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EXECUTIV E SUMMARY  

OVERVIEW  

Many studies that support an optimistic outlook on the traffic flow impacts of 

autonomous vehicles (AVs) limit modeled driving behavior modifications to the 

cooperative actions of the AVs. However, these studies have not considered the impacts 

on traffic performance of potential aggressive interactions of human-driven vehicles 

(HDVs) with AVs in a mixed environment (AVs and HDVs). Considering that AVs will 

not retaliate when they are the target of an aggressive action, it is not hard to postulate 

that some human drivers may display aggressive behaviors toward AVs, taking advantage 

of the AVsô collision-avoidance features. Given these potential behaviors, the objective 

of this effort is to develop and test models of AV interaction with aggressive human 

drivers.  

To aid in understanding the potential impact of aggressive HDV (AHDV) interactions 

with AVs, this effort has investigated a merging situation at an off-ramp. Three classes of 

vehicles are simulated: AVs, HDVs, and AHDVs. AHDVs represent human-driven 

vehicles with aggressive merging-behavior characteristics. To perform this study, AHDV 

behavior at a merge section of a freeway exit ramp, in a mixed-traffic environment, is 

simulated using the open-source traffic simulation package SUMO (Simulation of Urban 

Mobility). Two types of potential AHDV merging behavior when interacting with an AV 

are modeled: (1) aggressive merge with maximum advancement, and (2) aggressive 

merge with zipper. The aggressive merge with maximum advancement represents the 

highest level of aggressive behavior. The AHDVs with this behavior target the farthest 



 

 2 

reachable AV on the deceleration lane to act as the following vehicle in the receiving 

lane, i.e., the AHDV will lane change in front of the AV, essentially without regard for 

the available gap. In the second type, the aggressive merge with zipper, the AHDVs 

continue to target downstream AVs in the exit lane, but avoid the scenario where the 

same AV is targeted by multiple AHDVs.  

The impacts of the AHDVsô aggressive behaviors in a mixed-traffic environment (i.e., 

AVs, HDVs, and AHDVs) on different network traffic characteristics, such as travel time 

and capacity, is demonstrated. Four experiments are conducted to explore the impact of 

the AHDV behavior on traffic operations. The first experiment observes the change in 

speed of the target AV, as well as the following traffic, when a platoon of 10 AHDVs 

merges in front of the AV near a freeway exit. The second and third experiments observe 

the travel times of exiting AHDVs and other vehicles when AHDVs are randomly 

distributed throughout the traffic stream with varying percentages of AVs and AHDVs in 

the traffic composition. The fourth experiment considers the impact on capacity in a 

similar merging situation where vehicle behavior is set as cooperative or noncooperative 

utilizing SUMO driver-behavior parameters. 

Experiments 1 through 3 showed that the presence of human driversô aggressive merging 

behaviors had adverse effects on AVs and HDVs. The adverse effects were more 

significant in high congestion, when there is a queue on the deceleration lane. The 

impacts of AHDVsô aggressive merges were muted by the larger headways between 

vehicles in low congestion when there is no queue on the deceleration lane. Based on the 

experiment 2 and experiment 3 results, AHDVs had a higher travel-time gain with higher 

level of aggressive behaviors, which in return had greater adverse effects on the AVsô 
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and the HDVsô travel times. Throughout the experiments, the system-wide travel time 

tended to be relatively stable, indicating that the AHDV travel-time improvements came 

at the expense of AVsô and other vehiclesô travel times. 

Experiment 4 took a closer look at the impact of cooperative behaviorïinduced 

aggressive merges on capacity. It was seen that when most vehicles are either fully 

cooperative or noncooperative, similar capacities are obtained; however, where a higher 

percentage of cooperative vehicles are positioned to be targeted by more aggressive 

vehicles, this aggressive-to-non-aggressive interaction can significantly reduce capacity. 

In addition, it was seen, similar to experiments 1 through 3, that AHDV gains were 

achieved at the expense of AVs. Finally, even in those scenarios where the overall 

capacity was not significantly changed in response to the variation in the percentage of 

cooperative vehicles in the traffic, increased fluctuations in the flow may potentially 

negatively impact operations as well as the safety conditions in the upstream traffic. 

As a final component of this research, an Excel-based Simplified Capacity Analysis Tool 

(SCAT) is developed. This tool draws predicted saturation flow rates, at various 

connected and autonomous vehicle (CAV) market penetration rates, from the literature 

and a simulation experiment. These saturation flow rates are utilized to determine 

potential phase capacities at a signalized intersection. While the freeway SUMO 

experiments focused on the impact of lane changing, SCAT explores the impact of CAV 

car-following and platooning behaviors. It is seen that a wide variation in capacity 

predictions may be found throughout the literature, from slight reductions to significant 

increases in capacity as AV market penetration increases. Across the literature, when 

considering the car-following aspect of AV operations, it is clear that two key sets of 
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assumptions are driving the predictions: the first is the headways selected by the AVs in a 

mixed-traffic environment, and the second is the characteristics of AV platoons, i.e., 

platooned vehicle spacing and maximum platoon length. 

The findings of this study suggest that despite the general belief in the benefits of 

autonomous vehicles, there may be adverse impacts on the non-aggressive vehicle travel 

times in the presence of human driversô aggressive merging behaviors in a mixed-traffic 

environment, especially in congested conditions. Thus, when the potential benefits of the 

AV are most needed, i.e., at or near capacity, it is possible that human interaction may 

negate many of the potential savings. 

Report Organization 

Chapter 2 presents efforts found in the literature on AV modeling, such as assumptions 

made, frequently adjusted parameters, and common characteristics of AVs. Chapter 3 

presents a comparison between the PTV VISSIM and SUMO simulation modeling 

platforms and discusses the selection of SUMO for the merge modeling efforts. Chapter 4 

presents how the two aggressive merging models were developed, as well as the four 

different experiments that investigate the impacts of the aggressive merging models in a 

mixed traffic environment. Chapter 5 highlights the data collection conducted for the 

headway utilized to calibrate the model in chapter 6. Finally, chapter 6 presents the 

Simplified Capacity Analysis Tool. 

Recommendations 

As seen in the report, the high state of uncertainty in AV driving-behavior characteristics 

and a similar level of uncertainty in the behavior of human-driven vehicles when 
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interacting with AVs, makes it extremely difficult to incorporate AVs into current 

planning and design processes with any sense of assuredness. However, based on this 

project, Georgia Department of Transportation (GDOT) can likely achieve an early sense 

of the ultimate operational impacts of AVs by tracking three primary leading indicators:  

1. As AV tests continue, or low market penetration occurs, is a rise in aggressive 

interactions witnessed?  

2. What are the headways being adopted by AV manufacturers, and what are the 

potential regulatory requirements?  

3. Are platoons implemented in AVs, and, if so, what are the spacing requirements 

and maximum length restrictions, which are again potentially manufacturer 

and/or regulatory-agency driven?  

As the direction of each of these indicators becomes clearer, GDOT will be able to select 

the more likely futures from the many potential predicted futures, with a higher level of 

confidence. This would allow AV penetration to begin to influence policy decisions and 

design decisions, such as queue management at ramp junctions, HV/AVs lane-usage 

restrictions, optimizing signalized intersections to process AV platoons, etc., in a more 

informed manner.  
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CHAPTER 1. INTRODUCTION  

Many studies that support an optimistic outlook on the traffic-flow impacts of 

autonomous vehicles (AVs) limit modeled driving behavior modifications to the 

cooperative actions of the AVs, such as slowing down for merging vehicles. Similarly, 

lane changes to advance the AV position in the traffic stream relative to other vehicles 

receive low priority (Aria et al. 2016, Rahman and Abdel-Aty 2018, Stanek et al. 2017).  

However, these and similar studies have not considered the impacts on traffic 

performance of potential aggressive interactions of human-driven vehicles (HDVs) with 

AVs in a mixed environment (i.e., AVs and HDVs), although such behaviors are likely to 

occur. For instance, mobility service companies have observed aggressive human driver 

behaviors directed at their AV test fleets, such as abrupt merging, tailgating, and hostile 

verbal and hand gestures (Randazzo 2018, Hamilton 2019). Even without AVs in the 

fleet, aggressive behavior has been observed at merge locations with heavy queuing. For 

example, within the last few hundred feet of a merge section an aggressive driver may 

take advantage of the slower acceleration and larger headways of heavy vehicles (Toth 

2014). By extension, considering that AVs will not retaliate when they are the target of 

an aggressive action, it is not hard to postulate that some human drivers may display 

aggressive behaviors toward AVs, taking advantage of the AVsô collision-avoidance 

features. Even drivers that do not typically display such behavior may be more 

aggressive, or ignore common courtesies in vehicle interactions, when interacting with 

AVs. Given these potential behaviors, the objective of this effort is to develop and test 

models of aggressive merging behaviors, targeted toward AVs by a subset of human-

driven vehicles, in a mixed environment. 
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To this end, the potential impact of merging behaviors on traffic performance is explored 

in a simulation environment. Three classes of vehicles are simulated: AVs, HDVs, and 

aggressive human-driven vehicles (AHDVs). AHDVs represent human-driven vehicles 

with aggressive merging-behavior characteristics. To perform this study, AHDV behavior 

at a merge section of a freeway exit ramp, in a mixed traffic environment, is simulated 

using the open-source traffic simulation package SUMO (Simulation of Urban Mobility)  

(Eclipse Foundation 2020). Two types of potential AHDV merging behavior when 

interacting with an AV are modeled: (1) aggressive merge with maximum advancement, 

and (2) aggressive merge with zipper. The aggressive merge with maximum advancement 

represents the highest level of aggressive behavior. The AHDVs with this behavior target 

the farthest reachable AV on the deceleration lane to act as the following vehicle in the 

receiving lane, i.e., the AHDV will lane change in front of the AV, essentially without 

regard for the available gap. In the second type, the aggressive merge with zipper, the 

AHDVs continue to target downstream AVs in the exit lane, but avoid the scenario where 

the same AV is targeted by multiple AHDVs. If an AV has already participated in a 

targeted merge with an AHDV, then the next AHDV will  target the next AV upstream of 

that AV. Where an AV is not present, the AHDV will select and merge in front of an 

HDV in a non-aggressive manner, similar to HDVs.  

Using simulation experiments, the impacts of the AHDVsô aggressive behaviors in a 

mixed-traffic environment (i.e., AVs, HDVs, and AHDVs) on different network traffic 

characteristics, such as travel time, is demonstrated. Three experiments are conducted to 

explore the impact of the AHDV behavior on traffic operations. The first experiment 

observes the change in speed of the target AV, as well as the following traffic, when a 
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platoon of 10 AHDVs merges in front of the AV near a freeway exit. The second and 

third experiments observe the travel times of exiting AHDVs and other vehicles when 

AHDVs are randomly distributed throughout the traffic stream with varying percentages 

of AVs and AHDVs in the traffic composition. The results of the three experiments show 

that the presence of AHDVsô aggressive behaviors lead to increased travel times, 

indicating higher levels of interruption in the traffic flow in a congested condition. 

As a final component of this research, an Excel-based Simplified Capacity Analysis Tool 

(SCAT) is developed. This tool draws predicted saturation flow rates, at various 

connected and autonomous vehicle (CAV) market penetration rates, from the literature 

and a simulation experiment. These saturation flow rates are utilized to determine 

potential phase capacities at a signalized intersection. While the freeway SUMO 

experiment focused on the impact of lane changing, SCAT explores the impact of CAV 

car-following and platooning behaviors.  

The remainder of this report is organized as follows. Chapter 2 provides background 

information on AV driving behaviors, the interaction between AV and human-driven 

vehicles, and modeling of aggressive AVs. Chapter 3 presents the process for the 

selection of the simulation modeling platform. Chapter 4 reviews the development of the 

selected simulation. Chapter 5 presents the results. Chapter 6 presents the Simplified 

Capacity Analysis Tool. Finally, chapter 7 summarizes the findings. 
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CHAPTER 2. BACKGROUND  

UNCERTAINTY IN INTERACTIONS BETWEEN AUTONOMOUS VEHICLES 

AND HUMAN ROAD USERS 

Over the past decade, the rapid advancement in autonomous driving technology in 

research and in industry has led several automobile manufacturers to develop and deploy 

various levels of autonomous vehicles. Numerous studies present optimistic roadway 

performance outlooks given the deployment of autonomous vehicles. However, there is a 

gap in the understanding of the impacts of the autonomous vehiclesô interactions with 

human drivers, which is crucial for reliably modeling the impacts of AV implementation. 

This is particularly relevant in the transition phase where roadways are expected to 

consist of a mixed fleet of AVs and HDVs. Such a mixed fleet may result in significant 

changes to roadway safety, operational, environmental, and other performance metrics.  

A significant source of the current uncertainty stems from the lack of standardization in 

autonomous vehiclesô driving behaviors (National Highway Traffic Safety 

Administration [NHTSA] 2017, Zhao et al. 2019). However, human driversô actions 

toward AVs are also a significant source of uncertainty. For instance, the trends in 

peopleôs perception and behavior toward AVs are captured in several recent studies. 

Results of a survey conducted in 2016 indicated that the majority of the respondents 

would feel uncomfortable driving alongside an AV (Tennant et al. 2016). It has been 

suggested that given such concerns, AV and HDV interaction behaviors may contribute 

to traffic disturbances, particularly under low AV market penetration levels (Nishimura 

et al. 2019). An intersection field study by Rothenbucher et al. (2016) observed changes 

in pedestrianôs and bicyclistôs behavior in the presence of AVs. The pedestrians and 
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bicyclists acted in a conservative manner, which is hypothesized to be due to their 

uncertainty in potential AV behaviors. Further, in a few studies, field experts have shared 

concerns on the possibility of human drivers displaying aggressive behaviors toward 

AVs, taking advantages of AVsô conservative behaviors (Müller et al. 2016, Hedlund 

2017). These concerns on human driversô aggressive behaviors targeted to AVs have 

been observed on real-world roadways. News articles have reported that mobility service 

companies such as Uber and Waymo have been observing human driversô behaviors such 

as aggressive merging, tailgating, and hostile verbal and hand gestures directed toward 

their autonomous vehicles (Randazzo 2018, Hamilton 2019).  

PREVIOUS RESEARCH ON MODELING AUTONOMOUS VEHICLE 

BEHAVIORS  

As stated previously, one of the key common challenges experienced in modeling AV 

behavior is the lack of standardization in driving behavior parameters (NHTSA 2017, 

General Motors 2015, National Academies of Sciences, Engineering, and Medicine 

2017). While it is challenging to anticipate and model AV driving behaviors, the ability 

to utilize current human driving-behavior models with minimal modifications to model 

AV driving behaviors has been explored by numerous researchers (Stanek et al. 2017, 

Wagner 2016). Most studies model AV driving behaviors using traditional car-following 

models and lane-changing models with customized decision-making processes and 

modified parameter values that assign certain characteristics to the AVs. The following 

list provides the frequently assumed behavioral modifications from human driver-

behavior models to AV/CAV models. 
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Frequently assumed behavioral modifications for AV/CAV vehicles include the 

following: 

¶ Lower headways.  

¶ Lower deviation or zero randomness in speed variation from speed limit. 

¶ Lower reaction time. 

¶ Slows down for merging vehicles (cooperative lane change). 

¶ Higher acceleration rate. 

Table 1 summarizes AV/CAV behavior assumptions and parameter adjustments for a 

sample of roadway application studies drawn from the literature. A more detailed 

discussion of several of these studies may be found in chapter 6.
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Table 1. Summary of AV/CAV behavior assumptions and parameters employed. 

Author(s), Year 
AV/ 

CAV 

Simulation 

Software 
Scenario Roadway Anticipated AV/CAV Behaviors 

Adjusted Parameters  

(Parameter Name) 

Freeway 

Aria et al., 2016 AV VISSIM 

Segment of an autobahn 

with weaving area, 

on-ramp, and off-ramp 

¶ Lower headways 

¶ Fixed range in scanning surroundings 

¶ Lower speed deviation from the speed 

limit 

¶ Earlier decision point in lane change 

¶ Cooperative lane change  

¶ Lower headway time (CC1) 

¶ Higher look ahead (and back) distance 

¶ Lower speed dependency of oscillation (CC6) 

¶ Advanced merging 

¶ Cooperative lane change 

Stanek et al., 

2017 
AV VISSIM 9 

Two freeway segments 

in California 

¶ Lower headways 

¶ Higher acceleration rate 

¶ Lower reaction time to green light 

¶ Cooperative lane change 

¶ Lower standstill distance (CC0) 

¶ Lower headway time (CC1), 

¶ Higher threshold for entering following (CC3) 

¶ Lower negative and positive following threshold (CC4, CC5) 

Mesionis et al., 

2020 
AV AIMSUN 

20-mile stretch of 3-lane 

freeway 

¶ Earlier lane change for turns 

¶ Not accepting lower gap for merge 

¶ Less likely to overtake other vehicles 

¶ Lower reaction time 

¶ Lower headway 

¶ Advanced merging 

¶ Disabled lower gap acceptance for merge 

¶ Lower probability in overtaking other vehicles 

¶ Lower reaction time 

¶ Lower standstill distance (CC0) 

Richter et al., 

2019 
AV SUMO 

Freeway segment with 

an on- ramp and an 

acceleration lane 

¶ Lower headway 

¶ Lower reaction time 

¶ No randomness in speed 

¶ Earlier lane change for merging 

¶ Slow down for merging vehicle 

¶ Lower time headway (tau) 

¶ Smaller simulation length  

¶ Removed randomness in speed (SpeedFactor) 

¶ Zero driver imperfection (sigma) 

¶ Earlier merging decision point 

¶ Higher cooperation to merging vehicles 

Yu et al., 2019 AV AIMSUN 

3-lane freeway segment 

with on-ramp and 

off-ramp 

¶ Lower headways 

¶ Lower acceleration rate 

¶ Lower time headways 

¶ Lower minimum gap 

¶ Lower acceleration rate 

Seth et al., 2019 AV VISSIM 
Highway section with 

on-ramp and off-ramp 

¶ Lower standstill distance 

¶ Lower headways 

¶ Lower reaction time 

¶ Smaller oscillation in speed 

¶ Smaller oscillation during acceleration 

¶ Cooperative to merging vehicles  

¶ Lower standstill distance (CC0)  

¶ Lower headway time (CC1) 

¶ Lower negative and positive following threshold (CC4, CC5) 

¶ No speed dependency of oscillation (CC6) 

¶ Lower oscillation acceleration (CC7) 

¶ Lower lane changing minimum headway (LC4) 

¶ Cooperative lane change 
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Author(s), Year 
AV/ 

CAV 

Simulation 

Software 
Scenario Roadway Anticipated AV/CAV Behaviors 

Adjusted Parameters  

(Parameter Name) 

Liu, P. and Fan, 

W. 2020 
CAV VISSIM 4-lane freeway segment 

¶ Higher acceleration rate 

¶ Lower car following distance 

¶ Lower desired headway 

¶ Higher acceleration rate  

¶ Lower headway (even lower headway for between two 

CAVs) (CC0, CC1) 

Papadoulis et al., 

2019 
CAV VISSIM 7 

3-lane freeway segment 

with two on-ramps and 

two off-ramps 

¶ Lower time gaps 

¶ Higher distance in observing surrounding 

vehicles 

¶ Lower headway time (CC1) 

¶ Lower minimum time gap in lane changing (MG1) 

¶ Higher look ahead (and back) distance 

Li and Wagner, 

2019 
AV SUMO 

3-lane freeway with two 

on-ramps and an 

off-ramp 

¶ Lower time-gap 

¶ Lower driver imperfection 

¶ Higher compliance rate to speed limits 

¶ Slows down for merging vehicles 

¶ Lower time gap (tau) 

¶ Zero driver imperfection (sigma) 

¶ Lower deviation from speed limit (SpeedFactor) 

¶ Higher cooperative behavior (lcCooperative) 

Tomás et al., 

2019 
AV VISSIM 9 

3-lane freeway segment 

for 9 km 

¶ Lower headway 

¶ Higher acceleration rate 

¶ Lower variation in acceleration 

¶ Greater acceptable merging gap  

¶ Lower standstill distance (CC0) 

¶ Lower headway time (CC1) 

¶ Lower threshold for entering following (CC3) 

¶ Lower negative and positive following thresholds 

(CC4/CC5) 

¶ Lower oscillation acceleration (CC7) 

¶ Higher standstill acceleration (CC8) 

¶ Higher acceleration at 80 km/hr (CC9) 

