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Abstract: As one of the effective measures of intelligent traffic control, on-ramp metering is often
used to improve the traffic efficiency of expressways. Existing on-ramp metering research mainly
discusses expressways with right-side on-ramps. However, for underground expressway systems
(UESs), left-side on-ramps are frequently adopted to reduce the ground space occupied by ramp
construction. Since traffic entering from the left and right sides of the mainline may have different
traffic characteristics, on-ramp metering for UESs with left-side on-ramps should be explored
specifically. This study examines the impacts of left-side on-ramps on the traffic safety and efficiency
of UESs and proposes an effective on-ramp metering strategy. Firstly, using field data, traffic flow
fundamental diagrams and speed dispersion are discussed to explore the traffic flow characteristics
of the “left-in” UES. The results show that the capacity and critical occupancy are both reduced in
left-side on-ramp compared to right-side on-ramp expressways. Meanwhile, the speed dispersion is
higher in left-side on-ramp UESs, which means a higher accident risk. Based on this, considering traffic
safety and efficiency, a novel two-parameter left-side on-ramp metering strategy for UESs is proposed,
in which occupancy and speed are used as the control indicators simultaneously. Additionally, the
mechanism of the metering strategy is explained. Finally, the proposed on-ramp metering strategy is
simulated on a real UES. The results demonstrate the advantages of the proposed two-parameter
on-ramp metering strategy for improving the traffic safety and efficiency of UESs.

Keywords: intelligent transportation systems; traffic safety; urban underground expressway; traffic
flow characteristics; left-side on-ramp; ramp metering

1. Introduction

Due to land availability restrictions for roads in urban areas, it has become more difficult for the
surface and elevated road system to meet the growing traffic demand, which has resulted in aggravated
traffic congestion and serious environmental pollution [1]. An urban underground expressway system
(UES) has been constructed in many cities to save land resources, alleviate traffic congestion, and
improve the urban environment [2,3]. The relatively enclosed internal space of UESs and the lack of
roadside references can increase drivers’ psychological pressure and lead to excessive speeding, which
brings traffic safety hazards [4–7].

Ensuring the traffic safety and efficiency of UESs is critical [8–11]. As one of the effective measures
of intelligent traffic control, on-ramp metering is often used to improve traffic efficiency of urban
expressways [12–14]. On-ramp metering strategies such as Demand-Capacity, Occupancy-Capacity,
and ALINEA (the acronym for ‘Asservissement line’ aire d’entre’ e autoroutie’) [15–17] regulate
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on-ramp flow into mainline to alleviate traffic congestion on mainline. Makigami and Matsuo [18]
also argued that measures such as on-ramp metering can provide better traffic inflow conditions for
vehicles to merge into the mainline from the on-ramp, which can improve the traffic conditions. Over
the years, a number of on-ramp metering strategies have been exploited. A self-adjusted fuzzy local
ramp metering strategy was proposed by Gao [19] to keep the mainline traffic state and the on-ramp
queue length at reasonable levels. Majid et al. [20] proposed an integrated approach for on-ramp
metering using sliding mode control to avoid mainline congestion. Based on the Model Predictive
Control framework, Fang et al. [21] presented an on-ramp metering algorithm to predict and assess
future traffic conditions, which aims at optimizing the network mobility. Most of the existing studies
on on-ramp metering are aimed at improving the traffic efficiency and have concentrated on the typical
right-side on-ramps.

For countries and regions that drive on the right-hand-side, this “left-in” or “left-out” traffic
organization form (that is, the traffic flow enters or leaves the mainline from the left-side on-ramps)
does not conform to driving habits, which may lead to different traffic characteristics compared to
the traditional “right-in” or “right-out” form. Several studies [22,23] have explored the safety and
operational effects of left-side off-ramps at expressway diverging areas in Florida. These studies all
concluded that left-side off-ramps are associated with a higher crash frequency than right-side off-ramps.
Chen et al. [24] collected the crash records for 11 left-side and 63 similar right-side off-ramps, and the
analysis results indicated that the crash rate and annual average crash frequency were significantly
higher for left-side than for right-side off-ramps.

