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FIELD EVALUATION OF ECO-COOPERATIVE ADAPTIVE CRUISE 

CONTROL IN THE VICINITY OF SIGNALIZED INTERSECTIONS 

 

Mohammed Hamad Almannaa 

SCHOLARLY ABSTRACT 

Traffic signals are used at intersections to manage the flow of vehicles by allocating right-of-way 

in a timely manner for different users of the intersection. Traffic signals are therefore installed at 

an intersection to improve overall safety and to decrease vehicular average delay. However, the 

variation of driving speed in response to these signals causes an increase in fuel consumption and 

air emission levels.  One solution to this problem is Eco-Cooperative Adaptive Cruise Control 

(Eco-CACC), which attempts to reduce vehicle fuel consumption and emission levels by 

optimizing driver behavior in the vicinity of a signalized intersection. Various Eco-CACC 

algorithms have been proposed by researchers to address this issue. With the help of vehicle-to-

infrastructure (V2I) and vehicle-to-vehicle (V2V) communication, algorithms are being 

developed that utilize signal phasing and timing (SPaT) data together with queue information to 

optimize vehicle trajectories in the vicinity of signalized intersections. 

The research presented in this thesis constitutes the third phase of a project that entailed 

developing and evaluating an Eco-CACC system. Its main objective is to evaluate the benefits of 

the newly developed Eco-CACC algorithm that was proposed by the Center for Sustainable 

Mobility at the Virginia Tech Transportation Institute. This algorithm uses advanced signal 

information (SPaT) to compute the fuel-optimal trajectory of vehicles, and, then, send 

recommended speeds to drivers as an audio message or implement them directly into the subject 

vehicle. The objective of this study is to quantitatively quantify the fuel-efficiency of the Eco-

CACC system in a real field environment. In addition, another goal of this study is to address the 

implementation issues and challenges with the field application of the Eco-CACC system. 

A dataset of 2112 trips were collected as part of this research effort using a 2014 Cadillac 

SRX equipped with a vehicle onboard unit for (V2V) and (V2I) communication. A total of 32 

participants between the ages of 18 and 30 were randomly selected from one age group (18-30) 

with an equal number of males and females. The controlled experiment was conducted on the 

Virginia Smart Road facility during daylight hours for dry pavement conditions. The controlled 
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field experiment included four different scenarios: normal driving, driving with red indication 

countdown information provided to drivers, driving with recommended speed information 

computed by the Eco-CACC system and delivered to drivers, and finally automated driving 

(automated Eco-CACC system). The controlled field experiment was conducted for four values 

of red indication offsets along an uphill and downhill approach. 

The collected data were compared with regard to fuel economy and travel time over a 

fixed distance upstream and downstream of the intersection (820 ft (250 m) upstream of the 

intersection to 590 ft (180 m) downstream for a total length of 1410 ft (430 m)). The results 

demonstrate that the Eco-CACC system is very efficient in reducing fuel consumption levels 

especially when driving downhill. The field data indicates that the automated scenario could 

produce fuel and travel time savings of 31% and 9% on average, respectively. In addition, the 

study demonstrates that driving with a red indication countdown and recommended speed 

information can produce fuel savings ranging from 4 to 21 percent with decreases in travel times 

ranging between 1 and 10 percent depending on the value of red indication offset and the direction. 

Split-split-plot design was used to analyze the data and test significant differences between the four 

scenarios with regards to fuel consumption and travel time. The analysis shows that the differences 

between normal driving and driving with either the manual or automated Eco-CACC systems are 

statistically significant for all the red indication offset values.  
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FIELD EVALUATION OF ECO-COOPERATIVE ADAPTIVE CRUISE 

CONTROL IN THE VICINITY OF SIGNALIZED INTERSECTIONS 

 

Mohammed Hamad Almannaa 

GENERAL AUDIENCE ABSTRACT 

Signalized intersections have recently drawn attention as researchers realized the significant 

vehicle fuel consumption increase in their vicinity. When coming close to a signalized 

intersection, drivers are completely unaware of exactly when the traffic signal will change. 

Consequently, drivers may have to accelerate/decelerate aggressively to respond to traffic signal 

changes. This results in non-smooth driving behavior. Non-smooth driving (e.g. hard barking, 

sudden speed changes) consumes excessive fuel as it follows a non-ideal speed profile. Research 

efforts have been conducted to generate the fuel-optimal speed profile in the vicinity of 

signalized intersections. Establishing communication between vehicles and the traffic signal 

controller is a powerful tool to receive data that otherwise was not available and then use that 

data to make driver behavior smoother and, therefore, reduce vehicle fuel consumption and 

emission levels. Various messages can be exchanged wirelessly between the two parties.  Among 

these messages is the Signal Phasing and Timing (SPaT) message that can provide valuable 

information in advance about upcoming traffic signal timing changes. This information could 

help drivers make early decisions whether they should proceed or stop safely and smoothly. 

Recent research has been trying to address this issue and propose different algorithms that 

could optimize driver behavior ahead of the intersection and, thereby, reduce pollutions and fuel 

consumption levels. With the help of vehicle-to-infrastructure (V2I) and vehicle-to-vehicle (V2V) 

communication, algorithms are being developed that utilize SPaT data together with queue 

information to optimize vehicle trajectories in the vicinity of signalized intersections.  

Several algorithms have been introduced to provide an optimal-speed profile for 

approaching vehicles by optimizing deceleration/acceleration vehicle profiles. However, none 

explicitly attempted to minimize vehicle fuel consumption. In addition, most of the proposed 

algorithms have been developed and tested in traffic simulation environment where recommended 

speeds are enforced and many issues, such as the delay in the system and human-vehicle 

interaction, are not considered.  
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This thesis presents the results of a unique controlled field experiment that was designed 

to evaluate an Eco-Cooperative Adaptive Cruise Control (Eco-CACC) system that was developed 

by the Center for Sustainable Mobility at the Virginia Tech Transportation Institute. The Eco-

CACC system computes and recommends real-time fuel-efficient speeds using V2I communicated 

data. The computed speeds can be delivered to drivers as an audio message or be implemented 

directly in the testing vehicle. The objective function of the proposed algorithm is the explicit 

minimization of the total fuel consumed to travel from some distance upstream of the intersection 

to a distance downstream of the intersection. 

This experiment is considered as the first controlled field experiment of its kind in the 

world that was conducted in a real environment with real participants using a fully-automated 

vehicle. The controlled field experiment included four different scenarios, namely: normal driving, 

driving with countdown (time left from red to green in current signal indication) information 

provided to drivers, driving with recommended speed information also provided to drivers, and 

automated driving. Automated driving means that the car can communicate to the traffic light and 

adjust its speed by itself (i.e. driver only controls the steering wheel). 

The controlled field experiment was conducted for four different signal timings and two 

different directions (uphill and downhill) on the Smart Road test facility. In total, 2112 trips were 

conducted using 32 different participants between the ages of 18 and 30 with equal number of 

males and females. Participants drove 32 loops on the smart road passing a signalized intersection 

continuously, where the data were recorded in the data acquisition system under a researcher’s 

surveillance. 

The collected data were compared with regard to fuel economy and travel time over a 

fixed distance upstream and downstream of the intersection (1410 ft (430m) section). The results 

demonstrate that the Eco-CACC system is very efficient in reducing fuel consumption levels 

especially when driving downhill. The analyzed data indicates that the automated scenario has the 

most fuel consumption savings levels among all tested scenarios and could produce fuel and travel 

time savings up to 45 and 13 percent, respectively. 

In addition, the study demonstrates that driving with countdown and recommended speed 

information can produce fuel savings ranging between 21 and 4 percent with decreases in travel 

times ranging between 1 and 10 percent. 
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Interestingly, post-drive survey results show that 91% of the participants would like to 

have the automated scenario implemented in their cars if it would save 10 to15 percent in fuel 

consumption. In addition, the automated scenario was ranked by the participants as the best 

scenario for enhancing safety and comfort levels.  
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CHAPTER 1: INTRODUCTION

Traffic lights are used at intersections to manage the flow of vehicles by allocating right-of-way 

in a timely manner for different users of the intersection. Traffic signals are therefore installed at 

an intersection to improve overall safety and to decrease average travel time. However, the 

variation of driving speed in response to these signals causes an increase in air emissions and 

fuel consumption [1]. That happens because of non-optimum speeds created in the vicinity of the 

signalized intersections [2]. One solution to this problem is eco-driving, which is a strategy that 

aims to reduce excessive fuel consumption and emissions by optimizing drivers’ behaviors (i.e. 

speed, acceleration, braking. etc) ahead of the intersection [3, 4]. With the help of infrastructure-

to-vehicle (I2V) communication, eco-driving could utilize the signal phase and the queue-

discharging time information to optimize the speed trajectories for vehicles approaching an 

intersection [5, 6]. Therefore, optimizing the speed trajectories could help minimizing fuel 

consumption by providing an optimal-speed profile. The research presented in this thesis 

evaluates the fuel-efficiency of the newly developed eco-driving algorithm, namely, the Eco-

Cooperative Adaptive Cruise Control (Eco-CACC) system that was proposed by 

Kamalanathsharma [7]. In this thesis, a controlled field experiment around a signalized 

intersection was conducted to quantify the benefits of the Eco-CACC system. This chapter 

presents a broad introduction to the study’s background, objectives, approach, and finally the 

organization of this thesis. 

1.1 Background 

Signalized intersections have been drawn attention recently due to producing excessive fuel 

consumption usage [1]. On-coming vehicles to a signalized intersection have no clue for when 

exactly the traffic signal would change. Therefore, drivers may have to accelerate/decelerate 

aggressively in response to traffic lights. This results in non-smooth driving behavior (e.g. hard 

barking, sudden speed changes) that consumes excessive fuel as it follows a non-ideal speed 

profile [2]. Research efforts have been conducted to generate the fuel-optimal speed profile in 

the vicinity of signalized intersections [5, 8, 9]. Establishing Communication between vehicles 

and the traffic signal controller is a powerful tool to make the driver behavior smoother and, 

therefore, less fuel consumption and emission would be achieved. Various messages can be 

exchanged wirelessly between the two parties. Among these messages is SPaT message that can 

provide valuable information in advance about upcoming traffic signal timing changes. This 
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information could help drivers to make early decisions whether they should proceed or stop safely 

and smoothly. 

Recent research has been trying to address this issue and propose different algorithms that 

could optimize drivers’ behaviors ahead of the intersection and, thereby, reduce pollutions and fuel 

consumption. With the help of vehicle-to-infrastructure (V2I) and vehicle-to-vehicle (V2V) 

communication, algorithms are being developed that utilize SPaT data together with queue 

information to optimize vehicle trajectories in the vicinity of signalized intersections [8, 10-12]. 

Therefore, it is possible that vehicles can communicate with the traffic signals, receive SPaT 

information, and adjust their speeds accordingly. 

Several algorithms have been introduced to provide an optimal-speed profile for 

approaching vehicles by optimizing deceleration/acceleration vehicle profiles. However, none of 

which attempted to minimize explicitly vehicle fuel consumption. In addition, most of the 

proposed algorithms have been developed and tested in traffic simulation environments where 

recommended speeds are enforced and many issues, such as the delay in the system and human-

vehicle interaction, are not considered. 

In this thesis, the Eco-CACC system was tested in a real field environment. The Eco-

CACC system computes and recommends real-time fuel-efficiency speeds using V2V and V2I 

communicated data. The computed speeds can be delivered to drivers as an audio message or be 

implemented directly in the testing vehicle. On contrast to most of the previous developed 

algorithms, the objective function of this algorithm is the explicit minimization of the total fuel 

consumed to travel from some distance upstream of the intersection to a distance downstream of 

the intersection. 

1.2 Thesis Objectives 

The objectives of this research effort are two-fold. First, construct a comprehensive dataset of the 

drivers’ responses at a signalized intersection when they receive advanced signal timing 

information from the traffic signal controller. Second, evaluate the fuel efficiency effectiveness 

of the Eco-CACC at a signalized intersection and quantify the other benefits. 

In [7], Kamalanathsharma has modeled and tested the Eco-CACC system in a simulated 

environment. However, the Eco-CACC system has not been utilized for actual implementation. 

Therefore, this thesis will be a real-implementation study of the ECO-CACC system. It will enable 
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experimental validation of the Eco-CACC system and compare simulation results with field study 

results. 

1.3 Research Approach 

The initial task for this research effort was to design and conduct a field experiment to gather 

data on reducing fuel consumption and travel times at a signalized intersection using the Eco-

CACC system for clear weather and dry roadway conditions. The Eco-CACC system is a type of 

Cooperative Adaptive Cruise Control that uses vehicle-to-infrastructure (V2I) communication to 

receive SPaT data from downstream intersections. Subsequently, the Eco-CACC system sends 

recommended speeds and optimizes the vehicle’s trajectory to minimize fuel consumption levels. 

A moving horizon dynamic programming (DP) approach is used to optimize the vehicle 

trajectories. To enhance the computational efficiency of the DP, a modified A-star algorithm has 

been developed. 

The Eco-CACC system has been tested in a simulated environment on 30 top-sold 

vehicles in the United States. Results show that using the Eco-CACC system could provide fuel 

savings up to 30 percent within the vicinity of signalized intersections [13]. Therefore, there is a 

need to conduct a field experiment using the Eco-CACC system to validate the simulation results. 

In this thesis, the experiment was conducted solely on the Smart Road test facility and 

only during daylight hours on a dry pavement condition. The experiment was composed of two 

main phases. The first phase was comprised of the determination of eligibility and the procurement 

of informed consent from each participant. The second phase, the Smart Road test-track driving 

portion, required only one session in one day for each participant and took approximately 2-3 hours 

to complete 

The testing vehicle was equipped with the Eco-CACC system, which contains Dedicated 

Short-Range Communication (DSRC), Adaptive Cruise Control (ACC) system, and Differential 

Global Positioning System (DGPS), and a real-time data acquisition system (DAS).  In total, 2112 

trips were conducted using 32 different participants (16 females and 16 males) between the ages of 

18 and 30. Participants drove 32 loops on the smart road passing a signalized intersection 

continuously, where the data were recorded in the data acquisition system under a researcher’s 

surveillance. 
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Four different scenarios were tested, namely: normal driving, driving with a red indication 

countdown information provided to drivers, driving with speed recommendations computed by the 

Eco-CACC system and provided to drivers, and finally automated driving (automated Eco-CACC 

system). Vehicle data (fuel consumption, current speed, target speed, and distance to stop line) and 

SPaT information were calculated every 0.1 second during the test for the four scenarios. Only the 

data in the range of Eco-CACC system (820 ft (250 m) upstream to 590 ft (180 m) downstream of 

the intersection) were extracted and analyzed.  

The split-split-plot design (SSPD) was used as the factorial treatment structure has three 

levels (scenarios, red indication offsets, and directions) of experimental units. This design was used 

with two replications to test the effect of the four scenarios (main treatment), four values of red 

indication offsets (10, 15, 20, and 25 seconds) (split-plot treatment), and two directions (uphill and 

downhill) (split-split-plot treatment).  The SSPD tested significant differences among all the 

similar experimental units and helped to analyze this data when applying Analysis of Variance 

(ANOVA). Conclusion for this study and recommendations for future work are presented at the 

end of the thesis. 

1.4 Thesis Organization 

This thesis is organized into five chapters. As well as the research objectives and thesis 

organization, chapter one briefly presents an overview of the research in testing the Eco-CACC 

system in the vicinity of a signalized intersection. Chapter two presents a detailed literature 

review of the previously developed algorithms on eco-driving, along with the implemented field 

and simulation experiments. A brief summary of the Eco-CACC system is also presented in 

chapter two. Chapters three and four discuss the experimental design of the study, followed by 

field data analysis highlighting the benefits of the ECO-CACC system. It should be noted that 

chapters three and four have the same outlines; however, chapter three discusses the results of 

normal driving, driving with a red indication countdown, and driving with recommended speed 

information, while chapter four discusses the results of normal driving, driving with 

recommended speed information, and automated driving. Finally, chapter five presents the 

conclusions of the research and recommendations for future work.  
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CHAPTER 2: LITERATURE REVIEW 

2.1 Introduction 

This chapter presents a definition of eco-driving and its benefits along with previous research 

work. A brief summary of the Eco-CACC system is presented at the end of this chapter. 

2.2 What is Eco-Driving? 

Eco-driving is a driving style that is considered to be economic and ecologically 

beneficial. It has been defined by several researchers as the smooth driving resulting from 

adjustment in driver behavior [3, 4]. Consequently, researchers have suggested tips for drivers [14, 

15] that could effectively improve their behavior with the objective of minimizing fuel 

consumption and emission levels. These tips are: 

 Avoid hard braking, sudden acceleration/deceleration, and idling. 

 Limit air conditioner use. 

 Stop warming engine. 

 Shift gear up early. 

 Maintain steady speed. 

 Look ahead while driving. 

 Limit starting speed in the first 5 seconds to 20km/h. 

However, recent research shows a vehicle itself could be considered as part of an eco-

driving system. Trying to decrease the unnecessary load of the vehicle, maintaining it regularly, 

and checking tire pressure consistently are effective ways of promoting eco-driving [16]. In 

addition, there are several advanced devices that could be installed into the vehicle to fulfill the 

objectives of an eco-driving, such as the eco-indicator [14, 17, 18]. 

2.3 What Are the Benefits of Eco-Driving? 

Eco-driving has shown a significant positive effect on mitigating the environmental impacts of 

the transportation system. Studies in many countries have revealed a clear improvement in favor 

of reducing pollution and fuel consumption [5, 19-22]. In Europe, Fonseca et al. [23] studied the 

impact of driving style on fuel consumption and pollution emissions of five diesel passenger cars 
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in urban traffic. They took into consideration three different driving styles, namely: normal 

driving, eco-driving, and aggressive driving. Fonseca et al. found that aggressive driving 

increased carbon dioxide and fuel consumption by 40%, while eco-driving decreased fuel 

consumption and carbon dioxide emissions by 14%. In Canada, Michelle et al. [24] studied the 

impact of engine idling on greenhouse gas (GHG) emissions in the city of Calgary based on eco-

driver training. They found that, after decreasing daily idling between 4% and 10% per vehicle 

per day, carbon dioxide emissions decreased by 3.75 lb (1.7 kg) per vehicle per day and fuel 

consumption was reduced. In the USA, Barth and Boriboonsomsin [25] found a 10-20% 

reduction in fuel consumption and carbon dioxide emissions after providing recommended 

speeds for drivers that help them to drive in a fuel efficient way. 

Moreover, eco-driving could reduce the severity of accidents, thereby decreasing the cost 

of repairing cars, as it encourages drivers to drive steadily and smoothly. Additionally, previous 

studies show that eco-driving could be a main reason for reducing physical fatigue of the driver 

[26]. Yamabe et al. showed that go-and-stop movements at the intersections make the muscle 

activities of drivers more sensitive and increase physical fatigue. 

