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ABSTRACT OF THE THESIS 

 

Eco-driving Strategies based on the Kinematic Wave Model at Various Traffic Situations 

By 

Pengyuan Sun 

Master of Science in Civil Engineering 

University of California, Irvine, 2020 

Professor R. (Jay) Jayakrishnan, Chair 

 

 

With connected vehicle technology, eco-driving strategies could bring benefits in decreasing 

traffic oscillation, reducing fuel consumption along with air pollution, and improving traffic 

mobility. This thesis proposes an eco-driving strategy to reduce traffic oscillation and smooth 

trajectories for vehicles at different traffic situations, including highway sections and urban 

traffic intersections. The eco-driving strategy assumes a connected vehicle environment, in 

which each vehicle exchanges information in real-time through vehicle-to-infrastructure (V2I) 

communications and vehicle-to-vehicle (V2V) communications. The proposed strategy devises 

the advisory speed and the control duration for each vehicle through various control algorithms 

that are available in different traffic situations. After receiving the information from V2I and 

V2V communications, each connected vehicle would apply a simple cruise control method 

during the control duration. The proposed algorithm determines proper advisory speed and 

control duration through a heuristic solution of the optimization model, which is a tangent line 

approach. The optimization model, which has the objective function to minimize the speed 

oscillation of each vehicle, is applied at the origin or estimated trajectories under different 

traffic situations, including when vehicles are approaching a signalized intersection, non-

signalized intersection, and following a moving bottleneck at an arterial road. 
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Based on the optimization model, this study proposes a heuristic solution which is a tangent 

line method between control starting point to the estimated objective trajectories, with the slope 

of the tangent line serving as the static advisory speed applied for the vehicle. The kinematic 

wave analysis is applied for deriving or estimating vehicle objective trajectories at each traffic 

situation. In a highway with a slow-moving vehicle, this study solves a more generalized 

moving bottleneck problem to derive the traffic flow-rate and density upstream of the moving 

bottleneck, and get the following trajectory for each vehicle after the moving bottleneck. At 

traffic intersections, the kinematic wave analysis is first applied to describe vehicle start-up 

behaviors and demonstrate the requirements for improving traffic efficiency. According to the 

requirements, the estimated time points (i.e., the passing points) are created for vehicles to pass 

through the intersection. Accordingly, the origin trajectories are estimated in order to make 

vehicles enter the intersection at each passing point with the designed optimal speed. For a 

signalized intersection, the passing points are created based on a specific signal plan of a given 

phasing. In addition, the eco-driving strategy could also be extended into a Cooperative Vehicle 

Intersection Control (CVIC) algorithm and applied at a non-signalized intersection. In this 

situation, the passing points are created and updated according to the previous vehicles passing 

through the intersection from different directions. 

 

The benefits of this strategy are presented from a set of numerical simulations. At the 

intersection, the benefits are also evaluated with different flow-rate levels of the approaching 

traffic flows. The simulations are conducted for each traffic situation. In the highway sections, 

four scenarios with different bottleneck movements are applied, where the moving bottleneck 

has a constant speed, accelerates, decelerates, and stops-and-goes. The results show that both 

speed variance and fuel consumption are reduced with the algorithm in each of the scenarios. 

At the signalized intersections, all vehicles applying the algorithm would never stop before the 

intersection and would pass through the intersection with the free-flow speed. The number of 

vehicles that could pass through the intersection also increases. Also, traffic oscillation is 

reduced when approaching the intersection. With the CVIC algorithm applying at the 

intersection, all vehicles could pass through the intersection with free-flow speed, and no traffic 

confliction happens between vehicles. Furthermore, in an illustrative study, the algorithm 

reduces the total intersection delay by 34.95 % on average, the fuel consumption by 65.79 % 

on average, and the speed variance by 5.75 % on average. The simulation result shows the 

algorithm could be beneficial in decreasing traffic oscillation, reducing environmental impact, 
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and improving traffic efficiency as well when applied at the intersections. The basic idea behind 

this study is to make a predictable time and speed for the vehicle to eliminate the moving 

bottleneck effects and to pass through the intersection. This information provides a theoretical 

basis for further optimizing the traffic flows through the V2I, V2V communications, and CAV 

technologies, which could be applied to various situations.
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Chapter 1                                             

Introduction 

1.1 Motivation 

Greenhouse gas emissions contribute significantly to global warming and climate change 

(INRIX, 2019). According to the study of (Rakha et al., 2011), 30% of energy consumption in 

the US comes from the transportation sector, which is responsible for a significant portion of 

greenhouse gas emissions as well as air pollution. Transportation is also a primary source of 

wasted time for the public and energy consumption in urban networks. In 2018, each American 

lost 97 hours due to traffic congestion, at a total cost of 87 billion dollars (INRIX, 2019). In 

the European Union, transportation is responsible for 33% of total energy consumption (Cruz, 

2013). Fluctuations in traffic flow lead to frequent accelerations and decelerations, which can 

cause extra greenhouse gas emissions and air pollution and worsen environmental conditions 

(Yang and Jin, 2014). At the same time, traffic oscillation has been proved to be a major culprit 

behind high fuel consumption and extra delay (Li et al., 2014). 

 

Extra traffic oscillations could be generated in various traffic situations. In highway sections, 

smooth flow of traffic could be easily hampered when a moving bottleneck appears. A moving 

bottleneck is caused by a slow-moving vehicle with speed lower than mainstream traffic ( Gazis 

and Herman, 1992). A moving bottleneck would inevitably force the following upstream traffic 

to brake, which generates kinematic waves and leads to traffic oscillations. Such traffic 

oscillations would jeopardize the efficient movement of traffic and build up a queue behind the 

bottleneck (Li et al., 2014). When the vehicle causing the moving bottleneck leaves the road, 

queue dissipation requires upstream vehicles to accelerate, which significantly lifts fuel 

consumption and may potentially incur loss time. For a human driving vehicle (HV), an 

experienced driver usually gradually reduces the speed while approaching the bottleneck in 
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order to avoid abrupt deceleration and acceleration. Nonetheless, vehicle speed oscillations are 

not fully avoidable due to the lack of information on the leading vehicle’s movement.  

 

Apart from the slow-moving vehicles that could lead to traffic oscillation, urban traffic flows 

could also be frequently interrupted by various traffic infrastructures. In traffic intersections, 

where vehicle trajectories from more than two directions could conflict, proper traffic control 

methods are necessary to be enforced for safety concerns, such as traffic signals and stop/yield 

signs. As a price for traffic safety, vehicles traveling through these two kinds of intersections 

basically experience ‘stop-and-go’ movements, which create additional traffic oscillations. As 

a result, traffic delay and extra fuel consumption at traffic intersections is even greater than 

other traffic infrastructures (Li, Peng and Ouyang, 2010) (Li et al., 2014). The conclusion that 

the intersections cause a majority of traffic delays for the vehicles is well-known and elaborated 

in many studies (Hurdle, 1984) (Wolshon and Taylor, 1999) (Ban et al., 2009). 

 

With the objective to decrease the environmental impact in transportation, eco-driving refers 

to a set of driving modes and strategies which could be applied in vehicles. Eco-driving can be 

achieved through multiple control mechanisms. Traffic oscillation smoothing is a conventional 

approach to achieve eco-driving (Ahn et al., 2002). In recent years, with the development of 

connected and autonomous vehicle (CAV) technology, vehicles could exchange information 

with others instantaneously through Vehicle-to-Vehicle (V2V) communication. Taking 

advantage of V2V communication, more accurate and real-time control algorithms could be 

applied, and effective vehicle control schemes could be developed to further smooth traffic and 

avoid excessive oscillations. Such kinds of control algorithms could be applied at different 

traffic situations like signalized intersections (Jiang et al., 2017), freeways (Yang and Jin, 

2014), and arterial corridors with intersections (Barth et al., 2011). The algorithm outputs for 

traffic control are also various, including the advisory speed limit (Al-Dweik et al., 2017), and 

the optimal speed during adaptive cruise control (Zhou et al., 2020). Although traffic 

oscillation decrease could be shown from the results, these algorithms apply other objective 

functions, such as maximize traffic throughput (Ubiergo and Jin, 2016), reach location 

optimization (Yao et al., 2018), and minimize fuel consumption (Lin et al., 2018). From the 

results of the previous studies, eco-driving strategies could be proposed and applied to various 
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traffic situations, and are also potentially beneficial at various aspects, such as becoming more 

environment friendly, improving traffic mobility, and decreasing traffic oscillation. 

 

The basic idea of eco-driving strategies is introduced into the transportation field for training 

the drivers how to save the fuel while driving (Dandrea, 1986). Later, the eco-driving is further 

extended with the combination of control schemes for smoothing traffic oscillation, such as are 

in the literature for smoothing traffic oscillations, such as setting advisory speed signs 

(Smulders, 1990), enforcing speed controls policy on different road sections (Vaa, 1997), and 

installing bumps to adjust vehicle travel speed ( Pau and Angius, 2001). In such early studies, 

the control schemes are usually universal and static, which may not capture the dynamics in 

traffic flow. 

 

Recent advances in CAV technology enable wireless communications between vehicle to 

vehicle (V2V) and vehicle to infrastructure (V2I) (Santa, Gómez-Skarmeta and Sánchez-

Artigas, 2008). Based on such advanced technologies, CAV could collect extra travel 

information in advance, and the infrastructure could also obtain more data on the upcoming 

vehicles. Taking advantage of the detailed traffic information, various driving strategies and 

control algorithms could be proposed that control the vehicles in real-time and accurately, with 

the objectives such as improving traffic mobility and reducing traffic oscillation. (Mensing, 

Trigui and Bideaux, 2011) uses dynamic programming optimization to maximize vehicle costs 

for the whole system. (Barth et al., 2011) focus on minimizing fuel consumption and gas 

emissions by real-time vehicle trajectory design in an arterial. At signalized intersections, (Ma 

et al., 2017) and (Zhou, Li and Ma, 2017) introduce a shooting heuristic algorithm for vehicles 

to pass the signal with the maximum cruise speed. (Zhao et al., 2018) applies a receding-

horizon model-predictive control to achieve minimum energy consumption in mixed traffic 

flow.  

 

Further extend the eco-driving strategies with CAV technology, the vehicle control algorithms 

could also lead to novel intersection control methods. The Cooperative Vehicle Intersection 

Control (CVIC) system can enable connected vehicles to work together with the infrastructure 

controller via V2I communication to achieve intersection control (Lee and Park, 2012). The 
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CVIC system provides a new intersection control strategy, through which the controller gathers 

the information of the upcoming vehicles and guarantees each vehicle passing through the 

intersection smoothly and safely. Since the vehicles could pass through the intersection purely 

using other vehicles’ real-time travel information, the traffic signals and stop/yields are not 

necessarily included as a part of the control system. (Lee and Park, 2012) provides an algorithm 

with CVIC and evaluates the potential benefits. For safety issues, (Lu et al., 2014) proposes a 

set of rules on the algorithms with CVIC to make connected vehicles pass through unsignalized 

intersections without potential conflicts. 

 

1.2 Overall layout of the thesis 

Based on the previous studies of eco-driving algorithms, this study proposes an advisory speed 

method that could be applied in highway roads and at traffic intersections. According to the 

basic idea of the eco-driving strategies, an optimization model is proposed with the objective 

of minimizing the speed oscillation for each vehicle. In some previous studies (Shamir, 2004) 

(Li and Li, 2019), the eco-driving algorithms provide each vehicle with a specific trajectory (or 

the designed speed at each time), and vehicles couldn’t adjust their trajectory according to the 

real-time traffic situation. Safety issues and computational complexity concerns make these 

algorithms hard to apply in such cases. Instead of continuously controlling vehicle speed at 

each time, a static cruise speed control method is proposed in this study, which makes the 

control algorithms less complicated and easy to apply.  

 

The advisory speed for each vehicle is designed from a heuristic solution of the optimization 

model, based on the vehicle's original traveling trajectory without any eco-driving strategy. 

When travelling along the highway roads, the following original trajectories after the moving 

bottleneck vehicle could be derived from the moving bottleneck problem. When the eco-

driving strategy is applied at the intersections, the estimated trajectories are created with the 

objective that vehicles would pass through the intersection most efficiently when traveling 

along the estimated trajectories. Therefore, the algorithms could potentially improve traffic 

mobility at the intersections besides traffic oscillation smoothing. Further, the algorithm could 

also be extended as a CVIC control method, which proposes another intersection control 

method other than a traffic signal.  
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The main assumptions of the eco-driving strategy are described as follows: 

 

1. All vehicles are homogeneous in size and travel behavior as long as an algorithm has 

not applied.  

2. The algorithm assumes an uncongested traffic state, where all vehicles could travel with 

the free-flow speed if not being impeded by the moving bottleneck or intersection 

controls.  

3. A connected vehicle environment is assumed in this study, where all vehicles are 

connected and autonomous. At the intersections, other connected vehicle environment 

assumptions shown in (Lee and Park, 2012) are also applied in this study. 

4. The travel information and algorithm outputs are conveyed between each vehicle and 

vehicle-infrastructure via V2V and V2I communications. 

5. Delays due to computations, communications and vehicle reactions are omitted in 

formulating and algorithm designs. 

6. Lane changing behaviour is not taken into account in algorithm designs. 

 

The rest of the thesis is organized in the following chapters: 

 

• Chapter 2 provides the methodology on which the rest of the studies is supported. Based 

on the vehicle start-up behaviour, the requirements for fully minimizing the headway 

and intersection clearance time are further explored. This section is based on (Sun and 

Jayakrishnan, 2021). Also, a generalized moving bottleneck problem is solved in order 

to derive the following vehicle trajectories. This section is based on (Sun, Yang and Jin, 

2020). The optimization model is then proposed, and the heuristic solution is presented 

as the method for advisory speed generation. This section is based on (Sun, Yang and 

Jin, 2020) and (Sun, Yang and Jayakrishnan, 2021). 

 

• Chapter 3 introduces the simulation testbed (mainly including the car-following model, 

the acceleration function) which is applied in the numerical experiments for testing the 
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eco-driving control algorithms introduced in the following chapters. This chapter also 

introduces the evaluations for testing the algorithm performances. The three evaluations 

include the speed variance, average speed, and fuel consumption to represent the speed 

oscillation, traffic efficiency, and environmental impact, respectively. 

 

• Chapter 4 presents the eco-driving algorithm applied in a highway section following a 

moving bottleneck. The leading vehicle is assumed to pre-plan its leading trajectory on 

the road as the moving bottleneck trajectory. Based on the leading vehicle moving 

trajectory, each following vehicle would estimate their following original trajectory by 

solving the moving bottleneck problem introduced in Chapter 2. The advisory speed 

and the control duration are generated for each following vehicle according to the 

original trajectory. This chapter is based on (Sun, Yang and Jin, 2020).  

 

• Chapter 5 presents the eco-driving algorithm applied at the signalized intersections, 

considering a pre-known signal phasing plan. The study first demonstrates the 

requirement for fully utilizing the signal capacity given a phasing interval. Based on 

the requirement, the passing point and the corresponding estimated trajectory are 

created, which could direct each vehicle entering the intersection most efficiently. Then, 

the advisory speed and control duration is determined through a control framework 

according to the chosen estimated trajectory. A set of simulations are conducted to 

compare the trajectories and evaluate the algorithm performances under different flow-

rate levels. This chapter is based on (Sun, Nam and Jayakrishnan, 2021). 

 

 

• Chapter 6 further proposes an eco-driving CVIC algorithm at the intersection, through 

which the signal control could be totally replaced by the V2I communications. In this 

algorithm, the passing points for upcoming vehicles are purely created and updated 

according to the previous vehicles passing through the intersection from different 

directions. The estimated trajectory is still generated for each passing point in order to 

design the advisory speed and control duration for each vehicle. A set of simulations 

are conducted to compare the trajectories and test the safety of the algorithm. The 
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sensitivity analysis is also presented to evaluate the algorithm performances under 

different flow-rate levels in each ring road. This chapter is based on (Sun and 

Jayakrishnan, 2021). 

 

• Chapter 7 provides the conclusions of the thesis and proposes some further studies. 
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Chapter 2                                           

Methodology 

2.1 LWR model and kinematic wave analysis 

The eco-driving strategy introduced in this thesis consists of three algorithms which are all 

based on kinematic wave analysis. The kinematic waves are applied to model fluctuations of 

the traffic flows in various situations, such as intersections and highways. In traffic flow 

analysis, the Lighthill-Whitham-Richard (LWR) model is a traditional model for deriving the 

kinematic waves(Lighthill et al., 1955) (Richards, 1956). The LWR model is formulated by 

differentiating the cumulative flow on time and location and can be written as Eq. (2.1). 

 

𝜕𝑘(𝑥,𝑡)

𝜕𝑡
+
𝜕𝑄(𝑘(𝑥,𝑡))

𝜕𝑥
= 0                                                               (2.1) 

 

Eq. (2.1) has an assumption that the accelerations of vehicles are not limited. From the view of 

the application, vehicle accelerations should be bounded and could be related with the vehicle 

speed and the real-time traffic density. Later, the following studies (Jin and Laval, 2018) (Jin, 

2019) implement the LWR model with the acceleration function. Eq. (2.2) shows the LWR 

model considering vehicle acceleration, where 𝛹 (𝑣, 𝑘−1, (
𝜕𝑣(𝑥,𝑡)

𝜕𝑥
)
−1

𝑘)  is the acceleration 

equation that satisfies 𝛹(𝑣, 𝑘−1, 0) = 0 with the purpose of avoiding traffic collisions, and 𝜖 

is an infinitesimal number. 