However, despite this, to the best of our knowledge, few engineering applications with left-side
on-ramps have been carried out, and the limited existing studies about the effects of the “left-in” form
were based on simulation experiments. A simulated driving test was conducted by Liu [25] to study
the driving behavior characteristics of vehicles entering the mainline from the left- and right-side
on-ramps. The results showed that speed dispersion is higher when vehicles enter the mainline of
the underground expressway from a left-side on-ramp, indicating that drivers are not familiar with
entering from this way, which leads to unstable driving behavior. Fang et al. [26] studied the vehicle
operation characteristics at the on-ramps of the underground expressway based on a driving simulator
and found that the layout of the ramp (left- vs. right-side) had a significant influence on the operation
characteristics of vehicles entering from the on-ramps. Eustace et al. [27] analyzed the effects of merging
areas in the vicinity of on-ramps on crash frequency, and the results indicated that crashes are more
likely to occur in merging areas near the left-side on-ramps.

These literatures indicate that there are significantly different traffic characteristics between the
right- and left-side on-ramp expressways. Although these results need to be further backed up by
real applications, it can still be concluded that the existing on-ramp metering methods for right-side
ramps are not appropriate for left-side ramps. Traditional on-ramp metering has generally focused on
traffic efficiency, but safety should also be emphasized in the left-side on-ramp metering. However,
left-side ramps are frequently adopted in the UES to reduce the land space occupied by the ramps.
No relevant research has been found on the on-ramp metering of underground expressways with
left-side on-ramps. To sum up, left-side on-ramp metering represents a palpable research gap in the
on-ramp metering model, which is also an important method in the traffic management of the UES.

To develop a left-side on-ramp metering strategy, it is necessary to improve the understanding
of the “left-in” UES traffic flow characteristics as a first step. In this paper, the Shanghai Bund
Underground Expressway was investigated as a real left-side on-ramp UES application. The traffic
flow characteristics were analyzed using field data by first comparing them to those of a similar
expressway with a right-side on-ramp. The target occupancy and speed for on-ramp metering were
determined based on the traffic efficiency, safety, and efficiency of road infrastructure utilization.
Then, a two-parameter on-ramp metering strategy was proposed for the left-side on-ramp UES. After
applying the two-parameter metering strategy and the traditional ALINEA method to the Shanghai
Bund Underground Expressway, the performance of the proposed control strategy was examined.



Sustainability 2019, 11, 3247 3 of 18

The main contributions of this paper are the determination of the empirical traffic flow
characteristics of the “left-in” UES and the development of an efficient left-side on-ramp metering
strategy for UESs.

2. Traffic Characteristics Analysis of “Left-In” UES

A typical “left-in” underground expressway and a traditional expressway with a right-side
on-ramp were selected, which have similar traffic organization characteristics. The three-parameter
relationship of traffic flow and the speed dispersion between the two expressways were compared and
analyzed to determine the empirical traffic flow characteristics of the “left-in” UES.

2.1. Subject Selection and Data Sources

The Shanghai Bund Underground Expressway, which has left-side on-ramps, was investigated in
this study. Built in 2010, it starts from Laotaiping Lane in Zhongshan South Road and ends at Haining
Road. The section between the left-side on-ramp of East Changzhi Road and the right-side off-ramp of
Yan’an East Road was selected as the research object. It is equipped with coil detectors. However, their
time interval for data output is 1 h, which did not meet the requirements for the study. Fortunately,
the Bund Underground Expressway has an integrated video monitoring system that can be used to
collect traffic data; this was used as the data source for this study. The basic sketch of the research
section is shown in Figure 1. Considering the position of the video camera, the approximate position
of the selected detection section is as shown by the red line in the figure.
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Figure 1. Sketch of “left-in” research section.

The method of collecting the detection data for the research section based on the video is shown
in Figure 2, and data such as traffic flow, speed, and occupancy were acquired at intervals of 20 s from
06:00 to 10:00 on three regular workdays.