Finally, safety and user comfort may be considered as indirect goals of eco-driving. The 

drivers and passengers would experience more comfort when riding with eco-driving, as its’ 

strategies aim at avoiding sudden speed changes and hard braking [27]. 

2.4 How to Evaluate Eco-Driving? 

In order to utilize eco-driving, some research efforts focused on modeling and simulating the 

driving behavior, while others evaluated eco-driving by conducting real field tests. Therefore, 

there are three approaches that could evaluate eco-driving, namely: field experiments, driving 

simulators and traffic simulations. 

2.4.1 Field Experiment 

The goal of field experiments is to evaluate the improvement of the driver’s behavior in real road 

situations before and after adopting eco-driving strategies. The amount of reduction in GHG 

emissions and fuel consumption levels varies based on the driver-acceptance of these strategies. 

Eco-driving in a real environment could be achieved by giving a brief lecture for a couple of 

hours for drivers, doing practical exercises [24, 28], reading a list of advice [24, 28], or mounting 

a device in the vehicle [14, 17]. 
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The improvement of the driver’s performance is measured by sensors installed on the 

vehicle. These sensors are able to record the instantaneous speed and measure the fuel 

consumption and GHG emission levels. However, labor-intensiveness and time-consumption play 

a role in determining the trustworthiness of the experiments’ results [15]. Therefore, the sample 

size of the experiment should be statistically considerable. Also, the traffic conditions should be 

the same before and after the comparison. Otherwise, the difference in the results of the 

comparison will not be noteworthy. This section reviews the research efforts attempting to conduct 

a real experiment associated with using eco-driving strategies. 

In Sweden, Johansson provided training courses to a number of drivers and taught them 

how to drive ideally. The training courses contained several tips, such as avoiding hard braking and 

accelerating/decelerating smoothly. Johansson [29] found that fuel consumption decreased by 

10.9% after the training course. In France, Andrieu and Pierre [30] conducted two experiments. 

Each experiment had two scenarios, namely: normal driving and eco-driving. The first experiment 

was done by giving participants a list of advice, while the other one was done by training the 

participants. Andrieu and Pierre found that there was a significant difference between the two 

scenarios in terms of reducing fuel consumption for both of the experiments. In China, Yang et al. 

[31] studied the effects of eco-driving on fuel consumption. They had two scenarios: normal 

driving and eco-driving. Eco-driving has four rules: shift the gear in time, maintain steady speed, 

and slow down appropriately and gently. The study revealed eco-driving could decrease fuel 

consumption significantly. In Taiwan, Lai [32] used a monetary reward system to encourage bus 

drivers to follow eco-driving behaviors. He measured the fuel consumption levels per bus driver 

before and after implementing the reward system. The results demonstrate that there is a reduction 

of more than 10% in fuel consumption. In Switzerland, Tulusan and Staake [33] used eco-feedback 

technology (i.e. a smartphone application) to study the impact on the drivers’ behavior. The results 

show an improvement in fuel efficiency by 3.23%. 

Table  2-1 summarizes previous field experiments that have been conducted using the eco-

driving concept. In general, the results show that eco-driving has a positive effect on drivers’ fuel 

efficiency. 
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Table ‎2-1 The results of field tests on eco-driving 

Country Authors Year Fuel consumption 

decreased by 

Spain Fonseca et al.[23] 2010 14 % 

Sweden Johansson [29] 1999 10.9 % 

France Andrieu and Pierre [30] 2012 Significant difference 

China Yang et al. [31] 2012 Positive impact  

Belgium De Vlieger et al. [3] 2000 20-45%  

U.K. Vagg et al. [17] 2013 Up to 12% 

Mexico Rafael et al. [20] 2006 13.4% 

Canada Rutty et al. [24] 2013 Between 4% and 10% 

U.S.A Barth and Boriboonsomsin [25] 2009 Between 10 and 20% 

Belgium Beusen et al. [34] 2009 5.8 % 

Netherlands  Vermeulen [35] 2006 Between 7% and 10% 

Taiwan Lai [32] 2015 More than 10% 

Switzerland Tulusan et al. [33] 2012 3.23% 

Australia Symmon and Rose [36] 2009 27% 

United States Boriboonsomsin et al. [37] 2010 6% on city streets and 1% 

on highways 

However, providing training courses and delivering advice to drivers may not be the right 

way to achieve fuel consumption for long-term periods. All these studies evaluated the short-term 

impact of eco-driving. Recent research shows that the effects of eco-driving decrease with time 

over the long-term [34]. Beusen et al. studied the long-term effect of eco-driving for 10 months. 

They provided training courses for ten drivers, and then they evaluated their behavior during this 

period by using on-board logging devices. They concluded that there was a decrease in fuel 

consumption of 5.8% four months after the course was completed. That means some drivers went 

back to the  driving behavior that they practiced prior to taking the course [34]. Moreover, most of 

these studies used a static advice that does not take into account the real-time traffic sensing and 

infrastructure information. 

In conclusion, the best way to promote eco-driving is using onboard driver assistance 

systems that utilize real-time traffic information and could keep advising drivers for long-term 

periods. Subsequently, automated driving should be considered the best way to follow an eco-

driving system, given that the system will not depend on the driver’s behavior. The automated 

vehicle will follow exactly the optimal speed profile without being affected by human factors such 

as PRT, misjudgment, and misunderstanding. 
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2.4.2 Driving Simulator 

A driving simulator is another approach to measure the performance of eco-driving. This 

approach has three main advantages, namely, it is cheaper, safer and easier to apply the same 

circumstances for all scenarios. In Japan, Hiraoka et al. [38] have done driving simulator 

experiments to evaluate fuel consumption. They used three scenarios: normal driving, driving 

while the fuel consumption meter is presented, and driving with instruction for two types of eco-

driving.  They found that eco-driving contributed in decreasing fuel consumption by 

approximately 15%. In Korea, Kim and Kim [39] conducted an eco-driving experiment using a 

virtual driving system. They proposed three different scenarios, one of which used visual and 

auditory eco-driving feedback. The feedback delivered to participants were avoiding (sudden 

acceleration and abrupt braking) and maintaining (efficient speed and optimum gear). The test 

results show a positive improvement in fuel efficiency. In the U.S.A, Sun et al. [12] endeavored 

to obtain the optimal fuel/emission efficient speed profile for on-coming vehicles at signalized 

intersections. Given the upcoming signal information, a dynamic programming approach was 

used to estimate the optimal speed with regard to fuel efficiency. Subsequently, the authors 

developed an eco-driving strategy that allows a velocity advisory to be delivered to drivers. 

Savings of up to 25% in fuel consumption and emissions were found in a driving simulator 

experiment for 15 drivers. 

Table  2-2 provides a sample of previous experiments conducted in a virtue environment 

using eco-driving concepts. Overall, the results show that eco-driving has a positive influence on 

fuel efficiency. 

Table ‎2-2 The results of simulator tests on eco-driving 

Country Authors Year Fuel consumption decreased by 

Japan Hiraoka et al. [38] 2009 15% 

Korea Kim and Kim [39] 2012 Positive result 

Switzerland Hornung [40] 2004 17% 

U.S.A Sun et al. [12] 2013 25% 

However, simulator experiments have three critical issues. First, the accuracy of the 

simulator is a critical issue, as the result of the experiment would rely on it. Second, some of 

human factors cannot be taken into account, such as the participants’ differences in understanding 

the simulator. Third, the simulator does not represent the real circumstances in the real field [15]. 
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2.4.3 Traffic Simulation 

The simulation approach is essentially related to the model used in an eco-driving system, so the 

following section will include a brief description of several models and their results. 

 

2.4.3.1 Previous Research on Modeling of Eco-Driving at Signalized Intersections 

As mentioned earlier, eco-driving is mainly focused on making the driver behavior smoother in 

order to save fuel, enhance road safety, reduce traffic congestion, and minimize vehicle 

emissions. Modeling efforts have been addressing these goals using different approaches. The 

SPaT message, for instance, is an example of an input for these models. Several studies have 

used traffic signal status in order to alert drivers approaching signalized intersections so that they 

could have a smooth acceleration/deceleration maneuver and, therefore, less emission production 

and more fuel savings. This section reviews the research efforts attempting to develop models 

associated with the aforementioned concept. 

Mandava et al. [8] proposed an algorithm that minimizes acceleration/deceleration rates 

to increase the probability of having a green light for oncoming vehicles at signalized 

intersections. Using signal phase and timing information, they delivered dynamic speed advice to 

drivers when approaching signalized intersections. The results demonstrated that the algorithm 

could decrease fuel consumption and emissions by 12-14%. 

Asadi and Vahidi [10] developed a predictive cruise control system that used constrained 

optimization to minimize the probability of stopping. Traffic signal information and short range 

radar were used to change the vehicle’s arrival time at the green light. The proposed algorithm 

did not provide dynamic speed advice to drivers. In addition, the speed profiles provided were 

not compared with regard to fuel efficiency. The simulation results show a reduction of 47% and 

56% in fuel consumption and emissions respectively in an arterial road consisted of nine traffic 

signals. 

Barth et al. [11] developed a dynamic eco-driving velocity planning algorithm along an 

arterial corridor with traffic signals. The objective function of the proposed algorithm was to 

minimize the level time spent accelerating and decelerating. The algorithm received signal phase 

and timing information from a traffic signal and recommended speeds for on-coming vehicles. Up 

to a 12% reduction in fuel consumption and emissions were reported. 
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Malakorn and Park [41] have studied the potential benefits of Cooperative Adaptive 

Cruise Control (CACC) with regard to the environmental impacts and vehicular mobility. The 

authors integrated CACC with Intelligent Traffic Signals in which CACC produces optimum 

trajectories to vehicles approaching signalized intersections. Using upcoming signal information, 

the system minimized acceleration and deceleration distances and idling time. Simulation results 

indicated a 91 percent and a 75 percent reduction in delay and fuel consumption, respectively. On 

the other hand, this study did not consider the speed profile downstream of the signalized 

intersection. In addition, the results were completed using a fixed deceleration distance (100 ft 

(30.5 m)). 

Wu et al. [42] studied the benefits of two types of advanced driving alert systems, namely: 

stationary Advance Driving Alert System (ADAS) and in-vehicle ADAS. The authors proposed 

these systems with the objective of helping drivers approaching signalized intersections to achieve 

smooth driving (i.e. avoid hard braking and hard-deceleration maneuver). Both of these systems 

alert the drivers of time to red so that they can make a decision in advance to stop safely and 

thereby smoothly. The simulation results revealed a positive impact on fuel consumption and 

emissions. However, this study provided drivers information on traffic signal status only when it 

was red. The authors did not consider informing the drivers of time to green. In addition, they did 

not consider the downstream intersection in providing a fuel-optimum trajectory. 

Tielert et al. [43] studied the effect of Traffic-Light-to-Vehicle Communication on the 

environmental impacts (i.e. emissions and fuel consumption). In this study, the effect of speed 

adaptation was tested by using different speeds in the simulation. The authors found that gear 

choice and the distance from the traffic light have a significant impact on fuel consumption and 

emissions. The simulation results showed a reduction of 22% for a single vehicle and 8% for multi 

vehicles. 

Sanchez et al. [44] proposed a new driving model called Intelligent-Driver Model 

Prediction (IDMP). The proposed model uses the information sent from the traffic signal to advise 

approaching vehicles with the goal of minimizing idling time; thus reducing vehicle fuel 

consumption levels. The authors made use of this information to compute the recommended speeds 

that a driver should adopt to achieve the aforementioned goal. In the simulation experiment, they 

used the Akcelik and Biggs fuel consumption model [45] to compare the results between two 
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scenarios using the Intelligent-Driver Model (IDM) [46]. The simulation results showed a 

reduction of 25% in fuel consumption levels in urban areas. 

 

Li et al. [47] introduced an optimized method using an augmented Lagrangian genetic 

algorithm that provides an optimum speed advisory for on-coming vehicles to intersections with 

the objective of reducing trip time; thus reducing vehicle fuel consumption levels. The proposed 

algorithm guarantees that on-coming vehicles do not exceed the maximum permitted speed when 

passing signalized intersections. The authors used a car following model to handle multi-vehicles. 

The VT-Micro model [2] was used in the proposed model to calculate the fuel consumption but not 

in the optimization objective function. In a simulated environment, savings of up to 69.3 percent 

and 12.1 percent were reported in fuel consumption and trip time, respectively. 

Alsabaan et al. [48] developed an optimization model to compute the optimum or close-to-

optimum speed in the vicinity of signalized intersections in which driver behavior will be smooth 

and, thereby, fuel consumption and emissions will be minimized. The authors used traffic-light-

signal-to-vehicle (TLS2V) and V2V communication to send SPaT information to approaching 

vehicles so that drivers can follow the optimum speed. The objective function of this model is 

minimizing vehicle fuel consumption and emissions using the VT-Micro model [2] for four 

different scenarios. Heuristic expressions were used to estimate the optimum speed or near-

optimum speed. 

Jin et al. [49] proposed a mathematical model to optimize vehicle trajectories crossing 

intersections using six different signal timing configurations. This research effort was intended to 

reduce the idling time and unnecessary changes in speed in the vicinity of a signalized 

intersections. The objective function is minimizing acceleration and deceleration distances. 

Approaching drivers were notified of a suggested speed through a DSRC connection in which 

SPaT information was sent to drivers. The authors tested different scenarios (e.g. the current signal 

state is either red or green with different lengths) and optimized the vehicle trajectory for upstream 

and downstream of the traffic signal. The optimum speed was computed by calculating the 

emissions and fuel consumption using a vehicle specific power model (VSP). In a simulated 

environment, average savings in fuel consumption of up to 12.01% and 7.73%, respectively were 

reported, as well as an increase in travel time. 
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As has been shown, most of the aforementioned literature have used almost the same 

concept in which the approaching vehicles are provided with a smooth speed profile in the vicinity 

of signalized intersections with the goal of minimizing fuel consumption and/or emissions. 

However, most of these research efforts attempted to minimize vehicle fuel consumption levels by 

minimizing acceleration/deceleration distances, idling time, and/or travel time, so their objective 

function was not the explicit minimization of fuel consumption. In addition, all of the proposed 

algorithms have been developed and tested in traffic simulation environments where recommended 

speeds are enforced and many issues, such as the delay in the system and human-vehicle 

interaction, are not considered. 

As mentioned earlier, Kamalanathsharma, who was in the same research group at the 

Virginia Tech Transportation Institute, has proposed an optimization model which explicitly 

minimizes fuel consumption for any given scenario. The proposed model (i.e. the Eco-CACC 

system) has been tested in a simulated environment, and the results show a reduction of 30 percent 

in fuel consumption. Hence, in this thesis, the Eco-CACC system was tested in a real field 

environment for two cases (will be discussed later on). The following section will present a brief 

description of this model. 

2.5 Algorithm Used For the Experiment[7] 

Kamalanathsharma developed an optimization model that provides a speed profile for 

approaching vehicles, beginning once they enter the designed range and lasting until they leave 

it. This designed range (DSRC range) allows the vehicle to return to its original speed in the 

downstream of the traffic signal with the objective of calculating the fuel consumption in the 

entire maneuver. The entire maneuver is intended to measure the vehicle’s fuel consumption 

from the point where it receives the SPAT information until a certain distance after passing the 

signalized intersection. 

The process of conducting the optimization model involves two main steps. First, compute 

an estimated time to the signalized intersection given queued vehicle information, lead vehicle, and 

the upcoming signal change information (Time to Red (TTR) or Time to Green (TTG)). Second, 

compute a fuel-optimal vehicle trajectory given the computed time to intersection, roadway 

characteristics, such as grade and curvature, vehicle acceleration/decoration model, and fuel 

consumption model. 
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Figure ‎2-1 Different anticipated scenarios in the vicinity of signalized intersection [7] 

 

When a driver approaches a signalized intersection, there are five anticipated scenarios, as 

shown in Figure  2-1. The dotted line represents a vehicle without using the Eco-speed algorithm 

(i.e. the vehicle doesn’t receive advanced information with regard to the traffic light status), while 

the solid line represents a driver using the Eco-Speed algorithm (i.e. the vehicle receives advanced 

information). 

The vehicle approaching the signalized intersection receives upcoming signal change 

information through V2I communication. With this given information, the distance to intersection 

(DTI) and the vehicle’s current speed, the vehicle will decide whether to accelerate, decelerate, or 

cruise. The five anticipated scenarios are as follows: 

Scenario 1: 

The vehicle has ample time to pass the signalized intersection without coming to a complete stop 

nor decelerating, so it will pass safely without changing its current speed. 

Scenario 2: 

Based on the received time to red (TTR), the vehicle cannot pass the signalized intersection at its 

current speed, so it needs to accelerate to the maximum allowed speed. Therefore, the system 

would ask the vehicle to accelerate to a certain speed and pass the signalized intersection safely. 
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Scenario 3: 

The current traffic light status is green, yet by the time the vehicle arrives at the signalized 

intersection, it will turn red. In other words, the TTR is not adequate to pass the signalized 

intersection in any way, even if it accelerates to the maximum allowed speed (i.e. Time to 

Intersection (TTI)>>TTR). Accordingly, the vehicle is requested to decelerate smoothly and 

come to a complete stop. 

Scenario 4: 

The current traffic light status is red. However, the vehicle is able to pass the signalized 

intersection without coming to a complete stop if it decelerates properly. The TTI is smaller than 

the TTG, so the vehicle needs to decelerate to compromise on these two times (i.e. TTI=TTG) 

(This scenario will be tested in the experiment). 

Scenario 5: 

The current traffic light status is red, yet the traffic signal will turn green by the time the vehicle 

arrives (i.e. TTI >TTG). Consequently, the vehicle will be advised to keep the current speed 

(This scenario will be tested in the experiment). 
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Figure ‎2-2 Logical diagram for the ECO-CACC system [7] 

Figure  2-2 presents the logical steps that the system follows once the vehicle enters DSRC 

range, in which the system will gather information from the traffic signal and the vehicle. Based on 
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that, the vehicle will be given an advisory speed recommendation. As the system does not take into 

consideration the drivers’ errors and human-vehicle interaction, the algorithm is recalculated for 

every time step. 