 

𝜕𝑣(𝑥,𝑡)

𝜕𝑡
+
𝜕𝑣(𝑥,𝑡)

𝜕𝑥
𝑣(𝑥, 𝑡) = max {−

𝑣(𝑥,𝑡)

𝜖
, min {

𝑉(𝑘)−𝑣(𝑥,𝑡)

𝜖
, 𝛹 (𝑣, 𝑘−1, (

𝜕𝑣(𝑥,𝑡)

𝜕𝑥
)
−1

𝑘)}}       (2.2) 
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The LWR model considers a relationship between traffic flow-rate (𝑞) and the density (𝑘), i.e., 

the fundamental diagram. This thesis applies a triangular fundamental diagram for calculating 

propagation speeds of kinematic waves in the 𝑥 − 𝑡 figure, which is shown in Figure 2.1. Eq. 

(2.3) presents the triangular fundamental diagram, where 𝑣𝑓 is the free-flow speed, 𝑤 serves as 

the shock wave speed in congested traffic, and 𝑘𝑗 is the jam density. 

 

 

Figure 2.1 The Triangular Fundamental Diagram 

 

𝑄(𝑘) = 𝑚𝑖𝑛 {𝑣𝑓𝑘, 𝑤(𝑘𝑗 − 𝑘) }                                                  (2.3) 

 

The LWR model with acceleration and the triangular fundamental diagram could be combined 

to derive kinematic wave propagation speeds between two different traffic states (Leclercq, 

2007b). When the upstream traffic is denser than the downstream traffic, a rarefaction wave 

appears and propagates backward with the speed of −𝑤 in an 𝑥 − 𝑡 figure. The propagation 

speed of a rarefaction wave is calculated as Eq. (2.4). 

 

𝑤 =
𝑞𝑐

𝑘𝑗−𝑘𝑐
                                                                            (2.4) 
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When when the downstream traffic is denser than the upstream traffic, a shock wave would 

appear. The propagation speed of the shock wave is related to the traffic states in downstream 

traffic (with the flow-rate of 𝑞1 and density of 𝑘1) and upstream traffic (with the flow-rate of 

𝑞2 and density of 𝑘2). Eq. (2.5) calculates the propagation speed of the shock wave. 

 

𝑣𝑠 =
𝑞1−𝑞2

𝑘1−𝑘2
                                                                            (2.5) 

 

In the following sections of Chapter 2, the kinematic wave analysis is applied to various traffic 

scenarios, with the objective of deriving the traffic states (�̃�, �̃�) at different locations and times. 

According to the traffic states, following vehicle trajectories could be derived at the upstream 

traffic.    

 

2.2 Kinematic wave analysis at intersections 

2.2.1 Vehicle start-up behavior 

The start-up behaviour is to describe the traffic oscillation when queuing vehicles begin to start 

up at the intersection. According to the kinematic wave model, when the first queuing vehicle 

starts to speed up, the downstream traffic (a downside of the first vehicle location) is less dense 

than the upstream traffic (other queuing vehicles), the rarefaction wave would propagate 

backward with the speed of  −𝑤 in 𝑥 − 𝑡 space. As the first vehicle accelerates, rarefaction 

waves keep generating and propagating until the first vehicle reaches a steady speed and stops 

accelerating. The following vehicles begin to accelerate when the first rarefaction wave reaches 

their waiting positions. As vehicles are assumed to be homogeneous, following vehicles would 

have the same acceleration trajectory as the first vehicle, while the accelerating behaviour is 

along the rarefaction wave. The traffic dynamics and queuing vehicle trajectories in vehicle 

start-up behaviour are shown in Figure 2.2(a), assuming the queuing vehicles start up from the 

static state at the intersection.  
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(a) 

 

       (b)                                                                              (c) 

Figure 2.2 Kinematic Wave Analysis at An Intersection 

 

From Figure 2.2(b), vehicle start-up behaviour would lead to an additional time-lost (ℎ delay). 

The time-lost is embodied in longer headways when vehicles enter the intersection. The 

headway (ℎ) is a measure of time between the front bumpers of two vehicles. The headway 
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could be expressed in Eq. (2.6), where 𝜏̅ denote the average time gap between vehicles, and 𝐿 

is the length of the first vehicle. The gap is defined as a measure of time between the rear 

bumper of the first vehicle and the front bumper of the second vehicle.  

 

  ℎ = 𝜏̅ +
𝐿

𝑣
                                                                   (2.6) 

 

The time-lost of the vehicle start-up behaviour could be analysed by the intersection-entering 

speed (𝑣𝐼). The intersection-entering speed refers to the instantaneous speed when the vehicle 

enters the intersection. Theorem 2.1 provides a necessary condition to achieve the minimum 

headway when vehicles enter the intersection, assuming that vehicles are in the same length of 

𝐿 and the average gap is given.  

 

Theorem 2.1. The headway becomes the minimum if and only if the vehicles enter the 

intersection with the free-flow speed (𝑣𝑓).   

 

Proof. Let 𝜏̅ be the average time gap between two vehicles. Similar with Eq. (2.6), the 

headway when vehicles enter the intersection can be expressed as Eq. (2.7).  

 

       ℎ(𝑣𝐼) = 𝜏̅ +
𝐿

𝑣𝐼
                                                                  (2.7) 

 

Since 𝑣 ≤ 𝑣𝑓,  

 

        𝜏̅ +
𝐿

𝑣𝐼
≥ 𝜏̅ +

𝐿

𝑣𝑓
= ℎ(𝑣𝑓) = ℎ𝑚𝑖𝑛                                                       (2.8) 

 

Where ℎ(𝑣𝑓) denotes the headway when travelling with the free-flow speed. 



13 
 

 

However, when vehicles begin to accelerate, the intersection-entering speed could not 

reach the free-flow speed as a result of the bounded acceleration, which leads to the start-

up time-lost. 

 

2.2.2 Intersection clearance time 

The intersection clearance time (𝑇) refers to the time interval between intersection entering 

time and exit time. Given a fixed length of the intersection area, the intersection clearance time 

depends on vehicle average speed when passing through the intersection. If a vehicle enters the 

intersection with a lower speed, it would occupy the intersection for a long time, and the lagter 

intersection clearance time would result a time delay. The clearance time-lost is shown in 

Figure 2.2(a) and 2.2(c). For safety concerns, vehicles from conflicting directions shall not 

enter the intersection until the vehicle totally leaves the intersection. Therefore, a longer 

clearance time would potentially make vehicles from other directions wait a longer time before 

being allowed to pass through the intersection. With the objective of reducing the intersection 

clearance time-lost, Theorem 2.2 provides a necessary condition to achieve the minimum 

intersection clearance time (𝑇) when a vehicle enters the intersection, given the vehicle length 

is 𝐿 and the travel distance within the intersection 𝐿𝐼. 

Theorem 2.2. The intersection clearance time for a vehicle reaches the minimum only if the 

vehicle travels through the intersection with the free-flow speed (𝑣𝑓).   

 

Proof. Let 𝑣�̅� be the average speed when the vehicle is within the intersection, the 

intersection clearance time for the vehicle could be expressed as Eq. (2.9). 

 

       𝑇(𝑣𝐼) =
𝐿+𝐿𝐼

𝑣𝐼̅̅ ̅
                                                                  (2.9) 

 

Since 𝑣�̅� ≤ 𝑣𝑓,  
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𝐿+𝐿𝐼

𝑣𝐼̅̅ ̅
 ≥

𝐿+𝐿𝐼

𝑣𝑓
 = 𝑇(𝑣𝑓) = 𝑇𝑚𝑖𝑛                                                     (2.10) 

 

Where 𝑇(𝑣𝑓) denotes the intersection clearance time when travelling through the 

intersection with the free-flow speed. 

 

From the analysis shown in section 2.1 and section 2.2, the vehicle bounded acceleration leads 

to the lost-time from two aspects, including the headway lost-time ( ℎ delay ) and the 

intersection clearance lost-time (𝑇 delay ). From Theorem 2.1 and Theorem 2.2, passing 

through the intersection with the free-flow speed could make both the headway and clearance 

time into the minimum at the same time. The eco-driving algorithms designed for intersections 

are proposed based on the properties analysed above, while the methodology for algorithm 

design on the freeway section is introduced in the next section. 

 

2.3 The kinematic wave analysis in highway sections (the moving 

bottleneck problem) 

Kinematic wave analysis could be applied to describe the traffic dynamic in a highway section. 

Smooth-moving traffic in highway sections could be easily hampered when a moving 

bottleneck appears. In this study, a moving bottleneck refers to a slow-moving vehicle with 

speed lower than mainstream traffic. Therefore, the moving bottleneck would inevitably force 

the following upstream traffic to brake, which generates kinematic waves and leads to traffic 

oscillations. Based on the kinematic wave analysis, the moving bottleneck problem is to derive 

the traffic flow dynamic and following vehicle trajectories upstream of the moving bottleneck. 

A great number of previous studies (G. . Newell, 2002) (Leclercq, 2007a) (Leclercq, Chanut 

and Lesort, 2004) (Fadhloun, Rakha and Loulizi, 2016) have analysed and solved the moving 

bottleneck problem with the fixed and constantly moving bottleneck as well as considering the 

vehicle acceleration functions. In this subsection, the trajectories of the following vehicles are 

derived by solving a generalized moving bottleneck problem where the moving bottleneck 
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could be either constant or varying speeds. Based on the vehicle following trajectory, the eco-

driving algorithm applied, at the moving bottleneck scenario, could be proposed in Chapter 6 

for each connected following vehicle. 

 

The slow-moving vehicle could travel with constant speed or varying speeds. When a moving 

bottleneck enters the road segment with speed lower than the free-flow speed, it begins to create 

traffic states which are different from the initial uncongested state. As long as the bottleneck is 

in the road section, it keeps creating traffic states when its speed changes. Since the bottleneck 

moving speed is less than the free-flow speed, these traffic states are all at lower speeds than 

the uncongested state. Once a new traffic state is created, characteristic waves are generated 

between the new traffic state and others. Every time step, these characteristic waves propagate 

until they merge into other waves. The traffic behind the bottleneck is alternating between 

different states as the speed of the bottleneck changes.  

 

Figure 2.3(a) shows different traffic states and waves in the fundamental diagram. The initial 

upstream traffic state is at (𝑘1, 𝑞1). The moving bottleneck speed is 𝑣𝑏(𝑡), which varies over 

time. When the moving bottleneck enters the road at 𝑡 = 0 with the speed of 𝑣𝑏(0) (𝑣𝑏(0) <

𝑢)  between the initial state (𝑘1, 𝑞1)  and the first congested traffic state(𝑘𝑏(0), 𝑞𝑏(0)) , a 

shockwave forms the initial propagation speed of 𝑣𝑠(0) . Since the bottleneck speeds are 

varying, congested traffic states are created along the congestion curve (with the slope of −𝑤) 

of the triangular fundamental diagram. 
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(a) 

 

                            (b)                                                                     (c) 

Figure 2.3 Analytical Solution for the Moving Bottleneck Problem 

 

Figure 2.3(b) shows the corresponding traffic states and characteristic waves of Figure 2.3(a) 

in 𝑥 − 𝑡 space. At 𝑡 = 0, the bottleneck enters the road with an initial speed 𝑣𝑏(0) (𝑣𝑏(0) <

𝑢), and a shock wave with the initial propagation speed 𝑣𝑠(0) is generated. The speed can be 

derived from Eq. (2.4) and the triangular fundamental diagram. As the bottleneck speed (𝑣𝑏(𝑡)) 

changes with time, characteristic waves are generated and propagated until they merge into the 

shock wave curve (𝑚(𝑡)). The instantaneous speed of the shock wave at each time is derived 

from the traffic state generated along with the characteristic wave, and the initial upstream state. 

In Figure 2.3(a) and 2.3(b), and formulations below, 𝑡1 is the time point when one characteristic 

wave generates from the bottleneck; 𝑡 is the time point when this wave merges into the shock 

wave. 𝑞1 and 𝑘1 are the flow rate and density of upstream flow. 

 

𝑑𝑚(𝑡)

𝑑𝑡
= 𝑣𝑠(𝑡)                                                                 (2.11) 

 

𝑑𝑏(𝑡)

𝑑𝑡
= 𝑣𝑏(𝑡)                                                                 (2.12) 
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Eq. (2.11) and Eq. (2.12) describe the relation between speed and trajectory in 𝑥 − 𝑡 space. For 

both bottleneck trajectory (𝑏(𝑡)) and shock wave curve (𝑚(𝑡)), the speeds at each time, i.e. 

𝑣𝑏(𝑡) and 𝑣𝑠(𝑡) respectively, are derived from taking derivatives. 

 

𝑚(𝑡)−𝑏(𝑡1)

𝑡−𝑡1
= −𝑤                                                               (2.13) 

 

𝑣𝑠(𝑡) = 𝑣𝑏(𝑡1)                                                             (2.14) 

 

𝑣𝑠(𝑡) =
𝑞1−𝑞𝑏(𝑡1)

𝑘1−𝑘𝑏(𝑡1)
                                                            (2.15) 

 

Eq. (2.13), Eq. (2.14) and Eq. (2.15) demonstrate the features of shock waves and rarefaction 

waves. In Eq. (2.13), the characteristic wave is generated from the bottleneck at time 𝑡 = 𝑡1 

and propagates backward with the speed of 𝑤. When the characteristic wave meets and merges 

to the shock wave (𝑚(𝑡)), at the time 𝑡, the speed of the shock wave is derived from Eq. (2.14) 

and Eq. (2.15). 

 

𝑞𝑏(𝑡1) = 𝑘𝑏(𝑡1)𝑣𝑏(𝑡1)                                                    (2.16) 

 

𝑞 = 𝑄(𝑘)                                                            (2.17) 

 

Eq. (2.16) is the constitutive law to derive the traffic condition including density and flow rate 

at the time 𝑡 = 𝑡1, when the bottleneck is with the varying speeds of 𝑣𝑏(𝑡1). To derive 𝑘𝑏(𝑡1) 

and 𝑞𝑏(𝑡1) , the relationship between flow rate and density is needed and shown in the 

fundamental diagram Eq. (2.17). 

 



18 
 

If the triangular fundamental diagram Eq. (2.3) is applied, we can derive the traffic state at each 

time caused by the moving bottleneck from Eq. (2.18), where 𝑘𝑏(𝑡1) and 𝑞𝑏(𝑡1) are the density 

and flow rate at the bottleneck location at the time 𝑡 = 𝑡1. 

 

{
 
 

 
 𝑘𝑏(𝑡1) =

1

𝜏(
𝑑(𝑏(𝑡))

𝑑𝑡
)
𝑡1

+𝜏𝑤
 

𝑞𝑏(𝑡1) =
(
𝑑(𝑏(𝑡))

𝑑𝑡
)
𝑡1

𝜏(
𝑑(𝑏(𝑡))

𝑑𝑡
)
𝑡1

+𝜏𝑤
 

                                                (2.18) 

 

Finally, based on the traffic states caused by the moving bottleneck at each time (𝑘𝑏(𝑡), 𝑞𝑏(𝑡)), 

and the initial traffic state (𝑘1, 𝑞1), the shock wave curve (𝑚(𝑡)) could be generalized into the 

form of a first-order linear differential equation, which is shown in Eq. (2.19). When the 

moving bottleneck trajectory (𝑏(𝑡)) is given, combined with Eq. (2.18) and Eq. (2.19), the 

shock wave curve could be analytically derived by solving the differential equation. 

 

{

𝑑𝑚(𝑡)

𝑑𝑡
=

𝑞1−𝑞𝑏(𝑡1)

𝑘1−𝑘𝑏(𝑡1)

𝑚(𝑡)−𝑏(𝑡1)

𝑡−𝑡1
= −𝑤

                                                          (2.19) 

 

At the same time, the moving bottleneck problem analysis could also derive the trajectories of 

the following vehicles, through the densities and flow rates of traffic states at each time and 

location. For example, when all the vehicles obey Newell’s car-following model with bounded 

acceleration, and the bottleneck is decelerating and then leaves the road, the following 

trajectories are shown in Figure 2.3(c). If the following vehicles are being impeded by the 

moving bottleneck, the following trajectories repeat the moving bottleneck trajectory after 

entering the shock wave curve. When the bottleneck disappears, if the following vehicle speeds 

are lower than the free-flow speed, the following vehicles will accelerate at the bounded 

acceleration rate until reaching the free-flow speed. The following vehicle trajectories, which 

are derived from solving the moving bottleneck problem, are the foundation of deriving the 

eco-driving strategy in the next section. 
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2.4 The optimization model for minimizing the vehicle speed 

oscillation 

The control outputs for the eco-driving algorithms include the static advisory speed for each 

connected vehicle (𝑣𝑛
𝑎) and the corresponding ending algorithm time (𝑡𝑛

∗). In optimization 

language, the objective could be minimizing the level of emissions for various harmful gas, 

which is shown in Eq. (2.20), where 𝑓(⋅) calculates the emissions for a given vector of advisory 

speed (𝑣𝑎⃗⃗ ⃗⃗  ) under given constraint sets. 

 

𝑚𝑖𝑛𝐸 = 𝑓(𝑣𝑎⃗⃗ ⃗⃗   )      (2.20) 

 

However, the relationships between vehicle speed and the fuel consumption are not unique and 

could also be non-convex. Due to the complexity of the objective function, the optimal solution 

is hard to obtain. In addition, the objective functions are based on different gas emissions and 

various emission models, which include parameters with uncertainty. As a result, the optimal 

solution may not be accurate and universal for different circumstances, and this study proposes 

a heuristic solution for trajectory design. 