The data acquisition method adopted in this study had many advantages compared with the
traditional manual measurement method [28,29]:

(i) Firstly, the original video data is extracted directly from the existing traffic monitoring system
for the underground expressway, and the work is mainly carried out indoors, which improves
the poor working environment of the traditional manual measurement method. Meanwhile,
the proposed data acquisition method provides a standardized process, which makes the data
acquisition process repeatable and checkable. Therefore, the data reliability is improved.

(ii) Secondly, the data acquisition process is relatively simple, and the number of vehicles and time
intervals can be recorded on the computer. After short-term training, ordinary staff can operate
the experiment, which is more efficient than the manual measurement method.

(iii) Finally, using the video data for indoor processing, full sample data at small time intervals (e.g.,
20 s) can be obtained, but the manual measurement method is almost impossible to achieve.
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To analyze the difference in traffic flow characteristics between the “left-in” underground
expressway and the traditional “right-in” expressway, a “right-in” expressway section with similar
conditions, except for the different on-ramp layouts, was found. Thus, the section between the on-ramp
of Tianyao Bridge Road and the off-ramp of Wuzhong Road, Shanghai Inner Ring Elevated Expressway
was selected as the comparison section. It is equipped with a relatively complete traffic data acquisition
system. Loop-coil detectors are arranged at regular intervals, and data such as traffic flow, speed, and
occupancy can be collected at intervals of 20 s. The basic sketch of the selected comparison section is
shown in Figure 3. The position of the red line in the figure is the detection section near coil detectors.

Similar data were collected from the research and comparison sections, including collections from
similar detection positions, time intervals, data items, and so on. Additionally, the parameters of the
two sections are shown in Table 1.
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Table 1. Reference factors for comparison section selection.

Reference Factors Bund Underground Expressway
(“Left-In”)

Inner Ring Elevated Expressway
(“Right-In”)

Lane width, m 3 3
On-ramp layout Left-side of the mainline Right-side of the mainline
Off-ramp layout Right-side of the mainline Right-side of the mainline

Number of on-ramp lanes 1 2 (1 lane in the merge area)
Number of lanes upstream 2 2

Number of lanes downstream 3 3
Spacing between on- and

off-ramps, m 1300 1100

Design speed of the mainline,
km/h 40 60

Design speed of the on-ramp,
km/h 40 40

Traffic composition Small passenger car (100%)
Small passenger car (98.8%)

Medium passenger car (0.8%)
Large passenger car (0.4%)

2.2. Analysis of Traffic Flow Fundamental Diagrams

The traffic flow fundamental diagram of the “left-in” underground expressway is shown in
Figure 4, and the traffic flow fundamental diagram of the “right-in” elevated expressway is shown in
Figure 5.Sustainability 2019, 11, x FOR PEER REVIEW 6 of 18 
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Figure 4. (a) Flow-occupancy scatter plot of the downstream section of the “left-in” underground
expressway; (b) speed-occupancy scatter plot of the downstream section of the “left-in”
underground expressway.
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Figure 5. (a) Flow-occupancy scatter plot of the downstream section of the “right-in” elevated
expressway; (b) speed-occupancy scatter plot of the downstream section of the “right-in”
elevated expressway.

The comparison results of the traffic flow fundamental diagrams between the two expressway
sections are shown in Table 2.

Table 2. Reference factors for comparison section selection.

Section Fitting Formula Fitting
Degree

Free-Flow
Speed, km/h

Critical
Occupancy, %

Capacity,
Vehicles/h

Downstream section of the
“left-in” underground

expressway
Y = –1.8653x+78.045 0.9484 78 22 1600

Downstream section of the
“right-in” elevated

expressway
Y = –1.1542x+68.492 0.9725 68 30 2000

Note: The critical occupancy is calculated from the speed-occupancy regression formula.

The analysis showed that the capacity of the “left-in” underground expressway was 20% lower
than that of the “right-in” elevated expressway. The critical occupancy of the “left-in” underground
expressway was 22%, while that of the “right-in” elevated expressway was 30%. The absolute value of
the reduction in the critical occupancy was 8%, accounting for 27% of the critical occupancy of the
“right-in” elevated expressway.

Besides that, the free-flow speed of the “left-in” underground expressway was higher than that of
the “right-in” elevated expressway. Considering the lower design speed of the UES, this indicates
a higher safety risk. This will be discussed in the future work.

