 78 53 18 0

�,0� 19 18 15 25 26 11 19 12 25 35 18

��,0� 0 0 0 1 1 0 0 0 1 2 0

��,0� 20.1 20.5 20.1 20.8 20.2 19.1 20.9 20.8 21 19.7 20.3 21.1 21.3

mation, where each node represents a permutation and

each edge represents the “cost” associated with all vehi-

cle movements to reach the permutation. To complete the

merging operation, the solving process can be seen as find-

ing the optimal trajectories for each vehicle to merge into

the normal lanes. The basic logic of the sorting algorithm

is adopted here to solve the cooperative driving problem

based on the results of the regulation model. Unlike our

previous work inWu et al. (2020), which mainly addresses

the vehicle platooning problem at signalized intersections,

the objective in this study is to achieve a vehicular permu-

tation in which all vehicles drive on the normal lanes. The

Manhattan distance is used as the heuristic function when

finding the shortest path in themodeled graph as shown in

Figure 4. More details can be found in the previous work

of the authors (Wu et al., 2020).

4 CASE STUDY

In this section, a case study is provided to illustrate the pro-

posed method. First, the proposed two-step algorithm is

demonstrated for the regulation stage. We then investigate

the influence of � and ���� on capacity improvements.

At last, we further explore the possibility of applying our

algorithm to a framework to traffic demand management

problems. Without loss of generality, in the case study, we

assume a typical three-lane highway with a closed work

zone occupying one lane as illustrated in Figure 2.

4.1 Experiment setup

Ghiasi et al. (2017) concluded the headway distribution in

different types of traffic including the traditional pureHVs,

mixed vehicles, and pure automated vehicles (CAVs). It is

summarized that the headway values between two HVs

range from 0.7 to 2.4 s, and those between two CAVs range

from 0.3 to 2 s. In our research, all of the vehicles are con-

nected and will drive cooperatively. Therefore, we select

0.5 s as the minimum headway between a vehicle pair on

the same lane.

In our research ��� is set up as 10 m, and the piecewise

constant nondecreasing function Equation (16) for vehi-

cles on the blocked lane to merge into the normal lane is

assumed to be

��,1� =

⎧
⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

0 0 < �,1� < 20

1 20 ≤ �,1� < 30

2 30 ≤ �,1� < 40

3 40 ≤ �,1� < 50

4 50 ≤ �,1� < 60

5 60 ≤ �,1� < 70

6 70 ≤ �,1� < 80

7 80 ≤ �,1�

(28)

For simplification, we only set Equation (16) as an

eight-segment piecewise constant nondecreasing function.

The specific formulation of Equation (16) can be flexibly

adjusted in different conditions. The parameter � is to bal-

ance the weight between the first and second terms in the

objective function. In our case study, we consider capac-

ity improvement and safety of equal importance. Since the

incremental gap for accommodating an additional merg-

ing vehicle equals 10 m, � is assumed to be equal to

10 m/veh. A list of the regulation stage model parameter

values and initial values is shown in Tables 2 and 3.

4.2 Results

The regulation model is optimized by the two-step algo-

rithm introduced in Section 3. The optimal speed ��,1� for

the case study is found to equal 17.289 m/s, and the cor-

responding objective value is −63 m. Note that the objec-

tive function defined in Equation (3) is a weighted func-

tion that seeks to balance safety risks and improvements on
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F IGURE 5 The objective function value of different ��,1� with

� = 10m/veh

the storage capacity of gaps in normal lanes. A noteworthy

problem is that with different initial values, the algorithm

found the same optimal objective value with different opti-

mal speed ��,1� . In such condition, we propose a method

to determine the optimal speed ��,1� , with the objective to

reduce the intensity of the disturbance by Equation (29),

where ��
f inal

denotes the optimal speed in the ith iteration:

��,1� = argmin
��
f inal

(
2∑
�=1

��∑
�=1

(
��
f inal

− ��,0�

))
� = 1, 2, 3… :

(29)

It should be noted that the method of selecting the final

speed could be adjusted according to the specific traffic sce-

nario and other practical concerns, such as speed limit.

