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INTRODUCTION

Congestion is one of the main concerns of this century. This is due to energy consumption, delay, pollution, and stress. As the transportation demand grows, these problems dramatically increase. In the urban area, congestion is observed at intersections, where conflicting vehicles meet to share common road spaces. Intersection management has taken a big part in research works. From the end of the second world war, several papers contributed to the improvement of traffic management at the intersection, using traffic lights.

Traffic lights helped to improve the traffic condition at intersections in the last century.They allow a higher speed and improve the safety and the throughput of the nodes of the traffic network in an urban area. Many technologies have been introduced to control traffic. First, sensors (g.e. magnetic loops) have been added to measure the traffic.

Second, a control loop is implemented to provide adaptive traffic lights. Green and red times are adapted to the traffic conditions. However, with the constant increasing mobility and motorization, congestion shows the limitation of traffic lights. Traffic lights can only manage the flows of vehicles that move on each lane.

The recent progress in the field of connected and autonomous vehicles brings a new way of managing the traffic in intersections. First, these vehicles can communicate with the surrounding environment. So, they can communicate their states such as their origindestination and their position and speed. In turn, they can get a "green" that fits their current state. Second, they are able to control their movement to adjust their speed according to the received traffic sign. Both communication ability and driving automation allow these vehicles to organize themselves at intersections autonomously. This selforganization capability, at the intersection, was the subject of an active research community, for more than two decades. This new approach for managing intersections has several names, such as autonomous intersection management, cooperative intersection management, or unsignalized intersection.

Cooperative intersection management has a great potential to improve intersection smoothness. First, connected and autonomous vehicles negotiate together to get the CHAPTER 1. INTRODUCTION green. This makes the traffic signalization optimization more accurate, by considering each vehicle individually. Second, vehicles adjust their speed at intersection, to avoid as much as possible useless slowdown. This significantly improves the vehicle behaviors, minimizing the time wasted by the integral red and amber lights of the traditional traffic lights.

With this new technology, traffic management requires new approaches. Two main problems are raised by the cooperative intersection management. The first one is scheduling.

How can vehicles decide in real-time which one go first and which one go after and so on. Because of the dynamic of the traffic and the hard real-time constraints, many papers rely on rule based system. The second problem is traffic control. Many strategies are proposed in the literature, such as model predictive control, optimal trajectory and so on.

However, when the thesis was launched, both problems were almost studied separately.

Our main objective is to make the intersection benefit from both improvements brought by connected autonomous vehicles: efficient scheduling rules and suitable cruise control.

This thesis is organized as follows:

First, the next chapter introduces the reader to the traffic management literature. It describes the studied intersection as well as the traffic lights optimization capabilities and limitations to manage an isolated intersection. Then, the chapter gives an overview of the state of the art of cooperative intersection management. The research works are discussed according to the negotiation protocols and scheduling approaches.

The third chapter studies the scheduling optimization of the virtual platoon protocol. It introduces the synchronization point to the reader through the problem formulation of the virtual platoon and presents the used cooperative cruise control. Later, it gradually introduces a rule based policy to efficiently schedule the vehicles. A simulator is built, and new metrics are used to compare the policies. The new introduced virtual platoon coupled with a distributed clearing policy shows a significant improvement of the intersection throughput.

The last chapter intends to gain time between two intersecting movements. An optimal control point is proposed to improve the intersection throughput. This point is studied into an elementary intersection and generalized to a simple ordinary intersection. Results show that the optimal control point improves the intersection speed, but it does not improve the throughput. To overcome the raised problem, a mobile synchronization point is introduced, using distributed particle swarm optimization and simulation results are commented.

STATE OF THE ART AND PROBLEM STATEMENT 2.1/ INTRODUCTION

Traffic congestion is one of the worrying problems of the coming years. In cities, intersections are at the core of the traffic slowdown and the resulting pollution. More than fifty years ago, a special attention has been paid to the optimization of traffic light in order to smooth the urban traffic. Many theories have been applied, such as control theory, combinatorial optimization, multi-agent systems and machine learning. Currently, several research works are focusing on the potential of new emergent technologies, mainly connected vehicles and autonomous driving, for preventing traffic congestion. First, wireless communication is very promising for improving the performance of traffic lights. The Green Light Optimized Speed Advisory (GLOSA) systems allow extending the control loop of traffic light to the speed of the incoming vehicles. Second, connected autonomous vehicles (CAV) are able to negotiate together to pass through the intersection, safely and efficiently.

CAV provides an opportunity to come up with a variety of innovative negotiation protocols at intersection. These protocols aim to establish a bridge between the self-driving objectives of a CAV and the surrounding traffic objectives for coexisting harmoniously and efficiently. On the one hand, the dynamic of each CAV is individualized to respond more flexibly and efficiently to the surrounding. On the other hand, the traffic is kept smooth, allowing each CAV to reach its destination at a minimum cost. More precisely, CAVs at intersection optimize together the following two key parameters:

• Sequence: CAVs negotiate together or all of them follow a given order which one pass through the intersection first, which one the second and so on, in order to free the intersection the soonest or to minimize the exit time of the priority vehicles.

• Speed profile: Each CAV adjust its speed to free the intersection zone the soonest.

The optimization of these two key parameters allows overcoming the current limitation of traffic lights that periodically distribute the green to a given flow of movements. The negotiation between CAVs allows a more accurate share of the intersection by considering each CAV state. However, because of the dynamic nature of the traffic, the optimization of both together is still a challenging issue. This chapter is organized as follows. First, section 2.2 describes the isolated intersection geometry that will be the object of the study of the whole thesis. Later, section 2.3 reviews the current management solutions for enhancing its performance. The presented solutions focus on the traffic light that is today the key device for controlling the traffic in urban area. After a discussion of the inherent limitations of the traffic lights, this chapter introduces the cooperative intersection management, in section 2. 4. The chapter discusses the literature contributions in terms of protocols of sharing the common spaces, the scheduling algorithms and the communication architecture to achieve the negotiation.

Finally, the chapter ends with a conclusion that precise the starting point of the work.

2.2/ ISOLATED INTERSECTION

An isolated intersection is two or more roads (see the example presented in Figure 2.1 A) that meet in a conflict zone. A road is characterized by its length, its number of lanes, as well as its traffic directions. The example shows an intersection of 4 roads, with one lane for each traffic direction on the road. A movement is defined by its origin and destination.

An approach is all the movements of vehicles that come from the same origin. The movements that belong to the same approach are admitted simultaneously without conflict and receive the same traffic signal. Some lanes may be dedicated to a particular movement, such as turning left. These lanes need to be considered separately. An intersection may consist of several diagrams relating to the geometry of the infrastructure and the crossing rules. However, in each intersection, we can identify three functional areas (see Figure 2.1 B):

• Conflict Zone (pink zone): In this zone, the movement trajectories intersect. In other words, it is the critical resource shared by all vehicles crossing the intersection, with a high potential of collision.

• Storage Zone (blue zone): It is located upstream of the conflict zone. It is the road before crossing the intersection.

• Exit zone (green zone): Downstream of the conflict zone. It allows the relief of the conflict zone.

A conflict point (see red points) results from the meeting, in the same place, of at least two movement trajectories with a non-zero angle. The conflict zone of any intersection includes all the conflicting points. Conflict points are the potential area of the collision. For safety reasons, two vehicles coming from different lanes should not access to the conflict point simultaneously. Some conflicts between vehicles find a solution in the traffic regulation, such as priority to the right. However, conflicts must be carefully studied according to the field of view of the drivers and the importance of the conflicting movements in terms of traffic flow and speed limit. In many cases, some conflicts must be systematically eliminated, using traffic light signals. This is achieved through the implementation of traffic lights visible to the drivers from the storage zone. The traffic light is located at the border of each storage zone with conflict zone (between blue and pink zone). The principle is to provide different time access to the conflict zone to the major conflicting movements.

Therefore, traffic lights eliminate the major conflict points through a time split mechanism. 

2.3/ TRAFFIC LIGHTS

The main purpose of traffic light is to improve the safety of intersections. As they can be controlled periodically or instantaneously, they were the subject of several research works that aim to optimize the traffic. Many techniques were used to optimize the traffic management through traffic lights, since the beginning of the last century [1], such as optimal control [2], metaheuristics [3], fuzzy logic [4], deep policy-gradient [START_REF] Sajad Mousavi | Traffic light control using deep policy-gradient and value-function-based reinforcement learning[END_REF] and colored Petri nets [START_REF] Zhang | A new traffic signal control method based on hybrid colored petri net in isolated intersections[END_REF]. The next section introduces the traffic enhancement through traffic lights management and discusses the limitations of this control approach.

2.3.1/ CONTROL LOOP OF ISOLATED INTERSECTION

Traffic management is carried out through the intersection control loop (see Figure 2.

2).

The loop is composed of intersection and the related signal system (traffic lights, priority panels, sensors...). The intersection is characterized by its geometry, movements and the corresponding demand. On the premise of ensuring traffic safety and smooth flow, the corresponding signal system is selected according to the city's policy. The signal system based on traffic light includes the following devices:

• Signalization system: It refers to a group of vertical and horizontal signals displayed to the driver to ensure safety. They are designed to avoid, as much as possible, conflict movements to cross simultaneously the conflict zone. This is mainly achieved through the traffic lights that the drivers observe from the storage zone.

• Measurement infrastructure: It reflects traffic conditions at different scales. The traffic measurements mainly give the traffic flow (number of vehicles per unit of time), the occupation rate (percentage of occupancy time of given loop) and the average speed of vehicles. These values are measured by sensors installed at the infrastructure, such as magnetic loops (embedded rectangles in the road presented in Figure 2.2).

• Controller: it is the brain that controls the traffic. According to the data get from the measurement infrastructure, it computes the scheduling strategy in real-time to achieve a precise goal (specifications) such as queue length and waiting time minimization. The signal system is the visual part of the studied system. Among other horizontal and vertical permanent signalization systems, traffic lights should be installed at every place authorized to enter the conflict zone. Therefore, in the storage area of the intersection, all vehicles can clearly see each traffic light. In general, the characteristic of traffic lights is that one color is illuminated at a time. The color of the light signal is either green, yellow or red. The meaning of each color is as follows:

• Green: green signal light allows vehicles to go carefully.

