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Abstract: Identifying the bottleneck segments and developing targeted traffic control strategies can
facilitate the mitigation of highway traffic congestion. In this study, we proposed a new method for
identifying the bottleneck segment in a large highway network based on the percolation theory. A
targeted on-ramp control approach was further developed by identifying the major vehicle sources
of the bottleneck segment. We found that the identified bottleneck segment played a crucial role in
maintaining the functional connectivity of the highway network in terms of meeting the required
level of service. The targeted on-ramp control approach can more effectively enhance the service
level of the highway network.

Keywords: highway bottleneck; percolation theory; traffic control; major vehicle sources

1. Introduction

Highways play an important role in the regional transportation systems of most
countries [1]. However, the ubiquitous traffic congestion on highways [2] could cause
travel delays and traffic accidents [3,4], posing great negative effects on the efficiency and
safety of highway transportation. Mitigating traffic congestion is an important task for
many highway transportation agencies, and various traffic control approaches (e.g., on-
ramp control [5], route guidance [6], and variable speed limit [7]) were developed and
applied. The on-ramp control approaches were widely studied to alleviate highway traffic
congestion [8]. Many countries implemented on-ramp control strategies in practice to
facilitate highway transportation management [9–21]. Yet, despite the theoretical and
practical achievements, existing on-ramp control approaches were usually developed for
small theoretical networks or localized highway segments. That was mainly caused by the
huge solution space when dealing with a large network and the difficulty of incorporating
network-level traffic information. There are still lacking on-ramp control approaches
applicable to large-scale highway networks.

In this study, we employed the network percolation approach to identify the bottle-
neck segment of a large regional highway network (i.e., the Hunan highway network). A
percolation-bottleneck-based on-ramp control approach was proposed to alleviate traffic
congestion and improve the functional connectivity of the highway network. Specifically,
we pinpointed the major vehicle sources (MVSs) of the bottleneck segment to reduce the so-
lution space and involve the network-level traffic information in the on-ramp control model.
We validated the proposed on-ramp control approach using actual travel demand data
of the Hunan highway network. The generated traffic control schemes can considerably
improve the highway’s service level. The main contributions of this study are summarized
as follows:

(1) Existing methods usually located the highway bottlenecks based on each highway
segment’s traffic state (e.g., traffic speed, traffic flow), paying less attention to the
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segment’s role in maintaining the functional connectivity of the highway network.
In the present study, we employed the network percolation approach to identify the
highway bottleneck. The service level of the highway network could be considerably
enhanced by slightly reducing the congestion of the identified bottleneck;

(2) Existing on-ramp control approaches were, in general, developed for small theoretical
networks or localized highway segments. In the present study, we filled the research
gap by pinpointing the major vehicle sources of the bottleneck segment and develop-
ing a targeted on-ramp control approach applicable to large-scale highway networks
based on the major vehicle source information.

The remainder of this paper is organized as follows. Section 2 reviews previous
studies and applications in the field of on-ramp control and methods for identifying
highway bottlenecks. Section 3 introduces the used highway network data and travel
demand data. Section 4 presents the method for identifying the percolation bottleneck
segment and the developed percolation-bottleneck-based on-ramp control approach. In
Section 5, the proposed approach is validated using the actual data of the Hunan highway
network. In Section 6, the advantage, limitations, and practical feasibility of the proposed
on-ramp control approach are discussed. Section 7 concludes the results and findings and
discusses future research directions. Some data calculations are presented in Appendix A.