Table 4 shows the solution of the case study in the regu-

lation stage. Before optimization, the vehicles on the nor-

mal lane only can accommodate five vehicles from the

blocked lane to merge. After optimization, it can accom-

modate 17 vehicles within �max = 20 s. From Table 4, we

can find that most vehicles first decelerate and then drive

at a constant speed of ��,1� to maintain the relative distance

between a vehicle pair.

In order to verify the effectiveness of the two-step algo-

rithm, we use the enumeration approach to find the glob-

ally optimal result. Since the model is nonlinear, we first

enumerate the value of ��,1� , which ranges from 15 to 25m/s

with a step size of 0.1. Then the model is converted to a

linear function with the decision variables ��� and can be

solved by the Gurobi solver. After the enumeration, the

relation between ��,1� and the objective function value is

presented in Figure 5. It shows that when the ��,1� ranges

from 14.8 to 17.3 m/s, the objective function achieves and

maintains the minimum value of −63 m. When the iden- T
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F IGURE 6 The objective function value of different ��,1� with

various �

tical speed is growing larger than 17.3 m/s, the value of

the objective function increases significantly.Moreover, for

the scenario with ω = 10, the objective values are the same

when the ��,1� varies from 14.8 to 17.3 m/s. To reduce the

intensity of the disturbance, ��,1� is selected as 17.3 m/s,

which is consistent with the results solved by the afore-

mentioned two-step algorithm.

4.2.1 Comparison against different weight
coefficient

In this subsection, we explore how the weight factor �

affects optimal results. In Section 4.1, we grant equal prior-

ity to traffic safety and capacity for illustration. In practice,

engineers and local authorities could use different � for

various traffic control objectives. Figure 6a shows how

� affects the optimal solution when � ranges from 0 to

F IGURE 7 The relation between the storage capacity of gaps

and �max with �
�,1
� = 17.289m/s

9m/veh with 1 step size. The square marks the optimal ��,1�
for a specific value of �. In certain orders of magnitude,

with the decrease of �, the optimal vehicle speed shows a

piecewise increase. The results contribute to the decline of

the relative speed variation before and after the RLP,which

may reduce the intensity of the disturbance. It is also con-

sistent with the realistic condition, as small � means that

the safety is more important, leading to smaller relative

speed variation and thus less traffic risk. Figure 6b shows

that the optimal vehicle speed is relatively stable when �

ranges from 10 to 45 m/veh. The reason is that the capacity

term is dominating during optimization so that the optimal

speed that mainly affects the safety term remains stable.

4.2.2 Comparison against different total
travel time

Now we explore when the optimal vehicle speed ��,1� is

17.289 m/s, how different values of �max affect the stor-

age capacity of gaps measured by the number of vehicles

that can fit in those gaps. Figure 7 indicates that with the

increase of �max , the total storage capacity of gaps shows

an upward trend. With longer regulation time, vehicles on

the normal lanes have more time to adjust their longitu-

dinal positions, and thus more storage capacity of gaps is

produced. This finding could help the traffic management

department to intuitively design a specific�max or a certain

length of regulation area for real-time traffic control based

on the traffic demand.

While the �max also affects the optimal speed result

��,1� , we set the �max value of the RLP varying from 10 to

60 s with the step size 1 s. An interesting phenomenon

is that as �max increases, the storage capacity of gaps
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TABLE 5 Simulation scenarios

Scenarios Regulation Available gaps Num of vehicles Num of samples

1 Before 5 5 30

2 After 17 5 30

3 After 17 6 30

4 After 17 7 30

5 After 17 8 30

6 After 17 9 30

7 After 17 10 30

F IGURE 8 The relation between the storage capacity of gaps,

��,1� and �max

does not increase infinitely but shows a modest growth

as shown in Figure 8. With the increase of �max , the opti-

mal ��,1� becomes larger. The results also contribute to the

decrease of the speed variation before and after the RLP,

which reveals the improvement of the safety effect. The

results reflect that our proposed RLP has the ability to

adjust the relationship between the capacity and safety.