¶ Higher lane changing minimum headway (LC4) 

¶ Lower safety distance reduction factor (LC5) 

Sukennik et al., 

2018 
AV VISSIM 10 

Urban roads and 

freeway 
¶ Lower headway 

¶ Lower standstill distance (CC0) 

¶ Lower headway time (CC1) 

¶ Lower following variation (CC2) 

¶ Lower threshold for entering following (CC3) 

Martin-Gasulla 

et al., 2019 
CAV VISSIM 11 

Straight single-lane 

freeway 

¶ Higher speed stability and headway to 

leading vehicle 

¶ Lower headway when following CAVs 

¶ Higher headways when following 

conventional vehicles (compared to 

headways of human drivers)  

¶ Lower headway when CAV following another CAV 

¶ Higher headway CAV following conventional vehicle 

(higher than conventional vehiclesô headway) 
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Author(s), Year 
AV/ 

CAV 

Simulation 

Software 
Scenario Roadway Anticipated AV/CAV Behaviors 

Adjusted Parameters  

(Parameter Name) 

Roundabout 

Tiblijaġ et al., 

2018 
AV VISSIM 11 

Single-lane roundabout 

with 3 or 4 approaches 

¶ Lower headways 

¶ Lower reaction time 

¶ Lower speed instability  

¶ Higher acceleration rates 

¶ Lower standstill distance (CC0),  

¶ Lower headway time (CC1),  

¶ Lower following variation (CC2) 

¶ Lower negative and positive following threshold (CC4, CC5) 

¶ Lower speed dependency of oscillation (CC6) 

¶ Lower oscillation acceleration (CC7) 

¶ Higher standstill acceleration (CC8) 

¶ Higher acceleration at 80 km/hr (CC9) 

Morando et al., 

2018 
AV VISSIM 9 

Single-lane roundabout 

with 4 approaches 

¶ Shorter gap 

¶ No randomness in speed 

¶ Higher acceleration rate 

¶ Higher capability in observing vehicles 

ahead 

¶ Lower standstill distance (CC0) 

¶ Lower headway time (CC1) 

¶ Lower following variation (CC2) 

¶ Lower negative and positive following threshold (CC4, CC5) 

¶ Zero speed dependency of oscillation (CC6) 

¶ Higher acceleration rate 

¶ Higher look-ahead distance 

Atkins, 2016 CAV VISSIM 8 Roundabout 

¶ Lower headway 

¶ Lower variation in acceleration rate 

¶ Lower safety distance 

¶ Higher acceleration rate 

¶ Lower standstill distance (CC0) 

¶ Lower headway time (CC1) 

¶ Lower oscillation acceleration (CC7) 

¶ Lower safety distance, higher standstill acceleration (CC8) 

¶ Lower minimum time gap in lane changing (MG1) 

¶ Lower minimum headway in lane changing (MG2) 

Anagnostopoulos 

and Kehagia, 

2019 

CAV VISSIM 11 Double lane roundabout 

¶ Lower headways 

¶ Zero speed oscillation 

¶ Lower acceleration rates 

¶ Higher look ahead distance 

¶ Slow down for merging vehicles 

¶ Lower standstill distance (CC0) 

¶ Lower headway time (CC1) 

¶ Zero following variation (CC2) 

¶ Zero negative and positive following threshold (CC4, CC5) 

¶ Zero speed dependency of oscillation (CC6) 

¶ Higher acceleration rates (CC7, CC8, CC9) 

¶ Higher look ahead distance  

¶ Cooperative lane change 

Single Lane Roadway 

Wang and Wang, 

2017 
AV VISSIM 7 

4 km single-lane 

roadway 

¶ Lower reaction time, lower headways 

¶ No speeding 

¶ Lower standstill distance (CC0) 

¶ Lower headway time (CC1) 

¶ Tighter bounds on speed distribution 
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Author(s), Year 
AV/ 

CAV 

Simulation 

Software 
Scenario Roadway Anticipated AV/CAV Behaviors 

Adjusted Parameters  

(Parameter Name) 

Lu et al., 2018 AV SUMO Single-lane roadway 

¶ Lower headways 

¶ Higher acceleration rate 

¶ Zero driver imperfection 

¶ Lower minimum gap when standing (minGap) 

¶ Lower time headway (tau) 

¶ Higher acceleration rate 

¶ Zero driver imperfection (sigma) 

Atkins, 2016 CAV VISSIM 8 Single-lane link 

¶ Lower headway 

¶ Lower variation in acceleration rate 

¶ Lower safety distance 

¶ Lower standstill distance (CC0) 

¶ Lower headway time (CC1) 

¶ Lower oscillation acceleration (CC7) 

¶ Lower safety distance reduction factor (LC5) 

Multilane Roadway 

Lu et al., 2020 AV SUMO 
2-lane roadway in a grid 

network 

¶ Lower headways 

¶ Higher acceleration rate 

¶ Lower offset to the leading vehicle when standing (minGap) 

¶ Higher acceleration rate 

¶ Lower time headway (tau) 

¶ Zero driver imperfection (sigma) 

Atkins, 2016 CAV VISSIM 8 Multi -lane link 

¶ Lower headway 

¶ Lower variation in acceleration rate 

¶ Lower safety distance 

¶ Greater acceptable merging gap 

¶ Lower standstill distance (CC0) 

¶ Lower headway time (CC1) 

¶ Lower oscillation acceleration (CC7) 

¶ Lower lane changing min. headway (LC4) 

¶ Lower safety distance reduction factor (LC5) 

Atkins, 2016 CAV VISSIM 8 
Multi -lane link with 

merge 

¶ Lower headway 

¶ Lower variation in acceleration rate 

¶ Lower safety distance 

¶ Higher acceleration rate 

¶ Lower standstill distance (CC0) 

¶ Lower headway time (CC1) 

¶ Lower oscillation acceleration (CC7) 

¶ Higher standstill acceleration (CC8) 

¶ Higher acceleration rate at 80 km/hr (CC9) 

¶ Lower minimum time gap in lane changing (MG1) 

¶ Lower minimum headway in lane changing (MG2) 

Signalized Intersection 

Wang and Wang, 

2017 
AV VISSIM 7 

1 km single-lane 

signalized intersection 

¶ Lower reaction time 

¶ Lower headways 

¶ No speeding 

¶ Lower reaction time 

¶ Lower standstill distance (CC0) 

¶ Lower headway time (CC1) 

¶ Tighter bounds on speed distribution 

Elvarsson, 2017 AV VISSIM 9 

Main arterial roadway 

with two signalized 

intersections 

¶ Lower acceleration rate 

¶ Lower deceleration rate 

¶ Tighter bound on speed distribution 

¶ Lower headway 

¶ Lower acceleration rate 

¶ Lower deceleration rate 

¶ Tighter bound on speed distribution 

¶ Lower standstill distance (CC0)  
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Author(s), Year 
AV/ 

CAV 

Simulation 

Software 
Scenario Roadway Anticipated AV/CAV Behaviors 

Adjusted Parameters  

(Parameter Name) 

Atkins, 2016 CAV VISSIM 8 Signalized junction 

¶ Lower headway 

¶ Lower variation in acceleration rate 

¶ Lower safety distance 

¶ Higher acceleration rate 

¶ Lower standstill distance (CC0) 

¶ Lower headway time (CC1) 

¶ Lower oscillation acceleration (CC7) 

¶ Higher standstill acceleration (CC8) 

Espinosa, 2015 AV VISSIM 8 
6-lane signalized 

intersection 

¶ Increased range in distance and in number 

of surrounding vehicles to observe 

surrounding conditions 

¶ Lower headway 

¶ Slow down for merging vehicle 

¶ Earlier decision point for merge 

¶ Higher look ahead (and back) distance 

¶ Lower headway time (CC1),  

¶ Cooperative lane change  

¶ Advanced merging 

Morando et al., 

2017 
AV VISSIM 9 

3-lane signalized 

intersection 

¶ Lower headways 

¶ Zero speed oscillation 

¶ Higher acceleration rate 

¶ Greater look ahead distance 

¶ Lower standstill distance (CC0)  

¶ Lower headway time (CC1)  

¶ Lower following variation (CC2) 

¶ Lower negative and positive following threshold (CC4, CC5) 

¶ Zero speed dependency of oscillation (CC6) 

¶ Higher acceleration rates (CC8, CC9) 

¶ Higher look ahead distance 
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A common simulation platform utilized for modeling AVs is VISSIM. Table 2 

summarizes the list of frequently and infrequently used modified VISSIM parameters. 

Table 2. List of frequently and infrequently used VISSIM parameters. 

Frequently Used VISSIM 

Parameters 
Studies That Used Parameter 

Standstill Distance (CC0) 

Stanek et al. 2017, Mesionis et al. 2020, Seth 

et al. 2019, Liu and Fan 2020, Tomás et al. 

2019, Sukennik et al. 2018, Tiblijaġ et al. 2018, 

Morando et al. 2018, Atkins 2016, 

Anagnostopoulos and Kehagia 2019, Wang and 

Wang 2017, Elvarsson 2017, Morando et al. 

2017 

Headway Time (CC1) 

Aria et al. 2016, Stanek et al. 2017, Seth et al. 

2019, Liu and Fan 2020, Tomás et al. 2019, 

Sukennik et al. 2018, Tiblijaġ et al. 2018, 

Morando et al. 2018, Atkins 2016, 

Anagnostopoulos and Kehagia 2019, Wang and 

Wang 2017, Espinosa 2015, Morando et al. 

2017 

Following Variation (CC2) 

Stanek et al. 2017, Sukennik et al. 2018, 

Tiblijaġ et al. 2018, Morando et al. 2018, 

Anagnostopoulos and Kehagia 2019, Morando 

et al. 2017 

Negative Following Threshold 

(CC4) 

Stanek et al. 2017, Seth et al. 2019, Tomás et al. 

2019, Tiblijaġ et al. 2018, Morando et al. 2018, 

Anagnostopoulos and Kehagia 2019, Morando 

et al. 2017 

Positive Following Threshold 

(CC5) 

Seth et al. 2019, Tomás et al. 2019, Tiblijaġ 

et al. 2018, Morando et al. 2018, 

Anagnostopoulos and Kehagia 2019, Morando 

et al. 2017 

Speed Dependency of 

Oscillation (CC6) 

Aria et al. 2016, Seth et al. 2019, Tiblijaġ et al. 

2018, Morando et al. 2018, Anagnostopoulos 

and Kehagia 2019, Morando et al. 2017 

Oscillation Acceleration (CC7) 

Seth et al. 2019, Tomás et al. 2019, Tiblijaġ 

et al. 2018, Atkins 2016, Anagnostopoulos and 

Kehagia 2019, Morando et al. 2017 

Standstill Acceleration (CC8) 

Tomás et al. 2019, Tiblijaġ et al. 2018, Atkins 

2016, Anagnostopoulos and Kehagia 2019, 

Morando et al. 2017 

Acceleration at 80km/hr (CC9) 
Tomás et al. 2019, Tiblijaġ et al. 2018, Atkins 

2016, Anagnostopoulos and Kehagia 2019 
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Frequently Used VISSIM 

Parameters 
Studies That Used Parameter 

Look Ahead (and Back) 

Distance 

Aria et al. 2016, Morando et al. 2018, Espinosa 

2015, Morando et al. 2017 

Cooperative Lane Change 
Aria et al. 2016, Seth et al. 2019, Morando et al. 

2018, Espinosa 2015 

Infrequently Used VISSIM 

Parameters 
Studies Used Parameter 

Threshold for Entering 

Following (CC3) 

Stanek et al. 2017, Tomás et al. 2019, Sukennik 

et al. 2018 

Advanced Merging 
Aria et al. 2016, Mesionis et al. 2020, Espinosa 

2015 

Minimum Time Gap in Lane 

Changing (MG1) 
Mesionis et al. 2020, Atkins 2016 

Lane Changing Minimum 

Headway (LC4/MG2) 
Tomás et al. 2019, Atkins 2016 

Lower Safety Distance 

Reduction Factor (LC5) 
Tomás et al. 2019, Atkins 2016, Elvarsson 2017 

 

The two most common customizations to model AV driving behaviors are: 

(1) cooperative responses to other road users, and (2) conservative driving behavior. 

Examples of cooperative responses and conservative driving behaviors include AVs 

slowing down to allow vehicles to merge in front of them and AVs not changing lanes 

for speed gain, respectively (Nishimura et al. 2019, Liu et al. 2017, Hua et al. 2020).  

AVïHUMAN INTERACTION MODELING   

Models of AV driving commonly assume conservative behaviors where AVs interact 

with pedestrians, such as AVs responding to pedestrians much earlier relative to 

human perception (Kapania et al. 2019); or when interacting with HDVs, AVs reduce 

speed or change lanes to allow the HDV to merge (Stanek et al. 2017; Liu et al. 

2018b). Additionally, in a few studies, AVs are modeled to adjust their driving 

behaviors and decision-making process based on the observed or predicted behaviors 

of human drivers (Wei et al. 2013, Tian et al. 2018). Despite differences in 
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approaches to modeling AV driving behaviors, there is a common goal of determining 

AV driving decisions based on cooperative behavior with neighboring road users 

(Schwarting et al. 2018). The customizations of AV characteristics are based on the 

common view of conservative and cooperative AV driving behaviors (Müller et al. 

2016). Table 3 presents a summary of AV-and-human-driver interaction modeling 

approaches reviewed in the literature survey. In the table, the discussed car-following 

models and the corresponding modifications are used to model vehiclesô longitudinal 

movement, as the car-following models govern the speed and headway controls. 

Similarly, the discussed lane-changing models and the corresponding modifications 

are used to model vehiclesô lateral movements, as the lane-changing models govern 

the decision-making process in vehicle merges. The following abbreviations are used 

in the table; CV ï Connected Vehicle, CACC ï Cooperative Adaptive Cruise Control, 

and ACC ï Adaptive Cruise Control. The óAdditional Modificationô column refers to 

any additional change that was made by the author(s) to the adopted car-following 

model or lane-changing model. 

Two key observations from the table below are: (1) VISSIM and SUMO are the 

dominant simulation platforms that were utilized among the reviewed studies, and 

(2) studies that utilized SUMO used SUMOôs default lane-changing model without 

any additional modification. The absence of additional modification on lane-changing 

model suggests aggressive lane changing behaviors were not considered. 
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Table 3. Summary of AV ï Human interaction modeling approaches. 

 Scenario Settings Longitudinal Movement Lateral Movement 

Author(s) 
Simulation 

Tool 

Scenario 

Layout 

Mixed 

Traffic  

AV-HDV 

Interaction 

Use of Existing 

Car-following 

Model 

Additional 

Modification  

Use of Existing Lane-

changing Model 

Additional 

Modification  

Rahman and 

Abdel-Aty 

2018 

VISSIM 3-lane Freeway 

Yes (CV Platoon 

and Human 

Vehicles) 

Yes 
Wiedemann 99 / 

IDM 1 Gap Control VISSIM Default Merge Control 

Liu et al. 

2018b 
AIMSUM 

4-lane Freeway 

Mainline & 

Single-lane 

On-ramp 

Yes 

(ACC/CACC 

Platoon and 

Human Vehicles) 

Yes 

Multiple Sources 

(IDM, Gipps, 

Newell, and 

Shladover) 

- 

Lateral Movement 

Logics Developed by 

Shladover 

CACC Operation 

Rules 

Nishimura 

et al. 2019 
Scenargie 

3-lane Straight 

Roadway 

Yes (AV and 

Human Vehicles) 
Yes IDM Acceleration Control LMRS2 Merge Control 

Stanek et al. 

2017 
VISSIM 

20 Freeway 

Miles, 

15 Freeway 

Interchanges, 

3 Parallel 

Arterial 

Corridors, 

32 Intersections 

Yes (AV and 

Human Vehicles) 
Yes Wiedemann 74 

Acceleration and Gap 

Control 
VISSIM Default Merge Control 

Tian et al. 

2018 
- 

Single-lane 

Roundabout 

Yes (1 AV and 

1 Human 

Vehicle) 

Yes 
Discrete-time 

Model 
- 

Game Theoretic 

Decision-making 

Model 

Driver Type 

Estimation 

Wagner 2016 SUMO City Network 
Yes (AV and 

Human Vehicles) 
No Hellyôs Model - SUMO Default - 

Wei et al. 

2013 
- 

2-lane Freeway 

Mainline and 

Single-lane 

On-ramp 

Yes (AV and 

Human Vehicle) 
Yes 

Markov Decision 

Process 
Speed Control 

Lateral decision made 

in the developed 

algorithm 

- 

Zhao et al. 

2019 

Driving 

Simulator 

(Scenario 

Built with 

MATLAB and 

PreScan) 

3-lane Roadway 
Yes (AV and 

Human Vehicles) 
Yes 

Default Car-

following Model 
Speed Control 

Default Lane-change 

Model 
- 

Zhou et al. 

2017 
- 3-lane Freeway 

Yes (AVs and 

Human Vehicles) 
Yes CIDM3 - CIDM Merge Control 
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 Scenario Settings Longitudinal Movement Lateral Movement 

Author(s) 
Simulation 

Tool 

Scenario 

Layout 

Mixed 

Traffic  

AV-HDV 

Interaction 

Use of Existing 

Car-following 

Model 

Additional 

Modification  

Use of Existing Lane-

changing Model 

Additional 

Modification  

Aria et al. 

2016 
VISSIM 

3-lane Freeway / 

4-lane Freeway 

Yes (AVs and 

Human Vehicles) 
Yes Wiedemann 99 Gap Control Wiedemann 99 Merge Control 

Tiblijaġ et al. 

2018 
VISSIM 

Various Sizes of 

Roundabouts 

Yes (AVs and 

Human Vehicles) 
Yes Wiedemann 74 Gap Control Wiedemann 74 - 

Hua et al. 

2020 

Cellular 

Automata 

2-lane Freeway / 

3-lane Freeway 

Yes (CAVs and 

Human Vehicles) 
Yes TS Model4 

Gap and Speed 

Control 
TS Model Lane Selection 

Guo et al. 

2020 

Python-based 

Simulation 

3-lane Freeway 

with On-ramp 

and Off-ramp 

Yes (CAVs and 

Human Vehicles) 
Yes 

Enhanced 

Q-learning 

Algorithm 

Trajectory Planning 
Enhanced Q-learning5 

Algorithm 
Merge Control 

Liu et al. 

2017 

Cellular 

Automata 
3-lane Freeway 

Yes (AVs and 

Human Vehicles) 
Yes 

Rules from NaSch6 

Model 
- STCA7 Model Merge Control 

1 Intelligent driver model. 
2 Lane-change model with relaxation and synchronization. 
3 Cooperative intelligent driver model. 
4 TakagiïSugeno fuzzy model. 
5 Quality or value-based learning algorithm. 
6 NagelïSchreckenberg model. 
7 Symmetric two-lane cellular automaton model. 
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AGGRESSIVE BEHAVIOR MODELING  APPROACH 

To model different levels of aggressive behaviors between AVs and HDVs, Liu et al. 

(2017) developed different levels of aggressive lane-changing modes. In their effort, 

HDVs are assigned to the higher aggressive lane-changing mode (Liu et al. 2017). In 

another study, aggressive behavior in AV and HDV interaction is introduced by 

allowing HDVs to force lane changes that caused the following AVs to slow down to 

create a sufficient gap for the merge (Liu et al. 2018a). Studies that allowed HDVs to 

behave aggressively toward AVs observed greater traffic-flow instability with 

increased penetration levels of AVs (Liu et al. 2018a) or a higher number of 

incomplete trips with AVs traveling at extremely low or high speed (Nishimura et al. 

2019). These results are drastically different from findings of improved safety and 

reduced travel times in other AV studies that did not consider aggressive behaviors 

(Rahman and Abdel-Aty 2018, Aria et al. 2016). The possibility of such behaviors 

targeted at a given vehicle type is not without precedence. For example, mobility 

service companies such as Uber or Lyft reported that HDVs will exhibit aggressive 

behaviors specifically toward AVs (Randazzo 2018, Hamilton 2019).  

