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EXECUTIVE SUMMARY 

  

Weaving Segment plays a key role of mobility in the state and county highway systems. It is also 

discovered that around 10% capacity drop occurs within the weaving segment. The reduced 

discharged flow rate produces delays within the roadway system together with the delay caused 

by lane changing. 

  

Recently, the level 3 autonomous vehicle developing rapidly by many manufactures and it is 

expected to operate on roadway in the near future. The level 3 autonomous vehicle is expected to 

travel on roadway concurrently with the manual vehicle and will soon take up the market share 

in the future. Therefore, it is important to know how weaving segment operations may be 

affected so that the traffic managing and planning department can be ready for the imminent 

deployment of freeway driving ready automated vehicles. 

  

This thesis aims to find how level 3 automated vehicle may affect the freeway capacity and 

capacity drop by using VISSIM as a microsimulation tool. Various scenarios were set up in the 

VISSIM freeway network to investigate how different percentages of level 3 automated vehicles 

in the traffic mix may change the freeway capacity and capacity drop. The effect on capacity and 

capacity drop from different merge strategies has also been studied by setting up scenarios with 

late merge strategies and early merge strategies as to provide guidance to connectivity design. 
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Chapter 1 Introduction 

1.1  Background 

Technology improvement has always been a solid step for people to move on to a better future. 

Since human had first domesticated horses to the invention of airplane and vehicles, people have 

always exploring faster and safer ways to move from one place to another. In fact, the airplane, 

the automobile, the train and the horse-drawn carriage all introduced new opportunities and new 

complications to the safe movement of people and goods (USDOT, 2016). In the last few years, 

a revolution has been taking place in the automotive industry. The future of highly autonomous 

production vehicles is coming in five to ten years by some positive prediction (Pinjari, 2013). 

Nowadays, some autonomous vehicles with Advanced Driver Assistance Systems (ADAS) 

features including Adaptive Cruise Control (ACC) and Lane Departure Warning (LDW) are 

already default package built within the vehicle purchase (Bierstedt, 2014). The function of 

ADAS systems include but not limited to informing and warning, providing action feedbacks, 

and thus increasing comfort and reducing workload from actively stabilizing or maneuvering the 

vehicle (Zhao, 2015). Companies such as Tesla and Mercedes Benz are already combining these 

new features to substitute human labor in driving task. For example, longitudinal and lateral 

control can provide guidance and assistance through Adaptive Cruise Control (ACC) and Lane 

Departure Warning (LDW). 

 

Investigation of the innovative technology in transportation on current world seems necessary. 

From transportation point of view, the study on autonomous vehicle and how it will impact the 

operational features such as capacity, capacity drop, and travel time are needed. 
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 1.2  Thesis Motivation 

As most leading scientists may be aware of, Highly Autonomous Vehicles (HAV) will come to 

our real life in a foreseeable future. However, most studies aim around the ultimate level of HAV 

– level 5, and there are few researches on approaching revolution – level 3. In fact, it is believed 

that Highly Automated Vehicles can operate with the human driver out of the loop. (USDOT, 

2016). 

 

Highways play a key role in the state and country transportation systems. In order to provide 

accessibility to drivers, ramp access and exit are designed along the highway to connect highway 

to a lower level of roadways in the mobility system. With a sufficient proportion of entrance and 

exiting traffic, a certain segment of highway can be defined as weaving segment. Weaving 

segment usually contributes to highway congestion and delay. Only few studies focused on 

weaving segment and HAV level 3, therefore studying in this area is urgent and meaningful. 

Providing ramp entrances and exits decreases the mobility on the highway. It is discovered that 

both merging segment and weaving segment can undermine the exit rate of a part of highway 

from 6 percent to 10 percent (Cassidy, 1999). Studies show that the exit rate, also called 

discharge flow rate, can be alleviated by metering the on-ramp traffic (Cassidy & 

Rudjanakanonad, 2005). But the effect of vehicle improvement is not discussed under the 

capacity drop topic. With the coming of HAV level 3, it is worthy to investigate the impact of 

HAV on capacity drop.  

 

Connectivity is associated with full automation vehicles, however, it is not as developed as HAV 

level 3 technology. Connectivity means that vehicles can communicate with other audiences 
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such as other vehicles and traffic management center. From industry observations, currently 

connectivity are still in a developing stage, which means that it is not ready to bring into practice. 

In contrast, driving capability is the primary focus of the major manufacturers. Therefore, in the 

foreseeable future, it is practical to predict that vehicles with HAV level 3 and zero connectivity 

are going to operate on the freeways.  

 

This thesis tries to study the impact of level 3 HAVs with zero connectivity by first investigate 

how these vehicles may affect the freeway throughput in a weaving segment, and then looking 

into how they will affect the capacity drop in the exit rate, as well as travel time. This thesis 

applies microsimulation software VISSIM which can perform each driving behavior under 

different scenarios.  

The objective of this thesis is: 

● Determine the impact of different penetration of level 3 vehicles on the throughput of 

weaving segment under late merge and early merge strategies. 

● Determine the impact of different penetration of level 3 vehicles on the capacity drop in 

weaving segment under late merge and early merge strategies. 

● Find the best exiting strategy for vehicles in different level 3 penetration rate in low 

connectivity condition.  
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1.3 Thesis Outline 

The organization of this thesis is shown in figure 1 below.  

Figure 1 Thesis Organization Flow Chart 

 

Chapter 2 Literature Review 

2.1 Introduction 

This Chapter will discuss important concepts involved in this thesis for clarification purpose. As 

autonomous vehicle research and development cover multidisciplinary studies, only concepts 

related to this thesis will be reviewed. Specifically, in autonomous vehicle area, the primary 

focus will be SAE level 2 and SAE level 3. Also, the concept of capacity determination will be 
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introduced in this chapter. As mentioned in figure 1, this thesis will also study the capacity drop 

in a weaving segment, therefore the concept of capacity drop will appear in the follow chapter.  

 

2.2 Autonomous Vehicles  

Autonomous vehicles needs no introduction to themselves. They are regarded as  

vehicles that drive themselves (Litman, 2014). Experiments of autonomous vehicles  

actually started in as early as the 1920s (Lafrance, 2016). However, these vehicles  

primarily use radio control and magnets to guide themselves; these technologies are  

significantly different from what autonomous vehicles from the modern era are using.  

Modern vehicles use inputs from the physical sensors such as radar, LIDAR, ultrasonic,  

and cameras (Zhao, 2015). The above mentioned perception sensors may enable the vehicle to 

assist or replace the human driver to perform driving tasks and monitoring the driving 

environment. It is very critical that the human driver understands what types of tasks and what 

instances of driving environment can a specific autonomous vehicle conduct under which 

scenarios and therefore it is very important to define the capabilities of different autonomous 

vehicles from different manufacturers. Section 2.3 will provides detailed information on how 

autonomous vehicles are categorized.  

 

2.2.1 Classification of Autonomous Vehicles  

To clearly define what an autonomous vehicle is capable of, initially Society of  

Automotive Engineers (SAE) and National Highway Traffic Safety Administration (NHTSA) 

have both published their “levels” for autonomous vehicles. In October 2016, to promote 

consistency and clarity, NHTSA has adopted the standard from SAE (Reese,  
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2016). Therefore, only the SAE’s definition for levels of automation will be discussed in  

this thesis. Per the standard, six levels of automation has been defined. Figure 2 below  

graphically presents the basic of the six levels of automation.  

 

Figure 2 Levels of Autonomous Vehicles 

 

2.2.2 Benefits of Autonomous Vehicle 

Autonomous vehicles can bring many benefits to human society. The benefits include but not 

limited to: safer roads, more efficiency in both time use and fuel use, and less congestion. In 

general, technological improvement in automated vehicle industry improves life quality of 

human. Following paragraphs will discuss the benefits associated with application of 

autonomous vehicles.  

● Less road casualties 

According to US Department of Transportation (2016), the number of death caused by improper 

driving or accidents is more than 35,000. Moreover, human error contributes to 94% of the 

casualties. The autonomous vehicle as defined in section 2.2.1 is expected to decrease such high 
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rate of death  by using latest technology, for example, human motion detection to mitigate or 

prevent fatal mistakes. Repetitively, autonomous vehicles will collect mistakes happened, 

calculate the probability of the next one, and further provide solution to prevent mistakes.  

● Efficiency 

Autonomous vehicles could improve fuel efficiency. According to study by Mersky (2016), 

autonomous vehicles can boost the fuel efficiency up to 10% and up to 3% of losses. The 

improvements is due to a better action planning by the system within the autonomous vehicles. 

The built-in system is more planful and can better coordinates each part of the vehicle driving 

tasks such as brakes, throttle and steering. Moreover, the multiple manufacturers are currently 

focusing on combining autonomous vehicle technologies and electric vehicles together to build 

smart and sustainable road vehicle for the future. Electric-driven autonomous vehicles will bring 

even greater efficiency benefit to the society. 

