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To enhance the efficiency of the existing freeway system and therefore to mitigate traffic congestion and related problems on
the freeway mainline lane-drop bottleneck region, the advanced strategy for bottleneck control is essential. This paper proposes
a method that integrates variable speed limits and ramp metering for freeway bottleneck region control to relieve the chaos in
bottleneck region. To this end, based on the analyses of spatial-temporal patterns of traffic flow, a macroscopic traffic flow model
is extended to describe the traffic flow operating characteristic by considering the impacts of variable speed limits in mainstream
bottleneck region. In addition, to achieve the goal of balancing the priority of the vehicles on mainline and on-ramp, increasing
capacity, and reducing travel delay on bottleneck region, an improved control model, as well as an advanced control strategy that
integrates variable speed limits and ramp metering, is developed. The proposed method is tested in simulation for a real freeway
infrastructure feed and calibrates real traffic variables.The results demonstrate that the proposedmethod can substantially improve
the traffic flow efficiency of mainline and on-ramp and enhance the quality of traffic flow at the investigated freeway mainline
bottleneck.

1. Introduction

The steady increases of the vehicles volume and the queue
length on freeway have led to efficiency loss, aggravated
noise, and air pollution. Since endless expansion of road
infrastructure is unpractical, because of the limitation of
land resources and capital investments, it has been grad-
ually recognized that more efficient utilization of existing
freeway facility through suitable management and control
strategies is essential. An increasingly important part in the
field of the traffic engineering is freeway intelligent traffic
control. A number of methods that have been developed
in the previous designs of control strategies include control
methods such as ramp metering (RM), route guidance (RG),
and variable speed limits (VSL). These approaches involve
neural networks, feedback control, the optimal control, and
so forth. In this paper, the optimal control method is
applied for design of optimal control strategies that aim to
develop system optimum conditions in the freeway networks.

The bottleneck region as a danger zone is formed by the
inevitable decreased number of lanes or occasional incident
on the freeway networks. When the traffic flow in a region
upstreamof a bottleneck ismore than the bottleneck capacity,
the bottleneck region is activated promptly and leads to a
series of corresponding traffic problems [1]. In this paper, the
optimal control approach is employed for integrating VSL
and ramp metering at mainline lane-drop bottleneck region.

Ramp metering methods were widely applied in freeway
dynamic traffic control [2, 3], aimed at improving the traffic
conditions by appropriately imposing restrictions on the on-
ramp traffic flow [4–6]. Though such RM methods perform
well under free-flow condition on the mainline, they are
insufficient for improving the efficiency of the freeway sys-
tem. Several previous studies had expressed the shortcoming
of the ramp metering, in Middelham [7], Papamichail et al.
[8, 9], and Carlson et al. [10]. There are two main weaknesses
that can be summarized as follows: Firstly, the influence of the
ramp metering is weak with a great number of the on-ramp
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vehicles flowing into the freeway mainline. Secondly, the
effects of the ramp metering are weakened to some extent
because the on-ramp supplied space is limited. Accordingly, a
growing number of scholars devote themselves to the study of
using other control measures on freeway network to mitigate
the congestion in the freeway networks.

Another powerful control approach is variable speed
limits for traffic flow on freewaymainline.TheVSL is realized
by displaying proper speed limit values on variable message
signs in response to current traffic condition. Instead of static
speed limit that is only helpful for drivers under normal traffic
condition, variable speed limits are more suitable for drivers’
speed choice during congestion period or inclement weather
[2, 11–14]. In previous research, there were twomain purposes
for the use of variable speed limits. In Abdwl-Aty et al. [15],
Heydecker and Addison [16], and Zegeye et al. [17], they took
the homogenization effect as the ultimate goal. On the other
side, in Kejun et al. [18], Nissan andKoutsopoulosb [19], Yang
et al. [20], and Yu and Abdel-Aty [21], theymainly focused on
the prevention of traffic breakdown. However, ignoring the
effect of the on-ramp traffic flow may result in chaos in the
aggregation of that traffic flow coming from both mainline
and the on-ramp [22], which could not achieve the ultimate
goal of alleviating the congestion of bottleneck.

Further, either variable alone (variable speed limits or
single ramp metering) is insufficiently presented above for
improving the efficiency and safety on the freeway.Therefore,
this paper proposes an integrated control strategy consid-
ering both elements together, ramp metering and variable
speed limits, upstream of the freeway’s bottleneck, aiming to
improve the capacity and reduce travel delays in the bottle-
neck region. Integrated control strategies consider a variety
of control methods [23, 24]. In the past, several publications
regarding nonlinear constrained optimal control methods to
integrate ramp metering were proposed [11, 25–27], while
other studies reported on the optimal integrated control
applications to the merge area in freeway networks [22, 28].
Although numerous researchers have dedicated themselves
to this topic, these previously considered control methods
have several disadvantages. In previous integrated control
strategies, to prevent interruption of mainstream traffic near
on-ramps and achieve the goal of freeway transportation
system optimization, the right of on-ramp vehicles to join
mainline traffic was greatly deprived and the ramp queue
length was simply considered as a constraint condition.
However, such control methods are not suitable for certain
conditions. For example, when the traffic flow of themainline
is congested and the demands of the on-ramp are low, on-
ramp vehicles are not allowed to travel into the mainstream
until the traffic flowon themainline is less congested.Waiting
too long for on-ramp vehicles is not appropriate in such
cases. Therefore, the priority of mainline traffic flow should
be limited.

In this paper we propose the optimal integration of
variable speed limits and rampmetering, aiming tomaximize
the traffic volume and minimize the average delay in freeway
bottleneck regions. At the core, the proposed method is
meant to enhance the efficiency of the whole traffic system
by alleviating traffic congestion in bottleneck region and

adjusting vehicle priority. To validate the effectiveness of
the proposed control model, the result of integrated control
method applied is compared with the other two cases: one
case where only the variable speed limits control is adopted to
manage the traffic flow upstream of the bottleneck region and
the other case where no-control strategy is used for freeway
network management.The contributions of this paper can be
summarized as follows:

(i) We apply the optimal integrated control strategy
for freeway bottleneck regions, which results in the
improvement of capacity and decrease of average
delay.

(ii) A novel control strategy is proposed restricting the
priority formainline traffic flow and themetering rate
is calculated according to the degrees of congestion on
both mainline and ramp. The more the congestion is,
the more the rights of way should be given.

(iii) The bottleneck region, as defined in this paper,
includes the mainline lane-drop section and the
upstream affected section.The bottleneck is caused by
changing the amount of lanes.

The rest of the paper is organized as follows. In Section 2,
the macroscopic traffic flow model METANET is employed
for traffic flow description, followed by some extensions
to describe traffic flow under VSL control. An integrated
control strategy for bottleneck region is developed and “the
degree of congestion” is proposed to coordinate the traffic
flow upstream of mainline and on-ramp in Section 3. The
integrated optimal control with the goals of maximizing
traffic volume and minimizing average delay is presented in
Section 4, along with constraint conditions considering the
limitations of application in real traffic system.The illustrative
results are discussed under different control scenarios in
Section 5. The conclusions and future work are summarized
in Section 6.

2. Macroscopic Traffic Flow Model

The METANET model, as a macroscopic second-order flow
model whose theory is similar to fluid mechanics that could
describe the traffic flow space-time characteristic accurately,
was described by Papageorgiou et al. [29, 30], Kotsialos et al.
[25], Kotsialos et al. [31], and Papamichail et al. [8, 9]. This
paper refers to the METANET model as the foundation
model, which is extended to describe the traffic flow under
variable speed limits on freeway networks.

