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ABSTRACT 

Connected and automated vehicle (CAV) technologies have recently drawn an increasing attention 

from governments, vehicle manufacturers, and researchers. Connected vehicle (CV) technologies 

provide real-time information about the surrounding traffic condition (i.e., position, speed, 

acceleration) and the traffic management centerôs decisions. The CV technologies improve the 

safety by increasing driver situational awareness and reducing crashes through vehicle-to-vehicle 

(V2V) and vehicle-to-infrastructure (V2I). Vehicle platooning with CV technologies is another 

key element of the future transportation systems which helps to simultaneously enhance traffic 

operations and safety. CV technologies can also further increase the efficiency and reliability of 

automated vehicles (AV)  by collecting real-time traffic information through V2V and V2I. 

However, the market penetration rate (MPR) of CAVs and the higher level of automation might 

not be fully available in the foreseeable future. Hence, it is worthwhile to study the safety benefits 

of CAV technologies under different MPRs and lower level of automation. None of the studies 

focused on both traffic safety and operational benefits for these technologies including different 

roadway, traffic, and weather conditions. In this study, the effectiveness of CAV technologies (i.e., 

CV /AV/CAV/CV platooning) were evaluated in different roadway, traffic, and weather 

conditions. To be more specific, the impact of CVs in reduced visibility condition, longitudinal 

safety evaluation of CV platooning in the managed lane, lower level of AVs in arterial roadway, 

and the optimal MPRs of CAVs for both peak and off-peak period are analyzed using simulation 

techniques. Currently, CAV fleet data are not easily obtainable which is one of the primary reasons 

to deploy the simulation techniques in this study to evaluate the impacts of CAVs in the roadway. 

The car following, lane changing, and the platooning behavior of the CAV technologies were 

modeled in the C++ programming language by considering realistic car following and lane 
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changing models in PTV VISSIM. Surrogate safety assessment techniques were considered to 

evaluate the safety effectiveness of these CAV technologies, while the average travel time, average 

speed, and average delay were evaluated as traffic operational measures. Several statistical tests 

(i.e., Two sample t-test, ANOVA) and the modelling techniques (Tobit, Negative binomial, and 

Logistic regression) were conducted to evaluate the CAV effectiveness with different MPRs over 

the baseline scenario. The statistical tests and modeling results suggested that the higher the MPR 

of CAVs implemented, the higher were the safety and mobility benefits achieved for different 

roadways (i.e., freeway, expressway, arterials, managed lane), weather (i.e., clear, foggy), and 

traffic conditions (i.e., peak and off-peak period). Interestingly, from the safety and operation 

perspective, at least 30% and 20% MPR were needed to achieve both the safety and operational 

benefits of peak and off-peak period, respectively. This dissertation has major implications for 

improving transportation infrastructure by recommending optimal MPR of CAVs to achieve 

balanced mobility and safety benefits considering varying roadway, traffic, and weather condition. 
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CHAPTER ONE: INTRODUCTION  

1.1 Background 

Connected and automated vehicle (CAV) technologies have been considered as a vital strategy for 

both traffic operation and safety improvement. The combination of connected and automated 

vehicle technologies has generated high expectations regarding traffic safety by minimizing 

driversô errors, which is considered a major cause solely or in combination with other factors for 

more than 94% of traffic crashes (Singh, 2015; Yue et al., 2018). By leveraging vehicle-to-vehicle 

(V2V) and vehicle-to-infrastructure (V2I) communications, connected vehicle (CV), automated 

vehicle (AV), CAV, and CV platooning technologies are expected to provide cooperative 

movements and thus increase freeway/expressway traffic safety and operations (Kockelman et al., 

2016; Papadoulis et al., 2019; M. S. Rahman et al., 2019d; Rahman and Abdel-Aty, 2018).  

Nevertheless, the evaluation of their safety and operational benefits has still been a major challenge 

due to the lack of real-world CAV data. Recent studies have attempted two directions of CAV 

research to predict the effectiveness of CAV technologies: (1) real-world CAV data (2) simulation 

techniques. The former one focuses on real-world CAV data extracted from the Safety Pilot Model 

Deployment (SPMD). The latter one has focused on CAV simulation during the past few years. A 

very limited portion of the SPMD CAV test data is available to the public and was used in some 

recent studies. This is one of the primary reasons to deploy the simulation techniques in the existing 

part of the literature to evaluate the impacts of CAV fleets (Fagnant and Kockelman, 2015; Kim et 

al., 2015; Papadoulis et al., 2019). More recently, researcher has relied on simulation techniques 

which might be the only viable alternative method to evaluate the impacts of CAV and can provide 

the initial insights into the implementation of CAVs.  
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This dissertation has focused both traffic safety and operational benefits of multiple CAV 

technologies including different roadway, traffic, and weather conditions. The impact of CV in fog 

condition, longitudinal safety evaluation of CV platooning in the managed lane, lower level of 

AVs on arterials, and the optimal MPRs of CAV for both peak and off-peak periods are analyzed 

using simulation techniques. The CAV will not be available 100% in the near future. Hence, the 

market penetration rate (MPR) of CAVs are also considered due to the unavailability of CAV in 

the foreseeable future. The different roadway types including freeway, expressway, arterial, and 

the managed lane were designed, calibrated, and validated based on real-world traffic data in PTV 

VISSIM. From the modeling standpoint, capturing the effects of driving behaviors of CAV in the 

simulation software are a very challenging task (M. S. Rahman et al., 2019d). The driving behavior 

of CAVs and standard vehicles are significantly different from each other. Therefore, the 

understanding of the driving behavior of CAV technologies are essential for studying the impact 

on traffic operations and safety benefits considering different roadway, weather, and traffic 

conditions. A driving behavior model for all the CAV technologies (CV, AV, CAV, and CV 

platooning) were modeled in VISSIM using C++ programming language which overrides the 

VISSIM default driving behavior. To the best of our knowledge, this is the first study which utilizes 

different types of CAV technologies to evaluate both traffic safety and operation characteristics 

considering multiple conditions sets including roadway, weather, and traffic conditions. 

 

Both traffic safety and operational characteristics were evaluated in order to observe the CAV 

benefits in the transportation infrastructure. Surrogate safety assessment techniques were 

considered as safety indicators, while average travel time, speed, and delay were assessed as traffic 

mobility indicators. Some statistical testing and modelling were conducted to obtain the 
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significance of the safety and mobility indicators. The optimal MPRs of CAV were also quantified 

by conducting statistical modelling techniques.  

 

1.2 Objectives of the Research 

The specific objectives for the dissertation are described here: 

Objective 1. Understanding the Highway Safety Benefits of Different Approaches of Connected 

Vehicles in Reduced-Visibility Conditions 

 

The dissertation examines the effectiveness of CV technologies in adverse visibility conditions 

using microscopic traffic simulation. Under fog condition, traffic flow characteristics change 

significantly compared to the normal weather condition which might result in high crash risk. In 

order to improve safety in fog condition, this study tested CV technologies in microsimulation at 

the segment of I-4, Florida. The technologies included connected vehicles without platooning and 

connected vehicles with platooning which were applied in fog condition to reduce the crash risk 

in terms of surrogate measures of safety. The standard deviation of speed, the standard deviation 

of headway, and rear end crash risk index (RCRI) were considered as three surrogate measures of 

safety in this study. This chapter implemented CVs as a Vehicle-to-Vehicle protocol, which offers 

Dedicated Short-Range Communication (DSRC) system to acquire real-time traffic data with the 

help of microsimulation software VISSIM. The car following model was also proposed for both 

technologies with an assumption that the CVs will follow this car following behavior in fog 

condition. The impact of traffic safety and operations were evaluated under two approaches of CV 

technologies. 
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Objective 2. Longitudinal safety evaluation of connected vehiclesô platooning on expressways  

 

The main objective this task was to evaluate longitudinal safety of CV platoons by comparing the 

implementation of managed-lane CV platoons and all lanes CV platoons (with same MPR) over 

non-CV scenario. This study applied the CV concept on a congested expressway (SR408) in 

Florida to improve traffic safety. The Intelligent Driver Model (IDM) along with the platooning 

concept were used to regulate the driving behavior of CV platoons with an assumption that the 

CVs would follow this behavior in real-world. A high-level control algorithm of CVs in a 

managed-lane was proposed in order to form platoons with three joining strategies: rear join, front 

join, and cut-in joint. Results of this study provide useful insight for the management of CV MPR 

as managed-lane CV platoons based on traffic safety. 

 

Objective 3. Assessing the Safety Benefits of Arterialsô Crash Risk under Connected and 

Automated Vehicles. 

 

This section examines the safety benefit of CV and the connected vehicles lower level automation 

(CVLLA) on arterialsô using micro-simulation. Examining the lower level of automation is more 

realistic in the foreseeable future. This study considered two automated features: automated 

braking and lane keeping assistance which are available in the market. Driving behaviors of CV 

and CVLLA were proposed by considering car following models that approximate the decision 

processes of CV and CVLLA using C++ programming interface in VISSIM. The safety impact of 

both segment and intersection crash risks were quantified under various MPRs of CV and CVLLA 

based on surrogate safety assessment techniques.  
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Objective 4. Traffic Safety and Operational Benefits of Connected and Automated Vehicles on 

Expressways under varying traffic conditions 

 

This task explores the traffic safety and operational benefits of CAVs in expressway. The optimal 

market penetration rates of CAV technologies for both peak and off-peak periods are also 

recommended. The CAV applications were tested in the studied simulated network using PTV 

VISSIM 11. PTV VISSIM 11 has the new capability to model the CAV with validated driving 

behavior models based on real-word CAV data. The safety and operation performance for various 

scenarios were evaluated using different measures of effectiveness. Operational measures included 

average travel time and average delay, while the safety measures considered both time proximity 

(conflicts) based and evasive action based (jerk) surrogate measures of safety. To achieve balanced 

mobility and safety benefits from mixed traffic environment, optimal CAV market penetration 

should be determined at varying traffic conditions. 