2. Literature Review

On-ramp control models can be classified into the local on-ramp control models
and the coordinated on-ramp control models. In general, a local on-ramp control model
generates the optimal control rate at one upstream on-ramp to decrease the traffic flow of
the congested highway segment [22]. For example, Xu et al. [23] developed a fuzzy logic
control-based local on-ramp control model to generate the optimal control rate for a single
controlled on-ramp. There were also some studies improving traditional local on-ramp
control models, such as the ones by Smaragdis and Papageorgiou [24], who improved the
Asservissement Linéaire d’Entrée Autoroutière (ALINEA) strategy by proposing the flow-
based ALINEA strategy and the upstream-occupancy-based ALINEA strategy. However,
given that the traffic flow of a congested highway segment is usually originated from many
entrances of the highway, local on-ramp control models sometimes could not mitigate
traffic congestion effectively.

Given the limitation of local on-ramp models, coordinated on-ramp control models
have been more widely investigated in recent years. Papamichail et al. [25] developed
a hierarchical model to generate the coordinated on-ramp control scheme and validated
their model using the Amsterdam ring-road data. Zhang et al. [26] proposed a coordinated
on-ramp control model based on feedback control and artificial neural networks (ANN).
Greguric et al. [27] integrated coordinated on-ramp control and variable speed limit to
simulate automatic vehicle control in a highway section of Zagreb, Croatia. In order
to mitigate traffic congestion and reduce travel delays, Peng and Xu [28] proposed a
coordinated on-ramp control model by analyzing each on-ramp’s contribution to traffic
congestion. Sun et al. [29] used the traffic state information to identify the on-ramps for
implementing traffic control. Benmohamed and Meerkov [30] defined the expected traffic
flow reduction in a highway segment and calculated the control rate at each on-ramp to
meet the congestion mitigation requirements.

Many countries have implemented on-ramp control strategies in practical highway
transportation management. The United Kingdom applied on-ramp control schemes on the
M6 and M8 highways to decrease travel delays [9,10]. ALINEA was applied on the Paris
highways and the A10 West Highway of Amsterdam [11–13]. An electronic system named
TAngenziale di NApoli (TANA) was implemented on the highway of Naples, Italy [14].
The Hanshin Expressway Public Corporation in Japan operated an automated traffic con-
trol system to avoid traffic congestion by restricting vehicles from entering highways at
on-ramps [15,16]. The California Department of Transportation in the United States devel-
oped a centrally controlled segmented system-wide adaptive ramp metering (SWARM)
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system [17]. The Minnesota Department of Transportation in the United States developed a
ramp metering system under the Integrated Corridor Traffic Management (ICTM-RMS)
project [18]. In Australia, a heuristic ramp-metering coordination (HERO) algorithm was
implemented on the Monash highway to improve traffic conditions [19]. In China, on-ramp
control approaches were widely implemented on many highways (e.g., the Changsha–
Yiyang Highway [20]) to facilitate highway transportation management. On-ramp control
played an important role in Turkey’s highway traffic management systems [21].

Previous studies indicated that the traffic conditions of a highway network were
greatly affected by the traffic conditions of several key bottleneck segments [31–33]. Con-
sequently, improving the traffic conditions of the bottleneck segments was regarded as
a feasible and effective way of enhancing the transportation efficiency of a highway net-
work [34,35]. There were a number of studies focusing on the on-ramp control approaches
targeting the bottleneck segments. Zhang and Levinson [36] investigated the effective-
ness of an on-ramp control approach in improving the capacities of highway bottleneck
segments. Kerner [37] analyzed the congestion patterns of the bottleneck segments in a
highway and proposed an effective countermeasure. Ma et al. [38] proposed an on-ramp
control strategy to relieve the chaotic traffic situation in the highway bottleneck region.

A number of methods were proposed for identifying highway bottlenecks. These
methods were based on the analysis of queue length, traffic flow, or traffic speed [39,40].
Kerner [41] defined the highway bottleneck as the segment where traffic flow suddenly had
a large increase. Ban et al. [42] and Margiotta et al. [43] regarded the highway bottleneck as
the segment with traffic flow exceeding its capacity. Chen et al. [44] identified the highway
bottleneck segment, which experienced frequent congestion. Zhang and Levinson [45]
analyzed the properties of queue discharge flows to locate the highway bottleneck segments.
Gong et al. [46] defined the top 30 most congested highway segments as the highway
bottleneck segments. Bertini et al. [47] used the maximum upstream speed threshold and
the minimum differential speed threshold to identify the highway bottleneck segments.
Chen et al. [44] used the difference in vehicle speeds in a short period as the index for
identifying highway bottlenecks. Jose et al. [48] regarded the highway bottleneck as the
segment where traffic speed had a significant decrease.