In [7], Kamalanathsharma fouced on computing the fuel-opitmum vehicle trajectory for 

scenario 4. An optimization approach was used to compute the lowest-fuel speed profile in the 

downstream and upstream of the signalized intetrsection. The constraints of this optimization 

function are as follows: 

1. Distance to intersection (DTI) which is given. 

2. Time to Green (TTG), including the time needed to dissipate the queued vehicles. 

3. Fixed roadway and vehicle charateristics 

As far as scenario 4 is concerned, when a vehicle is approaching a signalized intersection, 

the time to intersection would be shorter than the time to green. Therefore, the driver needs to 

decelerate in order to reach the signalized intersection in green phase without having to come to a 

complete stop. To incorporate this change, the trajectory optimization will consist of three 

components: deceleration, cruising, and acceleration, as shown in Figure  2-3. The green dotted line 

represents the fuel-optimum vehicle trajectory upstream of the traffic signal in which the trajectory 

is divided into two parts: sudden deceleration and cruising. The deceleration will create the desired 

delay that allows the vehicle to travel at a constant speed (i.e. cruising) passing the signalized 

intersection without having to stop. The downstream portion of the optimization trajectory will be 

the acceleration. It ensures that the vehicle will return to its original speed. The vehicle will 

accelerate gradually until it hits this speed. 

 

Figure ‎2-3 Trajectory optimization in the vicinity of signalized intersection [7] 

 



18 

 

It should be noted that the cruise speed is calculated based on the initial deceleration. The 

lower the vehicle decelerates, the higher the cruise speed will be. That leads to a shorter 

acceleration maneuver, and, therefore, more fuel consumption. 

2.5.1 Upstream Portion of the Traffic Signal 

As mentioned earlier, SPaT information (i.e. TTG) will be received by an approaching eco-

vehicle at distance x and, therefore, the speed profile of the eco-vehicle will be changed 

accordingly. The time needed for the eco-vehicle to reach the stop line at its current speed va is 

TTI (denote t), which is shorter than TTG (denote t+∆t). The vehicle needs to decelerate from the 

approach speed va= x/t to the new speed vs = x/(t+∆t). The new speed vs is calculated based on the 

deceleration level, d. The lowest value of the deceleration level dmin is the value that allows the 

vehicle to decelerate until reaching the stop line. Any value greater than dmin has an associated 

cruise speed vs that allows the vehicle to pass the intersection in  t+∆t. As shown in Figure  2-4, 

the solid line represents a vehicle decelerating with dmin., while the dotted line represents a 

vehicle decelerating with dmax. (maximum decelerate rate). These two cases represent the 

boundaries of the optimization trajectory. There is an infinite number of speed profiles between 

these boundaries (i.e. dmin and dmax.). 

 

Figure ‎2-4 Speed profile in upstream [7] 

 

The value of dmin  can be calculated using the following Equation: 

 

      
     
    

 
( 2-1) 
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        The cruising speed can be calculated as follows: 
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In case of the value of   greater than the minimum deceleration (dmin ), the following Equation 

can be used to calculate the cruise speed vs: 
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Where G is the roadway grade and g is the gravitational acceleration (9.81 m/s
2
) 

 

The upstream cruising distance can be calculated using the following Equation: 
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The previous equation can calculate the upstream cruising distance for various speed profiles 

between the maximum and minimum deceleration levels. 

2.5.2 Downstream Portion of the Traffic Signal 

After passing the intersection, the vehicle needs to accelerate back to its original speed within a 

predetermined distance. A vehicle dynamic model for light-duty acceleration is used to generate 

the downstream speed profile [50]. It should be noted here the downstream speed profile is a 

non-linear speed profile unlike the upstream portion. Accelerating from the cruising speed to the 

original speed requires a specific throttle level, and each throttle level is associated with a 

different speed profile. Therefore, optimization approach is used to determine the fuel-efficient 

speed profile and the associated throttle level. The downstream speed profile is consisted of two 

sections: acceleration and cruising sections. However, if the car accelerates at a low throttle 

level, the cruising section will be zero. The following equation calculates the fuel consumed in 

downstream of the intersection: 

    (  )     (     )          (  )  (           ) (‎2-5) 

 

where FCi(ds) is the fuel consumed in downstream of the intersection for case i, FCi(vs→va) is 

the fuel consumption when accelerating from the cruise speed (vs ) to the original speed  (va ) for 

case i, FCcruise(va) is the fuel consumption per meter when cruising at va, xmax is the maximum 
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distance when a vehicle accelerates from vs to va in any case, and xi-acc is the distance covered 

when a vehicle accelerates in the case i. 

2.6 Developing the Eco-Cooperative Adaptive Cruise Control [60]  

Given that both upstream and downstream vehicle speed profiles are considered in the Eco-

CACC algorithm, a control region in the vicinity of signalized intersections should be defined. 

Considering the communication range of DSRC, the Eco-CACC algorithm is activated at a 

distance of dup upstream of the intersection to a distance of ddown downstream of the intersection. 

It has to be noted here that the distance is calculated from the vehicle location to the intersection 

stop line. The value of ddown is defined to ensure that the vehicle has enough downstream 

distance to accelerate from a complete stop to the limit speed at a low throttle level (e.g. 0.3). 

This ensures that all computations are made along a fixed distance of travel. 

The Eco-CACC algorithm described in this thesis computes the optimum vehicle speed 

profile starting from upstream to downstream of a signalized intersection, by incorporating 

vehicle dynamics and fuel consumption models. The proposed Eco-CACC algorithm is 

implemented in the test vehicle to develop an Eco-CACC system. It should be noted that the 

impacts from neighboring vehicles such as car-following and/or lane-changing behavior are not 

considered in this field experiment given that we only have one test vehicle. However, the 

impacts of these factors on the proposed Eco-CACC system were tested in a traffic simulation 

environment [7, 51-55]. 

When a vehicle is approaching a signalized intersection, the vehicle may accelerate, 

decelerate, or cruise (keep its current speed) depending on its speed, distance to the intersection, 

signal timing, etc. Considering that the vehicle may or may not need to decelerate when 

approaching the traffic signal, two cases are considered to develop the Eco-CACC strategies: 

• Case 1: vehicle is able to pass the intersection during the green indication without 

decelerating (either maintaining a constant speed, or accelerating to a higher speed and 

then maintaining that speed). 

• Case 2: vehicle needs to decelerate to a lower speed, and then maintains that speed to 

proceed through the intersection during the green indication. 

The above two cases describe the vehicle’s optimum trajectory in order to minimize its 

fuel consumption while traversing the intersection. After the vehicle passes the stop line, the 
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vehicle attempts to reach the speed limit downstream of the intersection. More details of 

optimum speed profiles for various situations have been discussed in [7, 56]. Figure  2-5 

demonstrates the optimum speed profile when a vehicle proceeds through a signalized 

intersection, and the Eco-CACC algorithm helps to find the best acceleration and deceleration 

levels. The sample speed profiles (initial speed u1 and u2) for case 1 are highlighted in blue, and 

the sample speed profile (initial speed u3) for case 2 is represented in maroon. The road speed 

limit is denoted as uf. Note that the samples of case 1 and 2 in Figure  2-5 happens at the red 

phase when vehicle passes the upstream distance dup. The same classification of case 1 and 2 also 

exist for the situation of green phase. Considering the simplicity to explain the proposed Eco-

CACC algorithm, the initial red phase is assumed for the following sections. 

uf

Time

Speed

u3

u1

u2

Red phase Green phase

 

Figure ‎2-5 Samples of optimum speed profile when vehicle approaches the signalized 

intersection 

 

In the proposed Eco-CACC algorithm, the deceleration is assumed constant for case 2. In 

case 1, the vehicle acceleration follows the vehicle dynamics model developed in [57]. In this 

model, the acceleration value depends on vehicle speed and throttle level. Given that the throttle 

level is typically around 0.6 as obtained from field studies [7], a constant throttle level of 0.6 is 

assumed in the vehicle dynamics model to simplify the calculations in the algorithm for case 1. 

In case 2, the throttle level ranges between 0.4 to 0.8, and the optimum throttle level is computed 

to minimize the fuel consumption level. The vehicle dynamics model is summarized by 

Equations (2-6) to (2-8). 

 ( ) ( )
( ) ( ) 3.6

F t R t
v t t v t t

m

-
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Where F is the vehicle tractive effort; R represents the resultant of the  resistance forces, 

including aerodynamic, rolling and grade resistance forces; fp is the driver throttle input [0,1] 

(unitless); β is the gear reduction factor (unitless), and this factor is set to 1.0 for light-duty 

vehicles; ηd is the driveline efficiency (unitless); P is the vehicle power (kW); mta is the mass of 

the vehicle on the tractive axle (Ib/kg); g is the gravitational acceleration (32 ft/s
2 

(9.8067 m/s
2
)); 

μ is the coefficient of road adhesion (unitless); ρ is the air density at sea level and a temperature 

of 15
◦
C (0.0765 Ib/ ft

3
/ (1.2256 kg/m

3
)); Cd is the vehicle drag coefficient (unitless), typically 

0.30; Ch is the altitude correction factor (unitless); Af is the vehicle frontal area (ft
2
/m

2
); cr0 is 

rolling resistance constant (unitless); cr1 is the rolling resistance constant (h/km (h/ft)); cr2 is the 

rolling resistance constant (unitless); m is the total vehicle mass (Ib/kg); and G is the roadway 

grade at instant time t (unitless). 

A fuel consumption model is needed in the Eco-CACC algorithm to calculate fuel 

consumption using vehicle speed data. The VT-CPFM-1 was selected due to its simplicity, 

accuracy and ease of calibration [58]. The selected fuel model utilizes instantaneous power as an 

input variable and can be easily calibrated using publicly available fuel economy data (e.g., 

Environmental Protection Agency [EPA]-published city and highway gas mileage). Thus, the 

calibration of model parameters does not require gathering any vehicle-specific data. The VT-

CPFM-1 is formulated as presented by Equations ( 2-9) and (2-10). 
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(2-10) 

Where   ,    and    are the model parameters that can be calibrated for a particular vehicle, and 

the details of calibration steps can be found in [58]; P(t) is the instantaneous total power (kW); 

a(t) is the acceleration at instant t, which can be calculated by consecutive time speed values; v(t) 
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is the velocity at instant t ; and R(t) is the resistance force on the vehicle as given by Equation 

(( 2-8). 

2.6.1 Eco-Cooperative Adaptive Cruise Control Algorithm 

Given that vehicles behave differently for the two cases described above, the Eco-CACC 

algorithms are developed separately for cases 1 and 2. 

Case 1: 

The vehicle can pass the intersection during a green indication without decelerating. In order to 

have the maximum average speed to save fuel consumption, the cruise speed during red phase is 

defined as shown by Equation (2-11). If uc is equal to vehicle’s initial speed u(t0), then the 

vehicle can proceed at a constant speed upstream of the intersection. Otherwise, the vehicle 

should accelerate to uc by following the vehicle dynamics model presented by Equations (2-6) to 

(2-8). Thereafter, when the signal turns green, the vehicle needs to follow the vehicle dynamics 

model and accelerate from cruise speed uc to the speed limit uf until the vehicle travels a distance 

ddown downstream of the intersection. Thus, the optimum speed profile is the profile that 

minimizes the fuel consumption from upstream dup to downstream ddown. 

 
min ,

up

c f

r

d
u u

t

 
  

 
 (2-11) 

         

Case 2: 

Upstream of the intersection, the vehicle needs to slow down with a deceleration level a, then 

cruises at a speed uc to pass the intersection when the signal just turns into green. Downstream of 

the intersection, the vehicle should accelerate from uc to uf, and then cruises at uf. Since the 

deceleration level a upstream of the intersection and the throttle level fp downstream of the 

intersection are the only unknown variables for this case, the optimum speed profile can be 

calculated by solving the optimization problem described below. The vehicle’s speed profile for 

case 2, is illustrated in Figure  2-6. 
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Figure  2-6 Optimum speed profile in case 2 

 

Assume a vehicle arrives dup at time t0 and passes ddown at time t0+T, the cruise speed during red 

phase is uc, and the objection function is the total fuel consumption level given in Equation (2-

12): 

   
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t T
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Where FC(*) denotes the calculated fuel consumption at instant t (Equations (2-9)) with vehicle 

speed u(t). The constraints can be constructed by the relationships between speed, acceleration, 

deceleration, and distance as shown in Equation (2-13) and (2-14): 
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(2-14) 

In Equation (2-13) and (2-14), the functions F(*) and R(*) represent the vehicle tractive 

effort and resistance force as computed by Equations (( 2-7) and (( 2-8), and respectively. 

According to the relationships in Equation (2-13) and (2-14), the deceleration a and throttle level 

fp are the only unknown variables. It should be noted that the maximum deceleration level is 

limited to 19.35 ft/s
2
 (5.9 m/s

2 
)(comfortable deceleration threshold felt by a driver). In addition, 

the throttle level is set to range from 0.4 to 0.8, given that the optimum throttle level is usually 

around 0.6 [7]. Dynamic programming (DP) is used to solve the problem by listing all the 

combinations of deceleration and throttle values and calculating the corresponding fuel 

consumption levels; the minimum calculated fuel gives the optimum parameters [7, 59]. 

Theoretically, the Eco-CACC algorithm provides a “fuel optimized” speed profile at any 

instant time t, when vehicle is driving within the range of Eco-CACC (from dup to ddown). The 

speed profile include all the speed values at each time interval t , which covers vehicle’s target 

speeds from its current location to the downstream location ddown. Practically, the driver can only 

follow one target speed value at instant time t, and then follow another target speed after a 

certain time interval *t . The value of *t  was set equal to be 2 seconds during the field test 

described in this experiment. 

 

2.7 Summary and Proposed Research 

As has been shown, several previously conducted eco-driving experiments have shown a 

positive impact with regard to fuel consumption and emissions. However, most of these studies 

were conducted either by providing a training course for drivers before driving and measuring 
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before-after differences or by delivering “static” advice during traveling. Very few have used real-

time traffic sensing and SPaT information to deliver “dynamic” advice during driving. Moreover, 

many research efforts have been trying to develop models delivering “dynamic” advice (i.e. 

recommended speeds) in the vicinity of signalized intersections with the goal of minimizing fuel 

consumption. However, most of these algorithms have been developed and tested in traffic 

simulation environments where recommended speeds are enforced and many issues, such as the 

delay in the system and human-vehicle interaction, are not considered. 

The research presented in this thesis is aiming to evaluate the benefits of an Eco-

Cooperative Adaptive Cruise Control (Eco-CACC) system in a real field environment. The Eco-

CACC system attempts to minimize explicitly the fuel consumption using advanced signal 

information (SPaT). The Eco-CACC system forecasts the fuel-optimal trajectory for vehicles, and, 

then, send recommended speeds to drivers as an audio message or implement them directly into the 

testing vehicle. 
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CHAPTER 3: FIELD EVALUATION OF ECO-COOPERATIVE 

ADAPTIVE CRUISE CONTROL IN THE VICINITY OF 

SIGNALIZED INTERSECTIONS  

3.1 Abstract 

Signalized intersections can produce significant increases in vehicle fuel consumption levels. With 

the help of vehicle-to-vehicle (V2V) and vehicle-to-infrastructure (V2I) communication, 

algorithms are being developed that utilize SPaT data together with queue information to optimize 

vehicle trajectories in the vicinity of signalized intersections. This chapter presents the results of a 

unique controlled field experiment designed to evaluate an Eco-Cooperative Adaptive Cruise 

Control (Eco-CACC) system that was developed by the Center for Sustainable Mobility at the 

Virginia Tech Transportation Institute. The Eco-CACC system computes and recommends real-

time fuel-efficient speeds using V2I communicated data that can be delivered to drivers as an audio 

message. The controlled field experiment included three different scenarios, namely: normal 

driving, driving with count down information provided to drivers, and driving with recommended 

speed information also provided to drivers (Eco-CACC system). The controlled field experiment 

was conducted for four red indication offset values to drivers traveling along an uphill and 

downhill approach on the Smart Road test facility. In total, 1536 trips were conducted by 32 

different participants (16 females and 16 males) between the ages of 18 and 30. The collected data 

were compared with regard to fuel economy and travel time over a fixed distance starting upstream 

and ending downstream of the intersection (from 820 ft (250 m) upstream of the intersection to 590 

ft (180 m) downstream for a total length of 1410 ft (430 m)). The results demonstrate that the 

developed Eco-CACC system is very efficient in reducing fuel consumption levels, especially 

when driving downhill. Specifically, the results indicate that following the recommended speeds 

could produce fuel and travel time savings of up to 18.9 and 10.1 percent, respectively. In addition, 

the study demonstrates that driving with the provision of countdown information can achieve 

average fuel and travel time savings of 11.2 and 2.8 percent on average, respectively.  
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3.2 Introduction 

The transportation sector is the second main reason for the increase in fuel consumption and 

emission levels in the United States [16]. The increase in vehicle travel miles and, thereby, traffic 

congestion contributes significantly to produce excessive fuel consumption and global pollution. 

The eco-driving concept has been proposed and studied widely as a key solution to mitigate the 

environmental impacts of transportation [5, 19-22]. 

Eco-driving is a driving style that is considered to be economic and ecologically 

beneficial. It has been defined by several researchers as the smooth driving resulting from 

adjustment in driver behavior [3, 4]. Consequently, researchers have suggested tips for drivers 

[14, 15] that could effectively improve their behavior with the objective of minimizing fuel 

consumption and emission levels. These tips are: 

 Avoid hard braking, sudden acceleration/deceleration, and idling. 

 Limit air conditioner use. 

 Stop warming engine. 

 Shift gear up early. 

 Maintain steady speed. 

 Look ahead while driving. 

 Limit starting speed in the first 5 seconds to 12.4 mph (20km/h). 

However, recent research has shown how a vehicle could help drivers achieve the 

aforementioned steps. Onboard driver assistance systems can be installed into the vehicle to 

fulfill the objectives of eco-driving [14, 17, 18]. These devices can deliver “static” advice to 

drivers such as “accelerate slowly,” “avoid hard braking,” and “reduce high speed.” However, 

the impact of the static advice on fuel consumption and emission levels is limited. 

By taking advantage of real-time traffic sensing and infrastructure information, onboard 

driver assistance systems can deliver “dynamic” advice to drivers that can help them to drive 

smoothly and efficiently. In particular, establishing communication between the vehicle and the 

traffic signal controller is a powerful tool to make the driver behavior smoother; thus reducing 

vehicle fuel consumption levels. Various messages can be exchanged between the two parties to 

provide better advice to drivers.  Among these messages is a SPaT message that can provide 
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approaching vehicles with valuable advance information about upcoming traffic signal timing 

changes. This information could help drivers to make early decisions whether they should proceed 

or stop safely and smoothly. 

With the help of vehicle-to-vehicle (V2V) and vehicle-to-infrastructure (V2I) 

communication, algorithms are being developed that utilize SPaT data together with queue 

information to optimize vehicle trajectories in the vicinity of signalized intersections [8, 10-12] . 

Therefore, it is possible that vehicles can communicate with the traffic signals, receive SPaT 

information, and adjust their speeds accordingly. 

Several Eco-Speed control (ESC) algorithms have been introduced to provide an optimal 

trajectory through signalized intersections. However, very few explicitly attempted to minimize 

vehicle fuel consumption levels. In addition, most of the proposed algorithms have been 

developed and tested in traffic simulation environments where recommended speeds are 

enforced and many issues, such as the delay in the system and human-vehicle interaction, are not 

considered. 