2.1. The Original Model. The basic METANET model repre-
sents a freeway network as a directed graph whereby links
of the graph are in accordance with the freeway stretches.
According to consistency principle, that is, no off-ramps or
on-ramps and nomajor geometrical changes, the mainline of
the freeway network is divided into𝑀 links.The nodes of the
graph are situated in themajor changes occurring inmainline
geometrical characteristics, such as ramps or connections.

The macroscopic description of freeway traffic flow con-
notes the sharpness of expounded dynamic expression of
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Figure 1: Discretised freeway link.

the traffic behavior at a certain space-time. In order to
introduce the principle of METANET operation, take link
𝑚 as an example section. The link 𝑚 is divided into 𝑁

𝑚

homogenous segments with the equal length Δ𝑙
𝑚
, where Δ𝑙

𝑚

is given by the product of free-flow speed V
𝑓,𝑚

and the time
interval𝑇 (typically,𝑇 = 10 s); see Figure 1. For each segment
𝑖 ∈ (1, 2, . . . , 𝑁

𝑚
) of link 𝑚 at each discrete time instant

𝑡 = 𝑘𝑇, 𝑘 = 0, 1, . . . , 𝑘
𝑝
, where 𝑇 is the time instant and 𝑘

𝑝

is the time frame, the macroscopic traffic flow parameters are
defined as follows:The traffic density 𝜌

𝑚,𝑖
(𝑘) is the number of

vehicles in a single lane of segment 𝑖 during time period 𝑘.
The traffic speed V

𝑚,𝑖
(𝑘) is the average speed of the vehicles in

segment 𝑖 during time period 𝑘. The traffic volume 𝑞
𝑚,𝑖−1

(𝑘)

is the number of vehicles inflowing segment 𝑖 during time
period 𝑘. The traffic volume 𝑞

𝑚,𝑖
(𝑘) is the number of vehicles

flowing out of the segment 𝑖 during time period 𝑘.
The METANET model as the equations of traffic flow

parameters of segment 𝑖 in link 𝑚 is introduced by Kotsialos
et al. [31]. For implementing the description of METANET
model, we review the basic METANET model in this paper
here.

The outflow 𝑞
𝑚,𝑖
(𝑘) equals the traffic density 𝜌

𝑚,𝑖
(𝑘)

multiplied bymean speed V
𝑚,𝑖
(𝑘) and the number of lanes 𝜆

𝑚

on segment 𝑖 during time period 𝑘:
𝑞
𝑚,𝑖
(𝑘) = 𝜌

𝑚,𝑖
(𝑘) V
𝑚,𝑖
(𝑘) 𝜆
𝑚
. (1)

The traffic density 𝜌
𝑚,𝑖
(𝑘 + 1) equals the previous traffic

density 𝜌
𝑚,𝑖
(𝑘) plus the variable value of density during time

period 𝑘:

𝜌
𝑚,𝑖
(𝑘 + 1) = 𝜌

𝑚,𝑖
(𝑘) +

𝑇

Δ𝑙
𝑚
𝜆
𝑚

[𝑞
𝑚,𝑖−1

(𝑘) − 𝑞
𝑚,𝑖
(𝑘)] . (2)

Themean speed V
𝑚,𝑖
(𝑘+1) during time period 𝑘+1 equals

the previous mean speed V
𝑚,𝑖
(𝑘) plus a slack movement that

drivers mean to achieve an expected speed, velocity change
caused by the inflow 𝑞

𝑚,𝑖−1
(𝑘), and the increase (or decrease)

of traffic speed due to the downstream density fluctuation
leading to drivers experience of speed changed during time
period 𝑘:

V
𝑚,𝑖
(𝑘 + 1) = V

𝑚,𝑖
(𝑘) +

𝑇

𝜏
{𝑉 [𝜌
𝑚,𝑖
(𝑘)] − V

𝑚,𝑖
(𝑘)}

+
𝑇

Δ𝑙
𝑚

[V
𝑚,𝑖−1

(𝑘) − V
𝑚,𝑖
(𝑘)] V
𝑚,𝑖
(𝑘)

−
𝜐𝑇

𝜏Δ𝑙
𝑚

𝜌
𝑚,𝑖+1

(𝑘) − 𝜌
𝑚,𝑖
(𝑘)

𝜌
𝑚,𝑖
(𝑘) + 𝜅

,

(3)

where 𝜏, 𝜐, and 𝜅 are constant parameters, which are
determined by the traffic system, driver’s behavior, geometry
characteristic of link 𝑚, and so forth. The expected speed
𝑉[𝜌
𝑚,𝑖
(𝑘)] is expressed as follows:

𝑉 [𝜌
𝑚,𝑖
(𝑘)] = V

𝑓,𝑚
exp[− 1

𝛼
𝑚

(
𝜌
𝑚,𝑖
(𝑘)

𝜌
𝑐,𝑚

)

𝛼
𝑚

] , (4)

where 𝛼
𝑚

is the model parameter and 𝜌
𝑐,𝑚

is the critical
density per lane.

The process of the origin links, which receive the demand
and transport traffic flow into the freeway networks, is
modeled with an elementary queue model. The queue length
of the origin link 0 (𝑤

0
(𝑘 + 1)) is determined by the previous

queue length 𝑤
0
(𝑘), the demand 𝑑

0
(𝑘), and the traffic flow

𝑞
0
(𝑘) of the origin link 0 flowing into mainline during time

period 𝑘:

𝑤
0
(𝑘 + 1) = 𝑤

0
(𝑘) + 𝑇 (𝑑

0
(𝑘) − 𝑞

0
(𝑘)) . (5)

The traffic flow 𝑞
0
(𝑘) of link 0 depends on the mainline

traffic conditions and ramp metering measures. Specifically,
without ramp metering, the traffic flow 𝑞

0
(𝑘) is determined

by the minimal value among the available traffic, the traffic
capacity of on-ramp, and traffic flow supplied by themainline
during time period 𝑘:

𝑞
0
(𝑘) = min(𝑑

0
(𝑘)

+
𝑤
0
(𝑘)

𝑇
, 𝑄
0
, 𝑄
0
(
𝜌max,𝑚 − 𝜌𝑚,1 (𝑘)

𝜌max,𝑚 − 𝜌𝑐,𝑚
)) ,

(6)

where 𝜌max,𝑚 is the maximal density of link 𝑚, 𝜌
𝑚,1
(𝑘) is the

density of segment 1 in link𝑚 during the period 𝑘, and 𝑄
0
is

the traffic capacity of on-ramp.
Otherwise, when rampmetering is applied, a proper ramp

metering rate 𝑟
0
(𝑘) is proposed.The traffic flow 𝑞

0
(𝑘) of link 0

needs to consider themainline supplied space, ramp demand,
and the traffic capacity of ramp:

𝑞
0
(𝑘) = 𝑟

0
(𝑘) 𝑞
0
(𝑘) , (7)

where 𝑟
0
(𝑘) ∈ [0, 1] is the ramp metering rate, that is, a

control variable. Particularly, when the metering rate is zero
(𝑟
0
(𝑘) = 0), it expresses the fact that there is no traffic flow

leaving from on-ramp. If the metering rate is 1 (𝑟
0
(𝑘) = 1), it

means that no ramp metering is applied and the traffic flow
of ramp contains a state of self-organizing operation.

Considering the mainline velocity drop caused by ramp
traffic flow in case an on-ramp existed, the velocity change is
described by the term

−
𝛿𝑇𝑞
0
(𝑘) V
𝑚,1
(𝑘)

𝐿
𝑚
𝜆
𝑚
(𝜌
𝑚,1
(𝑘) + 𝜅)

, (8)

where 𝛿 is a constant parameter.
If there is a lane drop, the velocity change can be expressed

as

−

𝜙𝑇𝜌
𝑚,𝑁
𝑚

(𝑘) V2
𝑚,𝑁
𝑚

(𝑘) (𝜆
𝑚
− 𝜆
𝑚+1
)

𝐿
𝑚
𝜆
𝑚
𝜌crit,𝑚

, (9)
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where 𝜙 is the model parameter and 𝜆
𝑚
−𝜆
𝑚+1

is the number
of reducing lanes.