Most current studies allow the HDVs to increase aggressiveness based on the 

availability of gap distance, regardless of the type of the following vehicle type in the 

target lane (Nishimura et al. 2019; Liu et al. 2018a). In order to investigate the 

interaction impacts of HDVsô biased aggressive behaviors toward AVs, the levels of 

aggressive driving behaviors of the HDVs should vary based on the target vehicle 

type. Modeling different aggressive driving behaviors based on vehicle type requires 

flexible simulation models that allow for real-time adjustments of driving behavior 

characteristics and parameters based on vehicle types.  
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CHAPTER 3.  SELECTION OF SIMULATION MODEL APPROACH  

INTRODUCTION  

A key objective of this study is to model the interaction between aggressive human-

driven vehicles and AVs. Modeling AV and aggressive human-driven vehicle driving 

behaviors, and developing various fleet-penetration scenarios, requires simulation 

software capabilities such as flexibility in driving models and real-time interaction 

with agents during simulation run-time. This section presents the evaluation criteria 

utilized for simulation software selection. Two software packages are considered, 

SUMO and VISSIM (Eclipse Foundation 2020, PTV Group 2021). Table 4 lists the 

key evaluation criteria identified for AV modeling. The following sections explain the 

reasoning for each of the criteria and the capabilities of the two software packages ï 

SUMO and VISSIM ï corresponding to each evaluation criterion.  

KEY EVA LUATION CRITERIA  

General Information 

Both software packages have interfaces that enable run-time communication with 

agents, such as vehicles and signal control systems. SUMOôs source code is publicly 

available and accessible as an open-source platform, whereas VISSIM offers source 

codes on AddIns.  

Availability  of Driving Models 

Different car-following models or lane-changing models may be more appropriate to 

model the AV characteristics based on the given scenario. For example, an area with 

higher interaction with other vehicles, such as a roundabout, may require a different 

modeling complexity than a signal-controlled intersection with protected-only 
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movements. SUMO offers a higher number of car-following and lane-changing 

models compared to VISSIM. However, both software packages offer significant 

flexibility by allowing users to modify existing models or import customized models. 

Critically, such capabilities allow users to assign variations in vehicle behaviors by 

vehicle types. 

Driver  Behavior Model Parameters 

Through the literature survey it is seen that due to the lack of standards in AV driving 

behaviors many AV modeling approaches rely on assumptions and expectations of 

AVsô anticipated behaviors. As a result, studies that simulate AVs may share certain 

characteristics such as conservative, cooperative, or cautious; however, they differ in 

the driving-behavior models and the parameter values utilized. SUMOôs driving-

behavior models have an arguably higher level of flexibility given a higher number of 

model parameters and the open-source nature of the software. However, as stated, 

both software packages allow the control of parameters during run-time. Such 

capability is particularly critical in AV modeling as it allows the AV model to adapt 

to different roadway conditions. 

Data Export 

The outputs that record the states of the simulation agents, such as vehicles, lanes, and 

signal control systems, are used to measure key performance indices to test the study 

hypothesis. Both software packages allow the user to extract various outputs that can 

be used to measure model performance. Critically, both models allow for the output 

of vehicle trajectory data, from which numerous other measures may be derived. 
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User Contribution 

VISSIM has been widely used in the public and private sectors as well as academic 

and research settings, while SUMO has been primarily used for academic and 

research efforts. A large user community may be helpful in determining experimental 

designs and model development as previous similar efforts may be used for reference. 

Efficiency may also be gained through the adoption of previously developed models 

or findings. For example, a previously developed driving-behavior model can be 

imported to SUMO or VISSIM for AV modeling.  

SUMO has an online community in which users exchange knowledge and contribute 

to improve SUMO functionality. SUMOôs ACC and CACC car-following models are 

developed by a research team (Lopez et al. 2018). Such interactions among users and 

between users and developers help enable referencing and learning from previous 

studies. 

Signal Control System 

Signal control systems are often used to simulate different traffic patterns and flow 

rates. Complex traffic control systems can be established via the respective interface 

in SUMO and VISSIM, such as the vehicle preemption signal control system. 

VISSIM offers more variations of signal control systems that are readily available to 

users.  

Overall Comments 

Each software package has advantages and disadvantages that can be weighted 

differently based on the study objective. Based on the identified criteria for modeling 

AV driving behavior, SUMOôs key advantages include the source code availability 

and the number of driving-behavior models and parameters. These enable the 
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identification of key parameters to model AV characteristics and provide significant 

flexibility for modeling AV behavior. VISSIMôs key advantages include a larger user 

base and greater variety of signal control systems that can aid in more efficient 

implementations of complex traffic control systems. 

The research team selected SUMO for this study because SUMOôs key advantages 

were critical in modeling aggressive human driving behavior and the subsequent AV 

response. Additionally, being able to access the driver behavior model and parameters 

via the source code helped the team to identify key parameters to control to model the 

aggressive merging behaviors as well as the AV response.  
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Table 4. Evaluation criteria summary on simulation tools. 

Evaluation Criteria  SUMO (Lopez et al. 2018) VISSIM (PTV Group 2021) 

1. General Information 

Compatibility with 

Operating Systems 
Windows, Linux, macOS Windows, Linux 

Source Code Written in C++ Written in C++ 

Source Code Availability 
Yes; online source code 

library publicly accessible 
AddIn source codes available 

Interface TraCI COM & EDM 

Programming Language 

Compatible with Interface 

Compatible with Python, 

C++, MATLAB , Java 

Compatible with Python, 

C++, MATLAB , Java 

Accessibility 
Open Source 

(publicly accessible) 
Commercial 

2. Availability of Driver Models  

Car-following Models 
14 car-following models 

imported 

2 car-following models 

imported 

Lane-changing Models 
3 lane-changing models 

imported 

2 lane-changing models 

imported 

Import-customized Models Yes Yes 

Modification on Existing 

Models 
Yes Yes 

3. Driver Behavior Model Parameters 

Vehicle Attribute 

Parameters 
38 parameters 10 parameters 

Lane-changing Model 

Parameters 
23 parameters 14 parameters 

Parameters Adjustable in 

Simulation? 
Yes Yes 

4. Data Export 

Export File Format xml Various Types 

Output Data Type 

Vehicle-based, detector-

based, simulation-based, 

traffic light-based, lane-

based 

Vehicle-based, pedestrian-

based, traffic light-based, 

lane-based, detector-based 

5. User Contribution 

User Base Academic/Research Sector 
Academic/Research Sector, 

Private Sector, Public Sector 

Allows External 

Contribution? 

Yes; online discussion 

forum, imported a user-

developed car-following 

model 

No 

6. Traffic Light System 

Fixed Time Method Yes Yes 

Coordinated Method Yes Yes 

Actuation Method Yes Yes 

Ring-Barrier Sequence No Yes 

Optimization No Yes 
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CHAPTER 4.  SIMULATION MODELING OF DRIVER BEHAVIOR  

AGGRESSIVE MERGE BEHAVIOR MODEL DEVELOPMENT  

Simulation Tool 

For this study, SUMO (version 1.6.0) is used to simulate the merging behavior 

scenarios. The SUMOôs Traffic Control Interface (TraCI) is utilized for modeling 

vehicle interaction behaviors. TraCI provides access to the values of the simulation 

objects during run-time, enabling customization of vehicle behaviors (Eclipse 

Foundation 2020). In the current application, to model aggressive AHDV merge 

behaviors, TraCI is used to retrieve the real-time speed of target vehicles, control the 

AHDVsô speed for overtaking the AV, and force the merge in front of the target AV 

by accepting low front and rear gaps. In this study, Python (Python) is used for 

developing the TraCI scripts. 

Network Layout 

Figure 1Figure 1. Diagram. Roadway layout on merging zone, highlighted in yellow. 

 shows the modeled network layout. It consists of two through lanes with a 600 ft 

deceleration lane to an exit ramp. The aggressive merge behavior occurs in the area 

near the freeway exit ramp, i.e., the merging zone. The two-lane freeway extends for 

1 mile upstream of the beginning of the merge zone, allowing for sufficient space for 

vehicles to queue during congestion without spilling out of the network. The outflow 

from the ramp is controlled by a simple two-phase, pretimed traffic signal, with the 

splits and cycle length set dependent on the modeled scenario; they are specified in 

each experiment. The ramp junction with the cross street is 1,500 ft downstream from 

the ramp gore. Figure 2. Diagram. Speed by lane. 
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 shows the simulated speed for each lane and the lane labels used in the study. 

 

Figure 1. Diagram. Roadway layout on merging zone, highlighted in yellow. 

 

Figure 2. Diagram. Speed by lane. 

Vehicle Classification and Characteristics 

To study the interactions between the different vehicle types, three vehicle classes are 

defined based on driving behaviors, as follows:  

1. AVs: Exhibit cooperative driving behaviors; i.e., AVs slow to extend the 

leading gap, allowing merging vehicles to more easily enter their lane. When 

AVs exit the freeway, they will change lanes at the start of the deceleration 

lane. AV behavior is fully controlled by SUMO. 

2. AHDVs: Travel on a high-speed lane (Lane B_1, figure 2) until they merge 

into the deceleration lane. These vehicles exhibit aggressive merge behavior 

toward AVs by accepting smaller gaps (minimum half-vehicle in length to 

begin a merge) in front of the AV compared to a merge in front of an HDV. 

AHDVs will always seek to merge in front of the farthest reachable 

downstream AV in the deceleration lane. When making an aggressive 

merge, the AHDV behavior is controlled through TraCI. When an AV is not 

Lane A_0: 70mph (29.05m/s)  

Lane A_1: 60mph (29.05m/s)  Lane B_1: 60mph (29.05m/s)  

Lane B_2: 55mph (24.59m/s)  

Lane B_0: 70mph (29.05m/s)  
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reachable, the AHDV merge behavior will be non-aggressive and controlled 

by SUMO. 

3. HDVs: Exhibit the same cooperative driving behaviors as that of AVs but 

are not targeted by AHDVs. HDV behavior is fully controlled by SUMO. 

Aggressive Behavior Model 

The objective of the aggressive merging behavior is to perform an aggressive lane 

change in front of a target vehicle. AHDVsô aggressive merge behaviors consist of 

customizing two key behaviors of AHDVsðtarget selection behavior and merging 

behavior. The objective of the target selection behavior is to identify the optimal 

target vehicle. When queueing occurs on the deceleration lane, the targeting behavior 

allows AHDVs to travel on the higher-speed lane (Lane B_1) until merging in front of 

target vehicles in Lane B_2, thus allowing AHDVs to make queue-jumps. After a 

target is selected, the AHDVs adjust their speed, within the constraints of the presence 

of other vehicles in front of them on the same lane, and seek to merge in front of the 

target vehicle.  

As mentioned in chapter 1, two merge types are considered in the study based on the 

levels of aggressiveness in the targeting behavior: (1) aggressive merge with 

maximum advancement, representing the highest level of aggressive merge; and 

(2) aggressive merge with ñzipperò action, representing a moderate level of aggressive 

merge. The merging behavior process is similar for these two merge types; however, 

they differ from each other in their target behavior process. The next section describes 

the target behavior process for these two types of aggressive merges.  
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Aggressive Merge Behavior Model: Target Selection Process 

Aggressive Merge with Maximum Advancement 

The objective of the target selection behavior in the aggressive merge with maximum 

advancement is to identify the optimal target vehicle, which in this study is considered 

the AV farthest downstream in the deceleration lane. When queueing occurs on the 

deceleration lane (Lane B_2), this targeting behavior allows AHDVs to travel on the 

higher-speed adjacent lane (Lane B_1) until merging in front of target vehicles in the 

deceleration lane, thus allowing AHDVs to queue-jump. To implement this behavior, 

an AHDVôs initial target is the closest AV on the target lane. After a target is selected, 

the AHDV adjusts its speed to overtake the AV, within the constraints of the speed of 

the leading vehicle in the same lane (if one is present) or the lane speed. Once the 

AHDV is in the vicinity (to be defined subsequently) of the target vehicle, the AHDV 

checks if the next downstream AV is reachable prior to the end of the deceleration 

lane. By repeating this process, the AHDV merges in front of the farthest reachable 

downstream AV. As every AHDV targets the farthest AV, this behavior often results 

in multiple AHDVs merging in front of the same AV, as shown in figure 3Figure 3. 

Diagram. Aggressive merge behavior of AHDVs toward AVs..  

 

Figure 3. Diagram. Aggressive merge behavior of AHDVs toward AVs. 

(AHDV ï deep blue vehicles, AV ï light blue vehicles, and HDV ï white vehicles) 

If an AHDVôs target AV becomes no longer reachable due to a speed change or 

interference from other vehicles in the AHDVôs lane, then the AHDV seeks to merge 

in front of an HDV. However, the merge in front of the HDV no longer uses 
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aggressive gap selection; rather, it is fully controlled by SUMO. If SUMO is unable to 

successfully complete the merge and an AV from upstream on the deceleration lane 

begins to overtake the AHDV (which may occur when congestion results in a lower 

speed on the mainline lane than that on the deceleration lane), the AHDV returns to its 

aggressive behavior and merges in front of the approaching AV.  

Aggressive Merge with Zipper 

In the aggressive merge with zipper case, to target a vehicle for merge, AHDVs first 

check whether there is an AHDV merge occurring downstream. If there is an 

aggressive merge downstream, the AHDVs do not target the same AV affected by the 

previous merge but rather target any following AV behind the last mergeôs target AV, 

as shown in figure 4. This selection of a new target vehicle, different from the last 

mergeôs target vehicle, makes this aggressive merge with zipper case less aggressive 

compared to the aggressive merge with maximum advancement case. Targeting the 

following vehicle of the last merge results in shorter queue-jumping distance than the 

queue-jumping distance in the aggressive merge with maximum advancement case. If 

there is no relevant merge downstream or AHDVs cannot reach the optimal target 

vehicle, AHDVs target the farthest reachable AV by going through the same target 

selection process as the aggressive merge with maximum advancement case. The 

aggressive merge with zipper case represents a moderate level of aggressive behaviors 

in AHDVs.  
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Figure 4. Diagram. Aggressive merge with zipper. 

(AHDV ï deep blue vehicles, AV ï light blue vehicles, and HDV ï white vehicles) 

There are three essential computations used to model the targeting behaviorðposition 

check, can catch, and merge position check. These three functions are executed every 

time step to update the target vehicle based on the position and speed changes in 

AHDVs and their target vehicles.  

Position Check 

To merge into the deceleration lane, the AHDV must decrease to the speed of the 

vehicle in front of the target AV, as the target AV and its leading vehicle represent the 

lagging and leading vehicles, respectively, for the gap that will be entered by the 

AHDV. The objective of position check is to determine if the AHDV has reached the 

position where it must decide whether to target the next downstream AV or keep the 

current target and start braking to prepare for the merge. Figure 5Figure 5. Diagram. 

Illustration of AHDVôs decision point. 

 

(AHDV ï deep blue vehicles, AV ï light blue vehicles, and HDV ï white vehicles) 

 shows an illustration of this decision point position check process. The braking 

distance is the distance the AHDV will travel to reduce its speed to the merge speed 

by the time it is one vehicle length downstream of the AV. Travel while Braking 

(TwB), is the distance that the target vehicle travels while the AHDV travels the 

braking distance. When the braking distance is equal to or less than the sum of TwB 
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and vehicle length, the position check function returns ótrueô and the target vehicle ID 

is sent to the can catch function to determine whether the next potential target vehicle 

is reachable. If the position check function returns ófalseô, it indicates that the AHDV 

has not yet reached the decision point position and, thus, continues to travel at its 

current speed. 

 

Figure 5. Diagram. Illustration of AHDVôs decision point. 

(AHDV ï deep blue vehicles, AV ï light blue vehicles, and HDV ï white vehicles) 

Can Catch 

The objective of the can catch function is to determine if the AHDV can reach the 

front of the target vehicle, to allow for a merge, before the deceleration lane-end 

point. This is determined by evaluating the current position and speed conditions, and 

comparing the travel time of the AHDV and target vehicles to the end of the lane. Can 

catch is applied at every time step to confirm that the current target vehicle may still 

be reached, allowing for potential changing conditions due to congestion. In addition, 

can catch is utilized when the AHDV evaluates if it will switch from its current target 

to the next downstream AV. 

The travel-time comparison between AHDV and the target vehicle is based on the 

current position and speed data, as shown in the equations below. The AHDV must be 

able to reach the lane endpoint before the potential target vehicle. The travel time of 

the target vehicle can be calculated by dividing the remaining distance until the lane 

end by the current speed.  
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(1) 

Calculating the travel time of an AHDV depends on its current position. As shown in 

figure 6, the remaining distance is divided into two regions. 

 

Figure 6. Diagram. AHDV travel-time calculation. 

(AHDV ï deep blue vehicles, AV ï light blue vehicles, and HDV ï white vehicles) 

The distance in red indicates the braking distance from the AHDVôs current speed to 

the target speed (equation 2), with the merge occurring at the end of the deceleration 

lane. The distance in green indicates the distance that the AHDV needs to travel at its 

current speed until it starts braking (equation 3). Thus, the AHDVôs travel time 

(equation 4) is the sum of the travel time over the fixed-speed distance (indicated in 

green in figure 5) and the travel time over the braking distance (indicated in red in 

figure 5). If  the AHDVôs travel time is less than the target vehicleôs travel time, the 

can catch function returns ótrueô. 

 
(2) 

 
(3) 

 
(4) 



 

36 

 (5) 

As stated, can catch is executed every time step for the current target AV. If the can 

catch function returns ófalseô, it indicates the AHDV is no longer able to catch the 

current target AV vehicle. When this occurs, merge control is released to SUMO, 

which will execute a non-aggressive merge maneuver into the deceleration lane as 

soon as possible. However, while SUMO is seeking a merge opportunity, the AHDV 

continues to search for an AV within 20 ft downstream, or approaching from the 

upstream if the deceleration lane is moving faster than the mainline lane. If an AV is 

identified, the TraCI logic will be reinitiated. 

Merge Position 

This function checks whether an AHDV is within the position to initiate an aggressive 

merge. Once the AHDV is in position, the merge process initiates. As shown in 

figure 7, an AHDV executes the merge process if its front bumper is anywhere 

between the center of the target vehicle and the head of the leading vehicle to the 

target vehicle (red region in figure 7).  

 

Figure 7. Diagram. Illustration of merge position. 

(AHDV ï deep blue vehicles, AV ï light blue vehicles, 

and HDV ï white vehicles) 
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Target AV Selection Process in Aggressive Merge with Maximum Advancement Case 

The flowchart of the AHDVôs target AV selection process is shown in figure 8 and 

figure 9. The target selection process is undertaken every time step. The following 

steps are the general procedure: 

1. Vehicle ID list is updated to contain the IDs for all AHDVs currently in the 

merging zone. Vehicles entering the merging zone are added and vehicles 

that have merged into the deceleration lane are removed. 

2. When an AHDV first arrives at the upstream start of the merging zone, the 

deceleration lane condition is reviewed. If the deceleration lane is empty, the 

AHDV changes lane without any further consideration. 

3. If the deceleration lane is not empty, the AHDV checks for the presence of 

any AV. 

4. If there is no AV, the AHDV continues to search for any AV upstream and 

downstream of its current location while allowing SUMO to execute a merge 

whenever it is possible. This process continues until either SUMO executes 

the merge or the AHDV finds an AV in the traffic. 

5. If there is more than one AV in the deceleration lane, the AHDV initially 

identifies the nearest downstream AV. 

6. Next, using the can catch function, the merge feasibility of the AHDV with 

the nearest AV is checked. If the AHDV cannot merge in front of the nearest 

AV, it indicates that there is no AV that the AHDV can catch. The process 

returns to step 4. 

7. If the AHDV can catch the nearest AV, the position of the AHDV is checked 

(using the position check function) to determine whether the AHDV is ready 
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to search for the next AV downstream. If the AHDV is not in such position, 

it continues to travel until being checked again in the next time step. 

8. If the AHDV is in such position, the next AV downstream is identified and 

checked for merge feasibility using the can catch function.  

9. If the AHDV can catch the next AV in downstream, the target AV is 

updated. If not, the current target AV is maintained. 

10. In every time step, the can catch function is used to determine if the AHDV 

can still catch the current target AV.  

11. If the AHDV can no longer catch the current target AV, the AHDV first 

searches to check whether the nearest reachable AV is downstream. If there 

is one, the AHDV updates its target. 

12. If there is no reachable downstream AV, the AHDV searches for the nearest 

reachable AV that is upstream. If there is one, the AHDV updates its target. 

If there is no such AV, the process returns to step 4. 

13. The process continues until all AHDVs have been checked; then the 

simulation time advances. 

Target Selection Process in Aggressive Merge with Zipper Case 

The flowchart of the target selection process in the aggressive merge with zipper case 

is shown in  

figure 10 and figure 11. The first four steps in the target selection process are the 

same as the maximum advancement case. The following steps are a divergence from 

the maximum advancement case at step 5:  

5.  If there is more than one AV, the AHDV searches for any previous merge. 

If there is no previous merge, the AHDV finds the nearest AV and follows 
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the same steps in the aggressive merge with maximum advancement case 

(step 8). 