In [7], Kamalanathsharma developed a new ESC algorithm named Eco-Cooperative 

Adaptive Cruise Control (Eco-CACC). The Eco-CACC system computes and recommends real-

time fuel-efficient speeds using V2V and V2I communicated data within the vicinity of the 

traffic signalized intersection. The objective function of the Eco-CACC system is the explicit 

minimization of the total fuel consumed to travel from some distance upstream of the 

intersection to a distance downstream of the intersection. The Eco-CACC system was tested and 

evaluated in a simulation environment. A reduction in fuel consumption of over 30 percent 

reduction was achieved. 

In [60], we addressed the implementation issues and challenges of the field application of 

the Eco-CACC system by conducting a preliminary field test. We have shown that the Eco-

CACC system is applicable and very promising in terms of fuel consumption and travel time 

savings. 

In this thesis, we extend our work by conducting an extensive field experiment using 32 

participants on the Smart Road test facility at the Virginia Tech Transportation Institute with the 

goal of evaluating the Eco-CACC system with regard to fuel consumption and travel time 

savings. Three different scenarios were considered: normal driving, driving with red indication 

countdown information provided to drivers, and driving with recommended speed information 
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also provided to drivers (Eco-CACC system). Previous studies showed that visual messages are 

less efficient and more distracting for drivers compared to audio messages [61-63]. 

Consequently, the computed speeds in this presented work were delivered to drivers as audio 

messages. 

The chapter is divided into several sections, as follows: the literature review, which 

highlights the uniqueness and importance of contributed work; a brief description of the 

algorithm used; the experimental design used in gathering the data; the field data analysis and 

findings; and, finally, the conclusion and recommendations for future work. 

3.3 Background 

Signalized intersections have recently drawn attention as researchers have realized the significant 

increase of vehicles’ fuel consumption levels in their vicinity [1]. When coming close to a 

signalized intersection, drivers are completely unaware of exactly when the traffic signal 

indication will change. Consequently, drivers may have to accelerate/decelerate aggressively to 

respond to these changes. This results in non-smooth driving behavior. Non-smooth driving (e.g. 

hard barking, sudden speed changes) consumes excessive fuel as it follows a non-ideal speed 

profile [2]. Research efforts have attempted to generate the fuel-optimal speed profile in the 

vicinity of signalized intersections [5, 8, 9]. This section reviews those research efforts 

attempting to develop models associated with the aforementioned concept. 

Mandava et al. [8] proposed an algorithm that minimizes acceleration/deceleration rates 

to increase the probability of having a green light for oncoming vehicles at signalized 

intersections. Using signal phase and timing information, they delivered dynamic speed advice to 

drivers when approaching signalized intersections. The results demonstrated that the algorithm 

could decrease fuel consumption and emissions by 12-14%. 

Asadi and Vahidi [10] developed a predictive cruise control system that used constrained 

optimization to minimize the probability of stopping. Traffic signal information and short range 

radar were used to change the vehicle’s arrival time at the green light. The proposed algorithm 

did not provide dynamic speed advice to drivers. In addition, the speed profiles provided were 

not compared with regard to fuel efficiency. The simulation results show a reduction of 47% and 

56% in fuel consumption and emissions respectively in an arterial road consisted of nine traffic 

signals. 
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Barth et al. [11] developed a dynamic eco-driving velocity planning algorithm along an 

arterial corridor with traffic signals. The objective function of the proposed algorithm was to 

minimize the level time spent accelerating and decelerating. The algorithm received signal phase 

and timing information from a traffic signal and recommended speeds for on-coming vehicles. 

Up to a 12% reduction in fuel consumption and emissions were reported. 

Sun et al. [12] endeavored to obtain the optimal fuel/emission efficient speed profile for 

on-coming vehicles at signalized intersections. Given the upcoming signal information, a dynamic 

programming approach was used to estimate the optimal speed with regard to fuel efficiency. 

Subsequently, the authors developed an eco-driving strategy that allows a velocity advisory to be 

delivered to drivers. Savings of up to 25% in fuel consumption and emissions were found in a 

driving simulator experiment for 15 drivers. 

Malakorn and Park [41] have studied the potential benefits of Cooperative Adaptive 

Cruise Control (CACC) with regard to the environmental impacts and vehicular mobility. The 

authors integrated CACC with Intelligent Traffic Signals in which CACC produces optimum 

trajectories to vehicles approaching signalized intersections. Using upcoming signal information, 

the system minimized acceleration and deceleration distances and idling time. Simulation results 

indicated a 91 percent and a 75 percent reduction in delay and fuel consumption, respectively. 

On the other hand, this study did not consider the speed profile downstream of the signalized 

intersection. In addition, the results were completed using a fixed deceleration distance (100 ft 

(30.5 m)). 

Wu et al. [42] studied the benefits of two types of advanced driving alert systems, 

namely: stationary ADAS and in-vehicle ADAS. The authors proposed these systems with the 

objective of helping drivers approaching signalized intersections to achieve smooth driving (i.e. 

avoid hard braking and hard-deceleration maneuver). Both of these systems alert the drivers of 

time to red so that they can make a decision in advance to stop safely and thereby smoothly. The 

simulation results revealed a positive impact on fuel consumption and emissions. However, this 

study provided drivers information on traffic signal status only when it was red. The authors did 

not consider informing the drivers of time to green. In addition, they did not consider the 

downstream intersection in providing a fuel-optimum trajectory. 

Tielert et al. [43] studied the effect of Traffic-Light-to-Vehicle Communication on the 

environmental impacts (i.e. emissions and fuel consumption). In this study, the effect of speed 
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adaptation was tested by using different speeds in the simulation. The authors found that gear 

choice and the distance from the traffic light have a significant impact on fuel consumption and 

emissions. The simulation results showed a reduction of 22% for a single vehicle and 8% for 

multi vehicles. 

Sanchez et al. [44] proposed a new driving model called Intelligent-Driver Model 

Prediction (IDMP). The proposed model uses the information sent from the traffic signal to 

advise approaching vehicles with the goal of minimizing idling time; thus reducing vehicle fuel 

consumption levels. The authors made use of this information to compute the recommended 

speeds that a driver should adopt to achieve the aforementioned goal. In the simulation 

experiment, they used the Akcelik and Biggs fuel consumption model [45] to compare the results 

between two scenarios using the Intelligent-Driver Model (IDM) [46]. The simulation results 

showed a reduction of 25% in fuel consumption levels in urban areas. 

Li et al. [47] introduced an optimized method using an augmented Lagrangian genetic 

algorithm that provides an optimum speed advisory for on-coming vehicles to intersections with 

the objective of reducing trip time; thus reducing vehicle fuel consumption levels. The proposed 

algorithm guarantees that on-coming vehicles do not exceed the maximum permitted speed when 

passing signalized intersections. The authors used a car following model to handle multi-

vehicles. The VT-Micro model [2] was used in the proposed model to calculate the fuel 

consumption but not in the optimization objective function. In a simulated environment, savings 

of up to 69.3 percent and 12.1 percent were reported in fuel consumption and trip time, 

respectively. 

Alsabaan et al. [48] developed an optimization model to compute the optimum or close-

to-optimum speed in the vicinity of signalized intersections in which driver behavior will be 

smooth and, thereby, fuel consumption and emissions will be minimized. The authors used 

traffic-light-signal-to-vehicle (TLS2V) and V2V communication to send SPaT information to 

approaching vehicles so that drivers can follow the optimum speed. The objective function of 

this model is minimizing vehicle fuel consumption and emissions using the VT-Micro model [2] 

for four different scenarios. Heuristic expressions were used to estimate the optimum speed or 

near-optimum speed. 

Jin et al. [49] proposed a mathematical model to optimize vehicle trajectories crossing 

intersections using six different signal timing configurations. This research effort was intended to 
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reduce the idling time and unnecessary changes in speed in the vicinity of a signalized 

intersections. The objective function is minimizing acceleration and deceleration distances. 

Approaching drivers were notified of a suggested speed through a DSRC connection in which 

SPaT information was sent to drivers. The authors tested different scenarios (e.g. the current 

signal state is either red or green with different lengths) and optimized the vehicle trajectory for 

upstream and downstream of the traffic signal. The optimum speed was computed by calculating 

the emissions and fuel consumption using a vehicle specific power model (VSP). In a simulated 

environment, average savings in fuel consumption of up to 12.01% and 7.73%, respectively were 

reported, as well as an increase in travel time. 

As has been shown, most of the aforementioned literature have used almost the same 

concept in which the approaching vehicles are provided with a smooth speed profile in the 

vicinity of signalized intersections with the goal of minimizing fuel consumption and/or 

emissions. However, most of these research efforts attempted to minimize vehicle fuel 

consumption levels by minimizing acceleration/deceleration distances, idling time, and/or travel 

time, so their objective function was not the explicit minimization of fuel consumption. 

Several previously conducted eco-driving experiments have shown a positive impact with 

regard to fuel consumption and emissions [3, 17, 20, 23, 24, 28, 29, 31-37]. However, all these 

studies were conducted either by providing a training course for drivers before driving and 

measuring before-after differences or by delivering “static” advice while traveling. None have 

used real-time traffic sensing and SPaT information to deliver “dynamic” advice while driving. 

A few field experiments were conducted by delivering “dynamic” advice to drivers [25, 64]; 

however, none of them explicitly considered vehicle fuel consumption as the objective function. 

This field experiment was conducted using an Eco-CACC system that explicitly attempts 

to minimize vehicle fuel consumption levels. In the Eco-CACC system scenario, participants 

received a dynamic speed recommendation using V2I communication and were asked to adjust 

their speeds accordingly.  Results were compared to normal driving with regard to fuel 

consumption and travel time savings. The analyzed data indicates that the proposed Eco-CACC 

system scenario results in the best fuel consumption saving levels among all tested scenarios and 

can produce fuel and travel time savings of up to 18.9 and 10.1 percent, respectively. In addition, 

the study demonstrates that driving with a red indication countdown can achieve fuel 

consumption and travel time savings of 11.2% and 4% on average, respectively. 
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3.4 Methodology 

3.4.1 Test Facility 

The Virginia Department of Transportation’s (VDOT) Virginia Smart Road at the Virginia Tech 

Transportation Institute (VTTI) was the site of the field test. Located in in the southwestern 

region of Virginia, the Smart Road serves as a distinctive, state-of-the-art, closed test-bed 

research facility.  The Smart Road is a 2.2 mile (3.5 km) two-lane road (one-lane for each 

direction) with one four-way signalized intersection (Figure ‎3-1). The 1.6 mile (2.5 km) section 

used for the data collection includes only the section between two turnarounds with the four-way 

signalized intersection, as shown in Figure ‎3-2. The first end (T1) is a high-speed banked 

turnaround and the second end (T2) is a low-speed flat turnaround. Although there is some 

insignificant horizontal curvature, the test section’s horizontal layout is generally straight.  

However, this curvature does not affect road speeds.  The vertical layout of the test section has a 

grade of 3 percent (uphill and downhill). Due to the fact that study participants turned around at 

the conclusion of each trip, half the trips occurred on a 3 percent upgrade while the others were 

on a 3 percent downgrade. In this experiment, the speed limit of the testing facility was 40 mph 

(64 km/h). 

The Eco-CACC system is activated when the testing vehicle is at 820 ft (250 meters) 

upstream of the stop line (denoted by    ) and is deactivated when the testing vehicle is at 590 ft 

(180 meters) downstream of the stop line (denoted by      ). This can be seen in Figure ‎3-2, in 

which the two maroon lines indicate the distance where the Eco-CACC is activated, while the 

two red lines represent the stop lines for each direction. It must be mentioned that these values 

(i.e.     and      ) were chosen based on the geographical constraints of the testing site. 
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Figure ‎3-1 Signalized intersection in the VA Smart Road Test facility 

 

3.4.2 Experimental Equipment 

A VTTI automated vehicle (2014 Cadillac SRX) was used in the experiment. It is equipped with 

an onboard vehicle unit for V2V and V2I communication, a Differential Global Positioning 

System (DGPS), a real-time data acquisition system (DAS), and a laptop with installed VTTI 

proprietary programs to control the trips and road scenarios. The DAS is capable of data 

collection of up to 0.1-second precision All data recorded were stored in a hard drive located in 

the truck, as shown in Figure ‎3-2. 
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Figure ‎3-2 Instrumented vehicle and field test site 

 

With the help of the V2I communication, the testing vehicle received upcoming signal 

changes (i.e. time from red to green). In the Eco-CACC system scenario, the optimum speed 

profile and target speed were calculated by the algorithm every deci-second, but the 

recommended speeds were delivered to participants at a 2-second interval through an in-car 

sound system and within the range of algorithm parameters. 

3.4.3 Participants 

IRB approval was obtained in November 2015 from the Institutional Review Board (IRB #15-

1092) at Virginia Tech before starting recruiting the subjects. Participants were licensed drivers 

recruited from the VTTI internal participant database, flyers, ads in the local Blacksburg, VA 

newspaper, and/or word-of-mouth. Participants were screened through a verbal questionnaire 

over the phone (Appendix D) to determine if they were licensed drivers and if they had any 

health concerns that would exclude them from participating in the study. Any participant with 

more than two driving violations or responsible for an injurious accident was excluded. A total of 
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32 participants between the ages of 18 to 30 were recruited. An equal number of males and 

females was assigned to this group. Participants were paid $30 per hour for a 2 –3 hour session. 

In order to have a representative sample for the local community and avoid newly 

licensed drivers, participating drivers were required to have U.S. driving experience of at least 

two years. Therefore, their driver’s licenses were checked to verify this condition upon arrival at 

VTTI. 

3.4.4 Procedure 

The experiment was conducted solely on the Smart Road test facility and only during daylight 

hours in a dry pavement condition. The experiment was composed of two main phases. The first 

phase was comprised of the determination of eligibility and the procurement of informed consent 

from each participant. The second phase, the Smart Road test-track driving portion, required only 

one session in one day for each participant and took approximately 2-3 hours to complete. Each 

participant was assigned to three different scenarios with 16 trips each. The following are the 

three scenarios: 

 Scenario 1: The participant was asked to drive freely, following the signal as 

he/she would on a real signalized road. 

 Scenario 2: The participant was given a countdown to the next signal change via 

an audio message at two-second intervals using an in-vehicle device, and he/she 

was allowed to use this information to adjust his/her driving following the signal 

rules. 

 Scenario.3 (Eco-CACC scenario): The participant was given a recommended 

speed in an audio message at two-second intervals using an in-vehicle device and 

he/she was asked to follow that recommended speed following the signal rules. 

Participants drove loops on the Smart Road, crossing a four-way signalized intersection 

between two turnarounds (Figure ‎3-2) where the data were collected. Exclusive of practice trips, 

each participant drove a total of 48 trips (16 trips for each scenario), where a trip consists of one 

approach to the intersection.  Each participant was tested individually, using the same vehicle. 

These trips were split equally into four values of red indication offset, namely: 10, 15, 20, and 25 

seconds. Each red indication offset was repeated two times for each direction. In each scenario, 

these trips were in a predetermined randomized order. 
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The red indication offset refers to the number of seconds when the traffic light turns from 

red to green. The values of red indication offset were chosen based on the fact that a vehicle 

traveling at 40 mph (64 km/h) over 820 ft (250 meters) (   ) needs approximately 14 seconds to 

reach the stop line.  Therefore, a baseline of 15 seconds was used, with one value before and two 

values after with a 5-unit interval. 

The red indication offset is triggered when the testing vehicle approaches the signalized 

intersection and reaches the range of Eco-CACC (820 ft/250 meters). From the available values 

of red indication offset (10, 15, 20, and 25 seconds), one value will be randomly assigned to the 

traffic signal for each trip. In other words, when the testing vehicle reaches 820 ft (250 meters), 

the red indication offset will be either 10, 15, 20, or 25 seconds.  It should be noted that the green 

phase was always set at 25 seconds in order to give the vehicle enough time to pass the range of 

Eco-CACC at a downstream distance of 590 ft (180 meters). 

On test day: 

Each participant reviewed and signed an informed consent form (appendix C) after arriving at 

VTTI. The experiment was explained in detail. Then, a Snellen vision test was administered to 

ensure that vision acuity was within the legal driving limit (at least corrected to 20/40). 

Following completion of the test, the participant was taken to the testing vehicle (SRX 2014). 

The participants familiarized themselves with the test vehicle (e.g., adjusting mirrors and seat, 

fastening seat belt), and then proceeded to the Smart Road with an in-vehicle experimenter. The 

experimenter was present in the testing vehicle at all times during the study to offer guidance to 

the participant, operation of the computer system and control scenarios, supervision of the 

experiment, and responses to any questions. Before the first official trip, the participant drove 

three practice trials (intersection passes) to become familiar with the vehicle and the Smart Road. 

Participants were informed of the 40 mph (64 km/h) speed limit and asked to follow all normal 

traffic rules and obey all traffic laws. 

All participants performed the three scenarios in order. Each started the test uphill, made 

a U-turn at the end of the road (T1), and went back, approaching the signalized intersection in 

the downhill direction toward the other U-turn (T2). The participant continuously drove the 

testing vehicle until all the trips (uphill and downhill) for all three scenarios were completed. 

In order to calculate the vehicle fuel consumption of the entire maneuver near the 

signalized intersection and have fair comparison, participants were asked to drive at 40 mph (64 
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km/h) once they entered the Eco-CACC range of the intersection (820 ft /250 meters) and once 

they leave this range (590 ft/180 meters) (Figure ‎3-2). Four cones were put on the boundaries of 

the Eco-CACC range to inform the participants when the speed needed to be at 40 mph (64 

km/h). Therefore, the entry and exit speed were the same for all trips. If a participant drove more 

than 3 mph above or below the instructed speed (40 mph/64 km/h), the trip was repeated. In 

addition, the participant was reminded of the instructed speed and the speed limit at turnaround 

T2. On completion of the experiment, the participant was asked to leave the Smart Road and fill 

out a questionnaire (Appendix G). 

3.5 Field Data Analysis 

The vehicle trip information (e.g. the current and recommended speed, distance to stop line, 

time, and SPaT information) were recorded each deci-second. Only the data in the range of Eco-

CACC (820 ft (250 m) upstream and 590 ft (180 m) downstream) were extracted and analyzed. 

In total, 1536 trips were recorded for 32 participants. All the entry and exit speeds for each 

participant were checked to ensure they were in the allowable range of 37 to 43 mph (59.5 km/h 

to 69.2 km/h). Due to the fact that some participants found it difficult to follow the recommended 

speed at 2-second intervals in the Eco-CACC scenario, 10 % of the trips were found to be 

outliers. However, these trips were included in the analysis as they represent a variant in 

behavior of some drivers. 