Equations (1) to (9) show the link 𝑚 traffic characteristic
parameters. The traffic flow parameters of the link 𝑚 can be
achieved by the mutually recursive equations.

The nodes connecting with the adjacent links (such as
freeway junction and bifurcation) are placed between adja-
cent links. The node is represented as a medium connecting
the input with output links here. Traffic flow enters node 𝑛 via
a plenty of input links and is distributed to a mount of export
links, which is given by the following:

𝑄
𝑛
(𝑘) = ∑

𝜇∈𝐼
𝑛

𝑞
𝜇,𝑁
𝜇

(𝑘) ,

𝑞
𝑚,0
(𝑘) = 𝛽

𝑚

𝑛
(𝑘) 𝑄
𝑛
(𝑘) ,

(10)

where 𝐼
𝑛
is a set of links entering node 𝑛, 𝑄

𝑛
(𝑘) is the total

traffic flow entering node 𝑛 during time period 𝑘, 𝛽𝑚
𝑛
(𝑘) is

the turning rates, a part of traffic flow leaving the node 𝑛 via
link𝑚, and 𝑞

𝑚,0
(𝑘) is the traffic flow leaving node 𝑛 to link𝑚

during time period 𝑘.
When node 𝑛 has more than one leaving link, the

upstream influence of traffic density in the last segment of
the link 𝑚 and the downstream influence of the speed have
to be considered.The downstream density 𝜌

𝑚,𝑁
𝑚+1

(𝑘) and the
mean speed V

𝑚,0
(𝑘) are given by the following:

𝜌
𝑚,𝑁
𝑚+1

(𝑘) =

∑
𝜇∈𝑜
𝑛

𝜌
2

𝜇,1
(𝑘)

∑
𝜇∈𝑜
𝑛

𝜌
𝜇,1
(𝑘)
,

V
𝑚,0
(𝑘) =

∑
𝜇∈𝐼
𝑛

V
𝜇,𝑁
𝜇

(𝑘) 𝑞
𝜇,𝑁
𝜇

(𝑘)

∑
𝜇∈𝐼
𝑛

𝑞
𝜇,𝑁
𝜇

(𝑘)
,

(11)

where 𝑜
𝑛
is the total links leaving node 𝑛 and 𝜌

𝜇,1
(𝑘) is the

density of the first segment of link 𝜇.

2.2. Incorporate the Variable Speed Limits. The original
METANET model chose the desired speed model (Equation
(4)) as the transmit model input. However, under the variable
speed limits control, the desired speed model presents some
differences in relation to the desired speed model. These
differences are mainly reflected in two aspects. First drivers
desire higher speeds more in free-flow conditions. Secondly,
when the traffic flow is congested, the practical traffic speed
diagram fluctuates with the change of traffic flow, which is
not very steady due to the drivers being constantly on and off
the accelerator [32]. However, the speed curve depending on
(4) is smooth, so that (4) only expresses the traffic velocity
without speed limits control.

Since the original METANET model cannot express the
effect of speed limits, we have to incorporate the influence of
variable speed limits to freeway traffic operation by analyzing
the difference between those with and those without speed
limits control. Previous research often describes the influence
of the variable speed limits on traffic by taking the speed limit
rate that is expressed by the ratio between the limit speed
and the free-flow speed [18, 33]. There are, however, some
shortcomings with this expression, which changes the whole

speed-density diagram and exaggerates the effect of the speed
limits. Particularly, there is an example that can help clarify
this shortcoming: if the free-flow speed is 110 km/h and the
VSM displayed VSL value is 100 km/h, then it is supposed
that the traffic flow and the speed are visibly reduced even
when the traffic flow traveling average speed is 80 km/h.
Additionally, reducing the desired speed also scales down the
maximum traffic capability of the road; however, it is not
reasonable to assume that the speed limit is higher than the
critical speed (speedswhere the traffic flowhas not yet arrived
at the capacity of road), according to Hegyi et al. [12].

In order to optimally introduce the variable speed limits
factor, we should deeply analyze the traffic flow operating
characteristics under variable speed limits control. The dif-
ferences of the traffic operational mechanism that depend on
whether the road traffic adopts the speed limits or not are
described as follows:

(i) When the traffic is under free-flow condition and the
speed limits control is adopted, the traffic flow speed
is expressed by the limit speed Vvsl instead of the free-
flow speed V

𝑓
, where the limit value has to be less than

the free-flow speed value. Otherwise, the traffic flow
follows self-organization under no special controls
condition.

(ii) When traffic has gradually transited to congestion
or traffic density has risen slightly above the critical
density, the traffic under variable speed limits control
contains a steady and regular operation due to drivers
acting up to the speed limit values. The virtual speed
values of the vehicles trend to uniform. On the
contrary, without speed limits control on the freeway,
the traffic speed values have a greater degree of
dispersion.

(iii) When the traffic density approaches the jam den-
sity 𝜌

𝐽
, the traffic flow has to obey self-organizing

operation. This is caused by the decrease of vehicle
operation freedom in areas of high density traffic flow.

According to the discussion above, the desired speed
variation caused by the variable speed limits control can
be expressed as a function of traffic density. Specifically, if
the actual traffic density is less than the critical density, the
desired speed would take the minimum speed value between
the speed without a speed limit control and the speed limit
value as the desired speed. Otherwise, the desired speedmust
be equal to the speed value without VSL control because of
the traffic flow remaining in a self-organization condition.
Therefore, the desired speed under the VSL control is given
by the following equation:

𝑉
𝑚,𝑖
[𝜌
𝑚,𝑖
(𝑘)]

= min(V
𝑓,𝑚

exp[− 1
𝛼
𝑚

(
𝜌
𝑚,𝑖
(𝑘)

𝜌
𝑐,𝑚

)

𝛼
𝑚

] , Vvsl,𝑚,𝑖 (𝑘)) ,
(12)

where Vvsl,𝑚,𝑖(𝑘) is the speed limit value of segment 𝑖 during
time period 𝑘.

In addition, the traffic flow parameters can be obtained
for both online and offline situations, through the formulas
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Figure 2: Bottleneck region.

provided in this section, and these parameters are fundamen-
tal for traffic flowdescription andmake it possible to establish
the following integrated control model.

3. Integrated Control Algorithm Design

Some research indicates that static speed limit control is
not sufficient to relieve traffic congestion in the bottleneck
regions.There are some disadvantages existing in using either
the mainline control or ramp metering alone. Therefore,
this section integrates the VSL and ramp metering to solve
the problem of the traffic congestion caused by bottleneck
regions.

3.1. Bottleneck Traffic Parameters. The mainline lane-drop
bottleneck region is activated in the case that upstream
outflow is higher than the traffic capacity in a given bottleneck
region. In this paper, we define the bottleneck region as the
region involving the bottleneck and the radiation section
upstream.

Figure 2 shows link 𝑚 + 1 and link 𝑚 + 2 at the
bottleneck region according to the fundamental principle of
the elementary link. The links𝑚+ 2 and𝑚+ 1 are defined as
the bottleneck and the radiation section, respectively. When
the bottleneck region is activated, due to the capacity of link

𝑚+2 being lower than that of link𝑚+1, a certain amount of
chaos occurs in the link 𝑚 + 1. The vehicles from link 𝑚 + 2
and link𝑚+1 influence each other, as shown in Figures 3 and
4.