 

We assume that the intersections and moving bottlenecks in highways are considered as the 

traffic obstructions for smooth-moving traffic flows. When vehicles have travelled through 

intersections or the highway moving bottleneck leaves/regains the free-flow speed, inevitably, 

the traffic flow needs to accelerate until it reaches a steady speed. The vehicle’s original 

trajectory (𝜙𝑛(𝑡)), which could be optimized in this section, contains a deceleration and 

oscillation period where vehicle behaviour is impacted by the obstructions (i.e., the impeded 

period), as well as the acceleration period, where the vehicle is not impacted by the traffic 

bottleneck and regains the free-flow speed. Considering the factors above, this study proposes 

an objective function shown in Model 2.1. 
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Model 2.1. Speed Oscillation Minimization for a Vehicle 

𝑚𝑖𝑛: 

𝜎 = ∫ (𝑎𝑛(𝑡))
2
𝑑𝑡

𝑡𝑛
2

𝑡0
                 (2.21) 

 

𝑠. 𝑡. 

 

𝜙𝑛
′ (𝑡) − 𝜙𝑛−1

′ (𝑡) ≥ ℎmin 
𝑣𝑛(𝑡)    (∀𝑡 ∈ [𝑡0, 𝑡𝑛

2], ∀𝑛 ∈ 𝑁)                        (2.22) 

 

𝑑2(𝜙𝑛
′ (𝑡))

𝑑𝑡2
≤ 𝛹 (𝑣(𝑡), 𝑘(𝑡)−1, (

𝜕𝑣(𝑥,𝑡)

𝜕𝑥
)
−1

𝑘(𝑡))   (∀𝑛 ∈ 𝑁, ∀𝑡 ∈ [𝑡0, 𝑡𝑛
2])      (2.23) 

 

𝑑(𝜙𝑛
′ (𝑡))

𝑑𝑡
= 𝑣𝑛

𝑎  (∀𝑛 ∈ 𝑁, ∀𝑡 ∈ [𝑡0, 𝑡𝑛
∗])                                             (2.24) 

 

𝜙𝑛
′ (𝑡𝑛

2) = 𝜙𝑛(𝑡𝑛
2)   ∀𝑛 ∈ 𝑁                                                      (2.25) 

 

𝑡𝑛
1 ≤ 𝑡𝑛

∗ ≤ 𝑡𝑛
2   ∀𝑛 ∈ 𝑁                                                           (2.26) 

 

• 𝑎𝑛(𝑡) is a set of decision variables representing acceleration rates of each vehicle at 

each time during the impediment period; 

• 𝜙𝑛(𝑡) is the input variable, representing each vehicle origin trajectory; 

• 𝜙𝑛
′ (𝑡) is the decision variable, representing each vehicle redesigned trajectory; 

• 𝑡0, 𝑡𝑛
1 , 𝑡𝑛

2 are the algorithm starting time, origin trajectory acceleration period starting 

time, and origin trajectory acceleration period ending time respectively; 

• 𝑣𝑛
𝑎, 𝑡𝑛

∗  are decision variables, representing the advisory speed and ending application 

time for vehicle 𝑛 respectively; 

• 𝛹(∙), ℎ𝑚𝑖𝑛 
𝑣𝑛(𝑡)  are input variables, representing the maximum acceleration and the 
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minimum headway vehicle 𝑛 could reach at the speed of 𝑣𝑛(𝑡) respectively. 

 

The speed oscillation function is applied as the control objective of each following vehicle (Eq. 

(2.21)), where 𝑡0 and 𝑡𝑛
2  are the time points when algorithms begin to apply and when the 

vehicles regain the free-flow speed, respectively; 𝑎𝑛(𝑡) is the following vehicle acceleration at 

each time between [𝑡0, 𝑡𝑛
2].  

 

The constraints for setting the static advisory speed limit are shown from Eq. (2.22) to Eq. 

(2.26), where 𝜙𝑛
′ (𝑡) denotes the redesigned trajectory of the following vehicle 𝑛 after applying 

the advisory speed (𝑣𝑛
𝑎). Among the constraints shown above, Eq. (2.22) ensures that each 

following vehicle travels safely after applying the advisory speed, with the actual headway no 

less than the minimum headway at the current speed. Eq. (2.23) restricts that the acceleration, 

which the vehicle could reach at each time along the redesigned trajectory (𝜙𝑛
′ (𝑡)), cannot 

exceed the maximum acceleration. Eq. (2.24) sets the advisory speed assuming that the 

redesigned trajectory (𝜙𝑛
′ (𝑡)) is static during the algorithm control duration ([𝑡0, 𝑡𝑛

∗]). Eq. (2.25) 

directs that the original following trajectory (𝜙𝑛(𝑡)) and the redesigned trajectory (𝜙𝑛
′ (𝑡)) meet 

at the same location when the vehicle regains the free-flow speed at 𝑡 = 𝑡𝑛
2. As a result, Eq. 

(2.25) ensures that the algorithm does not change vehicle average vehicle speed during the 

impediment period ([𝑡0, 𝑡𝑛
2]). Finally, Eq. (2.26) restricts the ending application time (𝑡𝑛

∗) 

should be when the vehicle is regaining its speed to the normal, i.e., the acceleration period. 
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Figure 2.4 The Advisory Speed and End Algorithm Time Designs 

 

In this study, a heuristic solution is considered for setting the advisory speed for the cruise 

control operations. The design of the advisory speed limit and control duration is shown in 

Figure 2.4. Obviously, the objective 𝜎 in Eq. (2.21) is non-negative and equals zero when the 

vehicle travels at a constant speed. When the vehicle applies the static advisory speed (𝑣𝑛
𝑎) 

during the algorithm application period [𝑡0, 𝑡𝑛
∗] , Eq. (2.21) is equivalent to the surrogate 

objective function in Eq. (2.27), i.e., execute the advisory speed limit algorithm for the longest 

possible duration in the impediment period [𝑡0, 𝑡𝑛
2]. 

 

      𝑚𝑎𝑥 𝑡𝑛
∗  (𝑡𝑛

∗ ∈ [𝑡0, 𝑡𝑛
2], ∀𝑛 ∈ 𝑁)                            (2.27) 

 

Figure 2.4 demonstrates that the redesigned trajectory will also maximize the surrogate 

objective function (Eq. (2.27)) when the advisory speed (𝑣𝑛
𝑎) is designed as the tangent line of 

the original trajectory (i.e., 𝑚𝑎𝑥 𝑡𝑛
∗ = 𝑡𝑛

∗(𝐶)). If the advisory speed limit for vehicle 𝑛 is set to 

be greater than the tangent line slope (e.g., Trajectory C is the tangent line, and the advisory 
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speed associated with Trajectory A is greater than the tangent slope), the vehicle would 

potentially experience another deceleration as well as a longer acceleration period (𝑡𝑛
∗(𝐴) <

𝑡𝑛
∗(𝐶)).  Hence, speed oscillation is not minimized. On the other hand, if the advisory speed 

limit for vehicle 𝑛  is smaller than the tangent slope (e.g., Trajectory B), unavoidably, the 

vehicle would either encounter a further decrease in vehicle average travel speed (violating the 

constraint  Eq. (2.25)); or need to adjust the advisory speed limit for more than once (no longer 

a static advisory speed limit, violating the constraint Eq. (2.24)). Hence, Trajectory B is not 

feasible. In contrast, Trajectory C could achieve both operational simplicity and trajectory 

smoothness without further decrease the average speed of the following vehicle. Therefore, the 

advisory speed limit should be set to be the slope of the tangent line (Trajectory C). 

 

{
𝑣𝑛
𝑎 =

𝜙𝑛(𝑡𝑛
∗ )−𝑥𝑛

0

𝑡𝑛
∗−𝑡0

 

(
𝑑𝜙𝑛(𝑡)

𝑑𝑡
)
𝑡𝑛
∗
= 𝑣𝑛

𝑎 
     𝑡𝑛

∗𝜖[𝑡𝑛
1 , 𝑡𝑛

2]                                            (2.28) 

 

According to Figure 2.4, the advisory speed (𝑣𝑛
𝑎) and the algorithm ending time (𝑡𝑛

∗) for the 

vehicle 𝑛 are derived together from Eq. (2.28). The vehicle 𝑛 travels with the advisory speed 

limit from (𝑡0, 𝑥𝑛
0) , and its redesigned trajectory tangents to the original trajectory at the 

algorithm ending point (𝑡𝑛
∗ , 𝜙𝑛(𝑡𝑛

∗)). 

 

In the following chapters, the eco-driving algorithms designed for intersections consider to 

further optimize the origin trajectory (𝜙𝑛(𝑡)) with the objective of minimizing the lost-time 

resulting from the vehicle start-up and intersection clearance, while the eco-driving algorithm 

designed for following a moving bottleneck in a highway section considers the natural 

following trajectory of each vehicle upstream of the moving bottleneck as the origin trajectory. 
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Chapter 3                                                

Simulation Settings 

The settings of the following simulations for each traffic situation are introduced in this section. 

As the eco-driving strategy is proposed based on the kinematic wave analysis and each vehicle 

could apply different travel advice, the following simulations are conducted at a microscopic 

level, which updates the speeds and locations for all vehicles at each time step.   

3.1 Vehicle behavior model  

Based on the LWR model (Eq. (2.1)) and the triangular fundamental diagram (Eq. (2.3)), 

Newell’s car-following model (G. F. Newell, 2002) is applied to describe the travel behavior 

of each vehicles. The basic ideas of Newell’s car-following model include that each vehicle 

maintains the minimum time gap (𝜏) with the vehicle that precedes it, as well as all vehicles 

could not travel beyond the free-flow speed (𝑣𝑓). The speed and location for each vehicle (𝑛) 

are updated at each time step (Δ𝑡) according to Eq. (3.1) and Eq. (3.2) respectively.  

 

𝑣𝑛(𝑡 + Δ𝑡) = min {𝑣𝑓 ,
𝑥𝑛−1(𝑡)−𝑥𝑛(𝑡)−𝐿

𝜏
}                                                (3.1) 

 

𝑥𝑛(𝑡 + Δ𝑡) = 𝑥𝑛(𝑡) + 𝑣𝑛(𝑡 + Δ𝑡)Δ𝑡                                                  (3.2) 

 

The car-following model shown in Eq. (3.1) and Eq. (3.2) is not applicable for eco-driving 

designs since it assumes the acceleration to be unbounded. As a result, Newell’s car-following 

model should be implemented with an acceleration function (𝛹(∙)) (Jin and Laval, 2018). In 

this study, each vehicle would apply the maximum acceleration that it could reach, i.e., the 

bounded acceleration rate (𝑎), and the acceleration function is shown in Eq. (3.3). 
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𝛹 (𝑣, 𝑘−1, (
𝜕𝑣(𝑥,𝑡)

𝜕𝑥
)
−1

𝑘) = 𝑎                                                    (3.3) 

 

Each connected vehicle would apply the extended Newell’s car-following model with bounded 

acceleration if its travel behavior is not controlled by the eco-driving strategy. With any control 

algorithms applied, each vehicle applies a cruise control with setting the speed of 𝑣𝑛
𝑎. Eq. (3.4) 

shows how each vehicle updates its speed in the following simulations, while the locations are 

updated according to Eq. (3.2). Eq. (3.5) defines each scenario  (Θ) where the eco-driving 

strategy being applied. 𝓈,𝓊, 𝒻 represent the scenarios of signalized intersection, unsignalized 

intersection, and highway section with a moving bottleneck respectively. 

 

𝑣𝑛(𝑡 + Δ𝑡) = {
𝑣𝑛
𝑎                                                                          (𝑡 ∈ [𝑡0, 𝑡𝑛

∗]Θ)

min {𝑣𝑓 ,
𝑥𝑛−1(𝑡)−𝑥𝑛(𝑡)−𝐿

𝜏
, 𝑣𝑛(𝑡) + 𝑎𝛥𝑡}        (otherwise)

             (3.4) 

 

{𝓈, 𝓊, 𝒻} ∈ Θ                                                                   (3.5) 

 

The eco-driving strategy proposed in this study is beneficial for the traffic flow from three 

aspects, namely, environmental benefits, reduced speed oscillations, and traffic efficiency 

improvement. In the following subsections of Chapter 3, the fuel consumption savings, speed 

variance, and the average vehicle distance travelled during the simulation are introduced as the 

metrics for the above three aspects respectively.  

 

3.2 Fuel consumption model 

To understand the potential environmental benefits of applying the eco-driving strategy, we 

calculate the fuel consumption in various traffic scenarios in the following simulations. There 

are a number of models to estimate the gas emissions for vehicles, such as the Comprehensive 

Modal Emission Model (CMEM) (Ah et al., 1997); VT-Micro Emission Model (Ahn et al., 

2002) and SUMO pollutant emission models (Krajzewicz et al., 2015). In this study, we use 
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the VT-CFPM model because of its simplicity and accuracy (Rakha et al., 2011) (Park et al., 

2013). 

 

𝐹𝑛(𝑣𝑛(𝑡), 𝑎𝑛(𝑡)) = {
𝛼0 + 𝛼1𝑃𝑛(𝑡) + 𝛼2𝑃𝑛

2(𝑡)   𝑃(𝑡) > 0

𝛼0                                          𝑃(𝑡) ≤ 0
                             (3.6) 

 

𝑃𝑛(𝑡) =
𝑅(𝑡)+1.04𝑚

3600𝜂𝑑
𝑎𝑛(𝑡)                                                               (3.7) 

 

𝑅(𝑡) =
𝑃𝑎

25.92
𝐶𝐷𝐶ℎ𝐴𝑓𝑣

2(𝑡) + 9.8066𝑚
𝐶𝑟
1000

(𝑐1𝑣(𝑡) + 𝑐2) 

+9.8066𝑚𝐺(𝑡)                                                    (3.8) 

 

The CFPM model estimates the instantaneous fuel consumption based on the vehicle speed 

(𝑣𝑛(𝑡))  and acceleration rate (𝑎𝑛(𝑡))  every time step (Eq. (3.6)), where {𝛼0, 𝛼1, 𝛼2}  are 

estimated parameters determined by vehicle type, 𝐹𝑛(𝑣𝑛(𝑡), 𝑎𝑛(𝑡))  and 𝑃𝑛(𝑡)  are 

instantaneous fuel consumption and vehicle power at time 𝑡 . The vehicle power 𝑃𝑛(𝑡)  is 

estimated based on Eq. (3.7) and Eq. (3.8). In Eq. (3.7), 𝑅(𝑡) is the vehicle resistance force; 𝜂𝑑 

and 𝑚 are vehicle mechanical efficiency and vehicle mass. In Eq. (3.8), 𝑃𝑎, 𝐶𝐷 , 𝐶ℎ, 𝐴𝑓 represent 

the density of  the  air in the environment,  the  vehicle  drag  coefficient,  the  correction  

altitude factor, and the vehicle front area respectively. 𝐶𝑟 , 𝑐1, 𝑐2  are rolling resistance 

parameters that vary as a function of the road surface type, road condition, and vehicle tire type. 

𝐺(𝑡) is the road grade at time 𝑡. The values of the parameters are listed in Appendix A. 

 

This study calculates the fuel consumption during the time when each vehicle is applying the 

eco-driving strategy, and compares the difference in fuel consumption before and after 

applying the algorithms in different traffic scenarios. Eq. (3.9) adds up the fuel consumption 

of vehicles during the impediment period ([𝑡0, 𝑡𝑛
2]). 

 



27 
 

𝐹 = ∑ ∑ 𝐹𝑛(𝑣𝑛(𝑡), 𝑎𝑛(𝑡))
𝑡𝑛
2

𝑡=𝑡0
𝑁
𝑛=1 , 𝑡 ∈ [𝑡0, 𝑡𝑛

2]Θ                                 (3.9) 

 

3.3 Speed oscillation and traffic efficiency evaluations 

Although the VT-CFPM model is applied into the evaluation on algorithm performance, due 

to various objective functions based on different kinds of gas emissions and various emission 

models, the environmental benefits could not be quantitatively accurate and nor the models are 

universal for all kinds of emissions and pollutions. However, empirically, reducing traffic 

oscillation could empirically reduce gas emissions and fuel consumption. To measure the speed 

oscillations of each vehicle, this thesis calculates the average vehicle speed variance (𝜎) during 

the algorithm application time. Eq. (3.10) calculates the variance of an individual vehicle 

during the impeded period, where 𝑡𝑛
2 is the time when the vehicle regains the initial speed. Eq. 

(3.11) takes the average value of all the following vehicles. 

 

𝜎𝑛 =
∑ (𝑣𝑛(𝑡+Δ𝑡)−𝑣𝑛(𝑡))

2𝑡𝑛
2

𝑡=𝑡0
 

(𝑡𝑛
2−𝑡0)

Δ𝑡
⁄

                                                       (3.10) 

 

𝜎 =
∑ 𝜎𝑛
𝑁
𝑛=1

𝑁
                                                                   (3.11) 

 

The traffic efficiency improvement in this study is defined as the travel distance increase 

compared with the same scenario without applying the eco-driving algorithm. In addition to 

the average speed variance, we also compare the average travel distance increase to evaluate 

the traffic efficiency improvement provided by the algorithm. As shown in Eq. (3.12), the 

average travel speed ( �̅�) for a platoon with 𝑁 vehicles could be calculated, where 𝑡1 and 𝑡2 

represent the starting and ending time for calculating the average travel speed respectively. 

 

�̅� =
∑ (𝑥𝑛(𝑡1)−𝑥𝑛(𝑡2))
𝑁
𝑛=1

𝑁(𝑡2−𝑡1)
                                                           (3.12) 



28 
 

 

Chapter 4                                                           

The Eco-driving Strategy in Highway Roads 

after a Moving Bottleneck 

 

4.1. Introduction 

In a highway road section, a slow-moving vehicle would occur when the vehicle prepares to 

stop or leaves the road section. As mentioned in introducing the moving bottleneck problem in 

Section 2.3, the smoothness of traffic flow in highway could be easily hampered due to the 

occurrence of the slow-moving vehicle. In addition, the moving bottleneck leads to additional 

traffic oscillation, and empirically, traffic oscillation leads to extra gas emissions.  