With the larger �max , the storage capacity of gaps does not

change a lot considering the mutually restrictive relation

from the safety.

4.2.3 The merging result

To investigate the benefits of the proposed method in facil-

itating merging maneuvers, we further examine the merg-

ing performance in various scenarios based on the initial

setups in Table 3 and the regulation results in Table 4. Since

the estimated merging demand is set up as 12 vehicles in

this case study, theoretically, the regulated platoon could

accommodate any merging demand with a platoon size

smaller than 12. Therefore, seven scenarios are developed

F IGURE 9 The comparison of maneuver complexity between

scenarios 1 and 2

to compare the complexity of merging maneuvers under

various merging demands as shown in Table 5.

Specifically, the minimal merging demand is set up as

five vehicles, which can be just accommodated by the

platoons on normal lanes before regulation. In addition,

an increasing number of merging vehicles are examined

where only the regulated platoon can serve the merging

demand. For each scenario, we randomly generated 30 dif-

ferent initial permutations with a fixed number ofmerging

vehicles, and for each permutation, the sorting algorithm

is applied to find the optimal merging trajectories. In the

present paper, we only focus on the complexity of merging

behaviors, which is denoted by the total number of vehicle

maneuvers, including accelerations/decelerations or lane-

changing maneuvers.

Figure 9 presents the comparison of maneuver complex-

ity between scenarios 1 and 2, entitled the original and new

group, respectively. The figure implies that when serving

the same number of merging vehicles, the regulated group

clearly requires less vehicular maneuvers than the orig-

inal group due to the increased number of usable gaps.

This demonstrates that evenwhen the original group could
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F IGURE 10 The comparison of maneuver complexity under

various merging demand

accommodate all merging vehicles, the implementation of

the regulation is still beneficial.

Figure 10 shows the number of vehicular maneuvers

of the regulated platoon under various merging demands.

It can be found that an increasing number of merging

vehicles will also induce more merging maneuvers. Even

though the result appears to be intuitive, this indicates a

tradeoff between the storage capacity of gaps and maneu-

ver complexity, which should not be ignored whenmaking

related decisions. However, this topic is beyond the scope

of the present paper and needs more future work.

4.2.4 Possible applications in traffic demand
management

For traffic control, in reality, the application of different

control models is still an important issue (Han et al., 2017).

The proposed model here can be combined with the feed-

back control to coordinate the traffic condition upstream

and downstream of the emergency area.

The feedback rampmetering algorithmALINEA shown

as Equation (30) can be applied in this research, which

is based on the proportional-integral feedback control law

(Papageorgiou et al., 1990).

q (�) = @ (� − 1) + �� [B̂ − B (� − 1)] (30)

where � = 1, 2, … is the time index; @(�) is the enter-

ing flow during the new period �; B(� − 1) is the mea-

sured occupancy over the work zone area; B̂ is the desired

occupancy over the work zone area; and �� is a regulator

parameter.

In our research, the feedback control can be imple-

mented according to Equations (31) and (32).

�∑
�=1

�∑
�=1

��,1� = � (� − 1) + �� [C − � (� − 1)] − ��B�−B (�)

(31)

� (�) = �B (�) + ��B�−B (�) (32)

where �(�) is the entering flow into the regulation area

during the new period �; C is the desired traffic flow

(capacity) of the lanes in the work zone area; ��B�−B(�)

is the entering flow of the normal lanes; and �B(�) is the

entering flow of the blocked lane.