Several statistical designs have been considered for this experiment. One of which is a 

three-way factorial design in which the response is either the fuel consumption or travel time 

with three independent variables or factors: scenario, direction, and red indication offset. 

However, this model assumes that the three factors are randomized, which is not the case in this 

experiment. The scenario factor cannot be randomized, as that may affect the participant’s 

performance. To be specific, if a participant had tried driving with recommended speed 

information before driving normally, his/her behavior would be affected in the normal driving 

scenario. Additionally, the direction factor was found to be excessively time-consuming if 

randomized. Therefore, a split-split-plot design (SSPD) was chosen to analyze the data, given its 

power in accommodating the factors that were difficult to change [65]. SSPD is an extension of 

the split-plot design that was invented by Fisher in 1925. 

The split-split-plot design is a blocked experiment with three levels of experimental units. 

The first level of the experimental units is the whole plot (scenario); the second level is the 
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experimental units within the whole plot, called the split-plot (direction of travel in our case); 

and the third level is the experimental units within the split-plot, called the split-split plot (red 

indication offset in our case). The red indication offset factor was the only randomized factor in 

the experiment, as shown in  

Figure  3-3. 

 

Figure ‎3-3 Experimental design 

 

Figure  3-3, each participant had a complete set of all treatment combinations (24 

treatments), and each treatment combination replicated twice. In addition to the three 

aforementioned factors, gender and participant effects were added to the model. Given that there 

is a variation among drivers owing to their behaviors, the participant effect was considered as a 

random effect and, thereby, was blocked, while the gender effect was treated as a fixed effect 

and tested. 

 

The linear statistical model used for the split-split-plot design is as follows: 
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Where        is the fuel consumed or travel time by the  th participant in the  th scenario, the  th 

direction and the  th red indication offset for the  th replicate in which   = 1,…, 32,   =1,2,3,  = 

1,2,  =1,2,3,4, and  =1,2;   is the grand mean;    is the random effect of the  th participant 

(blocking);     is the fixed effect of gender for the  th participant;    is the fixed effect of the  th 

scenario;    is the whole-plot error representing unexplained variations among the three 

scenarios;    is the fixed effect of the  th direction; (  )   is the interaction effect between the 

 th scenario and the  th direction;     is the split-plot error representing unexplained variations 

between each run in each direction;    is the fixed effect of the  th red indication offset; (  )   is 

the interaction effect between the  th scenario and the  th red indication offset; (  )   is the 

interaction effect between the  th direction and the  th red indication offset; (   )    is the 

interaction effect between the  th scenario; the  th direction, and the  th red indication offset; 

and      is the split-split-plot error representing unexplained variations between each run in 

each red indication offset. 

Split-split-plot design assumes that the residuals are independent and normally distributed 

with common variances. These assumptions have been checked, and it has been found that the 

normality condition is the only assumption that has not been met for fuel consumption. 

Therefore, the Box-Cox transformation, a well-known parametric power transformation 

developed by Box & Cox in 1964, was used to transform the fuel consumption to meet the 

normality condition [66]. 

After applying SSPD, Tukey’s Honest Significance Test (HSD) at a 5-percent 

significance level (alpha = 0.05) was used to analyze all pairwise comparisons between the three 

scenarios to determine which, if any, are significantly different from each other [67]. 
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The in-field data results show that fuel consumption measurements are not reliable as 

they don’t capture the sudden changes in speeds and, also, give a value of zero when the vehicle 

is decelerating as shown in          Figure  3-4. Consequently, the Virginia Tech Comprehensive 

Power-based Fuel Model, Type 1 (VT-CPFM-1) was used to estimate the fuel consumption rate 

because of its simplicity, accuracy, and ease of calibration [58]. VT-CPFM-1 uses instantaneous 

power to estimate the fuel consumption rates as given in Equations (2-9) and (2-10). 

         Figure ‎3-4 Fuel consumption comparison 

3.5.1 Fuel Consumption 

The field test results clearly demonstrate that a vehicle equipped either with countdown or 

recommended speed information always results in a fuel economy enhancement for every 

treatment combination of trip direction and red indication offset value. Remarkably, these 

benefits were generally found to be slightly larger in the downhill direction than the uphill 

direction for each red indication offset value, which is in compliance with previous research that 

showed using conventional cruise control always produced a better result in the downhill 

direction than the uphill direction [68]. Additionally, driving at the speed recommended by the 

Eco-CACC system results in a better fuel economy than driving with the countdown for most of 

the values of red indication offsets. In particular, it provides higher fuel consumption saving 

levels, especially in the downhill direction, for all the values of red indication offsets, with the 

exception of the red indication offset value of 10 seconds downhill and 15 seconds uphill. 
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(b) All Red Indication Offsets - Benefits Percent 
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(d) 10 Red Indication Offset - Benefits Percent 
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(e) 15 Red Indication Offset 
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(f) 15 Red Indication Offset - Benefits Percent 

Figure ‎3-5 presents a comparison of fuel consumption levels between all three scenarios 

for 10, 15, 20, and 25 second red indication offset values. Figure ‎3-5 (a) illustrates that, for all 

red indication offset values, the average fuel consumption levels for driving with a countdown 

and driving at the recommended speed are smaller than those for normal driving. The analysis 

shows that driving at the recommended speed reduces fuel consumption levels in both the 

downhill and uphill directions by 14.59% and 10.45%, respectively when compared to normal 

driving. As for driving with the countdown is concerned, the reductions in fuel consumption in 

both the downhill and uphill directions are 10.9% and 9.74%, respectively. 
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(h) 20 Red Indication Offset - Benefits Percent 
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(i) 25 Red Indication Offset 
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(j) 25 Red Indication Offset - Benefits Percent 

  

  

Figure ‎3-5 Fuel consumption comparison between all the three scenarios with standard 

deviation 

 

The maximum fuel consumption savings levels for driving at the recommended speed is 

15.52% in the uphill direction for a red indication offset value of 10 seconds (Figure ‎3-5 (d)), yet 

it is 18.9% in the downhill direction for a 15 second red indication offset value (Figure ‎3-5 (f)). 

When driving with a countdown, the maximum fuel consumption savings in the downhill and 

uphill direction are 21.1% and 14.8% respectively, and this occurs for a red indication offset 

value of 10 seconds (Figure ‎3-5 (d)). It must be noted that a red indication offset value of 10 

seconds means drivers can continue driving at their current speed (i.e. entry speed of 40 mph (64 

km/h)) without any deceleration, while the 15 second red indication offset value requires a slight 

deceleration (i.e. decelerating from 40 to 35 mph (56 to 64 km/h)). This explains why the 

maximum fuel consumption saving levels occur under 10 and 15 second red indication offsets. 

When compared to normal driving, most of the drivers had unnecessary deceleration or 

hard deceleration events for a red indication offset value of 10 and 15 seconds. While moving at 

the recommended speed, drivers with a 10 or 15 second red indication offset found it easy to 

maintain their current speed or to decelerate slightly, but they failed with large red indication 

offset values of 20 and 25 seconds. Similarly, drivers with a countdown of 10 or 15 seconds 
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(b) Uphill Direction 
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realized that they can maintain their current speeds without any deceleration or with a little 

deceleration, but failed with larger red indication offset values and came to a complete stop. 

Consequently, the maximum fuel consumption saving levels for either driving with a countdown 

or at the recommended speed occur at a 10 and 15 second red indication offset. 

It can be concluded that driving at the recommended speed or with countdown 

information is very efficient in reducing fuel consumption levels at shorter red indication offsets. 

That can also be easily observed in Figure ‎3-6, in which the percentage of fuel consumption 

savings levels for most cases generally decreases as the value of red indication offset increases, 

both when driving with a countdown and recommended speed information. 

  

Figure ‎3-6 The trend of the percentage of fuel consumption savings across all the values of 

red indication offsets 
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Table  3-1 provides a summary of the observations of average fuel consumption levels 

with the percentage reductions compared to normal driving for different combinations of trip 

direction and red indication offset values. 

Table ‎3-1 Average fuel consumption (FC) levels 

Direction 

Red 

Indication                 

Offset 

(sec) 

Scenario 1 Scenario 2 Scenario 3  

FC 

(liter/100 

mile) 

FC 

(liter/100 

mile) 

Reduction 

(%) 

FC 

(liter/100 

mile) 

Reduction 

(%) 

Downhill 

10 14.8 11.6 21.1 12.5 15.6 

15 22.6 19.0 15.7 18.3 18.9 

20 25.7 23.6 8.4 21.7 15.6 

25 26.8 25.9 3.7 24.3 9.4 

Uphill 

10 30.3 25.8 14.8 25.6 15.5 

15 37.1 32.8 11.6 33.6 9.5 

20 40.1 37.0 7.9 36.0 10.2 

25 41.9 39.3 6.2 38.6 7.9 

Average (downhill) 22.5 20.0 12.2 19.2 14.9 

Average (uphill) 37.3 33.7 10.1 33.4 10.8 

Total Average 29.9 26.9 11.2 26.3 12.8 

The analysis of SSPD at a 5-percent significance level was conducted and the results are 

presented in Table  3-2 where DF and DFDen indicate the degrees of freedom in the numerator 

and denominator respectively. The model was able to explain approximately 90 % of the 

variations in fuel consumption levels. Given the presence of significant interactions in the model, 

the main effects (scenario, direction, and red indication offset) cannot be examined individually. 

Consequently, the significant interactions (scenario-red indication offset and red indication 

offset-direction) were studied and drawn in Figure ‎3-7. It is observable that both of these 

interactions are co-directional, which means that each scenario/red indication offset has the same 

pattern across the values of red indication offset/direction with a slight change in slope. 

Consequently, the main effects can be tested separately. 
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Table ‎3-2 Results of fixed effects of the split-split-plot ANOVA using the fuel consumption 

as the dependent variable for scenario, direction, and red indication offset. 

Source DF DFDen F Ratio Prob > F 

scenario 2 158 98.6247 <.0001 

red indication offset 3 1134 1267.443 <.0001 

direction 1 189 7948.735 <.0001 

scenario*direction 2 189 1.7589 0.175 

scenario*red indication offset 6 1134 6.4503 <.0001 

red indication offset*direction 3 1134 41.4121 <.0001 

scenario*red indication offset*direction 6 1134 1.8518 0.0861 

gender 1 30 1.6958 0.2027 

 

  

Figure ‎3-7 Fuel consumption comparison 
 

The effect of the scenario was found to be significant with a p-value of less than 0.0001. 

Subsequently, a multiple comparison using Tukey’s HSD was carried out to analyze the 

differences in fuel consumption among all the similar treatment combinations. The analysis 

shows that the differences between normal driving and recommended speed scenarios were 

statistically significant for all the values of red indication offset. Moreover, Tukey’s HSD test 

indicates that a normal driving scenario differs significantly from a scenario of driving with 

countdown information under all the values of red indication offset except 20 seconds downhill 

and 25 seconds for both directions. Unexpectedly, there was no significant difference between 

driving with a countdown and driving with recommended speed information for all the values of 

red indication offset. Interestingly, females tend to consume more gas than males under all the 

values of red indication offset, but that was found statistically insignificant. 

3.5.2 Travel Time 

Compared to normal driving, driving with either countdown or recommended speed information 

decreases the average travel time for all the values of red indication offset and directions. In 
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(b) All Red Indication Offsets - Benefits Percent 
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(c) 10 Red Indication Offset 
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(d) 10 Red Indication Offset - Benefits Percent 

particular, driving with recommended speed information produces dramatic travel time savings 

when compared to driving with countdown information for each treatment combination of red 

indication offset and direction. In some cases, the benefits in travel time savings when driving 

with recommended speed information are as much as 4 times the benefits of driving with 

countdown information. Figure  3-8 gives a comparison of travel times between all three 

scenarios for all the values of red indication offset. The average travel time savings for all red 

indication offset values when using recommended speed information both downhill and uphill 

are 7.3% and 7.93 % respectively, while they are only 2.57% and 2.66% when driving with 

countdown information (Figure ‎3-8 (b)). In contrast to fuel consumption savings levels, for most 

treatment combinations, traveling uphill has a higher benefit in travel time savings than traveling 

downhill. This can be explained by the fact that drivers were more aggressive when approaching 

the signalized intersection going uphill than going downhill. 
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(e) 15 Red Indication Offset 
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(j) 25 Red Indication Offset - Benefits Percent 

 
 

  

  

Figure ‎3-8 Travel time comparison between all the three scenarios for all the values of red 

indication offsets with standard deviation 

 

The trend of the percentage of travel time savings within the values of red indication 

offset for both of these scenarios is shown in Figure ‎3-9. As for driving with recommended speed 

information, the reduction in travel time increases for both directions when the value of red 

indication offset increases from 10 to 15 seconds, then decreases from 15 to 25 seconds. It can be 

seen that the maximum travel time savings for driving downhill and uphill with recommended 

speed information under a 15 second red indication offset value are 10% and 10.1%, 

respectively. Driving with countdown information has a different pattern for each direction. The 

percentage of travel time savings in the downhill direction is the same as driving with 
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(b) Uphill Direction 
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recommended speed information, while, in the uphill direction, the percentage decreases when 

the value of red indication offset changes from 10 to 15 seconds. It then remains constant from 

15 to 20 seconds and decreases at 25 seconds. Consequently, the maximum travel time savings 

for driving with a countdown are 3.7 % and 4% for a 10 second red indication offset for downhill 

and uphill directions, respectively. 

  

Figure ‎3-9 The trend of the percentage of travel time savings across all the values of red 

indication offsets 

A summary of the average time with the percentage of reduction for each scenario under 

different circumstances is presented in Table  3-3. 

Table ‎3-3 Average travel times (TT) 

Direction 

Red 

indication                 

offset (sec) 

Scenario 1 Scenario 2 Scenario 3  

TT (sec) TT (sec) 
Reduction 

(%) 
TT (sec) 

Reduction 

(%) 

Downhill 

10 25.6 24.6 3.7 24.2 5.4 

15 30.1 29.0 3.8 27.1 10.0 

20 36.5 35.7 2.2 33.3 8.8 

25 41.9 41.4 1.3 39.7 5.3 

Uphill 

10 26.0 25.0 4.0 24.3 6.8 

15 30.5 29.7 2.8 27.4 10.1 

20 37.0 35.9 2.8 33.6 9.0 

25 42.5 41.8 1.7 39.9 6.1 

Average (downhill) 33.5 32.7 2.8 31.1 7.3 

Average (uphill) 34.0 33.1 2.8 31.3 8.0 

Total Average 33.8 32.9 2.8 31.2 7.7 

The SSPD Analysis-of-Variance was conducted, as shown in Table  3-4. The model used 

captures approximately 99 % of the variation in the response (i.e. travel time) given the three 

effects (i.e. scenario, red indication offset, and direction) with their interactions. Scenario-

direction and scenario-red indication offset interactions were found significant, and thus further 

investigated. 
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Table ‎3-4 Results of fixed effects of the split-split-plot ANOVA using travel time as the 

dependent variable for scenario, direction, and red indication offset 

Source DF DFDen F Ratio Prob > F 

 scenario 2 158 709.9287 <.0001 

 red indication offset 3 1134 38431.48 <.0001 

 direction 1 189 149.1616 <.0001 

 scenario*direction 2 189 5.8171 0.0035 

 scenario*red indication offset 6 1134 50.6643 <.0001 

 red indication offset*direction 3 1134 0.8162 0.4849 

 scenario*red indication offset*direction 6 1134 1.3416 0.2355 

 gender 1 30 0.2442 0.6248 

Based on Figure ‎3-10, it can be concluded that these interactions are additive interactions. 

Each value of red indication offset/direction acts on travel time via the same or a similar 

mechanism.  Therefore, the main effects can be tested individually. 

  

Figure ‎3-10 Travel time comparison 

 

The scenario effect was found to be statistically significant and, thereby, Tukey’s HSD 

was conducted to assess the differences in travel time between each treatment combination. 

Results show that the differences between normal driving and driving with either countdown or 

recommended speed information are statistically different under all the values of red indication 

offset for both directions. Unlike fuel consumption response, driving with recommended speed 

information is significantly different from driving with countdown information under all the 

values of red indication offset except 10 seconds downhill. Furthermore, females tend to spend 

more time traveling for most values of red indication offset, but that was found insignificant. 

3.6 Findings 

As has been shown previously, driving with either recommended speed or countdown 

information is very efficient in producing fuel economy enhancement in the downhill direction 

and reducing average travel time in the uphill direction. This demonstrates that driving uphill 



52 

 

0

10

20

30

40

50

0 10 20 30

Sp
ee

d
 , 

m
p

h
 

Time, seconds  

(a) Vehicle Speed Profile - 10 seconds Red 
Indication Offset 

0

300

600

900

1200

1500

0 10 20 30

D
is

ta
n

ce
, f

t 

Time, seconds  

(b) Vehicle Trajectory  - 10 Seconds Red 
Indication Offset 

Normal Driving

Countdown

Recommended
Speed

efficiently with recommended speed or countdown information is difficult, yet it incurs a greater 

reduction in travel time. 

Additionally, the results show that driving with recommended speed information 

improved the drivers’ behavior for all of the treatment combinations. It decreases acceleration 

and deceleration maneuver distances and provides a smooth speed profile. This can be seen in 

Figure ‎3-11 and Figure ‎3-12, in which an example of vehicle speed profile and a trajectory 

comparison for the three scenarios for each value of red indication offset is presented. It has to be 

noted that at t=0, the vehicle enters the range of Eco-CACC system. In Figure ‎3-11 (g) and (h), 

in the base scenario (normal driving), the driver came to a complete stop at the intersection with 

a long deceleration maneuver distance and waited for 10 seconds. Similarly, in the second 

scenario (driving with countdown information), the driver stopped and waited for 5 seconds at 

the intersection with a long deceleration maneuver distance. However, in the third scenario 

(recommended speed information), the driver tried to follow the recommended speed by 

decelerating initially and then cruising at around 17 mph (27.3 km/h) until he/she passed the 

intersection without having to come to a complete stop. It should be mentioned that driving with 

countdown information improved the driver’s behavior slightly, especially under 10 or 15 second 

red indication offset values, but with less impact than driving with recommended speed 

information. 
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Figure ‎3-11 Example vehicle speed profile and trajectory, downhill direction 
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Figure ‎3-12 Example vehicle speed profile and trajectory, uphill direction 

 

Figure ‎3-13 illustrates the box plot of the instantaneous speed when passing the 

intersection for all the participants.  Instantaneous speed increases from scenario 1 to 3 are 

observable, and generally driving with recommended speed information had the highest speed 

under all the values of red indication offset. It should be noted that the variance of the 

instantaneous speed in the third scenario (recommended speed information) under 20 and 25 

seconds red indication offset is longer than the other two scenarios (Figure ‎3-13 (e),(f),(g), and 

(h)). This suggests that there are different levels in driver acceptance and behavioral adaption of 

the provided recommended speeds. Some participants came to a slower speed than they were 

supposed to because they were unable to follow the recommended speed. 
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It should also be noted that driving with countdown information slightly increased the 

instantaneous speed at the intersection when compared to normal driving, but it failed under 20 

and 25 second red indication offsets as most of the drivers came to a complete stop. This 

confirms the aforementioned fact that driving with countdown information improved the driver’s 

behavior and helped them to avoid a complete stop under smaller values of red indication offset 

but not with larger values. 
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Figure ‎3-13 Box plot of the instantaneous speed at the intersection 

 

Additionally, drivers with recommended speed information rarely stopped at the 

intersection. As can be seen in Figure ‎3-14, the percentage of time idling at the intersection 

continually reduces from scenario 1 to 3, and becomes almost zero at the third scenario under all 

the values of red indication offset. 