Time efficiency can also be improved by autonomous vehicles. A high level of automated 

vehicle will eventually free up drivers’ focus and time occupied into the driving task itself. 

Therefore, different activities can take place within the vehicle rather than driving.  

● Transportation Operation 

Autonomous vehicle can use the roadway more efficiently. Currently the road use has a lot to 

utilize. In urban freeway, the throughput is estimated to be under 1,500 pc/hr (Yang, 2012). 

Autonomous vehicle has a better performance in sensing and anticipating the vehicle in front in 

its braking and accelerating/decelerating aspects (Pinjari, 2013). Other studies also confirm such 

improvement and its impact. Research in 2011 expects an improvement of 40% in capacity if all 

vehicles are semi-automated (Tientracool, 2011). According to the corporative adaptive cruise 

control (CACC) system, it could improve the freeway capacity by as much as 50 to 80 percent 
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when the entire of fleet of traffic is equipped with CACC. Moreover, at 50 percent market 

penetration rate, the capacity is increased by 22 percent (Shladover, 2012). 

 

2.2.3 Market Penetration 

The market penetration and adoption rate is crucial to autonomous vehicle. It relies on various 

factors such as cost, reliability and law enforcement. The rate of adoption is uncertain regarding 

to those factors (Pinjari, 2013). It is predicted to reach 8 million of autonomous vehicle within 

ten years after introducing the full level of autonomous vehicle and reach the saturation in 35 

years after the introducing of 75% market of fully autonomous vehicle (Lavasani,2016). 

Moreover, it is expected to have the market share around 15-20 percent globally in 2030 

(Yoshida, 2013).  

 

Level 1 vehicle autonomous has already achieved 100% market penetration in 2011 since 

NTHSA has enforced ABS and ESC installation for vehicle. However, the market penetration 

rate for level 2 autonomous vehicle does not has a clear penetration statistics. The higher level, 

3,4, and 5, are expected in coming years. With the example of full penetration in level 1, it can 

be expected that one day higher level of autonomous vehicle will prevail and dominate on the 

road. 

 

2.3 Merging Strategies 

It is necessary to discuss merge strategies in a weaving segment as the target roadway consists of 

an entrance and an exit. In this thesis only merging strategies during exiting action will be 

discussed since the on-ramp traffic will use an extra acceleration lane to complete merge action.  

14 



 

 

 

Typically, two merge strategies apply to most cases. One of the strategies is early merge. As 

plain as the words themselves, early merge mean that vehicles will complete the merge action 

before the merging point, or say, the exit point. This system breaks down with high demand and 

fewer gaps (Yang et al., 2009). Figure 3 shows the pattern of early merge below.  

 

Figure 3 Illustration of early merge 

 

The scenario which vehicle merges until necessary condition in their routing decision, is defined 

as late merge. This merging pattern allows maximum use of road to accommodate upstream 

vehicles. With the proper use of late merge could improve the vehicle throughput significantly 

and reduce the queue length up to 50 percent (Walters et al., 2000). Figure 4 shows the pattern of 

early merge below. 

 

Figure 4 Illustration of late merge 

There are other merge strategies such as  static merging and dynamic merging. However, these 

two merging strategies are difficult to define in microsimulation software. Also, these strategies 

may require assistance other than the road facilities, which is hard to represent in simulation. 

Therefore, only early merge and late merge strategies will be discussed in this thesis.  
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2.4 Method of Estimating Freeway Capacity  

Roadway capacity is a well-studied subject and there are many ways to estimate the capacity. In 

this section, Maximum Flow Rate method will be discussed. This method determines the 

capacity as the maximum flow rate occurred over time. However, the flow rate characteristics 

must has the following:  

1. Flow rate continuously rise before reaching the peak flow rate;  

2. A sudden drop of flow rate when capacity is reached and congestion happens;  

3.  Flow rates keep relative consistent after the sudden drop  

The advantage of this method is that it is relatively straightforward if the flow rate data  

with respect to time is available. The disadvantage of this is that continuous data  

collection with high frequency is required. This method has been chosen to estimate the  

capacity for this thesis. Details of how capacity is determined based on the method is  

explained in chapter 3. 

 

2.5 Capacity Drop 

Capacity drop is defined as the scenario that maximum traffic flow is higher than congestion 

discharge rates (Yuan, 2014). It means that in a given period of time, the vehicles entered in a 

certain segment is larger than the vehicle discharged and thus creating a difference in capacity in 

different segments on the same freeway. Currently approach to define capacity drop in a given 

road is to collect traffic data from the entrance part and the exit part to compare the difference 

which means that currently measures to predict capacity drop is not available. It can only be 

obtained from data collected. Most research on capacity drop are based on real traffic data. 

However, it is proved that microsimulation software Vissim can successfully reproduce the 
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capacity drop phenomena (Khondaker, 2014). Therefore, this thesis will use Vissim to study 

capacity drop. The calculation of capacity drop is following: 

[(Vehicle Entered-Vehicle Discharged)/Vehicle Entered ]* 100% 

 

3. METHODOLOGY  

This chapter introduces how the simulation network is set and how to investigate the result 

regards to the objective of this thesis.  

 

3.1 VISSIM Microsimulation Software  

The scenarios investigated in this thesis are modeled by using VISSIM, a microsimulation 

modelling software developed by PTV, where it can analyze a time-step based approach to 

identifying opportunities for each vehicle within a network (Wiedemann and Reiter, 1992). It is 

the advance microscopic simulation program for modeling multimodal transport operations. For 

driving behavior, it is control by longitudinal control and lateral controlled which are defined by 

car following model and lane changing model respectively.  

 

3.1.1 Longitudinal Control  

The longitudinal control of vehicle is considered with the changes in vehicle speed and response 

to vehicle in front of it which is defined by car following model. The available car following 

models in VISSIM are derived by Wiedemann in 1974 which are Wiedemann 74, Wiedemann 99 

and no interaction car following model. Vehicle with no interaction car following model does not 

interact with any other vehicles (PTV Group, 2017) which is recommended to apply for 

pedestrian. The Wiedemann 74 car following model is suitable for urban traffic where 
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interrupted traffic usually occurs. The Wiedemann 99 car following model is suitable for freeway 

traffic.  

 

According to the objective of the research, it focuses on level 3 autonomous vehicle driving on 

freeway. Therefore, the Wiedemann 99 car following model is used. The basic concept of 

Wiedemann car following model is that the human driver of a faster moving vehicle starts to 

decelerate as the human driver reaches his individual perception threshold to a slower moving 

vehicle (PTV Group, 2017). The speed of following vehicle is less than the leading one since 

human driver could not easily determine the speed of the leading vehicle. The various 

distribution of speed, slightly and steady acceleration and deceleration, and distance behavior are 

also considered in the model.  

 

The Wiedemann model has been developed from four stage of driving conditions which are free 

driving, approaching, following and braking. The first stage, free driving, identifies a vehicle that 

does not need to respond to the proceeding vehicle. Human driver seeks to reach and maintain 

his desire speed which could be oscillated due to the imperfection throttle control by human. 

Moreover, this stage is defined as “free flow” in transportation engineering field. Secondly, in 

approaching condition, when trailing vehicle could acknowledge the existence of the leading 

vehicle, the trailing vehicle decelerate to adjust its speed to a lower speed than the speed of the 

leading vehicle. Therefore, it does not have difference in speed when the trailing vehicle reach its 

desire safety distance. Next, in the following condition, the distance from the trailing vehicle to 

the leading vehicle oscillates at least equal or more than the safety distance. The trailing vehicle 

drives without consciously accelerating and decelerating. The difference speed also oscillates 
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around zero. Lastly, braking condition, this condition happens when the trailing vehicle moves 

closer to the leading vehicle. The trailing vehicle has to apply medium to high deceleration when 

the distance between vehicles is less than the desire safety distance. The rate of deceleration 

depends on how the leading vehicle change its speed or when there is another vehicle tries to 

change the lane by squeezing in between the trailing and the leading vehicles. The accident is 

likely to occurs at this stage.  

 

The model is shown in figure 5 where it explains the six thresholds in these following models 

(Kayvan Aghbayk, 2013). The y-axis or ∆V is the change in velocity between trailing and 

leading vehicles. The x-axis or ∆X is the change in distance between trailing and leading 

vehicles. The parameters shown in the graph are as follows:  

● AX is the desired distance between two stationary vehicles  

● BX is the minimum following distance which is considered as a safe distance by drivers  

● CLDV is the point at short distances where drivers perceive that their speeds are higher 

than their lead vehicle speeds  

● SDV is the points at long distances where drivers perceive speed differences when they 

are approaching slower vehicles  

● OPDV is the points at short distances where drivers perceive that they are travelling at a 

lower speed than their leader  

● SDX is the maximum following distance indicating the upper limit of car-following 

process.  
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Figure 5: Wiedemann Car following model (Ref: Microscopic Traffic Flow Simulator VISSIM)  

3.1.2 Wiedemann 99 Car Following Model  

CC0 is the average standstill distance between two vehicles (PTV Group, 2017) which is the 

distance between the subject vehicle and the leading vehicle during times when the vehicles have 

stopped such as in traffic jam. The smaller value of CC0 allows smaller gaps between stopped 

vehicles. The default value of CC0 is 4.92 feet. According to MotorTrend’s latest testing, in 

general, most of the industries use a value of 9 feet of CC0 for observations. It is the roughly the 

lowest value for stopping distance from many of automotive manufacturers (Kim, 2016). 