In recent years, network-based approaches were also employed to identify the bot-
tlenecks in a transportation network [49,50]. These approaches focused on the segments
whose breakdown would disrupt the functional connectivity of the transportation network.
For example, He et al. [51] identified the bottleneck sections of an urban metro and discov-
ered that the functional connectivity of the urban metro network could be greatly enhanced
by slightly reducing the congestion of the bottleneck sections. Li et al. [52] employed the
network percolation approach to identify the bottleneck road segments and discovered
that slightly increasing the traffic speeds of the bottleneck segments could greatly improve
the functional connectivity of the road network. Lv et al. [53] employed the network
percolation approach to pinpoint the bottleneck sections of an urban metro and improved
the functional connectivity of the urban metro network by reducing the load ratios of the
bottleneck sections.

3. Data
3.1. Highway Network Data

The used highway network data were provided by the Hunan Communications Re-
search Institute Co., Ltd. and the Baidu Map Open Platform. The Hunan highway network
was composed of 506 nodes (i.e., on-ramps, intersections) and 550 links (i.e., highway
segments). The recorded node information includes the ID and the coordinate of each
on-ramp or intersection. The recorded link information includes the highway ID, the origin
node ID, the destination node ID, the length, the number of lanes, and the designed speed
of each highway segment. Moreover, volume over capacity (VOC) was used to quantify
the service level of a highway segment (see Appendix A). The highway network of Hunan
Province with detailed spatial context information is shown in Figure 1.
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Figure 1. The highway network of Hunan Province.

3.2. Travel Demand Data

The travel demand data were provided by the Hunan Communications Research
Institute Co., Ltd. In this study, the travel demand data collected on 13 May 2019 (an
ordinary weekday) were used. The used travel demand data recorded the number of trips
between each pair of on-ramps during each 1-h time window. A total of 730,326 trips
were recorded during the data collection period. To simulate actual traffic conditions,
we up-scaled the number of trips between each pair of on-ramps by eight times (see
Appendix A).

4. Methods
4.1. Network Percolation Approach

We used the network percolation approach [54] to identify the bottleneck segment of
the studied highway network. Firstly, the highway network was regarded as a connected
giant cluster. Next, links were gradually removed from the giant cluster according to
their VOC:

Ia =

{
1, ∀VOCa ≤ q
0, ∀VOCa > q

(1)

where Ia determines if highway segment a will be removed from the giant cluster, and q
is a predefined VOC threshold. Highway segment a is defined as functional (can meet
the required level of service) if VOCa ≤ q (i.e., Ia = 1) and not functional if VOCa > q
(i.e., Ia = 0) [52,53]. The retained highway segments in the giant cluster can meet the
required level of service. In other words, travelers can enjoy a qualified level of service
VOCa ≤ q inside the giant cluster but cannot enjoy the qualified level of service outside the
giant cluster.

With the decrease in q (i.e., an increase in required service level), the giant cluster
gradually split into small clusters. At the critical threshold qc, the giant cluster suddenly
collapsed, and the size of the second largest cluster reached its maximum value (the size
of a cluster is the number of nodes in the cluster). The highway segment that had a
VOC = qc and connected the largest and second-largest clusters was identified as the
percolation bottleneck [52]. Identifying the percolation bottleneck is important because
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slightly decreasing the VOC of the percolation bottleneck can maintain the functional
connectivity of the highway network at a higher required level of service.