6. If there is a previous merge, the AHDV searches for the follower AV of the 

previous merge. If there is no follower vehicle, it indicates that the lane 

behind the merge is empty. Thus, the a AHDV allows SUMO to execute a 

lane change whenever possible. 

7. If the AHDV finds a follower AV to the previous merge, the merge 

feasibility is checked with the ócan catchô function. If the AHDV can catch 

the follower AV, the follower AV is selected as the target vehicle. 

8. If the AHDV cannot catch the follower AV, the AHDV searches for the 

nearest AV and the same steps are followed as in the aggressive merge with 

maximum advancement case. However, if the AHDV is ahead of an HDV, 

the AHDV allows SUMO to merge it in front of the HDV. 
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Figure 8. Flowchart. Target AV selection process with step numbers in the process description marked (top). 

a b c d e f g h 
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Figure 9. Flowchart. Target AV selection process with step numbers in the process description marked (bottom). 
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Figure 10. Flowchart. Target selection process in aggressive merge with zipper (top). 
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Figure 11. Flowchart. Target selection process in aggressive merge with zipper (bottom). 
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Aggressive Merge Behavior Model: Lane Changing 

After the targeting process is complete and the AHDV is positioned next to the target 

AV, the lane change process is initiated. As shown in figure 12, AHDVs merge in front 

of the target AV as soon as the AHDVôs rear bumper crosses the front bumper of the AV, 

forcing the AV to decelerate to meet its desired spacing. For this aggressive merge, the 

TraCI moveTo command is utilized. The moveTo command in SUMO manually moves 

the position of a vehicle by the specified coordinate shift and, critically, it does not 

require the vehicle to satisfy any gap requirements. 

 

Figure 12. Diagram. Example of aggressive merge. 

(AHDV ï deep blue vehicles, AV ï light blue vehicles) 

Merging Process in SUMO-controlled Merge 

In order to assign the cooperative characteristic in AVs and HDVs, SUMOôs 

ólcCooperativeSpeedô parameter is set to 1. Setting this parameter to 1 allows the 

neighboring vehicles to slow down cooperatively for merging vehicles. When the 

algorithm requests that SUMO control the AHDV merging process, the neighboring 

vehicle (an HDV, as an aggressive merge would be undertaken for an AV) starts slowing 

down cooperatively to create a sufficient gap for AHDVs to merge. However, when 

TraCI is utilized to implement an aggressive merge, the AVs do not exhibit a cooperative 
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behavior, as they are unaware the AHDV will merge until it begins to encroach into the 

AV lane. Only upon this encroachment will the AV begin to slow. 

Thus, a SUMO-controlled merge requires a sufficient gap before a lane change is 

performed, whereas the aggressive merges (using the moveTo command) are not affected 

by the gap availability. This results in the SUMO-controlled merge often requiring a 

longer time period for the merge, possible requiring slowing of the merging vehicle to 

find a suitable gap to complete. An example of the spacing between the lagging vehicle 

and the merging vehicle in a SUMO-controlled merge, which requires longer gaps to 

merge, is shown in figure 13. 

 

Figure 13. Diagram. Example of SUMO-controlled merge. 

(AHDV ï deep blue vehicles, AV ï light blue vehicles) 

EXPERIMENTS  

Four experiments were conducted to study the developed aggressive merging models. 

The first experiment simulates a platoon of 10 AHDVs performing the aggressive 

merges, for two levels of congestion on the deceleration lane. The second and third 

experiments simulate AHDVs spread out in the mixed traffic flow performing the 

aggressive merges, for two levels of traffic demands. The distinction between the second 

and third experiments is the level of congestion in the deceleration lane, resulting from 

changing the signal timing at the ramp end intersection. The fourth experiment evaluates 
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the impact of aggressive merging on capacity. For all four experiments, a base case was 

also created without any aggressive vehicle behaviors. 

Experiment 1: Aggressive Merging with Platooned Arrivals 

Objectives 

The objectives of the initial scenario are to: (1) demonstrate the aggressive merging 

behavior models under two different traffic conditionsðuncongested deceleration lane 

and congested deceleration lane; and (2) visualize the difference in the impacts on the 

deceleration lane traffic between aggressive merging and SUMO-controlled merging. 

Experiment 1 Design 

A platoon of 10 AHDVs is introduced into the traffic stream on lane A_0, the left-most 

freeway lane. The platoon vehicles change their lane to the lane adjacent to the 

deceleration lane as soon as they enter the merging zone. The AHDVs then seek to merge 

into the deceleration lane, utilizing the targeting and lane-changing behavior as discussed 

previously. An entry volume of 1,350 vehicles/hour was used on lane A_0 with a 

50 percent AV ratio. All vehicles on lane A_0 were exit vehicles. The uncongested 

deceleration-lane experiment was conducted before the queue started forming on the 

deceleration lane. The congested deceleration-lane experiment was conducted after a 

queue formed on the ramp and extended to the deceleration lane. For comparison, the 

base case introduces an equivalent platoon of 10 AHDVs, although functioning as HDVs, 

seeking to exit with the merge behavior controlled by SUMO. 
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Results 

Figure 14 ï figure 19 show the timeïspace diagrams (TSDs) for the merge zone, with the 

AHDV platoon trajectories indicated in red, and the AV and HDV trajectories in blue. 

AV and HDV travel occur on the deceleration lane, while AHDV travel may occur on the 

deceleration lane or adjacent mainline lane. Each graph starts at the beginning of the 

merge zone, at approximately x=5200 ft The ramp gore is at 5900 ft, and the intersection 

with the cross street is approximately at 7500 ft. 

Discussion 

The impacts of the AHDVsô aggressive merging behaviors can be observed in two ways: 

(1) the AHDVsô reduced travel times, and (2) the speed changes in the traffic on the 

target (i.e., deceleration) lane. The AHDVsô reduced travel times are shown by the time 

steps in which each red line ends. In each congestion scenario the AHDV platoon enters 

the merge zone at approximately the same time, i.e., at approximately t = 100 seconds for 

the uncongested scenariosði.e., base (figure 14), aggressive merge with maximum 

advancement (figure 15), and aggressive merge with zipper (figure 16)ðand t = 960 for 

the congested scenariosði.e., base (figure 17), aggressive merge with maximum 

advancement (figure 18), and aggressive merge with zipper (figure 19). However, in each 

aggressive merge scenario, the platoon of AHDVs departs from the intersection at the end 

of the ramp (top of the TSD) earlier than in the base case with the non-aggressive HDV 

platoon. This is accomplished by the AHDVs queue-jumping (as seen by the crossing of 

the red and blue trajectories) by driving further downstream on the mainline, then 

performing aggressive merges near the ramp gore. The impact on the speed of the 

vehicles behind the merged AHDVs is witnessed by a flattening of the slopes on the 
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vehicle trajectories. In the vicinity of the merge activity (highlighted in yellow) the 

speeds of the following vehicles are reduced by approximately 17 mph in the 

uncongested scenario, and in the congested scenario following vehicles are forced by the 

AHDVs to briefly come to a complete stop to avoid colliding with the merging vehicles. 

The travel time and speed impacts are more clearly seen in the congested deceleration-

lane scenario compared to the uncongested scenario. This is due to the spacing between 

vehicles. Since vehicles were more spread out in the uncongested scenario, the impacts of 

aggressive merges were muted by the larger headways between the vehicles; in the 

congested scenario, the impacts of aggressive merges were directly passed along to the 

following vehicles.  

The next two experiments investigate the impacts of the aggressive merging behaviors 

with AHDVs spread throughout the traffic flow.
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Low Congestion 

 

Figure 14. Plot. Base case timeïspace diagram in uncongested deceleration-lane scenario. 
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Figure 15. Plot. Aggressive merge with maximum advancement timeïspace diagram 

in uncongested deceleration-lane scenario. 
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Figure 16. Plot. Aggressive merge with zipper timeïspace diagram 

in uncongested deceleration-lane scenario. 
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High Congestion 

 

Figure 17. Plot. Base case timeïspace diagram in congested deceleration-lane scenario. 
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Figure 18. Plot. Aggressive merge with maximum advancement timeïspace diagram 

in congested deceleration-lane scenario. 
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Figure 19. Plot. Aggressive merge with zipper timeïspace diagram 

in congested deceleration-lane scenario. 
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Experiment 2: Aggressive Merging with Random Arrivals 

Objective 

While the initial experiment investigated the impact of AHDVs in a platoon, the objective 

of this experiment is to investigate the impact of aggressive merging behavior under 

conditions where the AHDVs are distributed throughout the traffic stream. 

Experiment Design 

The roadway layout for this experiment is the same as the previous experiment. Traffic 

volume is balanced in the mainline lanes entering the merge zone. All exiting vehicles 

enter the merge zone already positioned in lane A_1 (see figure 2). Thus, all vehicles in 

the left-most lane A_0 are through vehicles only, while vehicles on lane A_1 consist of 

both through and exit vehicles. In this experiment, 35 percent of the traffic is assumed to 

exit; thus, 70 percent of the lane A_1 vehicles were assigned as exit vehicles, consisting 

of AVs, HDVs, and AHDVs (percentages described subsequently). All exit vehicles 

except for the AHDVs shift over to the deceleration lane B_2 when they reach the 

merging zone, at the start of the deceleration lane. The AHDVs continue to travel on lane 

B_1 and make a lane change to B_2 by either aggressive merge or SUMO-controlled 

merge, as defined previously.  

Two levels of traffic demand were considered in this experimentðhigh traffic demand 

(1,200 vehicles/hour/lane) and low traffic demand (600 vehicles/hour/lane). For each 

traffic-demand level, five different AV ratios (percentage of the total traffic that is AV) 

and five different AHDV/HDV ratios (including the base case with no AHDVs) of 

exiting traffic not assigned as AV were considered, as shown in table 5. 
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The distinction between experiment 2 and experiment 3 (presented in the next section) is 

in the signal timing at the ramp end intersection. In this experiment, 50 seconds of green 

time and 70 seconds of red time are used for both the lower traffic-demand and higher 

traffic-demand conditions. This results in no queue spillback to the deceleration lane in 

the low traffic-demand case, but there was queueing on the deceleration lane in the high 

traffic-demand case. The base case consists of only AV and HDV. Each scenario has 10 

replicate runs. 

Figure 20 ï figure 23 show the average travel time of exit vehicles by vehicle type in 

each scenario. Note that the y-axis scales are different in the two sets of figures to 

accommodate the wider range of travel times in high traffic-demand conditions. 

Table 6 and table 7 show the paired t-test results on the travel times of AHDVs compared 

to the travel times of AVs and HDVs. The óDifferenceô column shows whether the 

difference is statistically significant (marked as TRUE if significantly different and 

FALSE otherwise).  
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Table 5. Vehicle assignment for experiments 2 and 3. 

 AV  

Ratio 

Start Lane Lane A_0 Lane A_1 

Direction Through Through Exit 

AHDV Ratio HDV AV HDV AV HDV AV AHDV 

L
o
w
e
r
 

T
r
a
f
f
i
c
 
D
e
m
a
n
d

 

10% 

0% (Base) 540 60 162 18 378 42 0 

25% 540 60 162 18 284 42 95 

50% 540 60 162 18 189 42 189 

75% 540 60 162 18 95 42 284 

100% 540 60 162 18 0 42 378 

20% 

0% (Base) 480 120 144 36 336 84 0 

25% 480 120 144 36 252 84 84 

50% 480 120 144 36 168 84 168 

75% 480 120 144 36 84 84 252 

100% 480 120 144 36 0 84 336 

30% 

0% (Base) 420 180 126 54 294 126 0 

25% 420 180 126 54 221 126 74 

50% 420 180 126 54 147 126 147 

75% 420 180 126 54 74 126 221 

100% 420 180 126 54 0 126 294 

40% 

0% (Base) 360 240 108 72 252 168 0 

25% 360 240 108 72 189 168 63 

50% 360 240 108 72 126 168 126 

75% 360 240 108 72 63 168 189 

100% 360 240 108 72 0 168 252 

50% 

0% (Base) 300 300 90 90 210 210 0 

25% 300 300 90 90 158 210 53 

50% 300 300 90 90 105 210 105 

75% 300 300 90 90 53 210 158 

100% 300 300 90 90 0 210 210 

H
i
g
h
e
r
 

T
r
a
f
f
i
c
 
D
e
m
a
n
d

 

10% 

0% (Base) 1080 120 324 36 756 84 0 

25% 1080 120 324 36 567 84 189 

50% 1080 120 324 36 378 84 378 

75% 1080 120 324 36 189 84 567 

100% 1080 120 324 36 0 84 756 

20% 

0% (Base) 960 240 288 72 672 168 0 

25% 960 240 288 72 504 168 168 

50% 960 240 288 72 336 168 336 

75% 960 240 288 72 168 168 504 

100% 960 240 288 72 0 168 672 

30% 

0% (Base) 840 360 252 108 588 252 0 

25% 840 360 252 108 441 252 147 

50% 840 360 252 108 294 252 294 

75% 840 360 252 108 147 252 441 

100% 840 360 252 108 0 252 588 

40% 

0% (Base) 720 480 216 144 504 336 0 

25% 720 480 216 144 378 336 126 

50% 720 480 216 144 252 336 252 

75% 720 480 216 144 126 336 378 

100% 720 480 216 144 0 336 504 

50% 

0% (Base) 600 600 180 180 420 420 0 

25% 600 600 180 180 315 420 105 

50% 600 600 180 180 210 420 210 

75% 600 600 180 180 105 420 315 

100% 600 600 180 180 0 420 420 
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Results 

 

Figure 20. Bar plots. Experiment 2: Average travel time in aggressive merge with maximum 

advancement scenarios by vehicle type in low traffic -demand condition. 
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Figure 21. Bar plots. Experiment 2: Average travel time in aggressive merge with zipper scenarios 

by vehicle type in low traffic -demand condition. 
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Figure 22. Bar plots. Experiment 2: Average travel time in aggressive merge with maximum 

advancement scenarios by vehicle type in high traffic -demand condition. 
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Figure 23. Bar plots. Experiment 2: Average travel time in aggressive merge with zipper 

by vehicle type in high traffic -demand condition. 
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Table 6. Experiment 2: Paired t-test on travel time in aggressive merge 

with maximum advancement scenarios. 

 Volume = 600 veh/hr/ln, AV10 Volume = 600 veh/hr/ln, AV20 

AHDV

 Ratio 
AHDV vs. AV AHDV vs. HDV AHDV vs. AV AHDV vs. HDV 

 P-Value Difference P-Value Difference P-Value Difference P-Value Difference 

25 0.304 FALSE 0.429 FALSE 0.480 FALSE 0.065 FALSE 

50 0.078 FALSE 0.958 FALSE 0.846 FALSE 0.749 FALSE 

75 0.059 FALSE 0.060 FALSE 0.348 FALSE 0.044 TRUE 

100 0.159 FALSE - 0.238 FALSE - 

 Volume = 600 veh/hr/ln, AV30 Volume = 600 veh/hr/ln, AV40 

AHDV

 Ratio 
AHDV vs. AV AHDV vs. HDV AHDV vs. AV AHDV vs. HDV 

 P-Value Difference P-Value Difference P-Value Difference P-Value Difference 

25 0.016 TRUE 0.007 TRUE 0.043 TRUE 0.069 FALSE 

50 0.105 FALSE 0.410 FALSE 0.282 FALSE 0.461 FALSE 

75 0.808 FALSE 0.071 FALSE 0.457 FALSE 0.132 FALSE 

100 0.080 FALSE - 0.157 FALSE - 

 Volume = 600 veh/hr/ln, AV50 Volume = 1200 veh/hr/ln, AV10 

AHDV

 Ratio 
AHDV vs. AV AHDV vs. HDV AHDV vs. AV AHDV vs. HDV 

 P-Value Difference P-Value Difference P-Value Difference P-Value Difference 

25 0.476 FALSE 0.409 FALSE 3.20E-09 TRUE 5.45E-10 TRUE 

50 0.003 TRUE 0.010 TRUE 1.43E-11 TRUE 6.33E-12 TRUE 

75 0.764 FALSE 0.387 FALSE 1.65E-08 TRUE 2.56E-09 TRUE 

100 0.624 FALSE - 1.37E-08 TRUE - 

 Volume = 1200 veh/hr/ln, AV20 Volume = 1200 veh/hr/ln, AV30 

AHDV

 Ratio 
AHDV vs. AV AHDV vs. HDV AHDV vs. AV AHDV vs. HDV 

 P-Value Difference P-Value Difference P-Value Difference P-Value Difference 

25 1.15E-11 TRUE 5.30E-12 TRUE 9.46E-13 TRUE 4.56E-13 TRUE 

50 4.91E-12 TRUE 1.56E-12 TRUE 6.38E-12 TRUE 2.02E-12 TRUE 

75 5.53E-09 TRUE 8.54E-09 TRUE 1.41E-11 TRUE 2.19E-11 TRUE 

100 1.51E-10 TRUE - 2.90E-11 TRUE - 

 Volume = 1200 veh/hr/ln, AV40 Volume = 1200 veh/hr/ln, AV50 

AHDV

 Ratio 
AHDV vs. AV AHDV vs. HDV AHDV vs. AV AHDV vs. HDV 

 P-Value Difference P-Value Difference P-Value Difference P-Value Difference 

25 4.54E-14 TRUE 2.87E-13 TRUE 2.35E-12 TRUE 3.47E-12 TRUE 

50 1.18E-11 TRUE 9.95E-12 TRUE 2.42E-11 TRUE 1.67E-11 TRUE 

75 6.70E-11 TRUE 5.94E-11 TRUE 1.44E-11 TRUE 3.10E-11 TRUE 

100 1.09E-10 TRUE - 1.31E-09 TRUE - 

  



 

 63 

Table 7. Experiment 2: Paired t-test on travel time in aggressive merge 

with zipper scenarios. 

 Volume = 600 veh/hr/ln, AV10 Volume = 600 veh/hr/ln, AV20 

AHDV 

Ratio 
AHDV vs. AV AHDV vs. HDV AHDV vs. AV AHDV vs. HDV 

 P-Value Difference P-Value Difference P-Value Difference P-Value Difference 

25 0.304 FALSE 0.429 FALSE 0.480 FALSE 0.065 FALSE 

50 0.078 FALSE 0.958 FALSE 0.846 FALSE 0.749 FALSE 

75 0.05 FALSE 0.060 FALSE 0.350 FALSE 0.044 TRUE 

100 0.15 FALSE  0.253 FALSE  

 Volume = 600 veh/hr/ln, AV30 Volume = 600 veh/hr/ln, AV40 

AHDV 

Ratio 
AHDV vs. AV AHDV vs. HDV AHDV vs. AV AHDV vs. HDV 

 P-Value Difference P-Value Difference P-Value Difference P-Value Difference 

25 0.016 TRUE 0.007 TRUE 0.043 TRUE 0.069 FALSE 

50 0.105 FALSE 0.410 FALSE 0.282 FALSE 0.462 FALSE 

75 0.811 FALSE 0.071 FALSE 0.458 FALSE 0.132 FALSE 

100 0.081 FALSE  0.129 FALSE  

 Volume = 600 veh/hr/ln, AV50 Volume = 1200 veh/hr/ln, AV10 

AHDV 

Ratio 
AHDV vs. AV AHDV vs. HDV AHDV vs. AV AHDV vs. HDV 

 P-Value Difference P-Value Difference P-Value Difference P-Value Difference 

25 0.476 FALSE 0.409 FALSE 1.06E-07 TRUE 3.58E-08 TRUE 

50 0.003 TRUE 0.010 TRUE 3.49E-07 TRUE 6.26E-08 TRUE 

75 0.643 FALSE 0.417 FALSE 8.66E-08 TRUE 6.87E-08 TRUE 

100 0.619 FALSE  1.08E-06 TRUE  

 Volume = 1200 veh/hr/ln, AV20 Volume = 1200 veh/hr/ln, AV30 

AHDV 

Ratio 
AHDV vs. AV AHDV vs. HDV AHDV vs. AV AHDV vs. HDV 

 P-Value Difference P-Value Difference P-Value Difference P-Value Difference 

25 8.65E-07 TRUE 7.89E-07 TRUE 8.07E-11 TRUE 1.34E-10 TRUE 

50 2.12E-05 TRUE 3.16E-05 TRUE 0.001 TRUE 0.001 TRUE 

75 9.28E-06 TRUE 7.57E-05 TRUE 1.51E-06 TRUE 2.02E-06 TRUE 

100 3.80E-06 TRUE  1.50E-06 TRUE  

 Volume = 1200 veh/hr/ln, AV40 Volume = 1200 veh/hr/ln, AV50 

AHDV 

Ratio 
AHDV vs. AV AHDV vs. HDV AHDV vs. AV AHDV vs. HDV 

 P-Value Difference P-Value Difference P-Value Difference P-Value Difference 

25 9.95E-11 TRUE 1.96E-10 TRUE 5.05E-13 TRUE 1.29E-12 TRUE 

50 1.99E-09 TRUE 1.19E-09 TRUE 1.11E-07 TRUE 6.41E-08 TRUE 

75 7.77E-06 TRUE 1.31E-05 TRUE 1.97E-07 TRUE 3.99E-07 TRUE 

100 1.15E-05 TRUE  2.58E-07 TRUE  

 

Discussion 

The travel times of exit vehicles in low traffic-demand scenarios, as shown in figure 20 

and figure 21, were not significantly impacted by the aggressive merges, with no clear 
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trends being apparent. The travel times between vehicle types or AV penetration rates 

never differ by more than a few seconds. No queue formed on the deceleration lane in 

low traffic demand, so most AHDVs performed lane changes to the deceleration lane 

immediately since the deceleration lane was empty. In a few cases where AHDVs 

performed aggressive merges, the impacts of the aggressive merges may have been 

muted because of the existence of large headways between the vehicles. As a result, the 

paired t-test in low traffic-demand conditions showed that AHDVs had no significant 

difference in travel time compared to AVs and HDVs in most scenarios. These results are 

in concurrence with the findings in experiment 1. In figure 15 and figure 16 (uncongested 

deceleration lane), the impact to the non-AHDV is clearly more muted than the impact 

seen in figure 18 and figure 19 (congested merge lane). The impacts of the aggressive 

merges were not passed down to the following vehicles in low traffic demand.  

