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Intersection regionswidely exist in road networks as crucial connections, and the congestion effects on traffic in the networks cannot
be ignored. In general, a conventional intersection region includes a merging region and more than two ramps, whose congestion
brings a serious negative effect on traffic service quality and satisfaction of drivers. Specifically, intersection region congestion is
caused by congestion in merging regions. However, current control methods regarding coordination of the variable speed limits
and ramp metering in order to solve merging region congestion are insufficient to handle congestion occurring in the intersection
region. Therefore, a new method of coordinated control is proposed in this paper based on mainline control using the variable
speed limits and coordinated rampmetering.The coordinated control method is formulated considering the degree of crowdedness
indexes and implemented based on the queue length, with the goal to relieve congestion in conventional intersection regions caused
by merging region congestion. The coordinated control method is further evaluated based on an actual traffic network. The results
show that the proposedmethod is effective in terms of improving traffic service quality and relieving intersection region congestion.

1. Introduction

Congestion in road networks becomes more noticeable in
modern societies, bringing negative effects on sustainable
development of the Intelligent Transportation System (ITS),
such as traffic service quality, fuel consumption, and traffic
costs and benefits. In general, traffic congestion can be
solved or relieved by constructing a new road or developing
road facilities, but these methods are costly, labor-intensive,
and time-consuming. Therefore, it is necessary to focus on
better utilization of the existing road infrastructure using
scientific and reasonable traffic control methods to mitigate
congestion and improve service quality. In the past decades,
numerous control methods and strategies were developed
and implemented to relieve congestion in networks.

The variable speed limits (VSL) control method, as a
new traffic control measure, is widely applied on freeway
mainlines to solve the traffic congestion problem [1–3].
The reliability and practicability of the VSL is validated in
previous studies using numerical and dynamic simulations of
power systems [4–6]. The VSL can be defined as a dynamic

control method using dynamic changes in reasonable VSL
values to improve current traffic conditions. The VSL values,
as the core of the VSL control method, are calculated
in diverse traffic conditions involving traffic flows, traffic
density, and so forth. It is recognized that VSL control is
an effective method of improving the security and efficiency
of freeway networks [7–15]. However, when heavy traffic
congestion occurs in a regional network, especially on the
intersection of traffic regions,VSL control becomes inefficient
for solving the traffic problem. Therefore, to overcome these
limitations of the method and solve the congestion prob-
lem in complicated networks, coordinated control methods
involving VSL control and ramp metering have gradually
drawn attention by scholars.

Coordinated methods involving VSL control and ramp
metering were investigated in [16–20], where their validity
in solving the congestion problem in independent merging
regions has been proved. It is necessary to state that an
independent merging region is defined as slight congestion
presented in the merging region. Although a lot of trans-
portation studies were dedicated to this topic, such as [21, 22],
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Figure 1: Studied network.

there are some difficulties in applying these proposed meth-
ods based on some complicated models, such as calibration
of parameters and model training. At the same time, in
previous coordinated control approaches, such as [23–25],
simulation results were not satisfactory. Furthermore, most
of the coordinated control methods combining VSL control
with ramp metering were proposed to improve congestion
in independent merging regions of freeway networks, such
as [26, 27]. However, when heavy traffic congestion exists
in a dependent merging region where the in-ramp connects
to another major traffic road, current coordinated control
methods involving VSL control and ramp metering are
invalid. Congestion in a dependent merging region existing
widely in freeway networks has some negative effects on the
on-ramp upstream of other roads, such as lower efficiency of
traffic operation and shortage of services supply. Therefore,
to propose a simple and effective control method to solve this
congestion problem is necessary and important.

In this paper, a new optimal coordinated control method
involving VSL control and coordinated ramp metering is
proposed to solve the congestion problem of conventional
intersection regions. Specifically, the queue length in each
link of the studied network is considered as a threshold
parameter to meet the requirement of the coordinated
control strategy. In addition, because traffic conditions can
be described well by traffic density fluctuations, the traffic
density parameter is chosen as the primary parameter to
construct the evaluation index measuring the degree of
crowdedness. Further, correction of errors is considered to
adjust the process of coordinated control. The contributions
of this paper can be summarized as follows.

(i) A universal congestion problem of conventional
intersections of road networks is considered, and
traffic operation characteristics of studied networks
are analyzed and studied.