4.2. Traffic Flow Simulation

The travel demand data only recorded the number of trips between each pair of on-
ramps during each 1-h time window. The time-varying traffic flow information, which
serves as the fundamental input for most on-ramp control models, was not available. Hence,
we simulated the movements of vehicles to estimate the time-varying traffic flows in the
highway network under the following assumptions: (1) each driver selected the shortest
path from the origin on-ramp to the destination on-ramp; (2) the departure time of each
vehicle followed the uniform distribution [55]; (3) the vehicle speed followed the normal
distribution [56].

We used the Dijkstra algorithm [57] to infer the path of each highway trip. The
departure time of each vehicle (ts) during each 1-h time window t was assigned following
the uniform distribution. The vehicle speed was updated every 2 min (i.e., ∆t = 2 min)
after the vehicle entered the highway from its origin on-ramp. The mean and standard
deviation of vehicle speed were set to 88.671 km/h and 13.744 km/h, respectively [58].
For each vehicle passing through the percolation bottleneck, the travel distance d from
the origin on-ramp to the percolation bottleneck was calculated. The time that the vehicle
arrived at the percolation bottleneck te was calculated using Equation (2).

te = ts + (nt − 1)·∆t +
(d−∑nt−1

m ∆t·vm)

vnt

(2)

where vm represents the vehicle speed during the mth time interval, m ∈ {1, 2, . . . , nt}, nt is
the total number of time intervals lasted from the time that the vehicle entered the highway
to the time that the vehicle arrived at the percolation bottleneck. We calculated the traffic
flow of the percolation bottleneck f k during each 5-min time window k, k ∈ {1, 2, . . . , 288}.

4.3. Percolation-Bottleneck-Based on-Ramp Control Approach

We defined vehicle sources as the on-ramps from where the vehicles passing through
the percolation bottleneck entered the highway [59,60]. The vehicle sources were ranked
according to their contributions to the traffic flow of the percolation bottleneck. Next, we
defined the major vehicle sources (MVSs) as the top-ranked M vehicle sources contributing
80% of the traffic flow of the percolation bottleneck [59]. The identified MVSs were used as
the on-ramps for implementing the traffic control schemes.

We defined 90% of the maximum f k as the upper bound of ordinary traffic flow
fb [61]. The heavy traffic period of the percolation bottleneck was set to the time period
during which traffic flow exceeded fb. We estimated the travel time from each MVS to
the percolation bottleneck based on the travel distance d and the average vehicle speed
(i.e., 88.671 km/h [58]). For each MVS, the traffic control period started c × 15 min before
the heavy traffic period, where c is the total number of 15-min time intervals lasted from
the time that the vehicle entered the highway from the MVS to the time that the vehicle
arrived at the percolation bottleneck. We divided the traffic control period of each MVS
into N 15-min phases, and the traffic control scheme changed every 15 min.

The objective of the proposed on-ramp control model is to avoid traffic overload
at the percolation bottleneck. The decision variable rij is the extra waiting time that a
vehicle takes to enter the highway from MVS i during phase j, where i ∈ {1, 2, · · ·M}
and j ∈ {1, 2, · · ·N}. That is, vehicles are postponed entering the highway network by
rij minutes. To ensure reliable operation, rij was restricted to less than 5 min. We used
R =

[
r11, r12, . . . , rij, . . . , rMN

]
to represent the traffic control scheme, which was solved

using the particle swarm optimization (PSO) algorithm.
The PSO algorithm is an evolutionary algorithm widely used to solve the combi-

natorial optimization problems in highway on-ramp control [62–64], probably because
it is characterized by the good features of a simple concept, easy implementation, high
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operating efficiency, and relatively few parameters [65,66]. Therefore, we also employed
the PSO algorithm to solve the optimized traffic control schemes in the present study. The
main steps of the PSO algorithm are elaborated as follows (Figure 2):
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Step 1: The number of particles was set to np, where each particle represents a traffic
control scheme R =

[
r11, r12, . . . , rij, . . . , rMN

]
. An initial position Xn (i.e., the initial solu-

tion) and an initial velocity Vn (i.e., the perturbation of solution) were randomly generated
for each particle, where n is the particle ID, n ∈

{
1, 2, . . . , np

}
.

