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Abstract 
 

Lane Changing Control at a 
Freeway Merge Bottleneck in a 
Connected Vehicle Environment 

 

Yongju Kim 

Department of Civil and Environmental Engineering 

The Graduate School 

Seoul National University 
 

This study presents lane changing control strategy at a freeway merge 

bottleneck under Connected Vehicle (CV) environment. Freeway merge 

bottlenecks are vulnerable areas for congestion due to merging and lane 

changes. Various traffic operation techniques have been developed and applied 

to relieve congestion and improve safety. Some traffic controls, such as Ramp-

Metering and variable speed limit, have been proven to improve traffic 

conditions by preventing capacity drop. With the emerging CV technology, a 

study on the effects of those traffic controls under the CV environment became 

imperative. This study proposes lane changing control that makes downstream 

lane flow balanced and distribute lane changing in order to accommodate on-

ramp merging vehicles without the capacity drop caused by disruptive lane 

changes. To validate the proposed control, simulation experiments are 

conducted using microscopic traffic simulation VISSIM. The calibrated 

Human-Driven Vehicle (HV) that is able to communicate and two different 
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types of Connected and Automated Vehicles (CAV) are applied for the 

simulation. Results show that the proposed control sufficiently improves traffic 

conditions in not only the HV environment but also the CAV environment for 

preventing capacity drop and reducing total travel time. This study also 

indicates that the lane changing control is effective even under the low 

compliance rate of drivers. 

 

Keywords: Merge bottleneck, Traffic management, Connected vehicle, Lane 
changing control, Traffic simulation 
Student Number: 2019-21156 
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 Chapter 1. Introduction 
 

1.1 Problem Statement 
 

 The operation of freeway traffic management at bottlenecks has been 

studied by many researchers. The previous study indicated that efficient 

operation may be difficult to achieve without control at bottlenecks, since they 

are areas where frequent lane changing, merging, and yielding maneuvers 

commonly occur (Hu and Sun, 2019). A merge bottleneck is a particularly 

vulnerable area and several problems emerge due to the on-ramp flow merging 

into mainline traffic. First, the lane flow distribution can be imbalanced. This 

can deteriorate mainline and merging efficiency when the outer lane overflows. 

Second, disruptive lane changing by vehicles in on-ramp and/or mainline 

queues is one of the main reasons for capacity drop (Laval and Daganzo, 2006). 

“Capacity drop” means the phenomenon in which congestion occurs and the 

discharging flow rate reduces 10-20% to congested capacity once queues have 

formed when traffic demand exceeds bottleneck capacity (Hall and Agyemang-

Duah, 1991; Cassidy and Bertini, 1999). 

 Freeway merge bottlenecks are more vulnerable areas for congestion 

due to merging and lane changes. Even in the case when the traffic flow of 

mainline is lower than capacity, queues are likely to form upstream of the merge 

bottleneck. It is because the flows of each lane at the bottleneck are imbalanced 

due to on-ramp merging flow. Therefore, several traffic management plans, 
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such as Ramp-Metering (RM) and Variable Speed Limit (VSL), have been 

widely studied and applied to relieve congestion and improve traffic safety at 

freeway merge bottlenecks. In addition, several studies have found the 

limitations of single traffic control and investigated combinations of two 

strategies for effectively controlling bottlenecks. For instance, the combined 

RM and VSL system improved traffic flow by adjusting on-ramp flow with RM 

and regulating mainline flow with VSL when traffic demand is high (Lu et al., 

2011; Hegyi et al., 2005; Cho and Laval, 2020). Most of the aforementioned 

studies showed that the combined system mitigated capacity drop. Although the 

combined system focusing on preventing capacity drop was also investigated 

(Cho and Laval, 2020), RM and VSL cannot fully resolve capacity drop, since 

the controls are effective at reducing lane changes in on-ramp only, leaving the 

problem of disruptive lane changes in mainline queues unresolved. In addition, 

the efficiency of VSL might be limited by allowing speed limit higher than a 

certain level to guarantee freeway traffic safety. 