In Figures 3 and 4, 𝑄
𝑚+1

and 𝑄
𝑚+2

represent the traffic
capacity of link 𝑚 + 1 and link 𝑚 + 2, 𝑄

𝑚+1
and 𝑄

𝑚+2
are

the actual maximum traffic volumes, 𝜌
𝑐,𝑚+1

is the critical
density of link 𝑚 + 1, and 𝜌

𝐽,𝑚+1
and 𝜌

𝐽,𝑚+2
are the jam

densities of link 𝑚 + 1 and link 𝑚 + 2, respectively. When
the bottleneck region is activated, the traffic flows could not
travel downstream at its full load condition. Instead, a decline
phenomenon concerning the traffic capacity is apparent in
the bottleneck region (see Figure 4). It is quite important
to emphasize the difference at the bottleneck region under
critical traffic conditions as illustrated in Figures 3 and 4,
which indicates the corresponding flow-density curves of the
link𝑚+1 and link𝑚+2. In cases where the actual traffic flow
𝑞
𝑚+1,1

is below the capacity 𝑄
𝑚+2

, the bottleneck traffic flow
remains in the free-flow, meaning that the outflow is equal
to the inflow. Along with the increase of inflow, the traffic
flow reaches saturated conditions during peak periods and
the bottleneck outflow decreases from its capacity 𝑄

𝑚+2
to

the virtual maximum traffic 𝑄
𝑚+2

. This change is caused by
the drivers experiencing serious mutual interruption in the
bottleneck region, which results in the desired speed at link
𝑚 + 1 falling substantially due to the decrease in bottleneck
outflow. Additionally, when the inflow of link 𝑚 + 1 is more
than 𝑄

𝑚+1
, queue phenomenon occurs in the link 𝑚 + 1

region, due to the shockwave effect from link𝑚 + 2.
The above analysis of traffic characteristics that occur at

bottleneck regions reflects just how complicated bottleneck
traffic operations are. Thus, to build a control model to min-
imize the bottleneck traffic congestion problem, it is crucial
to understand the specific traffic circumstances concerning
link 𝑚 + 2 in the bottleneck region. Equations (13) show the
evolution of traffic density and traffic volume in the link𝑚+2
entrance and are shown as follows:

𝜌
𝑚+2,1

(𝑘) =

{{{{

{{{{

{

𝜆
𝑚+1
𝜌
𝑚+1,𝑁

𝑚+1

(𝑘 − 1) V
𝑚+1,𝑁

𝑚+1

(𝑘 − 1)

𝜆
𝑚+2

V
𝑚+2,1

(𝑘)
if 𝜌
𝑚+1,𝑁

𝑚+1

(𝑘) < 𝜌
𝑐,𝑚+2

𝜌
𝑚+2,1

(𝑘 − 1) + (

𝑞
𝑚+2,1

(𝑘) − 𝑞
𝑚+2,𝑁

𝑚+2

(𝑘)

𝜆
𝑚+2

V
𝑚+2,1

(𝑘)
) if 𝜌

𝑐,𝑚+2
≤ 𝜌
𝑚+1,𝑁

𝑚+1

(𝑘) ≤ 𝜌
𝐽,𝑚+2

,

𝑞
𝑚+2,1

(𝑘) =

{

{

{

min (V
𝑚+1,𝑁

𝑚+1

(𝑘) 𝜌
𝑚+1,𝑁

𝑚+1

(𝑘) 𝜆
𝑚+1
, 𝑄
𝑚+2
) if 𝜌

𝑚+2,1
(𝑘) ≤ 𝜌

𝑐,𝑚+2

𝑄


𝑚+2
if 𝜌
𝑐,𝑚+2

≤ 𝜌
𝑚+2,1

(𝑘) ,

(13)

where 𝜌
𝑚+1,𝑁

𝑚+1

is the traffic density of last segment𝑁
𝑚+2

of
the link𝑚 + 1.

3.2. Integrated Control Strategy. To avoid frequent deceler-
ation and acceleration and promote the actual maximum
outflow from a bottleneck region, the regional control is
placed upstream of the bottleneck region. There is an
on-ramp next to the controlled region and the outflow of

this on-ramp also impacts the bottleneck traffic. Therefore,
to achieve a more perfect control effect and solve traffic
issues in bottleneck region, the traffic problems of both the
mainline bottleneck and intersection 𝐵 have to be considered
during the integrated control process. Since the main cause
of the traffic problem in a mainline bottleneck is that the
outflow of upstream is higher than the bottleneck capacity,
it is quite essential to control the outflow of upstream traffic
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Figure 3: Flow-density diagram of the link𝑚 + 1.

Link m + 2

𝜌c,m+2 𝜌J,m+2

Qm+2

Q
m+2

Figure 4: Flow-density diagram of the link𝑚 + 2.

that consists of the traffic flow coming from the upstream
mainline combined with that of the on-ramp traffic volume.

Since the bottleneck inflow is adjusted by controlling
upstream outflow, it is crucial to understand the traffic
element parameters of the bottleneck upstream link 𝑚 +

1 in order to ensure the rationality of bottleneck outflow
and resolve the traffic problem within the bottleneck region.
Figure 5 depicts the upstream link 𝑚, which is divided into
three areas depending on the consistency of traffic operations
and can be described as adjusted area𝐴, VSL control area, and
intersection 𝐵.

Traffic nodes were placed at the ends of link𝑚 to transmit
information about the amount of the traffic input links and
distribute it downstream to link𝑚+1.The trafficflow entering
link 𝑚 𝑞in,𝑚(𝑘) equals the difference between the upstream
mainline outflow 𝑞out,𝑚−1(𝑘) and the leaving flow 𝑞𝑠

𝑚−1

of off-
ramp 𝑠

𝑚−1
during the time period 𝑘, which can be determined

using the following equation:

𝑞in,𝑚 (𝑘) = 𝑞out,𝑚−1 (𝑘) − 𝑞𝑠
𝑚−1

(𝑘) . (14)

VSLAdjusted area A Intersection B

Bottleneck regionLink m

qin,m qout,m qin,m+1qout,m−1

sm−1 rm

qr𝑚
qs𝑚−1

Traffic flow

Figure 5: Upstream of bottleneck region.

The traffic volume leaving link𝑚 is determined as follows:

𝑞in,𝑚+1 (𝑘) = 𝑞out,𝑚 (𝑘) + 𝑞𝑟
𝑚

(𝑘) , (15)

where 𝑞in,𝑚+1(𝑘) is the outflow of link𝑚, 𝑞out,𝑚(𝑘) is the traffic
flow leaving from themainline link𝑚, and 𝑞

𝑟
𝑚

(𝑘) is the traffic
volume derived from the on-ramp.

Since the traffic conditions contain the amount of traffic
congestion at peak hours, the actual bottleneck maximum
traffic volume has decreased. This paper uses an integrated
control approach that involves both the variable speed limits
and ramp metering to adjust the traffic inflow upstream of
the bottleneck region.The integrated control approach adopts
the releasing rates considering both variable speed limits and
rampmetering to regulate the outflow into downstream links.
The releasing rates can be achieved by the real-time degree of
the congestion in the on-ramp andupstreamof the bottleneck
region. This model conforms better to the actual demands of
the traffic graphs.