 

Based on the factors shown above, this chapter proposes a control algorithm as the eco-driving 

strategy, with the objective of minimizing the traffic oscillation for all vehicles upstream of the 

slow-moving vehicle. This algorithm applies to connected vehicles and operates on a single-

lane highway road (Θ = 𝒻), where the traffic flow is uncongested (with the free-flow speed) 

before being impacted by the moving bottleneck. Such traffic situations could happen when a 

connected vehicle merges into an uncongested road with the speed less than the free-flow speed 

or when a connected vehicle begins to decelerate and then leaves the road. Based on Section 

2.3, this control algorithm is designed for each vehicle according to its following trajectory 

without applying any algorithm. Through the V2V communications, each following connected 

vehicle could real-timely receives the travel information provided by the algorithm. 
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Figure 4.1 The Traffic Scenario in a Highway section for the Algorithm 

 

The algorithm is applied in a highway section shown in Figure 4.1. The leading vehicle, which 

serves as the moving bottleneck, would come to the highway and begin to impede the upstream 

traffic from a time point (𝑡0). As the leading vehicle is connected and autonomous, this study 

assumes the leading connected vehicle has a planned leading trajectory and will follow the 

trajectory for the road segment. Delays in communication and computation processes are 

omittable. Under these assumptions, we could obtain an upper bound performance by applying 

the algorithm. Based on the kinematic wave analysis of the moving bottleneck problem, the 

algorithm could calculate the time and location where each following vehicle could start to 

accelerate after the bottleneck leaves the road. The starting time and location of post-bottleneck 

acceleration are the input for the eco-driving algorithm.  

 

4.2 Control algorithm operation 

4.2.1 Algorithm control framework 

In this section, the eco-driving control algorithm is introduced. The control input is the moving 

bottleneck pre-planned leading trajectory, and the output information includes the advisory 

speed and the ending application time for each following vehicle. The control objective is to 

reduce traffic oscillation by applying the heuristic solution of the optimization model (Model 

2.1). Each following vehicle would apply the advisory speed (𝑣𝑛
𝑎) within the algorithm control 

duration ([𝑡0, 𝑡𝑛
∗]) by the algorithm control system, through which, the objective could be 

realized.   
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Figure 4.2 The Control System of the Eco-driving Strategy in a Highway Section 

 

The advisory speed for each individual following vehicle is generated through a control 

framework shown in Figure 4.2. For each following vehicle, the algorithm is operated through 

the following four steps. 

 

Step 1. Broadcasting the leading vehicle (moving bottleneck)’s trajectory 

The leading vehicle shares the estimated trajectory to the following vehicles when it begins to 

impede upstream traffic flow on the road. It follows the planned movement trajectory (�̃� =

𝜓(𝑡)) until it leaves the road or reaches the free-flow speed. 
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Step 2. Predicting the following vehicles’ trajectories 

Based on the leading vehicle trajectory (𝜓(𝑡)), the following vehicles predict their original 

following trajectories (�̃� = 𝜙𝑛(𝑡)) by using the analytical results from the generalized varying 

speed moving bottleneck problem. 

 

Step 3. Calculating the advisory speed value and the control duration 

According the heuristic solution for Model 2.1, the advisory speed for each following vehicle 

(i.e., 𝑣𝑛
𝑎  for the following vehicle 𝑛) is decided by taking the tangent line of the following 

trajectory from Step 2. The duration for applying the advisory speed (i.e., 𝑡𝑛
∗  for the following 

vehicle 𝑛) can also be derived from the point of tangency which is further elaborated in the 

advisory speed limit and control duration section.  

 

Step 4. Executing the advisory speed 

Each following vehicle adjusts its advisory speed during the execution duration (i.e., from 𝑡 =

𝑡0  to 𝑡 = 𝑡𝑛
∗  for the following vehicle 𝑛 ). After that, each following vehicle travelling 

behaviour is changed back to apply the car-following model. 

 

4.2.2 The Advisory Speed and the Control Duration Design  

The design of the advisory speed and the control duration is shown in Figure 4.3. The algorithm 

begins when the leading vehicle occurs (𝑡 = 𝑡0). At the same time, the advisory speed limits 

for each following vehicle are determined according to the estimated leading trajectory. Since 

the following vehicle speeds are impacted by the leading vehicle (𝑣𝑏(𝑡) < 𝑣𝑓), inevitably from 

the solution of the moving bottleneck problem, the following vehicles will experience an 

acceleration period to resume the free-flow speed.  
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Figure 4.3 The Advisory Speed and End Algorithm Time Operations with the Moving 

Bottleneck 

 

For vehicle 𝑛, the acceleration period is from 𝑡 = 𝑡𝑛
1 to 𝑡 = 𝑡𝑛

2 without the eco-driving strategy. 

In this case, the advisory speed limit is operated as the slope of the tangent line from (𝑡0). The 

tangent point in the acceleration period should be the end time point for applying the advisory 

speed. The advisory speed limit and control duration are calculated combining Eq. (4.1) and 

Eq. (4.2). 

 

𝑣𝑛
𝑎 =

𝜙𝑛(𝑡𝑛
∗ ,𝑥)−𝑥𝑛

0

𝑡𝑛
∗−𝑡0

                                                                 (4.1) 

 

 

(
𝑑𝜙𝑛(𝑡,𝑥)

𝑑𝑡
)
𝑡𝑛
∗
= 𝑣𝑛

𝑎                                                              (4.2) 
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4.3 Numerical experiments 

4.3.1 Simulation setup 

In this section, the effectiveness of the eco-driving strategy is presented in four numerical 

traffic scenarios. The leading vehicle has different movements, namely, traveling at a constant 

speed (lower than the free-flow speed), accelerating, decelerating, and executing a stop-and-go 

for pick-up or drop-off. In each scenario, trajectories of following vehicles with and without 

applying this eco-driving algorithm are compared.  

 

In the simulation, a fleet of connected vehicles is initially travelling with the free-flow speed 

on a straight single-lane road. The road length is sufficient for all vehicles to apply the 

algorithm. Newell’s car-following model with bounded acceleration is applied to update 

vehicle speed and location at every time step. The total simulation time is 300 seconds, and the 

moving bottleneck occurs at 𝑡 = 100𝑠 when the traffic is at an uncongested steady state. The 

parameter settings for the simulations are shown in Table 4.1. 

 

Table 4.1 Simulation Settings for the Control Algorithm Applied in the Highway 

Parameters Values 

𝑣𝑓, Free flow speed  20 𝑚/𝑠 (45 𝑚𝑝ℎ) 

𝑁, The number of following vehicles 20 

𝑎, Bounded acceleration rate 2𝑚/𝑠2 (6.56𝑓𝑡/𝑠2) 

Δ𝑡, Simulation time step 1 𝑠𝑒𝑐 

 

This study compares the trajectories with and without the advisory speed limit from 𝑡0 to 𝑡𝑛
∗  

(Figure 4.3) for all following vehicles in all scenarios. Each simulation includes one leading 

vehicle and 20 following vehicles. 
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4.3.2 The Constant Moving Bottleneck 

The simulation first tests the highway section with a constant speed moving bottleneck. The 

moving bottleneck occurs at 𝑡 = 100𝑠 with a speed of 10𝑚/𝑠 (22 𝑚𝑝ℎ). The leading vehicle 

stays at the road section for 30 seconds and leaves. Figure 4.4(a) and Figure 4.4(b) plot the 

trajectories of vehicles without and with applying the eco-driving strategy respectively. For 

both of the two subfigures, the blue line represents the trajectory of the bottleneck, the other 

lines represent the trajectories of the following vehicles. From the simulation results, the 

trajectories with the eco-driving control algorithm are smoother than those without the 

algorithm. 

 

 

 

 

 

 

 

 

 

 



35 
 

 

Figure 4.4 A Comparison of Vehicle Trajectories with and without Applying the Eco-

driving Strategy with Constant Speed Moving Bottleneck 

 

To further analyse the algorithm performance in vehicle speed oscillation smoothing, this study 

calculates the standard deviation of speed. By applying this eco-driving strategy, the average 

speed standard deviation decreases 64.3% comparing with the same scenario without the 

algorithm. As a result, the overall traffic oscillation has been significantly reduced. The 

algorithm could also reduce different gas emissions. In addition, the average speeds of all the 
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following vehicles are calculated during leading vehicle impacted periods, and the result shows 

the algorithm does not generate an extra decrease in following vehicle speed, which has no 

impact on traffic efficiency. The statistical results for the constantly moving bottleneck 

scenario are listed in Table 4.2 

 

Table 4.2 Statistics of Speed and Fuel Consumption with and without Applying the Eco-

driving Strategy with Constant Speed Moving Bottleneck 

 Non eco-driving Eco-driving Improvement 

Average Speed (m/s) [mph] (�̅�) (12.64) [28.27] (12.64) [28.27] 0.0% 

Speed Standard Deviation (𝜎) 4.46 1.59 -64.3% 

Fuel Consumption (𝐿) 1.670 1.580 -5.39% 

 

4.3.3 Accelerating and Decelerating Bottlenecks  

In the second and third scenarios, we test the performance of the eco-driving strategy when the 

vehicle causing the moving bottleneck is accelerating or decelerating respectively. 

 

For the acceleration scenario, we set the leading vehicle’s initial speed to be 10𝑚/𝑠 (22 𝑚𝑝ℎ). 

The leading vehicle accelerates with a constant acceleration of 1 𝑚/𝑠2 (3.28 𝑓𝑡/𝑠2) until it 

reaches the free-flow speed. After that, since the leading vehicle keeps the free-flow speed 

afterward and is no impediment for the upstream traffic, the vehicle is not the cause of a moving 

bottleneck anymore. For the deceleration case, we assume that the vehicle decelerates at a rate 

of 1 𝑚/𝑠2 for 10 seconds from the free-flow speed, and that it leaves the road after 10 seconds.  

 

The trajectory comparations for accelerating and decelerating moving bottleneck scenarios are 

shown in Figure 4.5 and Figure 4.6 respectively. Table 4.3 and Table 4.4 list the average speed, 

speed standard deviation, and fuel consumption values with and without applying this strategy 

in the two cases, along with the improvements in these three aspects. From these results, when 

the leading vehicle accelerates and decelerates, this algorithm doesn’t change the average speed 

and it reduces traffic oscillation and gas emissions. 
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Figure 4.5 A Comparison of Vehicle Trajectories with and without Applying the Eco-

driving Strategy with An Accelerating Moving Bottleneck 
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Figure 4.6 A Comparison of Vehicle Trajectories with and without Applying the Eco-

driving Strategy with A Decelerating Moving Bottleneck 

 

Table 4.3 Statistics of Speed and Fuel consumption with and without Applying the Eco-

driving Strategy with Accelerating Moving Bottleneck 

 Non eco-driving Eco-driving Improvement 

Average Speed (m/s) [mph] (�̅�) (17.50) [39.14] (17.50) [39.14] 0.0% 
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Speed Standard Deviation (𝜎) 3.37 1.17 -65.3% 

Fuel Consumption (𝐿) 1.140 1.287 -11.4% 

 

Table 4.4 Statistics of Speed and Fuel consumption with and without Applying the Eco-

driving Strategy with Decelerating Moving Bottleneck 

 Non eco-driving Eco-driving Improvement 

Average Speed (m/s) [mph] (�̅�) (17.26) [38.61] (17.26) [38.61] 0.0% 

Speed Standard Deviation (𝜎) 3.24 0.983 -69.7% 

Fuel Consumption (𝐿) 1.551 1.485 -4.26% 

 

4.3.4 A Stop-and-go Scenario 

In the last scenario, this study simulates the leading vehicle travelling with a more complicated 

movement, i.e., a stop-and-go movement. The leading vehicle begins to decelerate at 𝑡 = 100𝑠. 

The deceleration rate is −2 𝑚/s2 (−6.56 𝑓𝑡/𝑠2). Then the vehicle stops for 5 seconds, at the 

location 𝑥 = 2100𝑚. At 𝑡 = 115𝑠, this vehicle begins to accelerate with the acceleration rate 

of 2 𝑚/s2 and reaches the free-flow speed after 10 seconds. This situation happens when a 

vehicle needs to pick up a passenger for example. Figure 4.7 plots the trajectories with and 

without applying this eco-driving strategy, and the fuel consumption and speed statistical 

results are listed in Table 4.5. As the result shows, after applying the algorithm, the following 

traffic flow is smoother, since the following vehicles don’t experience long decelerating and 

accelerating periods. 

 

Table 4.5 Statistics of Speed and Fuel consumption with and without Applying the Eco-

driving Strategy with a ‘stop and Go’ Bottleneck 

 Non eco-driving Eco-driving Improvement 

Average Speed (m/s) [mph] (�̅�) (11.06) [24.74] (11.06) [24.74] 0.0% 

Speed Standard Deviation (𝜎) 8.17 2.34 -71.4% 

Fuel Consumption (𝐿) 1.941 1.757 -9.47% 
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Figure 4.7 A Comparison of Vehicle Trajectories with and without Applying the Eco-

driving Strategy with the ‘Stop and Go’ Bottleneck 
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4.4 Summary 

This chapter introduces one application of the eco-driving strategy proposed in section 2.4. The 

strategy is applied to a highway section where the smooth traffic flow is impeded by the moving 

bottleneck. The following vehicle trajectories could be derived from the moving bottleneck 

problem. Based on the origin trajectory of each following vehicle, this study proposes an eco-

driving algorithm that enforces the cruise control with the advisory speed to reduce the traffic 

oscillation and fuel consumption.  

 

The effectiveness of the eco-driving algorithm is further tested by a set of numerical examples. 

Various movements of the leading vehicle (serves as the moving bottleneck in the highway) 

are included in the experiments. According to the simulation results, the vehicle speed variance 

decreases up to 71.4% after applying the algorithm, and fuel consumption is reduced by 4% to 

11%. The results indicate that the eco-driving algorithm is more environmental-friendly and 

capable of smoothing traffic oscillations. 
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Chapter 5                                                           

The Eco-driving Algorithm at a Signalized 

Intersection 

5.1 Introduction 

In this chapter, the proposed eco-driving strategy is applied at signalized intersections through 

a control algorithm (Θ = 𝓈). Unlike freeway traffic situations, urban arterial traffic flows are 

frequently interrupted by signalized intersections. As a result, vehicles need to frequently adjust 

their speeds and travellers need to keep adjusting their travel behaviours when approaching the 

signal. The traffic oscillation and uncertain behaviours make the traffic less energy-efficient 

with significant travel time delay. Based on V2I communications, the control algorithm designs 

advisory speed is real-timely and accurately and each vehicle could apply the cruise control 

when approaching the signalized intersection.  

 

 

Figure 5.1 The Traffic Scenario at the Signalized Intersection for the Algorithm 
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The algorithm is applied at a typical signalized intersection, as shown in Figure 5.1. At the 

signalized intersection, a loop detector is installed ahead of the signal. The loop detector could 

record the time point when the vehicle covers it. This time point becomes the starting point for 

the vehicle applying the algorithm. The signal approaching zone is from the detector location 

to the intersection stop bar, where each vehicle adjusts the travel behaviour under the direction 

of the control algorithm. In this section, the algorithm doesn’t consider spatial channelization 

of traffic, and makes all turning movements at the intersection identical. Each phasing durations 

are given within a signal cycle, and the future signal plans are provided to the control system, 

so that the algorithm could estimate the capacity for each phasing.  

 

The algorithm applied in the signalized intersections could fully improve the capacity of each 

phasing in each signal cycle. The phasing capacity (𝑐𝑝) in this study refers to the number of 

vehicles that could pass through the intersection within a given signal plan. A phasing in one 

signal cycle consists of three intervals, i.e., the red interval, the green interval, and the yellow 

interval. Vehicles could pass through the stop line to enter the intersection during the green and 

yellow intervals. Theorem 5.1 provides a necessary condition that the phasing capacity could 

reach the maximum given green and yellow intervals of the corresponding phasing 𝑝. Based 

on Theorem 5.1, this algorithm directs the vehicles pass through the intersection by the 

minimum headway and with the free-flow speed when reaching the stop bar. 

 

Theorem 5.1 The capacity for a given phasing reaches the maximum only if all vehicles that 

passing through the intersection during the phasing time could travel through the intersection 

with the free-flow speed (𝑣𝑓).   

Proof. Let 𝑌𝐿 and 𝐺𝐿 be the length of yellow and green intervals respectively, Eq. (5.1) 

provides the relation between the phasing capacity (𝑐𝑝) and the average headway (ℎ̅) of 

the vehicles passing through during the interval 𝐺𝐿 + 𝑌𝐿. 

 

𝑐𝑝 =
𝑌𝐿+𝐺𝐿

ℎ̅
+ 1                                                          (5.1) 

 



44 
 

Since ℎ̅ ≥ ℎ𝑚𝑖𝑛,  

 

𝑐𝑝
𝑚𝑎𝑥 =

𝑌𝐿+𝐺𝐿

ℎ𝑚𝑖𝑛
+ 1                                                     (5.2) 

 

According to Theorem 2.1,  ℎ̅ = ℎ𝑚𝑖𝑛 only if the vehicles could pass through the 

intersection with the free-flow speed (𝑣𝑓).  

 

In addition, the algorithm could also reduce the traffic oscillation when vehicles travelling at 

the signal approaching zone. The cruise control speed of each vehicle is designed according 

to the heuristic solution for solving the Model 2.1. The objectives of the eco-driving strategy 

at the signalized intersection is realized through a control system shown in the following 

subsections.  

 

5.2 Algorithm operations 

5.2.1 Algorithm control system 

In this section, an eco-driving control algorithm is introduced. The control algorithm is applied 

in a connected vehicle environment with an uncongested traffic condition. The control input is 

the signal plan information and the time when each vehicle enters the signal approaching zone. 