 Connected vehicle (CV), including Here-I-Am (Shladover et al., 2012) 

and Connected Automated Vehicle (CAV), is a new Intelligent Transportation 

Systems (ITS) initiative with mobility, safety, and environmental applications. 

Using wireless communication technology, CVs are able to communicate with 

each other (Vehicle-to-Vehicle, V2V) and with infrastructure (Vehicle-to-

Infrastructure, V2I). V2I communication enables the traffic management center 

to acquire more precise and complete real-time information about individual 
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vehicles. Since data from CVs consist of vehicles’ location, speed, and 

acceleration, advanced traffic management systems can be investigated. The 

instantaneous traffic advisory or control information is transmitted to drivers 

with communication devices. Several researchers have proposed traffic control 

systems using CVs. Connected and Automated Vehicle (CAV), the most 

advanced CV that is equipped with automated acceleration, handling, and 

braking, has already become part of our life (Litman, 2020). 

 
 

1.2 Research Objectives 
 

 The aforementioned problems at freeway merge bottlenecks can be 

efficiently resolved by operating lane changing control. Therefore, this study 

takes the advantage of connected vehicles to propose a new lane changing 

control strategy that prevents capacity drop and improves the traffic efficiency 

at a merge bottleneck. The control strategy focuses on (i) balancing the flow of 

lanes considering on-ramp merging flow and (ii) distributing lane changing. To 

focus attention on the control methodology, this study assumed no 

communication delays with equipped vehicles. Simulation experiments using 

microscopic traffic simulation were conducted to evaluate the proposed control 

strategy in two different vehicle environments: manual vehicles which are 

equipped with communication devices and connected automated vehicles. 
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Chapter 2. Literature Review 
 

 Traffic controls at merge bottlenecks have been widely studied over 

the last few decades. Ramp-Metering (RM), which adjusts the on-ramp flow 

into the mainline, and Variable Speed Limit (VSL), which regulates traffic flow 

and harmonizes the speeds of individual vehicles by setting the speed limit 

dynamically, have been proven to improve traffic conditions of the mainline. 

Recent studies have studied the coordination of RM and VSL to resolve 

congestion at a merge bottleneck by adjusting both mainline flow and on-ramp 

flow. Hegyi et al. (2005) presented predictive control of RM and VSL to 

minimize the total time spent in the network. Lu et al. (2011) showed that VSL 

control creates a discharge section, and regulates flow while operating RM and 

VSL. These studies found that the combination of RM and VSL effectively 

improves capacity drop as well as congestion. Accordingly, Cho and Laval 

(2020) suggested a combined system of RM and VSL that focuses on 

preventing capacity drop, and evaluated the effectiveness of the system via 

microscopic traffic simulation; however, the capacity drop was not fully 

resolved when mainline flow is relatively high, possibly due to a number of 

disruptive lane changes both in on-ramp and the mainline queue. 

 To resolve this problem, lane change control (LCC) can be applied to 

induce lane changes before approaching the queue. Several studies have 

investigated LCC both as a single control and in combination with other 
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controls. Roncoli et al. (2017) proposed a LCC strategy that aims to maximize 

the bottleneck throughput at a lane-drop section, which distributes density over 

the lanes. The results showed that capacity drop could be avoided by applying 

LCC. Zhang and Ioannou (2017) presented the lane changing recommendations 

including the length of the LCC segment at the upstream of a lane-drop section. 

The simulation results revealed that the proposed control improved traffic 

efficiency with respect to operation and safety. Markantonakis et al. (2019) 

investigated combined VSL and LCC which was formulated as a linear-

quadratic optimal problem to maximize bottleneck throughput. The evaluation 

results showed that LCC is significantly effective even for low market 

penetration rates of Connected Vehicles (CV). Zhang et al. (2019) used the 

advisory LCC to minimize total travel time at a lane-drop section based on 

Cooperative Intelligent Transport System (C-ITS). Results indicated that the 

effect of LCC is negligible when market penetration of CV is less than 20% and 

marginal if CV ratio is more than 50%. The aforementioned studies have 

verified that the LCC is very useful to mitigate congestion and improve overall 

traffic conditions. 