In high traffic-demand conditions, the AHDVsô travel times are significantly lower than 

the travel times of AVs and HDVs in all scenarios with the aggressive merges, as shown 

in table 6 and table 7. However, the overall average exit times remained relatively 

constant, implying that as the AHDVs were able to improve their travel time, the AVs 

and HDV suffered increased travel time. The HDVsô travel time did not increase to the 

same extent as the AVsô; however, they did see travel time increases, even though they 

were never ñtargetedò by the AHDV. The HDV increase results from HDVs in the 

deceleration lane following AVs that are targeted.  

In aggressive merge with maximum advancement cases, it is also seen that the AHDV 

travel times show (figure 22) an increasing trend at the lower AV ratios (10 and 

20 percent). However, the trend reverses when the AV ratios were high (30ï50 percent). 
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The reason for this behavior is that when there is a smaller number of AVs to target, more 

AHDVs merged via SUMO-control (i.e., non-aggressive merge), which requires a longer 

time to complete. As the availability of target AVs increased with higher AV ratios, more 

AHDVs successfully completed aggressive merges by targeting AVs. 

It was also observed during the simulation run that multiple AHDVs targeted the same 

AV on the deceleration lane, forcing the target AV, as well as the following traffic, to 

come to a complete stop, similar to the observations for the experiment 1 congested 

conditions.  

However, the AHDV travel times in the aggressive merge with zipper cases in high 

congestion showed an increasing trend with higher AHDV ratios in all scenarios. It 

should be noted that there is no direct relationship between the AV ratios and AHDV 

ratios since the target selection is affected by both AV ratios and the position of the 

AHDVs. If an AHDV needs to target a following AV to the previous merge and the 

AHDV is closer to an HDV compared to the target AV, the AHDV will merge to the 

HDV via SUMO-controlled merge. Therefore, more AHDVs merged via SUMO-

controlled merge as the AHDV ratios increased, which resulted in the increasing trend in 

travel time in all scenarios. 

The bar charts suggested that the aggressive merge with maximum advancement had 

greater impact on the AV and HDV travel times than the aggressive merge with zipper in 

high flow rate conditions. In aggressive merge with maximum advancement cases, 

multiple AHDVs targeted the same AV on the deceleration lane, leading the target AV as 

well as the following traffic to come to a complete stop. Such behavior was also shown in 

the preliminary experiment. The blue slopes after the merge in figure 18 became flat, 
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indicating a complete stop due to the merge. However, in the aggressive merge with 

zipper cases, the target vehicle moved forward after a single AHDVôs merge. 

The net impacts of AHDVsô aggressive merging behaviors on all exit vehicles (AHDV, 

AV, and HDV) are shown in the óAll Exit Vehicle Travel Timeô bar charts in figure 20ï

figure 23. In low traffic-demand conditions, the net impact was insignificant since most 

AHDVs changed their lanes to the deceleration lane immediately after reaching the 

merging zone and the few cases of aggressive merges left little impacts on the target AVs 

and the following traffic. In high traffic-demand conditions, the net impact was 

insignificant due to the discussed trade-off effects. The AHDVsô travel-time decreases 

were achieved at the expense of the travel-time increases of the AVs and HDVs. 

Experiment 3: Comparison of Impact of Demand versus Congestion on Travel 

Times 

Objective 

The objective of this experiment is to differentiate between the impact due to increased 

demand or congestion. Thus, in this experiment the ramp intersection signal times were 

adjusted such that the low-demand volume resulted in queuing on the deceleration lane 

and the high-demand volume had no queuing. 

Results 

Similar to experiment 2, figure 24 ï figure 27 show the average travel time by exit 

vehicle type in each scenario. While the absolute travel times change due to the signal 

timing updates, trade-offs are again seen between the AHDVs and the AVs/HDVs. 

Except, the trade-off between the AHDVs and AVs/HDVs now occurs at the lower 

volume case, with no obvious trends in the high-volume case. Also similar to 
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experiment 2, the difference in the scenarios with queuing on the deceleration lane (i.e., 

the low-volume demand in this experiment) are predominately statistically significant, 

while the scenarios without queueing on the deceleration lane (i.e., high-volume 

scenarios) are not statistically significant, as shown in table 8 and table 9.  

In aggressive merge with maximum advancement cases, the only significant difference in 

trends was seen in the AHDV delay across AV ratios, which was increasing throughout 

the low volume in experiment 3. Based on observations of the simulation, it was seen that 

the change in signal timing resulted in a slower-moving queue, increasing the time 

required for an AHDV to merge into the deceleration lane, even with aggressive merges. 

This resulted in more AHDV stacking in the adjacent lane, waiting to merge, and a higher 

sensitivity to the number of AHDVs.  

In the aggressive merge with zipper cases, shown in figure 25, the AHDV travel times are 

similar in the higher AHDV ratio scenarios due to the same reason discussed above. 

Since each AHDV can merge in front of a single AV or a single HDV, the AHDV line 

becomes longer in lower AV ratios, regardless of the AHDV ratios. However, in higher 

AV ratio scenarios, more AHDVs can perform aggressive merges, which requires less 

gap compared to SUMO-controlled merges. As a result, the AHDV travel time becomes 

lower in the lower AHDV ratio with higher AV ratio scenarios. 

From this experiment, in context with the previous experiments, it is seen that the 

presence of queuing (or near- or over-capacity conditions) is a critical factor in the impact 

of the AHDVs, as this presents significant opportunities for the aggressive behavior. The 

absolute volume has a lesser impact.
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Figure 24. Bar plots. Experiment 3: Average travel time in aggressive merge with maximum 

advancement scenarios by vehicle type in low traffic -demand condition. 
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Figure 25. Bar plots. Experiment 3: Average travel time in aggressive merge with zipper scenarios 

by vehicle type in low traffic -demand condition. 
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Figure 26. Bar plots. Experiment 3: Average travel time in aggressive merge with maximum 

advancement scenarios by vehicle type in high traffic -demand condition. 
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Figure 27. Bar plots. Experiment 3: Average travel time in aggressive merge with zipper scenarios 

by vehicle type in high traffic -demand condition. 
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Table 8. Experiment 3: Paired t-test on travel time in aggressive merge 

with maximum advancement scenarios. 

 Volume = 600 veh/hr/ln, AV10 Volume = 600 veh/hr/ln, AV20 

AHDV 

Ratio 
AHDV vs. AV AHDV vs. HDV AHDV vs. AV AHDV vs. HDV 

 P-Value Difference P-Value Difference P-Value Difference P-Value Difference 

25 3.52E-13 TRUE 8.61E-13 TRUE 5.87E-12 TRUE 1.83E-10 TRUE 

50 1.00E-07 TRUE 6.09E-07 TRUE 7.20E-07 TRUE 1.73E-06 TRUE 

75 1.34E-07 TRUE 2.33E-06 TRUE 0.001 TRUE 0.004 TRUE 

100 0.001 TRUE - 0.080 FALSE - 

 Volume = 600 veh/hr/ln, AV30 Volume = 600 veh/hr/ln, AV40 

AHDV 

Ratio 
AHDV vs. AV AHDV vs. HDV AHDV vs. AV AHDV vs. HDV 

 P-Value Difference P-Value Difference P-Value Difference P-Value Difference 

25 1.88E-11 TRUE 4.08E-11 TRUE 4.19E-09 TRUE 6.29E-10 TRUE 

50 3.22E-10 TRUE 2.80E-10 TRUE 1.00E-05 TRUE 3.94E-06 TRUE 

75 1.34E-06 TRUE 1.02E-05 TRUE 9.43E-07 TRUE 5.80E-07 TRUE 

100 2.74E-05 TRUE - 1.18E-05 TRUE - 

 Volume = 600 veh/hr/ln, AV50 Volume = 1200 veh/hr/ln, AV10 

AHDV 

Ratio 
AHDV vs. AV AHDV vs. HDV AHDV vs. AV AHDV vs. HDV 

 P-Value Difference P-Value Difference P-Value Difference P-Value Difference 

25 2.71E-11 TRUE 3.24E-11 TRUE 0.154 FALSE 0.446 FALSE 

50 2.69E-11 TRUE 8.97E-11 TRUE 0.247 FALSE 0.555 FALSE 

75 4.77E-09 TRUE 4.39E-08 TRUE 0.040 TRUE 0.858 FALSE 

100 1.24E-06 TRUE - 0.079 FALSE - 

 Volume = 1200 veh/hr/ln, AV20 Volume = 1200 veh/hr/ln, AV30 

AHDV 

Ratio 
AHDV vs. AV AHDV vs. HDV AHDV vs. AV AHDV vs. HDV 

 P-Value Difference P-Value Difference P-Value Difference P-Value Difference 

25 0.876 FALSE 0.314 FALSE 0.416 FALSE 0.273 FALSE 

50 0.116 FALSE 0.250 FALSE 0.065 FALSE 0.869 FALSE 

75 0.967 FALSE 0.220 FALSE 0.685 FALSE 0.111 FALSE 

100 0.036 TRUE - 0.109 FALSE - 

 Volume = 1200 veh/hr/ln, AV40 Volume = 1200 veh/hr/ln, AV50 

AHDV 

Ratio 
AHDV vs. AV AHDV vs. HDV AHDV vs. AV AHDV vs. HDV 

 P-Value Difference P-Value Difference P-Value Difference P-Value Difference 

25 0.850 FALSE 0.610 FALSE 0.318 FALSE 0.603 FALSE 

50 0.480 FALSE 0.292 FALSE 0.415 FALSE 0.437 FALSE 

75 0.776 FALSE 0.109 FALSE 0.177 FALSE 0.931 FALSE 

100 0.568 FALSE - 0.960 FALSE - 
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Table 9. Experiment 3: Paired t-test on travel time in  

aggressive merge with zipper scenarios. 

 Volume = 600 veh/hr/ln, AV10 Volume = 600 veh/hr/ln, AV20 

AHDV 

Ratio 
AHDV vs. AV AHDV vs. HDV AHDV vs. AV AHDV vs. HDV 

 P-Value Difference P-Value Difference P-Value Difference P-Value Difference 

25 4.92E-05 TRUE 4.50E-07 TRUE 0.001 TRUE 0.005 TRUE 

50 0.075 FALSE 0.001 TRUE 0.006 TRUE 0.020 TRUE 

75 0.043 TRUE 0.001 TRUE 0.005 TRUE 0.029 TRUE 

100 0.007 TRUE  0.009 TRUE  

 Volume = 600 veh/hr/ln, AV30 Volume = 600 veh/hr/ln, AV40 

AHDV 

Ratio 
AHDV vs. AV AHDV vs. HDV AHDV vs. AV AHDV vs. HDV 

 P-Value Difference P-Value Difference P-Value Difference P-Value Difference 

25 3.91E-09 TRUE 2.62E-08 TRUE 5.33E-08 TRUE 4.52E-09 TRUE 

50 0.027 TRUE 0.001 TRUE 0.001 TRUE 0.001 TRUE 

75 0.049 TRUE 0.025 TRUE 0.224 FALSE 0.321 FALSE 

100 0.050 FALSE  0.283 FALSE  

 Volume = 600 veh/hr/ln, AV50 Volume = 1200 veh/hr/ln, AV10 

AHDV 

Ratio 
AHDV vs. AV AHDV vs. HDV AHDV vs. AV AHDV vs. HDV 

 P-Value Difference P-Value Difference P-Value Difference P-Value Difference 

25 1.37E-07 TRUE 8.04E-08 TRUE 0.154 FALSE 0.446 FALSE 

50 1.91E-07 TRUE 4.81E-08 TRUE 0.283 FALSE 0.634 FALSE 

75 0.007 TRUE 0.354 FALSE 0.047 TRUE 0.790 FALSE 

100 0.221 FALSE  0.251 FALSE  

 Volume = 1200 veh/hr/ln, AV20 Volume = 1200 veh/hr/ln, AV30 

AHDV 

Ratio 
AHDV vs. AV AHDV vs. HDV AHDV vs. AV AHDV vs. HDV 

 P-Value Difference P-Value Difference P-Value Difference P-Value Difference 

25 0.876 FALSE 0.314 FALSE 0.416 FALSE 0.273 FALSE 

50 0.208 FALSE 0.1174 FALSE 0.064 FALSE 0.838 FALSE 

75 0.878 FALSE 0.166 FALSE 0.705 FALSE 0.159 FALSE 

100 0.164 FALSE  0.558 FALSE  

 Volume = 1200 veh/hr/ln, AV40 Volume = 1200 veh/hr/ln, AV50 

AHDV 

Ratio 
AHDV vs. AV AHDV vs. HDV AHDV vs. AV AHDV vs. HDV 

 P-Value Difference P-Value Difference P-Value Difference P-Value Difference 

25 0.855 FALSE 0.611 FALSE 0.360 FALSE 0.651 FALSE 

50 0.522 FALSE 0.305 FALSE 0.381 FALSE 0.577 FALSE 

75 0.981 FALSE 0.183 FALSE 0.114 FALSE 0.941 FALSE 

100 0.097 FALSE  0.559 FALSE  
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Experiment 4: Evaluation of Impact of Aggressive Merging on Capacity 

Experiment Design 

Experiment 4 examines the impacts of aggressive characteristics in vehicles near a 

freeway exit on the capacity of the exit lane. Vehicles with two levels of cooperative 

characteristics were used. The two levels were implemented with the lowest value and the 

highest value of the SUMO built-in parameter, lcCooperativeSpeed. Varying levels of 

cooperative behavior were emulated by changing the ratio of noncooperative 

(lcCooperativeSpeed = 0) and cooperative (lcCooperativeSpeed = 1) vehicles from 0 to 1. 

When a vehicle with cooperative behavior is available in the traffic, SUMO tries to 

perform the lane-changing for a vehicle in front of the farthest downstream cooperative 

vehicle that is reachable. This operation is very similar to the aggressive merging logic 

developed for AHDV in the previous experiments, albeit with a slightly less degree of 

control available to the modeler on which vehicles behave as aggressive vehicles than 

that achieved in experiments 1 to 3 with the explicit modeling of AHDVs. 

The experiment is conducted in a two-lane freeway stretched out for 2 miles. A 2,000-ft 

deceleration lane is added at the end of the 2-mile freeway segment, which is then 

followed by an exit ramp, as shown in figure 1. All vehicles are seeking to exit the 

freeway using the ramp. As shown in figure 2, the left-lane (A_0) traffic travels with 

higher speed than the right-lane (A_1) traffic, creating the opportunity for the left-lane 

traffic to queue-jump. Both A_1 and A_0 traffic had a mix of vehicles with 

lcCooperativeSpeed of 1 and 0, indicating the highest level of cooperative characteristic 

and the lowest level of cooperative characteristic, respectively. The A_1 traffic volume 

was maintained the same throughout the simulation, whereas the A_0 traffic volumes 
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were increased every 900 seconds. Details on the vehicle assignment are provided in the 

following section.  

The A_0 trafficôs route was changed from traveling on the freeway mainline to taking the 

exit ramp when they arrive at the merging zone indicated in figure 1. Once the route 

change assignment is complete, the A_0 vehicles begin their lane-changing process. The 

lane-changing is controlled by SUMO. Some vehicles immediately change their lanes to 

lane B_1, while others continue to travel on lane B_0 depending on the availability of 

gaps on lane B_1. For the right lane, all A_1 traffic shifts uninterrupted to lane B_2. 

It should be noted that this study assumes the same headways for all vehicle typesð

regardless of the level of cooperative characteristics. This eventually becomes a critical 

factor in explaining how the flow rate was not affected by the aggressive 

characteristicsðbut rather, there was a trade-off between the vehicle types that exited on 

the ramp.  

Vehicle Classification 

Two types of vehicles were considered in the experiments: human-driven vehicles with a 

SUMO lcCooperativeSpeed value of 0 (referred to as HV0 hereafter), and human-driven 

vehicles with lcCooperativeSpeed value of 1 (referred to as HV1 hereafter).  

The value of 1 in the lcCooperativeSpeed parameter for a particular vehicle allows the 

vehicleôs speed to be adjusted during the merge process. This is especially relevant for 

receiving-lane vehicles. The vehicle in the receiving lane adjusts it speed and cooperates 

with the merging vehicle, enabling the merging vehicle to perform the lane change. On 

the other hand, the value of 0 in the parameter results in no speed adjustment, and 
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consequently no cooperation, to make the merge or to allow the merge. The merge in this 

case is completely dependent on a pre-existing sufficient gap in front of the vehicle in the 

receiving lane. 

Vehicle Assignment 

The traffic on lane A_1 had a flow rate of 1,400 vehicles/hour throughout the simulation. 

Two scenarios were tested with different types of base vehicles in lane A_1. The lane 

A_1 traffic comprised all HV0 in the first scenario (experiment 4a), while that lane had 

all HV1 in the second scenario (experiment 4b). The traffic in lane A_0 was a mixture of 

HV0 and HV1. The ratios of HV0 and HV1 were varied across runs and the volumes 

were increased every15 minutes (900 seconds) within each run. The vehicle assignment 

matrix is shown in table 10. Each of the two experiments had five different sub-scenarios 

with five levels of the HV0/HV1 ratios, generating 10 runs (single trial per scenario). 

Table 10. Vehicle assignment on lane A_0 for experiment 4a and experiment 4b. 

Time Step 

(Seconds) 

Total 

Volume 

on A_0 

(vehicle / 

15-

minute) 

0% 

(vehicle / 

15-minute) 

25% 

(vehicle / 

15-minute) 

50% 

(vehicle / 

15-minute) 

75% 

(vehicle / 

15-minute) 

100% 

(vehicle / 

15-minute) 

  HV0 HV1 HV0 HV1 HV0 HV1 HV0 HV1 HV0 HV1 

0 0 0 0 0 0 0 0 0 0 0 0 

900 100 100 0 75 25 50 50 25 75 0 100 

1800 150 150 0 113 38 75 75 38 113 0 150 

2700 200 200 0 150 50 100 100 50 150 0 200 

3600 250 250 0 188 63 125 125 63 188 0 250 

4500 300 300 0 225 75 150 150 75 225 0 300 

5400 350 350 0 263 88 175 175 88 263 0 350 

6300 400 400 0 300 100 200 200 100 300 0 400 

7200 450 450 0 338 113 225 225 113 338 0 450 

8100 500 500 0 375 125 250 250 125 375 0 500 
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Results Visualization 

The impacts of aggressive merging were investigated by studying the flow and speed 

metrics. Speed vs. flow plots, time vs. average speed plots, and time vs. flow plots were 

used to visualize the changes in response to the increase in demand over time (in 15-

minute increments). The data for three locationsð500 ft before the start of the 

deceleration lane on lane A_1, the start of the deceleration lane (on lane B_2), and the 

start of the rampðwere plotted. Time vs. average speed plots and time vs. flow plots 

were combined into dual-axis plots (see appendix B). 