Step 2: The initial fitness Fn (i.e., the objective function value) was calculated for
each particle.

Fn = ∑ f k
c≥ fb

λ·
(

f k
c − fb

)2
+ ∑ f k

c < fb
(1− λ)·

(
fb − f k

c

)2
(3)

where f k
c is the number of vehicles arriving at the percolation bottleneck in time window k

after implementing the traffic control scheme Xn, k ∈ {1, 2, . . . , 288}. The penalty coefficient
λ was set to 0.9. In Equation (3), a small Fn represents that the time that each vehicle arrives
at the percolation bottleneck is more evenly distributed. We used Xn as the local optimal
position Pn for each particle (i.e., the local optimal solution) and used the Xn with the
smallest Fn as the global optimal position G (i.e., the global optimal solution).

Step 3: We updated the velocity of each particle using Equation (4) and then updated
the position of each particle using Equation (5).

Vn = w·Vn + c1·r1·(Pn − Xn) + c2·r2·(G− Xn) (4)

Xn = Xn + Vn (5)

where w is the inertia weight; c1 and c2 represent the individual acceleration factor and the
collective acceleration factor; r1 and r2 are random numbers between 0 and 1. The random
values were regenerated when Equation (4) was used to update the velocity.
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Step 4: The updated position Xn was input into Equation (3). For each particle, if Fn of
Xn is smaller than Fn of Pn, replace Pn with Xn. If Fn of Xn is smaller than Fn of G, replace
G with Xn.

Step 5: We iteratively executed Step 3 and Step 4. If the total number of iterations
reaches the given maximum number of iterations Im, stop the algorithm. The final global
optimal solution G was used as the generated traffic control scheme.

5. Results
5.1. Identifying the Percolation Bottleneck

We simulated the vehicle movements using the method introduced in Section 4.2 and
used the time period of 14:00–15:00 p.m., 13 May 2019, to illustrate the network percolation
process. There was a connected giant cluster if the requirement of service level was low
(Figure 3a). However, with the increase in the required service level, the highway network
gradually decomposed into several isolated clusters (Figure 3b) and finally collapsed
(Figure 3c). We further found that with the decrease in q, the size of the largest cluster
(FG) gradually decreased, whereas the size of the second largest cluster (SG) reached its
maximum value at q = 0.84 (Figure 3d), implying that the critical threshold of q was
qc = 0.84. Consequently, the highway segment with VOC being equal to qc and connected
to FG and SG was identified as the percolation bottleneck. As shown in Figure 3b, the
identified percolation bottleneck is the Lianyuandong–Longtan segment (S) of the Erenhot–
Guangzhou Highway. Slightly decreasing the VOC of the percolation bottleneck could
maintain the functional connectivity of the highway network at a higher required level
of service.
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5.2. Generating the Traffic Control Scheme

We first identified the vehicle sources of the percolation bottleneck and determined
the on-ramps for implementing traffic control. For the identified percolation bottleneck
(i.e., the Lianyuandong–Longtan segment), a total of 134 vehicle sources and 26 MVSs
were located using the method introduced in Section 4.3. As shown in Figure 4, the
MVSs of the percolation bottleneck are mainly distributed along the Erenhot–Guangzhou
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Highway and the Changsha–Zhijiang Highway, and a considerable number of vehicles
using the percolation bottleneck come from Changsha (the core city of Hunan Province).
Counterintuitively, the MVSs of the percolation bottleneck were not only distributed in its
vicinity but also located in some distant areas, suggesting that preventive traffic control
could be implemented to mitigate the traffic congestion at the percolation bottleneck.