 However, there is no effective lane changing control for the freeway 

merge bottleneck section where the variable on-ramp flow should be considered 

and not all vehicles in the outer lane need to change lanes. In order to fill this 

gap, it is inevitable to propose a corresponding control method considering on-

ramp merging flow. With connected vehicles’ wireless communication, it is 
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possible to collect precise data and to send control information to each vehicle. 

This offers the opportunity to effectively distribute lane changes that could 

cause capacity drop in order to balance the lane flow and improve traffic 

efficiency. 
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Chapter 3. Lane Changing Control 
 

3.1 Framework 
 

 According to the previous studies (Hall and Agyemang-Duah, 1991; 

Cassidy and Bertini, 1999), the main reason causing capacity drop is that many 

vehicles in queue make lane changing with low speed. These disruptive lane 

changes could create voids in traffic streams which reduces discharging flow 

(Laval and Daganzo, 2006). This phenomenon also prevents the system to reach 

the full capacity before the breakdown. To prevent disruptive lane changing, it 

is inevitable to propose a strategy to distribute lane changing (Fig. 1). In 

addition, balancing the lane flow at the merge bottleneck can not only improve 

merging efficiency but also prevent the form of queue. Therefore, the proposed 

strategy determines the proper number of lane changing vehicles considering 

the on-ramp flow and distribute lane changing upstream the merge bottleneck. 

 

 

Figure 1. Lane changing at a freeway merge bottleneck 
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 The specific flow chart is shown in Fig. 2. The data used to design 

control were available at the microscopic level in a CV environment, assuming 

the trajectory of the vehicles was fully manageable. 

 

 

Figure 2. Flow of lane changing control for merge bottleneck section 

 

 

3.2 Collecting and Processing Data 
 

 First of all, the vehicle trajectory data at the lane changing control zone 

is collected through V2I communications. Road Side Equipment (RSE) is 

essentially located in the upstream segment of the merge bottleneck considering 

the communication range (Fig. 3). Connected vehicles equipped with a 

communication device are able to send data and display control information. 
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This study assumed that there is no time delay in communication.  

 In this step, macroscopic traffic properties needed by the next step are 

also estimated. This study used linear regression in each state – an uncongested 

state and a congested state – separated by critical density observed with the 

maximum flow rate. Critical density is assumed as a value of density at an 

intersection point. 

 

 

Figure 3. Road side equipment upstream the merge bottleneck 

 
 

3.3 Finding Optimal Number of Lane Changing Vehicles 
 

Decision Variable 

 The goal of lane changing control (LCC) is to balance the traffic flow 

of lanes and to distribute lane changing. The number of vehicles that change 

from the outermost lane to inner lanes is determined by the mainline and on-

ramp flows. The lane changing control zone is divided into  segments and 

thus the decision variables are the numbers of lane changing vehicles of 

segment  at  time step,  (). 
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To make the problem simple, lanes are divided into inner lanes ( = 1, …, l-1) 

and the outermost lane ( =l). In inner lanes, the lane changes to further inward 

are not restricted in this study. The density after lane changing ,()  is 

assumed as Eq. 1 and 2. 

 For inner lanes ,() = ,() + ()()                     (1) 

 For the outermost lane ,() = ,() − ()                (2) 

where ,() = the current density of segment  (1, …, k) in lane j (0 = inner 

lanes or l = outermost lane);  = the length of segment; and  = the number of 

lanes. 

 

Constraints 

 The decision variables are equal to or larger than 0, since they mean 

the number of lane changing vehicles: 

  (t) ≥  0                                           (3) 

Also, the number of lane changing vehicles is smaller than the existing vehicles 

of segment  in the outermost lane at t time step: 

 ,() ∙ d ≥   (t)                                      (4) 

In this study, the total number of lane changing vehicles is restricted in order to 

prevent excessive lane changing, 

  () = ∑  ()                                    (5) 

To balance the traffic flow which passes through the bottleneck, flow of the 
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outermost lane including on-ramp flow is adjusted equivalent to the average 

flow of inner lanes after merging: 

 ()() = ()() + ()                          (6) 

where () = speed of lane change control zone in each lane (0 = inner lanes, 

l = outermost lane); (t) = density of lane changing control zone in each lane 

after lane changing (0 = inner lanes, l = outermost lane); and () = on-ramp 

flow at t time step. 