The output information which is applied with each vehicle include an advisory speed limit and 

ending application time. The eco-driving algorithm is operated with a control system 

framework with feedbacks, as provided in Figure 5.2. 
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Figure 5.2 The Control System of the Eco-driving Strategy at A Signalized Intersection 

 

Figure 5.2 shows the control algorithm applied at the signalized intersection. Given each signal 

phase of the signal cycle, the control system creates the passing point for each direction during 

green and yellow intervals (elaborated in Section 5.2.3). When a vehicle crosses the detector, 

the detector records the current time as the vehicle’s starting point of applying the algorithm 

i.e., 𝑡 0
𝑛 . At the same time, the earliest feasible passing point (𝑠𝑛

𝑚) is assigned for the vehicle, 

as elaborated in section 5.2.3. In this algorithm, the passing point refers to an estimated moment 

when a vehicle enters the intersection (passes the stop line). The purpose of setting a passing 

point is to control the number of vehicles in each phasing entering the intersection given a 

signal cycle, in order to fully utilize the intersection capacity. Based on the created passing 

points, the estimated trajectories ({𝜙−
𝑚}) are also created for letting vehicles pass through the 

intersection with free-flow speed, and later providing the original trajectory for solving the 

optimization model shown as Model 2.1. 

 

Based on the assigned passing point (𝑠𝑛
𝑚) and the corresponding estimated trajectory (𝜙𝑠

𝑚) an 

advisory speed (𝑣𝑛
𝑎) with the ending application time (𝑡𝑛

∗) is generated. Since the delays due 

to the communication and computation are assumed to be zero, the connected vehicle would 

apply a cruise control with the advisory speed from when it passes by the loop at 𝑡 = 𝑡0
𝑛, until 

the ending application time (𝑡 = 𝑡𝑛
∗). Once the control of the algorithm is finished, the vehicle 
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would travel with the Newell’s car-following model with bounded acceleration, and the speed 

limit is changed back to 𝑣𝑓.  

 

5.2.2 Passing points and estimated trajectories creating 

According to Theorem 2.1, the capacity would reach a maximum if vehicles are passing 

through the intersection with 𝑣𝑓 with minimum headway. Therefore, the time interval between 

each two adjacent passing points should be the minimum headway. In order to make the vehicle 

reach 𝑣𝑓 at the stop bar, each passing point should include a corresponding estimated trajectory. 

Travelling along the trajectory, the vehicle could reach 𝑣𝑓 no later than entering the intersection. 

 

Based on the kinematic analysis, the start-up behaviour and vehicle start-up trajectories are 

elaborated in Section 2.2. According to the vehicle start-up behaviour, this study pushes back 

the estimated trajectory of each passing point, so that each vehicle could pass through the 

intersection by travelling with the pre-designed trajectory. Unlike the natural start-up 

trajectories, the estimated trajectory could also make the vehicle intersection-entering speed 

into the free-flow speed, so that vehicles could passing through the intersection with the 

minimum headway and reach the maximum capacity. With this objective, all estimated 

trajectories should have the complete acceleration part ({𝜑(𝑡)}) before reaching entering the 

intersection at 𝑥 = 𝑥𝐼. Figure 5.3 shows a set of passing points with the estimated trajectories 

which is pre-created before the beginning of the signal cycle.  
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Figure 5.3 Passing Point and Estimated Trajectory Designs 

 

In Figure 5.3, passing points created during one signal cycle ( 𝑠−
𝑚 ) are set during the 

corresponding green and yellow intervals and divided by the minimum headway (ℎ𝑚𝑖𝑛). For 

each passing point, the estimated trajectory has an acceleration part (𝜑(𝑡)), which is derived 

from vehicle acceleration function (𝛹(∙)) by taking double integral with time (Eq. (5.3)). From 

Eq. (5.4) and Eq. (5.5), 𝜑(𝑡) starts from the static state (𝑣 = 0) and ends when vehicle speed 

reaches 𝑣𝑓. 

 

𝜑(𝑡) = ∬ 𝛹(𝑡)𝑑𝑡2
𝑡𝑛
1

𝑡𝑛
1                                                                 (5.3) 

 

𝑑(𝜑(𝑡𝑛
1))

𝑑𝑡
= 0                                                                       (5.4) 

 

𝑑(𝜑(𝑡𝑛
2))

𝑑𝑡
= 𝑣𝑓                                                                     (5.5) 
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Considering the acceleration section (𝜑𝑠
𝑚(𝑡)), the estimated trajectory for each passing point 

(𝜙𝑠
𝑚(𝑡)) is determined from Eq. (5.6) to Eq. (5.8). 

 

𝜙𝑠
1(𝑡) = 𝜑𝑠

1(𝑡)    (𝑡 ≤ 𝑆−
1)                                                          (5.6) 

 

𝜙𝑠
𝑚(𝑡) = {

𝑣𝑓(𝑡 − 𝑆−
𝑚)   (𝑡𝑠

𝑚 < 𝑡 ≤ 𝑆−
𝑚)

𝜑𝑠
𝑚(𝑡)                        (𝑡 ≤ 𝑡𝑠

𝑚)
       (𝑚 ≠ 1)                                 (5.7) 

 

𝜙𝑠
𝑚(𝑡𝑠

𝑚) = −𝑤(𝑡𝑠
𝑚 − 𝑆−

1)     (𝑚 ≠ 1)                                                (5.8) 

 

According to Eq. (5.6), the first estimated trajectory (𝜙𝑠
1(𝑡)) only consists of the acceleration 

part, i.e., 𝜑𝑠
1(𝑡). For estimated trajectories of the following passing points, Eq. (5.7) illustrates 

that each of them consists of the acceleration part, and an extra constantly moving part (with 

the free-flow speed of 𝑣𝑓 ) after acceleration. The constantly moving part ends at the 

corresponding passing point. Based on vehicle start-up behaviour, the acceleration part for each 

following estimated trajectory (𝜑𝑠
𝑚(𝑡)) should be arranged by a rarefaction wave from the first 

passing point (Eq. (5.8)), where 𝑡𝑠
𝑚 presents the ending time of each acceleration trajectory. 

Eq. (5.8) makes each vehicle could travel along the estimated trajectory without impeding 

others.  

 

With the creating process analysed above, if vehicles travel along the estimated trajectories, 

they could reach the free-flow speed before entering the intersection, and pass through the 

intersection with the minimum headway. In addition, the passing points and estimated 

trajectories are created based on kinematic wave analysis and start-up behaviour, making sure 

that no conflict between vehicles when they are travelling along the estimated trajectories. The 

next section would introduce how vehicles could be directed into the estimated trajectories by 

applying the control algorithm. 
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5.2.3 Passing point assignment and the advisory speed operation 

After the design of each passing point and the estimated trajectories, the algorithm would make 

sure vehicles could enter the estimated trajectories smoothly by operating the cruise speed 

control. This section introduces the passing point assignment process, as well as the advisory 

speed and algorithm application duration design. 

 

The passing point assignment is the process to choose one of the passing points for each vehicle. 

Based on the chosen passing point and its corresponding estimated trajectory, the algorithm 

could generate an advisory speed and the time point for finishing the cruise control. 

Considering the traffic mobility, the passing point assigned to the vehicle should be the earliest 

feasible passing point to apply. Figure 5.4 shows the process of the passing point assignment. 

When the vehicle passes the loop detector, the control system would determine the earliest time 

it could enter the intersection. The earliest time is when the vehicle travels the signal 

approaching zone with 𝑣𝑓. Passing points earlier than that time are not feasible. Besides, if a 

passing point has already been assigned, it is also impossible for other vehicles to apply, and 

is not feasible either. Except those passing points, the earliest one should be assigned to the 

vehicle, which makes the vehicle pass the intersection at the earliest time.  The passing point 

assignment could be solved by Eq. (5.9) and Eq. (5.10). 

 

𝐸𝑛 = 𝑡𝑛
0 +

𝑥𝐼−𝑥𝐿

𝑣𝑓
                                                               (5.9) 

 

𝑆𝑚
𝑛 = max{max{𝑠−

𝑚} , 𝐸𝑛}                                                    (5.10) 

 

From the equations above, 𝐸𝑛 denotes the earliest time that the vehicle 𝑛 could reach the stop 

bar (𝑥𝐼), and max{𝑠−
𝑚} is the earliest passing point which is not assigned to other vehicles. 

Figure 5.4 shows two situation of the passing point assignment process. If the vehicle 𝑛 could 

follow the free-flow speed without speed decreasing in the signal approaching zone, the passing 

point of the corresponding cycle length should be re-created as the 𝐸𝑛 be first passing point for 

the rest of the green and yellow intervals. Figure 5.4(a) provides an example for the re-creating 
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process. Otherwise, the earliest available passing point (max{𝑠−
𝑚}) would be assigned to the 

vehicle for later generating the advisory speed. 

 

 

(a) 
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(b) 

Figure 5.4 Advisory Speed and Algorithm Application Duration Operations 

 

Once a passing point is assigned, an advisory speed limit could be generated according to a 

tangent approach, as elaborated in Section 2.4. With the case shown in Figure 5.4(a), the vehicle 

just needs to travel through the signal approaching zone and the intersection with the free-flow 

speed. For the other case, Figure 5.4(b) provides an example showing the process of passing 

point assignment and advisory speed designs for a connected vehicle (𝑛). The passing point 

assigned for vehicle 𝑛 is 𝑠𝑛
5. Its advisory speed limit 𝑣𝑁

𝐴𝑆𝐿 is designed as the average speed 

from the loop detector point (𝑡𝑛
0, 𝑥𝐿) to the ending application point (𝑡𝑛

∗ , 𝑥𝑛
∗). With the objective 

of avoiding traffic oscillations shown in Model 2.1, the ending point is set at the point where 

the estimated trajectory speed gets the value of 𝑣𝑛
𝑎, i.e., the vehicle trajectory with 𝑣𝑛

𝑎 is set by 

the tangent line from the detector location and tangent to the estimated trajectory (𝜙𝑛
5). The 

tangent line approach makes the vehicle enter the estimated trajectory smoothly. Once it 

reaches the estimated trajectory, the vehicle stops applying the advisory speed limit and would 

accelerate along the trajectory and enter the intersection. 
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𝜙𝑠→𝑛
𝑚 (𝑡𝑛

∗) = 𝑥𝑛
∗                                                                (5.11) 

 

(
𝑑𝜙𝑠→𝑛

𝑚 (𝑡)

𝑑𝑡
)
𝑡𝑛
∗
= 𝑣𝑛

𝑎                                                             (5.12) 

 

𝑣𝑛
𝑎 =

𝑥𝑛
∗−𝑥𝐿

𝑡𝑛
∗−𝑡𝑛

0                                                                    (5.13) 

 

The advisory speed limit (𝑣𝑛
𝑎) and ending application time (𝑡𝑛

∗) could be derived from Eq. (5.11) 

to Eq. (5.13). Eq. (5.11) shows the tangent point is in the estimated trajectory for vehicle 𝑛 

(𝜙𝑠→𝑛
𝑚 ). Eq. (5.12) shows the apply ending application point should be the moment when 

reaching the tangent point. Eq. (5.13) ensures 𝑣𝑛
𝑎  is the average speed from the detector 

location to the ending application point. 

 

5.3. Numerical experiments 

5.3.1 Simulation setup 

The effectiveness of the proposed eco-driving algorithm in signalized intersections is evaluated 

in this section. A fleet of vehicles are traveling on the road, with the parameter settings shown 

in Table 5.1.  

 

For the simulation setup road section, this study considers a flat ring road with the signalized 

intersection at the end of the road. According to a previous study (Ubiergo and Jin, 2016), the 

ring road is equivalent to an infinitely long road with the signalized intersections evenly 

distributed. The ring road length is set to be 1400𝑚, where each vehicle position would return 

to 0 when it passes through the stop bar. The ring road section is shown in Figure 5.5.  
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Table 5.1 Simulation Settings for the Control Algorithm Applied at the Signalized 

intersection 

Parameters Values 

𝑋𝑟, Ring road length 1200 𝑚 

𝑥𝐼, Intersection location 1200 𝑚* 

𝑥𝐿, Loop detector location 1000 𝑚 

𝑇, Total simulation time 1000 𝑠𝑒𝑐 

𝐺𝐿, Green interval 25 𝑠𝑒𝑐 

𝑅𝐿, Red interval 25 𝑠𝑒𝑐 

𝑌𝐿, Yellow interval 6 𝑠𝑒𝑐 

𝐴𝐿, All-red interval 6 𝑠𝑒𝑐 

𝑁, The number of vehicles in the ring road 30 

𝜏, Time gap between vehicles 1.5 𝑠𝑒𝑐 

𝑣𝑓, Free-flow speed  20 𝑚/𝑠 (45 𝑚𝑝ℎ) 

𝑎, Bounded acceleration rate 2 𝑚/𝑠2 (6.56𝑓𝑡/𝑠2) 

𝐿, The vehicle length 7 𝑚 

Δ𝑡, Simulation time step 0.2 𝑠𝑒𝑐 

* The intersection location is at the end of the ring road.  

 

According to the simulation testbed introduced in Chapter 3, assume vehicles accelerate at a 

constant rate, which is the bounded acceleration rate, and each vehicle tends to move as fast as 

it could in the simulation. This study also assume that when vehicles approach the signal during 

the yellow interval, if there is no algorithm applied, half of the drivers would decide to pass, 

and the other half would prepare to stop, i.e., the degree of aggressiveness (𝛿) is 50%. 
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Figure 5.5 The Road Section in the Signalized Intersection Simulation 

 

5.3.2 Vehicle trajectory comparations 

A set of comparations on vehicle trajectories are shown from Figure 5.6 to Figure 5.8. In both 

of the figures, the traffic flow-rate in the ring road is set to be 1200 𝑣𝑝ℎ. The loop detector is 

installed 400𝑚 ahead of the intersection stop bar, i.e., the length of the signal approaching 

zone is 400𝑚.  Although the total simulation time is 1000 𝑠𝑒𝑐, the vehicle movements become 

periodic after 100 𝑠𝑒𝑐 of simulation. In addition, to make the trajectories clearer in the figure, 

the following figures plot the trajectories from 𝑡 = 100 𝑠𝑒𝑐 to 𝑡 = 300 𝑠𝑒𝑐. 
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Figure 5.6 Vehicle Trajectories before Appling the Algorithm at Signalized 

Intersections 

 

 

Figure 5.7 Vehicle Trajectories after Appling the Algorithm at Signalized Intersections 
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Figure 5.8 Single vehicle Trajectory Comparations at Signalized Intersections 

 

Figure 5.6 plots the vehicle trajectories without applying the algorithm. From the result, all 

vehicles could experience stops at the intersection, and some vehicles need to wait at the signal 

for more than one cycle. This result shows the flow-rate of 900𝑣𝑝ℎ exceeds the capacity of 

one signal cycle. Figure 5.7 shows the vehicle trajectories after applying the algorithm during 

the same time period. Compared with Figure 5.6, no vehicle would stop at the signal, and 

vehicles could pass through the intersection with the free-flow speed (𝑣𝑓). Since the passing 

point could be created during yellow intervals, and they assigned with the minimum headway, 

vehicles could fully utilize the intersection capacity. In addition, vehicle trajectories are much 

smoother than before.  

 

Figure 5.8 plots the trajectories of the same vehicle with and without applying the algorithm. 

Although the vehicle has the same initial position and speed at the beginning of two simulations, 

the vehicle with the algorithm travels longer during the same time period. Before and after 

applying the algorithm, the vehicle starts travelling from the same initial location. During the 

first 500 𝑠𝑒𝑐 of the simulation, the vehicle travels more than one cycle in the ring road (extra 

distance of around 1500 𝑚) if the algorithm is applied. From the comparisons above, this 

algorithm could make all connected vehicles could pass through the signal with the free-flow 

speed, and increase the number of vehicles passing through the intersection regarding the same 

signal plan in one signal cycle. What’s more, the traffic oscillation approaching the signal also 

decreases. 
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5.3.3 The algorithm performance evaluations 

In this subsection, the performance of the algorithm is analysed at the signalized intersection 

where the approaching traffic flow has different flow-rate levels and the initial traffic in the 

ring road is uncongested. The flow-rate changing range is from 60 𝑣𝑝ℎ  (where only one 

vehicle travels at the ring road) to 1200𝑣𝑝ℎ (where applying the algorithm, the green and 

yellow intervals are fully utilized in all signal cycles). The flow-rate increasing gap is 60 𝑣𝑝ℎ. 

As introduced in the Chapter 3, the performance evaluations of the algorithm are from three 

aspects, i.e., the reduction in speed oscillation (the average speed variance); the improvement 

on traffic efficiency (average speed during the simulation); and the decrease of environmental 

impacts (fuel consumptions). The results of the evaluations are shown in Figure 5.9. The data 

of the evaluation performance result at each flow-rate level is shown in Appendix B.  
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Figure 5.9 Algorithm Performance Evaluations in the Signalized Intersection 

 

Figure 5.9(a) shows the algorithm performances in vehicle speed variance and fuel 

consumption reductions, and Figure 5.9(b) plots average speed improvement the algorithm 

brings under each flow-rate level. From the results, the algorithm could bring a reduction on 

both speed oscillation and improve the traffic efficiency (except for a 0.94% of fuel 

consumption increasing when the flow-rate is 60 𝑣𝑝ℎ ). When the flow-rate is less than 

800 𝑣𝑝ℎ, the reduction of the speed variance is averagely 31.5% and the savings in fuel 

consumption are around 7%. When the flow-rate is more than 800 𝑣𝑝ℎ , the algorithm 

performances become more significant, and reach the most significant when the flow-rate is at 

1020 𝑣𝑝ℎ, where the algorithm brings as much as 42.6% fuel consumption savings, 66.2% of 

the speed oscillation reduction, and 25.3% of average speed improvement. 