According to PTV Group, it is recommended to keep smaller stand still distances of CC0 for 

autonomous vehicle, therefore a value of 4.92 feet is used instead of 9 feet.  

 

CC1 or headway time is the time headway between the driving vehicle and leading vehicle 

which distributes regarding to the desire safety distance (PTV Group, 2017). The higher the 

value, the more cautious the driver is. The safety distance is defined in the car following model 

as the minimum distance that a driver will maintain while following another vehicle. Both CC0 

and CC1 can determine the aggressiveness of the subject vehicles from the safety distance, 
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which defined as minimum distance between vehicles, by 𝑑𝑥𝑠𝑎𝑓𝑒 = 𝐶𝐶0 + 𝐶𝐶1 ∗ 𝑣. The default 

value of CC1 is 0.90 second. According to the MotorTrend’s latest testing results, 

semi-autonomous vehicles could follow the leading vehicles with the headway as small as 0.70 

second. The headway time parameter in VISSIM is defined in five different level : 0.5 second, 

0.9 second, around 5 seconds, around 20 seconds and around 30 seconds. In this case 0.5 second 

could be too low to assume. Therefore, the value of 0.9 second is chosen for this microsimulation 

model.  

 

CC2 or following variation is used to restrict the distance difference (longitudinal oscillation) or 

how much more distance than the desired safety distance the driver allows before he 

intentionally moves closer to the car in front (PTV Group, 2017). It affects how well the subject 

vehicle responds to leading vehicle’s speed oscillation. The default vale of CC2 is 13.12 ft. 

According to MotorTrend’s testing, the tested vehicles have an acceleration delay as small as 

0.60 seconds from standstill condition (Kim, 2016). Based on the science of car following of 

these vehicles, radar adaptive cruise control, the distance difference can be calculated 4.4 ft. 

Therefore, a value of 4.4 will be used for CC2 for this microsimulation model to allows for 

shorter vehicle gaps.  

 

CC3 or threshold for entering following controls the start of the deceleration process such as the 

second before reaching the safety distance (PTV Group, 2017). The driver performs an 

approaching condition where this parameter controls the time that takes from free driving 

condition to following condition. The default value of CC3 is -8.00 seconds. According to the 

sensitivity analysis study of VISSIM driver behavior on highway capacity, this parameter should 
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be changed dynamically with the speed of vehicle and has no significant impact on the capacity 

(Nicholas E. Lownes, 2006). Therefore, the default value of -8.00 seconds is used in this 

microsimulation model.  

 

CC4 or negative following threshold is the negative speed difference during the following 

condition (PTV Group, 2017). It controls the sensitivity of driver reaction to the acceleration or 

deceleration of leading vehicle. Lower value of CC4 causes more sensitive reaction. The default 

value of CC4 is -0.35 ft/sec. For the level 3 autonomous vehicle, throttle pedal is not controlled 

by human driver which means that the speed of vehicle does not oscillate a lot. Therefore, a 

value of -0.10 ft/sec is used for this microsimulation model.  

 

CC5 or positive following threshold is the positive speed difference during the following 

condition which the value of CC5 should be the opposite to the value of CC4 (PTV Group, 

2017). According to the reason of affect from CC4, higher value of CC5 could cause less 

sensitive reaction. The default value of CC5 is 0.35 ft/sec. The opposite value of CC4 which is 

-0.10 ft/sec is used for CC5 in this microsimulation model.  

 

CC6 or speed dependency of oscillation is the parameter that defines how the subject vehicle’s 

speed oscillates based on the difference in distance between subject vehicle and leading vehicle 

in the following condition. Larger value of CC6 causes greater speed oscillation with increasing 

distance between subject vehicle and leading vehicle increase. The zero value of CC6 causes the 

speed oscillation to be independent from the distance between subject vehicle and leading 

vehicle. The default value of CC6 is 11.44 1/m·s. However, there has no specific investigation 
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for the exact value of CC6 for level 3 autonomous vehicle, the default value of 11.44 1/m·s of 

CC6 is used for this microsimulation model.  

 

CC7 or oscillation acceleration is the rate of acceleration which defines how the speed oscillates 

during acceleration. It controls the level of speed oscillation produced by driver whether it is 

gentle and gradual or sudden and violent (Nicholas E. Lownes, 2006). The default value of CC7 

is 0.82 ft/sec2. A larger value of CC7 causes greater oscillation during acceleration. According to 

MotorTrend’s testing result, the speed oscillation could be higher than typical human driver 

(Kim, 2016). Moreover, CC7 with a value of 0.50, 1.00 and 1.50 ft/sec2 represent small, medium 

and high values of oscillation respectively (Nicholas E. Lownes, 2006). Therefore, a value of 

1.25 of CC7 is used for microsimulation model.  

 

CC8 or standstill acceleration is the desired acceleration rate of subject vehicle from standstill 

condition or when the subject vehicle’s speed is zero (PTV Group, 2017). The default value of 

CC8 is 11.48 ft/sec2. According to MotorTrend’s testing result, the standstill acceleration rate is 

approximately as low as 6.0 ft/sec2 , which is significantly less than the default value (Kim, 

2016). A lower level of CC8 could cause a significant negative impact on capacity (Nicholas E. 

Lownes, 2006). Applying autonomous vehicle on roadway is expected to improve the roadway 

capacity. Therefore, the value of 11.48 ft/sec2 is used for CC8 in this microsimulation model to 

avoid this negative impact.  

 

CC9 or acceleration with 50 mph is the desired acceleration rate of subject vehicle when the 

vehicle speed is at 50 mph (PTV Group, 2017). The default value of CC9 is 4.92 ft/sec2 . 
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According to MotorTrend’s testing result, the rate of acceleration from 50 mph is about 4.80 

ft/sec2 . Therefore, the value of 4.80 ft/sec2 is used for CC9 in this microsimulation model.  

For better understanding on car following parameters, the explanation of the relationships of first 

seven parameters (CC0 – CC6) could be demonstrated in the following equations (Kayvan 

Aghabayk, 2013). The equations are related to the graph shown in figure 5 where the variables 

are also shown. The equations are listed as follows:  

● 𝑎𝑥(𝑣) = 𝐿 + 𝐶𝐶0, where L is the length of leading vehicle.  

● 𝑏𝑥(𝑣) = 𝑎𝑥(𝑣) + 𝐶𝐶1 · 𝑣, where v is equal to subject vehicle speed if it is slower than the 

lead vehicle; otherwise, it is equal to lead vehicle speed with some random errors. The 

error is determined randomly by multiplying the speed difference between the two 

vehicles by a random number between -0.5 and 0.5.  

● 𝑠𝑑𝑥(𝑣) = 𝑏𝑥(𝑣) + 𝐶𝐶2 and 𝑠𝑑𝑣(𝑣)𝑖 = − ∆𝑥 − 𝑠𝑑𝑥(𝑣)𝑖⁄𝐶𝐶3 − 𝐶𝐶4, Where Δ𝑥 is the space 

headway between the two successive vehicles calculated from front bumper of the 

leading vehicle to front bumper of the subject vehicle.  

● 𝑐𝑙𝑑𝑣(𝑣) = − ( 𝐶𝐶𝐶6 17000) (∆𝑥 − 𝐿) 2 − 𝐶𝐶4 and 𝑜𝑝𝑑𝑣(𝑣) = − ( 𝐶𝐶6 17000) (∆𝑥 − 𝐿) 2 − 

𝛿(𝐶𝐶5), Where 𝛿 is a dummy variable which is equal to 1 when the subject vehicle speed 

is greater than CC5 and 𝛿 is equal to 0 if subject vehicle speed is not greater than CC5.  

The parameter CC7 to CC9 are the acceleration rates which depend on the programmed 

performance of vehicle, the difficulty of human driver to press the accelerator or the mechanical 

capabilities of the vehicle which could not derived from equations.  

 

For summary, table 1 concludes the model the parameters of longitudinal control in car 

following model for manual vehicle and the calibration values for the level 3 autonomous vehicle 
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which are used VISSIM microsimulation model. All the modified parameters for level 3 

autonomous vehicle are highlighted in bold in the table. In addition, the default value is set for 

all the other parameters that has not been mentioned.Also, a unit transformation is conducted in 

table 1 for uniformity. 