This study assumes that the speed of each lane after lane changing is equal to 

the speed before lane changing because of the cooperative lane changing of 

connected vehicles. Substituting Eq. 1 and 2 into Eq. 6, the following equation 

holds: 

 () () + ()()  = () () − ()  + ()        (7) 

Then the total number of lane changing vehicles is calculated as in Eq. 8, 

  () = (){()()()()()}()()()                  (8) 

 

Objective Function 

 The number of lane changing vehicles at each segment is obtained by 

the optimization method for which the goal is to maximize the bottleneck 

throughput. Minimizing the difference between real-time density and critical 

density is selected as the objective function as described in Eq. 9. 

    ∑ ∑  − ,()   for t = 1, …, T                (9) 
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where ,() = the density of segment  (1, …, k) in lane j (0 = inner lanes, l 

= outermost lane) after lane changing; and  = critical density estimated 

using historical data. 

It is equivalent to maximize the throughput of the bottleneck section based on 

the flow-density relation in a triangular fundamental diagram. The solution can 

be obtained using the python API of CPLEX. 

 

 
 
 

3.4 Sending Lane Changing Information 
 

 The control information is sent through I2V communications. The 

vehicles in the inner lanes are forbidden from changing lanes to the outermost 

lane until the end of bottleneck. On the other hand, the vehicles in the outermost 

lane receive lane changing control information. The information indicates 

which vehicle may change its lane. This strategy provides advisory control and 

Figure 4. Concept of objective function 
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does not force lane changing. For example, if the vehicle is required to change 

lane at segment , the vehicle may implement lane changing at segment  or 

further downstream when a suitable gap is reserved. 

 

 

 

 

 The vehicles will receive messages in the form of text and sound. An 

example of the text is presented in Fig. 6. This study uses two kinds of messages: 

Ÿ ‘Make lane changing’ (this message alerts drivers to make lane-

changing, seeking a suitable gap) 

Ÿ ‘Keep the current lane’ 

 

 

 

Figure 5. Conceptual diagram of proposed lane changing control 

Figure 6. Lane changing information example 
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Chapter 4. Simulation Analysis 
 

4.1 Simulation Design 
 

 The proposed lane changing control was evaluated using microscopic 

traffic simulation VISSIM. The computation of control variables was 

accomplished in Python. The simulation experiments were conducted in two 

different vehicle environments: Human-Driven vehicles with communication 

and Connected Automated Vehicles.  

Ÿ Human-Driven Connected Vehicle (simply HV): driven manually, but 

it is equipped with a communication device that can send its trajectory 

data and receive control information. It can also communicate with 

other vehicles to collect traffic data to drive effectively. 

Ÿ Connected Automated Vehicle (CAV): it is the most advanced 

connected vehicle that is equipped with automated acceleration, 

handling, and braking. 

 
 

4.1.1 Vehicle Modeling 
 

 This section presents the vehicle modeling of human-driven connected 

vehicles. This study assumed the type of input vehicles as passenger car shaped 

vehicles that are able to communicate with road infrastructures in both 

directions. The driving behaviors of vehicles were modeled with longitudinal 
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and lateral parameters of VISSIM. Since the driving behavior affects the lane-

changing and the occurrence of capacity drop, the calibration process was 

implemented before further analysis. The calibration process is changing 

driving parameters and comparing model outputs with a set of real data 

iteratively to reflect the observed local traffic. As aforementioned, the main 

cause of capacity drop at the bottleneck is lane changing (Laval and Daganzo, 

2006). Because of lane changing with low speed, there will be some void in the 

front of lane changing vehicles. After conducting lane change, the vehicles 

accelerate and fill the void. So the CC8 standstill acceleration which determines 

the impact of disruptive lane changes is the key parameter. In addition, CC0 

standstill distance which means the minimum distance between stopped 

vehicles is related to the network capacity. Therefore, the two parameters were 

selected as calibrating parameters. 

 The actual data used to calibrate the vehicle modeling are from a three-

lane mainline with off-ramp and off-ramp on the Cheongju interchange of 

Gyeongbu expressway, Korea. In order to guarantee the simulation can reflect 

reality, a decrease of discharging flow before and after congestion was analyzed. 