(ii) A novel coordinated control strategy is proposed, and
the queue length in each link of the studied network
is considered as a threshold parameter.

(iii) The degree of crowdedness evaluation index is con-
structed based on the density parameter, which is
the core value of the coordinated control method
proposed in this paper. The index is used to adjust
the priority of the outflow of each link in the studied
network. The greater the degree of crowdedness, the
more the right of way that should be given to the link.

This paper is organized as follows. Section 2 introduces
the research freeway region and describes the traffic con-
gestion problem. In Section 3, a novel coordinated control
method is proposed. Section 4 presents a real traffic network
and several illustrative results. Finally, in Section 5, conclu-
sions and some topics for further research are stated.

2. Traffic Problem of Application Network

In this paper, the intersection region of a road network is
considered; see Figure 1. The studied network includes a
merging region and several ramps, so that the network is quite
complicated compared to a regular merging region and has
inevitable congestion during peak hours. In order to present
a reasonable and suitable control method and strategy, it is
crucial to give a detailed description and explanation of traffic
operation in the intersection region.

As shown in Figure 1, there are three mainlines and three
ramps in the studied network. Specifically, the three ramps
include one on-ramp, 3, and two off-ramps, ramps 1 and 2.
When the traffic demand becomes higher than the capacity
of the merging region, congestion occurs in the intersection
region. The process of congestion based on the diffusion of
congestion can be divided into three parts: congestion of the
merging region, congestion of ramp 3, and congestion of the
transition region. The process of congestion formed during
the peak period in the intersection region is discussed below.

Traffic congestion first takes place in the merging region
of the studied network, depicted in Figure 2(a). If the arriving
flow coming from both mainline C and ramp 3 is higher than
themerging region capacity 𝑞mer,cap, the traffic problem in the
merging region appears. Then, there is a queue that forms
in mainline C and ramp 3. While the traffic demand in the
merging region continues to increase, overcrowding at ramp
3 starts causing negative influence on transition region traffic
operation.

Figure 2(b) shows a transition region upstream of the
merging region. When the queue length exceeds the length
of ramp 3 during the peak period, congestion appears in
the transition region. At the same time, the right of way of
ramp 3 vehicles flowing into the merging region is restricted
by common rules. The traffic congestion in the transition
region appears. Vehicles in the transition region queue that
come from ramp 1 are denoted as 𝑞

𝑟
1

and from ramp
2 as 𝑞

𝑟
2

. Specifically, in the transition region, the partial
outflow of ramps 1 and 2 finishes the interleave behavior.
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Figure 2: Traffic problem decomposition diagrams.

There is a diversion point existing in the transition region
dynamically which is defined as a decision point whether the
vehicles flowing into the on-ramp 3, which can be seen in
Figures 1 and 2(b). In the beginning, the queue phenomenon
only exists in lane 1 of the transition region. With an increase
in the queue length of lane 1, the diversion point moves up
continuously along the transition section. Once the diversion
point arrives at the position close to ramps 1 and 2, congestion
occurs in ramps 1 and 2. However, if the inflow of ramps 1 and
2 continues to increase, the spillback queue of ramps 1 and 2
has negative influence on mainline A and mainline B traffic
operation.

Congestion in transition regions is universal in road
networks with the increase in car ownership. Using the above
analysis, we can see that themerging region is presented as the
origin of congestion in the transition region. In this studied
network, merging region congestion not only affects merging
region traffic operation, but also influences traffic conditions
of the adjoining regions and the whole regional network.
Therefore, a reasonable and effective traffic control method
is crucial to relieving congestion in transition regions of road
networks.

3. Formulation of the Coordinated
Control Method

The studied network is represented by a directed graph where
the links of the graph represent stretches, as shown in Figure 1.
According to the discussion of traffic operation in Section 2,
traffic congestion in the studied network is a complicated
problem.Therefore, in order to enhance traffic service quality,
a novel coordinated control method including a variable
speed limit and coordinated ramp metering is proposed.
Specially, theVSL control region is placed at a particular place
of the mainline C, and coordinated ramp metering points
are located in ramp 1, ramp 2, and ramp 3, respectively. The
coordinated control method and strategy are presented as
follows.