2.3. Analysis of Speed Dispersion

The difference in speed dispersions between the “left-in” underground expressway and the
“right-in” elevated expressway was analyzed. The standard deviation of speed was used to indicate
speed dispersion, which has been confirmed to be correlative with the accident rate in numerous
previous studies [30–32]. Therefore, this parameter was used to characterize the traffic safety features
of the UES.

The speed dispersion at different occupancy levels of the two expressways is shown in Figure 6.
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Figure 6. (a) Standard deviation of speed in the downstream section of the “left-in” underground
expressway; (b) standard deviation of speed in the downstream section of the “right-in”
elevated expressway.

As shown in Figure 6a, when the occupancy was lower than 3%, the speed dispersion of the
“left-in” underground expressway was higher, reaching 10.58. At this time, the traffic was in a free-flow
state, and the mutual influence between vehicles was small, which does not bring excessive safety
risks. Nevertheless, as mentioned above, due to the relatively enclosed space of the underground
expressway, drivers may misjudge the driving environment and drive at a higher speed, resulting in
free-flow speed that is significantly higher than the design speed and even higher than the speed of the
elevated expressway used for comparison. It is recommended that a dynamic speed guidance system
and strict law enforcement is adopted on the underground expressway to reduce speeding and its
related risks. When the occupancy was between 3% and 18%, the speed dispersion decreased with the
increase of occupancy. When the occupancy was higher than 18%, the speed dispersion showed an
increasing trend, and when the occupancy was higher than 24%, the speed dispersion decreased again
and remained at a lower level.

As shown in Figure 6b, the speed dispersion of the comparison section of the “right-in” elevated
expressway was stable at a lower level in the occupancy range of 12% to 30%, and relatively increased
after the occupancy exceeded 30%. This threshold is consistent with the critical occupancy determined
in the analysis of traffic flow fundamental diagrams.

In general, when the occupancy was lower than 30%, the speed dispersion in the downstream
section of the “left-in” underground expressway was significantly higher than that of the “right-in”
elevated expressway. Therefore, for the underground expressway, it is very important to adopt traffic
control strategies to reduce the speed dispersion.

3. A Two-Parameter On-Ramp Metering Strategy Considering Efficiency and Safety

Based on the above traffic flow characteristics of the “left-in” underground expressway, considering
the traffic efficiency, safety, and efficiency of road infrastructure utilization, a novel on-ramp metering
strategy for the “left-in” UES is proposed. The purpose of on-ramp metering is to increase the mainline
speed, so that the mainline traffic is always operating at a smooth state without sacrificing too much
efficiency in infrastructure utilization, but at the same time, reducing traffic accidents and safety risks.

3.1. Two-Parameter On-Ramp Control Model

This study used the ALINEA control model, which is one of the most representative occupancy
control models. Based on the classical closed-loop feedback control strategy, the ALINEA control
model maintains the occupancy downstream of the mainline in an ideal state by adjusting the on-ramp
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metering rate, and the occupancy is its control indicator [20,33,34]. The control model is shown in
Equation (1):

r(k) = r(k− 1) + KR[Oc −Oout(k− 1)] (1)

where r(k) is the on-ramp metering rate for the k-th period; r(k− 1) is the on-ramp metering rate for the
k-1-th period; KR is the adjustment parameter; Oc is the target occupancy of the mainline downstream,
which is generally equal to or slightly less than the critical occupancy, which can be determined by the
flow-occupancy scatter plot; and Oout(k− 1) is the measured occupancy of the mainline downstream
for the k-1-th period.

By taking the critical occupancy as the target occupancy in most circumstances, the traditional
ALINEA model allows high traffic flow that is close to capacity to pass through smoothly, which
ensures high road infrastructure utilization. At the same time, as shown in Table 2 and Figure 6b, the
speed dispersion of the “right-in” elevated expressway was still at a lower level under the critical
occupancy, which means that lower traffic safety risks can also be achieved. In contrast, for the
“left-in” UES (Table 2 and Figure 6a), the speed dispersion began to increase as critical occupancy was
approached. The “left-in” UES had a higher speed dispersion, and the speed dispersion is one of the
important factors affecting traffic safety [35–37].