Table 1  The set value of Car Following parameters in VISSIM 

Wiedemann 99  
Car Following Model 

Default value for 
Manual vehicle 

Calibrated Value for  
level 3 autonomous vehicle 

CC0 4.92 ft 4.92 ft 

CC1 0.9s 0.9s 

CC2 13.12 ft 4.40 ft 

CC3 -8.00s -8.00s 

CC4 -0.35 ft/s -0.10 ft/s 

CC5 0.35 ft/s 0.10 ft/s 

CC6 11.44 11.44 

CC7 2.96 ft/s2 4.10 ft/s2 

CC8 11.48 ft/s2 11.48 ft/s2 

CC9 4.92 ft/s2 4.80 ft/s2 

 

The sensitivity test of change in the above value is not covered by existing studies. Most studies 

investigated the reduction in conflict area and vehicle conflicts, however, this is not the aim of 

this thesis. Therefore, the sensitivity test of the above parameters and section 3.1.3 will not be 

discussed. 

3.1.3 Lane Changing Model and Lateral Control 

The lateral control of vehicle controls at the perpendicular direction of the vehicle travel 

direction. VISSIM divides the application for lane changing to “necessary lane change” in order 
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to reach the next connector of a route and “free lane change” if there is more space and higher 

speed is required (PTV Group, 2017). For necessary lane change, the driving behavior 

parameters contain the maximum acceptable deceleration for the subject vehicle and its trailing 

vehicle on the new lane. The deceleration depends on the distance to the emergency stop position 

of the next route connector. For free lane change, VISSIM checks the desired safety distance to 

the trailing vehicle on the new lane. The desired safety distance depends on the speed of the 

vehicle that wants to change the lane and on the speed of the vehicle preceding it. It is impossible 

to discuss transportation operation in a weaving segment without discussing lane changing 

behavior in VISSIM. According to latest research, the autonomous vehicle is expected to have a 

better lane change than vehicles currently in the market (Mahmassani, 2016). Research on 

updates in lane changing parameters are not sufficient to conclude a well-defined set of values. 

However, latest research in microsimulation provides a set of calibrated value that better defines 

the lane changing behavior in freeways. The value provided in research are more advanced in 

vehicle reaction than the VISSIM default value. Given that autonomous vehicle will have a 

better performance in lane changing actions, and latest calibration study finds a consistent result 

with such improvement, this thesis will use the latest calibration value in lane changing behavior 

as lane changing value for level 3 vehicles. Notice that the value used in this thesis is a set of 

value that represent latest vehicle functions, and that the level 3 vehicle will only have a better 

performance in these parameters.The parameters for level 3 autonomous vehicle has changed 

according to the observations and studies as follows.  

 

Maximum deceleration - Own (m/s2)  means the upper bound of deceleration for trailing vehicle. 

Higher absolute value means more aggressive lane changing behaviors. The default setting in 
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VISSIM is  -3m/s2. According to Karlsruhe Institute of Technology’s test result, it shows an 

improvement of -1m/s2, which is -4m/s2 (Vortisch & Leyn, 2014).Therefore, a value of -4m/s2 of 

Maximum deceleration - trailing is used for microsimulation model. 

 

-1 m/s2 per distance reduces the maximum deceleration with increasing distance from the 

emergency stop distance linearly by this value down to the accepted deceleration. The default 

setting in VISSIM is 200m for both own and trailing vehicle. According to Karlsruhe Institute of 

Technology’s test result, it is 400m for both own and trailing vehicle, which is a huge 

improvement (Vortisch & Leyn, 2014). Therefore, a value of 400m in -1 m/s2 per distance for 

both own and trailing vehicle is used for microsimulation model. 

 

Accepted deceleration (m/s2) means the lower bound of deceleration for vehicle for a lane 

change. A lower number in this parameter will result in a greater deceleration ability. The default 

setting in VISSIM is -0.5m/s2 for both own and trailing vehicle. According to Karlsruhe Institute 

of Technology’s test result, it is -1.5m/s2 for both own and trailing vehicle, which is a huge 

improvement (Vortisch & Leyn, 2014). Therefore, a value of -1.5m/s2 accepted deceleration for 

both own and trailing vehicle is used for microsimulation model. 

 

Maximum deceleration for cooperative braking (m/s2) means the extent the trailing vehicle is 

braking cooperatively, in order to allow a preceding vehicle to change lanes into the same lane 

they are traveling in. The higher the value, the stronger the braking and the greater the 

probability of changing lanes. The default setting in VISSIM is -3m/s2 for both own and trailing 

vehicle. According to Karlsruhe Institute of Technology’s test result, it has a value of -9m/s2 
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(Vortisch & Leyn, 2014). Therefore, a value of -9m/s2 maximum deceleration for cooperative 

braking is used for microsimulation model. 

 

Safety distance reduction factor is taken into account for each lane change. During the lane 

change, Vissim reduces the safety distance to the value that results from the following 

multiplication: Original safety distance * safety distance reduction factor. The default value of 

0.6 reduces the safety distance by 40%. According to Karlsruhe Institute of Technology’s test 

result, the safety distance factor can be as low as 0.3, which means a 70% reduction in safety 

distance. Therefore, a value of 0.3 is used  for microsimulation model. Table 2 summarizes sets 

of value for each parameter below.  

Table 2 The set value of Lane Change parameters in VISSIM 

Wiedemann 99  
Lane Change Parameter 

Default value for 
Manual vehicle 

Calibrated Value for  
level 3 autonomous vehicle 

Maximum deceleration 
(own/trailing) 

-3m/s2 -4m/s2 

-1m/s2 per distance 200m 400m 

Accepted deceleration -0.5m/s2 -1.5m/s2 

Safety distance reduction 
factor 

0.6 0.3 

Maximum deceleration for 
cooperative braking 

-3m/s2 -9m/s2 

 

3.2 Method of Estimating Capacity 

As this thesis involves non-human-operated vehicle, the traditional HCM method cannot be used 

as the HCM method is not designed to account for the presence of automated vehicle. As the 

microsimulation freeway network has more than one lane involved, the headway method cannot 
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be used either. As microsimulation tool VISSIM is used, the data of speed and flow rate with 

respect to time collected frequently is readily available. Therefore, the maximum flow rate 

method is used to estimate the impact on freeway capacity with the presence of level 3 HAVs. 

For each scenario, the average of the highest flow rate attained from 10 simulation runs (with 10 

different random seeds) is regarded as the capacity of the freeway under prevailing conditions. 

Between the two data collection points, data collection point 1 is used for determining maximum 

flow rate since the point of interest in capacity estimation is the whole weaving segment rather 

than the discharge rate. 

 

3.3 Method of Estimating Capacity Drop 

Cumulative vehicle passed is computed in each data collection point using excel since Vissim 

does not support this calculation. The difference of vehicles entered and vehicles discharged is 

also calculated for each scenario. For each scenario, the average of the vehicles passed and 

discharged attained from 10 simulation runs (with 10 different random seeds) are calculated and 

capacity drop is computed using the formula in chapter  2.5. 

 

3.4 Simulation network 

3.4.1 Assumptions 

General assumptions are made to this study as follows: 

● The simulated traffic includes only passenger vehicles, no truck and heavy vehicle 

operate on this freeway segment. Therefore, only two types of vehicles will operate on 

the network which are manual vehicle and level 3 vehicle. They will have identical 

appearance during the simulation process but driving under different behaviors. 
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● Level 3 autonomous vehicle is assumed to have low and simple connectivity in order to 

be informed about the merge point before exit. 

● The traffic in the simulation model is mix traffic on both lane. The level 3 autonomous 

vehicle and manual vehicle travel concurrently on 2-lane freeway. 

● Lane straddling is ignored and assumed to not occur in this simulation. 

● The weather condition and road surface condition of the freeway segment is normal 

except for the work zone area. Therefore, the weather effect and the roughness of road 

surface are not considered. 

● No malfunction of vehicle exists or occurs on this freeway segment during the 

simulation.  

● Collision of vehicle is ignored and assumed to not occur in this simulation. 

● No ramp entrance or exit exists within 3 miles upstream and downstream of  simulated 

network. 

 

3.4.2 Simulation network model and design 

The simulated network is a 5 kilometer freeway section, with a weaving segment in the middle 

part. The length before and after weaving segment is designed as 1,500 meters for each part. The 

remaining part is a weaving segment with a length of 2,000m. The reason for this design is that a 

relative long weaving segment provide sufficient space for vehicles to complete lane changing 

actions. There are two types of vehicles operating on the simulated network: manual vehicle and 

level 3 vehicle. They have the same appearance but use different driving behavior as defined in 

3.1.2 and 3.1.3.  
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The simulated freeway has a three-lane upstream and two-lane downstream of the weaving 

segment in reference to the first research in capacity drop (Cassidy, 1999). Within the weaving 

segment, an acceleration lane is added to accommodate ramp entrance vehicles. The length of 

acceleration lane is 900 meters, and at the end of acceleration lane, a taper is added to reduce the 

operating lanes from four lanes to three lanes. At the end of the weaving segment, and exit is 

connected to the lane 1 in this three-lane segment, and the freeway operating lanes are reduced to 

two lanes. The width of each lane is designed as 3.66 meters in regards to the green book 

(ASSHTO, 2011), which is 12 feet in width. The link operating speed was set to 100km/h , 

which corresponds to 70 mile/h prevailing speed limit in Wisconsin.  