 

1.3 Dissertation Structure 

In Chapter 2, a detailed literature review is conducted on the effectiveness of different approaches 

of CAV technologies including CV, AV, CAV, and CV platooning. In recent years, an increased 

number of studies are undertaking with detailed analysis of CAV technologies. These studies 

examine traffic safety and mobility characteristics under CAV environment using mostly the 

traffic simulation techniques.   
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Chapter 3 examines the impact of CV technologies under reduced visibility conditions. This 

research estimates traffic safety and mobility benefits under connected vehicle without platooning 

(CVWPL) and the connected vehicle with platooning condition (CVPL). The car following model 

was also proposed for both technologies with an assumption that the CVs will follow this car 

following behavior in fog condition. The model performances were evaluated under different CV 

market penetration rates (MPRs). The results showed that both CV approaches improved safety 

significantly in fog conditions as MPRs increase. The results also indicated a significant 

improvement in the traffic operation characteristics in terms of average speed. 

 

Chapter 4 presents details to evaluate the longitudinal safety evaluation of managed-lane CV 

platoons on a congested expressway. The simulation experiments are first designed, including 

deployment of both CV platoons as managed-lane and all lanes in this expressway. Then, a driving 

behavior model for CVs along with the platooning concept were used with an assumption that the 

CVs would follow this driving behavior in real-world. From our analysis, it is evident that managed 

lane CV platoons and all lanes CV platoons significantly improved the longitudinal safety in the 

studied expressway segments compared to the base condition. In terms of surrogate safety 

measures, the managed-lane CV platoons significantly outperformed all lanes CV platoons with 

the same MPR. 

 

Chapter 5 discusses the evaluation of vehicle to vehicle (V2V) and infrastructure-to-vehicle (I2V) 

communication technologies along with the automated vehicles in an arterial section. The lower 

level of automation features was considered due to the unavailability of the higher-level 

automation in the foreseeable future. Driving behavior of connected and lower level of automated 
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vehicles were modeled in the C++ programming languages. The safety impact on both segment 

and the intersection crash risk were explored through surrogate safety assessment techniques.  

 

Chapter 6 explores both safety and operational benefits of CAV with considering different market 

penetration rates and traffic condition. The optimal market penetration rates were calculated based 

on both traffic safety and operational characteristics. Tobit and negative binomial models were 

developed for traffic operation and traffic safety, respectively, to investigate the market penetration 

rate (MPR) and the traffic condition (peak, off-peak) effectiveness. 

 

Finally, Chapter 7 summarizes the dissertation and raises potential improvement for future 

applications and proposes studies in the era of CAV technologies. 
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CHAPTER TWO: LITERATURE REVIEW  

CAV technologies which have the potential to reduce traffic congestion, road crashes and vehicle 

emissions have been drawn an increasing attention recently  (Fagnant and Kockelman, 2015; 

Poczter, 2014). Most of the recent studies attempted two directions of CAV research to predict the 

effectiveness of CAV technologies: (1) real-world CAV data (2) simulation techniques. The former 

one focused on real-world CAV data extracted from the Safety Pilot Model Deployment (SPMD). 

The latter one focused on CAV simulation during the past few years. A very limited portion of the 

SPMD CAV test data is available to the public and was used in some recent studies. These studies 

have been evaluated the safety and operation benefits of CAV data using volatile measures, 

surrogate safety assessment techniques, and traffic operation characteristics. It is beyond the scope 

of this paper for exhaustive review of these studies using real-world CAV data (see (Arvin et al., 

2019; Kamrani et al., 2018, 2017, Liu and Khattak, 2018, 2016; Xie et al., 2019; Zhang and 

Khattak, 2018; Zheng and Liu, 2017) for detailed review).  

 

Despite the real-world CAV deployment data is available, CAV fleet data are not easily obtainable. 

However, the SPMD deployment data are not enough to evaluate the CAV impact on traffic safety 

and operations because of their limited scope of data. This is one of the primary reasons to deploy 

the simulation techniques in the existing part of literature to evaluate the impacts of CAV fleets 

(Fagnant and Kockelman, 2015; Kim et al., 2015; Papadoulis et al., 2019). More recently, several 

studies have relied on simulation techniques which might be the only viable alternative method to 

evaluate the impacts of CAV and can provide initial insights of the CAVs implementation. 

However, the recent attempts in CAV simulations have some limitations. The driving behaviors of 

CAV are significantly different from conventional vehicles. From the modeling standpoint, 
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capturing the effects of driving behaviors of CAV in the simulation software are very challenging 

tasks (M. S. Rahman et al., 2019d; Talebpour and Mahmassani, 2016a). Most of the previous 

studies employed the Intelligent Driver Model (IDM) to replicate the behavior of CAVs in 

simulation as the IDM has the validated car following models for CAV data (Li et al., 2016a; M. 

S. Rahman et al., 2019c; Rahman and Abdel-Aty, 2018; Talebpour et al., 2015; Talebpour and 

Mahmassani, 2016a; Wu et al., 2019a) using very limited real-world public test track. However, 

they are solely focused on the longitudinal driving behaviors (i.e., car following model) of CAV 

without considering the lateral behaviors (i.e., lane changing model). Moreover, modeling the 

interaction between CAVs and conventional vehicles are very challenging tasks which are also not 

validated in the previous studies. 

 

Florida is among the highest ranked states in the United States with regards to traffic safety 

problems resulting from adverse weather conditions, especially in fog. As an example, a fog related 

severe crash caused 5 fatalities, several injuries, and left a pileup of 70 vehicles on I-4, Polk 

County, Florida (Hassan et al., 2011). The injury and death rates (per 100 crashes) for fog-related 

crashes were found to be 3.75 and 2.25 times of the corresponding type of crashes occurring in 

normal weather conditions, respectively (Al -Ghamdi, 2007). This study has examined previous 

studies to evaluate the traffic characteristics in fog conditions. Abdel-Aty et al. (Abdel-Aty et al., 

2014) conducted a comprehensive study with an effort to examine the traffic characteristics in fog 

conditions. The study concluded that speed and headway decreased significantly under reduced 

visibility conditions. Furthermore, the standard deviation of speed and headway increased in fog 

conditions compared to the clear conditions. A more recent study by Peng et al. (Peng et al., 2017) 

identified that reduced visibility would significantly increase the standard deviation of speed and 
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headway which intensifies traffic crash risk. It was also observed that time to collision decreased 

significantly in reduced visibility conditions, which means that the crash risk would be higher 

under reduced visibility conditions. They also found that the impact of low visibility on crash risk 

was different for different vehicle types and for different lanes. The crash risk is higher for 

passenger vehicles compared to the heavy vehicles, and the inner lane (close to the median) has 

higher crash risk compared to the middle and outer lanes. Other studies also pointed out that 

headway distance was reduced in fog conditions and sometimes reduced headway would have a  

perceptual control benefit to the driver in terms of reduction in response time  under fog conditions 

(Broughton et al., 2007; Caro et al., 2009). Brooks et al. (Brooks et al., 2011) examined the effect 

of fog conditions on the lane-keeping ability using driving simulator. It was shown that lane 

keeping performances were significantly degraded by the existence of fog.  

 

There is relatively little work in the literature describing the countermeasures in reduced visibility 

conditions. The findings of the previous studies provided several recommendations as guidelines 

to improve safety in reduced visibility conditions. Based on a questionnaire survey, Hassan et al. 

(Hassan et al., 2011) suggested that changeable message signs can be a good countermeasure to 

reduce the driving speed. Pang et al. (Pang et al., 2015) used a simulation based study to examine 

the traffic safety and operation in fog conditions. The study showed that fog-related crashes were 

reduced by controlling upstream traffic flow (decreasing upstream traffic volume) and 

implementing VSL. Peng et al. (Peng et al., 2017) suggested that implementing the algorithms in 

real-time with Intelligent Transport System (ITS) measures, such as VSL and VMS, can reduce 

the crash risk in reduced visibility conditions. Speed variance would be lower with the 

implementation of VSL, which in turn decrease crash risk (Abdel-Aty et al., 2009, 2006; Lyles et 
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al., 2004; Wang et al., 2017). In terms of safety, VSL has been used during the inclement weather 

in order to decrease both the mean and the standard deviation of speed (Perrin et al., 2002; Rämä, 

1999). However, the success of the VSL application is more dependent on the compliance level. 

In the low level of compliance, the VSL might fail to improve traffic safety (Hellinga and 

Mandelzys, 2011; Lee et al., 2006; Yu and Abdel-Aty, 2014). The research by Abdel-Aty et al. 

(Abdel-Aty et al., 2009) also evaluated that the implementation of VSL might reduce the rear-end 

and lane-change crash risks at uncongested traffic conditions but not successfully reduce the crash 

risk in the congested situation. Hence, the success of the VSL is also dependent on the level of 

congestion.  