The flow immediately before breakdown is the same as the maximum 

discharging flow of three lanes. The average flow after congestion is the same 

as the discharging flow after queue formation. 
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Table 1. Discharging flor rate before and after congestion on Gyeongbu 

expressway 

Day 
Flow before 

breakdown (veh/h/ln) 
Average flow after 

congestion (veh/h/ln) 
Drop 

percent (%) 

Day 1 1766 1426 19.3 

Day 2 1758 1383 21.3 

Day 3 1746 1395 20.1 

Day 4 1738 1341 22.8 

Day 5 1821 1498 17.7 

*It is assumed that there is only passenger car shaped vehicles. 

 

 To collect simulation data, the model network whose geometric design 

equals Cheongju interchange was built in VISSIM. The result, which is the 

average value of 10 replications, shows that the capacity and capacity drop 

phenomenon is well shaped in simulation. 

 

Table 2. Comparison of real data with simulation 

Data 
Flow before 

breakdown (veh/h/ln) 
Average flow after 

congestion (veh/h/ln) 
Drop 

percent (%) 

Real data 1765.8 1408.6 20.2 

Simulation 1772.8 1420.2 19.9 

Error 0.40% 0.82% - 
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 The default and calibrated values of driving behavior parameters in 

VISSIM are shown in Table 3. To reflect the communication among vehicles, 

look-ahead distance observed vehicles also calibrated referencing the value of 

connected automated vehicle (PTV Group, 2020). 

 

Table 3. Driving behavior parameters of human-driven vehicle 

Driving behavior parameter Default Calibrated 

Spacing CC0: Standstill distance (m) 1.50 2.80 

Acceleration CC8: Standstill acceleration  
(m/) 

3.50 2.80 

Other Look-ahead distance observed 
vehicles 

2 10 

 
 
4.1.2 Network 
 

 A hypothetical multi-lane roadway as shown in Fig. 6 is used in this 

study. Cases were designed with three-lane mainline and a single-lane on-ramp. 

The length of acceleration lane is 300 m by referring to the road design manual. 

Mainline traffic demand headed eastbound and the lane changing control zone 

was located upstream of the merge bottleneck. The control zone is set to  =1 km  and is divided into 10 segments. The desired speed of mainline is 100 km/h. 
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Figure 7. Simulation network 

 
 

4.2 Under Human-Driven Vehicle Environment 
 

 The simulation was run for 60 minutes and the control time step was 

set to 30 seconds in order to make every vehicle receive control information at 

least once in control zone. Origin-destination (O-D) traffic demands for the 

simulation were set as low, middle and high demand (5100, 5400, and 5700 

veh/h, respectively). The on-ramp demand was set up as 10% of mainline 

demand (510, 540, and 570 veh/h). Low traffic demand is lower than the 3-lane 

capacity, middle demand is around capacity, and high demand is above capacity. 

For each scenario, there are 10 replications to account for the randomness. 

 
 

4.2.1 Results with 100% Compliance 
 

 Before calculating the aggregated performance indexes, vehicle 

throughput results are compared in order to guarantee the effectiveness of 

preventing capacity drop. The cumulative count curves at the bottleneck and at 
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the exit of the network for different control cases under HV environment are 

shown in Fig. 8. To validate proposed lane changing control, Ramp-Metering 

and Variable Speed Limit system (Cho and Laval, 2020) which focuses on 

preventing capacity drop is used as the comparison group. The oblique curves 

with background flow are illustrated to clarify differences among the curves. 

The y-axis of the oblique curve indicates the value obtained by subtracting the 

product of time, from the start time when the first vehicle arrived at the exit to 

the time , and the background flow  from the cumulative vehicle counts () (Cassidy and Rudjanakanoknad, 2005). 