• Yellow: every driver should mark a stop in front of a fixed yellow signal as far as possible because it indicates the red light is coming soon.

• Red: Access to conflict zone is not allowed.

The illuminated colors define the state of the traffic light.

2.3.2/ TRAFFIC LIGHT TIMING

Most of the research efforts to improve traffic flow safety and efficiency focus on traffic light timing. Traffic light timing means the duration computation of each traffic light state, the selection of the suitable sequence of these states and their synchronization with other traffic lights. According to the city's policy and relevant authorities, traffic light timing can have several objectives. For example, the city's policy can aim to promote soft transportation modes, public transport or specific corridors. However, these choices must be in line with local travel characteristics. In other words, the implementation of traffic light timing should not result in congestion. Hence, traffic efficiency is always the main purpose of traffic light timing, after the safety purpose.

First, before the traffic light timing, phases are defined. This is called stage specification.

Each phase allows a set of movements to pass through the conflict zone together. To this end, a matrix of conflict is computed. Each pair of conflicting movements are analyzed from the dangerousness standpoint. There are several levels of dangerousness. At the highest level comes the orthogonal intersecting straight movements. These movements should belong to different phases to get into the conflict zone separately. The intersection of turning movements might be considered less dangerous. These lower-level conflicts can be solved through traffic regulation rules such as the priority to the right. In such a case, movements are admitted to pass together during the same phase. These lowerlevel conflicting movements must be studied carefully before allowing them to cohabit in the same phase. An example of phases of the intersection, presented in Figure 2.1, is given in Figure 2. 3. In this figure, only the highest levels of dangerous conflict are eliminated through the phases' definition, whereas the left-turning movement needs to respect the rule of priority to the right.

The most simple traffic light timing in an isolated intersection is periodic. The period is called a cycle time that refers to the duration that the traffic lights need to back to the initial state (see Figure 2.4). The computation of the cycle time raises the issue of finding a compromise between the average waiting time and the intersection throughput [7]. This is due to the fact that there is a lost time at each transition from one phase to another.

The lost time includes the time for the clearance of the conflict zone and the acceleration time of the first vehicles that get the green. Moreover, because of the yellow light, some vehicles stop before the end of the stage. Hence, the effective green is the sum of actual green time, yellow time (actual green) and integral red time for clearance minus the lost time. As the cycle time gets longer, the vehicles need to wait more time to get the green but, simultaneously, the ratio of effective green time to the cycle time becomes bigger, which increases the throughput. Figure 2.4 illustrates the cycle analysis. Once the cycle length is computed, the time of the effective green given to each phase is proportional to the demand of each phase. This is called traffic light split.

2.3.3/ EXISTING APPROACHES

With the stage specification, the cycle time computation and the split, the traffic light timing is determined. Many approaches are used to adapt the traffic light timing to the traffic demand. The following folds recall the most important ones:

• Daily fixed time plan [START_REF] Papageorgiou | Review of road traffic control strategies[END_REF]: This control method is based on regular variations in traffic demand. Traffic demand variations during the day are studied. A fixed cycle traffic light is calculated according to the corresponding traffic demand at a given period of the day. For example morning peak hour, the off-peak hour of the day, evening peak hour and night off-peak hour. The fixed time cycles are then applied at • Vehicle-actuation [START_REF] Miller | A computer control system for traffic networks[END_REF]: This control method is mainly used for isolated intersections. Minimum and maximum green time are computed for each phase. As long as vehicles are detected by the electromagnetic loop at a given time interval, the green is extended, until the maximum green time is reached. More sophisticated approaches are used to extend the vehicle-actuation approach in order to consider the synchronization with other intersections [START_REF] John Dc Little | The synchronization of traffic signals by mixed-integer linear programming[END_REF].

• Real-time optimization [START_REF] Miller | A computer control system for traffic networks[END_REF]: Several approaches consider the responsive traffic light timing as an optimization problem. The problem formulations as well as the used techniques are different according to the authors. One example of the considered approach is the one proposed by the authors of PRODYN [START_REF] Henry | The prodyn real time traffic algorithm[END_REF]. They use dynamic programming coupled with the Model Predictive Control to decide whether the switch from one phase to another must occur. Other similar approaches [12,[START_REF] Boillot | Optimal signal control of urban traffic networks[END_REF][START_REF] Sen | Controlled optimization of phases at an intersection[END_REF] differ in terms of sampling time, optimization and the chosen rolling horizon approach. Another example is given in [START_REF] Maxime Tr Éca | Fast bootstrapping for reinforcement learning-based traffic signal control systems using queueing theory[END_REF]. It consists in using a queue theory and reinforcement learning to choose the best policy, according to the observed traffic state. The real-time optimization approaches are either applied to an isolated intersection or a network of intersections, such as the ones discussed in [START_REF] Denos | Traffic theory[END_REF][START_REF] Stevanovic | Scoot and scats: A closer look into their operations[END_REF].

Note that the computation of the traffic light timing requires solving two problems: traffic demand forecasting and traffic performance optimization. The traffic light timing is still of interest to many research works. In particular, machine learning-based techniques for control and for predicting traffic are being developed [START_REF] Garg | A deep reinforcement learning agent for traffic intersection control optimization[END_REF][START_REF] Louati | Deep learning and case-based reasoning for predictive and adaptive traffic emergency management[END_REF] in order to improve the traffic safety and efficiency. In addition, the complexity of city policies, such as adding bus priority [START_REF] Zhang | An adaptive pre-signal setting to provide bus priority under a coordinated traffic-responsive network[END_REF] or saving energy [START_REF] Pasquale | Traffic control for freeway networks with sustainability-related objectives: Review and future challenges[END_REF], makes the traffic signal timing problem particularly challenging.

2.3.4/ INHERENT TRAFFIC LIGHT DRAWBACKS WITH CONNECTED AND AU-TONOMOUS VEHICLES

Traffic lights contributed to significantly improve urban traffic conditions. The various techniques developed by researchers to specify stages and to compute the responsive durations of cycles and phases allow obtaining safer intersections with higher speed and throughput. First connectivity allows to include the vehicle in the control loop. The Green Light Optimized Speed Advisory (GLOSA) [START_REF] Karoui | An efficient path planning glosa-based approach over large scale and realistic traffic scenario[END_REF] informs the vehicle about the traffic light timing. This allows to display to the driver the optimal vehicle's speed to reach the green, avoiding useless stops and encouraging Eco-Driving. However, the traffic light mechanism suffers from several problems related to the lack of responsiveness [START_REF] Abbas-Turki | Cooperative intersections for emerging mobility systems[END_REF][START_REF] Englund | Future applications of vanets[END_REF] and accuracy that we discuss hereafter. These traffic light limitations are raised with the perspective of using connected and autonomous vehicles (CAV). Here are the most important ones: can safely cross the intersection, but they get the red color.

• Phase safety issues: Because of the lost time when switching from one phase to another and infrastructure limitations, the number of phases in a cycle is limited. As a result, some conflicting movements are admitted in the same phase (e.g. turning left with the opposite going straight). Even if the meeting of these movements should not be highly dangerous, this does not avoid collisions [START_REF] Jd Chovan | Examination of intersection, left turn across path crashes and potential ivhs countermeasures[END_REF]. To solve the problem, advanced driver-assistance systems and new expensive layouts of intersections are needed [START_REF] Bareiss | Crash and injury prevention estimates for intersection driver assistance systems in left turn across path/opposite direction crashes in the united states[END_REF][START_REF] Qu | Statistical analysis of safety performance of displaced left-turn intersections: case studies in san marcos, texas[END_REF].

• Inaccurate signaling system: The traffic light is seen by all vehicles coming from the same approach. The number of vehicles that can cross the intersection isn't deterministic. Some vehicles should leave the intersection, but they don't. Similarly, some vehicles go through the intersection, but they shouldn't. From Figure 2.3 B, it is impossible to predict whether the third and the fourth vehicles will pass. If both vehicles leave the storage they block the box junction.

• Traffic control: Traffic light timing approaches are based on the expected traffic demand. They almost use the historical data of the traffic demand to cross the intersection. Even vehicle-actuation approach requires to steady the time headway at each approach. Moreover, the phase extension is based on the flow (number of vehicle per unit of time) and the lane capacity (maximum flow1 ). flow measurement can not accurately give the current traffic situation. For the same flow, traffic is either smooth or congested [START_REF] Hari | Speed-density functional relationship for heterogeneous traffic data: a statistical and theoretical investigation[END_REF]. Besides, the lane capacity is only an estimation. It varies according to the time of the day, the sampling time, types of vehicles and their movements. In traffic engineering, passenger car equivalent (PCE) is used to get an average estimation of the capacity [START_REF] Shao | Study on the saturation flow rate and its influence factors at signalized intersections in china[END_REF][START_REF] Gran À | Estimation of passenger car equivalents for two-lane and turbo roundabouts using aimsun[END_REF]. However, this need to be thoroughly studied according to the behavior of the traffic at the controlled intersection [START_REF] Mondal | Non-linear evaluation model to analyze saturation flow under weak-lane-disciplined mixed traffic stream[END_REF].

From the details of the four highlighted limitations of the intersection management system based on traffic light, one can note that CAVs allows a new intersection management paradigm that solves them all. The novelties are brought by the driving autonomy coupled with the connectivity. Both autonomy and connectivity allow CAV to communicate their destination earlier, such that in the situation of Figure 2.3 A, CAVs that turn left can pass through the intersection. Also, they can receive the signal, so that only allowed CAVs can cross the intersection. In the example given in Figure 2.3 B, only the two first CAVs in R 4 are allowed to go, to avoid blocking the box junction. More precisely, the phase logic to manage the intersection can be removed, which avoids simultaneous green given to conflicting movement and increases the opportunity of non-conflicting movement to go together.

The other advantage of CAVs is the minimization of the lost time between conflicting movements. The connectivity allows CAVs to inform the others when they exactly clear the conflict points. This avoids the estimation of the integral red (see Figure 2.4) that is designed to cover the theoretical time needed to clear the conflict zone. Thus, as soon as the intersection is clear, the CAVs get into the conflict zone without waiting for the end of the integral red. When the conflict zone is empty, CAVs must simply negotiate together to avoid simultaneous access to conflict movements.