 

All evaluation results show the same tendency. With a low flow-rate level, since the vehicle 

moving behaviour is less influenced by intersection, i.e., vehicles could pass through the most 

of the intersections without stopping, the performance is not obvious in the test group, 

compared with the control group. As the traffic flow approaching the intersection with a higher 

flow-rate, more vehicles would stop and wait at the red phasing as the flow-rate reaches the 

signal capacity in the control group (i.e., with more than 800 𝑣𝑝ℎ ).  In contrast, as the 

algorithm improves the number of vehicles which could pass through the intersection within 
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the given signal cycle, vehicles applying the algorithm could still pass through the intersection 

within one signal cycle, which makes the algorithm performances more significant. When the 

flow-rate reaches more than 1020 𝑣𝑝ℎ, even the algorithm is applied, the number of vehicles 

that could pass through the intersection within one signal cycle still reaches the maximum value 

(𝑐𝑚𝑎𝑥). In this case, although vehicles could still pass through the intersection by the minimum 

headway (ℎ𝑚𝑖𝑛), they still potentially need to wait more than one signal cycle by approaching 

the intersection with a low average speed. As a result, the algorithm performances in three 

evaluations become less significant as the flow-rate, with more than 1020 𝑣𝑝ℎ, goes even 

higher. In conclusion, the simulation results show that the algorithm could bring an 

improvement from three aspects under different flow-rate levels. 

 

5.4 Summary 

This chapter proposes an eco-driving control algorithm at signalized intersection, which 

provides advisory speed for each connected vehicle, along with generating the control duration. 

The algorithm objective is to improve the signalized intersection mobility, smooth traffic 

oscillation as well as being more environmentally friendly. Based on the estimated trajectories 

for each passing point in the green and yellow intervals, this chapter first demonstrates that the 

traffic capacity would be fully improved when all vehicles from one phasing could pass through 

the stop bar of the intersection with the free-flow speed. According to the theorem, this study 

proposes the processes of creating and updating passing points, as well as estimating the 

trajectories for vehicles to reach the free-flow speed before entering the intersection. Based on 

passing point assignment and the corresponding trajectory, the advisory speed and control 

duration is determined and applied for the upcoming vehicle.  

 

The effectiveness of the eco-driving algorithm is further tested by a set of numerical examples. 

From the trajectory comparisons, all vehicles operating with the algorithm would never stop 

before the intersection, and would enter the intersection with the free-flow speed. The number 

of vehicles that could pass through the intersection also increases. In addition, the traffic 

oscillation is reduced while approaching the intersection. The sensitivity analysis is conducted 

to test the algorithm performances in traffic oscillation, mobility, and environment impacts, 

when the upcoming traffic flow has various flow-rate levels. From the simulation result, the 
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algorithm would bring averagely −35%, −18%, and +9% of the changings in speed variance, 

fuel consumption, and the average speed respectively, which shows the algorithm could be 

beneficial in decreasing traffic oscillation, reducing environmental impact, and improving 

traffic efficiency as well. 
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Chapter 6                                                           

The Eco-driving Algorithm at a Non-signalized 

Intersection 

 

6.1 Introduction 

According to the simulation results of the algorithm introduced in Chapter 4, each vehicle could 

smoothly cut into the estimated trajectory by applying the advisory speed during the specific 

application time. Also, the passing point settings and the estimated trajectory designs could 

make the vehicles pass through the intersection at the designed time point (i.e., the assigned 

passing point) with the free-flow speed. From the intersection control perspective, the 

algorithm along with the cruise control system in each vehicle could independently realize a 

real-time and potentially efficient intersection control and guarantee the traffic safety at the 

intersection. Given a signal cycle at a conventional signalized intersection, each phasing has 

the red interval when vehicles need to wait before entering the intersection, while vehicles from 

other conflicted directions may not fully utilize the capacity of the interval. From the points 

shown above, under certain eco-driving algorithm designs, the traffic signal is not necessary to 

control the intersection, and even it could potentially decrease the traffic efficiency while 

increase traffic oscillation. In addition, few current CVIC intersection control studies consider 

kinematic analysis in the algorithm design. As a result, vehicles could not travel through the 

intersection with the free-flow speed, which could still bring a lower mobility. 

  

In this chapter, the proposed eco-driving strategy is realized at non-signalized intersections 

through a control system (Θ = 𝓊). The algorithm is developed with the objectives of fully 

improving the intersection mobility, as well as decreasing the fuel consumption by smoothing 

traffic oscillation. Based on V2I communications and the CVIC safety rules, each vehicle is 
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provided, by the intersection controller instead of signal plans, with both an advisory speed and 

the application ending time. By applying cruise control, each vehicle follows the advisory 

speed until the application ending time. For the intersection controller, the advisory speed and 

application ending time are generated through the earliest feasible intersection entering time 

and vehicle trajectory redesign. For safety concerns, the intersection controller guarantees that 

vehicles can enter the intersection only after conflicting vehicles fully leave the intersection. In 

addition, we assume all vehicles to share the same travel behaviour, and the initial traffic flow 

is not congested. 

 

For the traffic scenario, although a typical intersection would have several movements (𝑀), 

this chapter simplifies the intersection into two conflicted movements from two single lane 

roads (𝑀 ∈ {1,2}), in order to better explain the algorithm. The intersection geography is 

shown in Figure 6.1. For each road, a loop detector is installed ahead of the intersection, which 

could record the time point when the vehicle covers it. This time point becomes the starting 

point for the vehicle applying the algorithm. The intersection approaching zone of each 

movement (𝑚) starts from the detector location (𝑥𝐿
𝑚) to the intersection entrance (𝑥𝐼

𝑚), where 

each vehicle adjusts the travel behaviour under the direction of the control algorithm. Instead 

of the traffic signal or any stop/yield signs, an information hub is installed at the intersection, 

which could receive the information gathered by loop detectors, operate the control algorithm, 

and derive the travel information for each vehicle. The V2I communications are applied in real-

time between the information hub and each vehicle, when the vehicle passes by the loop 

detector and begins to apply the cruise control. 
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Figure 6.1 The Traffic Scenario at the Non-Signalized Intersection for the Algorithm 

 

6.2 Control algorithm operation 

6.2.1Algorithm control framework 

In this section, an eco-driving control algorithm is introduced. The control algorithm is applied 

in a connected vehicle environment with an uncongested traffic condition. The control input is 

the time when each vehicle passes by the loop detector of the movement, and enters the 

corresponding intersection approaching zone. The output information which is applied with 

each vehicle include an advisory speed and ending application time.  

 

The algorithm generates the vehicle travel information ( 𝑣𝑛
𝑎  and 𝑡𝑛

∗ ) by passing point 

assignments and updates. The passing points are designed separately for each movement. In 

this chapter, the passing point for each movement (𝑆𝑀) is defined as the earliest time when the 

vehicle could arrive at the intersection entrance without being in conflict or impeded by other 
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vehicles, in the meanwhile, the vehicle could travel through the intersection with the free-flow 

speed (𝑣𝑓). According to the Theorem 5.1, with the objective of fully utilizing the capacity, the 

passing points, which are designed for one movement, are assigned by the minimum headway 

(ℎ𝑚𝑖𝑛). According to Theorem 2.2, for safety concerns between conflicting movements, the 

time interval between two passing points from conflicting movements should be the minimum 

intersection clearance time (𝑇𝑚𝑖𝑛), if all vehicles could travel through the intersection with the 

free-flow speed. For each passing point, an estimated trajectory (𝜙𝑀) is designed so that the 

vehicle could enter the intersection with the free-flow speed when travelling along the 

trajectory. The estimated trajectories could be derived from the vehicle start-up behaviour to 

make sure the vehicle could travel along the trajectory without being impacted by other 

vehicles from any direction. 

 

 

Figure 6.2 The Control System of the Eco-driving Strategy at A Non-Signalized 

Intersection 
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The eco-driving algorithm is realized through the control system with feedbacks provided in 

Figure 6.2. When a vehicle coming from one direction passes the loop detector, the algorithm 

first checks if another vehicle from a conflicting direction is passing a loop detector at the same 

time. The algorithm would first assign the vehicle from direction with a higher priority. After 

checking the priority, the algorithm would determine the earliest feasible time when the vehicle 

could enter the intersection with the free-flow speed. Meanwhile, the intersection controller 

would update the earliest time points (𝑆𝑀
′ ) for all directions. The feasible arriving time 

determination and the passing point update are elaborated in Section 6.2.2. For each vehicle 

entering the intersection approaching zone (i.e., passing the loop detector), an advisory speed 

with the time application ending time is generated by and controller and sent to the vehicle 

through V2I communication, so that the vehicle could apply the advisory speed until the 

application ending time. The advisory speed and application ending time design is introduced 

in Section 6.2.3. 

 

6.2.2 Passing point update and estimated trajectories creating 

In this algorithm, the passing point (𝑆𝑀) and estimated trajectory information for each direction 

(𝜙𝑀) are restored in the intersection controller database. The corresponding 𝑆𝑚 and 𝜙𝑚 could 

be retrieved when the vehicle from direction 𝑚  passes the detector. Then the algorithm 

compares the passing point in the database (𝑆𝑚) and the minimum vehicle travel time within 

the intersection approaching zone (𝐸𝑛
𝑚). The earliest feasible time for the vehicle arriving at 

the intersection (𝑆𝑛
𝑚) should be the later one of the two moments above (𝐸𝑛

𝑚 and 𝑆𝑚). Eq. (6.1) 

defines the estimated earliest arrival time, when the vehicle traveling with the free-flow speed 

of the direction (𝑣𝑓
𝑚). Eq. (6.2) determines the earliest feasible time (𝑆𝑚

𝑛 ). 

 

𝐸𝑛
𝑚 = 𝑡𝑛

0 +
𝑥𝐼
𝑚−𝑥𝐿

𝑚

𝑣𝑓
          (∀𝑚 ∈ 𝑀,∀𝑛 ∈ 𝑁)                                         (6.1) 

 

𝑆𝑚
𝑛 = max{𝑆𝑚, 𝐸𝑛

𝑚}          (∀𝑚 ∈ 𝑀,∀𝑛 ∈ 𝑁)                                        (6.2) 
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Based on the earliest feasible time (𝑆𝑚
𝑛 ), the passing point of each direction (𝑆𝑀) should be 

updated according to Eq. (6.4). Consider a scenario when vehicle 𝑛  is coming from the 

direction 𝑚, and its speed when passing through the intersection is 𝑣𝑓. After setting the feasible 

intersection arriving time, the passing points of all directions should be updated in order not to 

conflict with the vehicle 𝑛. For the direction 𝑚, the next passing point should be ℎ𝑚𝑖𝑛 later 

than 𝑆𝑚
𝑛 ; while for conflicting directions, the next passing point should be right after vehicle n 

totally leaves the intersection, which should be 𝑇𝑚𝑖𝑛  later than 𝑆𝑚
𝑛 . In addition, with the 

algorithm in operation, the passing point for each road direction couldn’t be updated earlier 

than the previous. 

 

𝑆𝑚′
′ = {

max{𝑆𝑚
𝑛 + 𝑇𝑚𝑖𝑛

𝑚 , 𝑆𝑚′}        (𝑚′ ≠ 𝑚)

𝑆𝑚
𝑛 + ℎ𝑚𝑖𝑛

𝑚                             (𝑚′ = 𝑚)
          (𝑚′, 𝑚 ∈ 𝑀)          (6.4) 

 

The corresponding estimated trajectory for each passing point (𝜙𝑚∈𝑀) is designed based on 

vehicle start-up behavior with their acceleration trajectory. All the trajectories include an 

acceleration trajectory (𝑋(𝑡) = 𝐹(𝑡, 𝑡1)) from stopped state to reaching the free-flow speed. 

The vehicle acceleration trajectory is derived from a set of functions shown from Eq. (6.5) to 

Eq. (6.9), where the vehicle starts from 𝑣(𝑡0) = 0 until reaching the free-flow speed at 𝑡1 

(𝑣(𝑡1) = 𝑣𝑓) with the acceleration function of 𝛹(∙). 

 

𝐹(𝑡, 𝑡1) = ∫ 𝑣(𝑡)𝑑𝑡
𝑡1
𝑡0

                                                          (6.5) 

 

𝐹(𝑡1, 𝑡1) = 𝑥𝐼
𝑚                                                              (6.6) 

 

𝑣(𝑡) = ∫ 𝛹(𝑣(𝑡))𝑑𝑡
𝑡1
𝑡0

                                                         (6.7) 

 

𝑣(𝑡1) = 𝑣𝑓                                                                (6.8) 
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𝑣(𝑡0) = 0                                                                (6.9) 

 

After deriving the acceleration trajectory, the estimated trajectories are arranged according to 

vehicle start-up behaviour. For direction 𝑚 where vehicle 𝑛 comes, the estimated trajectory 

(𝜙𝑚
′ ) is derived from Eq. (6.10). 𝜙𝑚

′  is updated from the previous estimated trajectory of 𝑆𝑚
𝑛  

(i.e., 𝜙𝑚
𝑛 ), by increasing ℎ𝑚𝑖𝑛  unit temporally and decreasing 𝑤ℎ𝑚𝑖𝑛  unit spatially. The 

acceleration trajectory would be arranged along the rarefaction wave after the spatiotemporal 

translation. In addition, 𝜙𝑚
′  continues to reach the point (𝑆𝑚

𝑛 + ℎ𝑚𝑖𝑛
𝑚 , 𝑥𝐼 ), i.e., the updated 

passing point, with the slope of 𝑣𝑓
𝑚.  

 

𝜙𝑚
′ = {

𝜙𝑚
𝑛 (𝑡) − 𝑤ℎ𝑚𝑖𝑛                               (𝑡1 + ℎ𝑚𝑖𝑛 ≤ 𝑡 ≤ 𝑡2 + ℎ𝑚𝑖𝑛)

𝑣𝑓(𝑡 − 𝐺(𝑡2 + ℎ𝑚𝑖𝑛))    (𝑡2 + ℎ𝑚𝑖𝑛 ≤ 𝑡 ≤
𝑥𝐼
𝑚

𝑣𝑓
− 𝐺(𝑡2 + ℎ𝑚𝑖𝑛))

            (6.10) 

 

The estimated trajectory of the conflict direction (𝜙𝑚′
′ ) is updated from Eq. (6.11). If the 

passing point (𝑆𝑚′ ) changes, 𝜙𝑚′
′  is the vehicle acceleration trajectory reaching 𝑣𝑓

𝑚′
 at the 

spatiotemporal point (𝑆𝑚′ , 𝑥𝐼). Otherwise, 𝜙𝑚′
′  stays the same.                   

 

𝜙𝑚′
′ = {

𝐹(𝑡, 𝑆𝑚′
′ )     (𝑆𝑚′

′ = 𝑆𝑚′)

𝜙𝑚′                (𝑆𝑚′
′ = 𝑆𝑚′)

                                              (6.11) 
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(a) 

 

(b) 
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(c) 

Figure 6.3 The Passing Point Creating and Updating Process 

 

Figure 6.3 provides an example for passing point assignment and update process when 𝑀 =

{1,2}. In the Figure 6.3(a), when vehicle 𝑛 from direction 1 passes through the intersection at 

𝐸𝑛
𝑚 (𝑆1 < 𝐸𝑛

1), the following vehicle from direction 1 has the earliest safety time for entering 

the intersection is ℎ𝑚𝑖𝑛  later than 𝐸𝑛
1 . For the other direction, the earliest safety time for 

entering the intersection for vehicles should be 𝑇𝑚𝑖𝑛 later than 𝐸𝑛
1. The Figure 6.3(b) and Figure 

6.3(c) provide the instances when 𝑆1 > 𝐸𝑛
1  and when a vehicle from direction 2 comes 

respectively. The corresponding estimated trajectories for both directions (𝜙′𝑀) are updated 

accordingly. It is worth noticing that 𝜙𝑚
𝑛 (𝑡) is associated with 𝑆𝑚

𝑛 . As the Figure 6.3(a) shows, 

when 𝑆𝑚
𝑛 = 𝐸𝑛

𝑚, 𝜙𝑚
𝑛 (𝑡) only includes the point of (𝑆𝑚

𝑛 , 𝑥𝐼) when updating 𝜙𝑚
′ .  

 



70 
 

6.2.3 Advisory speed and application ending time design 

The advisory speed and application ending time are designed similar with the algorithm applied 

in the signalized intersection shown in Chapter 5. The advisory speed and application ending 

time are designed together through a tangent trajectory which starts from where the vehicle 

passes the detector (𝑡𝑛
0) and tangents to the corresponding estimated trajectory (𝜙𝑚

𝑛 ), at the 

tangent point (𝑡𝑛
∗). Once a passing point is assigned, the vehicle should receive and apply the 

advisory speed towards the non-signalized intersection, and after the application ending time, 

the vehicle would be back to the normal following behaviour. 

 

𝜙𝑚
𝑛 (𝑡𝑛

∗) = 𝑥𝑛
∗                                                                     (6.12) 

 

𝑑(𝜙𝑚
𝑛 (𝑡𝑛

∗ ))

𝑑𝑡
= 𝑣𝑛

𝑎                                                                  (6.13) 

 

𝑣𝑛
𝑎 =

𝑥𝑛
∗−𝑥𝐿

𝑚

𝑡𝑛
∗−𝑡𝑛

0                                                                     (6.14) 

 

The advisory speed and the application ending time are derived from Eq. (6.12) to Eq. (6.14). 