 It can be confirmed that capacity drop occurred when the slope of the 

oblique curve changed significantly. The slope of the oblique curves, with and 

without control, appeared to be similar until approximately 13 minutes. The 

capacity drop occurred without control, as the network cannot afford high 

traffic demand. With RM and VSL system, capacity was maintained for longer 

than no control case; however, the capacity drop was not fully prevented, and 

the slope of the oblique curves decreased. On the other hand, capacity drop was 

resolved with LCC and the slope of the oblique curve at the bottleneck hardly 

changed. As shown in Fig. 8(b), the effectiveness of LCC outperformed RM 

and VSL system. The overall results showed that the proposed LCC effectively 

prevented capacity drop in an HV environment. 
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(a) At the bottleneck 

 
(b) At the exit of the network 

 
Figure 8. Oblique count curves under traffic demand 5,700 veh/h 

 

 The contour plots of speed with respect to time and space for two 

scenarios are shown in Fig. 9. Without control, queue and shock waves spilled 

back from upstream of the bottleneck due merging and lane changing behavior 

even the traffic demand didn’t exceed capacity. With LCC, the formation of the 
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queue was delayed. In addition, the speed was significantly higher than no 

control case. This results showed that the severity of congestion was weakened 

and the traffic efficiency was improved by operating lane changing control.  

 

(a) No control (b) Lane changing control 

  

Figure 9. Speed contour plot under traffic demand 5,100 veh/h 

 

 Simulation results for varied O-D demands in an HV environment are 

summarized in Table 4. The performance index is the flow and total travel time 

(TTT) of vehicles traveling the mainline, since the mainline demand is 

dominant. The average and standard deviation of 10 replications were 

computed and presented. 

 The flow increased about 100-200 veh/h. To be specific, the % change 

in flow as compared to the case without control was greatest under high traffic 

demand. This result showed that mainline traffic can be effectively improved 

by distributing lane changes, since the disruptive lane changes in queue are 

likely to occur with high mainline demand. The improvement of TTT under low 
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traffic demand was about 4.8%. It can be explained that traffic congestion can 

be resolved with LCC control even under low traffic demand. In addition, in 

every traffic demand scenario, the flow and TTT were improved not only in 

average but also in standard deviation. This results indicate that the 

effectiveness of Lane Changing Control (LCC) is reliable and robust.  

 

Table 4. Flow and TTT results under HV environment 

Mainline traffic 
demand 

Control case Flow (veh/h) Total travel time 
(veh-hrs) 

5,100 veh/h No control 4,244 (46.7) 245.4 (4.88) 

LCC 4,351 (44.9) 233.7 (3.40) 

% Change 2.53% -4.76% 

5,400 veh/h No control 4,360 (67.0) 409.7 (16.7) 

LCC 4,506 (38.5) 366.0 (25.1) 

% Change 3.35% -10.7% 

5,700 veh/h No control 4,293 (61.6) 471.6 (11.9) 

LCC 4,484 (48.1) 439.2 (20.7) 

% Change 4.44% -6.86% 

* Mean and standard deviation (in brackets) of 10 random seeds 
 

 
4.2.2 Results with Different Rate of Compliance 
 

 The human drivers’ compliance with control information can affect 

the effectiveness of control. So different rates of compliance are analyzed in the 

simulation testbed. The flow and total travel time (TTT) for different rates of 

compliance are shown in Fig. 10. The flow increases and TTT decreases as the 
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compliance rate increases. This indicates that the more drivers comply with lane 

changing control, the better the traffic efficiency would be. As shown in Fig. 

10, the improvement significantly increases when the compliance rate is more 

than 80%, especially in TTT. From the flow results, if the compliance rate is 

less than 70%, the proposed lane changing control has a negligible impact on 

the freeway bottleneck operation.  

 

 

Figure 10. TTT and flow with different rate of compliance under demand 
5,400 veh/h 
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4.3 Under Connected and Automated Vehicle Environment 
 