From the previous discussion, CAVs allow theoretically much more accurate intersection management and also safer, by negotiating together the right of way : Which one can go first and exactly when it is possible. With the premise assumptions of connection and driving autonomy hold, there is no need for traffic lights. We call, in the following, this kind of intersection management based only on the negotiation of the right of way between CAVs, Cooperative Intersection Management (CIM). CIM brings at least the following novelties:

• CIM allows to precisely decide which vehicle has the right-of-way and addresses the right-of-way to only these vehicles rather than decide the duration of phases or decide whether the phase is still kept for another period of time [12].

• The allowed CAVs to pass through the intersection is computed according to the actual traffic demand instead of using prediction of the traffic volume based on the past statements of the inductive loops.

• CIM facilitates the deployment of priority policies between vehicles because each vehicle is considered individually.

CIM is described in the next section, by considering the most noticeable contributions.

2.4/ COOPERATIVE INTERSECTION MANAGEMENT

CIM deals with CAV intersection. Even if some papers consider ordinary vehicles [START_REF] Yang | A cooperative driving framework for urban arterials in mixed traffic conditions[END_REF][START_REF] Chen | Cooperative intersection management: A survey[END_REF][START_REF] Aoki | V2v-based synchronous intersection protocols for mixed traffic of human-driven and self-driving vehicles[END_REF][START_REF] Namazi | Intelligent intersection management systems considering autonomous vehicles: A systematic literature review[END_REF], the intersection of only CAVs is still an open topic and many contributions are ongoing to provide an optimized CIM. The capabilities of CAVs to communicate with their neighbors and to control their trajectory have been the focus of research to bring many improvements to the traffic in terms of safety and efficiency. These capabilities offer unprecedented potential that significantly outperforms current approaches used to manage intersections.

Firstly, this potential is offered by wireless communication that allows CAVs to predict future obstacles. Indeed, communication allows the observation of the trajectories of CAVs that are not in the field of vision (hidden behind a building or enough far away to be detected by the sensors). By overriding the limitation of the existing traffic rules, CAVs can also wirelessly schedule together with their passage, before they arrive in the conflict zone.

Secondly, the driving autonomy, if well exploited, allows a significant minimization of the time lost between the passage of two conflicting movements. The CAV can plan to enter the conflict zone when it is free. Also, it can avoid unnecessary stops in the storage area, if CAV cooperates well with the other CAVs. Thus, the concept of the right of way is more complex than the one used in daily traffic control systems. The right of way can be expressed as a red or a green, but can also be extended to a more complex signalization system that challenges CAV longitudinal control. For example, CAV receives a right of way that allows it to access to the conflict zone after 10 seconds. The CAV uses a complex longitudinal control to respect it.

With this huge potential, the work in the literature differs not only in terms of the techniques used by the authors but also through the concept of cooperation between CAVs.

This diversity makes it particularly difficult to give an exhaustive overview of the CIM literature. To overcome this difficulty, we give a definition of CIM that covers the large majority of works, and we classify the assumed concept, according to the addressed problems.

2.4.1/ PROBLEM STATEMENT

In order to contextualize our work as well as the ones presented in the literature, we use the definition 1. This definition extends the one given in [START_REF] Wu | Cooperative driving: an ant colony system for autonomous intersection management[END_REF]. From this definition, there are two problems that need to be solved by CAVs and/or intersection manager when a CAV gets into the storage zone of the intersection (see Figure 2.1-B). These two problems are as follows:

• Scheduling: CAVs and/or the intersection manager must decide wich CAV pass through the intersection first, which one the second and so on.

• Longitudinal control: CAVs and/or the intersection manager must decide the speed profile that allows CAVs to respect safely the schedule.

Both scheduling and longitudinal control are subject to optimization. However, the theories behind both optimizations are different. Scheduling optimization uses the theories of combinatorial optimization, whereas the longitudinal control of CAVs is mainly based on the optimal control theories of continuous or discrete-time systems. Solving both optimization problems together remains an open challenge, for several reasons. One is the dynamics of the traffic system. When a new CAV arrives, it questions both already computed sequence and longitudinal control. The other one is real-time constraints because of vehicles move forward during the computation time. Hence, both problems needs to be solved under a very short time. To remedy these problems, first works in the literature tries to find a balance between optimal solution and computation time, as well as a balance between scheduling and longitudinal control. The various CIM concepts can then be described first through the approach they use to deal with each of both problems, i.e. scheduling and longitudinal control. They are also different from the way in which computation and negotiation are carried out.

Definition 1: Cooperative Intersection management

We call CIM, the CAV traffic management at a single intersection that consider all the following features together:

• The accesses to the intersection are ordered (sequence) according to the requests received from the vehicles via wireless communication.

• Each vehicle individually receives its own right-of-way, with respect to the sequence • Each CAV respects the received right of way by performing the suitable longitudinal control.

• Each vehicle instantaneously participates in the decision-making process by requesting the right of way and/or by communicating its current state.

• Regardless of technological and practical limitations, such as the road capacity or the restriction of the wireless communication, the traffic management at intersections is able to consider an unbounded number of vehicles without preprogrammed schedule.

In order to introduce the CIM literature, we use the following classification items:

• Protocol: The protocol refers to the way in which two conflicting CAVs share the common space to plan their successive passages. This defines the longitudinal control problem of the second vehicle in order to avoid collision with the former one.

• Policy: It defines the way in which the passage sequence is negotiated between the CAVs under real-time constraint.

• Architecture: It refers to the level of involvement of CAVs in the decision-making process. The level varies not only upon the problem statement but also upon the assumed safety level.

Before discussing each item according to the different approaches in the literature, it should be noticed that compared to the abundance of theoretical work on CIM, real tests remain few. Despite this contrast between theory and practice, tests on robots, mixed reality tests and demonstrations on real vehicles allow us to have a glimpse of the flaws of some hypotheses. In the following, we consider the documented real tests presented in Table 2.1. 8-shaped intersection mini robots 6 [START_REF] De | Analysis of reservation algorithms for cooperative planning at intersections[END_REF] 8-shaped intersection fully automated vehicles 2 [START_REF] Quinlan | Bringing simulation to life: A mixed reality autonomous intersection[END_REF] 4-way virtual intersection fully automated vehicle 1 [START_REF] Fok | A platform for evaluating autonomous intersection management policies[END_REF] 4-way intersection Robots 4 (1 per lane) [START_REF] Perronnet | Cooperative intersection management: Real implementation and feasibility study of a sequence based protocol for urban applications[END_REF] 2-way intersection Ordinary connected vehicles 4 [START_REF] Perronnet | A sequencedbased protocol to manage autonomous vehicles at isolated intersections[END_REF] 2-way intersection robots 3 [START_REF] Lombard | V2x for vehicle speed synchronization at intersections[END_REF] 8-shaped intersection fully automated vehicles 3 [START_REF] Khayatian | Rim: Robust intersection management for connected autonomous vehicles[END_REF] 4-way intersection Robots 4 (1 per lane) [START_REF] Khayatian | Cooperative driving of connected autonomous vehicles using responsibility-sensitive safety (rss) rules[END_REF] 4-way intersection Robots Unlimited [START_REF] Hult | Optimal coordination of three cars approaching an intersection[END_REF][START_REF] Hult | Experimental validation of a semi-distributed sequential quadratic programming method for optimal coordination of automated vehicles at intersections[END_REF] 4-way intersection fully automated vehicle 3 (1 per lane) 2.4.2/ PROTOCOLS : CRUISE CONTROL Many protocols have been proposed for negotiating the successive passages of two CAVs. Figure 2.6 shows the most important protocols in the literature, through a simple intersection. They are mainly as follows:

• Stop and go: The second CAV receives a stop sign until the first one leaves the conflict zone (see Figure 2.6 A).

• Reservation: The first CAV sends the time when it leaves the conflict space and the second one manage to get through the space later, through a given cruise control approach (see Figure 2.6 B).

• Virtual platoon: The second CAV considers the first one as a virtual obstacle and adjusts its speed accordingly (see Figure 2.6 C).

Some protocols seem more complex than the above classification, in particular, the one proposed in [START_REF] Ismail | Game theory algorithm for intersection-based cooperative adaptive cruise control (cacc) systems[END_REF]. More precisely, this protocol split the storage zone into two successive areas: deceleration and acceleration areas. The latter allows CAV to cross the conflict zone at maximum speed. This protocol is a mix of virtual platoon and reservation. First, it belongs to the virtual platoon because CAVs receive deceleration instructions in order to avoid collision with the precedent ones. Second, because the maximum speed allows a known occupancy time of the conflict zone, CAVs are managed according to the expected time of the free conflict zone. Except a few papers, to the best of our knowledge, most of the literature works can be easily classified in one of the three families of protocols given above. This is the first proposed protocol [START_REF] Naumann | Validation and simulation of a decentralized intersection collision avoidance algorithm[END_REF]. It is analogous to the ordinary traffic light. Indeed, we can map "stop" to the red light and "go" to the green. It is different from the traffic light because each CAV negotiates its own green and gets it individually. In practice, this protocol improves the traffic light efficiency by avoiding useless red and by exploring all possible phases (see Figure 2.7). Despite its simplicity, it is necessary to define some of its features. For example, in the first version of the stop and go protocol, some details are missed. In [START_REF] Naumann | Validation and simulation of a decentralized intersection collision avoidance algorithm[END_REF] vehicles calculate their priority dynamically. The vehicle with the highest priority passes, i.e. gets the green. However, this assumption has to take into account the safety issues linked to vehicle dynamics. It is difficult, even dangerous, to lose permission during the CAV movement in the storage area. For example, a vehicle that has the red at the last seconds may not be able to stop before the conflict zone. More details about the stop and go protocol are given in [START_REF] Ferreira | On the impact of virtual traffic lights on carbon emissions mitigation[END_REF][START_REF] Perronnet | Cooperative intersection management: Real implementation and feasibility study of a sequence based protocol for urban applications[END_REF]. In [START_REF] Ferreira | On the impact of virtual traffic lights on carbon emissions mitigation[END_REF], the authors assume a V2V (Vehicle to vehicle) communication, with a green by default. When the vehicle is alone, it has the green. Otherwise, when the vehicle detects conflicting vehicles, if it is the leader or is alone on the line, and it is able to stop, it has the red, and it becomes a server to distribute signals to the new incoming vehicles from the other lanes. The vehicles that receive the For safety issue, in [START_REF] Perronnet | Cooperative intersection management: Real implementation and feasibility study of a sequence based protocol for urban applications[END_REF], the authors use an external server: V2I (Vehicle to infrastructure) communication. The server is only used to propose a default deny policy. That means, when a CAV enters the storage zone, it has the red by default. Then, it needs to negotiate with the other CAVs through the server later, to get the green. If there are no conflicting vehicles with the green, the server gives the green to the first request.