Due to different situations created by different processes
of congestion, the coordinated control strategy also involves
three parts based on the queue length in the mainline C,
ramp, and transition region. In the coordinated control

method, an algorithm for computing the queue length is
required, so we use the queue length calculation method
proposed by [28], where the accuracy of the queue algorithm
is discussed in their work. According to the queue length in
each section of the studied network, the control strategy is
presented, and the coordinated controlmethod is formulated.

With the continuity of ramp 3 queue into the transition
region, the total queue length is defined as 𝑤Tran(𝑘) (veh).
According to different queue lengths 𝑤Tran(𝑘), the coordina-
tion control method includes three cases.

Scenario 1. Thequeue length𝑤Tran(𝑘) is less than the capacity
of the on-ramp 𝑟

3

𝑁
𝑟3,C, whichmeans𝑤Tran(𝑘) < (1−𝛼)𝑁𝑟3,C

(traditional 𝛼 is 1/3).

In this scenario, the traffic operation of the on-ramp
𝑟
3

has little influence on the transition region traffic flow.
The traffic congestion in the merging region, as shown in
Figure 2(a), should be, first, solved by the coordinated control
method that involves VSL control and rampmetering, which
is regular traffic flow.The previous studies almost do not take
account of the right of way of on-ramp 𝑟

3

vehicles flowing into
the merging region. However, it is not fair to restrict the right
of way to the merging region of ramp 3 vehicles when serious
traffic congestion exists in ramp 3.

Therefore, the releasing rate index is proposed to adjust
this problem. The releasing rate can be obtained using the
degree of crowdedness in on-ramp 𝑟

3

and upstreammainline
C of the merging region. In Scenario 1, the degree of crowd-
edness indexes of mainline C and on-ramp 𝑟

3

are defined
as 𝜉mC(𝑘) and 𝜉𝑟3(𝑘), respectively, given by the following
equations:

𝜉
𝑟3

(𝑘) =
𝜌
𝑟3

(𝑘) 𝜌mC,𝐽

𝜌
𝑟3

(𝑘) 𝜌mC,𝐽 + 𝜌mC (𝑘) 𝜌𝑟3,𝐽
,

𝜉mC (𝑘) =
𝜌mC (𝑘) 𝜌𝑟3,𝐽

𝜌
𝑟3

(𝑘) 𝜌mC,𝐽 + 𝜌mC (𝑘) 𝜌𝑟3,𝐽
,

(1)

where 𝜉
𝑟3

(𝑘) and 𝜉mC(𝑘) are the congestion indexes of ramp
𝑟
3

and mainline C during the period 𝑘, respectively; 𝜌
𝑟3

(𝑘)

and 𝜌mC(𝑘) are the density of the on-ramp 𝑟
3

and mainline
C, respectively; and 𝜌

𝑟3,𝐽

and 𝜌mC,𝐽 are the jam density of
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the on-ramp 𝑟
3

and mainline C, respectively. Specifically,
𝜌
𝑟3

(𝑘) and 𝜌mC(𝑘) can be calculated by the following equa-
tions:

𝜌
𝑟3

(𝑘) =
𝑁
𝑟3

(𝑘)

𝐿
𝑟3

,

𝜌mC (𝑘) =
𝑁mC (𝑘)

𝜆mC𝐿mC
,

(2)

where𝑁
𝑟3

(𝑘) and𝑁mC(𝑘) are the numbers of vehicles in the
ramp 𝑟

3

andmainline C during the period 𝑘, respectively; and
𝐿
𝑟3

and 𝐿mC are the length of the on-ramp 𝑟
3

andmainline C,
respectively. Specifically, the𝑁

𝑟3

(𝑘) and𝑁mC(𝑘) can be given
by

𝑁
𝑟3

(𝑘) = 𝑞in,𝑟3 (𝑘) 𝑇 + 𝑤𝑟3 (𝑘) ,

𝑁mC (𝑘) = 𝑇
𝑘

∑

𝑖=1

(𝑞in,mC (𝑖) − 𝑞out,mer (𝑖) + 𝑞out,𝑟3 (𝑖)) ,
(3)

where 𝑞in,𝑟3(𝑘) is the inflow of on-ramp 𝑟
3

;𝑤
𝑟3

(𝑘) is the queue
length of on-ramp 𝑟

3

; 𝑇 is the time moment; 𝑞out,𝑟3(𝑖) is the
outflow of on-ramp 𝑟

3

; and 𝑞out,mer(𝑖) is the outflow of the
merging region, 0 ≤ 𝑖 ≤ 𝑘. The on-ramp 𝑟

3

inflow includes
two parts: one part comes from ramp 𝑟

1

, and the other part is
from ramp 𝑟

2

, which can be presented as follows:

𝑞in,𝑟3 (𝑘) = 𝑞out,𝑟1 (𝑘 − 1 −
𝐿Tran

VTran,𝑓𝑇
)𝛿
𝑟1,Tran1

+ 𝑞out,𝑟2 (𝑘 − 1 −
𝐿Tran

VTran,𝑓𝑇
)𝛿
𝑟2,Tran1,

(4)

where 𝑞out,𝑟1(𝑘 − 1 − 𝐿Tran/VTran,𝑓𝑇) and 𝑞out,𝑟2(𝑘 − 1 −
𝐿Tran/VTran,𝑓𝑇) are the traffic flow transferred to on-ramp
𝑟
3

from ramp 𝑟
1

and ramp 𝑟
2

, respectively, and 𝛿
𝑟1,Tran1

and 𝛿
𝑟2,Tran1 are the shunt rates of the traffic flows leaving

ramp 𝑟
1

and ramp 𝑟
2

to ramp 𝑟
3

, respectively. Specifically,
1 + 𝐿Tran/VTran,𝑓𝑇 is a time delay; 𝐿Tran is the length of the
transition region; and VTran,𝑓 is the free-flow speed in the
transition region.

Considering the degree of crowdedness index proposed
above, the number of discharging vehicles from mainline C
and on-ramp 𝑟

3

into the merging area can be determined by
(5) and (6), respectively, which can be expressed by

𝑋out,𝑟3 (𝑘) = 𝑇
𝑞mer,cap𝜌𝑟3 (𝑘) 𝜌mC,𝐽

𝜌
𝑟3

(𝑘) 𝜌mC,𝐽 + 𝜌mC (𝑘) 𝜌𝑟3,𝐽
, (5)

𝑋out,mC (𝑘) = 𝑇
𝜇𝑞mer,cap𝜌mC (𝑘) 𝜌𝑟3,𝐽

𝜌
𝑟3

(𝑘) 𝜌mC,𝐽 + 𝜌mC (𝑘) 𝜌𝑟3,𝐽
, (6)

where 𝑋out,𝑟3(𝑘) and 𝑋out,mC(𝑘) are the number of vehicles
flowing out from on-ramp 𝑟

3

and mainline C, respectively,
and 𝜇 is the model parameter determined by the traffic
demand. A conventional constraint that the total outflow of
on-ramp 𝑟

3

and mainline C should be limited by the capacity
of the merging region can be presented as follows:

𝑋out,𝑟3 (𝑘) + 𝑋out,mC (𝑘) ≤ 𝑞mer,cap𝑇. (7)

According to (7), the outflows of on-ramp 𝑟
3

andmainline
C can be obtained. Furthermore, the variable speed limit
values and ramp metering rates can be obtained from

𝑋out,𝑟3 (𝑘) = 𝛾𝑟3 (𝑘) 𝑞out,𝑟3 (𝑘) 𝑇, (8)

𝑋out,mC (𝑘) = 𝜆mC𝜌mC (𝑘) Vvsl (𝑘) 𝑇, (9)

where 𝛾
𝑟3

(𝑘) is the on-ramp 𝑟
3

metering rate; 𝜆mC is the num-
ber of mainline C lanes; Vvsl(𝑘) is the VSL value. According
to (8) and (9), the VSL values Vvsl(𝑘) and the on-ramp 𝑟

3

releasing rate 𝛾
𝑟3

(𝑘) during the period 𝑘 can be obtained.

Scenario 2. The queue length 𝑤Tran(𝑘) is larger than the
capacity of on-ramp 𝑟

3

𝑁
𝑟3,C, while𝑤Tran(𝑘) is lower than the

demand of both transition region lane 1 and on-ramp 𝑟
3

. This
means that (1 −𝛼)𝑁

𝑟3,C ≤ 𝑤Tran(𝑘) < 𝑁Tran,C −Δ𝑠Tran +𝑁𝑟3,C,
where 𝑁Tran,C is the capacity of transition region lane 1 and
Δ𝑠Tran is a buffer parameter.