Sustainability 2023, 15, x FOR PEER REVIEW 8 of 16 
 

Figure 3. The percolation process of Hunan highway network. (a–c) The connectivity of the highway 
network when 𝑞 was set to 1.3, 0.84, and 0.5. Different colors represent different clusters. (d) The 
size of FG and the size of SG in the network percolation process. 

5.2. Generating the Traffic Control Scheme 
We first identified the vehicle sources of the percolation bottleneck and determined 

the on-ramps for implementing traffic control. For the identified percolation bottleneck 
(i.e., the Lianyuandong–Longtan segment), a total of 134 vehicle sources and 26 MVSs 
were located using the method introduced in Section 4.3. As shown in Figure 4, the MVSs 
of the percolation bottleneck are mainly distributed along the Erenhot–Guangzhou High-
way and the Changsha–Zhijiang Highway, and a considerable number of vehicles using 
the percolation bottleneck come from Changsha (the core city of Hunan Province). Coun-
terintuitively, the MVSs of the percolation bottleneck were not only distributed in its vi-
cinity but also located in some distant areas, suggesting that preventive traffic control 
could be implemented to mitigate the traffic congestion at the percolation bottleneck. 

 
Figure 4. The major vehicle sources of the percolation bottleneck 𝑆. 

Next, we determined the traffic control period. First, we calculated the number of 
vehicles arriving at the percolation bottleneck 𝑓  during each 5-min time window 𝑘 
(Figure 5). The maximum value of 𝑓 was 382, and the upper bound of ordinary traffic 
flow 𝑓 was set to 343.8. The heavy traffic period started at 14:25 p.m. and ended at 16:30 
p.m. (Figure 5). We estimated the travel time from each MVS to the percolation bottleneck, 
finding that the longest travel time was about 212 min from the MVS Yanglousi to the 
percolation bottleneck. Consequently, the traffic control period was set from 10:40 a.m. to 
16:30 p.m., which covered 24 traffic control phases. We generated a vector 𝑅 =[𝑟ଵଵ, 𝑟ଵଶ, … , 𝑟, … , 𝑟ெே] to represent the traffic control scheme, where 𝑀 = 26 is the num-
ber of controlled on-ramps and 𝑁 = 24 is the number of traffic control phases. 

Figure 4. The major vehicle sources of the percolation bottleneck S.

Next, we determined the traffic control period. First, we calculated the number
of vehicles arriving at the percolation bottleneck f k during each 5-min time window k
(Figure 5). The maximum value of f k was 382, and the upper bound of ordinary traffic
flow fb was set to 343.8. The heavy traffic period started at 14:25 p.m. and ended at
16:30 p.m. (Figure 5). We estimated the travel time from each MVS to the percolation
bottleneck, finding that the longest travel time was about 212 min from the MVS Yan-
glousi to the percolation bottleneck. Consequently, the traffic control period was set from
10:40 a.m. to 16:30 p.m., which covered 24 traffic control phases. We generated a vector
R =

[
r11, r12, . . . , rij, . . . , rMN

]
to represent the traffic control scheme, where M = 26 is the

number of controlled on-ramps and N = 24 is the number of traffic control phases.
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We solved the traffic control scheme using the PSO algorithm (see Section 4.3). In the
PSO algorithm, the number of particles np was set to 20; the inertia weight w was set to
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0.72984; the individual acceleration factor c1 and the collective acceleration factor c2 were
both set to 1.49618, and the maximum number of iterations Im was set to 200 [67,68]. As
shown in Figure 6a, the objective function value converges at about 175 iterations. For each
controlled on-ramp, vehicles were postponed to enter the highway by waiting extra rij
minutes. We found that the average on-ramp control time was 158.63 s in a phase.
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We used Yanglousi on-ramp, Chengtoushan on-ramp, and Changsha on-ramp to
illustrate the generated traffic control scheme (Figure 6b–d). The Yanglousi on-ramp was
the most distant controlled on-ramp from the percolation bottleneck. The on-ramp also had
the maximum number of traffic control phases (24 phases). The Chengtoushan on-ramp
was featured with the longest total controlled time (74.6 min), and the Changsha on-ramp
was featured with the longest average controlled time in a phase (3.6 min). Figure 6e depicts
the average controlled time in each phase, where the maximum value (5 min) is reached at
Phase 6 (i.e., 11:55–12:10 a.m.). Figure 6f shows the average controlled time at each on-ramp,
where the maximum value is reached at MVS 15 (i.e., the Changsha on-ramp).
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5.3. Evaluating the Generated Traffic Control Scheme