Both protocols consider two kinds of vehicles. They are used for traffic of CAVs [START_REF] Perronnet | A sequencedbased protocol to manage autonomous vehicles at isolated intersections[END_REF][START_REF] Ozan | Red light, green light-no light: Tomorrow's communicative cars could take turns at intersections[END_REF] as well as for traffic of ordinary vehicles [START_REF] Olaverri-Monreal | In-vehicle virtual traffic lights: a graphical user interface[END_REF][START_REF] Ahmane | Modeling and controlling an isolated urban intersection based on cooperative vehicles[END_REF][START_REF] Zhang | Virtual traffic lights: System design and implementation[END_REF]. For ordinary vehicles, the color is displayed on the screen inside the vehicle. For CAVs, the red is the maximum distance that the CAV can travel (movement authority). The CAV must control its trajectory to come to a complete stop before the end of the movement authority.

2.4.2.2/ RESERVATION

The reservation protocol aims to fully use the potential of driving automation and connectivity. Rather to get simple stop-and-go signs, the CAV gets the time when it is allowed to access to the conflict zone and respects it. Regardless of the used approach, in the reservation protocol, the input control of the CAV is the time of entering and exiting the shared spaces. The reservation protocol was first introduced by Dresner and Stone in [START_REF] Dresner | Multiagent traffic management: A reservation-based intersection control mechanism[END_REF]. In this version, the conflict zone is split into tiles which are shared between CAVs.

The authors use a multiagent approach to manage the intersection. Each CAV books the tiles needed to reach the destination. The reservation time is computed according to the position and the speed of CAV. If tiles aren't available (already booked), the CAV updates its reservation request, until it gets its reservation. The main advantage of the approach is the small time-interval between two passages of conflicting CAVs. However, the reservation protocol raises the issue of respect for the time schedule. To this end, cruise control was studied in order to make CAVs meet the reservation time. Hence, the reservation protocol requires performing two tasks: The time-schedule of the CAV passages through the shared spaces and the longitudinal control to meet the due times. The time scheduling is discussed later in Section 2. 4. 3.

In [START_REF] Au | Motion planning algorithms for autonomous intersection management[END_REF], the cruise control is based on the computation of the time-velocity diagram with 3 pieces of a linear function of velocity. Each piece of the linear function is adjusted to meet the reserved time. A more complex cruise control was studied in [START_REF] Wu | Dcl-aim: Decentralized coordination learning of autonomous intersection management for connected and automated vehicles[END_REF], by using Reinforcement Learning with discrete acceleration and speed values. More precisely, CAVs are trained according to the different scenarios of positions and speeds. In [START_REF] Malikopoulos | Optimal path planning for connected and automated vehicles at urban intersections[END_REF], the authors use Pontryagin's maximum principle, to minimize the control effort. The Hamiltonian is used to compute the optimal trajectory. In [START_REF] Yao | Integrated schedule and trajectory optimization for connected automated vehicles in a conflict zone[END_REF], the authors use a non-linear programming (NLP) based on the infinitesimal method to minimize the energy consumption. key rule is that one tile cannot be occupied by two CAVs simultaneously. The second is the conflict points inside the conflict zone (see Figure 2.1-B). Two approaches are used to model the conflict point. Some authors consider it as a point so that the reservation consists of the passage time plus a safety time, as in [START_REF] Mirheli | A consensusbased distributed trajectory control in a signal-free intersection[END_REF]. Other works consider, instead, the intersection surface of vehicles itineraries, as in [START_REF] Hult | Experimental validation of a semi-distributed sequential quadratic programming method for optimal coordination of automated vehicles at intersections[END_REF][START_REF] Yao | Integrated schedule and trajectory optimization for connected automated vehicles in a conflict zone[END_REF]. We call it, in the following, the potential zone of collision (see Figure 2.8). As for tiles, CAV books the occupancy time of the conflict potential zone of collision. More conservative approach makes CAVs reserve the whole conflict zone, as in [START_REF] Malikopoulos | Optimal path planning for connected and automated vehicles at urban intersections[END_REF]. CAV reserves the occupancy time of the zone.

In such a case, the time constraint to book the conflict zone depends on whether the precedent CAVs are conflicting or not.

The main advantage of the reservation protocol is that it allows the optimization of the speed profile. In [START_REF] Malikopoulos | Optimal path planning for connected and automated vehicles at urban intersections[END_REF], the authors minimize the control effort 1 2 t f t 0 u(t) 2 dt, where u(t) is the CAV acceleration. Other authors minimize the deviation from the reference velocity [START_REF] Kloock | Distributed model predictive intersection control of multiple vehicles[END_REF].

The energy consumption was also used as a criterion to compute the optimal cruise control [START_REF] Li | Sustainability effects of next-generation intersection control for autonomous vehicles[END_REF][START_REF] Meng | Optimal control of autonomous vehicles for non-stop signalized intersection crossing[END_REF][START_REF] Namazi | Intelligent intersection management systems considering autonomous vehicles: A systematic literature review[END_REF][START_REF] Fayazi | Vehicle-in-the-loop (vil) verification of a smart city intersection control scheme for autonomous vehicles[END_REF]. However, one of the most important raised issues with the reservation protocol is the intersection safety. Indeed, if a CAV does not respect the time, a collision will happen [START_REF] Khayatian | Crossroads+ a time-aware approach for intersection management of connected autonomous vehicles[END_REF]. This issue worsens when the speed of CAV in the booked common space is difficult to determine [START_REF] De | Analysis of reservation algorithms for cooperative planning at intersections[END_REF]. For instance, a CAV that meets congestion at the next road needs to slow down and thus delays its exit time. One solution to this problem was proposed in [START_REF] Ismail | Game theory algorithm for intersection-based cooperative adaptive cruise control (cacc) systems[END_REF], where the storage zone of the intersection is split into three zones: A high-speed zone at the exit of the intersection, a control zone in the middle of the storage zone and another high-speed zone at the end of the storage zone to get through the intersection. Hence, the conflict zone is used at the maximum speed. However, this requires more lanes for considering the turning movements and a longer storage zone. Other solutions were designed according to real tests. In [START_REF] Quinlan | Bringing simulation to life: A mixed reality autonomous intersection[END_REF], the authors use a buffer time when CAV reserves tiles as well as a low tile resolution (bigger tiles). In the tests described in [START_REF] Hult | Experimental validation of a semi-distributed sequential quadratic programming method for optimal coordination of automated vehicles at intersections[END_REF], the authors add safety distances upstream and downstream of the booked potential zone of collision. These safety distances allow CAV to perform an emergency braking.

2.4.2.3/ VIRTUAL PLATOON

This protocol was initially introduced by [START_REF] Wu | Cooperative vehicle-actuator system: a sequence-based framework of cooperative intersections management[END_REF] and tested by [START_REF] Perronnet | A sequencedbased protocol to manage autonomous vehicles at isolated intersections[END_REF] through real robots. It was first called Transparent Intersection management. After the contribution of [START_REF] Ivan | Automation of a t-intersection using virtual platoons of cooperative autonomous vehicles[END_REF], it is currently known as a virtual platoon protocol. In order to overcome the safety issues raised by the reservation protocol, instead of using a time schedule, CAVs use sequences to control their speed. The sequence gives which CAV goes first, which one goes after, and so on. CAVs share an ordered list of presence that gives the sequence. In the list of presence, each CAV periodically writes its current position and speed, as well as its destination. Accordingly, CAV identifies, from the presence list, the precedent CAVs as obstacles. The virtual platoon protocol works as follows. Each CAV considers all precedent conflicting vehicles as obstacles (virtual obstacles). So, there is a position mapping allowing to consider the conflicting CAV like they are moving in the same lane. virtual obstacles vl, includind the next leader nl and the stop line sl. nl is the last CAV that moving in the distenation lane [START_REF] Du | On the v2x speed synchronization at intersections: Rule based system for extended virtual platooning[END_REF] In [START_REF] Wu | Cooperative vehicle-actuator system: a sequence-based framework of cooperative intersections management[END_REF], the authors use Gipps model [START_REF] Lee | A generalization of linear car-following theory[END_REF][START_REF] Pg Gipps | Computer program multsim for simulating output from vehicle detectors on a multi-lane signal-controlled road[END_REF] to control the simulated virtual platoon.

Later, in [START_REF] Perronnet | A sequencedbased protocol to manage autonomous vehicles at isolated intersections[END_REF], simulations of virtual platoon are based on an enhanced IDM (Intelligent Driver Model) [START_REF] Kesting | Enhanced intelligent driver model to access the impact of driving strategies on traffic capacity[END_REF] to compare virtual platoon with stop and go protocol. In [START_REF] Perronnet | R égulation coop érative des intersections: protocoles et politiques[END_REF][START_REF] Hao | Contribution à l'intersection coop érative: commandes longitudinale et lat érale[END_REF][START_REF] Lombard | V2x for vehicle speed synchronization at intersections[END_REF], the authors introduce RT-CVC (Reaction Time-based Collaborative Velocity Control) [START_REF] Outay | Simulation of connected driving in hazardous weather conditions: general and extensible multiagent architecture and models[END_REF] to consider communication delay and driving automation time. Recently, more usual control techniques are used. In [START_REF] Ivan | Automation of a t-intersection using virtual platoons of cooperative autonomous vehicles[END_REF][START_REF] Ivan | Cooperative intersection control based on virtual platooning[END_REF][START_REF] Xu | Distributed conflict-free cooperation for multiple connected vehicles at unsignalized intersections[END_REF] the authors use linear cruise control with respect to errors, whereas in [START_REF] Bian | Cooperation of multiple connected vehicles at unsignalized intersections: Distributed observation, optimization, and control[END_REF] the authors use sliding mode controller. Simulations show that the virtual platoon is more efficient than the stop and go protocol. They show also that the virtual platoon is less efficient than reservation [START_REF] Bian | Cooperation of multiple connected vehicles at unsignalized intersections: Distributed observation, optimization, and control[END_REF]. However, both simulation results need to be thoroughly studied according to safety constraints (See Section 2.4.2.2) and the scheduling algorithm, as it will be detailed in Section 2.4.3.