The core of the integrated control model is the reasonable
release of the mainline and on-ramp traffic volume depend-
ing on the degree of congestion on the mainline and the on-
ramp, defined as 𝛽

𝑚
and 𝛽

𝑟
𝑚

, respectively, and given by the
following equations:

𝛽
𝑚
(𝑘) =

∑
𝑘
𝑝
−1

𝑘=1
∑
𝑁
𝑚
−1

𝑖=1
𝜆
𝑚
𝜌
𝑚,𝑖
(𝑘) Δ𝑙

𝑚

𝜌
𝐽,𝑚
(𝑘) 𝐿
𝑚
𝜆
𝑚

,

𝛽
𝑟
𝑚

=

∑
𝑘
𝑝
−1

𝑘=1
∑
𝑁
𝑟𝑚
−1

𝑗=1
𝜆
𝑟
𝑚

𝜌
𝑟
𝑚
,𝑗
(𝑘) Δ𝑙

𝑟
𝑚

𝜌
𝐽,𝑟
𝑚

(𝑘) 𝐿
𝑟
𝑚

𝜆
𝑟
𝑚

,

(16)

where 𝑗 ∈ (1, 2, . . . , 𝑁
𝑛
) is any segment of the on-ramp 𝑟

𝑚
,𝜆
𝑟
𝑚

is the number of on-ramp lanes, 𝜌
𝑟
𝑚
,𝑗
(𝑘) is the traffic density

of segment 𝑗, Δ𝑙
𝑟
𝑚

is the length of segment 𝑗, 𝜌
𝑟
𝑚

(𝑘) is the
traffic density of on-ramp, and 𝐿

𝑚
and 𝐿

𝑟
𝑚

are the lengths of
the mainline and on-ramp, respectively.

Depending on the degree of congestion, more right
should be given to either the mainline or on-ramp. Consid-
ering the congestion index proposed above, the numbers of
discharging vehicles formainline and ramp can be calculated,
respectively, by using the following equations:

𝑁
𝑚,𝑁
𝑚

(𝑘) =
𝑞
𝑚+1,1

(𝑘) 𝛽
𝑚
𝑇

(𝛽
𝑚
+ 𝛽
𝑟
𝑚

)

,

𝑁
𝑟
𝑚
,𝑁
𝑟𝑚

(𝑘) =

𝑞
𝑚+1,1

(𝑘) 𝛽
𝑟
𝑚

𝑇𝜀

(𝛽
𝑚
+ 𝛽
𝑟
𝑚

)

,

(17)
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where𝑁
𝑚,𝑁
𝑚

(𝑘) and𝑁
𝑟
𝑚
,𝑁
𝑟𝑚

(𝑘) are the numbers of discharg-
ing vehicles for the last segment of the mainline and ramp,
respectively, calculated by the degree of the congestion during
the time period 𝑘, and 𝜀 ∈ [0, 1] is the model parameter
determined by the demands of actual ramp traffic.

The number of vehicles, 𝑁
𝑚+1,1

(𝑘), entering the down-
stream link 𝑚 + 1 is expressed by the number of vehicles
leaving the upstream link 𝑚 and entering the mainline link
𝑚 from the on-ramp, which can be given by the equation

𝑁
𝑚+1,1

(𝑘) = 𝑁
𝑚,𝑁
𝑚

(𝑘) + 𝑁
𝑟
𝑚
,𝑁
𝑟𝑚

(𝑘) , (18)

where 𝑁
𝑚+1,1

(𝑘)/𝑇 is below the capacity of link 𝑚 during
time period 𝑘. In (18), the numbers of vehicles𝑁

𝑚,𝑁
𝑚

(𝑘) and
𝑁
𝑟
𝑚
,𝑁
𝑟𝑚

(𝑘) can also be expressed by

𝑁
𝑚,𝑁
𝑚

(𝑘) = 𝜌vsl,𝑚 (𝑘) Vvsl,𝑚 (𝑘) 𝜆𝑚𝑇,

𝑁
𝑟
𝑚
,𝑁
𝑟𝑚

(𝑘) = 𝑞
𝑟
𝑚
,𝑁
𝑟𝑚

(𝑘) 𝛿
𝑟
𝑚

𝑇,

(19)

where Vvsl,𝑚(𝑘) is the speed limit value in themainline control
region, 𝜌vsl,𝑚(𝑘) is traffic density of the mainline control
region, and 𝛿

𝑟
𝑚

is the metering rate of on-ramp. According
to (19), the VSL values Vvsl,𝑚(𝑘) and the on-ramp release rate
during time period 𝑘 can be achieved.

When the traffic condition turns congested on the free-
way mainline, the queue phenomena will be apparent in

mainline area 𝐴 and on-ramp 𝑟
𝑚
. The number of the queue

vehicles 𝑤
𝑟
𝑚

(𝑘 + 1) in the on-ramp 𝑟
𝑚
could be described as

follows:

𝑤
𝑟
𝑚

(𝑘 + 1) = 𝑤
𝑟
𝑚

(𝑘) + 𝑇 [𝑑
𝑟
𝑚
,1
(𝑘) − 𝑞

𝑟
𝑚
,𝑁
𝑟𝑚

(𝑘)] . (20)

We expressed the difference of mainstream link 𝑚 and
on-ramp 𝑟

𝑚
under the coordination control as compared to

regular links by using (21) and (22) to elaborate the difference
of the traffic leaving from link 𝑚. Based on the integrated
control strategy, in which the metering rate and VSL values
are determined by the degree of congestion, the outflows of
mainline link 𝑚 and on-ramp 𝑟

𝑚
are specifically expressed

depending on the difference of traffic density of the link 𝑚.
When the actual traffic density ofmainline link𝑚 is far below
the critical density, the traffic contains the self-organizing
operation, because the mainline and on-ramp flow is not
limited. The outflow of mainline traffic is freedom, while
the outflow of on-ramp traffic is defined as the minimum
between the mainline supplied traffic space and the outflow
provided by the on-ramp. If the mainline traffic density
reaches the critical density, the mainline VSL control is
activated and the mainline outflow is equal to the minimum
of the outflow upstream, link 𝑚 capacity, and the releasing
traffic of the VSL control region, while the outflow of on-
ramp depends on the minimum of the queue vehicles, the
on-ramp capacity, and the on-ramp releasing traffic. Hence,
the outflow of the mainline link 𝑚 is given by the following
equation:

𝑞out,𝑚 (𝑘) =

{{{{

{{{{

{

V
𝑚,𝑁
𝑚

(𝑘) 𝜌
𝑚,𝑁
𝑚

(𝑘) 𝜆
𝑚

if 𝜌
𝑚,𝑁
𝑚

(𝑘) ≤ 𝜌
𝑐,𝑚

min(𝑞out,𝑚−1 (𝑘) − 𝑞𝑠
𝑚−1

(𝑘) , (1 − 𝜂)𝑄
𝑚
,
𝑁
𝑚
(𝑘)

𝑇
) if 𝜌

𝑚,𝑁
𝑚

(𝑘) > 𝜌
𝑐,𝑚
,

(21)

where V
𝑚,𝑁
𝑚

(𝑘) is average speed of the last segment𝑁
𝑚
of link

𝑚 during time period 𝑘. Similarly, the on-ramp 𝑟
𝑚
outflow is

given by the following equation:

𝑞
𝑟
𝑚

(𝑘) =

{{{{

{{{{

{

min (𝜌
𝑟
𝑚
,𝑁
𝑟𝑚

(𝑘) V
𝑟
𝑚
,𝑁
𝑟𝑚

(𝑘) 𝜆
𝑟
𝑚

, 𝑄
𝑐,𝑚
− V
𝑓,𝑚
(𝑘) 𝜌
𝑚,𝑁
𝑚

(𝑘) 𝜆
𝑚
) if 𝜌

𝑚,𝑁
𝑚

(𝑘) ≤ 𝜌
𝑐,𝑚

min(𝑑
𝑟
𝑚

(𝑘) +

𝑤
𝑟
𝑚

(𝑘)

𝑇
, 𝑄
𝑟
𝑚

,

𝑁
𝑟
𝑚

(𝑘)

𝑇
) if 𝜌

𝑚,𝑁
𝑚

(𝑘) > 𝜌
𝑐,𝑚
,

(22)

where 𝑄
𝑟
𝑚

is the capacity of on-ramp 𝑟
𝑚
. Conservation

equation (2) is replaced by conservation equation (23) that
can be described as follows:

𝜌
𝑚
𝐵
,𝑖
(𝑘) = 𝜌

𝑚,𝑖
(𝑘 − 1) +

𝑇

Δ𝑙
𝑚
𝜆
𝑚

[𝑞
𝑚,𝑖−1

(𝑘 − 1)

− 𝑞
𝑚,𝑖
(𝑘 − 1) + 𝑞

𝑟
𝑚
,𝑁
𝑟𝑚

(𝑘)] .