In Scenario 2, the on-ramp 𝑟
3

queuing vehicles reach
the transition region and continue to grow along lane 1
of the transition region. That is, the heavy inflow of on-
ramp 𝑟

3

causes congestion in Scenario 2 and may further
result in serious traffic problems in the studied network.
With the queue length increasing, the diversion point moves
backward. In order to stop spoilage of the traffic network,
the coordinated control method in Scenario 1 is applied first.
However, Scenario 2 is different from Scenario 1. Therefore,
the conventional operation rule has to be modified. It is
crucial thatmore right of waymust be given to the on-ramp 𝑟

3

outflow in Scenario 2. Specifically, the outflow of on-ramp 𝑟
3

represents real freedom (𝛾
𝑟3

(𝑘) = 1). Therefore, the mainline
C outflow from upstream can be calculated as follows:

𝑞out,mC (𝑘) = 𝑞mer,cap − 𝑞𝑟3,cap (𝑘) , (10)

where 𝑞out,mC(𝑘) is the outflow of mainline C during the
period 𝑘.

According to (10), the mainline C outflow equals the
difference between the merging region capacity and the
maximum outflow of on-ramp 𝑟

3

. Because the traffic flow of
mainline C is controlled by the VSL, the mainline C outflow
can also be obtained by the following equation:

𝑞out,mC (𝑘) = 𝜆mC𝜌mC (𝑘 − 𝜑) Vvsl (𝑘 − 𝜑) , (11)

where the time step 𝑘 − 𝜑 equals 𝑘 − 1 − 𝐿vsl-mer/Vvsl-mer,𝑓𝑇;
specifically, 1 + 𝐿vsl-mer /Vvsl-mer,𝑓𝑇 is a time delay, and 𝐿vsl-mer
and Vvsl-mer,𝑓 are the VSL control region length and the free-
flow speed of the VSL control region, respectively.

Scenario 3. The queue length 𝑤Tran(𝑘) is larger than the
demand of transition region lane 1 and on-ramp 𝑟

3

, while
𝑤Tran(𝑘) is lower than the capacity of transition region lane
1 and on-ramp 𝑟

3

, which means 𝑁Tran,C − Δ𝑠Tran + 𝑁𝑟3,C <
𝑤Tran(𝑘) ≤ 𝑁𝑟3,C + 𝑁Tran,C.

Heavy congestion in the transition region may influence
normal operation of vehicles in ramp 𝑟

1

and ramp 𝑟
2

.The on-
ramp 𝑟

3

outflow tries to keep full-load operation, and the VSL
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values can be calculated using (9). In Scenario 3, the outflows
of ramp 𝑟

1

and ramp 𝑟
2

have to be controlled to prevent the
long queue in the transition region from reaching ramp 𝑟

1

and
ramp 𝑟

2

.
To ensure high efficiency of transition region lane 2 and

solve the congestion problem in transition region lane 1, the
degree of crowdedness indexes based on traffic density are
introduced. In this scenario, the control strategy is that the
greater the degree of crowdedness index, the lower the right
of way. The degree of crowdedness index reflects the number
of vehicles travelling to on-ramp 𝑟

3

eventually. Ramp 𝑟
1

and
ramp 𝑟

2

crowdedness indexes can be calculated as follows:

𝜓
𝑟1

(𝑘) =
𝜌
𝑟1

(𝑘) 𝜌
𝑟2,𝐽

𝛿
𝑟1,Tran1

𝜌
𝑟1

(𝑘) 𝜌
𝑟2,𝐽

𝛿
𝑟1,Tran1 + 𝜌𝑟2 (𝑘) 𝜌𝑟1,𝐽𝛿𝑟2,Tran1

,

𝜓
𝑟2

(𝑘) =
𝜌
𝑟2

(𝑘) 𝜌
𝑟1,𝐽

𝛿
𝑟2,Tran1

𝜌
𝑟1

(𝑘) 𝜌
𝑟2,𝐽

𝛿
𝑟1,Tran1 + 𝜌𝑟2 (𝑘) 𝜌𝑟1,𝐽𝛿𝑟2,Tran1

,

(12)

where 𝜓
𝑟1

(𝑘) and 𝜓
𝑟2

(𝑘) are the degree of crowdedness
indexes of ramp 𝑟

1

and ramp 𝑟
2

, respectively;𝜌
𝑟1

(𝑘) and𝜌
𝑟2

(𝑘)

are the density of ramp 𝑟
1

and ramp 𝑟
2

, respectively; 𝜌
𝑟1,𝐽

and
𝜌
𝑟2,𝐽

are the jam density of ramp 𝑟
1

and ramp 𝑟
2

, respectively.
Specifically, 𝜌

𝑟1

(𝑘) and 𝜌
𝑟2

(𝑘) can be obtained by

𝜌
𝑟1

(𝑘) =
𝑁
𝑟1

(𝑘)