2.4.3/ SCHEDULING

The protocol determines the way CAVs share the common spaces, either by yielding the way, by booking or by determining a sequence to form a virtual platoon. It is obvious that the protocol contributes to the performance of the intersections. However, this is not sufficient to totally explore the potential of wireless communication, mainly when the traffic flow is high. Indeed, from the fundamental traffic diagram, when the traffic flow goes beyond the capacity, the CAVs will come to a complete stop [START_REF] Carlos | An analytical approximation for the macroscopic fundamental diagram of urban traffic[END_REF]. Scheduling is the other key for improving the intersection performance.

The scheduling problem of CAVs in the intersection is a combinatorial optimization problem that needs to be studied and optimized. First, some assumptions are formulated to model the problem. Most existing studies prohibit overtaking for two CAVs that move in the same lane. So, the order of arrival at a given lane is conservative. More recent studies [START_REF] Xu | A bi-level cooperative driving strategy allowing lane changes[END_REF] introduced overtaking, but it splits the scheduling optimization into two stages. The first one is for changing the order of CAV exits and the second one is for the scheduling CAVs according to the new order. Mathematically, the sequence conservation allows the minimization of the number of combinations as follows:

L i=1 n i ! n i=1 (n i !) , ( 2.1) 
with L and n i are the total number of lanes in the storage zones and the number of CAVs in the lane i, respectively. In the equation 2.1, the quotient is owed to the order conservation. Even with the quotient, the equation 2.1 shows a combination explosion.

The other assumption concerns the time when the CAV is ready to cross the conflict The microscopic simulation [START_REF] Park | Application of microscopic simulation model calibration and validation procedure: Case study of coordinated actuated signal system[END_REF] is used for the scheduling virtual platoon protocol [START_REF] Wu | Cooperative vehicle-actuator system: a sequence-based framework of cooperative intersections management[END_REF][START_REF] Perronnet | R égulation coop érative des intersections: protocoles et politiques[END_REF]. Finally, time constraints and/or distance with precedent CAV are defined in the reservation protocol. Note that there is no consensus on security constraints in the reservation protocol. Indeed, it strongly depends on the assumptions made about the ability of CAVs to respect their reservation [START_REF] Quinlan | Bringing simulation to life: A mixed reality autonomous intersection[END_REF]. Moreover, some authors assume a lower time between conflicting vehicles than the time between two following vehicles that move on the same lane [START_REF] Mirheli | A consensusbased distributed trajectory control in a signal-free intersection[END_REF]. This leads to significant performance gains. However, this assumption is highly questionable.

Two approaches to schedule the intersection are proposed in the literature:

• Exact and heuristic approaches: Depending on the arrival times of CAVs, their speeds and positions, the intersection server calculates the optimal (near optimal) sequence and time for getting into the common space.

• Policy: Because the intersection is dynamic and because of the real-time constraints, simple rules are defined to allow CAV to get the right of way according to the protocol (see Section 2.4.2).

2.4.3.1/ EXACT AND HEURISTIC APPROACHES

In order to address the complexity issue, [START_REF] Wu | Discrete intersection signal control[END_REF] introduces a dynamic programming algorithm that solves the C max 2 scheduling problem of cooperative intersection in a polynomial time and memory space according to the number of CAVs. However, the computation time and the memory space are exponentially increasing as the number of lane increases.

The complexity of the dynamic programming is O(n L ), where n is the total number of CAVs (n = L i=1 n i ) 3 . The proposed dynamic programming models the problem by a directed weighted graph [START_REF] Brent | Introduction to graph theory[END_REF] and solves it, using the well-known shortest path algorithms [START_REF] Edsger | A note on two problems in connexion with graphs[END_REF][START_REF] Donald | A note on dijkstra's shortest path algorithm[END_REF][START_REF] Carlos | A bicriterion shortest path algorithm[END_REF][START_REF] Pierre | Another adaptive distributed shortest path algorithm[END_REF]. The main advantage of the proposed dynamic programming algorithm is that the nodes and links of the graph can model several assumptions of CAV cruise control and headway [START_REF] Wu | Cooperative vehicle-actuator system: a sequence-based framework of cooperative intersections management[END_REF] as well as priority CAVs [START_REF] Wu | R égulation du trafic aux intersections: Prise en compte des v éhicules prioritaires[END_REF][START_REF] Wu | Intersection traffic control by a novel scheduling model[END_REF]. Another dynamic programming algorithm was suggested in [START_REF] Yan | Autonomous vehicle sequencing algorithm at isolated intersections[END_REF]. It aims to minimize the number of nodes by putting together CAVs that can cross the conflict zone simultaneously. However, its complexity is still O(n L ).

From the scheduling theory, C max is the completion time of the last job (CAVs) in the system. Other more complex objective functions exists such as the total weighted completion time, the average waiting time or the maximum lateness [START_REF] Bin | Optimal scheduling of connected and automated vehicles at urban intersections via milp[END_REF][START_REF] Mckeown | The islip scheduling algorithm for input-queued switches[END_REF][START_REF] Wang | Parallel machine scheduling with precedence constraints[END_REF][START_REF] Chetto | Some results of the earliest deadline scheduling algorithm[END_REF]. To solve the problem with the other objectives, the authors resort to mixed integer linear programming (MILP) model [START_REF] Chachuat | Mixed-integer linear programming (milp): Model formulation[END_REF]. For instance, in order to minimize the total travel time delay, [START_REF] Soleimaniamiri | Scheduling of heterogeneous connected automated vehicles at a general conflict area[END_REF] seeks the optimal vehicle scheduling at a multi-conflict area, considering heterogeneous vehicle headways and values of time. A MILP model is proposed to solve the exact optimal solution to this problem. Although small instances of the proposed model can be solved by existing commercial MIP solvers, their computational time increases exponentially as the numbers of vehicles and approaches increase. A similar approach was used 2 C max in the context of intersection scheduling means freeing the soonest the storage zone and the conflict zone, with a given set of CAVs in the storage zones. 3 A detailed analysis of the dynamic programming is given in [START_REF] Perronnet | R égulation coop érative des intersections: protocoles et politiques[END_REF] in [START_REF] Yao | Integrated schedule and trajectory optimization for connected automated vehicles in a conflict zone[END_REF] to schedule the reservation of the potential collision area. The optimal scheduling is used for both following purposes:

• Comparison with the other scheduling approaches: Since the computation time does not meet the requirement of the real-time application, other real-time scheduling approaches are compared to the results of the optimal solution.

• Rolling horizon: In order to overcome the computation time of exact algorithms, it is only used for a few CAVs. Two approaches are used in the literature. The first one reschedules the sharing of the common zone, for each new incoming vehicle, considering that some are already scheduled. E.g. the one that has already gotten the green in the stop/go approach keeps the green. The second one splits the storage zone into two zones. The first one is used for scheduling and once the CAV is in the second zone, they are considered as they are already scheduled.

Note that despite the simplification provided by dynamic programming, it remains challenging to obtain the optimal solution as the number of considered CAVs increases. This

is not an issue of computation time when the optimal solution is computed offline for comparison. However, the required memory space limits the number of the considered CAVs.

Hence, the comparison with the exact algorithms can only be used for a short simulation period. This motivates many papers to introduce heuristics to obtain near optimal solutions.

In [START_REF] Wu | Cooperative driving: an ant colony system for autonomous intersection management[END_REF], the authors give an analogy between the scheduling of cooperative intersection and the well-known Travelling Salesman Problem (TSP) [START_REF] Christofides | Worst-case analysis of a new heuristic for the travelling salesman problem[END_REF], where each CAV is considered as a city to be visited. This analogy invites the authors to use an ant colony system [START_REF] Dorigo | Ant colonies for the travelling salesman problem[END_REF] to decide which CAV goes first, which one goes second, and so on. The ant colony system was adapted to form groups of CAVs that can pass together. The results of the proposed ant colony system were compared with the ones of exact optimal solution in a real intersection. They show that they are close to the optimal ones. An ant colony system was introduced later in [START_REF] Nguyen | Ant colony optimization-based traffic routing with intersection negotiation for connected vehicles[END_REF], for a decentralized negotiation between CAV (see section 2.4.4). More precisely, each CAV participates in the decision-making process. Genetic algorithms [START_REF] Cruz-Piris | Automated optimization of intersections using a genetic algorithm[END_REF] are also used to schedule either a single intersection [START_REF] Li | A cooperative traffic control for the vehicles in the intersection based on the genetic algorithm[END_REF], priority vehicles [START_REF] Lu | A genetic algorithm approach for expedited crossing of emergency vehicles in connected and autonomous intersection traffic[END_REF] or a network of intersections [START_REF] Yan | Autonomous vehicle sequencing problem for a multi-intersection network: A genetic algorithm approach[END_REF]. In [START_REF] Yan | Autonomous vehicle sequencing problem for a multi-intersection network: A genetic algorithm approach[END_REF], groups of CAVs were formed to pass through the intersection together.

2.4.3.2/ POLICIES

In this thesis, we refer to a scheduling algorithm as a policy if it is in the form of relatively simple rules that define the priority between each pair of conflicting CAVs (See Definition 2). There are many motivations to use policies rather than classical algorithms. In [START_REF] Mirheli | A consensusbased distributed trajectory control in a signal-free intersection[END_REF], a policy is used in order to respect real-time constraints. Rules are also used very early, considering CIM as a multiagent system [START_REF] Dresner | Multiagent traffic management: A reservation-based intersection control mechanism[END_REF]. Under this modeling approach, the objective of using policy is the definition of simple agent's behaviors able to make the emergence of a global behavior that is close to the optimal [START_REF] Wu | Discrete intersection signal control[END_REF]. The last motivation is that the system is dynamic. It has been shown through an example in [START_REF] Ahmane | Modeling and controlling an isolated urban intersection based on cooperative vehicles[END_REF] that each new arrival of a CAV in the storage zone can modify the previously found optimal solution.

Some common features of optimal solutions can be used to define simple rules that keep a high level of performance. This process aims at avoiding the costly computation overhead of algorithms or of heuristics, knowing that the sum of two optimal solutions is not necessarily an optimal solution [START_REF] Laurence | Integer and combinatorial optimization[END_REF]. These different motivations led to different policies.