 

The new ITS technologies, CV, has been recently recognized as an auspicious approach which 

proved its potential to improve traffic safety, including mitigating crash severity and declining the 

possibility of crashes by offering vehicle to vehicle (V2V) and vehicle to infrastructure (V2I) 

communication. The majority of the previous research was concerned about the mobility and the 

traffic operations under CV environment but did not focus on traffic safety. Fyfe and Sayed (Fyfe 

and Sayed, 2017) combined VISSIM and the Surrogate Safety Assessment Model (SSAM) with 

the application of the Cumulative Travel Time (CTT) algorithm which evaluates the safety under 

CV environment. The study showed a 40 percent reduction of rear-end conflictsô frequency at a 

signalized intersection with the application of CV. Olia et al. (Olia et al., 2016) experimented with 

CV technologies in PARAMICS and estimated that the safety index improved up to 45% under 

CV environment. Paikari et al. (Paikari et al., 2014) also used PARAMICS which combined the 

V2V and V2I technologies and obtained higher safety and mobility enhancement on freeways 

under the CV environment. Vehicle platooning with CV technologies is another key element of 
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the future transportation systems which help us to enhance traffic operations and safety 

simultaneously. Tian et al. (Tian et al., 2016) proposed a stochastic model to evaluate the collision 

probability for the heterogeneous vehicle platoon which can deal with the inter-vehicle distance 

distribution. The results have the great potential to decrease the chain collisions and alleviate the 

severity of chain collisions in the platoon at the same time. However, until this point, no researcher 

has potentially analyzed CV technologies which are expected to decrease the crash risk in reduced 

visibility conditions. When compared to the previous studies, this study is unique in a sense that it 

reflects the fog conditions in microscopic simulation and apply CV technologies which are 

expected to improve traffic safety in reduced visibility conditions. 

 

Vehicle platooning with CV technologies is another key element of the future transportation 

systems which help us to enhance traffic operations and safety simultaneously. Recent research 

(Tian et al., 2016) proposed a stochastic model to evaluate the collision probability for the 

heterogeneous vehicle platooning which can deal with the inter-vehicle distance distribution. The 

results showed great potential in decreasing the chain collisions and alleviating the severity of 

chain collisions in the platoon at the same time. The platoon-based driving may significantly 

improve traffic safety and efficiency because a platoon has closer headways and lower speed 

variations compared to traditional traffic flow. The platoon-based cooperative driving system has 

been widely studied. However, there have not been enough studies that allocate managed-lane CV 

platoons which is highly related to CV MPR. The safety benefits of managed-lane CV platoons 

are expected to be positive because of the dissociation of conventional vehicles and CVs in the 

same lane. Most of the researches in CV technologies were related to the implementation of CV 

in all the lanes of the entire roadway with different MPRs. However, until this point, no researcher 
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has potentially analyzed the managed-lane CV platoons which are expected to decrease the crash 

risk.  

 

Moreover, CAV technologies have great potentials to reduce crash costs all over the world. Those 

technologies are expected to reduce crash risk as the majority of the crashes are owing to driverôs 

human error. However, very little research has been conducted to estimate the safety impacts of 

connected and automated vehicles on arterials. The CV technologies would inform a vehicle about 

the traffic conditions from its surrounding environment, such as a nearby vehicleôs position, speed, 

acceleration, signal status, and other traffic information through V2V and I2V communications. 

According to the National Highway Traffic Safety Administration (NHTSA), CV technologies 

will annually prevent 439,000 to 615,000 crashes with adoption of full V2V communication 

(National Highway Traffic Safety Administration, 2016; Rahman and Abdel-Aty, 2018). Yue et 

al., (Yue et al., 2018) conducted a comprehensive study with an effort to examine the exact safety 

benefits when all vehicles are equipped with these technologies. This research effort found that the 

CV technologies could lead to the reduction of light vehicle and heavy truck involved crashes by 

at least about 33% and 41%, respectively. However, the safety impact of implementing I2V 

communication has not been sufficiently explored. Li et al., (Li et al., 2016b) investigated the I2V  

communication technology along with variable speed limit strategy under adaptive cruise control 

environment. This simulation-based study indicated that I2V communication system provides 

significant safety benefits in terms of surrogate measures of safety under adaptive cruise control 

environment.  
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The CV technologies can also further increase the efficiency and reliability of automated vehicles 

by collecting real time traffic information through V2V and I2V communications. There are 

considerable amount of work in the literature describing the effectiveness of automated vehicle 

(Mirheli et al., 2018; Talebpour et al., 2017; Talebpour and Mahmassani, 2015, 2016b). Morando 

et al., (Morando et al., 2018) investigated full level of automated vehicle and found the reduction 

of the number of conflicts by 20% to 65% with the penetration rates of between 50% and 100%. 

None of the studies focus on lower level of automation features under connected vehicle 

environment which are available in the market with low penetration rates. Kockelman et al., 

(Kockelman et al., 2016) conducted a comprehensive study about the adoption of automated 

vehicles in United States based on questionnaire survey. Most respondents were interested about 

lower level automation technologies which would be the most promising for US over the next 25 

years. This research team also anticipated that, lower levels of automation technologies are 

estimated to have adoption rates of more than 90% by 2045. Hence, it is worthwhile to study the 

safety benefits of lower level automation under connected vehicle environment using V2V and 

I2V communication technologies. CAVs can also reduce the vulnerable road user crashes which 

is the most active forms of transportation (i.e., walking and bicycling) using vehicle-to-pedestrian 

(V2P) connectivity (M. S. Rahman et al., 2019a, 2019b; Rahman, 2018; Saad et al., 2019a). 

 

As mentioned earlier, the driving behavior of connected and automated vehicle are significantly 

different from conventional vehicles. From the modeling standpoint, capturing the effects of 

driving behavior of connected and automated vehicles are very challenging task. An exhaustive 

summary of earlier studies employing simulation based connected and automated vehicle 

effectiveness in transportation literature are presented in Table 1 (Fernandes and Nunes, 2010; 
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Genders and Razavi, 2016; Guériau et al., 2016; Ilgin Guler et al., 2014; Jin et al., 2014, 2013; Lee 

and Park, 2012; Letter and Elefteriadou, 2017; Li et al., 2013; Mirheli et al., 2018; Qian et al., 

2014; Rahman et al., 2018a; Rahman and Abdel-Aty, 2018; Tajalli and Hajbabaie, 2018; 

Talebpour and Mahmassani, 2016b; Wan et al., 2016; Wu et al., 2015). The information provided 

in the table includes the simulation software used, the car following behavior employed, the area 

of interest (connected vehicle/automated vehicle or both), and the measure of effectiveness. The 

following observations can be concluded from the table. From the Table 1, it is evident that most 

of the existing literature used VISSIM as their simulation platform for the connected and 

automated vehicle. However, some study used SUMO, PARAMICS, CORSIM, MOVSIM, and 

MATLAB in order to approximate the behavior of connected and automated vehicle. Those studies 

evaluated the effectiveness of connected and automated vehicle technologies considering full road 

networks of freeway and arterial section but did not focus the segments and intersections safety 

concurrently. It is also noticed that most of the studies used their default car following behavior 

except for six studies (Genders and Razavi, 2016; Guériau et al., 2016; Jin et al., 2013; Rahman et 

al., 2018a; Rahman and Abdel-Aty, 2018; Talebpour and Mahmassani, 2016b). Among these six 

studies, three of them have been used validated car following model for CAV, however no study 

considers validated lane changing model based on the real-world CAV data. It is worth noting that 

default car following behavior would not approximate the behavior of connected and automated 

vehicle in real-world. Some studies used deterministic acceleration modeling framework such as 

Intelligent Driver Model (IDM) which is considered to be more suitable to approximate the 

connected vehicle behaviors in the real world (Rahman et al., 2018a; Rahman and Abdel-Aty, 

2018; Talebpour and Mahmassani, 2016b). However, none of the studies implement the IDM 

model to simulate the connected vehicle behaviors on an arterial section. 
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Table  1 Summary of Previous Simulation Based Study for Connected and Autonomous Vehicles 

Studies 
Car Following Model 

Used 

Lane Changing 

Model Used 

Simulation 

Software Used 
Area of Interest 

Analysis 

Area 

Measure of 

Effectiveness 

Talebpour et. al, (2016) IDM 
Platooning 

algorithm 
NA 

Connected and 

Autonomous Vehicle 

Freeway Traffic Operations 

Rahman et. al, (2017) IDM VISSIM Default VISSIM Connected Vehicle Freeway Traffic Safety 

Guler et. al, (2014) NA VISSIM Default MATLAB  Connected Vehicle Arterial Traffic Operations 

Rahman et. al, (2018) IDM 
Platooning 

algorithm 
VISSIM Connected Vehicle 

Freeway Traffic Safety and 

Operations 

Tajalli et. al, (2018) VISSIM Default 
MOBIL lane change 

model 
VISSIM Connected Vehicle 

Arterial Traffic Safety 

Mirheli et. al, (2018) VISSIM Default 
PARAMICS 

Default 
VISSIM Connected vehicle 

Arterial Traffic Safety and 

Operations 

Guériau et. al, (2016) IDM 
PARAMICS 

Default 
MOVSIM Connected Vehicle 

Freeway Traffic Operations and 

Safety 

Lee et. al, (2012) VISSIM Default NA VISSIM Connected Vehicle Arterial Traffic Operations 

Li et. al, (2015) VISSIM Default NA VISSIM Connected Vehicle Arterial Traffic Operations 

Fernandes et. al, (2010) Gipps-model extension Sumo Default SUMO Autonomous Vehicle Freeway Traffic Operations 