 

The driving behaviors that could cause significant impact on freeway capacity are the queue 

jumping and lane straddling (Hallmark et al.,2011). Queue jumping is when a driver already in 

the open lane decides to change lane for a better position by moving to the closing lane and 

passes one or more vehicles before merging back into the open lane. Lane straddling is when a 

driver intentionally places their vehicle across portions of both the open and closing lane to 

prevent other vehicles behind them to pass and merge ahead of it. Those driving behaviors are 

ignored in this simulation study as they are hard to modify. 

 

According to section 6C-3 of MUTCD, for freeways, expressways, and other roadways having a 

speed of 45 mph or greater, the minimum length for merging tapers should be computed by a 

formula 𝐿 = 𝑊 × 𝑆, where W is the lateral shift of traffic in feet and S is the posted speed. 

Therefore, the taper length of this simulation network is:  
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2 feet 70 mph 840 feetL = 1 ×  =   

The length of 840 feet corresponds to 256 meters. Therefore, at the end of acceleration lane, a 

260-meters-long taper is implemented for lane connection. Priority rule, which means that 

selected lane will yield to other lane, is added in the taper to according to traffic rule and to 

ensure the fluency in the main road. Figure 6 below demonstrates the placement of priority rule. 

 

Figure 6 Illustration of priority rule placement 

As mentioned in previous paragraph, the length of the weaving segment is 2,000m. According to 

green book definition, a segment with entrance and exit must satisfy series of equations to be 

defined as weaving segment. The series of equations are listed below:  

, where equals weaving vehicles, and V equals total vehicles.r V w/VV =  wV  

max 5728(1 r) 1.6 – 1566 NwlL =  + V ˆ  

Where: Lmax = maximum length of a weaving segment 

Vr = proportion of weaving vehicles 

Nwl = number of lanes necessary to complete merge/exit action. 

 

A segment is defined as weaving segment if , where = distance between endpointsmax sL ≥ L sL  

of any barrier markings that prohibit or discourage lane changing. Also, notice that this network 

coding design provide a Nwl = 2 situation. 

 

To secure a weaving segment length of 2,000 meters (6561.68 feet), Lmax must be equal to or 

larger than 6561.68 feet. Therefore, a 25% of upstream traffic is set in the ramp entrance. To 
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ensure a balanced entrance and exit vehicles to better observe capacity drop, the number exit 

vehicles are set equivalent to entrance vehicle. The validation process is below: 

1. r w/V 0.25V upstream ）/（0.25V upstream upstream) .4 V = V = （ × 2 + V = 0  

2. max 728(1 r) 1.6 – 1566 Nwl 5728 1 .4) 566L = 5 + V ˆ =  × ( + 0 1.6 − 1 × 2  

, which corresponds to 2036.369 meters.max 813.13709865 132 6681 feetL = 9 − 3 =   

3. , a length of 2000-meters-long weaving segment ismax 2036.369m s 2000mL =  ≥ L =   

satisfied. 

Figure 7 below shows the design of network. Figure 8 shows the detail of the network and scales 

of each section, notice that figure 8 provides an illustration of network structure, and in order to 

highlight features within this network, the link length of each part is not proportional to its actual 

length. Figure 9 demonstrates the design of ramp entrance and exit. Also, please refer to figure 6 

for taper design in transition part of weaving segment. 

Figure 7 Design of simulated network  

 

Figure 8 Simulation network and scale 
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3.4.3 Vehicle input and route decision 

The simulated network has two entrance and therefore has two vehicle input points. One is at the 

start of the upstream part of the network, and another is at the start of on-ramp part. In order to 

obtain a maximum flow rate to estimate the capacity of simulated network, the vehicle input at 

input point 1 is set to a relative high rate starting at 4000 pc/hr, which is 1000 pc/hr/ln. To secure 

a 25% equivalence of upstream traffic, the vehicle input at input point 2 is set to 1000 veh/hr, 

which corresponds to 1000 pc/hr/ln. Here veh/hr is equivalent to pc/hr as this thesis assumes 

100% passenger cars operation.  

 

Vehicle input in each input point is set to have an increment of input by 200 veh/hr by every 5 

minutes as an increasing traffic demand helps us see how traffic flows differently when  

congestion happens. This is called dynamic volume input. Therefore, the traffic demand from 

upstream varies from 1000 pc/hr/ln to 1650 pc/hr/ln, and correspondingly, the demand from 

input point 2 varies from 1000 pc/hr/ln to 1650 pc/hr/ln as well. As mentioned above, an input of 

4000 veh/hr in upstream means 1000 pc/hr/ln. Figure 9 below shows the dynamic volume input 

with input point 1 on the left side and input point 2 on right hand side.  

 

Figure 9 Dynamic volume input for input point 1(left) and input point 2(right) 
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As discussed in 3.3.2, an amount of 25% equivalence of upstream traffic exits the freeway using 

the off-ramp exit. Therefore, vehicle O-D routes is placed after the transition area shown in 

figure 8. The reason is that Vissim does not support a multiple lane usage in a single O-D route 

decision. This means that if the vehicle route decision is place before the transition area, both 

on-ramp traffic and upstream traffic have to use either main lane only (lane 2, 3, and 4) or taper 

(lane 1) in entrance & transition area. However, restricting lane decision in entrance & transition 

area contradicts the purpose of this thesis. Therefore, the route decision is not placed at the start 

of each input. 

 

Instead, the route decision is placed after the transition area, which is at the start of exit area. The 

advantage of this setting is that there is lane using conflict for the O-D decision. Under this 

setting, exiting vehicle will use lane 1 to complete exiting action and lane 2 and 3 to complete 

through action. The vehicle route decision in Vissim specifies the proportion of traffic that 

connects to each end point respectively rather than the amount of vehicles. Since this route 

decision is placed after the merging part, the proportion of exiting traffic is 20% of total traffic 

starting at the route decision point in order to obtain an equivalence of on-ramp and off-ramp 

traffic. The calculation is below:  

Von-ramp= Voff-ramp; Von-ramp=0.25 Vupstream 

Vend-of-transition=Von-ramp+Vupstream= 5 Von-ramp 

Voff-ramp=0.2 Vend-of-transition 

Where:  

Von-ramp= On-ramp demand volume. 

Voff-ramp= Off-ramp demand volume. 
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Vupstream= Upstream demand volume. 

Vend-of-transition= Volume demand at the end of transition area (or at the start of exit area). 

The route decision is shown in figure 10 below as a reflection of calculation above, and RelFlow 

tab in the figure shows the proportion assigned to each highlighted O-D route in yellow.  

 

Figure 10 Route decision for destination at ramp exit (top side) and at endpoint (down side)  

3.4.4 Data Collection 

The data collection points are placed at the start of the weaving segment and the end of weaving 

segment. Figure 8 in previous section shows the specific position of each data collection points. 

The simulation period is set to 60 minutes. There data from the first 5 minutes is disregarded as 

the first 5 minutes is seen as “warm up” time; all data are being retained for analysis.Data 

collection points collect the flow rate and speed information which are useful for capacity and 

capacity drop analysis. The frequency for data collection is set to one minute – meaning flow 

rate and speed information are collected every minute. The reason for a 60 minute simulation 

rather than 65 minute is that recently PTV Group recalled the full license in University of 

Wisconsin-Madison. However, a 55 minute data collection period does not affect the 

completeness of this thesis. 
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3.5 Procedures 

1. Make simulation runs with increasing traffic demand volume (level 2 scenarios) with a 

set market penetration rate (level 1 scenario).  

2. Perform ten simulation runs with random seed of (17, 26, 35, 44, 53, 62, 71, 80, 89, and 

98) for each scenario.  

3. Record the speed and flow rate information from all simulation runs.  

4. Take the average of the ten simulation runs with different random seeds and plot the 

diagrams (flow vs time and speed vs time).  

5. Repeat step 1-4 for all of the traffic demand volumes in different penetration scenarios 

and merge strategies.  

6. Create the diagram by fitting a curve with the plots from different traffic demand 

volumes from step 5.  

7. The largest flow rate captured over the entire simulation period is deemed as the capacity.  

8. The average difference in vehicles entered and vehicles discharged is deemed as capacity 

drop for each scenario. 

 

3.6 Simulation Scenarios 

3.6.1 First Level Scenarios 

The first level scenarios are the dynamic demand of traffic. As mentioned in section 3.6.3, an 

increasing traffic demand helps us see how traffic flows differently when congestion happens. 