To ensure that the traffic is operating at a smooth state and to keep the speed dispersion at a lower
level, a lower target occupancy should be adopted rather than the critical occupancy. However, as
the occupancy decreases, the maximum traffic flow allowed to pass through decreases, which results
in a reduction in the utilization of road infrastructure. For roads in urban areas, the utilization of
infrastructure should not be sacrificed too much due to the shortage of, and high demand for, road
space. To balance the traffic efficiency, safety, and road infrastructure utilization in the on-ramp
metering, a second control indicator, vehicle speed, was introduced into the original ALINEA model.
The two-parameter on-ramp metering model for the UES is shown in Equation (2):

r(k) = r(k− 1) + u ·KR[Ot −Oout(k− 1)] + (1− u) ·KV [Vout(k− 1)/Vc − 1] (2)

where KV is the speed adjustment parameter; Vc is the target speed of the mainline downstream;
Vout(k− 1) is the measured speed of the mainline downstream for the k-1-th period; u is the weighted
parameter, 0 ≤ u ≤ 1; and the other parameters in the model are the same as those defined in
Equation (1).

In Equation (2), the second item is used to ensure a smooth traffic flow and to maintain low
speed dispersion. Therefore, here, it is recommended that the target occupancy Ot is a threshold
value that can ensure both smooth traffic flow and low speed dispersion. Subsequently, the third item
was employed to ensure smooth traffic flow and to allow for high traffic flow. To achieve this, the
target speed Vc was taken as the critical speed at which traffic capacity can be obtained. The weighted
parameter u was adopted to balance the control effects between these two items.

When u = 0, the third item of the model has the same control effect as the ALINEA model, which
ensures smooth traffic and allows for high traffic flow.

When 0 < u < 1, the second and third items control together to achieve smooth traffic, high traffic
flow, and low speed dispersion. The speed dispersion control here includes two aspects: The second
item controls the target occupancy to reduce the overall speed dispersion, and the third item controls
the target speed to reduce the speed dispersion under an occupancy group. As the u value increases,
the effect of the second item in controlling the overall speed dispersion increases, and the occupancy
is close to the target occupancy. As the u value decreases, the occupancy moves closer to the critical
occupancy, and the effect of the third item in controlling the speed dispersion under an occupancy
group increases.

When u = 1, the system is completely controlled by the second item of the model. The occupancy
is always maintained at less than or equal to the target occupancy to achieve a low overall speed
dispersion and a smooth traffic state.
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Meanwhile, considering the analysis results of the speed dispersion, the UES has a higher speed
dispersion at the same occupancy level, indicating that if only the occupancy is controlled, the speed
can still vary within a large range, and speeds lower than the critical speed might still occur. For
example, when the occupancy is in the range of 15% to 18%, the traffic should be in a smooth state,
as shown in Table 2 and Figure 4. However, speeds lower than the critical speed will still occur in an
occupancy group, as shown in Figure 7. Therefore, as a byproduct, controlling speed higher than the
critical speed can also decrease the speed dispersion under an occupancy group further.Sustainability 2019, 11, x FOR PEER REVIEW 9 of 16 
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3.2. Target Values of Control Parameters

3.2.1. Determination of Target Occupancy

Table 2 shows that the critical occupancy is 22%, indicating a smooth traffic state. The analysis
of the speed dispersion (Figure 6a) indicates that the target occupancy is 18%, ensuring low speed
dispersion and high traffic efficiency. The occupancy threshold results are shown in Table 3.

Table 3. Summary of occupancy thresholds for efficiency and safety.

Optimization Objective Efficiency Safety

Occupancy threshold, % 22 18

3.2.2. Determination of Target Speed

Figure 4 shows that the critical speed is 40 km/h when the traffic capacity is obtained. Therefore,
the speed should preferably be controlled at more than 40 km/h to ensure high traffic flow and reduce
speed dispersion under an occupancy group.

In addition, other parameters in the control model were determined based on the requirements of
actual control.