  

Figure ‎3-14 The percentage of time idling under different values of red indication offset for 

each scenario 

 

A post-driving survey (appendix G) was conducted to evaluate drivers’ perceptions of the 

three scenarios in terms of enhancing safety, comfort, fuel efficiency, and improving drivers’ 

decisions in the vicinity of the intersection. The participants were asked to rank the three 

scenarios that would best improve their ability to make a better decision when proceeding to the 

intersection, avoiding a complete stop, saving fuel consumption levels, making driving more 

comfortable, and enhancing safety, and the results are given in Figure ‎3-15. Unexpectedly, 

driving with countdown information was found to be the most preferred scenario among the 

three, while driving with recommended speed information was nearly the least preferred 

scenario. 
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(b) Avoiding Completely Stop at Intersection  

Although driving with recommended speed information produces higher fuel 

consumption saving levels than the other scenarios, participants believed it was the least fuel-

efficient scenario. It had lowest ranking, with 50 percent of respondents making it as the least 

favorite scenario (worse than the normal driving scenario), while driving with countdown 

information was ranked at the top by over 70 percent of respondents (Figure ‎3-15 (c)). It can be 

concluded that participants are not aware of how to drive in a fuel-efficient way. Furthermore, 

giving them countdown information would not always help them to drive smoothly and 

efficiently. 

Additionally, participants ranked driving with recommended speed information as the 

lowest in terms of enhancing comfort and safety, with over 80 and 70 percent of respondents 

respectively. This may be explained by the fact that the frequency of the recommended speed 

information is very high (2-second interval) and difficult for the participants to follow. 

Therefore, participants found it distracting and dangerous to both pay attention to the road and 

adjust their speed every 2 seconds. In addition, some of the participants expressed their concern 

that driving with recommended speed information induces them to pass at the onset of a green 

indication which they consider to be an unsafe situation. 

Moreover, participants were asked to rank which of the three scenarios they would want 

in their cars. Driving with countdown information was ranked at the top by nearly 80 percent, 

followed by normal driving, as shown in Figure ‎3-15 (f). This implies that the majority of the 

participants prefer not to have recommended speed technology in their cars due to the 

aforementioned concerns. 
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Figure ‎3-15 Respondent ranking of the three scenarios 

 

3.7 Conclusions and Recommendations for Future Research 

The research presented in this chapter investigated the benefit of an Eco-CACC system that 

computes the fuel-optimal velocity of a vehicle using SPaT information within the vicinity of a 

traffic signalized intersection. A controlled field experiment of 32 participants was conducted on 

the Smart Road test facility at VTTI. The experiment included three scenarios, namely: normal 

driving, driving with countdown information, and driving with recommended speed information. 

Each scenario had four different red indication offset values (10, 15, 20, and 25 seconds) with 

downhill and uphill directions. In total, 1536 trips were recorded and compared in terms of fuel 

consumption and travel time in the vicinity of the signalized intersection (430 meter). The study 

found that the developed Eco-CACC system always increases fuel consumption saving levels 

and reduces travel time significantly, at different percentages depending on the value of red 

indication offset and the direction of travel. In particular, the developed Eco-CACC is very 

effective in producing fuel economy enchantment when traveling downhill and reducing travel 

time when traveling uphill. Compared to normal driving, the Eco-CACC system reduced fuel 

consumption levels and travel time, on average, by nearly 13 and 8 percent respectively. In 

addition, it was found that, on average, driving with countdown information reduces fuel 

consumption levels and travel time but with a lower percentage than the Eco-CAC system. 
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Another finding of this study showed that the Eco-CACC system reduced the percentage 

of time idling to nearly zero and provided a smooth speed profile at the intersection. Likewise, 

driving with countdown information partially helped the participants to drive smoothly without 

having to come a complete stop for 10 and 15 second red indication offset values, but failed with 

larger values. 

The post-driving survey showed that driving with recommended speed information is the 

least favorite scenario among those presented due to the high frequency of the recommended 

speed information update and other safety concerns that the participants raised. 

In order to continue the work presented in this chapter with further improvements, the 

authors recommend conducting the same experiment with a level 3 automated Eco-CACC 

system added to the experiment as a fourth scenario in which the vehicle adjusts its speed 

automatically without human-vehicle interaction. This can produce valuable results that will be 

comparable with the manual Eco-CACC (recommended speed information) and will identify the 

impact of human error/delay on the benefits gained from the Eco-CACC system. Moreover, the 

following research precautions should be considered: 

1. Increase the range of the Eco-CACC (the control length) from 820 and 590 ft (250 and 

180 meters) upstream and downstream of the intersection to the ideal control length of 

1640 ft (500 meters),  which provides the greatest fuel consumption saving levels [69]. 

2. Examine the impact of multiple conditions of roadway grades (including a zero grade), 

road-weather, and travel-speeds on the benefits of the Eco-CACC system and driver’s 

response to the provided information. 

3. Investigate the impact of different frequencies of the recommended speed information on 

the benefits of the Eco-CACC system and the driver’s response to the provided 

information. 

4. Investigate the age effect on driver-acceptance of the advisory speeds using different age 

groups. 

5. Investigate the impact of the presence of Eco-CACC non-equipped vehicles on Eco-

CACC ones at single-lane and two-lane intersections. 
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CHAPTER 4: FIELD EVALUATION OF AN AUTOMATED ECO-

COOPERATIVE ADAPTIVE CRUISE CONTROL SYSTEM IN THE 

VICINITY OF SIGNALIZED INTERSECTIONS 

4.1 Abstract 

Signalized intersections can produce significant increases in vehicle fuel consumption levels. 

With the help of vehicle-to-vehicle (V2V) and vehicle-to-infrastructure (V2I) communication, 

algorithms are being developed that utilize SPaT data together with queue information to 

optimize vehicle trajectories in the vicinity of signalized intersections. This chapter presents the 

results of a unique controlled field experiment designed to evaluate an Eco-Cooperative Adaptive 

Cruise Control (Eco-CACC) system that was developed by the Center for Sustainable Mobility 

at the Virginia Tech Transportation Institute. The Eco-CACC system computes and recommends 

real-time fuel-efficiency speeds using V2I communicated data that can be delivered to drivers as 

an audio message or be implemented directly in the testing vehicle. The controlled field 

experiment included three different scenarios, namely: normal driving, driving with 

recommended speed information provided to drivers (manual Eco-CACC system), and finally 

automated driving (automated Eco-CACC system). The controlled field experiment was 

conducted for four red indication offset values to drivers traveling along an uphill and downhill 

approach on the Smart Road test facility. In total 1536 trips were conducted by 32 different 

participants between the ages of 18 and 30 with an equal number of males and females. The 

collected data were compared with regard to fuel economy and travel time over a fixed distance 

starting upstream and ending downstream of the intersection (from 820 ft (250 m) upstream of the 

intersection to 590 ft (180 m) downstream for a total length of 1410 ft (430 m)). The results 

demonstrate that the Eco-CACC system is very efficient in reducing fuel consumption levels 

especially when driving downhill. Specifically, the analyzed data indicates that the automated 

scenario could achieve fuel and travel time savings of 31% and 9% on average, respectively.  
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4.2 Introduction 

The transportation sector is the second main reason for the increase in fuel consumption and 

emission levels in the United States [16]. The increase in vehicle travel miles and, thereby, traffic 

congestion contributes significantly to produce excessive fuel consumption and global pollution. 

The eco-driving concept has been proposed and studied widely as a key solution to mitigate the 

environmental impacts of transportation [5, 19-22]. 

Eco-driving is a driving style that is considered to be economic and ecologically 

beneficial. It has been defined by several researchers as the smooth driving resulting from 

adjustment in driver behavior [3, 4]. Consequently, researchers have suggested tips for drivers 

[14, 15] that could effectively improve their behavior with the objective of minimizing fuel 

consumption and emission levels. These tips are: 

 Avoid hard braking, sudden acceleration/deceleration, and idling. 

 Limit air conditioner use. 

 Stop warming engine. 

 Shift gear up early. 

 Maintain steady speed. 

 Look ahead while driving. 

 Limit starting speed in the first 5 seconds to 12.4 mph (20km/h). 

However, recent research has shown how a vehicle could help drivers achieve the 

aforementioned steps. Onboard driver assistance systems can be installed into the vehicle to 

fulfill the objectives of eco-driving [14, 17, 18]. These devices can deliver “static” advice to 

drivers such as “accelerate slowly,” “avoid hard braking,” and “reduce high speed.” However, 

the impact of the static advice on fuel consumption and emission levels is limited. 

By taking advantage of real-time traffic sensing and infrastructure information, onboard 

driver assistance systems can deliver “dynamic” advice to drivers that can help them to drive 

smoothly and efficiently. In particular, establishing communication between the vehicle and the 

traffic signal controller is a powerful tool to make the driver behavior smoother; thus reducing 

vehicle fuel consumption levels. Various messages can be exchanged between the two parties to 

provide better advice to drivers.  Among these messages is a SPaT message that can provide 

approaching vehicles with valuable advance information about upcoming traffic signal timing 
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changes. This information could help drivers to make early decisions whether they should proceed 

or stop safely and smoothly. 

With the help of vehicle-to-vehicle (V2V) and vehicle-to-infrastructure (V2I) 

communication, algorithms are being developed that utilize SPaT data together with queue 

information to optimize vehicle trajectories in the vicinity of signalized intersections [8, 10-12] . 

Therefore, it is possible that vehicles can communicate with the traffic signals, receive SPaT 

information, and adjust their speeds accordingly and automatically. 

Several Eco-Speed control (ESC) algorithms have been introduced to provide an optimal 

trajectory through signalized intersections. However, none explicitly attempted to minimize 

vehicle fuel consumption levels. In addition, most of the proposed algorithms have been 

developed and tested in traffic simulation environments where recommended speeds are 

enforced and many issues, such as the delay in the system and human-vehicle interaction, are not 

considered. 

In [7], Kamalanathsharma developed a new ESC algorithm named Eco-Cooperative 

Adaptive Cruise Control (Eco-CACC). The Eco-CACC system computes and recommends real-

time fuel-efficient speeds using V2V and V2I communicated data within the vicinity of the 

traffic signalized intersection. The objective function of the Eco-CACC system is the explicit 

minimization of the total fuel consumed to travel from some distance upstream of the 

intersection to a distance downstream of the intersection. The Eco-CACC system was tested and 

evaluated in a simulation environment. A reduction in fuel consumption of over 30 percent 

reduction was achieved. 

In [60], we addressed the implementation issues and challenges of the field application of 

the Eco-CACC system by conducting a preliminary field test. We have shown that the Eco-

CACC system is applicable and very promising in terms of fuel consumption and travel time 

savings. 

In this thesis, we extend our work and conducted an extensive field experiment using 32 

participants on the Smart Road test facility of the Virginia Tech Transportation Institute with the 

goal of evaluating the Eco-CACC system with regard to fuel consumption and travel time 

savings. Three different scenarios were considered, namely: normal driving, driving with 

recommended speed information provided to drivers (a manual Eco-CACC system), and finally 

automated driving (an automated Eco-CACC system). Previous studies showed that visual 
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messages are less efficient and more distracting for drivers compared to audio messages [61-63]. 

Consequently, the computed speeds in the manual Eco-CACC system were delivered to drivers 

as audio messages. 

 

As far as the chapter layout is concerned, the following sections deal with literature 

review, which highlights the uniqueness and importance of contributed work, a brief description 

of the algorithm used, the experimental design used in gathering the data, field data analysis and 

findings, and finally the conclusion and recommendations for future work. 

4.3 Background 

Signalized intersections have recently drawn attention as researchers have realized the significant 

increase of vehicles’ fuel consumption levels in their vicinity [1]. When coming close to a 

signalized intersection, drivers are completely unaware of exactly when the traffic signal 

indication will change. Consequently, drivers may have to accelerate/decelerate aggressively to 

respond to these changes. This results in non-smooth driving behavior. Non-smooth driving (e.g. 

hard barking, sudden speed changes) consumes excessive fuel as it follows a non-ideal speed 

profile [2]. Research efforts have attempted to generate the fuel-optimal speed profile in the 

vicinity of signalized intersections [5, 8, 9]. This section reviews those research efforts 

attempting to develop models associated with the aforementioned concept. 

Mandava et al. [8] proposed an algorithm that minimizes acceleration/deceleration rates 

to increase the probability of having a green light for oncoming vehicles at signalized 

intersections. Using signal phase and timing information, they delivered dynamic speed advice to 

drivers when approaching signalized intersections. The results demonstrated that the algorithm 

could decrease fuel consumption and emissions by 12-14%. 

Asadi and Vahidi [10] developed a predictive cruise control system that used constrained 

optimization to minimize the probability of stopping. Traffic signal information and short range 

radar were used to change the vehicle’s arrival time at the green light. The proposed algorithm 

did not provide dynamic speed advice to drivers. In addition, the speed profiles provided were 

not compared with regard to fuel efficiency. The simulation results show a reduction of 47% and 

56% in fuel consumption and emissions respectively in an arterial road consisted of nine traffic 

signals. 
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Barth et al. [11] developed a dynamic eco-driving velocity planning algorithm along an 

arterial corridor with traffic signals. The objective function of the proposed algorithm was to 

minimize the level time spent accelerating and decelerating. The algorithm received signal phase 

and timing information from a traffic signal and recommended speeds for on-coming vehicles. 

Up to a 12% reduction in fuel consumption and emissions were reported. 

Sun et al. [12] endeavored to obtain the optimal fuel/emission efficient speed profile for 

on-coming vehicles at signalized intersections. Given the upcoming signal information, a 

dynamic programming approach was used to estimate the optimal speed with regard to fuel 

efficiency. Subsequently, the authors developed an eco-driving strategy that allows a velocity 

advisory to be delivered to drivers. Savings of up to 25% in fuel consumption and emissions 

were found in a driving simulator experiment for 15 drivers. 

Malakorn and Park [41] have studied the potential benefits of Cooperative Adaptive 

Cruise Control (CACC) with regard to the environmental impacts and vehicular mobility. The 

authors integrated CACC with Intelligent Traffic Signals in which CACC produces optimum 

trajectories to vehicles approaching signalized intersections. Using upcoming signal information, 

the system minimized acceleration and deceleration distances and idling time. Simulation results 

indicated a 91 percent and a 75 percent reduction in delay and fuel consumption, respectively. 

On the other hand, this study did not consider the speed profile downstream of the signalized 

intersection. In addition, the results were completed using a fixed deceleration distance (100 ft 

(30.5 m)). 

Wu et al. [42] studied the benefits of two types of advanced driving alert systems, 

namely: stationary ADAS and in-vehicle ADAS. The authors proposed these systems with the 

objective of helping drivers approaching signalized intersections to achieve smooth driving (i.e. 

avoid hard braking and hard-deceleration maneuver). Both of these systems alert the drivers of 

time to red so that they can make a decision in advance to stop safely and thereby smoothly. The 

simulation results revealed a positive impact on fuel consumption and emissions. However, this 

study provided drivers information on traffic signal status only when it was red. The authors did 

not consider informing the drivers of time to green. In addition, they did not consider the 

downstream intersection in providing a fuel-optimum trajectory. 

Tielert et al. [43] studied the effect of Traffic-Light-to-Vehicle Communication on the 

environmental impacts (i.e. emissions and fuel consumption). In this study, the effect of speed 
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adaptation was tested by using different speeds in the simulation. The authors found that gear 

choice and the distance from the traffic light have a significant impact on fuel consumption and 

emissions. The simulation results showed a reduction of 22% for a single vehicle and 8% for 

multi vehicles. 

Sanchez et al. [44] proposed a new driving model called Intelligent-Driver Model 

Prediction (IDMP). The proposed model uses the information sent from the traffic signal to 

advise approaching vehicles with the goal of minimizing idling time; thus reducing vehicle fuel 

consumption levels. The authors made use of this information to compute the recommended 

speeds that a driver should adopt to achieve the aforementioned goal. In the simulation 

experiment, they used the Akcelik and Biggs fuel consumption model [45] to compare the results 

between two scenarios using the Intelligent-Driver Model (IDM) [46]. The simulation results 

showed a reduction of 25% in fuel consumption levels in urban areas. 

Li et al. [47] introduced an optimized method using an augmented Lagrangian genetic 

algorithm that provides an optimum speed advisory for on-coming vehicles to intersections with 

the objective of reducing trip time; thus reducing vehicle fuel consumption levels. The proposed 

algorithm guarantees that on-coming vehicles do not exceed the maximum permitted speed when 

passing signalized intersections. The authors used a car following model to handle multi-

vehicles. The VT-Micro model [2] was used in the proposed model to calculate the fuel 

consumption but not in the optimization objective function. In a simulated environment, savings 

of up to 69.3 percent and 12.1 percent were reported in fuel consumption and trip time, 

respectively. 

Alsabaan et al. [48] developed an optimization model to compute the optimum or close-

to-optimum speed in the vicinity of signalized intersections in which driver behavior will be 

smooth and, thereby, fuel consumption and emissions will be minimized. The authors used 

traffic-light-signal-to-vehicle (TLS2V) and V2V communication to send SPaT information to 

approaching vehicles so that drivers can follow the optimum speed. The objective function of 

this model is minimizing vehicle fuel consumption and emissions using the VT-Micro model [2] 

for four different scenarios. Heuristic expressions were used to estimate the optimum speed or 

near-optimum speed. 

Jin et al. [49] proposed a mathematical model to optimize vehicle trajectories crossing 

intersections using six different signal timing configurations. This research effort was intended to 
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reduce the idling time and unnecessary changes in speed in the vicinity of a signalized 

intersections. The objective function is minimizing acceleration and deceleration distances. 

Approaching drivers were notified of a suggested speed through a DSRC connection in which 

SPaT information was sent to drivers. The authors tested different scenarios (e.g. the current 

signal state is either red or green with different lengths) and optimized the vehicle trajectory for 

upstream and downstream of the traffic signal. The optimum speed was computed by calculating 

the emissions and fuel consumption using a vehicle specific power model (VSP). In a simulated 

environment, average savings in fuel consumption of up to 12.01% and 7.73%, respectively were 

reported, as well as an increase in travel time. 