Therefore, the traffic volume varies from 1000 vehicle/hr/lane to 1650 vehicle/hr/lane over the 
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simulation period. The detailed breakdown of how traffic demand varies is shown previously in 

the figure 9. 

 

3.6.2 Second Level Scenarios 

Second level scenarios contains two part: early merge and late merge. Since on-ramp vehicles 

are supposed to use the full acceleration lane to achieve a freeway prevailing speed, the taper in 

entrance & acceleration area defined in figure 8 does not involve use of merge strategies. Here, 

the two merge strategies are only for off-ramp traffic.  

 

The late merge scenarios uses Vissim default value connector merging parameters, defined as 

200m lane change ahead and an emergency stop of 5 m. The lane change parameters means the 

distance which drivers will start to plan and conduct merging actions in order to arrive at their 

destination. The emergency stop distance defines the distance which drivers would lastly stop to 

make a final lane change. This parameter is to simulate a situation which drivers may forget their 

destination and therefore have to make a sudden lane change just before the exit. The probability 

of such change is randomly assigned by Vissim. Since the early merge scenario allows actions 

ahead of the exit, the lane change distance is adjusted to 500m, and the emergency stop distance 

is set to 50 m. Table 3 below shows the set of values in level 2 scenarios. Chapter 4 uses 200m in 

chart as representation of late merge scenario, and 500m as representation of early merge 

scenario. 
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Table 3 The set of value defined in merge strategies 

Merge Strategy Parameter Late Merge Early Merge 

Lane Change ()  before 
destination connector 

200m 500m 

Emergency Stop Distance () 
before destination connector 

5m 50m 

 

3.6.3 Third Level Scenarios 

Third level scenario contains six parts, each part represent set level of level 3 vehicle market 

penetration. The percent penetration varies from 0 percent to 100 percent with the increment of 

20 percent for each simulation. The zero percent penetration or the traffic with all manual vehicle 

is performed in the simulation in order to compare the difference with the mix traffic. To be 

concluded, the total of 120 microsimulation runs are performed.  

Figure 11 below summarizes the scenarios combination in three levels of scenarios.  

 

Figure 11 Microsimulation Scenarios 
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Chapter 4 Result & Analysis 

4.1 Capacity 

As previously mentioned, vehicle flow rate data is collected in data collection point 1 each 

minute to determine the maximum flow rate and use maximum flow rate as an estimation of 

capacity. The capacity versus time together with speed versus time diagram for each scenario 

will be presented and analyzed below. Late merge strategy is labeled as “200m” in diagram, and 

early merge strategy is labeled as “500m” in diagrams below. 

 

4.1.1 Result: Capacity in Late Merge Strategy 

1. 0% Market Penetration 

Figure 12 below shows plot both the flow rate and speed during the simulation period when all 

of the vehicle in the freeway network is human-operated.  

 

Figure 12 Capacity at 0% Market Penetration using late merge strategy 
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The diagram peaks at 12 minute mark which corresponds to 1530 vehicle/hr/lane is the peak 

flow rate during the simulation period. Therefore, the freeway capacity is 1530 vehicles/hr/lane 

under prevailing condition. 

2. 20% Market Penetration 

Figure 13 below shows plot both the flow rate and speed during the simulation period when 20% 

of the vehicle in the freeway network is level 3 HAV and the remaining proportion of vehicles is 

human-operated.  

 

Figure 13 Capacity at 20% Market Penetration using late merge strategy 

The diagram peaks at 17 minute mark which corresponds to 1545 vehicle/hr/lane is the peak 

flow rate during the simulation period. Therefore, the freeway capacity is 1545 vehicles/hr/lane 

under prevailing condition. In comparison to the situation when all vehicles are manual vehicles, 

a market penetration rate of 20% level 3 HAV improves the capacity by 1%. 

3. 40% Market Penetration 
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Figure 14 below shows plot both the flow rate and speed during the simulation period when 40% 

of the vehicle in the freeway network is level 3 HAV and the remaining proportion of vehicles is 

human-operated.  

 

Figure 14 Capacity at 40% Market Penetration using late merge strategy 

The diagram peaks at 22 minute mark which corresponds to 1650 vehicle/hr/lane is the peak 

flow rate during the simulation period. Therefore, the freeway capacity is 1650 vehicles/hr/lane 

under prevailing condition. In comparison to the situation when all vehicles are manual vehicles, 

a market penetration rate of 40% level 3 HAV improves the capacity by 7.8%.  

4. 60% Market Penetration  

Figure 15 below shows plot both the flow rate and speed during the simulation period when 60% 

of the vehicle in the freeway network is level 3 HAV and the remaining proportion of vehicles is 

human-operated.  
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Figure 15 Capacity at 60% Market Penetration using late merge strategy 

The diagram peaks at 22 minute mark which corresponds to 1680 vehicle/hr/lane is the peak 

flow rate during the simulation period. Therefore, the freeway capacity is 1680 vehicles/hr/lane 

under prevailing condition.In comparison to the situation when all vehicles are manual vehicles, 

a market penetration rate of 60% level 3 HAV improves the capacity by 9.8%. 

5. 80% Market Penetration 

Figure 16 below shows plot both the flow rate and speed during the simulation period when 80% 

of the vehicle in the freeway network is level 3 HAV and the remaining proportion of vehicles is 

human-operated.  
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Figure 16 Capacity at 80% Market Penetration using late merge strategy 

The diagram peaks at 22 minute mark which corresponds to 1725 vehicle/hr/lane is the peak 

flow rate during the simulation period. Therefore, the freeway capacity is 1725 vehicles/hr/lane 

under prevailing condition. In comparison to the situation when all vehicles are manual vehicles, 

a market penetration rate of 80% level 3 HAV improves the capacity by 12.7%. 

6. 100% Market Penetration 

Figure 17 below shows plot both the flow rate and speed during the simulation period when all 

of the vehicle in the freeway network is level 3 HAV.  
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Figure 17 Capacity at 100% Market Penetration using late merge strategy 

The diagram peaks at 22 minute mark which corresponds to 1785 vehicle/hr/lane is the peak 

flow rate during the simulation period. Therefore, the freeway capacity is 1785 vehicles/hr/lane 

under prevailing condition. In comparison to the situation when all vehicles are manual vehicles, 

a market penetration rate of 100% level 3 HAV improves the capacity by 16.7%. 

 

4.1.2 Result: Capacity in Early Merge Strategy 

1. 0% Market Penetration 

Figure 18 below shows plot both the flow rate and speed using early merge strategy during the 

simulation period when all of the vehicle in the freeway network is human-operated. 
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Figure 18 Capacity at 0% Market Penetration using early merge strategy 

The diagram peaks at 22 minute mark which corresponds to 1680 vehicle/hr/lane is the peak 

flow rate during the simulation period. Therefore, the freeway capacity is 1680 vehicles/hr/lane 

under prevailing condition. 

2. 20% Market Penetration 

Figure 19 below shows plot both the flow rate and speed using early merge strategy during the 

simulation period when 20% of the vehicle in the freeway network is level 3 HAV and the 

remaining proportion of vehicles is human-operated.  
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Figure 19 Capacity at 20% Market Penetration using early merge strategy 

The diagram peaks at 28 minute mark which corresponds to 1860 vehicle/hr/lane is the peak 

flow rate during the simulation period. Therefore, the freeway capacity is 1860 vehicles/hr/lane 

under prevailing condition. In comparison to the situation when all vehicles are manual vehicles, 

a market penetration rate of 80% level 3 HAV improves the capacity by 10.7%. 

3. 40% Market Penetration 

Figure 20 below shows plot both the flow rate and speed using early merge strategy during the 

simulation period when 40% of the vehicle in the freeway network is level 3 HAV and the 

remaining proportion of vehicles is human-operated.  
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Figure 20 Capacity at 40% Market Penetration using early merge strategy 

The diagram peaks at 28 minute mark which corresponds to 1905 vehicle/hr/lane is the peak 

flow rate during the simulation period. Therefore, the freeway capacity is 1905 vehicles/hr/lane 

under prevailing condition. In comparison to the situation when all vehicles are manual vehicles, 

a market penetration rate of 20% level 3 HAV improves the capacity by 13.4%. 

4. 60% Market Penetration 

Figure 21 below shows plot both the flow rate and speed using early merge strategy during the 

simulation period when 60% of the vehicle in the freeway network is level 3 HAV and the 

remaining proportion of vehicles is human-operated. 
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Figure 21 Capacity at 60% Market Penetration using early merge strategy 

The diagram peaks at 33 minute mark which corresponds to 2025 vehicle/hr/lane is the peak 

flow rate during the simulation period. Therefore, the freeway capacity is 2025 vehicles/hr/lane 

under prevailing condition. In comparison to the situation when all vehicles are manual vehicles, 

a market penetration rate of 40% level 3 HAV improves the capacity by 20.5%. 