3.3. Mechanism of Control Model

The mechanism of the two-parameter control model was visualized under different scenarios
using the measured data of the “left-in” underground expressway, as shown in Figure 8.
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In general, the control model transforms the current traffic state into the target traffic state through
the following control scenarios:

(i) When the current traffic is at part (1) of Figure 8, it is always in a smooth state with a high traffic
efficiency and a low overall speed dispersion. The control model does not play a role, and the
target traffic state is the current traffic state;

(ii) When the current traffic is at part (2), it is in a smooth state with a high traffic efficiency and
high road infrastructure utilization, but the overall speed dispersion is also high. The second
item in the control model plays a major role. When the overall speed dispersion is controlled at
a lower level to ensure traffic safety, the target traffic state is at part (1). From the perspective of
traffic managers, when the occupancy is maintained between the target occupancy and the critical
occupancy to ensure the utilization of road infrastructure, the target traffic state is still at part (2);

(iii) When the current traffic is in a crowded state at part (3), the second item in the control model
controls the occupancy so that it is less than or equal to the critical occupancy as much as possible
to ensure smooth traffic and high traffic flow, while relaxing the requirement for the overall speed
dispersion, and the target traffic state is at part (2);

(iv) When the current traffic is at part (4), it is in a smooth state with a low traffic efficiency and
low road infrastructure utilization. The third item in the model controls the speed threshold to
achieve high traffic flow and reduce the speed dispersion under the occupancy group, and the
target traffic state is then at part (1);

v) When the current traffic is at part (5), the second and third items control together such that the
target traffic state is at part (1) or (2). Relying on the value of u to balance the control effects
between the two items, the traffic is always in a smooth state;

vi) When the current traffic is in a crowded state at part (6), the target state is controlled at part (2).
The second and third items control together to ensure smooth traffic and high traffic flow.

3.4. Detector Layout

Based on the requirements of the parameters in the control model, the mainline detector is
arranged downstream of the mainline, about 300 m away from the entrance position. The ramp
detector is arranged on the on-ramp, about 70 m from the entrance position and 2–4 m from the stop
line. Additionally, the queuing detector is arranged at the end of the on-ramp.
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4. Simulation Evaluation of Control Effects

4.1. Simulation Tool and Simulation Section

Based on the field investigation, VISSIM simulation software was used to establish a simulation
model for the section between the left-side on-ramp of East Changzhi Road and the right-side off-ramp
of Yan’an East Road, Shanghai Bund Underground Expressway. The selected simulation section was
1600 m long, including 200 m upstream of the on-ramp, 1300 m from the on-ramp to the off-ramp, and
100 m downstream of the off-ramp. Upstream of the mainline the expressway is one-way with two
lanes, and downstream it is one-way with three lanes. The on-ramp is a single lane, and each lane
width is 3 m. The simulation section is shown in Figure 9, and the simulation time was 120 min.
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4.2. Calibration of Simulation Parameters

In the process of simulation modeling, the calibration of simulation parameters has a great
influence on the accuracy of the simulation.

4.2.1. Calibration Steps

The basic steps for the calibration of simulation parameters are shown in Figure 10.
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The selected calibration parameters were the desired speed distribution and driver behavior
characteristics, and the evaluation indicators were traffic flow and speed. The calibration parameters
were adjusted several times until the sum of the squared errors between the simulated and measured
values was within the acceptable range, and the optimal calibration parameters were obtained. These
were then used as the final input parameters of the model.

4.2.2. Calibration Results

Taking the measured traffic flow data as the basic parameters, the desired speed distribution
and driver behavior parameters were adjusted to improve the accuracy of the model. The calibration
results of the simulation parameters were as follows:

(1) Calibration of the desired speed distribution.

The calibration of the desired speed distribution was derived from measured traffic flow data.
The sections of the desired speed calibration included the upstream and downstream sections of the
mainline, and the on-ramp. The specific calibration is shown in Figure 11.
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Figure 11. Desired speed distribution of the upstream section, the on-ramp, and the downstream section.

(2) Calibration of the driver behavior parameters.