When the emergency area is close to its capacity,

the upstream of the regulation area should immediately

improve the current control strategy to limit the traffic

flow, such as the variable speed limit control. As a result,

the established ��,1� (�) in the RLP is adjusted according to

the upstream and downstream traffic condition of the reg-

ulation area aiming at throughput maximization. It can

facilitate the traffic management department to formulate

reasonable traffic controlmeasures in timewhen the emer-

gency arrives.

4.3 Comparison of different traffic
volume

In order to further investigate the performance of the pro-

posed control method, we here conducted comparative

studies in different scenarios between the proposed meth-

ods and several existing strategies.

4.3.1 Results evaluation with and without
control measures

Here, we explore how the proposed method performs,

compared with the traffic condition without control in dif-

ferent traffic volumes, which is completed by the state-

of-the-art traffic simulation software Paramics. Fritzsche’s

model is applied in the car-following model in Param-

ics, which is based on a psychophysical model (Fritzsche,

1994). Specifically, it assumes that the driver can have one

driving mode: Following I, following II, danger, closing

in, and free driving (Brockfeld et al., 2003; Panwai & Dia,

2005). The input trajectory of our RLP is generated by the

Paramics. We also compare our results with the basic sce-

nario without control created in Paramics. In the exper-

iments, the input volume varies from 1800 to 3000 vph

with an increment of 600 vph on a three-lane highwaywith

a closed work zone occupying the left, middle, and right
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TABLE 6 Comparison of average travel speed (ATS) with and without control

Volume

(vph)

Blocked

lane

ATS (m/s)

Platoon Paramics

1800 Left 23.07 25.60

2400 Left 21.02 19.84

3000 Left 18.29 6.67

1800 Middle 18.87 22.19

2400 Middle 16.38 7.65

3000 Middle 13.53 5.74

1800 Right 25.03 26.36

2400 Right 24.35 25.75

3000 Right 18.52 15.77

TABLE 7 Comparison of different control method

Volume

(vph)

Mean travel time (s)

Platoon Paramics Early merge Late merge New EnglandMerge

1200 100.4 101.2 115 112.1 114.2

1600 109.1 188.4 231.4 174.3 118.5

2000 112.7 252.7 484 482 189.8

lanes, respectively. To make the analysis realistic, 70% cars

and 30% trucks are considered in the simulation. The speed

is limited to 105 km/h. A notable thing is that in various

traffic scenarios, the total length (TTL) of the regulation

area and the sorting area is different. The ATS is selected

as the measurement of performance, and the results are

shown in Table 6. To avoid confusion, here the platoon

regulation (denoted as “platoon” in Tables 6 and 7) indi-

cates a control scenariowith our proposedmethod, and the

Paramics represents the scenario without control.

As shown in Table 6, in low traffic volume scenarios,

the no-control group performs slightly better than the pla-

toon regulation algorithm. A major reason is that, in the

low traffic volume, vehicles are encouraged to acceler-

ate to free flow speed in the simulation software and are

able to smoothly perform lane changing in a natural way.

While our method constrains that all vehicles need to fol-

low the identical optimal speed. In the high traffic vol-

ume, the proposed algorithmpresents improved efficiency,

compared with the no-control group due to cooperative

driving. When the high traffic density exceeds the one

that achieves capacity, traffic flows become unstable and

congested, leading to queueing upstream without control

(Gartner et al., 2001). With different initial traffic condi-

tion, �max may vary from nearly 10 to 50 s. In order to

meet allmerging demands, in each scenario, we choose the

maximum �max to facilitate the regulation. In the table, it

can be found that the ATS in the control group does not

change as dramatically as those in the no-control group.

The reason is that vehicles are driving cooperatively and

are thus largely able to maintain the identical optimal

speed.

4.3.2 Results comparison with other similar
research

A comparative study is also conducted to show the perfor-

mance of different ideas on regulating vehicles upstream

of the work zone. The EM, LM, and New England Merge

(NEM) strategies asmentioned in Ren et al. (2020) are con-

sidered under different density, which varies from 1200 to

2000 vph with an increment of 400 vph.