(23)

4. The Integrated Optimal Control Problem

4.1. Optimization Objective. Previously, the ultimate goal of
either minimizing the total travel time (TTT) or maximizing
the total traffic volume (TTV) was usually applied to the
model predictive control algorithm for freeway networks.
Nevertheless, taking only the minimal TTT as the optimal
control goal keeps the traffic density relatively low, reducing
traffic volume to enhance traffic speed. When the traffic
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density remains less than the critical density, the control
is effective. However, when the traffic demand increases
beyond the critical density during peak periods, a serious
queuing phenomenon in the upstream of control area would
occur in an attempt to achieve the minimal TTT. Conversely,
an approach aiming only to maximize TTV is inconsistent
with the former control method aiming at minimal TTT
in that it seeks to increase the traffic volume, which leads
to higher traffic density and lower speeds. Accordingly,
this paper mainly considers the basic mainline, on-ramp,
and the bottleneck regions. However, choosing the TTT as
the objective might result in ignoring on-ramp travel time
because the length of on-ramp is relatively short compared
with mainline. Therefore, to improve the level of service and
traffic efficiency, as well as balancing the access rights of
vehicles from upstream mainline and on-ramp, we selected
both the TTV and the total traffic delay (TTD) as the optimal
control goals.

Since the optimum integrated control aims at achiev-
ing the goal that solves the bottleneck region’s congestion
problems by adjusting the releasing rates of mainline and
on-ramp outflow upstream, the traffic operating situations
of the mainline and on-ramp have to be considered in the
established integrated control model.

The total traffic volume (TTV) is described as follows:

TTV = 𝑇
𝑘
𝑝
−1

∑

𝑘=1

𝜌
𝑚+1,𝑁

𝑚+1

(𝑘) V
𝑚+1,𝑁

𝑚+1

(𝑘) , (24)

where 𝜌
𝑟
𝑚
,𝑗
(𝑘) is the traffic density in a segment 𝑗 of the on-

ramp 𝑟
𝑚
during time period 𝑘. The total traffic delay (TTD)

is expressed as follows:

TTD = 𝑇
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𝑝
−1
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𝑞
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−1

∑

𝑘=1

𝑁
𝑟𝑚
−1
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𝑗=1
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𝑚
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𝑟
𝑚
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𝑟
𝑚
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𝑚
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+ 𝑇

𝑘
𝑝
−1

∑

𝑘=1

𝑁
𝑚+1
−1

∑

𝑖=1

(Δ𝑙
𝑚+1
𝜌
𝑚+1,𝑖

(𝑘) 𝜆
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−
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𝑚+1,𝑖

(𝑘)) ,

(25)

where V
𝑓,𝑟
𝑚

is the free speed of on-ramp 𝑟
𝑚
. The TTV and the

TTD are both taken as objective functions in the integrated
control model. Since the two parts of the objective function
have different dimensions, we introduced two parameters,
𝛼
𝑉
and 𝛼

𝐷
, for the sake of balancing the influences of the

two basic models with the final objectives of the integrated
control. Hence, the optimal goal of the integrated control
model is described by combining the TTV model and the
TTD model as follows:

𝐽 = 𝛼
𝐷
TTD − 𝛼

𝑉
TTV. (26)

Through the discussion above, the nonlinearmacroscopic
traffic space-timemodel describing a freeway network can be
expressed as

𝑥 (𝑘 + 1) = 𝑓 [𝑥 (𝑘) , 𝜇 (𝑘) , 𝑘]

𝑥 (0) = 𝑥
0
,

(27)

where 𝑥 and 𝜇 are the state variable and control variable,
respectively. In (27), the state variables include traffic speed
and density, while the control variables include the variable
speed limit value and discharge rate.

4.2. Constraint Conditions. In order to ensure that the inte-
grated strategy is reasonable, several factors (such as the
traffic safety, the obedience of the drivers for the VSL values)
have to be considered in the constraint conditions as follows:

(1) When the mainline traffic VSL control is adopted, the
maximumVSL values must be below the safety speed
of traffic, which is expressed as follows: Vvsl,𝑚,max(𝑘) ≤
𝑉
𝑚,max.

(2) To enhance the obedience of drivers, the VSL value
has to ensure that the difference value between
the adjacent time intervals cannot be greater than
the maximum driver obeyed speed, which can be
expressed as follows: |Vvsl,𝑚,max(𝑘)−Vvsl,𝑚,max(𝑘−1)| ≤
Δ𝑉max,diff-time.

(3) The VSL value should be higher than the minimum
speed of the traffic flow operating on the road in order
to maintain traffic flow with a reasonably low speed,
which could be described as follows: Vvsl,𝑚,min(𝑘) ≥
𝑉
𝑚,min.

5. A Benchmark Test

5.1. Experiment Design. The integrated control strategy can
be tested by microscopic traffic simulation software. We
adopted three cases to check the efficiency and rationality of
the integrated control strategy, which are no-control, main-
lineVSL control, and integrated control.More specifically, the
settings of the above schemes are designed as follows.

(i) The case of no-control (without using either the VSL
or ramp metering) is represented first and is defined
as case 1.

(ii) Case 2 describes only adopting themainlineVSL con-
trol method which is the mainline control presented
in (26) while there is no ramp metering.

(iii) Case 3 takes the integrated control strategy to adjust
the mainline and on-ramp traffic flow to solve the
traffic congestion problem in bottleneck regions.

There are some influences of the VSL region position
that control the effect of the bottleneck congestion problem.
For instance, if the location of the VSL control region is
located far from the problematic region, the VSL would be
less effective. On the other hand, if the control region and
the problem region are too close, the bottleneck congestion
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Figure 6: Study site of freeway network.

travels into the VSL region, which will lead to a poor VSL
control. Accordingly, it is crucial to create section 𝐵 with
adequate length (500∼700m) immediately upstream of the
problem region [1].The test freeway network of the G3 Jingtai
freeway in China, which is about 2.75 km long, is considered
for an in-depth analysis and evaluation of the efficiency and
suitability of the integrated control strategy regarding the
mainline land-drop bottleneck. There are five traffic loop
detectors and an on-ramp on this test freeway network.There
is a static posted speed limit of 100 km/h.The freeway test-bed
is shown in Figure 6. This test freeway network always has
recurrent heavy congestion during the afternoon peak hours
due to high traffic demand, which then leads to an active
bottleneck.

The freeway test network consists of speed limit area, a
metered on-ramp, and a bottleneck region. The basic main-
line links have three lanes and the on-ramp includes only
a single lane. The data used for feeding and calibrating the
model were collected from the loop detectors on themainline
and on-ramp of the test road of the G3 freeway networks on
25 April 2014. The density can be determined by analyzing
the fundamental relations of the traffic variables. Ten seconds
was selected as the discrete time interval. Collected data
include the following information: flow, average speed, and
occupancy. The traffic flow component is further calibrated
using video data from the freeway mainline.

Link 1 Link 2 Link 3

VSLAdjusted A Intersection B

The test site Detector

Bottleneck area

O2

O1

Traffic flow

Figure 7: Freeway detectors layout.