The driver behavior parameters included the parameters of the car following model and the lane
changing model. Using the psycho-physical Wiedemann 99 car following model for expressways,
the calibrated car following model parameters were the average parking distance, the time headway,
the threshold of the following state, and the vibration acceleration. Furthermore, the calibrated lane
changing model parameters were the maximum deceleration, the acceptable deceleration, the safety
distance reduction factor, and the maximum braking deceleration.

Selecting a certain step size, each parameter was adjusted and tested several times until the
optimal calibration value was found. The final calibration results of the relevant parameters in the car
following and lane changing models are shown in Table 4.
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Table 4. Calibration results of key parameters in the car following and lane changing models.

Calibration Parameter Default Value Calibration Value

Wiedemann 99 car
following model

Parking distance, m 2.0 1.5
Time headway, s 0.9 1.245

Threshold of the following state, m/s ±0.35 ±0.35 (default)
Vibration acceleration, m/s2 0.25 0.761

Lane changing vehicle Maximum deceleration, m/s2 –4 –4.69
Acceptable deceleration, m/s2 –1 –0.42

Overtaken vehicle
Maximum deceleration, m/s2 –3 –3.62
Acceptable deceleration, m/s2 –0.5 –0.39

Safety distance reduction factor 0.6 0.58

Maximum braking deceleration, m/s2 –3 –2.4

4.2.3. Evaluation of Calibration Effect

Based on the calibration results of the simulation parameters, the validity of simulation parameter
calibration was verified by determining the matching effect between the flow/speed downstream
of the simulation section and the measured data. The matching diagrams between the simulated
flow, simulated speed, and measured data are shown in Figure 12. Moreover, the error between the
simulated and the measured data was calculated and is shown in Table 5.
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Figure 12. (a) Matching diagram between simulated flow and measured data of the downstream
section; (b) matching diagram between simulated speed and measured data of the downstream section.

Table 5. Error analysis between simulated data and measured data.

Time
Flow of the Downstream Section, Vehicles/h Speed of the Downstream Section, km/h

Measured Value Simulated Value Error, % Measured Value Simulated Value Error, %

7:35:00 4272 4020 6 52.79 53.85 2
7:40:00 4260 4644 9 54.19 52.26 4
7:45:00 3996 4272 7 48.89 52.83 8
7:50:00 4200 4356 4 56.82 52.14 8
7:55:00 4512 4320 4 59.52 52.40 12
8:00:00 4176 4260 2 34.32 29.27 15
8:05:00 3660 2916 20 17.35 14.41 17
8:10:00 3624 2880 21 15.84 17.20 9
8:15:00 3564 3300 7 15.79 18.00 14
8:20:00 3660 4176 14 16.73 23.98 37
8:25:00 4176 4272 2 21.01 25.21 20
8:30:00 4692 4356 7 25.79 25.05 3
8:35:00 4392 4176 5 24.15 23.24 4
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Table 5. Cont.

Time
Flow of the Downstream Section, Vehicles/h Speed of the Downstream Section, km/h

Measured Value Simulated Value Error, % Measured Value Simulated Value Error, %

8:40:00 4080 4104 1 24.15 25.40 5
8:45:00 4164 4272 3 23.96 22.90 4
8:50:00 3984 3912 2 21.36 24.79 16
8:55:00 4308 4104 5 27.52 20.39 26
9:00:00 3504 3480 1 52.89 32.14 39
9:05:00 3912 3852 2 55.64 53.55 4
9:10:00 3108 3336 7 59.51 54.77 8
9:15:00 3540 3612 2 58.09 53.56 8
9:20:00 2976 2772 7 60.86 55.25 9
9:25:00 3168 3384 7 61.97 55.29 11

Average
error, % 9 12

As shown in Table 5, the average error between the simulated and measured data was within
12%. Although there were individual errors exceeding 12%, the error was generally at a lower level.
Therefore, it can be concluded that the calibration of the model parameters was sufficient and the
simulated data were as close as possible to the measured data.