5. 80% Market Penetration 

Figure 22 below shows plot both the flow rate and speed using early merge strategy during the 

simulation period when 80% of the vehicle in the freeway network is level 3 HAV and the 

remaining proportion of vehicles is human-operated. 
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Figure 22 Capacity at 80% Market Penetration using early merge strategy 

The diagram peaks at 33 minute mark which corresponds to 2040 vehicle/hr/lane is the peak 

flow rate during the simulation period. Therefore, the freeway capacity is 2040 vehicles/hr/lane 

under prevailing condition. In comparison to the situation when all vehicles are manual vehicles, 

a market penetration rate of 80% level 3 HAV improves the capacity by 21.4%. 

6. 100% Market Penetration 

Figure 18 below shows plot both the flow rate and speed using early merge strategy during the 

simulation period when all of the vehicle in the freeway network is level 3 HAV. 
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Figure 23 Capacity at 100% Market Penetration using early merge strategy 

The diagram peaks at 28 minute mark which corresponds to 2115 vehicle/hr/lane is the peak 

flow rate during the simulation period. Therefore, the freeway capacity is 2115 vehicles/hr/lane 

under prevailing condition. In comparison to the situation when all vehicles are manual vehicles, 

a market penetration rate of 100% level 3 HAV improves the capacity by 25.9%. 

 

4.1.3 Analysis 

The first objective of this thesis is to find out how different market penetration rate will affect the 

throughput of traffic flow under both late merge and early merge strategies. Therefore, the 

capacity change over penetration rate change is summarized in each scenario to isolate merge 

strategies factor. Both figure 24 and figure 25 below shows the capacity change versus market 

penetration rate change. However, figure 24 shows the relationship under late merge strategy, 

while figure 25 shows the relationship under early merge strategy. 
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Figure 24 Capacity Change vs Market Penetration, Late Merge Strategy 

 

Figure 25 Capacity Change vs Market Penetration, Early Merge Strategy 

As seen from figure 24, automated vehicles do not significantly improve the capacity when the 

market penetration rate is at 20%. However, when the market penetration rate reaches 40%, an 

improvement of 7.8% in capacity appears. Generally, the capacity increases as the level 3 HAV 

market penetration rate increases. A huge improvement shows during the transition from 20% 

penetration to 40% penetration rate. A possible explanation for this is that under late merge 

strategy, vehicles are very likely to stuck at the end of weaving segment and therefore creating a 
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congestion which is hard to escape from lane changing. Under a 20% penetration rate, a 

relatively small proportion of level 3 HAV can not produce enough impact to change the 

operation on the road. When it comes to 40% penetration rate, the impact of operational 

improvement shows with a relatively high market share of operating vehicle. At 100% market 

penetration, the capacity is improved by 16.7%, which is a significant improvement compare to 

0% penetration capacity. 

 

Differently, in early merge scenario, 20% market penetration rate creates an improvement of 

10.7% in capacity. Similarly,  to above explanation, the reason why a 20% penetration will 

produce such a stunning improvement is that vehicles are very likely to stuck at the merge point 

as defined in emergency stop distance. However, in early merge strategy the emergency stop is 

limited to 50 meters ahead of the exit, which allows level 3 HAV which have a better lane 

changing performance to escape from the queue caused by emergency stop by merging into other 

lanes.  Compared to a emergency stop distance of 5m, 50m distance provides sufficient space to 

complete the lane changing action, and therefore produces such a huge improvement by a 20% 

increment from 0%. Similar improvement also happens during the transition from 20% to 40% 

market penetration rate, which is from 10.7% to 13.7%, as well as transition from 40% to 60% 

market penetration rate, which is from 13.7% to 20.5%, as previously explained. Such effect is 

not consistent across all levels of penetration. For example, increase of capacity is not very 

significant along with market penetration rate change from 60% to 80%. However, transition 

from 80% to 100% still produce a significant improvement. A possible reason for this is that 

100% of penetration rate traffic is not hindered by manual vehicles and thus creating a more 
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orderly traffic flow. A more orderly traffic flow increases the capacity on simulated network and 

therefore produces a higher increase in capacity. 

 

4.2 Capacity Drop 

Capacity drop is also a point of interest in this thesis. Similar to 4.1, this section separates merge 

strategies and focuses on the capacity drop change rate along with the increasing of level 3 HAV 

penetration. Since empirically capacity drop is relatively small which has a empirical maximum 

of 10%, a background “traffic cleaning” is conducted in capacity drop data presentation. Using a 

background cleaning means to subtract a constant veh/hr cumulative traffic from both vehicles 

entered and vehicles discharged, correspondingly to data collection point 1 and 2. The meaning 

of using a background cleaning is to achieve a visual emphasis on the difference of vehicle enter 

and vehicle discharged. Some variables are also defined for the below diagrams, and will be 

demonstrated by follows: 

N(x,t) = cumulative traffic count in data collection point x (veh), where x=1 or 2 

q0 = background cleaning flow rate (veh/min), where q0 is defined as 70 veh/hr. 

t = time elapsed (min) 

The y-axis represents N(x,t)- q0t, which means the cumulative vehicle after subtracted by 70 

veh/min. In other words, the data on y-axis means the cumulative vehicle counted in each data 

collection point subtracted by 70*time elapsed.  

For clarification purpose, the below diagrams uses Upstream to represent vehicle count in data 

collection point 1, and Downstream to represent vehicle count in data collection point 2. 
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4.2.1 Capacity Drop in Late Merge Strategy 

1. 0% Market Penetration 

Figure 26 below shows plot the N(x,t) - q0t using late merge strategy during the simulation 

period when all of the vehicle in the freeway network is human-operated.  

 

Figure 26 Capacity Drop at 0% Market Penetration Using Late Merge Strategy 

The 55 minute mark shows a N(1,t)- q0t of 607 and a N(2,t)- q0t of 240. Therefore, the capacity 

drop in this segment is 8.23%.  

2. 20% Market Penetration 

Figure 27 below shows plot the N(x,t) - q0t using late merge strategy during the simulation 

period when 20% of the vehicle in the freeway is level 3 HAV and the remaining vehicles in 

network is human-operated. 
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Figure 27 Capacity Drop at 20% Market Penetration Using Late Merge Strategy 

The 55 minute mark shows a N(1,t)- q0t of 824 and a N(2,t)- q0t of 462. Therefore, the capacity 

drop in this segment is 7.74%. In comparison to the situation when all vehicles are manual 

vehicles, the capacity drop has reduced by 5.49%. 

3. 40 %Market Penetration 

Figure 28 below shows plot the N(x,t) - q0t using late merge strategy during the simulation 

period when 40% of the vehicle in the freeway is level 3 HAV and the remaining vehicles in 

network is human-operated. 

 

Figure 28 Capacity Drop at 40% Market Penetration Using Late Merge Strategy 
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The 55 minute mark shows a N(1,t)- q0t of 1013and a N(2,t)- q0t of 659. Therefore, the capacity 

drop in this segment is 7.28%. In comparison to the situation when all vehicles are manual 

vehicles, the capacity drop has reduced by 11.60%. 

4. 60% Market Penetration 

Figure 29 below shows plot the N(x,t) - q0t using late merge strategy during the simulation 

period when 60% of the vehicle in the freeway is level 3 HAV and the remaining vehicles in 

network is human-operated. 

 

Figure 29 Capacity Drop at 60% Market Penetration Using Late Merge Strategy 

The 55 minute mark shows a N(1,t)- q0t of 1222 and a N(2,t)- q0t of 864. Therefore, the capacity 

drop in this segment is 7.06%. In comparison to the situation when all vehicles are manual 

vehicles, the capacity drop has reduced by 14.28%. 

5. 80% Market Penetration 

Figure 30 below shows plot the N(x,t) - q0t using late merge strategy during the simulation 

period when 80% of the vehicle in the freeway is level 3 HAV and the remaining vehicles in 

network is human-operated. 
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Figure 30 Capacity Drop at 80% Market Penetration Using Late Merge Strategy 

The 55 minute mark shows a N(1,t)- q0t of 1388 and a N(2,t)- q0t of 1047. Therefore, the 

capacity drop in this segment is 6.96%. In comparison to the situation when all vehicles are 

manual vehicles, the capacity drop has reduced by 15.43%. 

6. 100% Market Penetration 

Figure 31 below shows plot the N(x,t) - q0t using late merge strategy during the simulation 

period when all of the vehicle in the freeway is level 3 HAV. 

 

Figure 31 Capacity Drop at 100% Market Penetration Using Late Merge Strategy 
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The 55 minute mark shows a N(1,t)- q0t of 1551 and a N(2,t)- q0t of 1182. Therefore, the 

capacity drop in this segment is 6.83%. In comparison to the situation when all vehicles are 

manual vehicles, the capacity drop has reduced by 17.03%. 