To the best of our knowledge, it is possible to group the policies used into four families:

First In first Served (FIFS), First Ready Out (FRO), Time To React (TTR) and Distributed

Clearing Policy (DCP). Some other policies are discussed also.

Definition 2: Policy

In CIM, a policy is a set of finite priority rules that are sufficient to solve a conflict between two CAVs that need to cross the same potential collision area coming from different storage zone. The conflict is solved by designating which one goes first and which one goes after. This set of rules must be sufficiently welldefined so that it does not result in a circular dependency when scheduling all CAVs. Mathematically, a policy must be able to set a transitive order relation [START_REF] Laung | Elements of discrete mathematics[END_REF] between CAVs. Here are the most known CIM's policies:

• First In First Served: FIFS is the most popular policy, especially for reservation and virtual platoon protocols. It was introduced in CIM by [START_REF] Dresner | Multiagent traffic management: A reservation-based intersection control mechanism[END_REF]. In its first version, the "First In" does not mean the first CAV in the storage zone. Instead, the proposed policy means that when the CAV books a given tile, this tile is no more available for the others until the reservation is canceled or fulfilled. From this standpoint, there is a kind of competition of booking tiles between CAVs. As a result, the reservation may not respect the order of CAVs in the storage zone. In such a case, some CAVs need to reserve the tiles again because they are slowed down by the leading CAV that move in the same lane. The protocol was improved to solve the issue in [START_REF] Au | Enforcing liveness in autonomous traffic management[END_REF].

It states that the priority is proportional to the time spent in the storage zone. In [START_REF] Ahmane | Modeling and controlling an isolated urban intersection based on cooperative vehicles[END_REF],

CAVs respect the order of their arrival in the storage zone, except when they can cross the intersection without conflict. In [START_REF] Gregoire | Priority-based coordination of robots[END_REF][START_REF] De | Analysis of reservation algorithms for cooperative planning at intersections[END_REF][START_REF] Lombard | Decentralized management of intersections of automated guided vehicles[END_REF], the authors consider the deadlock that results from FIFS. Both former papers solve the circular weight due to the reservation of more than one potential collision areas (see Figure 2.11-A).

The last one considers the deadlock in the virtual platoon, when messages are lost (see Figure 2.11-B). The solutions proposed in the three papers are based on the elimination of cycles in the graph [START_REF] Douglas | A polynomial-time algorithm to find the shortest cycle basis of a graph[END_REF] that represents the priorities. However, the solutions aren't trivial. Except the above-mentioned works, in the majority of papers, FIFS policy orders the vehicles according to their arrival time in the storage area. If there are no wireless communication issues, this policy is very convenient for both reservation and virtual platoon protocols. Each CAV is informed, when it gets into the storage zone, about the constraints to be considered for the optimization of its trajectory (speed profile).

• First Ready Out: This policy means that when a pair of vehicles are in conflict, the CAV that is able to cross the intersection first will have the highest priority. The priority depends on the speeds and positions of both conflicting vehicles at the time the priority is calculated. It also depends on when the vehicles in front leave the intersection. Thus, in [START_REF] Zhang | State-driven priority scheduling mechanisms for driverless vehicles approaching intersections[END_REF], the CAV has at least a lower priority than the one in front, in the same conflict zone. It is obvious that when the priority of CAVs is computed according to when they are able to cross the intersection, the control problem becomes more complex. Indeed, it is more about a competition to be the first in the exit zone. Simultaneously, they must be able to come to a complete stop if they lose. Thus, to the best of our knowledge, this policy is not fully implemented in CIM in a dynamic way. Nevertheless, we can find its principle partially applied, especially when it comes to conflicts between a small group of CAVs. In [START_REF] Carlino | Auction-based autonomous intersection management[END_REF][START_REF] Michael | Intersection auctions and reservationbased control in dynamic traffic assignment[END_REF],

vehicles follow an auction principle for reserving tiles. In a competing set of CAVs, the CAV which is able to clear the intersection at the earliest is the one that books the tiles first. In [START_REF] Mirheli | A consensusbased distributed trajectory control in a signal-free intersection[END_REF], due to the non-linearity of the constraint of the conflicting CAVs, the MPC is distributed so that each vehicle tries to exit with a relaxed constraint. As soon as an exit time can be ordered, the CAVs in the group respect gradually the safety constraint (constraint relaxation). The new group of CAVs competes again with respect to the exit dates of the previous ones and so on.

• Time To React: This policy was introduced for distributed MPC, in [START_REF] Gabriel R Campos | Traffic safety at intersections: a priority based approach for cooperative collision avoidance[END_REF][START_REF] Katriniok | Distributed model predictive control for intersection automation using a parallelized optimization approach[END_REF][START_REF] Kloock | Distributed model predictive intersection control of multiple vehicles[END_REF].

From [START_REF] Kloock | Distributed model predictive intersection control of multiple vehicles[END_REF],"TTR is defined as the duration to the furthest point in time t x where the CHAPTER 2. STATE OF THE ART AND PROBLEM STATEMENT vehicle can still decelerate enough to come to a standstill in front of the intersection". Each CAV computes TTR which defines its priority. The CAV that has the lowest TTR goes first. The optimization function includes the safety constraint to be respected by CAV to do not collide with more priority CAVs. Comparison was performed with a centralized MPC, showing that the decentralized approach is more efficient in terms of computation time and even the deviation to the reference speed [START_REF] Kloock | Distributed model predictive intersection control of multiple vehicles[END_REF]. In [START_REF] Gabriel R Campos | Traffic safety at intersections: a priority based approach for cooperative collision avoidance[END_REF], the authors compare TTR to FIFS and to the priority based on the remained distance to the potential zone of collision. Both last policies were not feasible in terms of safety. However, to the best of my knowledge, the TTR policy was only simulated for a few CAVs (6 at most).

• Distributed Clearing Policies: DCP is introduced for the stop and go protocol. It is based on a set of rules. The rules aim to form a group of CAVs that are allowed to cross the intersection together [START_REF] Ahmane | Modeling and controlling an isolated urban intersection based on cooperative vehicles[END_REF]. The lane that has the oldest CAV is chosen.

The group is first formed by CAVs that belong to the lane if they are close together.

If the leader CAVs that move on the other lane can cross the intersection in parallel to the formed group, they join the group, and so on. It was mathematically proven that DCP minimizes instantaneously the queue length if the headway time between two conflicting CAVs is at least two times bigger than the headway time between two CAVs coming from the same lane [START_REF] Aur Élien Corr Éïa | Mod élisation de conflits dans l'alg èbre des dioïdes: application à la r égulation de trafic dans les carrefours[END_REF][START_REF] Ahmane | Modeling and controlling an isolated urban intersection based on cooperative vehicles[END_REF][START_REF] Wu | Effectiveness proving and control of platoonbased vehicular cyber-physical systems[END_REF]. DCP is an extension of the wellknown vehicle actuated traffic signal [START_REF] Akcelik | Traffic signals: capacity and timing analysis[END_REF][START_REF] Nagui M Rouphail | Validation of generalized delay model for vehicle-actuated traffic signals[END_REF]. From this standpoint, the green is given to a CAV if this one is able to cross the intersection before a given step of time. Otherwise, the green is given to the oldest CAV in the storage zone. It was later generalized to a network of intersections [START_REF] Perronnet | Deadlock prevention of self-driving vehicles in a network of intersections[END_REF]. Some works attempt to adapt the DCP to virtual the platoon protocol. [START_REF] Perronnet | A sequencedbased protocol to manage autonomous vehicles at isolated intersections[END_REF] proposed two steps for forming groups in a real simple intersection of mini-robots. First, there is a small amount of time during which the new incoming robots negotiate together in order to form groups with the closest precedent robot in the same lane. Later, the robots adjust their speed together to avoid collisions. [START_REF] Cort | Coordinated intersection traffic management[END_REF] • Other Policies: The other policies are more complex than the one quoted previously. A first example of the other policies is the Dynamic Priority (DP). DP is a policy where each CAV compute periodically its priority as a function of values that evaluate the correspondence of its state with predefined criteria. The CAV that has the highest priority goes first. This was first introduced by [START_REF] Naumann | Validation and simulation of a decentralized intersection collision avoidance algorithm[END_REF], where the priority is the weighted sum of the vehicle readiness and the sum of the priority of vehicles in the same lane. The readiness itself is computed as a weighted sum of the distance covered in the storage zone, the vehicle's velocity and the idling time.

A similar approach were used in [START_REF] Abbas-Turki | Cooperative intersections for emerging mobility systems[END_REF]. The PD is used to solve conflicts between busses, in order to avoid a bus that has a delay to move behind a bus that is in advance. Rather than using a weighted sum, the paper uses a max function. However, DP, if is not properly defined, can lead to permanent changes in the order of vehicles during their movement in the storage zone. In order to avoid unstable priority of busses, [START_REF] Abbas-Turki | Cooperative intersections for emerging mobility systems[END_REF] adds a filter. Another noticeable policy is the one presented in [START_REF] Ismail | Game theory algorithm for intersection-based cooperative adaptive cruise control (cacc) systems[END_REF][START_REF] Ismail H Zohdy | Intersection management for autonomous vehicles using icacc[END_REF][START_REF] Ismail | Intersection management via vehicle connectivity: The intersection cooperative adaptive cruise control system concept[END_REF][START_REF] Hesham A Rakha | Agent-based game theory modeling for driverless vehicles at intersections[END_REF]. The policy is based on game theory [START_REF] Martin | An introduction to game theory[END_REF]. Instead of deciding who goes first, the system delays one conflicting CAV for each period (0.5 sec).

This CAV is chosen from the set of conflicting vehicles: those that collide if they do not slow down. The group of conflicting vehicles selects the CAV that delays the most other CAVs (number of delayed CAV). The chosen CAV decelerates at the beginning of the next period. This CAV-by-CAV selection requires a stopping and an accelerating distance. Thus, the author proposes an adapted architecture of the intersection with a slowing down and acceleration zone in the storage area.

It should be noted that simulations show that the policy performs well in the case of low and medium traffic flow. When the traffic demand is high, the system tends to perform like traffic lights.