Jin et. al, (2013) Sumo Default 
Optimal driving 

behavior algorithm 
SUMO Connected Vehicle 

Arterial Traffic Operations and 

fuel consumption 

Qian et. al, (2013) Sumo Default VISSIM Default SUMO 
Connected and 

Autonomous Vehicle 

Arterial Traffic Operations 

Jin et. al, (2013) 
Optimal driving behavior 

algorithm 
CORSIM Default SUMO Connected Vehicle 

Arterial Traffic Operations and 

fuel consumption 

Wan et. al, (2016) PARAMICS Default VISSIM Default PARAMICS Connected Vehicle 
Arterial Traffic Operations and 

fuel consumption 

Genders et. al, (2015) 
Modified driving 

behavior 

Default lane 

changing model 
PARAMICS Connected Vehicle 

Arterial Traffic Safety 

Letter et.al, (2017) CORSIM Default 

Gap-acceptance 

based lane-

changing model 

CORSIM Autonomous Vehicle 

Freeway Traffic Operations 

Li et. al, (2013) VISSIM Default NA VISSIM Autonomous Vehicle 
Arterial Traffic Safety and 

Operations 
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Previous studies have shown that parameters of the default car-following model of a 

microsimulation software can be modified to model the behaviors of automated vehicle (Atkins, 

2016; Kockelman et al., 2016; Morando et al., 2018). Those studies applied fully automated 

vehicle behavior in VISSIM with changing only the parameters of default car following model 

(Wiedmann-99) but did not focused on the lane changing model. However, it is intuitive that the 

lane changing behavior of fully automated vehicle would also be significantly different from the 

conventional vehicles. Therefore, a more realistic driving behavior model is required to simulate 

the behavior of fully automated vehicles under connected vehicle environment. This study 

proposed a car following model to simulate CVLLA in simulation based on a recent study by Wen-

Xing et al., (Wen-Xing and Li-Dong, 2018) along with lane keeping assistance feature adopted in 

VISSIM which would approximate the decision processes of CVLLA. 

 

PTV VISSIM has been using Wiedemann car following model to simulate the roadway network 

under human-driven vehicles for the last three decades (VISSIM, 2017). Very few studies have 

utilized the default car-following model of VISSIM to simulate the behavior of CAV (Atkins, 2016; 

Kockelman et al., 2016; Morando et al., 2018). However, they did not consider the calibrated 

parameters of Weidmann model based on real world CAV data. Those studies tried to approximate 

CAV behavior in VISSIM without considering the lane changing model. Moreover, the interaction 

between CAV and conventional vehicles (passenger cars, trucks, etc.) were largely unknown in the 

Weidmann car following model. Recently, PTV VISSIM (version 11.0) offers validated car 

following and lane changing models with multiple additional attributes using real-world CAV data. 

To the best authorsô knowledge, this is the first application of validated CAV driving behavior 

model (both car following and lane changing) provided in the commercially available software 

using real-world CAV data. The interaction between the CAVs and conventional vehicles have also 
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been validated based on time headway. This study also utilized the real world validated driving 

behavior models to simulate CAV in simulation which would better replicate the decision 

processes of CAVs.  

 

In summary, the current study contributes to the traffic safety and mobility impacts in the CAV 

research along some directions: (1) first application of CV technologies under reduced visibility 

conditions (2) evaluate the effectiveness of managed lane CV platooning in expressway segments 

(3) application of lower automated vehicle in arterials under V2V and V2I technologies (4) first 

application of validated driving behavior model in VISSIM to approximate the CAV behavior on 

an expressway using real-word CAV data (5) evaluate the both safety and operational benefits of 

CAV for both peak and off-peak hours traffic (6) provide recommendation of the optimal market 

penetration rates of CAV for both peak and off-peak hours to achieve balanced mobility and safety 

benefits with varying traffic condition. 
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CHAPTER THREE: DIFFERENT APPROACHES OF CONNECTED VEHICLE S 

IN REDUCED VISIBILTY CONDITION S 

3.1 Introduction  

It is known that reduced visibility due to fog has caused serious traffic safety and flow issues. 

Florida had experienced a total of 4,954 fog-related crashes between the year of 2008 and 2012, 

of which 132 crashes were fatal, and about 30% of the total fog-related crashes were fatal and 

injury crashes (Peng et al., 2017). It is worth mentioning that fog-related crashes tend to result in 

more severe injuries and involve more vehicles compared to clear conditions crashes (Abdel-Aty 

et al., 2011; Hassan et al., 2012). Fog affects roadway safety by increasing crash risk. Therefore, 

it is necessary to evaluate the appropriate countermeasures to enhance traffic safety under fog 

conditions. There have already been a lot of research conducted on traffic safety under normal 

weather conditions. On the other hand, traffic safety under fog conditions has attracted much less 

attention. However, some researchers have already proposed the traditional approach of Variable 

Speed Limits (VSL) or Variable Message Signs (VMS) to decrease the crash risk in reduced 

visibility conditions (Hassan et al., 2011, 2012; Peng et al., 2017). It can possibly improve traffic 

safety and mitigate traffic crashes by adjusting vehicle speeds and decreasing speed variation 

among vehicles in reduced visibility conditions. Nevertheless, the success of VSL or VMS is 

dependent on the level of compliance. Therefore, the VSL would not guarantee the improvement 

of the traffic safety if drivers do not follow the new speed limit. 

 

An innovative feature of this study was to apply the Connected Vehicle (CV) technologies in 

adverse visibility conditions under microsimulation environment. To be more specific, this 

research aims to contribute to the implementation of two CV approaches such as connected vehicle 
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without platooning (CVWPL) and connected vehicle with platooning (CVPL) to improve the 

traffic safety in reduced visibility conditions. CVPL concept is an extension of CVWPL approach 

wherein several CVs form a ñplatoonò that behaves as a single unit. A car following model for 

both CV approaches was also used in fog conditions with an assumption that applied CVs would 

follow this car following behavior in the simulation. The most significant difference of CVs 

driving behavior between two approaches was joining vehicles to maintain a platoon. At the near 

future, the MPR will not achieve 100%, meanwhile, the penetration will increase gradually. Hence, 

it is worthwhile to study the safety benefits of CV technologies under different MPRs (Hellinga 

and Mandelzys, 2011; Yu and Abdel-Aty, 2014). 

 

3.2 Data Preparation 

A section of Interstate, a main arterial for the Orlando metropolitan area, was selected for this 

study. The studied section had experienced severe fog-related crashes (Hassan et al., 2012). Data 

from two different sources were collected for this study. Weather data were collected from Fog 

Monitoring System (FMS), a new visibility detection system, installed in the segment of I-4. And, 

real-time traffic data were collected from Regional Integrated Transportation Information System 

(RITIS) augmented with a device installed close to the FMS. RITIS indicates the basic traffic 

characteristics of the selected road segment, while the added device captures both regular traffic 

parameters and the headway between each vehicle on each lane. The study area along with the 

FMS and RITIS detectors is shown in Figure 1. The collected weather data contain 21 variables, 

including visibility distance, air temperature, surface moisture, dew point, wind speed, barometric 

pressure, rainfall, etc. Among these parameters, visibility distance is significant for fog conditions. 

The traffic data were collected from RITIS detectors installed in the above-mentioned areas 
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(Figure 1). The traffic dataset comprises eight important variables related to traffic flow 

characteristics, including vehicle speed, vehicle length, duration of detection, and lane assignment. 

In this study, vehicles were classified into two categories: (1) passenger car (PC) and (2) heavy 

goods vehicle (HGV). A vehicle was considered as a PC if its length is equal to or less than 7.32 

meters (24 feet).  

 

Figure 1 The study area showing Fog Monitoring System (FMS) and Regional Integrated 

Transportation Information System (RITIS).  

 

According to the weather data, the visibility distance from 6:45 am to 7:45 am on February 2, 2016 

(Tuesday) was the lowest among all days of field data collection between the observed months of 

January to May in 2016. And this hourôs maximum and minimum visibility distance were recorded 

as 88 meters and 45 meters, respectively. Referring to the traffic flow data, the data of traffic 
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volume and traffic speed in the same time period, 6:45 am to 7:45 am on February 2, were chosen 

for basic simulation model development. 

 

3.3 VISSIM Simulation Model  

A well calibrated and validated VISSIM network replicating the fog conditions was one of the 

most important parts of this study. Simulations were conducted in PTV VISSIM, version 8.0. The 

testbed was a 10-miles section of I-4 which had experienced a severe fog-related crash. The traffic 

information on the simulation network, including traffic volume (aggregated into 15 minutes), PC 

and HGV percentages, and desired speed distribution were obtained from the RITIS detectors. In 

addition to that, the ñLook Ahead Distanceò was changed in VISSIM driving behavior to replicate 

reduced visibility conditions based on field visibility distance. The simulation time was set from 

6:15 A.M. to 8:15 A.M in VISSIM. After excluding first 30 minutes of VISSIM warm up time and 

last 30 minutes of cool-down time (no statistics were collected during this time), 60 minutes 

VISSIM data was used for calibration and validation. Geoffrey E. Heavers (GEH) statistic was 

used to compare the field volumes with simulation volumes. The GEH statistic is a modified Chi-

square statistic that incorporates both relative and absolute differences. The definition of GEH is 

as follows, 

ὋὉὌ
ὓ ὲ ὓ ὲ

πȢυ ὓ ὲ ὓ ὲ
 (1) 

 

Where ὓ ὲ is the observed volume of field detectors and ὓ ὲ is the simulated 

volume obtained from the simulation network. The simulated volume would precisely reflect the 

field volume if more than 85% of the measurement locations GEH values are less than five (Abdel-
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Aty et al., 2017; M. H. Rahman et al., 2019; Moatz Saad et al., 2018a; Yu and Abdel-Aty, 2014). 