4.2.2 Capacity Drop in Early Merge Strategy 

1. 0% Market Penetration 

Figure 32 below shows plot the N(x,t) - q0t using early merge strategy during the simulation 

period when all of the vehicle in the freeway is manual vehicles. 

 

Figure 32 Capacity Drop at 0% Market Penetration Using Early Merge Strategy 

The 55 minute mark shows a N(1,t)- q0t of 1580 and a N(2,t)- q0t of 1264. Therefore, the 

capacity drop in this segment is 5.82%.  

2. 20% Market Penetration 

Figure 33 below shows plot the N(x,t) - q0t using late merge strategy during the simulation 

period when 20% of the vehicle in the freeway is level 3 HAV and the remaining vehicles in 

network is human-operated. 
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Figure 33 Capacity Drop at 20% Market Penetration Using Early Merge Strategy 

The 55 minute mark shows a N(1,t)- q0t of 1768 and a N(2,t)- q0t of 1259. Therefore, the 

capacity drop in this segment is 5.50%. In comparison to the situation when all vehicles are 

manual vehicles, the capacity drop has reduced by 5.49%. 

3. 40% Market Penetration 

Figure 34 below shows plot the N(x,t) - q0t using late merge strategy during the simulation 

period when 40% of the vehicle in the freeway is level 3 HAV and the remaining vehicles in 

network is human-operated. 

 

Figure 34 Capacity Drop at 40% Market Penetration Using Early Merge Strategy 
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The 55 minute mark shows a N(1,t)- q0t of 1873 and a N(2,t)- q0t of 1565. Therefore, the 

capacity drop in this segment is 5.38%. In comparison to the situation when all vehicles are 

manual vehicles, the capacity drop has reduced by 7.52%. 

4. 60% Market Penetration 

Figure 35 below shows plot the N(x,t) - q0t using late merge strategy during the simulation 

period when 60% of the vehicle in the freeway is level 3 HAV and the remaining vehicles in 

network is human-operated. 

 

Figure 35 Capacity Drop at 60% Market Penetration Using Early Merge Strategy 

The 55 minute mark shows a N(1,t)- q0t of 1990 and a N(2,t)- q0t of 1685. Therefore, the 

capacity drop in this segment is 5.22%. In comparison to the situation when all vehicles are 

manual vehicles, the capacity drop has reduced by 10.26%. 

5. 80% Market Penetration 

Figure 36 below shows plot the N(x,t) - q0t using late merge strategy during the simulation 

period when 40% of the vehicle in the freeway is level 3 HAV and the remaining vehicles in 

network is human-operated. 
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Figure 36 Capacity Drop at 80% Market Penetration Using Early Merge Strategy 

The 55 minute mark shows a N(1,t)- q0t of 2055 and a N(2,t)- q0t of 1755. Therefore, the 

capacity drop in this segment is 5.08%. In comparison to the situation when all vehicles are 

manual vehicles, the capacity drop has reduced by 12.70%. 

6. 100% Market Penetration 

Figure 34 below shows plot the N(x,t) - q0t using late merge strategy during the simulation 

period when all of the vehicle in the freeway is level 3 HAV. 

 

Figure 37 Capacity Drop at 100% Market Penetration Using Early Merge Strategy 
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The 55 minute mark shows a N(1,t)- q0t of 2183 and a N(2,t)- q0t of 1879. Therefore, the 

capacity drop in this segment is 5.04%. In comparison to the situation when all vehicles are 

manual vehicles, the capacity drop has reduced by 13.41%. 

 

4.2.3 Analysis 

Studying the impact of level 3 HAV on capacity drop is one of the objective of this thesis. The 

change in capacity drop in different levels of level 3 HAV penetration for both strategies is plot 

in figure 38 below.  

 

Figure 38 Capacity Drop Reduction vs Penetration  

It can be seen from the diagram that for both strategies the capacity drop has reduced along with 

the increasing level 3 HAV market penetration. Interestingly, late merge strategy shows a higher 

reduction rate compared to early merge strategy. The capacity drop is reduced by 17.03% when 

level 2 HAV has 100% market penetration while for early merge it is 13.41%. One possible 

reason is that lane changing action itself generates delay in affected lanes and thus there will 

always exist a difference from enter rate and discharge rate. A constantly existing capacity drop 
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leads to a reduced marginal reduction in capacity drop, which means the closer it is to the 

constant, the less it will improve by a unit input, where input in this context means increase in 

market penetration. The flattening curves in figure 38 support this explanation. 

 

Figure 31 to 37, and figure 32 to 38 show that capacity drop in weaving segment is gradually 

formed by time elapsed. Also, the cumulative difference of N(1,t) and N(2,t) remain constant in a 

given level 3 HAV market penetration, as two curves become parallel after a certain time point 

across all figures. Along with the increasing market penetration, the time point of N(1,t) and 

N(2,t) separation postpones to a later time point, which means that the capacity drop formation is 

alleviated. 

 

4.3 Late Merge vs Early Merge  

● Capacity  

The capacity result at each penetration rate helps determining the best merge strategy for 

vehicles operating on network. It is clear to see that early merge strategy has a dominant 

advantage in increasing capacity at each penetration level. A possible explanation is that early 

merge strategy provides sufficient space and time for vehicles to plan and execute lane changing 

actions to reach their destination.This provides a better organized vehicle movement on network 

and thus increasing the capacity. Figure 39 below shows the capacity comparison between two 

merge strategies in different levels of market penetration. 
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Figure 39 Comparison of Capacity, Late Merge vs Early Merge 

● Capacity Drop 

Comparison in capacity drop across two merging scenarios helps determining the best merge 

strategies when capacity drop is considered. Figure 40 below shows the comparison between two 

strategies.  

 

Figure 40 Comparison of Capacity Drop Percentage, Late Merge vs Early Merge 

The figure shows that early merge strategy produces significantly less capacity drop. It is clear to 

see that early merge strategy has a dominant advantage in reducing capacity at each penetration 
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level. A possible explanation to this result is that early merge strategy allows drivers to use lane 

more effectively by using a longer distance to plan and complete a lane changing action and 

therefore smooth the queue caused by lane changing. A lower capacity drop demonstrates a 

better traffic operation and therefore the early merge strategy is an ideal choice over late merge. 

 

The above analysis shows that early merge strategy has a better performance than late merge 

strategy. Therefore, early merge strategy is the ideal option over the other.  

 

Chapter 5 Conclusions and Recommendations 

5.1 Conclusions from Microsimulation 

After completing the microsimulation runs and the data analysis, the major conclusions are 

summarized below: 

1. The simulation is based on various assumptions outlined in section 3.6 to simplify the 

modelling a bit, but in general, it is believed that this simulation still shows the 

fundamental relationship between freeway capacity, level 3 HAV market penetration and 

lane restrictions. 

2. Although level 3 HAV vehicles have better car following capability, at lower market 

penetration (below 20%) using late merge strategy, the capacity cannot be significantly 

increased. 

3. The capacity can be improved as high as 16.7% in four to three lane weaving segment by 

increasing level 3 HAV market penetration rate if late merge strategy is used, and it is 

improved up to 25.9% by increasing level 3 HAV market penetration rate if early merge 

strategy is used. 
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4. The capacity drop can be reduced up to 17.03% by increasing level 3 HAV market 

penetration rate if late merge strategy is used, and up to 13.41% by increasing level 3 

HAV market penetration rate if early merge strategy is used.  

5. Increasing level 3 HAV market penetration rate alleviates the formation of capacity drop. 

6. The early merge strategy has a better performance than late merge strategy in both 

increasing capacity and reducing capacity drop and is the recommended strategy for 

connectivity design. 

 

5.2 Recommendation 

● Higher level automation  

The higher level of automation is expected in the future where human driver could not need to 

perform anything during the entire trip. The better performance of mobility and safety are 

expected. Therefore, it would be worth to investigate for the impact which could be different 

from this study of level 3 automation.  

● Weather impact  

According to the level 3 autonomous vehicle’s ability on perception sensor such as radar. It 

could detect through the fog, rain and snow which could receive the information from 

surrounding or monitor the environment better than human driver. To investigate the impact 

from better performance of perception of autonomous vehicle could perform more realistic 

simulation for the study. 

● More realistic network 

According to this simulation network, the simulation network could perform for more realistic as 

much as possible by simulating existing freeway. There are more factors which could affect the 
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driving behavior such as the curvature of roadway, weather condition or truck percentage. Better 

detail on simulation network could alleviate the better prediction from the microsimulation tool.  

● Weaving segment in a system 

This thesis assumes a weaving segment separated from a part of freeway. In fact, when there are 

more weaving/merging/diverging segment along the freeway, more interactions will appear with 

in the network. 

● Connectivity  

The Vissim software do not support connectivity adjustment for vehicles. However, Vissim 

allows inserting your own model for car-following and lane changing. Future work in developing 

a better operating logic that reflects vehicle connectivity can better simulate the real traffic. 
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