As has been shown, most of the aforementioned literature have used almost the same 

concept in which the approaching vehicles are provided with a smooth speed profile in the 

vicinity of signalized intersections with the goal of minimizing fuel consumption and/or 

emissions. However, most of these research efforts attempted to minimize vehicle fuel 

consumption levels by minimizing acceleration/deceleration distances, idling time, and/or travel 

time, so their objective function was not the explicit minimization of fuel consumption. 

Several previously conducted eco-driving experiments have shown a positive impact with 

regard to fuel consumption and emissions [3, 17, 20, 23, 24, 28, 29, 31-37]. However, all these 

studies were conducted either by providing a training course for drivers before driving and 

measuring before-after differences or by delivering “static” advice while traveling. None have 

used real-time traffic sensing and SPaT information to deliver “dynamic” advice while driving. 

A few field experiments were conducted by delivering “dynamic” advice to drivers [25, 64]; 

however, none of them explicitly considered vehicle fuel consumption as the objective function. 

This controlled field experiment was conducted using the Eco-CACC system that 

explicitly attempts to minimize vehicle fuel consumption levels. In the manual Eco-CACC 

system, participants received a dynamic speed recommendation using V2I communication and 

were asked to adjust their speeds accordingly, while in the automated Eco-CACC system, the 

dynamic speed recommendations were implemented directly in the testing vehicle.  Results were 

compared to normal driving with regard to fuel consumption and travel time savings. The 

analyzed data indicates that the automated Eco-CACC system scenario results in the best fuel 

consumption saving levels among all tested scenarios and can produce fuel and travel time 

savings of up to 45 and 13 percent respectively. In addition, the study demonstrates that the 
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manual Eco-CACC system scenario can produce fuel savings ranging between 18.9 and 7.9 

percent with decreases in travel times ranging between 10.1 and 5.3 percent. 

4.4 Methodology 

4.4.1 Test Facility 

The Virginia Department of Transportation’s (VDOT) Virginia Smart Road at the Virginia Tech 

Transportation Institute (VTTI) was the site of the field test. Located in in the southwestern 

region of Virginia, the Smart Road serves as a distinctive, state-of-the-art, closed test-bed 

research facility. The Smart Road is a 2.2 mile (3.5 km) two-lane road (one-lane for each 

direction) with one four-way signalized intersection (Figure ‎4-1). The 1.6 mile (2.5 km) section 

used for the data collection includes only the section between two turnarounds with the four-way 

signalized intersection, as shown in Figure ‎4-2. The first end (T1) is a high-speed banked 

turnaround and the second end (T2) is a low-speed flat turnaround. Although there is some 

insignificant horizontal curvature, the test section’s horizontal layout is generally straight.  

However, this curvature does not affect road speeds.  The vertical layout of the test section has a 

grade of 3 percent (uphill and downhill). Due to the fact that study participants turned around at 

the conclusion of each trip, half the trips occurred on a 3 percent upgrade while the others were 

on a 3 percent downgrade. In this experiment, the speed limit of the testing facility was 40 mph 

(64 km/h). 

The Eco-CACC system is activated when the testing vehicle is at 820 ft (250 meters) 

upstream of the stop line (denoted by    ) and is deactivated when the testing vehicle is at 590 ft 

(180 meters) downstream of the stop line (denoted by      ). This can be seen in Figure ‎4-2, in 

which the two maroon lines indicate the distance where the Eco-CACC is activated, while the 

two red lines represent the stop lines for each direction. It must be mentioned that these values 

(i.e.     and      ) were chosen based on the geographical constraints of the testing site. 
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Figure ‎4-1 Signalized intersection in the VA Smart Road Test facility 

 

4.4.2 Experimental Equipment 

A VTTI automated vehicle (2014 Cadillac SRX) was used in the experiment. It is equipped with 

an onboard vehicle unit for V2V and V2I communication, a Differential Global Positioning 

System (DGPS), a real-time data acquisition system (DAS), and a laptop with installed VTTI 

proprietary programs to control the trips and road scenarios. The DAS is capable of data 

collection of up to 0.1-second precision All data recorded were stored in a hard drive located in 

the truck, as shown in Figure ‎4-2. 
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Figure ‎4-2 Instrumented vehicle and field test site 

 

With the help from V2I communication, the test vehicle receives upcoming signal 

changes, namely: time from red to green, and simultaneously the vehicle onboard unit calculates 

the vehicle’s distance to the intersection and its current speed. These information will feed into 

the Eco-CACC algorithm to produce the fuel-efficient speed profile. 

The optimum speed profile and target speed were calculated and provided to the test 

vehicle every 0.1 second. Given that the average driver perception reaction time is 1.5 seconds and 

the latency in the communication system is 0.5 seconds, the recommended speeds in the manual 

Eco-CACC system were delivered to participants at a 2-second interval. However, in the 

automated Eco-CACC system, the optimum speed profile was implemented directly into the 

instrumented vehicle and was updated every 0.1 second, and the test vehicle drove itself 

automatically following the fuel-efficient speed profile. A warning sound, “engage,” was turned on 

when the vehicle entered the Eco-CACC range, and “dismiss” was played when it left. This 

informed the participant when the test vehicle took over. 
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4.4.3 Participants 

IRB approval was obtained in November 2015 from the Institutional Review Board (IRB #15-

1092) at Virginia Tech before starting recruiting the subjects. Participants were licensed drivers 

recruited from the VTTI internal participant database, flyers, ads in the local Blacksburg, VA 

newspaper, and/or word-of-mouth. Participants were screened through a verbal questionnaire 

over the phone (Appendix D) to determine if they were licensed drivers and if they had any 

health concerns that would exclude them from participating in the study. Any participant with 

more than two driving violations or responsible for an injurious accident was excluded. A total of 

32 participants between the ages of 18 to 30 were recruited. An equal number of males and 

females was assigned to this group. Participants were paid $30 per hour for a 2 –3 hour session. 

In order to have a representative sample for the local community and avoid newly licensed 

drivers, participating drivers were required to have U.S. driving experience of at least two years. 

Therefore, their driver’s licenses were checked to verify this condition upon arrival at VTTI. 

4.4.4 Procedure 

The experiment was conducted solely on the Smart Road test facility and only during daylight 

hours in a dry pavement condition. The experiment was composed of two main phases. The first 

phase was comprised of the determination of eligibility and the procurement of informed consent 

from each participant. The second phase, the Smart Road test-track driving portion, required only 

one session in one day for each participant and took approximately 2-3 hours to complete. Each 

participant was assigned to three different scenarios with 16 trips each. The following are the 

three scenarios: 

 Scenario.1: The participant was asked to drive freely following the signal as 

he/she would in a real signalized road. 

 Scenario.2 (Manual Eco-CACC system): The participant was given a 

recommended speed in an audio message at two-second intervals using an in-

vehicle device and he/she was asked to follow that recommended speed following 

the signal rules. 

 Scenario.3 (Automated Eco-CACC system): Minimum interaction from the 

participant was needed since a semi-automated adaptive cruise control that 

receives information from the infrastructure was turned on and the vehicle adjusts 
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its speed by itself. Note the driver only controls the steering wheel in the range of 

ECO-CACC system. 

Participants drove loops on the Smart Road, crossing a four-way signalized intersection 

between two turnarounds (Figure  4-2) where the data were collected. Exclusive of practice trips, 

each participant drove a total of 48 trips (16 trips for each scenario), where a trip consists of one 

approach to the intersection.  Each participant was tested individually, using the same vehicle. 

These trips were split equally into four values of red indication offset, namely: 10, 15, 20, and 25 

seconds. Each red indication offset was repeated two times for each direction. In each scenario, 

these trips were in a predetermined randomized order. 

The red indication offset refers to the number of seconds when the traffic light turns from 

red to green. The values of red indication offset were chosen based on the fact that a vehicle 

traveling at 40 mph (64 km/h) over 820 ft (250 meters) (   ) needs approximately 14 seconds to 

reach the stop line.  Therefore, a baseline of 15 seconds was used, with one value before and two 

values after with a 5-unit interval. 

The red indication offset is triggered when the testing vehicle approaches the signalized 

intersection and reaches the range of Eco-CACC (820 ft/250 meters). From the available values 

of red indication offset (10, 15, 20, and 25 seconds), one value will be randomly assigned to the 

traffic signal for each trip. In other words, when the testing vehicle reaches 820 ft (250 meters), 

the red indication offset will be either 10, 15, 20, or 25 seconds.  It should be noted that the green 

phase was always set at 25 seconds in order to give the vehicle enough time to pass the range of 

Eco-CACC at a downstream distance of 590 ft (180 meters). 

On test day: 

Each participant reviewed and signed an informed consent form (appendix C) after arriving at 

VTTI. The experiment was explained in detail. Then, a Snellen vision test was administered to 

ensure that vision acuity was within the legal driving limit (at least corrected to 20/40). 

Following completion of the test, the participant was taken to the testing vehicle (SRX 2014). 

The participants familiarized themselves with the test vehicle (e.g., adjusting mirrors and seat, 

fastening seat belt), and then proceeded to the Smart Road with an in-vehicle experimenter. The 

experimenter was present in the testing vehicle at all times during the study to offer guidance to 

the participant, operation of the computer system and control scenarios, supervision of the 

experiment, and responses to any questions. Before the first official trip, the participant drove 
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three practice trials (intersection passes) to become familiar with the vehicle and the Smart Road. 

Participants were informed of the 40 mph (64 km/h) speed limit and asked to follow all normal 

traffic rules and obey all traffic laws. 

All participants performed the three scenarios in order. Each started the test uphill, made 

a U-turn at the end of the road (T1), and went back, approaching the signalized intersection in 

the downhill direction toward the other U-turn (T2). The participant continuously drove the 

testing vehicle until all the trips (uphill and downhill) for all three scenarios were completed. 

In order to calculate the vehicle fuel consumption of the entire maneuver near the 

signalized intersection and have fair comparison, participants were asked to drive at 40 mph (64 

km/h) once they entered the ESC range of the intersection (820 ft/250 meters) and once they 

leave this range (590 ft/180 meters) (Figure ‎4-2). Four cones were put on the boundaries of the 

ECO-CACC range to inform the participants when the speed needed to be at 40 mph (64 km/h). 

Therefore, the entry and exit speed were the same for all trips. If a participant drove more than 3 

mph above or below the instructed speed (40 mph/64 km/h), the trip was repeated. In addition, 

the participant was reminded of the instructed speed and the speed limit at turnaround T2. On 

completion of the experiment, the participant was asked to leave the Smart Road and fill out a 

questionnaire (Appendix G). 

4.5 Field Data Analysis 

The vehicle trip information (e.g. the current and recommended speed, distance to stop line, 

time, and SPaT information) were recorded each deci-second. Only the data in the range of 

ECO-CACC (820 ft (250 m) upstream and 590 ft (180 m) downstream) were extracted and 

analyzed. In total, 1536 trips were recorded for 32 participants. All the entry and exit speeds for 

each participant were checked to ensure they were in the allowable range of 37 to 43 mph (59.5 

km/h to 69.2 km/h). Due to the fact that some participants found it difficult to follow the 

recommended speed at 2-second intervals in the Eco-CACC scenario, 10 % of the trips were 

found to be outliers. However, these trips were included in the analysis as they represent a 

variant in behavior of some drivers. 

Several statistical designs have been considered for this experiment. One of which is a 

three-way factorial design in which the response is either the fuel consumption or travel time 

with three independent variables or factors: scenario, direction, and red indication offset. 

However, this model assumes that the three factors are randomized, which is not the case in this 
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experiment. The scenario factor cannot be randomized, as that may affect the participant’s 

performance. To be specific, if a participant had tried driving with recommended speed 

information before driving normally, his/her behavior would be affected in the normal driving 

scenario. Additionally, the direction factor was found to be excessively time-consuming if 

randomized. Therefore, a split-split-plot design (SSPD) was chosen to analyze the data, given its 

power in accommodating the factors that were difficult to change [65]. SSPD is an extension of 

the split-plot design that was invented by Fisher in 1925. 

The split-split-plot design is a blocked experiment with three levels of experimental units. 

The first level of the experimental units is the whole plot (scenario); the second level is the 

experimental units within the whole plot, called the split-plot (direction of travel in our case); 

and the third level is the experimental units within the split-plot, called the split-split plot (red 

indication offset in our case). The red indication offset factor was the only randomized factor in 

the experiment, as shown in Figure  4-3. 

Figure ‎4-3 Experimental design 

 

As can be seen in Figure  4-3, each participant had a complete set of all treatment 

combinations (24 treatments), and each treatment combination replicated twice. In addition to the 

three aforementioned factors, gender and participant effects were added to the model. Given that 

there is a variation among drivers owing to their behaviors, the participant effect was considered 
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as a random effect and, thereby, was blocked, while the gender effect was treated as a fixed 

effect and tested. 

 

The linear statistical model used for the split-split-plot design is as follows: 

 

                                                                   (Whole plot)  

      (  )                                                           (Split-plot)  ( 4-1) 

       (  )    (  )    (   )                                 (Split-split-plot)    

 

Where        is the fuel consumed or travel time by the  th participant in the  th scenario, the  th 

direction and the  th red indication offset for the  th replicate in which   = 1,…, 32,    =1,2,3,  = 

1,2,  =1,2,3,4, and  =1,2;   is the grand mean;    is the random effect of the  th participant 

(blocking);     is the fixed effect of gender for the  th participant;    is the fixed effect of the  th 

scenario;    is the whole-plot error representing unexplained variations among the three 

scenarios;    is the fixed effect of the  th direction; (  )   is the interaction effect between the 

 th scenario and the  th direction;     is the split-plot error representing unexplained variations 

between each run in each direction;    is the fixed effect of the  th red indication offset; (  )   is 

the interaction effect between the  th scenario and the  th red indication offset; (  )   is the 

interaction effect between the  th direction and the  th red indication offset; (   )    is the 

interaction effect between the  th scenario; the  th direction, and the  th red indication offset; 

and      is the split-split-plot error representing unexplained variations between each run in 

each red indication offset. 

Split-split-plot design assumes that the residuals are independent and normally distributed 

with common variances. These assumptions have been checked, and it has been found that the 

normality condition is the only assumption that has not been met for fuel consumption. 

Therefore, the Box-Cox transformation, a well-known parametric power transformation 

developed by Box & Cox in 1964, was used to transform the fuel consumption to meet the 

normality condition [66]. 

After applying SSPD, Tukey’s Honest Significance Test (HSD) at a 5-percent 

significance level (alpha = 0.05) was used to analyze all pairwise comparisons between the three 

scenarios to determine which, if any, are significantly different from each other [67]. 
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The in-field data results show that fuel consumption measurements are not reliable as 

they don’t capture the sudden changes in speeds and, also, give a value of zero when the vehicle 

is decelerating as shown in Figure  4-4. Consequently, The Virginia Tech Comprehensive Power-

based Fuel Model, Type 1 (VT-CPFM-1) was used to estimate the fuel consumption rate because 

of its simplicity, accuracy, and ease of calibration [58]. VT-CPFM-1 uses instantaneous power to 

estimate the fuel consumption rates as given in Equations (2-9) and (2-10). 

Figure ‎4-4 Fuel consumption comparison 

4.5.1 Fuel Consumption 

The field test results clearly demonstrate that both the manual or automated Eco-CACC systems 

always result in a fuel economy enhancement for every treatment combination of trip direction 

and red indication offset value. Additionally, the automated Eco-CACC system results in a 

higher fuel economy compared to the manual Eco-CACC system for all of the values of red 

indication offsets. Notably, these benefits were generally found to be larger in the downhill 

direction than the uphill direction, which is in compliance with previous research that showed 

using conventional cruise control always produced a better result in the downhill direction than 

the uphill direction [68]. 

Figure ‎4-5 presents a comparison of fuel consumption levels between all three scenarios 

for 10, 15, 20, and 25 second red indication offset values. As can be seen, the average fuel 

consumption levels continually decrease from scenario 1 to 3, and generally scenario 3 (i.e. the 

automated Eco-CACC system) produced the lowest fuel consumption levels under all values of 

0

5

10

15

20

25

30

35

40

45

0 100 200 300 400 500 600 700 800 900 1000

Fu
el

 c
o

n
su

m
p

ti
o

n
, l

it
er

/h
o

u
r 

Time, seconds 

measured

estimated



77 

 

22.48 
19.20 

13.86 

37.33 
33.43 

28.91 

0
5

10
15
20
25
30
35
40
45

Normal Driving Recommended
Speed

Automated

Fu
el

 C
o

n
su

m
p

ti
o

n
 (

Li
te

r/
1

0
0

 m
ile

) 

(a) All Red Indication Offsets 

14.59 

38.37 

10.45 

22.56 

0

5

10

15

20

25

30

35

40

45

Normal Driving Recommended
Speed

AutomatedP
er

ce
n

ta
ge

 o
f 

Fu
el

 C
o

n
su

m
p

ti
o

n
 

Sa
vi

n
gs

  

(b) All red Indication Offsets - Benefits Percent 
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red indication offset. The analysis shows that, on average, driving with the automated Eco-

CACC system reduces fuel consumption levels in the downhill and uphill direction by 38.37% 

and 22.56%, respectively, when compared to normal driving. When driving with the manual 

Eco-CACC system, the reductions in fuel consumption in both the downhill and uphill directions 

in fuel consumption are 14.59% and 10.45%, respectively. 

 The maximum fuel consumption saving levels for the automated Eco-CACC system is 

44.6 % and 27.5 % for a red indication offset value of 15 seconds in the downhill and uphill 

directions respectively (Figure ‎4-5 (f)). As for driving with the manual Eco-CACC system is 

concerned, the maximum fuel consumption saving levels is 18.9% in the downhill direction. This 

occurs under a 15 second red indication offset value (Figure ‎4-5 (f)).  A savings of 15.5% is 

produced in the uphill direction for a red indication offset value of 10 seconds (Figure ‎4-5 (d)). 

It must be noted that a red indication offset value of 10 seconds means drivers can 

continue driving at their current speed (i.e. entry speed of 40 mph/64 km/h) without any 

deceleration, while the 15 second red indication offset value requires a slight deceleration (i.e. 

decelerating from 40 to 35 mph/64 km/h to 56 km/h). When compared to normal driving, most of 

the drivers had unnecessary deceleration or hard deceleration for a red indication offset value of 

10 seconds or 15 seconds respectively This explains why the maximum fuel consumption saving 

levels occur under 10 and 15 second red indication offsets. 
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Figure ‎4-5 Fuel consumption comparison between all the three scenarios with standard 

deviation 
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It can be concluded that driving with either the manual or automated Eco-CACC systems 

is very efficient in reducing fuel consumption levels at shorted red indication offsets. This can 

also be easily observed in Figure ‎4-6, which presents the percentage of fuel consumption saving 

levels across the values of red indication offset for both the manual and automated Eco-CACC 

systems. It should be noted that, generally, the percentage of fuel consumption savings for the 

automated Eco-CACC system is approximately twice the percentage of fuel consumption 

savings for the manual Eco-CACC system. 