Similar to the present paper, NEM also investigates the

problem of setting some areas upstream of the work zone

with different objectives. However, the fundamental ideas

of the two studies are different. In their study, before enter-

ing the merging area, vehicles in both lanes are projected

onto a single virtual lane, and all the distance headways

are expected to be close to but greater than the safe dis-

tance. On the contrary, in our research, vehicles adjusted

their positions according to the optimal solution with the

purpose of making full use of spatial gaps. Here, we use

the same setups as those in Ren et al. (2020), where a work

zone on a two-lane highway is considered with the right

lane blocked; 70% cars and 30% trucks are considered in

the platoon. The speed limit is set as 70 km/h. Notably, in

their research, the mean travel time (MTT) is selected as

the measurement of effectiveness measured from 1720 m

upstream of the work zone. The results are presented in
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Table 7. The proposed platoon regulation algorithm shows

the minimumMTT in all considered scenarios.

Compared with the NEM strategy, in the low ormedium

traffic volume environment (e.g., 1200 and 1600 vph),

though the platoon regulation performs the best, the per-

formance of the two strategies is quite similar. In the high

traffic volume environment (e.g., 2000 vph), the proposed

method in this paper outperforms other groups. As afore-

mentioned, in the low or medium traffic volume environ-

ments, vehicles have more opportunities to naturally com-

plete lane changing, while in the high traffic volume traffic

environments, it may cause congestion spread upstream of

the work zone without a proper control method, leading to

decreased speed.

5 CONCLUSION AND DISCUSSION

In this paper, we propose a cooperative control strategy

to facilitate merging control when vehicles are approach-

ing the blocked lane. The basic idea is to exploit the ben-

efits of CV technology in regulating vehicle trajectories

at a regulation area, which is set upstream of the work

zone. The proposed strategy consists of two stages, which

are the regulation and the merging stages. In the regula-

tion stage, we develop a nonlinear model called the RLP

mainly to increase the capacity of the normal lanes as

well as minimizing the influence on normal vehicles. The

nonlinear model is further refined to a linear model by

the designed two-step algorithm. The output of the RLP

is used as the input of the merging control model in the

merging stage. The sorting algorithm is applied to find

the final optimal merging trajectories. Numerical experi-

ments are conducted to demonstrate the effectiveness of

the proposed control model. The result of the case study

indicates that the proposed method could significantly

improve the capacity of work zones. The present study also

shows the possibility of combining the proposed method

with existing ramp metering methods. Clearly, different

initial setups will lead to different results. Even though we

endeavor to provide sensitive analysis for crucial variables,

it is intractable to examine all parameters in a paper of rea-

sonable length. In practice, engineers and traffic manage-

ment departments can adjust those initial setups according

to real data to better formulate treatments against emer-

gency events.

We summarize the contributions of this research as fol-

lows:

(1) We divide the area upstream of the work zone into

the regulation and the merging areas, and a proac-

tive approach to regulate the cooperative vehicles

upstream of the work zone is proposed.

(2) Both efficiency and safety issues are considered in the

RLP model when vehicles travel across the regulation

area.

(3) Different from the previous trajectory optimization

studies, this study is carried out at nonrecurrent bot-

tlenecks such as work zones or crash sites.

Several limitations of this study are notable. First, the

proposedmethod relies on a 100% penetration rate of coop-

erative vehicles. Future studies are desired to address the

problem of mixed platoons with noncooperative vehicles

in which the present study can serve as a building block.

Second, how to control the capacity upstreamof the regula-

tion area combined with the proposed model needs future

investigations. Third, some safety issues such as the safety

of theworkforce in awork zone are ignored. Future studies

are desired to consider more factors in the control frame-

work. In addition, the proposed method cannot address

fully congested scenarios that entail traffic management

on a larger scale.
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