Remark 1 . At this stage of the state of the art, let us draw the reader attention to the following folds:

• The scheduling problem remains a hot topic to achieve an efficient CIM

• there is a kind of opposition between scheduling optimization and trajectory control optimization: On the one hand, the reservation protocol seems to be the most suitable for the optimization of the speed profile (longitudinal control), but it needs the exit dates quite early to allow CAVs optimally planning its trajectory to reach the conflict zone. Only no dynamic priority policies, such as FIFS, can fulfill this requirement. On the other hand, other policies such as DCP provide good performance when the traffic flow is high. However, CAVs are prone to a complete stop before the end of the conflict zone.

• Finally, Some policy/protocol pairs require more lanes or longer storage areas, such as game theory/reservation [START_REF] Ismail | Intersection management via vehicle connectivity: The intersection cooperative adaptive cruise control system concept[END_REF] and DCP/Virtual platoon [START_REF] Cort | Coordinated intersection traffic management[END_REF].

2.4.4/ ARCHITECTURE

Architecture refers to the way in which CAVs communicate together to negotiate their right of way and get it. Architecture defines both communication and computational hardware and software required to achieve the negotiations. Currently, there are several communication channels [START_REF] Szalay | A multi-layer autonomous vehicle and simulation validation ecosystem axis: Zalazone[END_REF] that can be used for CIM, such as 5G (cellular network) [START_REF] Ansari | Chaos-based privacy preserving vehicle safety protocol for 5g connected autonomous vehicle networks[END_REF][START_REF] Molina | Lte-v for sidelink 5g v2x vehicular communications: A new 5g technology for short-range vehicle-to-everything communications[END_REF] and G5 (Dedicated Short-Range communications: DSRC) [START_REF] Abunei | Implementation of etsi its-g5 based inter-vehicle communication embedded system[END_REF][START_REF] Mavromatis | Operating its-g5 dsrc over unlicensed bands: A city-scale performance evaluation[END_REF] to quote a few.

Telematics Control Units (TCU) [START_REF] Lee | Threat analysis for an invehicle telematics control unit[END_REF][START_REF] Knight | Hacking Connected Cars: Tactics, Techniques, and Procedures[END_REF] are used to carry the CAV connectivity with others (V2X: Vehicle to others). Moreover, embedded high-performance computing system in vehicle is becoming more widespread [START_REF] Tsubokura | Computational visualization of unsteady flow around vehicles using high performance computing[END_REF][START_REF] Ma | Artificial intelligence applications in the development of autonomous vehicles: a survey[END_REF] for vision, high-resolution display and vehicle control. At the beginning of CIM studies, there were two opposing visions of the negotiation architecture, i.e. decentralized and centralized architecture. Later, a mixed architecture was proposed.

Decentralized architecture

The first architecture was decentralized [START_REF] Naumann | Validation and simulation of a decentralized intersection collision avoidance algorithm[END_REF][START_REF] John S Baras | Decentralized control of autonomous vehicles[END_REF][START_REF] Neuendorf | The vehicle platoon controller in the decentralised, autonomous intersection management of vehicles[END_REF][START_REF] Vanmiddlesworth | Replacing the stop sign: Unmanaged intersection control for autonomous vehicles[END_REF], where CAVs are able to selforganize their access to the conflict, without the need for an external agent. This architecture avoids the use of external devices (ITS RoadSide Unit), to manage the intersection.

In this architecture, there is only V2V (Vehicle to vehicle) communication. However, the approach is questionable in terms of intersection safety. Because there is no intersection server, it is difficult to use a default deny rule. Each CAV that is not able to communicate with others will react as it is alone. This results in collisions, in the tests of the intersection of mini-robots presented by the authors of [START_REF] Gr Ünewald | Using mini robots for prototyping intersection management of vehicles[END_REF]. One solution is to oblige the CAV that is alone to slow down near the conflict zone to detect whether there are other CAVs.

However, this solution may considerably lower the performance of the intersection.

Centralized architecture

The second architecture is centralized. In this architecture, there is an intersection server that communicates with CAVs to allow them to reach the conflict space safely. This architecture is entirely based on V2I (Vehicle to infrastructure) communication. The task of the intersection is the optimization of the whole intersection, according to the used algorithm or policy.

This kind of architecture suites the use of optimization algorithms. The centralized approach was used for the scheduling optimization, through algorithms [START_REF] Wu | R égulation du trafic aux intersections: Prise en compte des v éhicules prioritaires[END_REF][START_REF] Yan | Autonomous vehicle sequencing algorithm at isolated intersections[END_REF][START_REF] Soleimaniamiri | Scheduling of heterogeneous connected automated vehicles at a general conflict area[END_REF][START_REF] Yao | Integrated schedule and trajectory optimization for connected automated vehicles in a conflict zone[END_REF] and heuristics [START_REF] Wu | Cooperative driving: an ant colony system for autonomous intersection management[END_REF][START_REF] Cruz-Piris | Automated optimization of intersections using a genetic algorithm[END_REF]. From this point of view, the centralized architecture saves communication and calculation overhead compared to the decentralized one. The centralized architecture avoids that each CAV communicates its status to all surrounding CAVs and schedules the other's access time. The server performs these tasks for the whole. A centralized architecture is also an opportunity to optimize together both schedule and trajectory (See Remark given in Section 2. 4.3.2). However, except treating both problems into two separate steps as presented in [START_REF] Yao | Integrated schedule and trajectory optimization for connected automated vehicles in a conflict zone[END_REF], several papers witnessed that solving both problems together is currently unfeasible because of either the computation time [START_REF] Gabriel R Campos | Traffic safety at intersections: a priority based approach for cooperative collision avoidance[END_REF][START_REF] Katriniok | Distributed model predictive control for intersection automation using a parallelized optimization approach[END_REF] or convergence [START_REF] Mirheli | A consensusbased distributed trajectory control in a signal-free intersection[END_REF].

The centralized architecture alone is not sufficient to obtain a collision free intersection.

For instance, in [START_REF] Ismail | Game theory algorithm for intersection-based cooperative adaptive cruise control (cacc) systems[END_REF], after the computation of the schedule, the intersection manager sends acceleration to only CAVs that need to decelerate or accelerate. CAVs that maintain their speed are not contacted by the server. Simply speaking, the CAV that does not receive a message from the server because of a communication issue, will just continue its movement. However, the centralized architecture contributes to the safety enhancement through the default deny rule. The CAVs are resorted to a complete stop before the end of the storage zone if they cannot contact the server as discussed in [START_REF] Fok | A platform for evaluating autonomous intersection management policies[END_REF][START_REF] Perronnet | Cooperative intersection management: Real implementation and feasibility study of a sequence based protocol for urban applications[END_REF][START_REF] Perronnet | A sequencedbased protocol to manage autonomous vehicles at isolated intersections[END_REF][START_REF] Gregoire | Priority-based coordination of robots[END_REF].

Mixed Architecture

The last possible architecture is a mixed architecture, where both V2I and V2V are used.

This architecture was mentioned in [START_REF] Perronnet | R égulation coop érative des intersections: protocoles et politiques[END_REF][START_REF] Hao | Contribution à l'intersection coop érative: commandes longitudinale et lat érale[END_REF]. It can be an alternative to ensure the safety of the intersection while allowing negotiation of the rights of way between vehicles. This approach will allow the implementation of distributed intersection management algorithms,

where CAVs take full part in the decision-making process. It is also suitable for policies for adapting the priorities and trajectory control to the traffic dynamic. For instance, the RSU broadcasts the presence list to all surrounding CAVs and CAVs negotiate their priorities together. When they exit, they remove themselves from the presence list. The presence list can be built using geo-networking protocols of DSRC [START_REF] Alemany | Performance study of the ieee 802.11 p and etsi geonetworking protocols[END_REF].

2.4.5/ DISCUSSION

There is a consensus that CAV allows a new approach to managing the intersections that have a great potential to smooth the traffic. There are two opposing visions to achieve the objective. The first vision consists of planning all the vehicles in an optimal way. This vision comes up against the computation complexity and the traffic dynamic, which questions the obtained solutions. The other vision consists in making the CAV smarter so that the interaction of individual behaviors results in a collective behavior able to enhance the traffic conditions. This vision in turn faces problems of intersection safety, i.e. without collisions and deadlock. These two opposing visions partly explain the variety of negotiation protocols, scheduling approaches and the two dominant architecture families.

Contributions must be consistent in the entire decision-making process, that is how CAVs share the conflict space (protocol), how they get solutions (scheduling) and finally through which material and software infrastructure (architecture). This consistency requirement explains partially the lack of real tests in the literature, since more than three decades (see table 2.1). This requirement raises a deeper theoretical problem, namely how to optimize simultaneously both speed profile (trajectory) and sequence (schedule). The two problems are of different natures and even of distinct research areas. The first problem belongs to the theory of control of the continuous system (acceleration, speed, position), whereas the second belongs to the wide field of combinatorial optimization, which deals with discrete decisions. In addition to this theoretical complexity, the dynamics of traffic question the solutions taken, however perfect they were at the previous time.

Furthermore, although several papers show significant performance improvements through simulation, the gains are difficult to quantify from the traffic engineering perspective. In particular, there is no consensus on the time between successive passages of two conflicting vehicles. It is not an issue of estimating the exact values, that depends on the used material. However, at least it is mandatory to reach a consensus in a mathematical formulation that makes this time compared to the time between two successive passages of CAVs that move on the same lane. It is obvious that if the conflicting time is lower, the succession of conflicting CAVs improves the throughput. In this case, the research work in CIM must be directed towards achieving this low time as safe as possible, without collisions and deadlock. Several real tests need to be achieved to reach the idealistic conflict time. Otherwise, it is necessary to work fully on the scheduling of CAVs, by searching for policies that address computation time and traffic dynamics.

The other difficulty of linking the results to traffic engineering is the choice of intersection geometry. One of the expected advantages of CAVs is that they are able to save space dedicated to vehicles in urban areas [START_REF] Talebpour | Influence of connected and autonomous vehicles on traffic flow stability and throughput[END_REF]. Thus, it is difficult to quantify the advantage of control solutions that require a significant investment in additional urban space reserved for vehicles. Instead, the performance gains should be in the space that the autonomous vehicle gives to other activities (terraces for shops, home gardens...) and other mobility systems (wider pavements for pedestrians, dedicated lanes for soft transportation modes...). Thus, from this point of view, it is important to study capacity gains on simple intersections, such as the one presented in Figure 2.1, rather than considering a huge intersection with several lanes. Simple intersections raise the difficulty of considering several movements in the same lane, such as turning left movement that often blocks the other vehicles going straight. Such problems are avoided when studying a huge infrastructure.