The 15-minute vehicle counts (table 11 ï table 14) were measured at the start of the 

simulation where the vehicles entered the simulation and at the start of the ramp. The 

vehicle counts are also divided into the vehicle types by lane (A_0 HV0, A_0 HV1, A_1 

HV0, and A_1 HV1) to measure the trade-off effects on each vehicle type. 

Discussion 

In experiment 4a, figure 62 ï figure 67 in appendix B show the speed vs. flow plots at 

various locations across all HV1 to HV0 ratio cases. The 1-minute aggregate count 

observations were multiplied by 60 to generate the corresponding estimated hourly flow 

rates. As shown on the plots, the change in HV1 to HV0 ratios on lane A_0 did not lead 

to significant changes in capacity when all A_1 traffic consisted of HV0 (the condition of 

experiment 4a). The same headways were specified for cooperative vehicles (HV1) and 

noncooperative vehicles (HV0) in the simulation. The headways also remained the same 

before and after performing the merge. Even though the flow on lane B_2 (and thus lane 

A_1) was interrupted by the merge activity, the overall capacity of the exit lane was not 
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affected significantly since the merging vehicles had the same headways and the headway 

distribution on the exit lane remained the same. 

While the average capacity was not affected, the change in HV1 to HV0 ratios did affect 

the variability and level of fluctuation in the flow, as can be seen by comparing the plots 

across the five different levels in figure 29 and figure 31. In the 0 percent HV1 case, 

since A_0 traffic only consisted of HV0, most A_0 vehicles were not able to change their 

lane to the deceleration lane but started building a queue at the end of lane B_1 (shown in 

figure 28). Lane changes occurred only when there were gaps between the platoons on 

lane B_2 caused by stochastic variation in the vehicle insertion.  

 

Figure 28. Diagram. Queue building at the end of lane B_1. 

In 25ï100 percent cases, a greater instability in flow was observed (see figure 29 and 

figure 30). These instabilities occur when an HV1 on lane B_1 (typically near the back of 

the queue) changed to lane B_2, using a gap caused by stochastic variation in the traffic. 

Once in lane B_2, the merged HV1 vehicle would allow vehicles waiting in the queue on 

lane B_1 to merge in front of it due to its cooperative characteristics, essentially clearing 

a portion of the B_1 queue. However, these instabilities did not last long nor occur 

frequently since they only occurred when there was a sufficient gap between the vehicle 

platoons on lane B_2 to allow the initial HV1 to merge. The total ramp volumes were 

unaffected by the HV1 ratios, as can be seen in figure 31 and table 12.  
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Unlike experiment 4a, experiment 4b (i.e., all vehicles in lane A-1 are HV1) did 

experience a change in capacity (figure 65 ï figure 66 in appendix B). At the lower HV1 

percentages from lane A_0, a lower ramp capacity (i.e., the number of vehicles that were 

able to successfully merge and exit) was observed. At the lower HV1 penetration rates 

the plots in figure 32 ï figure 33 show that the flow on lane A_1 and B_2 was more 

frequently interrupted compared to experiment 4a (figure 29 and figure 30) since all A_1 

traffic was HV1 and merges occurred freely and without building a long queue on lanes 

B-1 or B_0. The ability of traffic originating from A_1 to successfully exit the freeway 

was reduced over time, as seen in table 13, due to the merging vehicle originating from 

lane A_0 consuming a larger portion of the available capacity, and the merge maneuvers 

resulting in longer headways. This is reflective of the results in experiments 1, 2, and 3 

where the AVs were seen to yield to the more aggressive vehicles. Interestingly, as the 

percentage of HV1s increased, the ramp capacity increased, reaching a level equivalent to 

experiment 4a. That is, when most vehicles are either fully cooperative or 

noncooperative, similar capacities are obtained; however, where a higher percentage of 

cooperative vehicles are positioned to be targeted by more aggressive vehicles, this 

aggressive-to-non-aggressive interaction can significantly reduce capacity. 

Additionally, the served vehicles in the aggressive-to-non-aggressive interaction tend to 

be the aggressive vehicle. This is seen through the increasing queue length on lane A_1 

as the percentage of noncooperative merging vehicles increased. These findings are 

congruent with the findings of experiments 2 and 3 where AHDVs benefited in reduced 

travel time by targeting AVs, while the AVs and the following trafficôs travel time 
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increased. The AHDVsô gains were achieved at the expense of AVs and the other 

following traffic. 

Such trade-off trends in aggressive vehicles taking advantage of cooperative vehicles are 

a potential significant issue in freeway control. For instance, heavy trucks are often 

viewed as a merge target in congested condition. In a scenario where an AV heavy truck 

on an exit lane is targeted by multiple aggressive drivers, the exit lane flow is likely to be 

interrupted as seen in experiment 4b. On the other hand, in a scenario where an AV heavy 

truck is unable to merge into the exit lane due to the uncooperative behaviors by the exit-

lane vehicles, the adjacent lane flow will be disrupted as demonstrated in experiment 4a. 

The aggressiveness experienced by AVs will potentially not be limited to AV trucks but 

may be experienced by any AV. Even where the overall capacity may not be significantly 

changed, the increased fluctuations in the flow will potentially negatively impact the 

operations as well as the safety conditions in the upstream traffic. 
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 (a) (b) 

         

 (c) (d) (e) 

Figure 29. Plot. Time vs. average speed &  flow plots at 500 ft before the start of the deceleration lane 

in experiment 4a: (a) 0%, (b) 25%, (c) 50%, (d) 75%, and (e) 100%. 
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 (a) (b) 

         

 (c) (d) (e) 

Figure 30. Plot. Time vs. average speed &  flow plots at the start of the deceleration lane 

in experiment 4a: (a) 0%, (b) 25%, (c) 50%, (d) 75%, and (e) 100%. 
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 (a) (b) 

         

 (c) (d) (e) 

Figure 31. Plot. Time vs. average speed &  flow plots at the start of the ramp 

in experiment 4a: (a) 0%, (b) 25%, (c) 50%, (d) 75%, and (e) 100%. 
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Table 11. Vehicle count by vehicle type at entry point in experiment 4a  

(vehicles / 15 minutes). 

Time Step 

  0 900 1800 2700 3600 4500 5400 6300 7200 8100 

0% 

E
n

tr
y
 P

o
in

t 

A_0 HV0 0 100 150 200 250 300 350 326 166 180 

A_0 HV1 0 0 0 0 0 0 0 0 0 0 

A_0 Total 0 100 150 200 250 300 350 326 166 180 

A_1 HV0 350 350 351 349 350 351 350 350 350 350 

A_1 HV1 0 0 0 0 0 0 0 0 0 0 

A_1 Total 350 350 351 349 350 351 350 350 350 350 

25% 

E
n

tr
y
 P

o
in

t 

A_0 HV0 0 75 113 150 188 225 263 300 26 184 

A_0 HV1 0 100 151 50 63 75 88 100 9 61 

A_0 Total 0 175 264 200 251 300 351 400 35 245 

A_1 HV0 350 350 351 351 351 350 351 351 351 305 

A_1 HV1 0 0 0 0 0 0 0 0 0 0 

A_1 Total 350 350 351 351 351 350 351 351 351 305 

50% 

E
n

tr
y
 P

o
in

t 

A_0 HV0 0 50 75 100 125 150 175 126 113 81 

A_0 HV1 0 100 150 100 125 150 175 127 112 82 

A_0 Total 0 150 225 200 250 300 350 253 225 163 

A_1 HV0 350 350 351 349 350 351 350 350 350 350 

A_1 HV1 0 0 0 0 0 0 0 0 0 0 

A_1 Total 350 350 351 349 350 351 350 350 350 350 

75% 

E
n

tr
y
 P

o
in

t 

A_0 HV0 0 25 38 50 63 75 88 75 60 17 

A_0 HV1 0 100 151 150 188 225 263 225 178 48 

A_0 Total 0 125 189 200 251 300 351 300 238 65 

A_1 HV0 350 350 351 351 351 350 351 351 350 350 

A_1 HV1 0 0 0 0 0 0 0 0 0 0 

A_1 Total 350 350 351 351 351 350 351 351 350 350 

100% 

E
n

tr
y
 P

o
in

t 

A_0 HV0 0 0 0 0 0 0 0 0 0 0 

A_0 HV1 0 100 150 200 250 300 350 321 158 223 

A_0 Total 0 100 150 200 250 300 350 321 158 223 

A_1 HV0 350 350 351 349 350 351 350 350 350 350 

A_1 HV1 0 0 0 0 0 0 0 0 0 0 

A_1 Total 350 350 351 349 350 351 350 350 350 350 
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Table 12. Vehicle count by vehicle type at ramp in experiment 4a (vehicles / 15 minutes). 

Time Step 

  0 900 1800 2700 3600 4500 5400 6300 7200 8100 

0% 

R
a

m
p
 

A_0 HV0 0 82 130 166 179 183 190 157 159 209 

A_0 HV1 0 0 0 0 0 0 0 0 0 0 

A_0 Total 0 82 130 166 179 183 190 157 159 209 

A_1 HV0 286 350 349 343 345 341 339 366 365 321 

A_1 HV1 0 0 0 0 0 0 0 0 0 0 

A_1 Total 286 350 349 343 345 341 339 366 365 321 

25% 

R
a

m
p
 

A_0 HV0 0 59 110 136 164 107 237 0 179 282 

A_0 HV1 0 79 143 67 45 41 56 0 64 109 

A_0 Total 0 138 253 203 209 148 293 0 243 391 

A_1 HV0 286 341 341 326 294 361 197 516 243 83 

A_1 HV1 0 0 0 0 0 0 0 0 0 0 

A_1 Total 286 341 341 326 294 361 197 516 243 83 

50% 

R
a

m
p
 

A_0 HV0 0 39 72 80 83 128 50 105 107 33 

A_0 HV1 0 78 144 87 88 102 52 126 81 59 

A_0 Total 0 117 216 167 171 230 102 231 188 92 

A_1 HV0 286 341 351 349 344 279 403 277 316 424 

A_1 HV1 0 0 0 0 0 0 0 0 0 0 

A_1 Total 286 341 351 349 344 279 403 277 316 424 

75% 

R
a

m
p
 

A_0 HV0 0 20 37 47 41 44 48 64 18 50 

A_0 HV1 0 79 146 146 114 130 143 188 46 150 

A_0 Total 0 99 183 193 155 174 191 252 64 200 

A_1 HV0 286 341 345 333 358 333 327 259 458 323 

A_1 HV1 0 0 0 0 0 0 0 0 0 0 

A_1 Total 286 341 345 333 358 333 327 259 458 323 

100% 

R
a

m
p
 

A_0 HV0 0 0 0 0 0 0 0 0 0 0 

A_0 HV1 0 80 141 197 192 257 115 132 254 195 

A_0 Total 0 80 141 197 192 257 115 132 254 195 

A_1 HV0 286 350 347 323 335 271 408 389 272 334 

A_1 HV1 0 0 0 0 0 0 0 0 0 0 

A_1 Total 286 350 347 323 335 271 408 389 272 334 
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 (a) (b) 

         

 (c) (d) (e) 

Figure 32. Plot. Time vs. average speed vs. flow plots at 500 ft before the start of the deceleration lane 

in experiment 4b: (a) 0%, (b) 25%, (c) 50%, (d) 75%, and (e) 100%. 
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 (a) (b) 

         

 (c) (d) (e) 

Figure 33. Plot. Time vs. average speed vs. flow plots at the start of the deceleration lane 

in experiment 4b: (a) 0%, (b) 25%, (c) 50%, (d) 75%, (e) 100%. 
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 (a) (b) 

         

 (c) (d) (e) 

Figure 34. Plot. Time vs. average speed vs. flow plots at the start of ramp in experiment 4b: 

(a) 0%, (b) 25%, (c) 50%, (d) 75%, and (e) 100%. 
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Table 13. Vehicle count by vehicle type at entry point in experiment 4b 

(vehicles / 15 minutes). 

Time Step 

  0 900 1800 2700 3600 4500 5400 6300 7200 8100 

0% 
E

n
tr

y
 P

o
in

t 

A_0 HV0 0 100 150 200 250 300 350 401 450 394 

A_0 HV1 0 0 0 0 0 0 0 0 0 0 

A_0 Total 0 100 150 200 250 300 350 401 450 394 

A_1 HV0 0 0 0 0 0 0 0 0 0 0 

A_1 HV1 350 350 351 349 350 242 95 87 93 87 

A_1 Total 350 350 351 349 350 242 95 87 93 87 

25% 

E
n

tr
y
 P

o
in

t 

A_0 HV0 0 75 113 150 188 225 263 300 338 322 

A_0 HV1 0 100 151 50 63 75 88 100 113 108 

A_0 Total 0 175 264 200 251 300 351 400 451 430 

A_1 HV0 0 0 0 0 0 0 0 0 0 0 

A_1 HV1 350 350 351 351 351 350 201 71 39 76 

A_1 Total 350 350 351 351 351 350 201 71 39 76 

50% 

E
n

tr
y
 P

o
in

t 

A_0 HV0 0 50 75 100 125 150 175 200 225 219 

A_0 HV1 0 100 150 100 125 150 175 200 225 219 

A_0 Total 0 150 225 200 250 300 350 400 450 438 

A_1 HV0 0 0 0 0 0 0 0 0 0 0 

A_1 HV1 350 350 351 349 350 351 349 150 131 97 

A_1 Total 350 350 351 349 350 351 349 150 131 97 

75% 

E
n

tr
y
 P

o
in

t 

A_0 HV0 0 25 38 50 63 75 88 100 113 125 

A_0 HV1 0 100 151 150 188 225 263 300 338 374 

A_0 Total 0 125 189 200 251 300 351 400 451 499 

A_1 HV0 0 0 0 0 0 0 0 0 0 0 

A_1 HV1 350 350 351 351 351 350 351 205 155 138 

A_1 Total 350 350 351 351 351 350 351 205 155 138 

100% 

E
n

tr
y
 P

o
in

t 

A_0 HV0 0 0 0 0 0 0 0 0 0 0 

A_0 HV1 0 100 150 200 250 300 350 401 450 499 

A_0 Total 0 100 150 200 250 300 350 401 450 499 

A_1 HV0 0 0 0 0 0 0 0 0 0 0 

A_1 HV1 350 350 351 349 350 351 350 226 137 146 

A_1 Total 350 350 351 349 350 351 350 226 137 146 
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Table 14. Vehicle count by vehicle type at ramp in experiment 4b 

(vehicles / 15 minutes). 

Time Step 

  0 900 1800 2700 3600 4500 5400 6300 7200 8100 

0% 
R

a
m

p
 

A_0 HV0 0 86 143 189 232 281 309 312 312 309 

A_0 HV1 0 0 0 0 0 0 0 0 0 0 

A_0 Total 0 86 143 189 232 281 309 312 312 309 

A_1 HV0 0 0 0 0 0 0 0 0 0 0 

A_1 HV1 286 345 343 264 119 95 86 92 86 90 

A_1 Total 286 345 343 264 119 95 86 92 86 90 

25% 

R
a

m
p
 

A_0 HV0 0 65 106 146 180 216 242 262 248 270 

A_0 HV1 0 86 142 67 59 70 72 73 95 87 

A_0 Total 0 151 248 213 239 286 314 335 343 357 

A_1 HV0 0 0 0 0 0 0 0 0 0 0 

A_1 HV1 286 336 357 328 240 122 84 55 69 61 

A_1 Total 286 336 357 328 240 122 84 55 69 61 

50% 

R
a

m
p
 

A_0 HV0 0 43 71 95 122 145 164 171 184 194 

A_0 HV1 0 86 141 109 119 144 160 169 165 171 

A_0 Total 0 129 212 204 241 289 324 340 349 365 

A_1 HV0 0 0 0 0 0 0 0 0 0 0 

A_1 HV1 286 335 358 333 287 220 157 139 107 77 

A_1 Total 286 335 358 333 287 220 157 139 107 77 

75% 

R
a

m
p
 

A_0 HV0 0 22 35 49 60 73 84 90 100 98 

A_0 HV1 0 86 142 149 181 222 246 265 292 296 

A_0 Total 0 108 177 198 241 295 330 355 392 394 

A_1 HV0 0 0 0 0 0 0 0 0 0 0 

A_1 HV1 286 336 359 333 293 238 187 177 142 125 

A_1 Total 286 336 359 333 293 238 187 177 142 125 

100% 

R
a

m
p
 

A_0 HV0 0 0 0 0 0 0 0 0 0 0 

A_0 HV1 0 85 144 191 240 287 335 366 407 410 

A_0 Total 0 85 144 191 240 287 335 366 407 410 

A_1 HV0 0 0 0 0 0 0 0 0 0 0 

A_1 HV1 286 346 349 329 296 247 194 168 130 123 

A_1 Total 286 346 349 329 296 247 194 168 130 123 

 

Summary 

This chapter models aggressive merging behaviors in human drivers toward AVs in a 

mixed traffic environment. The existing literature review suggests that the general 

outlook on autonomous vehicles is optimistic in that most studies anticipate enhanced 
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roadway performance and safety in a mixed traffic environment. However, these studies 

had a common assumptionðautonomous vehicles and human roadway users will have 

cooperative interactions. This study asks the question of ówhat happens if the interactions 

are not always cooperative between autonomous vehicles and human drivers?ô. 

Experiments 1 through 3 showed that the presence of human driversô aggressive merging 

behaviors had adverse effects on AVs and HDVs. The adverse effects had more 

significance in high congestion, when there is a queue in the deceleration lane. The 

impacts of AHDVsô aggressive merges were muted by the larger headways between 

vehicles in low congestion when there is no queue in the deceleration lane. Based on the 

experiment 2 and experiment 3 results, AHDVs had a higher travel-time gain with higher 

level of aggressive behaviors, which in return had greater adverse effects on the AVsô 

and the HDVsô travel times. However, AHDVs had a greater travel-time reduction with 

higher AV ratios when the traffic on the deceleration lane was moving relatively quicker. 

When the traffic on the deceleration lane was not moving quickly, AHDVs ended up 

blocking the other AHDVs from performing the aggressive merges regardless of the AV 

ratios. 

Experiment 4 took a closer look at the impact of cooperative behaviorïinduced 

aggressive merges on capacity. It was seen that when most vehicles are either fully 

cooperative or noncooperative similar capacities are obtained; however, where a higher 

percentage of cooperative vehicles are positioned to be targeted by more aggressive 

vehicles, this aggressive-to-non-aggressive interaction can significantly reduce travel 

time. In addition, it was seen, similar to experiments 1 through 3, that AHDV gains were 

achieved at the expense of AVs. Finally, even in those scenarios where the overall 
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capacity was not significantly changed in response to the variation of the percentage of 

cooperative vehicles in the traffic, increased fluctuations in the flow may potentially 

negatively impact operations as well as the safety conditions in the upstream traffic. 

The findings of this study suggest that despite the general beliefs in the benefits of 

autonomous vehicles, there may be adverse impacts on the non-aggressive vehicle travel 

times in the presence of human driversô aggressive merging behaviors in a mixed traffic 

environment, especially in congested conditions. Thus, when the potential benefits of the 

AV are most needed, i.e., at or near capacity, it is possible that human interaction may 

negate many of the potential savings. 

While there are certainly limitations to the study, one of the most noteworthy limitations 

may be a lack of validation. As the interaction between AVs and human-driven vehicles 

is rareðand some may argue non-existent or at least still ñnovelòðit is impossible to 

validate the behavioral assumptions made. However, this same limitation exists for all 

mixed-fleet studies. It is the goal of this effort to provide a meaningful data point to the 

range of potential behavioral, and subsequently operational, outcomes. 
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CHAPTER 5. DATA COLLECTION FOR DRIVER BEHAVIOR  

DATA COLLECTION PLAN  

The initial objective of the data collection task was to obtain trajectory data for drivers 

performing aggressive merges and use these data to finetune the aggressive merge model. 

However, several physical site-specific limitations prevented the collection of these data. 

The Georgia Department of Transportationôs (GDOT) permanent cameras on roadside 

poles did not provide a view that could be used for trajectory data extraction. These views 

suffered from excessive occlusion of the vehicles in the lanes away from the camera. 