4.3.1 Vehicle Modeling 
 

 This section presents the vehicle modeling of Connected and 

Automated Vehicles (CAV). CAV is the most advanced connected vehicle that 

is equipped with automated acceleration, handling, and braking. Although a few 

studies modeled CAV by adjusting parameter sets (Aria et al., 2016; Atkins, 

2016), there is no enough open CAV test-data to calibrate CAV’s driving 

behavior. In this study, the value sets of AVs suggested in VISSIM 2020 were 

applied to model CAVs (Table 5). CAVs behave deterministically with reduced 

stochastic value spreads, classified as cautious, normal and aggressive 

(Sukennik and PTV Group, 2018): Cautious CAV complies with traffic 

regulations and the parameters are set conservatively to guarantee safety at all 

times; Normal CAV behaves like a human driver with the additional capability 

of measuring distances and speeds using its range of sensors; and aggressive 

CAV (all-knowing) is capable of leaving only minimum gaps for other vehicles, 

aware of the entire traffic information. All CAVs were described by their major 

principles, and field data was collected as part of the CoEXist project (Sukennik 

and PTV Group, 2018). This study assumed pure CAV environment and 

considered normal and aggressive CAV, except cautious one.  
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Table 5. Driving behavior parameters of automated vehicles 

Driving behavior parameter Normal Aggressive 

Spacing CC1: Headway time () 0.90 0.60 

Speed CC4: Negative following 
threshold 

-0.10 -1.00 

Acceleration CC8: Standstill acceleration  
(m/) 

3.50 4.00 

Others CC9: Acceleration with 80 km/h 1.50 2.00 

Increased acceleration 105% 110% 

Accepted deceleration of trailing 
vehicle (m/) 

-1.00 -1.50 

 

 CAV technologies are expected to increase network throughput and 

efficiency (Shladover et al., 2012). Although previous studies have introduced 

different models with varying levels of complexity, they have analyzed the 

capacity increase of the freeway segment as 10-50 % in a CAV environment as 

compared to an HV environment (Olia et al., 2018; Adebisi et al., 2020). In 

addition, the secondary effects of CAV, such as lowering the cost of driving, the 

impact on congestion, emissions and energy use, have the potential to increase 

travel demand (Auld et al., 2017). Therefore, this study investigated 20% higher 

traffic demand in a CAV environment. Simulations under low, middle, and high 

traffic demand (6,000, 6,300, and 6,900 veh/h respectively) were run. The 

penetration rates are normal 50% and aggressive 50% to reflect the mixed flow 

of different CAV manufacturers. 
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4.3.2 Results 
 

 The oblique curves under traffic demand 6,900 veh/h are shown in Fig. 

11. The O-D demands were higher than in the simulation in an HV environment 

considering the capacity increase. 

 In a CAV environment, although the severity of the capacity drop was 

weaker than in an HV environment, it occurred without control at the bottleneck. 

This indicated normal and aggressive CAVs have the potential to mitigate and 

recover from capacity drop. With LCC, the capacity was maintained even traffic 

condition became unstable. This result shows that traffic efficiency can be 

improved with LCC also in an CAV environment.  
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(a) At the bottleneck 

 
(b) At the exit of the network 

 
Figure 11. Oblique count curves under traffic demand 6,900 veh/h 
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 The flow and total travel time (TTT) with three different O-D pairs in 

a CAV environment are presented in Table 6. In each demand scenario, the 

percent changes of case were computed versus no control case. The results of 

all simulation cases showed that the lane changing control dealt with traffic 

congestion effectively. The overall absolute improvements were similar even 

the traffic demand varied. According to the TTT results, it seems that lane 

changing control is more useful when the mainline flow is low enough to easily 

comply with the control. The flow and TTT results indicate that the proposed 

lane changing control has the potential to be effective not only in a HV 

environment but also in a CAV environment. 

 

Table 6. Flow and TTT results under CAV environment 

Mainline traffic 
demand 

Control case Flow (veh/h) Total travel time 
(veh-hrs) 

6,000 veh/h No control 5,471 (43.4) 387.1 (14.6) 

LCC 5,579 (47.6) 361.6 (15.3) 

% Change 1.97% -6.59% 

6,300 veh/h No control 5,466 (96.6) 495.2 (12.3) 

LCC 5,524 (44.2) 463.6 (31.2) 

% Change 1.06% -6.38% 

6,900 veh/h No control 5,350 (82.8) 586.6 (24.3) 

LCC 5,466 (33.9) 567.6 (16.0) 

% Change 2.17% -3.24% 

* Mean and standard deviation (in brackets) of 10 random seeds 
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4.4 Discussion 
 

 The reason why the proposed lane changing control can prevent 

capacity drop is that the control adjusts the lane flow considering merge flow 

and distributes lane change of vehicles. First, adjusting lane flow can reduce 

the probability of queue formation. Second, the distribution of lane changing 

can reduce the negative effect of lane changing on traffic efficiency at the 

bottleneck. To be specific, the lane changing control avoids disruptive lane 

changes in queue which is the main cause of capacity drop. 