As for speed, the absolute speed difference between simulated speeds and field speeds should be 

within five mph for more than 85% of the checkpoints (Cai et al., 2018; Nezamuddin et al., 2011; 

Moatz Saad et al., 2018a, 2018b; Saad et al., 2019c). The simulated traffic volumes and speeds 

were aggregated to 15-minute intervals and then compared with the corresponding field traffic 

data. Ten simulation runs with different random seeds worth of results showed that 91.25% of 

observed GEHs were less than five, and 92.50% of the aggregated speeds in the simulation were 

within five mph of field speeds. The results above proved that the traffic calibration and validation 

satisfy the requirements and indicate that the network was consistent with that of the field traffic 

conditions. 

 

3.3.1 Further calibration to reflect fog conditions 

To reflect the fog conditions, there was a need to revalidate the VISSIM network with respect to 

both traffic and safety. For further validation, headway was used to validate the VISSIM network 

using two-sample t-test and the result showed that the mean simulated headway was significantly 

different from the mean field headway when all the driver behavior parameters in VISSIM were 

set as default. Previous studies considered only óLook Ahead Distanceô as one of the most essential 

simulation parameters in VISSIM to replicate the fog conditions (Abdelfatah et al., 2013; Zhang, 

2015). Hence, changing only the ñLook Ahead Distanceò in VISSIM driving behavior may not 

reflect the fog conditions. To simplify the further calibration process, a sensitivity analysis was 

conducted on VISSIM driver behavior parameters in simulation models to reflect the fog 

conditions. The ten sets of the car following parameters (CC0 to CC9) were tried and each set was 

run ten times with different random seeds. For each parameter, a range of values (9 values), which 
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includes the default, was determined based on previous studies and engineering judgment 

(Habtemichael and Picado-Santos, 2013; Lownes and Machemehl, 2006). A total of 730 

simulation runs [(1 base-models + 9×8 car-following parameters) times 10 random seeds] were 

conducted. Toward this end, the standard deviation of speed (significant traffic characteristic in 

fog condition) was selected in order to compare the field and simulated value with two-sample t-

test at 5% significance level. For each value of parameters, the results of t-test with 10 different 

random seeds proved whether the distribution of the field and simulated standard deviation of 

speed were identical or not. The sensitivity analysis results showed that three most important 

parameters were vital to reflect the fog conditions. These include CC0 (standstill distance), CC1 

(headway time), and CC2 (following variation). From the results of sensitivity analysis, the safety 

distance parameters (i.e. CC0, CC1, CC2) decreased compared to the default values in fog 

conditions. The default value of CC0, CC1, CC2 in VISSIM were 1.5 meters, 0.9 seconds, and 4 

meters whereas the calibrated values were found to be 1 meter, 0.7 seconds, and 3 meters, 

respectively. Thus, the safety distance of calibrated network has lower value compared to the 

uncalibrated network. Therefore, the safety distance between two vehicles has been reduced in fog 

conditions. For further validation, headway was again used to validate the new calibrated VISSIM 

network using two-sample t-test. After replicating the fog conditions, there were no significant 

difference between the simulated mean headway and the field mean headway. Therefore, the 

simulation network was well calibrated and validated with respect to both traffic and safety. 

 

3.4. Methodologies 

In order to assess the safety performance in fog conditions, this study tested two distinct CV 

approaches including CVWPL and CVPL on the segment of I-4. Therefore, the understanding of 
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the car following behavior of CV technologies is essential for studying the impact on traffic safety 

in fog conditions under microsimulation. A car following model for both CV approaches was used 

in fog conditions with an assumption that applied CVs would follow this car following behavior 

in the simulation. 

 

3.4.1 Car following model in fog conditions 

A car following model is a prerequisite to regulate the driving behavior of CVs in microsimulation. 

The desired model should be able to simulate user defined driving behavior significantly differing 

from the traditional ones (i.e. Wiedemann model). The basic Intelligent Driver Model (IDM) 

which was proposed by Treiber et al. (Treiber et al., 2000) has been used as machine driving by 

many researchers (Kesting et al., 2010a; Li et al., 2017a) Many researchers have already used IDM 

or modified IDM in order to simulate their own machine driving platform named Adaptive Cruise 

Control (ACC) and Cooperative Adaptive Cruise Control (CACC) (Kesting et al., 2010a, 2008; 

Khondaker and Kattan, 2015; Li et al., 2017a). The basic IDM model is a nonlinear car following 

model in which the acceleration (ὺ ) is the function of desired gap distance ίᶻ and the speed 

difference between leading and following vehicles Ўὺ, expressed by the following Equation 2. 

                                      ὺ ὸ ὸ ÍÁØὦȟὥ ρ
ᶻ

                                              

(2) 

                                   Where, ίᶻ ί άὥὼπȟὺὝ
Ў

     

                  

where, ὸ = the perception-reaction time, ὦ  = the maximum deceleration, ὥ  = the maximum 

acceleration, ὺ = the speed of the following vehicle, ὺ = the desired speed,  = the acceleration 

exponent, ί = the gap distance between two vehicles, ί = the minimum gap distance at standstill, 

Ὕ = the safe time headway, ὦ = the desired deceleration 
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In this study, this IDM model was used for CVs car following behavior in fog conditions. The 

parameter settings for this model were potentially determined according to previous studies 

(Kesting et al., 2010a; Li et al., 2017a; Milanés and Shladover, 2014). The desired speed (ὺ  , 

acceleration exponent ( , maximum acceleration (ὥ , desired deceleration (ὦ, minimum gap distance 

at standstill ί  , Safe time headway (Ὕ , maximum deceleration (ὦ  , and Time delay (ὸ  were selected 

120 km/h, 4, 1 m/sec2, 2 m/sec2, 2 m, 0.6 sec, 2.8 m/sec2, and 1.5 sec, respectively. 

 

Additionally, CVs were implemented as a platooning concept (CVPL), wherein several vehicles 

form a ñplatoonò that behaves as a single unit. However, the IDM model was followed by CVs in 

both approaches (i.e., CVWPL and CVPL) under fog conditions. The most significant difference 

of CVs driving behavior between two approaches was joining vehicles to maintain a platoon. A 

minimum five CVs were considered to maintain a platoon in this study. Three grouping schemes 

for CVs, such as rear, front, and cut-in joins, as depicted in Figure 2 (a), were implemented to 

maintain the platoon. The rear join leads a new CV following the last vehicle of a CV group driving 

along the most adjacent lane of the joining vehicle. The front join performs the same process to 

allow a new CV to join into an existing CV group except that it leads the joining vehicle to the 

front of the first vehicle in the CV group. The cut-in join method is implemented by cooperatively 

adjusting the maneuvers of the joining vehicle and a CV in the group. As shown in Figure 2 (a), 

once the joining vehicle identifies a target CV group, it approaches the group and determines a 

proper position to be inserted based on its current driving information such as speed, position, etc. 

Then the deceleration rate of a CV in the target group is adjusted to create a safe gap for the joining 

vehicle while the leading vehicle maintains its current speed. If the safe gap is satisfied for the lane 
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change behavior of the joining vehicle, which is governed by VISSIMôs lane changing model, the 

joining vehicle begins to change the lane. 

 

We developed a high-level control algorithm architecture for CVPL approach as shown in Figure 

2 (b). It is worth mentioning that the algorithm continuously adjusted the acceleration or 

deceleration rates using the above-mentioned Equation 4 between the leading and the subject 

vehicles using two-way communications under CV environment which offers a dedicated short-

range communication (DSRC) of 300 meters (1000 feet). 

 

The aforementioned two driving behavior models were implemented as Dynamic Link Library 

(DLL) plug-in for both approaches, which overrides the VISSIM default driving behavior. This 

two DLL were written in C++ which offers VISSIM an option to replace the internal driving 

behavior. During the simulation, the DLL file is called up in each time step and then controls the 

behavior of the vehicle for all or part of the vehicles depending on the MPRs. Note that the car 

following and the lane changing behavior of non-CVs were determined by VISSIMôs default 

driving behavior model. 
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2 (a) Joining of CVs to maintain a platoon. 

 

2 (b) Control algorithm of CVs to maintain a platoon. 

Figure 2 Platooning behavior of CVs (a) Joining of CVs to maintain a platoon (b) Control 

algorithm of CVs to maintain a platoon. 
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3.5 Surrogate Measures of Safety 

Traffic crashes are rare events which involve numerous human factors along with the road 

environment and vehicle factors. A surrogate safety assessment technique should be adopted to 

measure safety as microsimulation software cannot be directly used to measure crashes or traffic 

safety. A number of previous studies used surrogate measures including speed variance, headway 

variance, time to collision, post-encroachment time, and rear-end crash risk index (Abdel-Aty et 

al., 2009; Gettman and Head, 2003; Peng et al., 2017). From the above-mentioned literature review 

the crash risk increased in fog conditions compared to normal weather conditions as the standard 

deviation of speed and headway increased significantly. Additionally, the rear-end crash is the 

significant type of crash in reduced visibility conditions (Abdel-Aty et al., 2012, 2011; Al-Ghamdi, 

2007). A rear-end crash may occur if the leading vehicle stops suddenly, and the following vehicle 

does not decelerate in time because of the low visibility. Maintaining insufficient safety distance 

between the leading and the following vehicle is the primary cause of rear-end crashes. To avoid 

the rear-end crashes, the stopping distance of the following vehicle should be smaller than the 

leading vehicle. A rear-end crash risk index (RCRI) proposed by Oh et al. (Oh et al., 2006) in 

which the dangerous condition can be mathematically expressed as: 

                                                                       ὛὈ ὛὈ                                                                             (3) 