𝐿
𝑟1

,

𝜌
𝑟2

(𝑘) =
𝑁
𝑟2

(𝑘)

𝐿
𝑟2

,

𝑁
𝑟1

(𝑘) =

𝑘

∑

𝑖=1

(𝑞in,𝑟1 (𝑖) − 𝑞out,𝑟1 (𝑖)) ,

𝑁
𝑟2

(𝑘) =

𝑘

∑

𝑖=1

(𝑞in,𝑟2 (𝑖) − 𝑞out,𝑟2 (𝑖)) ,

(13)

where 𝑁
𝑟1

(𝑘) and 𝑁
𝑟2

(𝑘) are the number of vehicles on
ramps 𝑟

1

and 𝑟
2

, respectively; 𝐿
𝑟1

and 𝐿
𝑟2

are the lengths
of ramp 𝑟

1

and ramp 𝑟
2

, respectively; 𝑞in,𝑟1(𝑖) and 𝑞out,𝑟1(𝑖)
are the ramp 𝑟

1

traffic inflow and outflow, respectively; and
𝑞in,𝑟2(𝑖) and 𝑞out,𝑟2(𝑖) are the ramp 𝑟

2

traffic inflowandoutflow,
respectively.

The number of releasing vehicles of ramp 𝑟
1

and ramp 𝑟
2

can be given by

𝑋
𝑟1

(𝑘) = (𝑁
𝑟3,C + 𝑁Tran,C − 𝑤Tran (𝑘)) 𝜓𝑟1 (𝑘) 𝜅,

𝑋
𝑟2

(𝑘) = (𝑁
𝑟3,C + 𝑁Tran,C − 𝑤Tran (𝑘)) 𝜓𝑟2 (𝑘) ,

(14)

where 𝜅 is a model parameter determined by the traffic
demand.

The number of releasing vehicles from ramp 𝑟
1

and ramp
𝑟
2

, in Scenario 3, can be obtained from (12) to (14). Since ramp
metering is adopted to control ramp 𝑟

1

and ramp 𝑟
2

outflows,
the outflows of ramp 𝑟

1

and ramp 𝑟
2

can also be obtained from

𝑋out,𝑟1 (𝑘) = 𝛾𝑟1 (𝑘) 𝑞out,𝑟1 (𝑘) 𝑇,

𝑋out,𝑟2 (𝑘) = 𝛾𝑟2 (𝑘) 𝑞out,𝑟2 (𝑘) 𝑇,
(15)

N

Test network

Direction of
traffic flow Two lanes

Ramp 3Ramp 2

Merging region

Ramp 1

Figure 3: Study site of freeway network.

where 𝛾
𝑟1

(𝑘) and 𝛾
𝑟2

(𝑘) are the metering rates of ramp 𝑟
1

and
ramp 𝑟

2

, respectively.
The three scenarios above show the process of traffic state

changes. The coordinated control strategies are presented in
the above discussion. The ultimate goal of the coordinated
control strategy is to ensure normal operation of the traffic
network by ensuring the maximum outflow of the merging
region and easing the queue in on-ramp 𝑟

3

. Since some
disturbing factors exist in real situations, the actual outflow
from the merging region is lower than the one calculated.
Therefore, it is necessary to eliminate or relieve actual
disturbances in calculations. The disturbance parameter can
be calculated using

𝑒
𝜒

(𝑘) = 𝑞out,𝜒 (𝑘) − 𝑞out,𝜒 (𝑘) , (16)

where 𝑒
𝜒

(𝑘) is the disturbance parameter and 𝑞out,𝜒(𝑘) is
the outflow from each section in the studied network.
Accordingly, 𝑞out,𝜒(𝑘) can be described as follows:

𝑞out,𝜒 (𝑘) = 𝐹 + 𝐾𝜒𝑒𝜒 (𝑘) , (17)

where 𝐹 is the outflow calculated by former equations and𝐾
𝜒

is an adjusting parameter.