Drone data collection was contemplated as an alternative. However, such efforts were 

thwarted by the restrictions on the airspace due to nearby airports and helipads and also 

the lack of cooperation from nearby business owners.  

The data collection therefore was focused on supplementing the effort on studying the 

impact of headways (which are affected by the aggressive behavior as well as other 

automated vehicle behavior, such as platooning) on capacity, which will be presented in 

chapter 6. The data collection effort measured the saturation headways at two typical 

intersections in Georgia during the PM peak period on weekdays. 

DATA COLLECTION METHOD  

Site Selection for Drone Video Data Collection 

For collecting data, two sites were chosen on mainline Peachtree Industrial Boulevard 

(PIB). The sites were chosen in a way that the drone can be docked within the GDOT 

right of way and away from any no-fly zones (figure 35). At the two intersections shown 
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in figure 35, the objective was to obtain trajectories of the vehicles departing from a 

standing queue when the signal indication changed to green. To ensure sufficient demand 

to achieve these conditions, the data collection was performed during the PM-peak hours 

between 3 PM and 6 PM on weekdays.  

The data were collected at an elevation of approximately 350ï400 ft above the ground. 

Hence, no interactions with the overhead wires were expected. However, special 

considerations had to be made to maneuver around the wires while taking off and landing 

the equipment. In the event of a breeze, the equipment would get offset from the data 

collection spot to balance the effect of the wind and hence the equipment had to be 

readjusted accordingly from time to time in reaction to the automatic mid-air 

adjustments. The equipment was not operated on a day with any heavy rain or 

thunderstorm forecast. 

Drone Video Data Processing Using the DataFromSky Viewer 

The field-collected drone video data were processed to extract vehicle trajectories using 

the services of an external vendor, DataFromSky (DataFromSky 2021a) via their online 

service portal. The platform uses artificial intelligence (AI) and computer vision to detect 

vehicle movements and produce annotated vehicle trajectories. The processed data are 

returned from the platform in the form of a data package called a ñtracking logò with a 

file extension, ñ.tlgxò. To extract vehicle trajectories and measure other traffic-flow 

characteristics, tracking logs are further processed in the DataFromSky Viewer software 

(DataFromSky 2021b). Figure 36 shows a sample of the annotated vehicle trajectories for 

one of the intersections, loaded from a tracking log in DataFromSky Viewer. 
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(a) 

 

(b) 

Figure 35. Maps. Sites chosen for data collection: (a) at the intersection of PIB@ 

North Berkeley Lake Road, (b) at the intersection of PIB@ Medlock Bridge Road. 

(red lines = GDOT right -of-way boundaries, X = docking station for drone) 

Source: Google® Maps 
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Figure 36. Map. Annotated vehicle trajectories in DataFromSky Viewer. 

Source: Google Maps 

After loading a tracking log in DataFromSky Viewer, the post-processing of the data is 

performed using the following three steps:  

1. Manual georeferencing.  

2. Manual annotation configuration. 

3. Exporting analysis data. 

Manual Georeferencing 

Georeferencing ensures that the video footage is properly mapped, oriented, and scaled to 

allow accurate calculation of trajectory data, including position, speed, and acceleration. 

A minimum of three points in the footage scene are assigned coordinates extracted from 

Google® Maps. If acceptable positioning accuracy is achieved, the points are shown in 

green with precision indication in the DataFromSky Viewer, as illustrated in figure 37; 

otherwise, the points are flagged in red.  
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Figure 37. Map. Manual georeferencing in DataFromSky Viewer. 

Source: Google Maps 

Manual Annotation Configuration 

This step involves inserting data collection points. For this study, data collection points 

were gates positioned at stop lines for headway measurements. Figure 38 shows two 

gates labeled as EB_Ln1 and EB_Ln2 for the two through-movement lanes. When a 

vehicle crosses a gate, data are collected, including the vehicle type, time of exit, and 

speed. 
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Figure 38. Map. Inserting gates at stop line.Source: Google Maps 

Exporting Analysis Data 

The last step involves exporting the analysis data to a comma-separated values (CSV) file 

for further analysis using other methods/tools as needed by the research study. As shown 

in figure 39, the options include exporting entire trajectories and exporting gate-crossing 

events. 
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Figure 39. Screenshot. Exporting analysis data from DataFromSky Viewer. 

OBSERVATIONS/RESULTS 

The output of the post-processing analysis of the trajectories was the individual vehicle 

headways. A deconvolution analysis was performed in Python using the GaussianMixture 

function in the scikit-learn module (INRIA 2021) to separate out the headways of 

vehicles that relate to the saturation flow from the other headways. The average 

saturation headways for the through movements were found to be in the range of 1.84 to 

2.28 in the different lanes at the different intersection approaches. The average saturation 

headways for the protected left turns were in the range of 1.89 to 2.33. The detailed lane-

by-lane results are presented in appendix A. 
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CHAPTER 6.  SIMPLIFIED  CAPACITY ANALYSIS TOOL   

INTRODUCTION  

This chapter presents a Simplified Capacity Analysis Tool for exploring the potential 

impact of various levels of CAV market penetration on signalized intersection capacity. 

SCAT is an Excel-based tool that provides through and left-turn movement capacity 

estimates for user-selected phase timings. While numerous CAV development efforts are 

underway, with varying degrees of success, there is no accepted representative CAV 

technology nor is there a generally accepted (or governmentally required) set of CAV 

behavioral characteristics for vehicles that may ultimately be deployed on the public 

roadways. As such, it is not possible to develop a single, authoritative estimate of the 

impact of CAVs on capacity. Thus, SCAT draws on findings from the literature, as well 

as a project-based simulation, presenting 10 different potential CAV impact scenarios. 

The analyst may utilize SCAT to explore a range of potential futures and understand the 

sensitivity of current intersection, as well as future designs, to potential CAV operating 

characteristics. 

CAV SATURATION FLOW OVERVIEW  

The following section discusses the CAV saturation flow estimates included in SCAT. 

While the saturation flow modeling approaches in the literature differ widely, there are 

several overarching vehicle behavioral components covered by each. The key 

components of most models (generally microscopic) are their approach to car following, 

platooning, and lane changing. 
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Car following refers to the behavior of a following vehicle behind a lead vehicle, within a 

lane. The output of a car-following model is the following vehicleôs acceleration, that is, 

should the following vehicle accelerate, decelerate, or maintain its current speed. There 

are enumerable approaches to developing car-following models, but commonly they 

consist of some function of a desired or minimum time gap, the spacing between 

vehicles, speed, and desired or maximum accelerations and decelerations. However, other 

parameters or traffic-condition characteristics may also be part of a car-following 

algorithm. 

Platooning is arguably a special case of car following. However, platooning vehicles tend 

to travel in lock-step, that is, the reaction time between vehicles is practically (if not 

actually) reduced to zero. In addition, headways may be significantly lower than the 

minimum found in most car-following models. To implement platooning, it is assumed 

that the following vehicle is either connected (i.e., in communication) with the lead 

vehicle or has sufficient sensors to allow for a reaction time nearing 0 seconds. Many 

CAV models will impose limits on the length of platoons. This may be either due to 

assumed technology limits or as a safety constraint where breaks in platoons are deemed 

necessary to allow for interaction with human-driven vehicles in a mixed-fleet 

environment. 

Lane changing, while influenced by car following and platooning, is the process by 

which a vehicle decides whether and if to implement a lane change. Commonly, lane 

changing is considered as discretionary (e.g., a vehicle changes lanes to advance its 

position in the traffic stream) or mandatory (e.g., a lane change is required to enter a 

freeway from an on-ramp). Lane change models may also incorporate behavioral 
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changes, such as cooperative breaking, by the vehicle in the destination lane. Lane-

changing models are critical in multilane facilities and often a determining factor in the 

capacity of bottlenecks, weaving areas, merges, diverges, etc. 

Within the literature, freeway-based CAV models are significantly more common than 

arterial models. Given the current lack of arterial models, the majority of the models 

included in SCAT are developed and calibrated for freeway scenarios. However, SCAT is 

focused on the capacity of vehicles departing from an approach, ignoring the effects of 

lane changing. Thus, the freeway models utilized were for developed basic freeway 

segment saturation flows rather than weaving areas, limiting the influence of the modelôs 

CAV lane-changing behaviors. The model impacts are focused on the changes in car-

following and platooning related to the market penetration of CAVs. While arterial-

specific models would be preferred, the referenced models should give a sense of the 

variation in capacity that may be witnessed for departing vehicles at a signalized 

intersection. 

However, a direct application of any one of these models to a specific intersection would 

likely provide findings with minimum reliability given the significant uncertainty in the 

characteristics and deployment timeline of CAV technology. Rather, a more productive 

use of SCAT (or direct reference of the literature) is to explore the sensitivity of projected 

traffic demands and designs across the range of future predictions. These models provide 

a sense of the various assumed CAV headways, platooning, and other characteristics. 

Designers and policy makers can also consider the impacts of various timelines for 

increasing market penetration rates. Ultimately, testing a design against multiple potential 
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CAV futures aids in understanding its robustness in the face of significant uncertainty 

and the potential and cost to ñfuture-proofò designs. 

SCAT SATURATION FLOW MODELS  

Prior to describing the use of SCAT, the models included are briefly discussed. While the 

term CAV is utilized as a broad descriptor in this chapter, it will be seen that the selection 

of models includes a range of vehicle types: connected vehicle (CV), AV, CAV, and 

cooperative adaptive cruise control (CACC). It will also be seen that adaptive cruise 

control (ACC) or CACC models are often utilized for the car-following behavior in a 

CAV model. The discussion provided for each model will utilize the term from the given 

reference.  

Capacity Adjustment Factors for Connected and Automated Vehicles in the Highway 

Capacity Manual, Draft Phase 1 Report, Pooled Fund Study (Schroeder et al. 2021) 

This project sought to develop CAV capacity adjustment factors for use in the Highway 

Capacity Manual (HCM). The effort utilized an agent-based simulation modeling 

approach implemented in VISSIM, developing capacity adjustment factors for freeway 

segments (i.e., basic, merge, diverge, and weaving), signalized intersections (i.e., through 

movements and protected and permitted left-turn movements), two-way stop-controlled 

intersections, and roundabouts (i.e., yield control entry). The CAVs modeled were 

assumed to be SAE1 Level 4 or 5, that is, for the facilities being modeled the vehicle was 

 
1 Society of Automotive Engineers Levels of Driving AutomationÊ are defined in SAE J3016 from 

Level 0 (no driving automation) to Level 5 (full driving automation). 
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assumed to operate with no human intervention. Capacity adjustment factors were 

developed over CAV penetration rates from 0 to 100 percent. 

As with all CAV modeling efforts, limited field data are available and CAV technology is 

in a continual state of flux. In Schroeder et al. (2021), it is highlighted that a key 

objective was the development of a minimum achievable gap. Developing such a gap 

required a number of assumptions regarding ñCAV capability, Human-driven vehicle 

capability, Platooning behavior, Left-turn behavior, Inter-platoon gaps, Intra Platoon 

gaps, Maximum platoon size, System reliability, and Traffic Stream Composition.ò 

Assumptions were based on a review of the literature and best judgment. The number of 

required assumptions should not be taken as a criticism of this effort; it is simply a 

reflection of the current state of uncertainty in the ultimate characteristics of CAVs and a 

source of the differences seen in the capacity impact estimates throughout the literature. 

A signalized intersection of a four-lane roadway (40-mph speed limit) with a two-lane 

roadway (30-mph speed limit), with all approaches having a left-turn bay, was utilized as 

the base model. A 100-second cycle was utilized with volume demands set to 

approximate a 0.7 volume-to-capacity ratio. The human-driven vehicles were modeled 

using Wiedemann 74 driving behavior, with parameters adjusted to match the base 

saturation flow provided by the HCM. The CAV car-following model is based on a 

Cooperative Adaptive Cruise Control algorithm developed by Mi lanes and Shladover 

(2014). The VISSIM application programming interface (API) is used to implement 

CAV-based platoon and lane-changing behavior. Ideal conditions are assumed, such as, 

ñno interaction with non-motorized road users, no adverse weather impacts, and a facility 

without driveways or access points impacting saturation flow rates.ò This effort also 
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found no significant impact to startup and clearance lost times based on the CAV 

penetration rate. As one of the few studies to directly consider lost time, the assumption 

of no-impact is applied to all models included in SCAT. 

Included within SCAT are the Schroeder et al. developed capacity adjustment factors for 

the through movement and protected and permitted left turns. The Schroeder et al. (2021) 

document also included development of saturation flow rate adjustments for permitted 

left turns. However, these are not included within SCAT as the adjustment factors are 

specific to the intersection signal timing and left-turn movement opposing volume, and 

thus not generally applicable. However, for a given volume set and signal timing, if 

desired, a SCAT user may update the saturation flows on the SCAT Saturation Flow 

Adjustment Worksheet, using the factors from Schroeder et al. and a base saturation flow 

(i.e., 0 percent AVs) calculated using the HCM for the given conditions.  

ñModeling Impacts of Cooperative Adaptive Cruise Control on Mixed Traffic Flow 

in Multi -lane Freeway Facilitiesò (Liu et al. 2018b)  

The effort by Liu et al. (2018b) models CACC vehicles on freeway facilities. This effort 

focuses on the ñdisengagement of CACC stringsò; that is, the forming and releasing of 

platoons of CACC vehicles in a mixed (human-driven and CACC) vehicle environment. 

Liu et al. considers managed-lane scenarios as well as the implementation of vehicle 

awareness devices (VADs), which enable a manually driven vehicle to be a CACC 

platoon leader. The values utilized in SCAT are based on the homogenous freeway 

segment results found in Liu et al. as this provides the closest approximation for the 

departure from a signal (i.e., not incorporating significant lane changing or weaving). 
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However, while not incorporated into SCAT, Liu et al. (2018b) also include significant 

effort related to bottleneck behavior at ramp junctions. 

Similar to Schroeder et al. (2021), the CACC car-following is based on Milanes and 

Shladover (2014). In addition, the ñNGSIM oversaturated flow human driver modelò of 

Yeo et al. (2008) is utilized. Liu et al. implement a logic allowing a CACC vehicle to join 

a platoon of existing CACC vehicles, utilizing a reduced headway and thus higher flow 

rates. Where a platoon is at the maximum-allowed platoon length, the next CACC vehicle 

will initia te a new platoon, becoming a platoon leader. As part of the effort, a managed 

lane limited to CACC is considered. Finally, several updates are proposed to the lane-

changing rules. Lastly, the 0 percent CACC model is calibrated to field conditions while 

CACC behavior is based on the literature and best judgment. 

ñAutonomous and Connected Cars: HCM Estimates for Freeways with Various 

Market Penetration Ratesò (Shi and Prevedouros 2016) 

This effort considers the impact of driverless vehicles on level of service (LOS) as 

measured in the Highway Capacity Manual, with a concentration on freeway conditions. 

To determine the impact on LOS, Shi and Prevedouros (2016) focus on the driverless 

vehicle car-following headway and penetration rate. For the traffic stream, Shi and 

Prevedouros utilize a weighted average of the car-following headways for human-driven 

and driverless vehicles. A driverless vehicle headway of 0.5 second is assumed. 

Critically, platoon size is not limited, which is a constraint in many other efforts intended 

to aid the ability of human-driven vehicles to successfully operate in a facili ty with a high 

percentage of driverless vehicles. Thus, as the penetration rate approaches 100 percent, 

the saturation flow rate approaches 7,200 vehicles per hour per lane. The assumptions of 
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Shi and Prevedouros result in significantly higher capacities than any of the other 

literature included in this effort. 

ñEnhanced Intelligent Driver Model to Access the Impact of Driving Strategies on 

Traffic Capacityò (Kesting et al. 2010)  

The intelligent driver model is a commonly implemented and enhanced model for ACC 

as well as the car-following component of CAV models. The enhanced IDM utilized in 

SCAT provides an advancement over the original IDM model by Kesting et al. (2010). 

The IDM seeks to provide ñcontrollable stability propertiesò with ñsmooth transitions 

between acceleration and deceleration behaviorò based on six parameters: desired speed, 

free acceleration, desired time gap, jam distance, maximum acceleration, and desired 

deceleration. The IDM provides a continuous function that combines free-road driving 

and a deceleration model to maintain a desired safety gap. The enhanced IDM improves 

upon the original model by addressing instability that could be introduced by certain 

lane-changing behavior. A constant acceleration heuristic is introduced to address 

overreaction in breaking that may occur in the original IDM. While a number of 

scenarios are considered within the enhanced IDM paper, SCAT integrates the results for 

a freeway segment outflow from a traffic jam, as this is most analogous to an intersection 

approach departure. A critical caveat to these results is that Kesting et al. provides 

capacities only for ACC penetration rates of 0 to 50 percent. Thus, the results in SCAT 

should not be applied for penetrations greater than 50 percent. Additionally, results in 

SCAT are given for a default set of traffic conditions (0 percent) trucks and driving 

behaviors (safety time gap, maximum acceleration, and comfortable acceleration). While 

not dramatically different, estimated capacities given differing driving behavior 
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assumptions were seen in Kesting et al. (2010) to vary by up to several hundred vehicles 

per hour as the penetration rate increased based on the selected parameter values. 

ñA Mixed Traffic Capacity Analysis and Lane Management Model for Connected 

and Automated Vehicles: A Markov Chain Methodò (Ghiasi et al. 2017) 

Ghiasia et al. (2017) provide an analytical approach for determining the capacity of a 

highway segment at various CAV market penetration levels. Utilizing a Markov chain 

approach (i.e., a stochastic modeling approach where the likelihood of the next event is 

dependent on the previous event), Ghiasia et al. model the spatial headway distributions 

of the traffic stream. A key element of the model is reflecting the various leaderïfollower 

pairings (i.e., CAVïCAV, CAVïHuman Driven [HV], HVïCAV, and HVïHV) in their 

stochastic model. However, as with all other efforts reported, this effort relies on a set of 

assumed distributions for these leaderïfollower headway pairings, particularly with 

CAVs. This effort also includes platooning intensity, a measure of the likelihood of 

vehicles platooning. Platooning intensity allows the model to account for differing 

platooning strategies, for instance, CAVs seeking other CAVs to create platoons versus 

platooning opportunities based on a random ordering of vehicles in the traffic stream. 

(All other models discussed assume platooning opportunities based on random ordering 

of vehicles.) Ghiasi et al. (2017) is one of the limited number of efforts that demonstrates 

that increasing capacity with increasing CAV penetration is not guaranteed and that for a 

given set of ñconservative CAV technology scenariosò capacity may decrease. 

VISSIM Simulation 

The final model included in the analysis is based on a VISSIM simulation completed as 

part of the current study. The model utilizes results from the CoEXist project (CoEXist 
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2021b). The CoEXist project was a European effort to ñstrengthen the capabilities of 

urban road authorities for the planning and integration of connected and automated 

vehicles on their networks.ò (CoEXist 2021a). As part of the CoEXist project, PTV 

Group developed for VISSIM a series of new features and parameters set for the 

modeling of CAVs (Sukennik 2018, Sukennik and Kautzsch 2018).  

PTV Group developed three AV models: AV Cautious, AV Normal, and AV Aggressive. 

For each of these models, a set of Wiedemann 99 CC0 through CC9 parameters were 

calibrated for CAVs. CC0 through CC9 are driving-behavior parameters of the 

Weidemann 99 car-following model; interested readers are directed to the final report of 

GDOT Research Project 18-33, VISSIM 11 Simulation Guidance, for a detailed 

discussion of each parameter and parameter calibration (Hunter 2021). In addition, 

parameters were developed for the Wiedemann 74 model, which is generally utilized for 

arterial operations; however, robust calibration was not undertaken for these parameters 

and they are not yet recommended for use. In addition, recommendations for the 

necessary and free lane-change CAV parameter sets were generated, including 

characteristics such as maximum and accepted deceleration, inclusion of advanced 

merging and cooperative lane change, and safety distance factor, minimum headway, and 

maximum cooperation for braking. Updates to driver behaviors at signals were also 

defined (i.e., behavior at amber, behavior at red, reaction time distribution, reduced safety 

distance factor, reduced safety start upstream of the stop line, and reduced safety end 

upstream of stop line.) PTV Group has introduced the ability for vehicle classïspecific 

platooning, enabling the modeling of CAVs at close spacings. Importantly, maximum 
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platoon lengths may be set, with platoon splitting where the number of CAVs in a row 

exceeds the platoon limit. 