                                                             ὛὈ ὺ Ὤ ὰ                                                              (4) 

                                                              ὛὈ ὺ ὖὙὝ                                                                 (5) 

 

Where ὛὈ and ὛὈ  are the stopping distance of the leading and the following vehicles, 

respectively. ὰ the length of the leading vehicle, ὺ the speed of the leading vehicle, ὺ the speed 

of the following vehicle, ὖὙὝ is the perception-reaction time, Ὤ the time headway, ὥ the 
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deceleration rate of the leading vehicle and ὥ is the deceleration rate of the following vehicle. As 

mentioned earlier, for the VISSIM model, I used two types of vehicles PC and HGV. Therefore, 

different deceleration rates were employed to estimate the reliable safe distance for the leading and 

following vehicles. The deceleration rates of PC and HGV were selected as 3.42 m/s2 and 2.42 

m/s2 respectively, while the PRT was used as 1.5 s, these values are generally accepted by 

AASHTO (American Association of State Highway and Transportation Officials (AASHTO), 

2004). So, the RCRI is defined by the following formula, 

                              RCRI= 
ρ ὈὥὲὫὩὶέόί                         ὍὪ ὛὈὊὛὈὒ 

π ίὥὪὩ                                              ὕὸὬὩὶύὭίὩ
                                          (6) 

 

In a nutshell, the standard deviation of speed, the standard deviation of headway, and RCRI were 

considered as surrogate measures of safety to evaluate the safety performances in fog conditions 

in a microsimulation platform. 

3.6 Results and Discussions 

Three surrogate measures of safety were considered to evaluate the safety performances in fog 

conditions under two CV approaches. Two sample t-test was applied to compare the differences 

between two group means and their average variations in two minutes. This technique provides a 

method for comparing the mean standard deviation of speed and headway between base scenario 

and CV scenarios. Base scenario comprised of 100% regular vehicles, and CV scenarios were 

comprised of two types of CV approaches (i.e., CVWPL and CVPL) with different MPRs. The 

Chi-square test was also applied to analyze the significance in the difference of RCRI between 

base scenario and CV scenarios. Ten simulation runs, each with a different random number of 

seeds were conducted to eliminate random effects for each scenario. 

 



   

 

33 

 

Table 2 illustrates the summary of two surrogate measures of safety, (i.e., standard deviation of 

speed, standard deviation of headway) with the implementation of CVWPL and CVPL techniques. 

Compared to the base scenario, the standard deviation of speed and headway decreased 

significantly in both CV approaches. Model performances were evaluated for three different 

condition sets (Base, CVWPL and CVPL) each under five different MPRs (20%, 30%, 50%, 70%, 

and 100%). To find out the safety impact of the applied technologies the mean values of the 

surrogate safety measures were compared with the base condition. In 100% MPR, the standard 

deviation of speed and the standard deviation of headway were found to be reduced by 28.49% 

and 18.68%, respectively, in CVWPL compared to base condition. On the other hand, in CVPL, 

the reductions were found to be 38.90% and 33.22%, respectively. The results revealed that the 

applied CV technologies enhanced traffic safety by decreasing the surrogate measures of safety in 

fog conditions. From Table 2 it was found that the maximum significant improvement resulted at 

100 % MPR, while the improvement below 30% MPRs was insignificant at 5% level of 

significance. 

 

For each of the 15 scenarios listed in Table 2, the mean differences of standard deviation of speed 

and standard deviation of headway were higher for CVPL than CVWPL. It was also found that the 

CVPL achieved significant reductions in the standard deviation of speed and headway compared 

to CVWPL when the MPRs were equal or greater than 50%. For instance, standard deviation of 

speed and standard deviation of headway for CVPL were 14.58% and 17.88% lower respectively 

than CVWPL at 100% MPR. Thereby, CVPL approach clearly outperformed CVWPL approach 

in terms of safety improvement. In terms of traffic operation, simulation results demonstrated 

higher speed for CVWPL and CVPL compared to the base condition. Additionally, compared to 
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CVWPL, the average speed was higher in CVPL. Hence, for both traffic safety and operation the 

CVPL approach outperformed CVWPL approach. 

Table  2 Summary of Measure of Effectiveness 

MPR Comparisons 

Speed (km/h) 

Standard deviation of speed 

in 2 mins (km/h) 

Standard deviation of 

headway in 2 mins (s) 

Mean difference 

(P-value) 

Mean difference 

(P-value) 

% 

Reduction 

Mean difference 

(P-value) 

% 

Reduction 

20% 

Base - CVWPL -0.288 (0.0322) 0.264# (0.1915) 2.78 0.139# (0.2645) 3.31 

Base- CVPL -0.398 (0.0030) 0.375# (0.0642) 3.96 0.184# (0.1371) 4.39 

CVWPL -CVPL -0.108# (0.4062) 0.111# (0.4997) 1.20 0.045# (0.6519) 1.11 

30% 

Base - CVWPL -0.570 (<0.0001) 0.597 (0.0042) 6.29 0.344 (0.0060) 8.19 

Base- CVPL -1.149 (<0.0001) 0.769 (0.0002) 8.12 0.453 (0.0003) 10.79 

CVWPL -CVPL -0.579 (<0.0001) 0.174# (0.2503) 1.96 0.109# (0.2055) 2.83 

50 % 

Base - CVWPL -1.334 (<0.0001) 0.848 (<0.0001) 8.95 0.456 (0.0002) 10.87 

Base- CVPL -2.457 (<0.0001) 1.476 (<0.0001) 15.57 0.764 (<0.0001) 18.21 

CVWPL -CVPL -1.125 (<0.0001) 0.626 (0.0005) 7.25 0.308 (<0.0001) 8.24 

70 % 

Base - CVWPL -2.395 (<0.0001) 1.745 (<0.0001) 18.41 0.584 (<0.0001) 13.92 

Base- CVPL -3.275 (<0.0001) 2.536 (<0.0001) 26.76 1.005 (<0.0001) 23.95 

CVWPL -CVPL -0.880 (<0.0001) 0.793 (<0.0001) 10.24 0.421 (<0.0001) 11.66 

100 % 

Base - CVWPL -4.897 (<0.0001) 2.700 (<0.0001) 28.49 0.784 (<0.0001) 18.68 

Base- CVPL -5.535 (<0.0001) 3.687 (<0.0001) 38.90 1.394 (<0.0001) 33.22 

CVWPL -CVPL -0.637 (<0.0001) 0.988 (<0.0001) 14.58 0.610 (<0.0001) 17.88 

#Difference is insignificant at 5% level      

 

Figure 3 shows the decreasing trend of standard deviation of speed and headway for CVWPL and 

CVPL approaches with increasing MPRs. As seen from the figure, the higher the percentage of 
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the CVs implemented, the lower were the standard deviations of speed and headway, and therefore 

the higher were the safety benefits achieved. 

 

  
 

Figure 3 Reduction of surrogate measures of safety with different MPRs. 

 

Apart from statistical significance, Figure 4(a) and 4(b) compares the profile of both the surrogate 

measures of safety under base, CVWPL and CVPL scenario in 100 % MPR. For every 2-minute 

time interval which is denoted in the x axis, the standard deviation of speed and standard deviation 

of headway (denoted in y axis) were calculated. Figure 4 (a) and 4 (b) illustrates that both CV 

approaches not only reduced the standard deviation of speed and headway but were able also to 

stabilize the profile. With lower variances in standard deviation of speed and headway these CV 

technologies are expected to decrease the crash risks. 
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(a) 

 
(b) 

 

Figure 4 Stabilize profile of surrogate measures of safety at 100% MPR. 

 

The RCRI was considered as another surrogate measure for rear-end crashes. The Chi-square test 

was applied to test the significance in differences of RCRI between base scenario and CV 

scenarios. The percentages of vehicles under potential rear-end crash risk for different scenarios 

are listed in Table 3 with the Chi-square significance test.  
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It can be seen from Table 3 that the percentages of potential rear-end crash observations were 

lower for CVWPL and CVPL than the base condition. At 100% MPR, the percentage of vehicles 

with potential rear-end crash risks were 11.55% lower in CVWPL and 14.67% lower in CVPL 

compared to the base condition.  

Table 3 Summary of Measure of Effectiveness 

MPR Classification 

Total 

observation 

Number of 

potential rear-

end crash 

observation 

Comparison 

Chi-

square 

P-value 

 

20% 

Base 10035 4161 (41.46%) Base vs CVWPL 0.780# 0.3770 

CVWPL 10034 4099 (40.85%) Base VS CVPL 3.274# 0.0704 

CVPL 10035 4035 (40.21%) CVWPL VS CVPL 0.858# 0.3544 

 

30% 

Base 10035 4161 (41.46%) Base vs CVWPL 23.487 <0.0001 

CVWPL 10037 3823 (38.12%) Base VS CVPL 39.848 <0.0001 

CVPL 10030 3725 (37.11%) CVWPL VS CVPL 2.151# 0.1425 

 

50% 

Base 10035 4161 (41.46%) Base vs CVWPL 75.775 <0.0001 

CVWPL 10035 3561 (35.49 %) Base VS CVPL 118.091 <0.0001 

CVPL 10035 3414 (34.03 %) CVWPL VS CVPL 4.704 0.0301 

 

70% 

Base 10035 4161 (41.46%) Base vs CVWPL 169.646 <0.0001 

CVWPL 10035 3270(32.59%) Base VS CVPL 264.023 <0.0001 

CVPL 10031 3055 (30.46 %) CVWPL VS CVPL 10.548 0.0012 

 

100% 

Base 10035 4161 (41.46%) Base vs CVWPL 291.941 <0.0001 

CVWPL 10040 3003 (29.91%) Base VS CVPL 480.641 <0.0001 

CVPL 10037 2689 (26.79%) CVWPL VS CVPL 24.045 <0.0001 

#Difference is insignificant on 5% level       
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Hence, the rear-end crash risk decreased with the application of CV technologies. Also, the CVPL 

approach performed better than the CVWPL approach for each MPR in terms of RCRI. It was also 

found that at least 30% MPR was needed to have significant reduction in rear-end crash risk. 