According to the integrated control model demands,
some detectors are placed on the test road as shown in
Figure 7. Particularly, the freeway mainline bottleneck has
two lanes with a capacity of 3500 veh/h.The regular mainline
links include three lanes with a capacity of 1750 veh/h for each
lane. The network critical density and maximum density are
33.5 veh/km/l and 180 veh/km/l, respectively. The lengths of
network links are set to 1500m, 750m, and 500m for link 1,
link 2, and link 3, respectively. The lengths of the mainline
and on-ramp segments are determined and set to 250 meters
and 150 meters, respectively. The period of one VSL value
generation and the controller sampling time interval are set
to 90 seconds.
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Figure 8: Traffic flow parameters under the no-control case.

As mentioned above, this paper explains the rationale
behind introducing the model parameters 𝛼

𝑉
and 𝛼

𝐷
. The

values of these parameters are set to 1 and 50, based on their
different dimensions. Specifically, if the weighting parameter
𝛼
𝑉
of the TTV model is set to 1, the weight coefficient 𝛼

𝐷
of

the TTD model is equal to 50. The simulation of approach
application in this paper has been run over a time horizon of
two hours, which corresponds to the length of an afternoon
peak hour session. In this section we show the results of
the simulations under three different conditions. To evaluate
the above control schemes, some traffic flow parameters
concerning the detected road have been achieved through
simulation platform detectors, which are then processed
by the program. The evaluation results are presented as
described in the following sections.

5.1.1. No-Control Case. Figure 8 shows the resulting traffic
flow, density, and queue profiles for partially typical links
on a tested road when no control measure is applied. Since
the legal speed limit value is adopted in case 1 (no-control
case), traffic on the simulated system obeys self-organization.
During the first 0.3 hours, the origin flow continuously
increases, suggesting it has not yet reached capacity. The
traffic in the free-flow condition and mainline link 1 has
enough space to receive the outflow from on-ramp 𝑂

2
.

During this period, the vehicles frommainline link 1 and on-
ramp 𝑂

2
have struggled for the right to travel downstream.

The flow in link 3 of the bottleneck region reaches the actual
capacity at 𝑡=0.3 h.As the arriving flow continues to increase,
the traffic density on the mainstream or on-ramp increases as
well; this leads to a set of congestion phenomena after 0.4 h
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Table 1: Delay under the no-control case.

Total delay Average delay
Mainline delay On-ramp delay System delay Mainline delay On-ramp delay System delay
530,764 veh⋅s 59,922 veh⋅s 590,686 veh⋅s 74.2 s 73.3 s 74.1 s
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Figure 9: Travel time of the mainline and ramp under the no-control case.

in the simulated area. In particular, when no control measure
is applied for the expressed demand scenario, congestion
appears at the mainline section during peak hours that then
propagates backwards all the way to the merge area 𝐵, where
a queue is formed. Then the queue forming at link 2 in the
bottleneck region reaches the merge area 𝐵, and a certain
delay exists, which leads to a decreased outflow of on-ramp
traffic. The congestion within the bottleneck region and the
existing traffic disturbance result in a visible decrease around
the bottleneck flow in link 3.

With the origins𝑂
1
and𝑂

2
traffic flow being higher than

the capacity of bottleneck link 3, the observed congestion of
the simulation network can be seen in Figure 8. Along with
the origin inflow increasing, the traffic conditions turn from
free-flow to jam. During the time period 𝑡 = 0.4 h to 𝑡 =
1.8 h, the queue length of mainline link 1 reached a maximum
1382.9m; a short queue (the average queue length is 16m)
forms at the beginning of this period at on-ramp𝑂

2
, because

the bottleneck region has a certain place to meet the needs of
themainline queue.This congestion created in the bottleneck
region travels upstream and impacts merge area 𝐵 at around
𝑡 = 0.5 h, leading to a visible traffic density increase as well as
a speed decrease in both the bottleneck region link 2 and the
mainline link 1.

Figure 9 shows the average travel time of freeway main-
line vehicles from the origin 𝑂

1
to the bottleneck link 3

and the on-ramp vehicles traveling from on-ramp 𝑂
1
to

the bottleneck region during the total simulated time. By
combining this piece of informationwith that of Figures 8 and
9 and Table 1, it becomes clear that during the peak period
vehicles from the on-ramp joined the mainstream resulting
in aggravated congestion on the mainline. Therefore, the
congested traffic flow at an active bottleneck region results
in an increased average travel time for both on-ramp and
mainline vehicles amounting to 174 s and 168 s, respectively.

Meanwhile, the average delays are equal to 74.2 s and 73.3 s in
mainline and on-ramp, respectively. The resulting total delay
is 590686 veh⋅s.

5.1.2. VSL Control. In case 2, the ramp metering is not taken
into account. Instead, only the VSL control is applied to
mainline link 1. The mainstream link 1 is divided into three
clusters with different characteristics (see Figure 7). The first
cluster is mainly described as the intersection area 𝐵 with
an outflow of the on-ramp 𝑂

2
disturbed mainstream regular

operation. The variable speed limits control is applied in the
second cluster while the last cluster 𝐴 provides a place for
the queue that is caused by the downstream VSL control.
Figure 10 shows the relationship between the queues of link
1 and link 2, as well as the traffic flow and density profiles
for the detected road. The travel time and the delay time are
displayed in Figure 11 andTable 2, and the optimal VSL values
trajectories are shown in Figure 12.

The situation here is actually identical to the no-control
case until around 𝑡 = 0.4 h, because no congestion occurs
until that point. At around 𝑡 = 0.4 h, the capacity of link 3
experiences a decrease phenomenon; however, its descending
range is less than that of case 1 due to the VSL control
that is applied in the mainline, which results in a limited
outflow from link 1 upstream.TheVSL value of link 1 switches
gradually to values around 60 km/h, allowing the bottleneck
region to fit a higher number of vehicles and thereby reducing
the real loss in capacity. Since VSL control is applied on link
1 and the ramp metering is not taken into account, the traffic
density on link 1 is higher while link 2 traffic density is lower
than those same links in the no-control case.

The issue here is the need to keep the density of the
bottleneck region close to its critical density and avoid con-
gestion appearing after 𝑡 = 0.4 h as it does in case 1 scenario.
Moreover, when the mainline control strategy is applied it
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Figure 10: Traffic flow parameters under the VSL control case.
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Figure 11: Travel time of the mainline and ramp under the VSL control case.
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Table 2: Delay under the VSL control case.

Total delay Average delay
Mainline delay On-ramp delay System delay Mainline delay On-ramp delay System delay
505,055 veh⋅s 20,287 veh⋅s 525,342 veh⋅s 70.6 s 24.8 s 65.9 s
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Figure 12: VSL values under the VSL control case.

should enable the maximum bottleneck region outflow. The
VSL values for link 1 switch dynamically depending on how
traffic parameters change, aiming to keep the bottleneck flow
more stable. These temporary flow reductions are set up to
hold the traffic density of link 2 close to critical density.
However, after 𝑡 = 0.6 h, the VSL control has exhausted its
energy and congestion in the bottleneck region becomes
unavoidable.

In the mainline VSL control case, the optimal result is
found for the mainstream. The total length of the mainline
queue including link 1 and link 2 in case 2 is less than that
of case 1, which is due to the mainline traffic flow operating
with more stability and offering enough right to traffic from
𝑂
2
, the latter of which explainswhy on-ramp𝑂

2
wentwithout

the queue phenomenon in case 2.Thequeue length of link 2 in
the bottleneck region is created during peak hours due to the
heavy outflow from the on-ramp 𝑂

2
. Therefore, taking only

the mainline VSL control could not fully meet the demands
of the bottleneck flow control. The resulting total delay of
both the mainline and on-ramp is still 525342 veh⋅s, which
is only an 11% decrease compared to case 1. Although the
speed limit values reach the minimum value, the queue in
the bottleneck region is heavier, because the outflow from
on-ramp 𝑂

2
continues to travel into the bottleneck region.