4. Application Results

4.1. Experiment Design and Test Network. To demonstrate
supposed effectiveness of the proposed control method,
two cases involving the no-control and coordinated control
methods are applied in the experiment. In particular, the
settings of the above scheme are designed as follows: the no-
control case is the case without any additional traffic control,
and the coordinated control case adopts the coordinated
control method proposed in this paper.

In order to achieve the purpose of this study, an actual
regional network G104 and G3 in China is considered for
evaluation of efficiency and suitability of the coordinated
control method. There is a static posted speed limit of
100 km/h. The freeway test-bed is shown in Figure 3. This
test freeway network always has recurrent heavy congestion
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Figure 4: Detectors distribution.

during the afternoon peak hours due to high traffic demand.
The test network includes three ramps, a transition region,
and a merging region.

The data used for calibrating the model was collected
from video detectors of the studied network. The density can
be determined by analyzing fundamental relations among
traffic variables. There are nine traffic loop detectors located
in this test freeway network, shown in Figure 4, which is a
simple framework diagram. Ramp 𝑟

1

and ramp 𝑟
2

lengths are
set to 700 meters and 300 meters, respectively. On-ramp 𝑟

3

length is set to 380 meters, and the transition region is set to
983 meters.The single-lane capacity is 1750 veh/h.The curtail
density of a single-lane is 33 veh/km. The VSL region length
is 250 meters. The length of the section between the VSL
region and merging region is 500 meters, according to [18].
The parameters are set as follows: 𝛼 = 1/3, Δ𝑠Tran = 588

meters, and 𝜅 = 0.75. The shunt rates 𝛿
𝑟1,Tran 1 and 𝛿𝑟2,Tran 1

are equal to 47% and 52%, respectively.The free-flow speed of
the transition region and mainline are 75 km/h and 91 km/h,
respectively.

4.2. Results Analysis. The studied regional network is formu-
lated in a simulation platform. In this section we show the
results of simulations under two different conditions: the no-
control case and the coordinated control case.The evaluation
results are presented in what follows.

Figure 5 shows the outflow of themerging region. Figures
6 and 7 are the outflows of ramps 1 and 2 under the two control
cases, respectively. Figures 8 and 9 are the travel speeds of
ramps 1 and 2 under the two control cases, respectively.
The queue length of each segment of the studied network is
presented in Figure 10. Figures 11 and 12 show the VSL values
and ramp metering releasing rates under the coordinated
control method, respectively.

Figure 5 shows the merging region outflow under the
no-control and coordinated control cases. As can be seen
in Figure 5, under the coordinate control case, the merging
region outflow is higher than that under the no-control case.
Specifically, during the period from 2700 s to 3300 s, there
is a significant drop in the merging region outflow curve
under the no-control case of about 6.7%. In comparison,
the merging region outflow under the coordinated control
case decreased only slightly by 2.8%. During the period from
3300 s to 7600 s, the average outflows from the merging
region under two control cases are 3176 veh/h and 3259 veh/h,
respectively. Specifically, the average outflow of the merging
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Figure 5: Merging region outflow.
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Figure 6: Ramp 1 outflow.

region under the coordinated control case represents 2.8%
improvement compared to the no-control case.

Figures 6 and 7 show variations in ramps 1 and 2 outflows,
respectively. During the peak period, the traffic flows in
ramps 1 and 2 are steady under the coordinated control case
compared to the no-control case.

Figure 8 shows the travel speeds of ramp 1. As a
whole, the illustrations reveal that the travel speeds of
ramp 1 are clearly improved under the coordinated control
case compared to the no-control case. In the peak period,
especially, the travel speeds of ramp 1 fluctuate within the
range of 10.4 km/h∼23.8 km/h under the no-control case and
19.1 km/h∼47.3 km/h under the other case, and the travel
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Figure 8: Ramp 1 travel speed.

speeds of ramp 1 have a clear downtrend under the two
control cases. However, compared to the no-control case, the
coordinated control case presents 84.4% improvement in the
average travel speeds of ramp 1.

In addition, the travel speed data of ramp 2 is presented
in Figure 9. Under the coordinated control case, ramps 1 and
2 are controlled by a coordinated ramp metering strategy.
Therefore, the coordinated control effect can also be present
in the travel speeds of ramp 2. During the period from 3600 s
to 8650 s, there is a clear distinction between the travel speed
curves, where the coordinated control case shows significant
improvement compared to the no-control case. The travel
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Figure 9: Ramp 2 travel speed.

speeds of ramp 2 during the peak period are about 33.2 km/h,
under the coordinated control case, and about 18.86 km/h
higher than in the no-control case.The queue length variables
in different segments of the studied network are shown in
Figure 10.