Additionally, CVPL achieved higher reductions of RCRI compared to CVWPL when the MPRs 

were equal or greater than 50%. It is worth mentioning that, the higher the MPRs implemented, 

the lower were the potential rear-end crash observations, and therefore the higher were the safety 

benefits achieved. 

 

Overall, the deployment of CVs in reduced visibility conditions would significantly decrease the 

standard deviation of speed, standard deviation of headway, and RCRI; thereby might decrease the 

probability of crashes. 

3.7 Summary 

Traffic flow characteristics deteriorate significantly in fog conditions compared to normal weather 

conditions which might result in high crash risk. In order to improve traffic safety in fog conditions, 

two CV strategies were applied in microsimulation. The strategies include connected vehicle 

without platooning and connected vehicle with platooning. A car following model for both 

approaches was used with an assumption that the CVs would follow this car following behavior in 

fog conditions. Three surrogate measures of safety including the standard deviation of speed, the 

standard deviation of headway, and RCRI were considered as safety indicators in this study. The 

safety benefits were observed under different MPRs for both approaches.  In general, both CV 

approaches improved safety in fog conditions by providing significant reductions in standard 

deviation of speed, standard deviation of headway, and RCRI. It was found that the higher the 

MPRs of CV implemented the higher were the safety benefits achieved. Maximum improvement 
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was found to be at 100% MPR. A minimum of 30% MPR was needed to observe significant safety 

benefits of the applied CV approaches compared to the base scenario. The results showed that the 

CVPL significantly outperformed CVWPL in terms of three surrogate measures of safety. It was 

also found that at least 50% MPR was needed to achieve the safety benefits for the CVPL 

compared to CVWPL. To be more specific, both approaches of CV technologies achieved 

significant safety benefits over the base scenario with at least 30% MPR. Additionally, CVPL 

achieved higher safety benefits compared to CVWPL when the MPRs were equal or greater than 

50%. From the profiles of standard deviation of speed and headway, it was found that the variances 

of these values decreased thereby providing a stabilized flow with fewer crash risk. On the other 

hand, simulation results asserted that speed was higher in both CV approaches compared to the 

base scenario. Therefore, the CV technologies not only improved traffic safety but also enhanced 

traffic operation. However, the average speed was higher in CVPL compared to CVWPL. Hence, 

taking both traffic safety and operation into consideration, the CVPL approach performed better 

than CVWPL approach.  

 

For the car following model, this study considered several parameters implemented in previous 

studies. However, the optimization of these parameters was out of the scope for this study. This 

study can be a good platform for further analysis with a combination of VSL and CV technologies. 

With this regard, V2I protocol might be useful with combination of V2V communication under 

CV environment.  

 

As a follow-up study, it may consider a full-scale field experiment. Nevertheless, the experiment 

will be limited for several reasons. First of all, this study tested the effects of CV by market 
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penetration rate (MPR) in this study. Nevertheless, the full market penetration of CVs will not be 

accomplished in the near future. Thus, it is difficult to incorporate the effective full-scale field 

experiment with V2V communication. A full -scale field experiment with a small group of 

experimental cars with V2V communication might be needed to substantiate and extend the results 

of this simulation study. That would be very important to policy makers or researchers working 

toward the implementation of CV technologies. 
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CHAPTER FOUR: EFFECTIVENESS OF MANAGED LANE CONN ECTED 

VEHICLE Sô PLATTONING IN EXPRESSWAYôS 

4.1 Introduction  

Connected vehicles (CV) technologies has recently drawn an increasing attention from 

governments, vehicle manufacturers, and researchers. One of the biggest issues facing CVs 

popularization associates it with the market penetration rate (MPR). The full market penetration 

of CVs might not be accomplished recently. Therefore, traffic flow will likely be composed of a 

mixture of conventional vehicles and CVs. In this context, the study of CV MPR is worthwhile in 

the CV transition period. The overarching goal of this study was to evaluate longitudinal safety of 

CV platoons by comparing the implementation of managed-lane CV platoons and all lanes CV 

platoons (with same MPR) over non-CV scenario. This study applied the CV concept on a 

congested expressway (SR408) in Florida to improve traffic safety. The Intelligent Driver Model 

(IDM) along with the platooning concept were used to regulate the driving behavior of CV 

platoons with an assumption that the CVs would follow this behavior in real-world. A high-level 

control algorithm of CVs in a managed-lane was proposed in order to form platoons with three 

joining strategies: rear join, front join, and cut-in joint. Five surrogate safety measures, standard 

deviation of speed, time exposed time-to-collision (TET), time integrated time-to-collision (TIT), 

time exposed rear-end crash risk index (TERCRI), and sideswipe crash risk (SSCR) were utilized 

as indicators for safety evaluation. The results showed that both CV approaches (i.e., managed-

lane CV platoons, and all lanes CV platoons) significantly improved the longitudinal safety in the 

studied expressway compared to the non-CV scenario. In terms of surrogate safety measures, the 

managed-lane CV platoons significantly outperformed all lanes CV platoons with the same MPR. 

Different time-to-collision (TTC) thresholds were also tested and showed similar results on traffic 
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safety. Results of this study provide useful insight for the management of CV MPR as managed-

lane CV platoons. Figure 5 illustrates the managed-lane CV concept along with the regular 

vehiclesô lanes.  

 

Figure 5 Illustration of CV managed lane and regular vehicle lane 

 

The overarching goal of this study was to evaluate the longitudinal safety evaluation of managed-

lane CV platoons on a congested expressway. To have better understanding of managed-lane CV 

effectiveness, this study selected a congested expressway SR408 which has 17 weaving segments. 

The simulation experiments are first designed, including deployment of both CV platoons as 

managed-lane and all lanes in this expressway. Then, a driving behavior model for CVs along with 

the platooning concept were used with an assumption that the CVs would follow this driving 

behavior in real-world. Five surrogate safety measures, standard deviation of speed, time exposed 

time-to-collision (TET), time integrated time-to-collision (TIT), time exposed rear-end crash risk 

index (TERCRI), and sideswipe crash risk (SSCR) were utilized as indicators for safety evaluation. 

Sensitivity analysis were also conducted for the different time-to-collision (TTC) thresholds. 

Results of this study provide useful information for expressway safety when CVs are applied as 

managed-lane concept for the management of CV MPR in the near future. 
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4.2 Data Preparation 

A congested expressway Holland East-West Expressway (SR408) in Orlando, Florida was selected 

as a testbed for this study. The testbed was a 22-miles section of SR408 with 17 weaving segments 

from West Colonial Drive, Orlando to Challenger Parkway, Orlando. This expressway is 

monitored by Microwave Vehicle Detection System (MVDS), and almost all ramps have an 

MVDS detector to provide ramp traffic information. MVDS indicates the basic traffic 

characteristics of the selected road segment. The study area along with the MVDS detectors is 

shown in Figure 6.  

  

Figure 6 The study area showing MVDS detectors. 

 

The collected traffic dataset contains seven important variables including volume, speed, and lane 

occupancy for each lane at 1-minute interval, and also categorizes vehicles into four types 

according to their length; type 1: vehicles 0 to 3 meters in length, type 2: vehicles 3 to 7.5 meters 
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in length, type 3: vehicles 7.5 to 16.5 meters in length, type 4: vehicles over 16.5 meters in length. 

The type 3 and type 4 vehicles in MVDS data were considered to be heavy goods vehicles (HGV) 

whereas the type 1 and type 2 vehicles were passenger vehicles (PC). The traffic data were 

collected from MVDS detectors installed in the above-mentioned areas (Figure 6).  

 

4.3 VISSIM Simulation Model and Calibration  

A well calibrated and validated VISSIM network replicating the field condition is the prerequisite 

of microsimulation-based study. Simulations were conducted in PTV VISSIM, version 9.0. The 

testbed was around 22-miles section of SR 408. The traffic information on the simulation network 

including, traffic volume aggregated into 5 minutes intervals, PC and HGV percentages, and 

desired speed distribution were obtained from the MVDS detectors. The simulation time was set 

from 6:30 A.M. to 9:30 A.M in VISSIM. After excluding first 30 minutes of VISSIM warm up 

time and last 30 minutes of cool-down time, 180 minutes VISSIM data was used for calibration 

and validation. Geoffrey E. Heavers (GEH) statistic was used to compare the field volumes with 

simulation volumes. The GEH statistic is a modified Chi-square statistic that takes into account 

both the absolute difference and the percentage difference between the modelled and the observed 

flows. The definition of GEH is as follows, 

ὋὉὌ
ὓ ὲ ὓ ὲ

πȢυ ὓ ὲ ὓ ὲ
 (7) 

 

 

Where ὓ ὲ is the observed volume from field detectors and ὓ ὲ is the simulated 

volume obtained from the simulation network. The simulated volume would precisely reflect the 

field volume if more than 85% of the measurement locations GEH values are less than five (M 
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Saad et al., 2018; Wang et al., 2017; Wu et al., 2019a; Yu and Abdel-Aty, 2014). It is worth 

mentioning that, for GEH < 5, flows can be considered a good fit; for 5 < GEH < 10, flow may 

require further investigation; and for 10 < GEH, flow cannot be considered a good fit. To validate 

the simulation network, average speeds from the field and simulation have been utilized. Mean, 

minimum, and maximum values of the average speeds from in-field detectors were calculated. As 

for speed, the absolute speed difference between simulated speeds and field speeds should be 

within five mph for more than 85% of the checkpoints (Lee et al., 2018; Nezamuddin et al., 2011). 