  

Figure ‎4-6 The trend of the percentage of fuel consumption savings across all the values of 

red indication offsets 

 

Table ‎4-1 gives a summary of the observations of average fuel consumption levels with 

the percentage of reductions compared to normal driving for different combinations of trip 

direction and red indication offset values. 

Table  4-1 Average fuel consumption (FC) levels 

Direction 

Red 

Indication                 

Offset 

(sec) 

Scenario 1 Scenario 2 Scenario 3  

FC 

(liter/100 

mile) 

FC 

(liter/100 

mile) 

Reduction 

(%) 

FC 

(liter/100 

mile) 

Reduction 

(%) 

Downhill 

10 14.8 12.5 15.6 9.0 38.7 

15 22.6 18.3 18.9 12.5 44.6 

20 22.7 21.7 15.6 15.6 39.3 

25 26.8 24.3 9.4 18.2 32.0 

Uphill 

10 30.3 25.6 15.5 23.0 23.8 

15 37.1 33.6 9.5 26.9 27.5 

20 40.1 36.0 10.2 31.3 21.9 

25 41.9 38.6 7.9 34.4 17.9 

Average (downhill) 22.5 19.2 14.9 13.9 38.4 

Average (uphill) 37.3 33.4 10.8 28.9 22.6 

Total Average 29.9 26.3 12.8 21.4 30.5 
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Table ‎4-2 presents the analysis of SSPD at a 5-percent significance level where DF and 

DFDen indicate the degrees of freedom in the numerator and denominator respectively. The 

coefficient of determination for the model is approximately 92%. The SSD ANOVA shows that 

there are significant interactions in the model, and thereby the main effects (scenario, direction, 

and red indication offset) cannot be examined individually. Therefore, these significant 

interactions (scenario-direction, scenario-red indication offset, and red indication offset-

direction) were studied and drawn in Figure ‎4-7. It is observable that all these interactions are co-

directional, which means that each line has the same pattern. As a result, the main effects can be 

tested separately. 

Table ‎4-2 Results of fixed effects of the split-split-plot ANOVA using the fuel consumption 

as the dependent variable for scenario, direction, and red indication offset 

Source DF DFDen F Ratio Prob > F 

scenario 2 158 431.6683 <.0001 

red indication offset 3 1134 1195.234 <.0001 

direction 1 189 9570.199 <.0001 

scenario*direction 2 189 46.1809 <.0001 

scenario*red indication offset 6 1134 9.1072 <.0001 

red indication offset*direction 3 1134 29.3418 <.0001 

scenario*red indication offset*direction 6 1134 1.6299 0.1354 

gender 1 30 1.0889 0.3050 
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Figure ‎4-7 Fuel consumption comparison 

 

The analysis of SSPD at a 5-percent significance showed that the effect of the scenario is 

significant with a p-value less than 0.0001. Subsequently, a multiple comparison using Tukey’s 

HSD was carried out to analyze the differences in fuel consumption between all the similar 

treatment combinations. The analysis shows that the differences between normal driving and 

either manual or automated Eco-CACC systems are statistically significant for all the values of 

red indication offset. Moreover, Tukey’s HSD test indicated that the automated Eco-CACC 

system differs significantly from the manual Eco-CACC system under all the values of red 

indication offset. Surprisingly, females tend to consume more gas than males under all the values 

of red indication offset, but this was considered statistically insignificant. 

4.5.2 Travel Time 

The travel time results from the manual and automated Eco-CACC systems were compared to 

scenario 1 (normal driving) and presented in Figure ‎4-8. The trend of the reductions in travel 

time is similar to the trend of the reductions in fuel consumption. For the same treatment 

combination, travel time continually decreases from scenario 1 to 3, and shows the lowest travel 

time in scenario 3. On average, the travel time savings in the automated Eco-CACC system are 

8.05% and 9.89% in the downhill and uphill directions respectively, while they are 7.3% and 

7.93% when driving with the manual Eco-CACC system. Therefore, the automated Eco-CACC 

system is slightly more advantageous. 
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Figure ‎4-8 Travel time comparison between all the three scenarios for all the values of red 

indication offset with standard deviation 

 

The trend of the percentage of travel time savings within the values of red indication 

offset for both the manual and automated Eco-CACC systems is shown in Figure  4-9. It is easily 

observed that both the manual and automated Eco-CACC systems have the same pattern, in 

which the maximum travel time savings occur under the 15 second red indication offset. The 

maximum reductions for driving downhill and uphill with the automated Eco-CACC system are 

10.2% and 12.9%, while the maximum reductions in the manual Eco-CACC system are 10% and 

10.1% downhill and uphill respectively. It should be noted that the difference in the reduction of 

travel time between the manual and automated Eco-CACC systems in the downhill direction is 

smaller than the uphill direction. 

Unlike fuel consumption saving levels, the uphill direction has a higher benefit in travel 

time savings than the downhill direction for most of the treatment combinations. This can be 

explained by the fact that driving smoothly and efficiently in the uphill direction is more difficult 

than the downhill direction for both the manual and automated Eco-CACC systems. 

  

Figure ‎4-9 The trend of the percentage of fuel consumption savings across all the values of 

red indication offsets 
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Table ‎4-3 presents a summary of the average trip times with the percentage of reduction 

for each scenario. 

Table ‎4-3 Average travel times (TT) 

Direction 

Red 

indication                 

offset (sec) 

Scenario 1 Scenario 2 Scenario 3  

TT (sec) TT (sec) 
Reduction 

(%) 
TT (sec) 

Reduction 

(%) 

Downhill 

10 25.6 24.2 5.4 24.0 6.2 

15 30.1 27.1 10.0 27.0 10.2 

20 36.5 33.3 8.8 32.9 9.8 

25 41.9 39.7 5.3 39.3 6.2 

Uphill 

10 26.0 24.3 6.8 24.6 5.3 

15 30.5 27.4 10.1 26.6 12.9 

20 37.0 33.6 9.0 32.7 11.4 

25 42.5 39.9 6.1 38.6 9.2 

Average (downhill) 33.5 31.1 7.3 30.8 8.1 

Average (uphill) 34.0 31.3 8.0 30.6 9.9 

Total Average 33.8 31.2 7.7 30.7 9.0 

The SSPD Analysis-of-Variance was conducted, as shown in Table ‎4-4. Ninety-nine 

percent of the variations in the response (i.e. travel time) were captured given the three effects 

(i.e. scenario, red indication offset, and direction) and their interactions. As can be seen, all the 

interactions were found to be significant. Therefore, each interaction was studied and drawn 

individually to decide whether it is an anti-directional interaction or not. Figure ‎4-10 shows that 

the significant interactions are co-directional. 

Table ‎4-4 Results of fixed effects of the split-split-plot ANOVA using travel time as the 

dependent variable for scenario, direction, and red indication offset 

Source DF DFDen F Ratio Prob > F 

 scenario 2 158 1095.597 <.0001 

 red indication offset 3 1134 42785.10 <.0001 

 direction 1 189 38.2531 <.0001 

 scenario*direction 2 189 42.7106 <.0001 

 scenario* red indication offset 6 1134 94.2986 <.0001 

 red indication offset *direction 3 1134 6.7566 0.0002 

 scenario*red indication offset*direction 6 1134 11.5020 <.0001 

 gender 1 30 0.0008 0.9781 
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Figure ‎4-10 Travel time comparison 

 

Tukey’s HSD was conducted to assess the differences in travel time between each 

treatment combination. Results show that the differences between normal driving and either the 

manual or automated Eco-CACC systems are statistically significant under all the values of red 

indication offset for both directions. However, there is no significant difference in travel times 

between the manual and automated Eco-CACC systems, except for 15, 20, and 25 second red 

indication offset values in the uphill direction. 

4.6 Findings 

The results show that both the manual and automated Eco-CACC systems always improve the 

vehicle trajectory for all of the treatment combinations. In particular, they decrease acceleration 

and deceleration maneuvers and provide a smooth speed profile. This can be seen in Figure ‎4-11 

and Figure ‎4-12 in which an example of vehicle speed profile and a trajectory comparison for the 

three scenarios for each value of red indication offset are presented. It has to be noted that when 

the time is zero, the instrument vehicle enters the range of Eco-CACC system. In Figure ‎4-11 

(g), in the normal driving scenario, the driver came to a complete stop at the intersection and 

waited for 10 seconds. However, in the manual Eco-CACC system, the driver tried to follow the 

recommended speed by decelerating initially, and then continued cruising at 17 mph (27 km/h) 
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with slight deceleration and acceleration intervals until he/she passed the intersection. Finally, in 

the automated Eco-CACC system, the testing vehicle decelerated initially and then kept cruising 

at 19 mph (30.5 km/h) until it passed the intersection. 

  

  

 
 

  

Figure ‎4-11 Example vehicle speed profile and trajectory, downhill direction 
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Figure ‎4-12 Example vehicle speed profile and trajectory, uphill direction 

 

It is clear that the manual or automated Eco-CACC systems helped the vehicle to avoid a 

complete stop and increased the instantaneous speed when passing the intersection and this can 
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be seen in Figure  4-13 and Figure ‎4-14. Figure  4-13 shows that the percentage of time idling at 

the intersection continues reducing from scenario 1 to 3, and becomes zero at the second and 

third scenarios under all the values of red indication offset. 

 
 

Figure ‎4-13 The percentage of time idling under different values of red indication offset for 

each scenario 

 

Figure ‎4-14 represents the instantaneous speed when the testing vehicle passed the 

intersection under 10, 15, 20, and 25 second red indication offset values respectively. As can be 

seen, the average cruising speed continually increases from scenario 1 to 3, and generally 

scenario 3 has a higher speed than the other two scenarios for all the values of red indication 

offset. It should be mentioned that the variance of the instantaneous speed for the automated 

Eco-CACC system under 20 and 25 second red indication offset values is larger than the speed 

variance for the manual Eco-CACC system due to a braking issue which occurred in the 

automated Eco-CACC system. This issue caused the test vehicle to not brake initially, thereby 

decreasing the cruising speed at the intersection. However, the effect of this issue is limited, as it 

happened for only 5-7 participants. 
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Figure ‎4-14 Box plot of the instantaneous speed at the intersection 

 

A post-driving survey (appendix G) was conducted to evaluate drivers’ perceptions of the 

three scenarios in terms of enhancing fuel efficiency, comfort, safety, and overall experience in 

the vicinity of the signalized intersection. The participants were asked to rank the three scenarios 

that would achieve the best fuel consumption saving levels, make driving more comfortable, and 

enhance safety. The results are given in Figure ‎4-15. 

It is interesting to note that the automated Eco-CACC scenario is generally the most 

preferred scenario among the three, while the manual Eco-CACC system is the least preferred 

scenario. This may be explained by the fact that the frequency of the recommended speed 

information given in the manual Eco-CACC system is very high (2-second interval) and difficult 
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for the participants to follow. Therefore, participants found it distracting and dangerous to both 

pay attention to the road and adjust their speed every 2 seconds. In addition, some of the 

participants expressed their concern that driving with the manual Eco-CACC encourages them to 

pass at the onset of a green indicator which they consider to be unsafe. 

Moreover, the participants were asked if they were in favor of implementing the 

automated Eco-CACC system into their cars. Over 90% of the participants supported adding the 

automated Eco-CACC system into their cars if it would save 10 to15 percent in fuel consumption 

(Figure  4-16). 

  

  

Figure ‎4-15 Respondent ranking of the three scenarios 

 

 

Figure ‎4-16 Perception on whether the participants would like to have the automated Eco-

CACC system in their cars if is saves 10-15% in fuel consumption 
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4.7 Conclusions and Recommendations for Future Research 

The research presented in this chapter investigated the benefits of an Eco-CACC system that 

computes the fuel-optimal velocity of a vehicle using SPaT information within the vicinity of a 

traffic signalized intersection. A controlled real experiment of 32 participants was conducted on 

the Smart Road test facility at VTTI. The experiment included three scenarios, namely: normal 

driving, driving with the manual Eco-CACC system, and driving with the automated Eco-CACC 

system. Each scenario had four different red indication offset values (10, 15, 20, and 25 seconds) 

with downhill and uphill directions. In total, 1536 trips were recorded and compared in terms of 

fuel economy and travel time in the entire maneuver of a signalized intersection. The study found 

that the manual and automated Eco-CACC systems always produce fuel economy enhancement 

and reduce travel times, at different percentages depending on the value of red indication offset 

and the direction. In particular, both the manual and automated Eco-CACC systems are very 

effective in producing fuel economy enchantment when traveling downhill and reducing travel 

time when traveling uphill. The study found that the automated Eco-CACC system results in 

higher fuel economy than the manual Eco-CACC system for all of the values of red indication 

offset. Compared to normal driving, the automated Eco-CACC system reduced fuel consumption 

levels and travel time, on average, by nearly 31 and 9 percent respectively. Additionally, it was 

found that the Eco-CACC system reduced the percentage of time idling at the intersection to zero 

and increased the average speed when passing the intersection. 

In order to continue the work presented in this chapter with further improvement, the 

authors recommend conducting the same experiment considering the following precautions: 

1. Increase the range of the ECO-CACC (the control length) from 820 and 590 ft (250 and 

180 meters) upstream and downstream of the intersection to the ideal control length of 

1640 ft (500 meters), which provides the greatest fuel consumption saving levels [69]. 

2. Examine the impact of multiple conditions of roadway grades (including a zero grade), 

road-weather, time of day, and travel-speeds on the benefits of the Eco-CACC system 

and driver’s response to the provided information. 

3. Investigate the impact of different frequencies of the recommended speed information on 

the benefits of the manual Eco-CACC system and the driver’s response to the provided 

information. 

4. Investigate the age effect on driver-acceptance of the advisory speeds using different age 

groups. 
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5. Investigate the impact of the presence of Eco-CACC non-equipped vehicles on Eco-

CACC ones at single-lane and two-lane intersections. 
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CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS FOR 

FUTURE RESEARCH 

5.1 Conclusions 

The research presented in this thesis entailed an extensive discussion of the experiment that was 

conducted on the Smart Road test facility at the Virginia Tech Transportation Institute. This 

controlled field experiment was designed and conducted to quantify the benefits of the newly 

developed eco-driving algorithm that was proposed by the Center for Sustainable Mobility at the 

Virginia Tech Transportation Institute. This algorithm, named in Eco-Cooperative Adaptive 

Cruise Control (Eco-CACC) system, receives advanced signal information (SPaT) from 

downstream-signalized intersections and, then, forecast the fuel-optimal trajectory for vehicles 

within the vicinity of a traffic signalized intersection. The forecasted trajectory can be delivered 

as recommended speeds to drivers in an audio message or be implemented directly in the testing 

vehicle. In this experiment, the objective function of the Eco-CACC system is the explicit 

minimization of the total fuel consumed to travel from 820 ft (250 m) upstream of the 

intersection to 590 ft (180 m) downstream of the intersection. 

The controlled field experiment included four different scenarios, namely: normal driving, 

driving with count down information provided to drivers (time left from red to green), driving with 

recommended speed information also provided to drivers (manual Eco-CACC system), and 

automated driving (automated Eco-CACC system). In total, 2112 trips were conducted by 32 

different participants between the ages of 18 and 30 with an equal number of males and females. 

Participants drove loops on the Smart Road, crossing a four-way signalized intersection between 

two turnarounds where the data were collected. Exclusive of practice trips, the participant drove a 

total of 64 trips (16 trips for each scenario), where a trip consists of one approach to the 

intersection. 

The collected data were compared with regard to fuel economy and travel time, and it was 

found that the manual and automated Eco-CACC systems always produce a fuel economy 

enhancement and reduce travel times, at different percentages depending on the value of red 

indication offset and the direction. In particular, the manual and automated Eco-CACC systems are 

very effective in producing a fuel economy enchantment when traveling downhill and reducing 

travel time when traveling uphill. Moreover, the study found that the automated Eco-CACC 

system results in a higher fuel economy than the manual Eco-CACC system for all of the values of 
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red indication offset. Compared to normal driving, the automated Eco-CACC system reduced fuel 

consumption levels and travel time by nearly 31 and 9 percent respectively, on average, while the 

manual Eco-CACC system reduced fuel consumption levels and travel time by nearly 13 and 8 

percent. Finally, it was found that driving with count down information produced the least fuel 

consumption savings levels and travel time compared to the manual and automated Eco-CACC 

systems. 

Split-split-plot design was used to analyze the data and test significant differences between 

the four scenarios in fuel consumption and travel time. The analysis shows the differences between 

normal driving and driving with either the manual or automated Eco-CACC systems are 

statistically significant for all the values of red indication offsets. 

Moreover, the study found that both the manual and automated Eco-CACC systems 

always improve the vehicle trajectory for each treatment combination of a value of red indication 

offset and direction. In particular, it decreases acceleration and deceleration maneuvers and 

provides a smooth speed profile. The analyzed data shows that the Eco-CACC system helps the 

vehicle to avoid a complete stop at the intersection, and, therefore, increase the instantaneous 

speed when passing the intersection. 

Interestingly, post-drive survey results show the automated Eco-CACC system is the most 

preferred scenario among the four, while the manual Eco-CACC system is the least preferred 

scenario. Additionally, the survey results show that 90% of the participants would like to have the 

automated Eco-CACC system implemented in their cars if it would save 10 to 15 percent in fuel 

consumption. 

5.2 Recommendations for Future Work 

In order to continue the work presented in this thesis with further improvement, the authors 

recommend to conduct the same experiment considering the following precautions: 

1. Increase the range of the Eco-CACC (the control length) from 820 and 590 ft (250 and 

180 meters) upstream and downstream of the intersection to the ideal control length of 

500 meters,  which provides the greatest fuel consumption saving levels [69]. 

2. Examine the impact of multiple conditions of roadway grades (including a zero grade), 

road-weather, and travel-speeds on the benefits of the Eco-CACC system and driver’s 

response to the provided information. 
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3. Investigate the impact of different frequencies of the recommended speed information on 

the benefits of the Eco-CACC system and the driver’s response to the provided 

information. 

4. Investigate the age effect on driver-acceptance of the advisory speeds using different age 

groups. 

5. Investigate the impact of the presence of Eco-CACC non-equipped vehicles on Eco-

CACC ones at single-lane and two-lane intersections. 
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APPENDIX B – PARTICIPANT RECRUITMENT MATERIAL 

 

 

 



99 
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