Traffic congestion seems serious in the studied network
during the peak period. Some different phenomena appear in
the two cases, as the inflow of the studied network increases.
Comparison and analysis are presented as follows.

4.2.1. When No-Control Method Is Applied in the Studied
Network. In the no-control case, the overflow of the studied
network causes serious traffic congestion in the merging
region. The queuing situations in mainline C and on-ramp 3
are presented in Figures 10(a) and 10(b). Disturbance exists
in the merging region due to vehicles on mainline C and
on-ramp 3 competing for priority going into the merging
region, which leads to a long queue in the studied network.
Once the queue length becomes critical, the traffic flow of the
transition region is affected. When the time is around 3000 s,
the queue length in on-ramp 3 exceeds the length of on-ramp
3, and queuing vehicles reach the transition region, as shown
in Figures 10(b) and 10(c).

At around 4400 s, the transition region queue length
reaches 980 meters, while the traffic problem at ramps 1
and 2 appears, meaning that both ramps 1 and 2 are not
allowed to flow into the transition region, and then the queue
occurs in both ramp 1 and ramp 2. During the period from
4400 s to 6800 s, the maximum queue lengths of ramps 1
and 2 reach 568 meters and 397 meters, respectively. The
average queue lengths of ramps 1 and 2 are 376 meters and
238 meters, respectively. At around 5000 s, the queue reaches
ramp 2 upstream, resulting in disturbances in traffic flow in
the mainline B.
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Figure 10: Queues in freeway network.

In the no-control case, traffic congestion in the studied
network is serious. The total delay in the studied network
is 1447950 veh⋅s, and the total delays in mainline C, ramp 1,
and ramp 2 are 591733 veh⋅s, 408169 veh⋅s, and 449210 veh⋅s,
respectively.

4.2.2. When the Coordinated Control Method Proposed in
This Paper Is Applied in the Studied Network. The total
delay in the studied network is 1278540 veh⋅s, which is 11.7%
improvement compared to the no-control case. Specifically,
the total delays in ramps 1 and 2 show 18.0% and 25.1%
improvements compared to the no-control case, respectively.

During the period from 1800 s to 2200 s, the traffic
operation situation is consistent with the no-control case. At
around 2200 s, disturbance in the merging region becomes
serious, and the coordinated control is triggered. The VSL
values and metering rates of the ramps are shown in Figures
11 and 12, respectively.
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Figure 11: VSL values.

In the coordinated control case, the queue lengths in
both mainline C and on-ramp 3 are lower than those in
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Figure 12: Metering rates at ramps.

the no-control case. At around 3100 s, queuing vehicles arrive
to the transition region. There is a time delay due to the
process of the queue length forming in on-ramp 3 compared
to the no-control case, because the effective control method
and strategy are applied in the studied network. However,
with the increase in the studied network inflow, the queue
becomes longer. At around 3600 s, the coordinated ramp
metering in ramps 1 and 2 is activated, and congestion in the
transition region is relieved. During the period from 3600 s
to 7600 s, the average queue length in ramps 1 and 2 is 209
meters and 270 meters, respectively. The maximum queue
lengths are 401 meters and 430 meters, respectively.

In Figures 10(d) and 10(e), in the 4500 s∼6000 s time
period, the queue in ramp 1 is longer than that under the no-
control case, yet the queue length in ramp 2 is lower than that
under the no-control case. The reason is that more right of
way is given to ramp 2 vehicles flowing into the transition
region under the coordinated control case.

5. Conclusion
A new coordinated control method is presented in this paper,
which involves VSL control and coordinated ramp metering.
An actual regional network in China is selected to verify
rationality and validity of the proposed coordinated control
method. The no-control and coordinated control cases are
adopted in simulations.The results show that the coordinated
control method presents better results in reducing the total
delay in the regional network and enhancing the maximum
merging region outflow. The coordinated control method

leads to 11.7% improvement in the total delay compared to
the no-control case.

In ongoing research we plan to consider different con-
trol methods including the coordinated method to further
enhance the model. Different control time periods should
also be considered in future research.
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