𝑥𝑛
∗  is the location where vehicle 𝑛 finishes applying the cruise control. Eq. (6.12) restricts the 

vehicle actual trajectory with advisory speed should enter the corresponding estimated 

trajectory when finishing the algorithm. Eq. (6.13) shows the application ending time (𝑡𝑛
∗) is 

the tangent point of the estimated trajectory. Eq. (6.14) directs the tangent line starts from the 

time when the vehicle passes the detector (𝑡𝑛
0), and the tangent line is regarded as the vehicle 

trajectory under the control algorithm.   

 

Figure 6.3(b) and Figure 6.3(c) give examples of the vehicle approaching trajectory towards 

the intersection. Taking the slope of a tangent line as the advisory speed, each vehicle travels 

stably approaching the intersection, with the decrease of traffic oscillation. Since each vehicle 

only has to apply a cruise control with providing the application ending time, this approach 

avoids the complexity in algorithm execution. 
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6.3 Numerical experiments 

6.3.1 Simulation setup 

In this section, a set of numerical experiments are conducted to evaluate the control algorithm. 

The traffic network in the simulation consists of two ring roads, with an intersection at the end 

of the ring roads. The typical signalized intersection without any control algorithm for vehicles 

are considered as the control group of the simulation. Two fleets of the vehicles are travelling 

along each of the road, with the parameter settings shown in Table 6.1.  

 

Table 6.1 Simulation Settings for the Control Algorithm Applied at the General 

Intersection 

Parameters Values 

The intersection settings  

𝐿𝑟
{1,2}, The length of both roads 1200 𝑚 

𝑥𝐼
{1,2}, The intersection location of both roads 1200 𝑚* 

𝑇𝑠, Total simulation time 500 𝑠𝑒𝑐 

𝜏, Time gap between vehicles 1.5 𝑠𝑒𝑐 

𝑣𝑓
{1,2}, Free-flow speed of both roads  20 𝑚/𝑠 (45 𝑚𝑝ℎ) 

a, Bounded acceleration rate 2 𝑚/𝑠2 (6.56 𝑓𝑡/𝑠2) 

L, The vehicle length 7 𝑚 

Δ𝑡, Simulation time step 0.2 𝑠𝑒𝑐 

The intersection with the control algorithm (the test group) 

𝐿𝐼
{1,2}, Intersection length 13 𝑚 

𝑥𝐿
{1,2}, The location of each loop detector 1000 𝑚 

The typical signalized intersection (the control group) 

GL, Green interval for both roads 25 𝑠𝑒𝑐 

RL, Red interval for both roads 25 𝑠𝑒𝑐 

YL, Yellow interval for both roads 6 𝑠𝑒𝑐 

AR, All-red interval for both roads 6 𝑠𝑒𝑐 

𝛿, Degree of aggressiveness 50 % 

* The intersection location is at the end of each ring road.  
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The traffic network used for the simulation, is shown in Figure 6.4(a). The network consists of 

two flat one-way ring roads with the intersection at the end of each road (𝑥𝐼
1 = 𝑥𝐼

2 = 1200 𝑚). 

The ring roads are single lane with one direction each at the intersection. Among the two roads, 

road 1 has priority over road 2. The ring road network contains a steady flow rate in each road 

and excludes the traffic behaviours which is not considered in the algorithm, such as overtaking 

and lane changing outside of the intersection approaching zone. In addition, this scenario is 

equivalent to an arterial network shown in Figure 6.4(b). Each intersection is equally spaced, 

with the horizontal and vertical distances of 𝐿𝑟
1  and 𝐿𝑟

2 , which is the same as the lengths of the 

ring roads. The link flow rates of horizontal and vertical directions equal the flow rates at the 

two roads respectively. Before enforcing the algorithm, we assume each intersection to be 

signalized, which is set as the control group. Similar with the study in Chapter 5, this simulation 

also assumes that when vehicles approach the signal during the yellow interval, if there is no 

algorithm applied, half of the drivers would decide to pass, and the other half would prepare to 

stop, i.e., the degree of aggressiveness (𝛿) is 50%. When the algorithm is in operation, the 

intersection is not signalized, and the signal is replaced by an information controller that could 

retrieve and record the information from vehicles and communicate with the detector and each 

vehicle. 

 

 

(a) 
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(b)      

Figure 6.4 The Road Network in the Non-Signalized Intersection Simulation 

 

6.3.2 Vehicle trajectory comparations 

Figure 5 illustrates the trajectories of all vehicles at each ring road before and after applying 

the control algorithm after the traffic flow stabilizes. The initial flow rate for each ring road is 

𝑞1 = 900𝑣𝑝ℎ, 𝑞2 = 600𝑣𝑝ℎ. Figure 6.5(a) and Figure 6.5(b) illustrate the vehicle trajectories 

on both road 1 and road 2 with conventional signalized intersections respectively. In this case, 

each vehicle follows the previous vehicle and the signal, which leads to a complete stop and 

waiting delay during red intervals, and departure delay when the signal changes to green. On 

the ring road 1, vehicles couldn’t pass the intersection within one signal cycle, and the queue 

always exists ahead of each intersection. If 𝑞1 keeps increasing, the queue length would be 

longer, which the signal capacity to be exceeded, and the green interval should lengthen. In 

addition, the departure delay includes the start-up delay (the headway is more than ℎ𝑚𝑖𝑛), and 
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the clearance delay (the yellow interval time delay and the passing through time is more than 

𝑇𝑚𝑖𝑛). 

 

Figure 6.6(a) and Figure 6.6(b) plot the vehicle trajectories on both roads after applying the 

control algorithm. The orange moment presents a vehicle from road 1 entering the intersection, 

while the yellow time moment denotes a vehicle from road 2 entering the intersection. As 

shown by the vehicle trajectories, every vehicle could pass through the intersection at the free-

flow speed. In this case, the trajectories show that both the headway (ℎ) and the traverse time 

(𝑇) stay at the minimum values. At a steady traffic state, vehicles are more evenly distributed 

at the ring road comparing with the control group. In addition, each vehicle travels without any 

conflict with the vehicles from the other direction. 

 

(a) 
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(b) 

Figure 6.5 Vehicle Trajectories without the Algorithm at Signalized Intersections 

 

(a) 
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(b) 

Figure 6.6 Vehicle Trajectories after Appling the Algorithm at Non-Signalized 

Intersections 

 

6.3.3 The algorithm performance evaluations 

In this subsection, the algorithm performances are analysed under different flow rates of each 

road. The evaluations are from three aspects, i.e., the reduction in speed oscillation (the average 

speed variance); the improvement on traffic efficiency (average speed during the simulation); 

and the decrease of environmental impacts (fuel consumptions). Assuming the algorithm is 

designed for the traffic flow under an uncongested network, while if  any of the flow-rates of 

the two ring roads (𝑞1 and 𝑞2) reaches 900 𝑣𝑝ℎ, vehicles couldn’t pass the intersection within 

one signal cycle in the control group, i.e., the traffic condition gets to a congested level. 

Whereas, this study sets the flow-rate range of each ring road is under 900 𝑣𝑝ℎ. The simulation 

results of three evaluations are shown in Figure 6.7, while the data of the evaluation 

performance results at each flow-rate level is shown in Appendix C.  
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(a) 

 

(b) 
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(c) 

Figure 6.7 Algorithm Performance Evaluations in the Non-signalized Intersection 

 

It could be observed that a similar tendency is shown of all three simulation evaluations with 

the flow-rates changing of two road sections, although the values of the improvements are 

different. Figure 6.7(a) shows the changings in the speed oscillation with the changes in flow-

rates of the two ring roads. Overall, the algorithm could reduce the traffic oscillation of more 

than 5% regardless the flow-rates, while the reduction rate is more significant with lower flow-

rate levels.  

 

Figure 6.7(b) shows the improvements in the vehicle average speed during the simulation with 

different flow rate level of each ring road. When two roads both have relatively low flow rates, 

the algorithm shows a more significant improvement in the traffic efficiency. The maximum 

average speed improvement could be as much as 34.95%. In this case, each vehicle from the 

road with the lower flow-rate could have the advisory speed nearly the same as the free-flow 

speed, i.e., the vehicle doesn’t have to decelerate when approaching and passing through the 
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intersection. On the contrary, with the signalized intersection case in the simulation control 

group, vehicles may still have to stop at the signal, which generates greater delays and decrease 

the traffic efficiency. With the flow rates of both directions increasing, although the average 

speed improvement becomes less significant, the algorithm could still bring an improvement 

in traffic mobility. When applying the algorithm, as long as the vehicles which pass through 

the intersection are continuously from one road, each vehicle would generate a traversing delay 

of 𝑇𝑚𝑖𝑛 which is applied for vehicles of the other direction. As the flow rate increases, the 

traversing delay would accumulate. In contrast, with a pre-fixed signal as the control group, 

since a platoon of vehicles are passing through the intersection together during a phase interval, 

the traversing delay generated by each vehicle is not obvious. Since the savings in start-up and 

clearance delays is more than the traversing delay, the algorithm still brings an improvement 

on the traffic mobility with higher flow rates. 

 

In Figure 6.7(c), the savings in fuel consumption shows the same tendency as the intersection 

delay. With a low flow rate, the saving in fuel consumption could be as much as 86.4%, while 

with a high flow rate, the saving is more than 15%. Although the traverse delay accumulation 

is still a reason for generating traffic oscillation, each vehicle stays at a steady speed when 

applying the advisory speed. Furthermore, the fuel consumption saving becomes more obvious 

again (with more than 30%) when the control group becomes congested with a higher flow rate. 

At a congested signalized intersection, vehicles could wait for two signal cycles before leaving 

the intersection, in which case, these vehicles experience the stop-and-go movements more 

than twice.  

 

From the result, the priority also has an impact on the improvements. When road 1 (with 

priority) has a lower flow rate than the other road, the savings are less than the opposite 

situation, i.e., road 2 has more flow rate than road 1. Since vehicles on road 1 have priority to 

arrange the passing points, potentially vehicles on the other road have to wait longer and may 

generate a lower advisory speed. According to the result, the priority should be transferred 

based on the flow rate of each direction, in order to further improve the performance with the 

algorithm.  
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In conclusion, the simulation results at the intersection show that the algorithm could bring an 

improvement from three aspects under different flow-rate levels. Especially, the algorithm 

performance becomes more obvious except for the situations where two road are both having 

a high traffic flow-rates, (i.e., over 800 𝑣𝑝ℎ). Based on the V2I communications, the algorithm 

provides an alternative control method to realize the intersection control which is different from 

the typical signal control. The simulation results show that in an uncongested connected vehicle 

environment, vehicles could safely pass through the intersections with more traffic efficiency 

without applying the traffic signal at the intersection. 

 

6.4 Summary 

This chapter further proposes an eco-driving CVIC algorithm at the intersection, through which 

the signal control could be totally replaced by the V2I communications. Instead, an information 

hub is installed the intersection to operate the control algorithm for each approaching vehicle 

from all directions. The objectives of the algorithm are to improve the traffic efficiency, reduce 

the environmental impacts, and decrease the traffic oscillation at a non-signalized intersection. 

The algorithm could also theoretically avoid any potential traffic conflicts to guarantee the 

traffic safety at the intersection. According to the kinematic analysis in Chapter 2, vehicles 

should pass through the intersection with the free-flow speed to fully improve the traffic 

mobility. Therefore, the passing points for each movement should be created by the minimum 

headway and the minimum intersection clearance time. Since the intersection doesn’t have a 

signal control, the passing points for upcoming vehicles are purely created and updated 

according to the previous vehicles passing through the intersection from different directions. 

The estimated trajectory is still generated for each passing point in order to design the advisory 

speed and control duration for each vehicle. Through V2I communications, each vehicle could 

receive the advisory speed from the controller and apply cruise control until the application 

ending time. 

 

In order to test the algorithm performance, a set of simulations is conducted at a two-road 

network, where a signalized intersection is simulated as the control group. Firstly, vehicle 

travelling trajectories of both ring roads are plotted respectively before and after applying the 

algorithm. From the trajectory comparisons, all vehicles applying the algorithm would never 
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stop before the intersection, and would pass through the intersection with the free-flow speed. 

The traffic oscillation when approaching the intersection also decreases. It is worth noticing 

that vehicles from conflicting movements are passing through the intersection by the minimum 

intersection clearance time, and no vehicle confliction happens at the intersection. From the 

sensitivity analysis results, the algorithm could potentially bring an averagely 78.53% 

improvement in traffic efficient, reduce the fuel consumption by averagely 34.95% , and 

decrease the speed oscillation for each vehicle by averagely 5.75% under different flow-rate 

levels. The simulation also suggests a tendency that the improvements of both mobility and 

fuel consumption become less significant when flow rates increase, especially when two roads 

have flow rates which over 600 𝑣𝑝ℎ. 
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Chapter 7                                               

Conclusion and Future Studies 

This thesis proposes an eco-driving strategy that could be applied into various traffic situations 

including in a highway road following a moving bottleneck, and at an intersection. The 

algorithm is applied at a connected vehicle environment where vehicles could receive real-time 

information via V2I and V2V communications, and autonomously adjust their travel behaviors. 

Based on kinematic wave analysis at the traffic situations, the algorithm could derive the 

vehicle’s original trajectory in the highway road section by solving the moving bottleneck 

problem. At the intersection, the algorithm would arrange a set of passing points and estimate 

the trajectory with the objective of improving the traffic efficiency. According to the 

optimization model with its heuristic solution, the vehicle trajectory could be redesigned to 

reduce the speed oscillation of each vehicle. Each connected vehicle would apply a simple 

cruise control with the advisory speed during the control duration, which would direct the 

vehicle to travel along the redesigned trajectory. 

 

A set of numerical experiments are conducted to test the algorithm performance at each traffic 

situation including the trajectory comparison and sensitivity analysis. From the simulation 

results, in the highway section following a moving bottleneck, the algorithm would reduce the 

oscillations in the upstream traffic, and thus reduce fuel consumption. As the original 

trajectories for following vehicles are derived directly from the moving bottleneck problem, 

where traffic is impeded by the leading vehicle, the algorithm doesn’t change the average speed 

of each following vehicle. At both the signalized and non-signalized intersection cases, 

vehicles could pass through the intersection smoothly without any conflicts, which guarantees 

traffic safety at the intersection. In addition, the algorithm would be beneficial on three aspects, 

including traffic efficiency improvement, traffic oscillation decrease, and environmental 

impact reduction under different flow-rate levels.  
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Several further studies could be extended from this study. First, this study assumes that the 

vehicles are all connected and in communication. A mixed traffic scenario could also be studied 

where not all vehicles could be under the algorithm’s control. Second, this algorithm can be 

extended to dynamic real-time speed control algorithms with other specific objective functions, 

while this study focuses more on proposing a heuristic solution and applying the static advisory 

speed for vehicle trajectory redesign. Third, since the leading vehicle movement estimation 

and the communications between vehicles can not totally be accurate and timely, other 

considerations should be included such as communication delays, update of leading vehicle 

estimation, and communication transmission ranges. In addition, the strategy was applied for 

uncongested traffic flow situations. The effectiveness would also be tested when the traffic 

becomes congested. Finally, the algorithm could also be applied into larger networks, and the 

safety issues can only be studied with detailed and careful field implementations and 

evaluations. 

 

Some other extension studies could also be explored for each traffic situation. In a highway 

section, this study focuses on the moving bottleneck case without considering the lane changing 

behaviours. For a road section with multiple lanes, this eco-driving strategy may also have 

similar effects on smoothing trajectories and reducing emissions. At a signalized intersection, 

the algorithm could be extended by combining actuated signal cycles. The algorithm may also 

further improve the performances at the actuated signalized intersections. At a non-signalized 

intersection, the intersection could have directions with different passing-through speeds and 

distances. The algorithm should also be extended to consider such generalized intersections. 