4.3. Control Effect Analysis

To verify the effectiveness of the proposed on-ramp metering strategy considering efficiency and
safety, the control effects of the non-control, the ALINEA control strategy, and the two-parameter
control strategy based on occupancy and speed were compared and analyzed. Taking into account the
weight of occupancy control and speed control in the two-parameter control model, the value of u was
determined to be 0.5. KR took the classic value of 70, and KV was taken as 50. The traffic flow, average
speed, and speed fluctuation of the mainline downstream section and the queue length of the on-ramp
were selected as evaluation indicators, which not only reflected the general situation of the flow and
speed of the mainline to realize the speed control of the mainline, but also avoided the interference of
the on-ramp queuing to the mainline.

The traffic flow generated in the VISSIM simulation was shown in Appendix A. The quantitative
analysis of the simulation effects of different control strategies is shown in Table 6.

Table 6. Comparison of simulation effects.

Evaluation Indicator Non-Control ALINEA 1 Control Two-Parameter Control

Traffic flow (vehicles/h) 3876 3760 3834
Effect comparison - –2.99% –1.00%

Average speed (km/h) 35.50 45.83 46.45
Effect comparison - +22.50% +23.50%

Speed fluctuation (km/h) 5.69 3.16 3.01
Effect comparison - –44.40% –47.10%

Average number of queued vehicles on
the on-ramp - 12 7

1 ALINEA: the acronym for ‘Asservissement line’ aire d’entre’ e autoroutie’ [15–17].

As shown in Table 6, the advantages of the two-parameter control can be explained from the
following aspects.

(i) In terms of the traffic flow, the mainline traffic flow of the ALINEA control and the two-parameter
control was slightly reduced compared to that of the non-control, but the flow reduction of the
two-parameter control was lower than that of the ALINEA control. The flow of the two-parameter
control was almost equal to that of the non-control.
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(ii) In terms of the speed control, the mainline average speed of the two-parameter control increased
more than that of the ALINEA control, and the speed fluctuation decreased more, so that the
overall traffic conditions of the mainline significantly improved.

(iii) In addition, the average queue length on the on-ramp of the two-parameter control was 42%
lower than that of the ALINEA control, which greatly reduced the impact on the mainline traffic.

Therefore, simultaneously taking speed and occupancy as control indicators guarantees the
stability of the control strategy and has a positive effect on driving safety and efficiency.

5. Conclusions

This study explored the traffic flow characteristics of the “left-in” underground expressway based
on the measured data and proposed a novel on-ramp metering strategy to improve the efficiency and
safety of the UES. The main conclusions of this study are as follows:

(1) Firstly, the traffic flow fundamental diagrams between the “left-in” and “right-in” expressways
were compared. The traffic capacity of the “left-in” underground expressway was shown to be
20% lower than that of the “right-in” elevated expressway, and 27% lower in terms of critical
occupancy. However, the free-flow speed was higher. Meanwhile, the “left-in” underground
expressway appeared to have a higher speed dispersion and; therefore, a higher accident risk.

(2) Secondly, considering the traffic efficiency, safety, and road infrastructure utilization, a novel
two-parameter on-ramp metering strategy for the UES was proposed, in which speed and
occupancy were used as the control indicators simultaneously. Based on the discussion
of the control parameter threshold, the target occupancy value was taken as 18%, and
the target speed value was 40 km/h. Based on this, the mechanism of the two-parameter
control model was visualized under different scenarios using data measured from the “left-in”
underground expressway.

(3) Finally, a simulation model based on measured data was established. The two-parameter control
strategy was shown to be superior to the non-control and ALINEA control strategies in terms of
stability and speed fluctuation control. Thus, the proposed on-ramp metering strategy for the
UES was shown to be feasible and practical and can effectively ensure traffic safety and efficiency.

Therefore, this study enriches the on-ramp metering strategy for expressways in the intelligent
transportation system. The on-ramp metering strategy based on the analysis of the “left-in” UES traffic
characteristics can effectively improve the traffic safety and efficiency of UESs. It is suggested that
future works study the reliability of the on-ramp metering strategy and extend the strategy to the
left-side on-ramp of the actual underground expressway.
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Appendix A

The section positions of the upstream and the on-ramp where the traffic flow was generated are
shown by the red lines in Figure A1. The traffic flow generated in the three simulation scenarios is
shown in Table A1.
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