Therefore, there is no queue on the on-ramp 𝑂
2
in case

2. The average delay reaches 24.8 s, which is influenced by
the bottleneck region queue. The travel time for on-ramp
vehicles is lower than those in no-control case. In general, the
reason why VSL is not enough to solve congestion is that the
controller operates at the lower bound.

Remarkably, in comparing case 2 with the no-control
case, it can be seen that, in the mainline control case, the
total length of the detected road queue is shorter, the delay is
greatly decreased, and the traffic flow operation ismore stable
(meaning the density is more uniform). At the same time,
however, the queue length on themainline is longer, reaching
663m at its peak.

5.1.3. Integrated Control. In the integrated control scenario,
both ramp metering and mainline VSL control measures are
possible. The control strategy applied in this case handles
both control measures simultaneously, cooperating to a
common purpose to collectively achieve maximum of the
TTV and minimum of the TTD. Particularly, the mainline
VSL control is chosen to operate on link 1 and the control
region is founded at the same location as in case 2 because
the variable speed limits control has the largest effect in this
region. The VSL values can be seen in Figure 15.

The optimal control strategy is determined by the degree
of congestion on the mainline and the on-ramp to maximum
of the TTV and minimum of the TTD. As can be seen
from Figure 13, there is no congestion in link 1 before the
flow reaches capacity at around 𝑡 = 0.6 h, while the on-ramp
queue is slightly increased due to the ramp metering actions.
The outflow of the bottleneck region remains maximized
because of the integrated control, which results in a lack
of congestion in the bottleneck region. The optimal control
strategy, which increases the possibilities to contain the
abundant flow towards link 2, and the density of link 3 can
be maintained close to a critical density value at around 𝑡 =
0.6 h, after which unavoidable congestion occurs in link 1 and
𝑂
2
. In fact, the traffic density of link 2 is maintained close to

the critical value of link 3, which is necessary tomaximize the
freeway outflow. This leads to decrease in the TTD.

The observed higher outflow from the bottleneck region
or link 3 at the time around 𝑡 = 0.5 h is due to the application
of a reasonable, optimal control strategy, which integrates the
releasing rate of the flow from the upstream link 1 and on-
ramp 𝑂

2
. According to Figure 13, the density of on-ramp 𝑂

2

experiences some fluctuations during the time period from
𝑡 = 0.6 h to 𝑡 = 1.1 h, because the density of the upstream
link 1 appears higher than the traffic density of the on-ramp
𝑂
2
so that the upstream vehicles (in link 1) achieve more

access to cross the bottleneck region. Through adjusting the
release rates of the on-ramp and the VSL values according
to the degree of congestion of the mainline and the on-
ramp, the queue situations on link 1 and the on-ramp 𝑂

2
are

efficiently controlled. Specifically, a higher traffic density of
the upstream of link 1 corresponds to a higher VSL value
and a lower releasing rate of the on-ramp. If the degree of
congested traffic on the on-ramp is higher than that of link 1,
the releasing rate of the on-ramp traffic should be reasonably
enhanced.The variables of the upstream of link 1 and the on-
ramp 𝑂

2
outflow are shown in Figure 13. When compared

with case 1, the flow through the bottleneck region is larger
before the time 𝑡 = 1 h, because the inflow of the bottleneck
region is derived from both the upstream of link 1 and the
on-ramp 𝑂

2
which is close to the capacity of link 3, which

makes the flow of the bottleneck region more stable and
reliable under the integrated control. However, the outflow
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Figure 13: Traffic flow parameters under the integrated control case.

of link 3 curves, because the inflow of bottleneck region is
below the capacity of link 3. The outflow of the bottleneck
region is equal to the arriving demand of the upstream, which
fluctuates strongly in time and space during time period from
𝑡 = 1.1 h to 1.7 h. During the time period from 𝑡 = 0.3 h to 𝑡 =
0.7 h, theVSL values in case 3 remain higher than case 2. After
the time 𝑡 = 1.1 h, the speed limit values have a distinguished
increase compared to case 2.

The delay time is displayed in Table 3. When the inte-
grated control is applied, the TTD of both the mainline and
on-ramp flow reach 433480 veh⋅s and 63991 veh⋅s, respec-
tively. The system average delay is equal to 62.4 s, which

shows a 15.78% and 5.31% improvement in case 1 and case 2,
respectively. The total travel time of the detected road with
the application of the integrated control equals 497471 veh⋅s,
which corresponds to two improvements of 15.79% and 5.31%
in case 1 and case 2, respectively. The average VSL value is
higher than the average VSL value of case 2, because of coor-
dination with the ramp metering in case 3, whose releasing
rates can be seen in Figure 16. According to Figure 14, the
travel time curve under the integrated control condition in
the upstream of link 1 is shown as a series of lower values
than those found in previous cases, which resulted from the
application of a reasonable controlmeasure. Nevertheless, the
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Table 3: Delay under the integrated control case.

Total delay Average delay
Mainline delay On-ramp delay System delay Mainline delay On-ramp delay System delay
433,480 veh⋅s 63,991 veh⋅s 497,471 veh⋅s 60.6 s 78.3 s 62.4 s
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Figure 14: Travel time of the mainline and ramp under the integrated control case.
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Figure 15: VSL values under the integrated control case.
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Figure 16: Metering rates for on-ramp.

on-ramp travel time continues to experience higher values
during peak hours, which is due to the fact that the on-ramp
outflow is restricted by the adjustment of the releasing rates.
As a result, the average delay time of the on-ramp𝑂

2
is longest

compared with other cases, which is equal to 78.3 s. This
means that the integrated control strategy is an efficient way

to control the upstream of link 1 and the on-ramp 𝑂
2
, since

it considers both the degrees of congestion on the upstream
of link 1 and 𝑂

2
to control the outflow from link 1 and 𝑂

2
by

adjusting the VSL values and the metering rates.

6. Conclusions

The paper presented an optimal integrated control strategy
for freeway mainline lane-drop bottleneck regions which
includes the variable speed limits and ramp metering. This
idea was illustrated by a simple freeway lane-drop bottleneck
network, where the various cases including no-control,main-
line VSL control, and integrated control were compared for
the total delay and outflow of the bottleneck region. This
paper then offered a detailed discussion of three different
cases aimed at demonstrating the efficiency and the flexibility
of integrated freeway bottleneck traffic control. In the VSL
control case, variable speed limits control was proven to be
effective when compared to the no-control case. When only
the VSL control was applied to the bottleneck upstream,
there was no queue on the on-ramp and the bottleneck
traffic congestion was instantly relieved. However, the queue
phenomenonwas serious on the upstreammainline. Further-
more, we adopted the integrated control measures to solve
the traffic congestion problem and enhance the performance
in the freeway network. The integrated control on freeway
included a reasonable set of VSL values and ramp release
rates, depending on the degrees of congestion in the inte-
grated bottleneck upstreammainline and on the on-ramp.We
found that the integrated control case results in the bottleneck
region had a higher outflow and a significantly lower total
delay when providing a certain right to the ramp outflow.

Although the optimal integrated freeway traffic control
measures can dynamically manage bottleneck region conges-
tion and reasonably control the degrees of both the on-ramp
and upstream, the real-life benefits of optimal integrated
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freeway traffic control strategy have yet to be applied. In
the future, the integrated control measures of combining
the mainline VSL and ramp metering should be applied to
and tested on real freeways. Another interesting and relevant
issue for future study is the research of complexes freeway
network, such as dynamic traffic route guidance, ring road
around cities, and regions where some cities are connected
by freeway. Some other control approaches also should be
considered in addition to variable speed limits and ramp
metering (such as drivers’ information, peak-lanes, and tidal
traffic flow).
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