We calculated the number of vehicles arriving at the percolation bottleneck f k
c during

each 5-min time window k after implementing the traffic control scheme. As shown in
Figure 7, there is an obvious decrease in traffic flow at the percolation bottleneck. In
particular, the maximum traffic flow reduced by 9.95%, and the total traffic flow during the
heavy traffic period reduced by 1.56%, implying that the generated traffic control scheme
could alleviate the traffic pressure at the percolation bottleneck.
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The generated traffic control scheme also improved the functional connectivity of
the highway network. We calculated the VOC of each highway segment after applying
the generated traffic control scheme. The critical threshold qc decreased from 0.84 to 0.81
(Figure 8a), implying that the highway network could maintain its functional connectivity
at a higher required service level. To further show the advantage of the percolation-
bottleneck-based on-ramp control approach, we used the most congested segment (i.e., the
Zhaoshan–Zhuyi Viaduct segment of the Beijing–Hong Kong–Macao Highway) as the
bottleneck segment and generated the traffic control scheme. As shown in Figure 8b,
controlling the traffic flow of the most congested segment does not reduce the critical
threshold qc. In other words, the highway network was not able to maintain its functional
connectivity at a higher required service level (Figure 8b).
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6. Discussion

To further demonstrate the advantage of the proposed approach, we compared the
proposed on-ramp control model with five benchmark models. The proposed on-ramp
control model and the first benchmark model were both developed to mitigate the traffic
congestion of the percolation bottleneck. The second and third benchmark models were
developed to mitigate the traffic congestion of the most congested segment. The fourth
and the fifth benchmark models were developed for mitigating the traffic congestion
of the segment with the largest betweenness centrality [69]. The proposed model, the
second and the fourth benchmark models used the MVSs of the bottleneck segment as
the candidate-controlled on-ramps, whereas the first, third, and fifth benchmark models
randomly selected the same number of upstream on-ramps of the bottleneck segment as
the candidate-controlled on-ramps.

As shown in Table 1, the proposed on-ramp control model achieves the best perfor-
mance in reducing the maximum traffic flow and improving the network’s functional
connectivity (i.e., achieving the largest decrease in critical threshold). The benchmark
models developed for mitigating the congestion of the most congested segment or the seg-
ment with the largest betweenness failed to improve the network’s functional connectivity,
showing the importance of identifying the percolation bottleneck. Moreover, using the
MVSs of the bottleneck as the controlled on-ramps usually achieved a better congestion
mitigation effect, highlighting the importance of identifying the major vehicle sources.

Table 1. The proposed on-ramp control model vs. the five benchmark models.