 Simulation results showed that lane changing control prevented 

capacity drop and improved traffic efficiency at merge bottleneck. Under 

connected Human-Driven vehicle environment, although the effectiveness of 

control varied depending on demand, lane changing control outperformed the 

combination of variable speed limit and ramp metering. In a Connected 

Automated Vehicle (CAV) environment, the severity of the capacity drop was 

weakened by CAV, however, the drop of discharging flow rate at bottleneck still 

existed. The results indicate that the lane changing control was also effective in 

a CAV environment. 
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Chapter 5. Conclusions 
 

5.1 Conclusions 
 

 In this study, lane changing control was proposed to prevent capacity 

drop and improve traffic efficiency at a multilane freeway merge bottleneck. 

The control determines the proper number of lane changing vehicles to balance 

the lane flow considering on-ramp merging flow. In addition, it distributes lane 

changes to reduce the disruptive lane changing that cause capacity drop. To 

verify the effectiveness of lane changing control both in a connected Human-

Driven Vehicle (HV) environment and a Connected Automated Vehicle (CAV) 

environment, cases of a three-lane merge bottleneck were studied via 

microscopic simulation. The results indicate that the proposed control strategy 

can significantly improve traffic efficiency of merge bottleneck. In a HV 

environment, capacity drop is prevented under demand which causes traffic 

congestion. The lane changing control is expected to effectively diminish the 

negative effect of lane changes even under CAV environment. 

 

 

5.2 Further Research 
 

 This study did not evaluate the traffic controls under mixed traffic flow 

of HV and CAV, where the characteristics of traffic flow may vary. Therefore, 

future studies should be done to confirm the effectiveness of the control strategy 
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under various traffic environments with more O-D demands. Evaluation of 

safety impact is also needed to guarantee the sustainability of the proposed 

control. Although further research should be done before using the control in 

the field as a service of ITS, this study meaningfully contributes to the literature 

by verifying the developed control in connected vehicle environments of HV 

and CAV.
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요약(국문 초록) 

 

Connected Vehicle 환경의 고속도로 

합류부 차로변경제어 전략 개발 

 

고속도로 합류구간은 차량들의 합류 및 차로 변경으로 인해 혼잡에 
취약한 구간이다. 따라서 도로의 효율을 개선하고 안전성을 
향상하기 위해 다양한 교통관리전략이 개발되었으며, 대표적으로 
램프 미터링과 가변속도제한이 용량 저하를 방지하고 정체를 
해소할 수 있음이 밝혀졌다. 최근 Connected Vehicle 관련 기술이 
발전함에 따라 통신이 가능한 Connected Vehicle 환경에서 고도화된 
교통관리전략의 운영이 가능해질 것으로 기대된다. 이에 본 연구는 
무분별한 차로변경으로 인한 용량 저하를 예방하기 위해 합류부 
하류의 차로별 흐름을 균형화하고 차로변경을 분산하는 
차로변경제어 전략을 개발하였다. 미시교통시뮬레이션 VISSIM에 
통신이 가능한 일반차와 두 가지 유형의 자율주행차를 구현하여 
제안된 전략의 효과를 검증하였다. 시뮬레이션 결과, 
차로변경제어는 일반차 환경뿐만 아니라 자율주행차 환경에서도 
용량 저하를 방지하고 합류구간 속도를 개선하여 도로 운영성을 
효과적으로 향상시켰다. 또한 일반차 환경에서 운전자의 준수율이 
낮은 상황에서도 전략이 효과적임을 확인하였다. 

 

주요어: 고속도로 합류구간, 교통관리전략, Connected vehicle, 
차로변경제어, 교통시뮬레이션 

학  번: 2019-21156 
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