For the VISSIM simulation-based saturation flows given in SCAT, a single-lane 

approach of an intersection was modeled. A 100-second cycle was utilized with a 

30-second phase on the subject approach. Demand was set to ensure a constant standing 

queue. Saturation flow was calculated by measuring the departure headway of the fourth 

through twelfth vehicle on the approach, each cycle. For the saturation flows reported in 

SCAT, the Weidemann 99 AV normal settings were utilized with a maximum platoon 

length of seven vehicles. AV market penetration rates were modeled from 0 to 

100 percent, in 10 percent increments. Ten replications were completed for each 

penetration rate. Finally, to better represent Georgia conditions, the base model (0 percent 

AVs) headways were calibrated utilizing the data collection at Peachtree Industrial Blvd 

and Medlock Bridge Rd, as discussed in the data collection chapter of the report. While 

not provided in SCAT, model runs were also completed using the AV Aggressive setting. 

However, the saturation values were only slightly higher than the AV Normal. This is 

likely due to the single-lane approach eliminating any impact of aggressive merging and 

utilizing the same platoon length. 

INSTRUCTIONS FOR SIMPLIFIED CAPACITY ANALYSIS TOOL  

The use of SCAT is intended to be straightforward. SCAT is set to provide the capacity 

of each phase at a signalized intersection based on 10 different CAV models, at 

penetration rates from 0 to 100 percent. A simple eight-phase dual-ring control scheme is 

assumed, with protected-only lefts. The analyst provides the phase length and number of 
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lanes per movement, and yellow, red clear, and lost time. Currently the model does not 

incorporate permitted lefts, shared through plus left-turn lanes, or right-turn-on-red. For 

each analysis all lanes are assigned the same per-lane saturation flow. To explore 

different saturation values, it is necessary to run the analysis for each CAV model 

assumption separately. Finally, multi-lane analysis assumes a linear increase in capacity, 

with no degradation in service due to lane changes, unbalanced lane flows, etc. That is, 

the capacity for two lanes is taken to be double that of one lane, the capacity for three 

lanes is triple one lane, etc. 

The capacity calculation utilized is shown in equation 6:  

 

 

(6) 

The saturation flow is based on the literature or simulation results, and the phase lengths, 

lost time, and number of lanes per movement are provided by the analyst. 
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SCAT has three analysis sections: 

1. Individual Scenario Analysis allows an analyst to explore the impact on phase 

capacity of different AV, CAV, or CACC models.  

2. Scenario Comparative Analysis allows the analyst to compare the capacities 

for two saturation flow models, for all phases. 

3. Phase Comparative Analysis allows for the comparison of all capacity 

scenarios across a single phase. 

In addition, SCAT allows for the adjustment of all models to the same base saturation 

flow, that is, the saturation flow with 0 percent CAVs is set to the same value for all 

models. When drawn from the literature, each saturation flow model has its own assumed 

base saturation flow, ranging from approximately 1,900 veh/hr/ln to 2,400 veh/hr/ln. To 

help explore the relative difference with increasing or decreasing CAV penetration rates, 

SCAT enables the normalization of base saturation flows. However, caution should be 

exercised in the interpretation of these values. The applied normalization is a simple 

linear adjustment to all saturation values for a given model. That is, if the reported base 

value in the source literature is 2,100 veh/hr/ln for a given model, and the analyst wishes 

to consider all models at a base saturation flow of 2,000 veh/hr/ln, then 100 veh/hr/ln will 

be subtracted from the saturation flow value at all penetration levels. This adjustment is 

intended to provide convenience for comparing modelsô relative rates of change. 

However, the models have not been executed with the new base saturation flow as in the 

original literature source. It some models it is likely that the linear adjustment assumption 

is an oversimplification of the impact of changing the base saturation flow. For instance, 

another reasonable assumption could be to reduce the base rate for the given model to the 
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same value (i.e., set the 0 percent penetration rate to 2,000 veh/hr/ln) and make 

proportionally smaller changes to the saturation flow as the penetration rate increases. At 

100 percent CAV, the saturation flow would be unchanged from the original source 

literature, as the base saturation flow (i.e., all human drivers) has little influence on the 

100 percent CAV market penetration saturation flow. 

Individual Scenario Analysis 

To complete the Individual Scenario Analysis, enter the following information in the 

Data Input Section (figure 40): 

1. Enter the desired Phase Lengths (in seconds). 

2. Enter values for Yellow, Red Clear, and Lost Time under Other Signal Data. 

3. Enter values for the Number of Lanes for each Phase. 

4. Select the saturation flow Analysis Option to be analyzed. 

5. Select the checkbox under Base Saturation Flow if all models are to be set to the 

same base saturation flow. 
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Figure 40. Screenshot. SCAT ï Individual Scenario Analysis ï 

example Data Input Section. 

The analyst can confirm that the signal control has been correctly input by reviewing the 

Data Phase Layout section (figure 41). Separate checks are provided to confirm that the 

rings have the same cycle length and that the phase pairs on each side of the barrier have 

the same sum. The analyst should confirm each of these reads ñOKò. 
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Figure 41. Screenshot. SCAT ï Individual Scenario Analysis ï 

example Data Phase Layout section. 

The calculated capacity values for the selected analysis option will be shown in Analysis 

ï Table Output (figure 42) and graphically in Analysis ï Graphical Output (figure 43).  
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Figure 42. Screenshot. SCAT ï Individual Scenario Analysis ï 

example Analysis ï Table Output section. 

 

Figure 43. Screenshot. SCAT ï Individual Scenario Analysis ï  

example Analysis ï Graphical Output  section. 
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Scenario Comparative Analysis 

To complete the Scenario Comparative Analysis, enter the following information in the 

Data Input section (figure 44): 

1. Select the checkboxes for two scenarios for comparison under Scenario 

Selection and Select. 

2. Enter the AV penetration rates as Range Low and Range High values under AV 

Penetration Range (default is 0 to 100). 

3. Confirm there are no errors in the range selection, i.e., Error Checks read ñOKò. 

All other data are drawn from the Individual Scenario Analysis. 
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Figure 44. Screenshot. SCAT ï Scenario Comparative Analysis ï 

example Data Input section. 

Next, the capacity values for each phase, for each or the two selected models will be 

provided in the Capacity Tables section (figure 45) and the graphical results will be 

provided in the Capacity Graphs section (figure 46). It is critical to note that the Capacity 

Tables and Capacity Graphs will reflect the Base Saturation Flow adjustment selection in 

the Individual Scenario Analysis, Data Input Section. 



 

 119 

 

Figure 45. Screenshot. SCAT ï Scenario Comparative Analysis ï  

example Capacity Tables section. 
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Figure 46. Screenshot. SCAT ï Scenario Comparative Analysis ï  

example Capacity Graphs section. 
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Phase Comparative Analysis  

To complete the Phase Comparative Analysis, complete the following steps in the Data 

Input section (figure 47): 

1. Enter the Phase to be compared across models under Selected Phase. 

2. Enter the AV penetration rates as Range Low and Range High values under 

Desired AV Rates (default 0 to 100). 

3. Confirm there are no errors in the range selection, i.e., Error Checks read ñOKò. 

All other data are drawn from Individual Scenario Analysis.  

 

Figure 47. Screenshot. SCAT ï Phase Comparative Analysis ï 

example Data Input section 

Next, the capacity values for the given phase, for each model will be provided in the 

Capacity Per AV Scenario table (figure 48) and the graphical results will be provided in 
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the Capacity Graph section (figure 49). As before, it is critical to note that the Capacity 

Tables and Capacity Graph will reflect the Base Saturation Flow adjustment selection in 

the Individual Scenario Analysis, Data Input Section. 

 

Figure 48. Screenshot. SCAT ï Phase Comparative Analysis ï 

example Capacity Per AV Scenario section. 
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Figure 49. Screenshot. SCAT ï Phase Comparative Analysis ï 

example Capacity Graph section. 

SUMMARY  

This chapter presented a Simplified Capacity Analysis Tool for exploring the potential 

impact of various levels of CAV market penetration on signalized intersection capacity. 

As seen, SCAT is an Excel-based tool that provides capacity estimates for user-selected 

phase timings. To reflect the lack of a single accepted representative CAV technology 

model, SCATðdrawing on the literature and a simulation modeling effortðincorporates 

results from a selection of saturation flow models across CAV market penetration rates 

from 0 to 100 percent. The analyst may utilize SCAT to explore a range of potential 

futures and understand the sensitivity of current intersections, as well as future designs, to 

potential CAV operating characteristics.  
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To allow for a broader application, next steps in the development of SCAT should 

incorporate left-turnïpermitted movements and shared lanes. Additionally, an ability for 

analysts to enter a given intersection volume set to be compared directly against model 

capacities should be added, automating the creation of volume-to-capacity ratios for the 

various models. Finally, as the development of CAV technology and traffic models is in 

constant flux, a frequent review and update of the selected models should be undertaken. 

As new models are developed based on additional field data, recent technology advances, 

changes in legislation related to required AV characteristics, etc., the addition of these to 

the SCAT saturation flow estimates will allow for an increasingly robust analysis.  
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CHAPTER 7. CONCLUSIONS AND RECOMMENDATIONS  

Many studies support an optimistic outlook on the traffic-flow impacts of autonomous 

vehicles based on models that assume both AVs and human-driven vehicles express 

cooperative behaviors. However, these studies have not considered the impacts on traffic 

performance of potential aggressive interactions of HDVs with AVs in a mixed 

environment (i.e., AVs and HDVs). Concerns of such interactions occurring are not 

unwarranted as mobility service companies have observed aggressive human-driver 

behaviors directed at their AV test fleets, as well as the already existing aggressive 

behavior that may be observed at merge locations with heavy queuing.  

To aid in understanding the potential impact of aggressive HDV with AV interactions, 

this effort has investigated a merging situation at an off-ramp. Three classes of vehicles 

are simulated: AVs, HDVs, and aggressive human-driven vehicles. AHDVs represent 

human-driven vehicles with aggressive merging-behavior characteristics. To perform this 

study, AHDV behavior at a merge section of a freeway exit ramp, in a mixed traffic 

environment, is simulated using the open-source traffic simulation package SUMO 

(Eclipse Foundation 2020). Two types of potential AHDV merging behavior when 

interacting with an AV are modeled: (1) aggressive merge with maximum advancement, 

and (2) aggressive merge with zipper. The aggressive merge with maximum advancement 

represents the highest level of aggressive behavior. The AHDVs with this behavior target 

the farthest reachable AV on the deceleration lane to act as the following vehicle in the 

receiving lane, i.e., the AHDV will lane change in front of the AV, essentially without 

regard for the available gap. In the second type, the aggressive merge with zipper, the 
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AHDVs continue to target downstream AVs in the exit lane, but avoid the scenario where 

the same AV is targeted by multiple AHDVs.  

The impacts of the AHDVsô aggressive behaviors in a mixed-traffic environment (i.e., 

AVs, HDVs, and AHDVs) on different network traffic characteristics, such as travel time 

and capacity, is demonstrated. Four experiments are conducted to explore the impact of 

the AHDV behavior on traffic operations. The first experiment observes the change in 

speed of the target AV, as well as the following traffic, when a platoon of 10 AHDVs 

merges in front of the AV near a freeway exit. The second and third experiments observe 

the travel times of exiting AHDVs and other vehicles when AHDVs are randomly 

distributed throughout the traffic stream with varying percentages of AVs and AHDVs in 

the traffic composition. The fourth experiment considers the impact on capacity in a 

similar merging situation where vehicle behavior is set as cooperative or noncooperative 

utilizing SUMO driver-behavior parameters. 

Experiments 1 through 3 showed that the presence of human driversô aggressive merging 

behaviors had adverse effects on AVs and HDVs. The adverse effects were more 

significant in high congestion, when there is a queue on the deceleration lane. The 

impacts of AHDVsô aggressive merges were muted by the larger headways between 

vehicles in low congestion when there is no queue on the deceleration lane. Based on the 

experiment 2 and experiment 3 results, AHDVs had a higher travel time gain with higher 

level of aggressive behaviors, which in return had greater adverse effects on the AVsô 

and the HDVsô travel times. Throughout the experiments, the system-wide travel time 

tended to be relatively stable, indicating that the AHDV travel-time improvements came 

at the expense of AVsô and other vehiclesô travel time. 
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Experiment 4 took a closer look at the impact of cooperative behaviorïinduced 

aggressive merges on capacity. It was seen that when most vehicles are either fully 

cooperative or noncooperative, similar capacities are obtained; however, where a higher 

percentage of cooperative vehicles are positioned to be targeted by more aggressive 

vehicles, this aggressive-to-non-aggressive interaction can significantly reduce capacity. 

In addition, it was seen that, similar to experiments 1 through 3, AHDV gains were 

achieved at the expense of AVs. Finally, even in those scenarios where the overall 

capacity was not significantly changed in response to the variation in the percentage of 

cooperative vehicles in the traffic, increased fluctuations in the flow may potentially 

negatively impact operations as well as the safety conditions in the upstream traffic. 

As a final component of this research, an Excel-based Simplified Capacity Analysis Tool 

is developed. This tool draws predicted saturation flow rates, at various connected and 

autonomous vehicle market penetration rates, from the literature and a simulation 

experiment. These saturation flow rates are utilized to determine potential phase 

capacities at a signalized intersection. While the freeway SUMO experiments focused on 

the impact of lane changing, SCAT explores the impact of CAV car-following and 

platooning behaviors. It is seen that a wide variation in capacity predictions may be found 

throughout the literature, from slight reductions to significant increases in capacity as AV 

market penetration increases. Across the literature, when considering the car-following 

aspect of AV operations, it is clear that two key sets of assumptions are driving the 

predictions: the first is the headways selected by the AVs in a mixed traffic environment, 

and the second is the characteristic of AV platoons, i.e., platooned vehicle spacing and 

maximum platoon length. 
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The findings of this study suggest that despite the general beliefs in the benefits of 

autonomous vehicles, there may be adverse impacts on the non-aggressive vehicle travel 

times in the presence of human driversô aggressive merging behaviors in a mixed-traffic 

environment, especially in congested conditions. Thus, when the potential benefits of the 

AV are most needed, i.e., at or near capacity, it is possible that human interaction may 

negate many of the potential savings. 

RECOMMENDATIONS  

Given the high state of uncertainty in AV driving-behavior characteristics and a similar 

level of uncertainty in the behavior of human-driven vehicles when interacting with AVs, 

it is extremely difficult to incorporate AVs into current planning and design processes 

with any sense of assuredness. In the near-term this uncertainty will likely only increase 

with the development of more AV models, countless future predictions, trial AV 

deployment successes and failures, etc. However, based on this project, GDOT can likely 

achieve an early sense of the ultimate operational impacts of AVs by tracking three 

primary leading indicators:  

1. As AV tests continues, or low market penetration occurs, is a rise in aggressive 

interactions witnessed?  

2. What are the headways being adopted by AV manufactures, and what are the 

potential regulatory requirements?  

3. Are platoons implemented in AVs, and if so, what are the spacing requirements 

and maximum length restrictions, which are again potentially manufacturer 

and/or regulatory agency driven?  
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As the direction of each of these indicators becomes clearer, GDOT will be able to select 

the more likely futures from the many potential predicted futures, allowing AV 

penetration to begin to influence design and policy decisions in a more informed manner. 

For example, if it is seen that human-driven vehicles begin to express aggressive 

interaction with AVs, then GDOT may need to revisit signal control at ramp junctions, 

where eliminating queueing on the freeway is a priority to minimize targeting 

opportunities. Additionally, design changes such as increasing use of delineator posts 

immediately upstream of the gore area may be required. Similarly, as platooning 

parameters clarify, signal control may be revisited, optimizing detection and control 

strategies to incorporate processing of maximum platoon lengths, that is, optimal control 

will minimize splitting platoons. 

Lastly, this study did not address potential safety impacts that could arise from aggressive 

human-driven vehicle ï AV interaction. Future efforts need to investigate potential safety 

impacts and begin to develop recommendations for design, operations, or policy 

mitigations. 
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APPENDIX A: OBSERVED HEADWAYS 

PIB AT BERKELEY LAKE  (33.985340, ī84.171123) 

Through Movement Headways  

 

Figure 50. Map. Through movements ï PIB at Berkeley Lake. 

Source: Google Maps 

Table 15. Through movement headway distribution ï PIB at Berkeley Lake. 

Movement Lane Gaussian Dist 1 Gaussian Dist 2 

    mu1 SD1 Weighting 1 mu2 SD2 Weighting 2 

NB Lane 1  1.976 0.576 0.811 3.469 1.525 0.189 

  Lane 2 1.839 0.522 0.719 3.117 1.186 0.281 

SB Lane 1  2.088 0.675 0.832 4.781 1.858 0.168 

  Lane 2 2.107 0.710 0.814 5.369 2.152 0.186 
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Figure 51. Plot. PIB at Berkeley Lake through movement headway data 

visualization (top left ï NB Lane 1, top right ï NB Lane 2, 

bottom left ï SB Lane 1, bottom right ï SB Lane 2). 

  



 

 132 

Figure 52. Plot. PIB at Berkeley Lake through movement headway distribution  

(top left ï NB Lane 1, top r ight ï NB Lane 2, bottom left ï SB Lane 1, 

bottom r ight ï SB Lane 2). 
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Left -turn Movement Headways  

 

Figure 53. Map. Left -turn movements ï PIB at Berkeley Lake. 

Source: Google Maps 

Table 16. Left-turn movement headway distribution ï PIB at Berkeley Lake. 

Movement Lane Gaussian Dist 1 Gaussian Dist 2 

    mu1 SD1 Weighting 1 mu2 SD2 Weighting 2 

EBL Lane 1  2.326 0.628 0.786 4.764 1.893 0.214 

WBL Lane 1  2.248 0.490 0.757 4.746 1.920 0.243 

SBL Lane 1 1.889 0.296 0.613 3.175 0.673 0.387 

  Lane 2 1.907 0.394 0.607 2.838 0.554 0.393 

  



 

 134 

Figure 54. Plot. PIB at Berkeley Lake left-turn  movement headway visualization 

(top left ï Eastbound Lane, top r ight ï Westbound Lane, 

bottom left ï SB Lane 1, bottom r ight ï SB Lane 2). 

  



 

 135 

Figure 55. Plot. PIB at Berkeley Lake left-turn movement headway distribution  

(top left ï Eastbound Lane, top r ight ï Westbound Lane, 

bottom left ï SB Lane 1, bottom r ight ï SB Lane 2). 
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PIB AT MEDLOCK BRIDGE ROAD  (33.961047, ī84.208518) 

Through Movement Headways  

 

Figure 56. Map. Through movement ï PIB at Medlock Bridge Road. 

Source: Google MapTable 17. Through movement headway distribution ï PIB at 

Medlock Bridge Road. 

Movement Lane Gaussian Dist 1 Gaussian Dist 2 

    mu1 SD1 Weighting 1 mu2 SD2 Weighting 2 

WB Lane 1  2.281 0.758 0.712 5.087 1.873 0.288 

  Lane 2 2.207 0.729 0.799 5.157 1.764 0.201 

EB Lane 1  2.205 0.672 0.754 4.746 1.811 0.246 

  Lane 2 1.939 0.613 0.774 4.011 1.652 0.226 
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Figure 57. Plot. PIB at Medlock Bridge Road through movement headway data 

visualization (top left ï WB Lane 1, top r ight ï WB Lane 2, 

bottom left ï EB Lane 1, bottom r ight ï EB Lane 2). 
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Figure 58. Plot. PIB at Medlock Bridge Road through movement headway 

distribution  (top left ï WB Lane 1, top r ight ï WB Lane 2, 

Bottom Left ï EB Lane 1, bottom right ï EB Lane 2). 
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Left -turn Movement Headways  

 

Figure 59. Map. Left -turn movement ï PIB at Medlock Bridge Road. 

Source: Google Maps 

Table 18. Left-turn movement headway distribution ï PIB at Medlock Bridge Road. 

Movement Lane Gaussian Dist 1 Gaussian Dist 2 

    mu1 SD1 Weighting 1 mu2 SD2 Weighting 2 

EBL Lane 1  2.120 0.426 0.647 3.251 0.755 0.353 

WBL Lane 1  2.250 0.491 0.759 4.759 1.919 0.241 
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Figure 60. Plot. PIB at Medlock Bridge Road left-turn movement 

headway data visualization. 

 

Figure 61. Plot. PIB at Medlock Bridge Road left-turn movement headway 

distribution  (left ï EB lane, r ight ï WB lane). 


