Bottleneck Heavy Traffic
Period

Using
MVS

Maximum Traffic
Flow

Total Traffic Flow During
Heavy Traffic Period Critical Threshold

Percolation bottleneck 14:25–16:30
yes −9.95% −1.56% −0.03
no −4.45% −1.32% −0.01

Congested bottleneck 13:30–17:00
yes 0 −2.20% 0
no 0 −0.15% 0

Betweenness bottleneck 14:55–16:55
yes −3.04% −1.56% 0
no −3.56% −0.22% 0

The proposed on-ramp control model focused on improving the functional connec-
tivity of the highway network. It performed not as well as the second benchmark model
in reducing the total traffic flow during the heavy traffic period, which could be one of
its limitations. The second benchmark model was developed to mitigate the congestion
of the most congested segment. It is not surprising that this benchmark model achieved
the best performance in reducing the total traffic flow. Yet, this benchmark model failed
to decrease the maximum traffic flow and improve the network’s functional connectivity.
Taken together, the proposed on-ramp control model is characterized by the best overall
performance. In practice, appropriate models could be selected according to the goal of
transportation management.

The proposed percolation-bottleneck-based on-ramp control approach has not been
applied in practice. To explore this approach’s practical feasibility, we simulated different
traffic conditions by adjusting the mean and the standard deviation of the vehicle speeds.
Next, we tested the proposed on-ramp control approach under different traffic condition
scenarios. As shown in Table 2, the proposed on-ramp control approach is robust in
reducing the maximum traffic flow, the total traffic flow, and the critical threshold under
various traffic conditions, suggesting the potential of its future application in practice.
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Table 2. Testing the proposed on-ramp control model under different traffic conditions.

Vehicle Speed (Mean,
Standard Deviation)

(km/h)
Heavy Traffic Period Maximum Traffic Flow

Total Traffic Flow
During Heavy Traffic

Period
Critical Threshold

(88.671, 13.744) 14:25–16:30 −9.95% −1.56% −0.03
(83.671, 13.744) 14:35–17:35 −7.37% −0.83% −0.02
(93.671, 13.744) 14:25–15:55 −6.49% −2.12% −0.01
(88.671, 8.744) 14:25–17:25 −7.67% −0.74% −0.02
(88.671, 18.744) 14:30–16:15 −5.38% −1.50% −0.02

7. Conclusions

In this study, we identified the percolation bottleneck of the highway network by
employing the network percolation approach. The major vehicle sources (MVSs) of the
percolation bottleneck were pinpointed and used as the candidate-controlled stations. The
percolation-bottleneck-based on-ramp control model was generated to avoid traffic over-
load at the percolation bottleneck. The on-ramp control model was solved using the PSO
algorithm. Results indicated that the proposed on-ramp control approach could alleviate
the traffic pressure at the percolation bottleneck and improve the functional connectivity
of the highway network. The necessity for identifying the percolation bottleneck and
pinpointing the MSVs was discussed. The practical feasibility of the proposed on-ramp
control approach was tested under various traffic conditions.

Given that there were a limited number of MSVs, using MVSs as the controlled on-
ramps could greatly reduce the model solution space, making the model applicable to
large highway networks. In the future, the spatiotemporal characteristics of the percolation
bottleneck could be further analyzed. In addition, more accurate highway trip data and
real-time traffic speed data could be used for simulating the traffic flow and generating
the on-ramp control model. Finally, machine learning and deep learning techniques can
be incorporated into the current modeling framework to generate more intelligent and
effective traffic control schemes.
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Appendix A

We calculated the volume over capacity (VOC) of each highway segment, which was
defined in the following [70]:

VOCa = Va/Ca (A1)

where Va and Ca represent the traffic flow and the capacity of highway segment a. The
traffic flow of a highway segment (Va) was calculated by assigning the travel demand to
the highway network using the Dijkstra algorithm. The capacity of a highway segment
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(Ca) was calculated according to the capacity per lane (which was estimated based on
the designed speed [70]) and the number of lanes of the highway segment. We further
calculated the average VOC of Hunan highway segments:

VOCave =
∑a VOCa·la

∑a la
(A2)

where la is the length of highway segment a. The calculated VOCave was about 0.05, which
was much smaller than the VOCave officially reported by the Department of Transportation
of Hunan Province (which was about 0.397). Therefore, we up-scaled the travel demand
between each pair of on-ramps by eight times to simulate the actual traffic condition.
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