Also, the algorithm would also be adjusted according to the spatial geometry and traffic 

channelization when approaching and leaving the intersection. The basic idea behind this study 

is to make a predictable time and speed for vehicle to eliminate the moving bottleneck effects, 

and to pass through the intersection. This information provides a theoretical basis to further 

optimize the traffic flows via V2I, V2V and CAV technologies, which could be applied for 

various situations.  Ultimately, this thesis focused on studying the concept, and not on the 

myriad practical issues that may develop in implementation, much of which are beyond the 

thesis scope and not discussed here, even while the author is aware of them. Nonetheless, the 

successful results certainly indicate that further work that focuses on the practical issues is 

worthwhile in future.   
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Appendix 

Appendix A. VT-CFPM model settings 

Symbols Parameters Values 

𝑄 Fuel lower heating value 43,000,000 𝐽/𝑘𝑔 

𝑁 Engine cylinders number 4 

𝜔𝑖𝑑𝑙𝑒 Idling engine speed 700𝑟𝑝𝑚 

𝑑 Engine displacement 2.354𝐿 

𝑃𝑚𝑓𝑜 Idling fuel mean pressure 400,000𝑝𝑎 

𝐹𝐸𝑐𝑖𝑡𝑦 City fuel efficiency 22𝑚𝑝𝑔 

𝑇𝑐𝑖𝑡𝑦 Duration of the city travelling Simulation period 

𝑚 Vehicle mass 1453𝑘𝑔 

𝜂𝑑 Driveling Efficiency 0.92 

𝜌 Density of air 1.2256 𝑘𝑔/𝑚3 

𝐶𝐷 Drag coefficient 0.3 

𝐶ℎ Correction factor of altitude 1 

𝐴𝑓 Vehicle frontal area 2.32𝑚2 

𝐶𝑟 Rolling coefficient 1.75 

𝑐1 Rolling resistance parameters 1 0.0328 

𝑐2 Rolling resistance parameters 2 4.575 
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Appendix B. Simulation results at the signalized intersection 

 

 

Traffic flow rate (𝑣𝑝ℎ) 

 60 120 180 240 300 360 420 480 540 600 

Control 

group 

�̅� (𝐿

/100𝑘𝑚) 
7.19 7.11 6.39 6.57 6.22 6.41 6.16 6.05 6.24 6.15 

𝜎 279.06 198.98 131.24 121.89 96.35 93.95 79.49 68.87 69.92 62.48 

�̅� (𝑚/𝑠) 18.17 18.1 18.74 18.54 18.82 18.66 18.84 18.96 18.77 18.84 

Test 

group 

�̅� (𝐿

/100𝑘𝑚) 
7.41 6.32 5.94 6.18 5.96 6.15 5.97 5.86 5.99 5.87 

𝜎 239.14 117.94 77.43 83.48 65.86 68.27 57.74 49.86 51.79 46.13 

�̅� (𝑚/𝑠) 18.22 19.07 19.37 19.03 19.22 18.99 19.12 19.23 19.06 19.14 

 

 

 

 

Traffic flow rate (𝑣𝑝ℎ) 

 660 720 780 840 900 960 1020 1080 1140 1200 

Control 

group 

�̅� (𝐿

/100𝑘𝑚) 
6.33 6.24 6.24 7.95 8.98 10.05 10.74 11.39 12.15 12.64 

𝜎 63.47 57.79 53.17 76.12 88.27 99.3 105.28 109.74 114.5 116.76 

�̅� (𝑚/𝑠) 18.67 18.72 18.76 17.41 16.53 15.6 14.92 14.31 13.63 13.14 

Test 

group 

�̅� (𝐿

/100𝑘𝑚) 
6.03 5.97 5.95 6.03 6.01 6.12 6.12 7.16 8.11 8.97 

𝜎 47.88 43.63 40.23 41.63 38.72 39.83 37.55 52.04 64.18 74.21 

�̅� (𝑚/𝑠) 18.95 18.99 19.01 18.84 18.85 18.7 18.7 17.87 16.98 16.2 
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Appendix C. Simulation results at the non-signalized intersection 

For the control group 

 

𝐹  (𝐿

/100𝑘𝑚) 

Traffic flow rate at direction 1 (𝑣𝑝ℎ) 

60 120 180 240 300 360 420 480 540 600 660 720 780 840 900 

T
ra

ff
ic

 f
lo

w
 r

at
e 

at
 d

ir
ec

ti
o
n

 2
 (
𝑣
𝑝
ℎ
) 

60 0.51 1.15 1.4 2.23 2.52 3.35 3.63 4.5 4.94 5.64 6.09 6.75 7.53 8.25 9.24 

120 1.17 1.81 2.07 2.89 3.18 4.02 4.3 5.17 5.6 6.3 6.75 7.41 8.2 8.91 9.9 

180 1.95 2.59 2.85 3.67 3.96 4.8 5.08 5.95 6.39 7.08 7.53 8.2 8.98 9.69 10.68 

240 2.71 3.35 3.61 4.44 4.72 5.56 5.84 6.71 7.15 7.85 8.29 8.96 9.74 10.45 11.44 

300 3.48 4.12 4.38 5.2 5.49 6.32 6.61 7.47 7.91 8.61 9.06 9.72 10.5 11.22 12.21 

360 4.24 4.88 5.14 5.96 6.25 7.09 7.37 8.24 8.67 9.37 9.82 10.48 11.26 11.98 12.97 

420 5.12 5.76 6.02 6.84 7.13 7.97 8.25 9.12 9.55 10.25 10.7 11.36 12.15 12.86 13.85 

480 5.96 6.6 6.86 7.68 7.97 8.81 9.09 9.96 10.4 11.09 11.54 12.2 12.99 13.7 14.69 

540 6.77 7.41 7.67 8.49 8.78 9.62 9.9 10.77 11.2 11.9 12.35 13.01 13.79 14.51 15.5 

600 7.57 8.21 8.47 9.29 9.58 10.42 10.7 11.57 12.0 12.7 13.15 13.81 14.6 15.31 16.3 

660 8.37 9.01 9.27 10.09 10.38 11.21 11.5 12.36 12.8 13.5 13.95 14.61 15.39 16.11 17.1 

720 9.17 9.81 10.07 10.89 11.18 12.02 12.3 13.16 13.6 14.3 14.75 15.41 16.19 16.91 17.9 

780 9.97 10.61 10.86 11.69 11.98 12.81 13.09 13.96 14.4 15.1 15.54 16.21 16.99 17.7 18.69 

840 11.35 11.99 12.25 13.07 13.36 14.19 14.48 15.34 15.78 16.48 16.93 17.59 18.37 19.09 20.08 

900 12.53 13.17 13.43 14.25 14.54 15.38 15.66 16.53 16.97 17.66 18.11 18.78 19.56 20.27 21.26 
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𝜎 

Traffic flow rate at direction 1 (𝑣𝑝ℎ) 

60 120 180 240 300 360 420 480 540 600 660 720 780 840 900 

T
ra

ff
ic

 f
lo

w
 r

at
e 

at
 d
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ec
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o
n

 2
 (
𝑣
𝑝
ℎ
) 

60 364.02 346.85 190.95 181.23 134.0 128.88 106.26 103.2 89.7 87.95 78.95 77.79 76.52 77.38 83.94 

120 328.4 324.43 204.19 193.88 151.59 144.91 123.02 118.59 104.92 102.05 92.66 90.6 88.56 88.61 94.13 

180 278.51 285.31 191.63 184.59 148.75 143.13 123.6 119.52 106.92 104.11 95.25 93.15 91.08 90.98 96.06 

240 237.9 250.34 175.04 170.95 140.6 136.36 119.23 115.85 104.5 102.06 93.93 92.04 90.16 90.12 94.98 

300 206.58 221.72 159.4 157.51 131.54 128.51 113.46 110.79 100.6 98.59 91.18 89.57 87.93 88.01 92.73 

360 183.08 199.25 146.36 145.96 123.4 121.3 107.96 105.88 96.7 95.06 88.29 86.93 85.51 85.71 90.31 

420 164.51 180.96 135.18 135.84 116.0 114.63 102.72 101.12 92.82 91.5 85.31 84.17 82.97 83.27 87.78 

480 149.41 165.72 125.49 126.9 109.28 108.48 97.78 96.59 89.04 88.0 82.32 81.39 80.38 80.79 85.2 

540 137.09 153.04 117.22 119.16 103.35 103.0 93.31 92.45 85.55 84.75 79.52 78.77 77.92 78.42 82.75 

600 126.78 142.26 110.03 112.34 98.04 98.04 89.21 88.63 82.29 81.7 76.86 76.26 75.56 76.13 80.39 

660 118.01 132.97 103.7 106.28 93.25 93.54 85.45 85.09 79.25 78.83 74.34 73.88 73.3 73.95 78.12 

720 110.46 124.89 98.12 100.88 88.94 89.45 82.0 81.84 76.43 76.15 71.97 71.63 71.17 71.87 75.96 

780 103.87 117.78 93.12 96.02 85.01 85.7 78.81 78.81 73.78 73.64 69.74 69.5 69.13 69.88 73.9 

840 104.08 117.1 93.93 96.62 86.16 86.76 80.15 80.08 75.22 75.02 71.22 70.93 70.53 71.21 75.04 

900 103.96 116.23 94.4 96.92 86.97 87.5 81.15 81.05 76.35 76.11 72.42 72.1 71.66 72.28 75.95 
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�̅�(𝑚/𝑠) 

Traffic flow rate at direction 1 (𝑣𝑝ℎ) 

60 120 180 240 300 360 420 480 540 600 660 720 780 840 900 

T
ra
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o
n

 2
 (
𝑣
𝑝
ℎ
) 

60 17.86 16.67 17.53 16.8 17.29 16.76 17.08 16.65 16.88 16.51 16.69 16.36 16.07 15.61 14.85 

120 17.5 16.7 17.38 16.8 17.22 16.76 17.05 16.66 16.87 16.53 16.69 16.39 16.11 15.69 14.96 

180 17.28 16.68 17.25 16.77 17.14 16.74 17.0 16.66 16.85 16.54 16.69 16.4 16.14 15.74 15.06 

240 17.11 16.64 17.13 16.73 17.06 16.71 16.95 16.64 16.82 16.53 16.67 16.41 16.16 15.78 15.13 

300 16.96 16.58 17.02 16.68 16.98 16.67 16.89 16.61 16.78 16.51 16.64 16.4 16.17 15.8 15.18 

360 16.83 16.52 16.91 16.61 16.9 16.62 16.83 16.57 16.73 16.48 16.61 16.38 16.16 15.82 15.22 

420 16.71 16.44 16.81 16.55 16.81 16.56 16.76 16.52 16.67 16.45 16.57 16.35 16.14 15.82 15.25 

480 16.6 16.37 16.71 16.48 16.73 16.5 16.69 16.47 16.62 16.41 16.52 16.32 16.12 15.81 15.27 

540 16.5 16.3 16.61 16.41 16.64 16.44 16.62 16.42 16.56 16.36 16.47 16.28 16.1 15.8 15.29 

600 16.4 16.22 16.52 16.33 16.56 16.37 16.55 16.36 16.5 16.31 16.42 16.24 16.07 15.79 15.29 

660 16.31 16.15 16.43 16.26 16.48 16.31 16.48 16.3 16.44 16.26 16.37 16.2 16.04 15.77 15.29 

720 16.22 16.08 16.35 16.2 16.4 16.24 16.41 16.25 16.38 16.21 16.32 16.16 16.0 15.74 15.29 

780 16.14 16.01 16.27 16.13 16.33 16.18 16.34 16.19 16.32 16.17 16.27 16.11 15.97 15.72 15.28 

840 15.26 15.2 15.48 15.4 15.63 15.52 15.7 15.59 15.74 15.61 15.73 15.61 15.48 15.26 14.85 

900 14.49 14.48 14.79 14.74 14.99 14.92 15.13 15.04 15.2 15.11 15.24 15.14 15.04 14.84 14.46 
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For the test group 

 

𝐹  (𝐿

/100𝑘𝑚) 

Traffic flow rate at direction 1 (𝑣𝑝ℎ) 

60 120 180 240 300 360 420 480 540 600 660 720 780 840 900 

T
ra
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ic

 f
lo

w
 r

at
e 

at
 d
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ec

ti
o
n

 2
 (
𝑣
𝑝
ℎ
) 

60 0.18 0.25 0.33 0.41 0.49 0.57 0.64 0.79 1.08 1.17 1.34 1.95 1.59 2.79 2.45 

120 0.25 0.43 0.4 0.63 0.68 0.82 0.96 1.05 1.47 1.47 1.68 2.13 2.48 3.21 2.98 

180 0.33 0.4 0.69 0.7 0.81 1.07 1.1 1.36 1.4 1.85 2.44 2.35 2.64 3.05 4.05 

240 0.41 0.59 0.65 1.01 0.87 1.17 1.42 1.57 1.8 2.29 2.54 2.98 2.91 4.15 4.19 

300 0.49 0.68 0.84 0.9 1.33 1.52 1.94 1.82 2.11 2.88 2.97 3.09 3.65 4.63 4.14 

360 0.57 0.86 1.15 1.25 1.62 1.86 1.88 2.29 2.26 2.74 3.72 3.85 4.6 4.69 4.61 

420 0.73 1.05 1.18 1.49 1.94 1.91 2.3 2.28 3.09 3.21 4.12 4.27 4.16 5.2 5.7 

480 0.81 1.35 1.42 1.98 1.81 2.19 2.31 2.73 3.24 3.93 4.3 4.68 5.04 4.85 4.67 

540 1.11 1.49 1.63 1.85 2.05 2.67 2.83 3.13 3.59 3.98 4.39 4.08 4.04 4.61 6.54 

600 1.24 1.65 1.89 2.43 3.1 2.65 3.11 3.58 3.98 3.56 3.82 4.16 6.22 8.07 9.86 

660 1.27 1.7 2.46 2.42 2.83 3.46 4.09 4.3 4.39 3.82 5.69 7.48 9.09 10.85 12.5 

720 1.98 2.23 3.08 3.43 3.01 3.88 3.99 4.55 4.54 4.41 7.48 10.15 11.86 13.38 15.16 

780 1.65 2.51 2.64 2.81 3.45 4.5 4.16 5.04 3.91 6.22 9.36 11.86 14.17 14.0 14.33 

840 2.83 3.05 3.08 3.78 4.53 4.79 5.2 4.44 4.61 8.07 10.85 13.38 14.0 13.47 13.83 

900 2.36 2.95 3.97 4.08 4.6 5.15 5.7 4.67 6.73 9.68 12.3 14.8 14.38 13.8 14.11 
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𝜎 

Traffic flow rate at direction 1 (𝑣𝑝ℎ) 

60 120 180 240 300 360 420 480 540 600 660 720 780 840 900 

T
ra

ff
ic

 f
lo

w
 r

at
e 

at
 d
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ec
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o
n

 2
 (
𝑣
𝑝
ℎ
) 

60 35.55 23.7 17.77 14.22 11.85 10.16 8.89 9.94 13.78 13.93 12.52 10.93 7.57 11.88 11.5 

120 16.69 27.56 10.01 23.43 16.3 18.1 13.61 12.35 12.91 13.59 12.66 13.23 11.51 12.11 10.85 

180 10.21 8.16 18.89 16.54 12.93 18.23 13.96 10.06 13.17 12.06 14.13 10.8 9.78 10.29 11.53 

240 7.07 12.88 10.67 17.99 10.11 14.53 13.33 14.91 11.68 14.02 10.36 10.66 10.7 10.85 8.76 

300 5.26 14.87 12.82 10.03 17.29 17.1 16.18 13.19 14.32 13.18 11.64 11.35 12.05 13.29 12.37 

360 4.12 8.21 9.37 14.1 18.41 17.95 14.84 15.93 14.06 15.03 13.84 14.02 15.4 14.95 15.95 

420 6.71 13.62 14.36 13.66 16.17 15.03 16.39 14.38 13.93 13.98 17.78 15.47 14.41 18.94 19.89 

480 8.09 12.26 9.65 11.56 13.2 15.91 14.61 15.93 16.89 17.59 18.3 18.36 19.18 18.31 17.64 

540 11.13 12.08 10.19 11.76 13.69 14.47 14.08 17.08 19.47 21.13 21.23 19.75 19.4 19.78 24.21 

600 10.48 12.97 11.42 13.25 13.41 13.02 14.13 17.98 21.13 20.64 21.76 21.71 26.26 31.76 36.77 

660 6.42 10.45 13.25 10.32 11.77 13.88 17.87 18.3 21.23 21.76 28.09 34.09 39.14 43.88 48.24 

720 9.05 10.5 9.99 12.89 11.3 14.28 15.54 18.53 19.94 21.84 34.09 46.18 50.78 54.6 57.81 

780 4.72 10.78 9.0 10.28 12.03 15.4 14.41 19.18 19.49 26.33 39.21 50.78 60.2 63.34 65.81 

840 9.98 9.62 9.93 10.32 13.25 15.54 19.21 18.35 19.78 31.76 43.88 54.6 63.34 70.54 72.64 

900 9.19 9.57 7.85 8.72 13.96 16.68 19.89 17.64 24.24 36.82 48.22 57.84 65.87 71.68 78.31 
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�̅�(𝑚/𝑠) 

Traffic flow rate at direction 1 (𝑣𝑝ℎ) 

60 120 180 240 300 360 420 480 540 600 660 720 780 840 900 

T
ra
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 f
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o
n

 2
 (
𝑣
𝑝
ℎ
) 

60 19.84 19.89 19.91 19.92 19.93 19.94 19.94 19.91 19.79 19.79 19.76 19.85 19.89 19.75 19.75 

120 19.89 19.75 19.92 19.78 19.84 19.81 19.84 19.85 19.74 19.74 19.71 19.74 19.73 19.67 19.67 

180 19.91 19.92 19.72 19.82 19.82 19.71 19.77 19.81 19.77 19.7 19.62 19.75 19.69 19.64 19.6 

240 19.92 19.82 19.86 19.65 19.84 19.73 19.76 19.64 19.72 19.57 19.65 19.67 19.62 19.58 19.67 

300 19.93 19.84 19.8 19.83 19.6 19.62 19.56 19.64 19.56 19.52 19.52 19.58 19.49 19.39 19.49 

360 19.94 19.85 19.77 19.68 19.54 19.48 19.55 19.5 19.54 19.47 19.41 19.4 19.27 19.32 19.24 

420 19.89 19.79 19.72 19.72 19.56 19.53 19.41 19.51 19.49 19.44 19.21 19.29 19.36 19.0 18.88 

480 19.89 19.74 19.77 19.65 19.64 19.48 19.49 19.36 19.28 19.22 19.14 19.09 19.0 19.06 19.11 

540 19.77 19.73 19.75 19.69 19.58 19.51 19.47 19.27 19.11 18.99 18.93 19.01 19.03 18.95 18.49 

600 19.76 19.7 19.69 19.57 19.5 19.53 19.42 19.2 18.99 19.04 18.93 18.87 18.42 17.98 17.58 

660 19.79 19.7 19.61 19.63 19.5 19.4 19.2 19.14 18.93 18.93 18.37 17.91 17.51 17.13 16.76 

720 19.84 19.76 19.64 19.5 19.57 19.32 19.28 19.06 18.99 18.86 17.91 17.1 16.71 16.35 16.03 

780 19.87 19.71 19.69 19.63 19.48 19.26 19.36 19.0 19.02 18.41 17.5 16.71 16.02 15.67 15.37 

840 19.73 19.68 19.63 19.58 19.38 19.22 18.94 19.05 18.95 17.98 17.13 16.35 15.67 15.09 14.78 

900 19.74 19.68 19.67 19.65 19.28 19.1 18.88 19.11 18.48 17.56 16.76 16.03 15.37 14.8 14.27 

 

 