The simulated traffic volumes and speeds were aggregated to 5-minute intervals and then 

compared with the corresponding field traffic data. Ten simulation runs with different random 

seeds worth of results showed that 93.23% of observed GEHs were less than five, and 92.92% of 

the aggregated speeds in the simulation were within five mph of field speeds. The results above 

proved that the traffic calibration and validation satisfy the requirements and indicate that the 

network was consistent with that of the field traffic conditions. 

 

Traffic safety deteriorated significantly in weaving segments compared to non-weaving segments 

which increase crash risk in weaving segments (Glad, 2001; Golob et al., 2004; Kim and Park, 

2016; Pulugurtha and Bhatt, 2010; Saad et al., 2019b; Yuan et al., 2019a). So, there was a need to 

revalidate the weaving segment VISSIM network with respect to both traffic and safety. To 

simplify the further validation process, a sensitivity analysis was conducted on VISSIM driver 

behavior parameters in simulation models to reflect the weaving segments condition. Based on the 

literature review, six parameters were chosen for VISSIM calibration and validation for weaving 

segments (Jolovic and Stevanovic, 2012; Koppula, 2002; Woody, 2006; Wu et al., 2005). They 

were DLCD (desired lane change distance), CC0 (standstill distance), CC1 (headway time), CC2 
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(following variation), waiting time per diffusion, and safety distance reduction factor. For each 

parameter, a range of values (9 values), which includes the default, was determined based on 

previous study and engineering judgment (Habtemichael and Picado-Santos, 2013). A total of 490 

simulation runs [(1 base-models + 6×8 car-following parameters) times 10 random seeds] were 

conducted. For sensitivity analysis, standard deviation of speed was calculated in 5 minutes of 

each run and compared it with the corresponding field standard deviation of speed in 5 minutes by 

two sample t-test. The sensitivity analysis results showed that three most important parameters 

were vital to reflect the safety in weaving segment. These include DLCD, CC1, and safety distance 

reduction factor. The default value of DLCD, CC1, and safety distance reduction factor in VISSIM 

were 200 meters, 0.9 seconds, and 0.60, respectively whereas the calibrated values were found to 

be 400 meters, 0.8 seconds, and 0.50, respectively. 

 

4.4 Methodology 

The overview of whole methodology is expressed in Figure 7. The CV platoon was deployed in 

the simulation experiments in a fashion of managed-lane CV platoons and the all lanes CV 

platoons with same MPR of 40%. For the managed lane simulation experiment, CV platoons were 

dedicated only in the inner lane (close to the median) and all other lanes were implemented as 

regular vehicles. While the simulation experiment for all lanes, CV platoons were implemented all 

the lanes of the expressway along with regular vehicles. To be more specific, this simulation 

experiment tested two scenarios including managed-lane CV platoons and all lanes CV platoons 

which would be compared with the base condition (non-CV scenario). All the CVs behavior are 

controlled by a car following model and the control algorithm of the CV platoons will be described 

in the next section. The outputs of the CV platoonsô behavior model were microscopic simulation 
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traffic data, such as position, speed, occupancy, time interval, vehicle length, and acceleration. 

Based on surrogate safety measures, a relation can be established between these microscopic data 

and longitudinal safety. 

                  

Figure 7 A flowchart of entire methodology. 

 

4.4.1 CV with platooning behavior model 

A car following model is a prerequisite to regulate the driving behavior of CVs in microsimulation. 

The intelligent driver model (IDM), introduced by (Treiber et al., 2000), is a non-linear car 

following model for which the acceleration ὺὍὈὓ  is calculated by the speed differences Ўὺ and 

the dynamic desired gap distance (ίᶻ . Most researchers used IDM as machine driving platform in 

order to simulate their own driving behavior such as adaptive cruise control (ACC) and cooperative 

adaptive cruise control (CACC) in microsimulation (Kesting et al., 2010b, 2008; Khondaker and 

Kattan, 2015; Li et al., 2017a). The acceleration ὺὍὈὓ is expressed in Equation 8. 

ὺ ὸ ὸ ÍÁØὦȟὥ ρ
ὺ

ὺ

ίᶻ

ί
 (8) 
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ίᶻ ί άὥὼπȟὺὝ
ὺЎὺ

ςὥὦ
 

 

where, ὸ = the perception-reaction time, ὦ  = the maximum deceleration, ὥ  = the maximum 

acceleration, ὺ = the speed of the following vehicle, ὺ = the desired speed,  = the acceleration 

exponent, ί = the gap distance between two vehicles, ί = the minimum gap distance at standstill, 

Ὕ = the safe time headway, and ὦ = the desired deceleration 

 

All the model parameters of this IDM model were potentially determined according to previous 

studies (Kesting et al., 2010b; Li et al., 2017a, 2017b; Milanés and Shladover, 2014). The main 

reason of the selection of model parameter values based on previous research is the unavaiability 

of empirical data of CVs so that parameter calibrations are intractable. The parameters of CVs 

behavior model are presented below in Table 4. 

Table  4 Model Parameter Setting 

Model Parameters Connected Vehicle 

Desired speed, ὺ 120 km/h 

Acceleration exponent, 4  

Maximum acceleration, ὥ  1 m/sec2 

Desired deceleration, ὦ 2 m/sec2 

Minimum gap distance at standstill, ί 2 m 

Safe time headway, Ὕ 0.6 sec 

Maximum deceleration, ὦ  2.8 m/sec2 

Time delay, ὸ 1.5 sec 

 

Additionally, CVs were implemented as a platooning concept (CVPL), wherein several vehicles 

form a ñplatoonò that behaves as a single unit. In this study, three joining schemes for CVs, such 

as rear, front, and cut-in joins were implemented to maintain the platoon. For managed- lane CV 

platoonsô scenario, platoons form in the lane dedicated for CV managed lane. While all lanes CV 
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platoonsô scenario, platoons form in any lane of the designated roadway. The joining scheme of 

CVs in CV manage-lane and all lanes CV scenarios are presented in Figures 8 and 9, respectively 

to maintain a platoon. The rear join leads a new CV from regular vehicle lane following the last 

vehicle of a CV group in a managed lane driving along the most adjacent lane of the joining vehicle 

(Figure 8). For the all lanes CV scenario, the rear join leads a new CV following the last vehicle 

of a CV group in any lane driving along the most adjacent lane of the joining vehicle (Figure 9). 

Thus, the joining process is similar between the managed-lane CV platoons and all lanes CV 

platoons. The only difference is that platooning occurs at the designated managed lane in the 

managed-lane CV platoons. While the simulation experiment for all lanes, CV platoons were 

implemented at all the lanes of the expressway along with regular vehicles.  The front join performs 

the same process as rear join to allow a new CV from regular vehicle lane to join into an existing 

CV group in CV managed lane except that it leads the joining vehicle to the front of the first vehicle 

in the CV group. The cut-in join method is implemented by cooperatively adjusting the maneuvers 

of the joining vehicle from regular lane and a CV of managed lane in the group. As shown in Figure 

8, once the joining vehicle identifies a target CV group in the CV managed lane, it approaches the 

group and determines a proper position to be inserted based on its current driving information such 

as speed, position, etc. Then the deceleration rate of a CV in the target group is adjusted to create 

a safe gap for the joining vehicle while the leading vehicle maintains its current speed. If the safe 

gap is satisfied for the lane change behavior of the joining vehicle, which is governed by VISSIMôs 

lane changing model, the joining vehicle begins to change the lane. 

 

We developed high-level control algorithm architecture for managed-lane and all lanes CV 

platoons as shown in Figures 10 and 11, respectively. The all lanes CV platoonôs scenario is almost 
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the same as the managed lane CV platoonôs scenario. The same car following model (IDM) along 

with the platooning concept were used in both scenarios to simulate the behavior of CVs. The only 

difference is that CVs were allowed to occupy all the lanes of the roadway in the all lanes CV 

platoonôs scenario. Moreover, platooning can form at any lane of the roadway in the all lanes CV 

platoon. For managed-lane CV platoonôs scenario, CVs were allowed only in the designated 

managed lane of the roadway. The platoons were also formed in the managed-lane only.  It is worth 

mentioning that the algorithm continuously adjusted the acceleration or deceleration rates using 

the above-mentioned IDM equation between the leading and the subject vehicles using dedicated 

short-range communication (DSRC) system of 300 meters (1000 feet). The main assumption is 

that all the CV vehicles will follow the control algorithm in the real-world. 

 

The driving behavior model of CV platoons for both approaches (i.e., managed-lane CV platoons, 

all lanes CV platoons) were implemented as Dynamic Link Library (DLL) plug-in, which 

overrides the VISSIM default driving behavior. The DLL were written in C++ which offers 

VISSIM an option to replace the internal driving behavior and create the V2V communication 

system. Note that the car following and the lane changing behavior of non-CVs were determined 

by VISSIMôs default driving behavior model. 
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Figure 8 Illustration of CV join to maintain a platoon in managed-lane CV scenario. 

 

Figure 9 Illustration of CV join to maintain a platoon in all lanes CV scenario. 

 




















































































































































