2.5/ CONCLUSION

This chapter has reviewed the state of the art of automated control of elementary urban intersections. Currently, the most adaptive intersection control is based on traffic lights, which have some inherent limitations, such as the limited number of phases, due to the time lost, and the inadequacy of the traffic light with the vehicles actually present, be-cause of the lack of communication with vehicles. The perspective of autonomous and connected vehicles seems to bring new features that have a strong potential to improve traffic conditions. Vehicles are able to adapt together phases according to their state and control speeds to save time.

The literature review shows that these two advantages are not easy to be harnessed.

Theoretically, they raise new and complex problems. Depending on the point of view, the problem can be associated with the control of hybrid systems (continuous-discrete) [START_REF] Naumann | Validation and simulation of a decentralized intersection collision avoidance algorithm[END_REF][START_REF] Creemers | Design of a supervisory controller for cooperative intersection control using model predictive control[END_REF], the collective intelligence [START_REF] Marden | Cooperative control and potential games[END_REF] of multiagent systems [START_REF] Dresner | Multiagent traffic management: A reservation-based intersection control mechanism[END_REF], the control of constrained non-linear systems [START_REF] Mirheli | A consensusbased distributed trajectory control in a signal-free intersection[END_REF], etc. Let us add to these theoretically complex problems, the traffic dynamics that raise a new problem at each time-step, as well as the cyberphysical and real-time constraints. In order to overcome this complexity, in parallel to purely mathematical approaches seeking for optimal solutions, several approaches are based on simple protocols and policies. Our contribution aims to find simple policies that harness both velocity profiles and sequence. Our work will start from a virtual platoon based on FCFS policy [START_REF] Creemers | Design of a supervisory controller for cooperative intersection control using model predictive control[END_REF][START_REF] Ivan | Cooperative intersection control based on virtual platooning[END_REF].

EXTENDED VIRTUAL PLATOON This chapter focuses on virtual platoon formation at intersections. More precisely, a virtual platoon is formed by vehicles coming from different lanes so that each vehicle considers the precedent CAV moving in another lane as it is moving before it in the same lane.

When traffic flow is low this allows avoiding useless stops and thus the speed adjustment saves energy and increases the average speed. However, experiments show that as the traffic flow grows, vehicles need to stop and cooperative cruise control is no more efficient. The main reason for this drawback is that the studied concepts are limited to First In First Served.

This chapter aims to extend the existing policy, i.e. First In First Served. Only scheduling rules are used. To this end, many challenges need to be addressed and parameters to be set. First, a simulator of the virtual platoon was developed with a visual interface that displays vehicles in the intersection. This aims to (i) avoid biased results due to hidden collisions and to (ii) thoroughly set the protocol parameters. Second, the evaluation process to compare different policies is defined. The main objective of this step is to fit as much as possible the known approaches for the capacity evaluation in traffic engineering. Finally, the extension of the virtual is done gradually, with respect to the encountered issues.

This chapter is organized as follows. First, it introduces the virtual platoon protocol and the choice made, in terms of cooperative cruise control and communication architecture.

Second, it presents the most important features of the simulator. Later, it details the newly introduced policy. Finally, it discusses simulation results before concluding.

3.2/ VIRTUAL PLATOON PARAMETERS

Virtual platoon, as introduced in [START_REF] Perronnet | A sequencedbased protocol to manage autonomous vehicles at isolated intersections[END_REF], extends the platoon of CAVs that move in the same lane [START_REF] Al Alam | An experimental study on the fuel reduction potential of heavy duty vehicle platooning[END_REF][START_REF] Bergenhem | Vehicle-to-vehicle communication for a platooning system[END_REF][START_REF] Smith | Improving urban traffic throughput with vehicle platooning: Theory and experiments[END_REF], by introducing the conflicting CAVs to the platoon. This is possible through wireless communication, see figure 3. 1. In this section, we will detail through the problem formulation the four parameters that need to be stated to design the virtual platoon. These parameters answer the following questions:

• The synchronization point: From where the CAV needs to keep a safe distance with the conflicting leader, in the storage zone?

• Advanced cruise control: How the CAV keeps a safe distance from the precedent ones?

• Cooperative cruise control: How the CAV consider several obstacles, with some are virtual and others are real?

• Architecture: How can CAVs modify their schedule?

The four parameters are fixed gradually, by keeping our objective to allow CAVS a wider opportunity of scheduling negotiation, before getting to the conflict zone. 
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and u i (t) being the traveled distance from the beginning of the storage zone, the speed and the acceleration of the CAV i , respectively. Speed and acceleration constraints need to be added as follows: and out the potential collision area, respectively. The conflict constraint is as follows:

u i ≤ u i (t) ≤ u i , (3.2) 
0 ≤ v i (t) ≤ v i , (3.3) 
2 i=1 f i,enter (t) -f i,exit (t) -1 ≤ 0, (3.4) 
with k ∈ {enter, exit}, f i,enter and f i,exit are defined as follows:

f i,k (t) =          0 if p i (t) < d i,k 1 if p i (t) ≥ d i,k (3.5) 
1 d i,enter requires considering the safety distance to avoid the collision.

Equations (3.4) and (3.14) show that the system is hybrid. However, even by stating which CAV goes first, other parameters need to be set before using only continuous state variables (p i (t) and v i (t)) instead of f i,k (t). There are two ways to simplify the constraints of the stated problem:

• Reservation: Setting the times when CAVs are entering and exiting the potential zone of collision. With these times, it is possible to compute the optimal trajectory under a reservation protocol as formulated in [59] 2 . However, as discussed in section 2.4.2.2, the safe time between two conflicting is unknown and collisions may happen if the time is underestimated [START_REF] Quinlan | Bringing simulation to life: A mixed reality autonomous intersection[END_REF]. For instance, this time is set manually, according to the traffic flows, through the variable m in [START_REF] Yao | Integrated schedule and trajectory optimization for connected automated vehicles in a conflict zone[END_REF].

• Virtual platoon: Considering that both CAVs are virtually moving in the same lane.

In the second case, a slack variable must be introduced. If we consider that the index i gives the rank of the CAV i , so that CAV i precedes CAV i+1 , the constraint (3.4) is simply brought to the following one:

p i (t) -p i+1 (t) ≥ d i,exit -d i+1,enter (v i+1 (t)) + δ i, j (p i+1 (t)), (3.6) 
with δ i, j (p i+1 (t)) is a slack negative variable that allows the initial state to respect the constraint. When the CAV i+1 is at the beginning of the storage zone, this variable equals d i+1,enter (v i+1 (t))d i,exit . This allows both CAVs to have the same relative position at the beginning of the storage zone. As CAV i+1 is close to the conflict zone δ i, j (p i+1 (t)) tends to equal zero. [START_REF] Ivan | Cooperative intersection control based on virtual platooning[END_REF] introduces such a slack variable to control the cruise of the follower CAV.

However, the choice of the formulation of this slack variable isn't detailed.

Note that the curve of the slack variable modifies the way CAVs occupy the storage zone.

The slack variable acts as a cursor on where the safety distance is respected. If it tends towards zero in the middle of the storage zone, the follower CAV prepares the safety distance before the middle of the storage zone. As a result, the CAV decelerates before and the other CAVs behind are resorted to stopping earlier (see Figure 3.2). Let's call the "point of synchronization", the position from which CAV 2 respects the safe distance with CAV 1 . The choice of the point of synchronization is not neutral. There are two contradicting behaviors that the designer needs to face:

• Smooth CAVs behaviors at the conflict zone: The earlier is the point of synchronization, the faster CAVs are in the conflict zone, but, the shorter is the distance used for scheduling in the conflict zone. In other words, moving the synchronization point backward reduces the scheduling opportunities and requires additional distance to clear the upstream intersection. A discussion about the opportunistic position of the synchronization point was given in [START_REF] Perronnet | R égulation coop érative des intersections: protocoles et politiques[END_REF][START_REF] Hao | Contribution à l'intersection coop érative: commandes longitudinale et lat érale[END_REF]. The position of this point has to be thoroughly calculated according to the performance objectives of the intersection. This work will be conducted in the next chapter. This chapter intends to fulfill our primary objective: smoothing the intersection traffic by keeping the intersection geometry unchanged, i.e., without increasing the length of the storage area.

The second challenge that this chapter intends to overcome is to increase the scheduling opportunity. To meet both challenges, it is obvious that the synchronization point must be as close as possible to the conflict zone. In order to do not change the current geometry of the intersection, the constraint of respecting the safety distance in a virtual platoon is considered at the stop line, namely at the end of the storage zone.

The position choice of the synchronization allows also to fully harness the intersection scheduling opportunities. As one can observe in Figure 3.2, because of the point of synchronization, both robots that move in the same lane are separated too early. This big distance between them makes the platoon with the leader one3 inefficient. With a longer distance before the point of synchronization, CAVs will have a larger time to form real groups that will cross the intersection together. So, there is a bigger opportunity to modify the initial order of arrival (FIFS).

3.2.2/ ADAPTIVE CRUISE CONTROL

With a continuous objective function, the equation (3.1) under the constraints (3.2), (

and (3.14) can easily be solved, using Pontryagin [START_REF] Kopp | Pontryagin maximum principle[END_REF] maximum principle to derive the optimal control of the second CAV trajectory [START_REF] Sergei | The pontryagin maximum principle and transversality conditions for a class of optimal control problems with infinite time horizons[END_REF][START_REF] Kamocki | Pontryagin maximum principle for fractional ordinary optimal control problems[END_REF][START_REF] Tauchnitz | The pontryagin maximum principle for nonlinear optimal control problems with infinite horizon[END_REF]. However, the system dynamic equation (3.7) ignores the time delay issue. In the majority of the well-known car following models, such as models of GHR [START_REF] Denos | Nonlinear follow-theleader models of traffic flow[END_REF], of Gipps [START_REF] Peter | A behavioural car-following model for computer simulation[END_REF], of Wiedemann 99 [START_REF] Ptv | Ptv vissim 10 user manual[END_REF][START_REF] Durrani | Calibration and validation of psychophysical carfollowing model using driver's action points and perception thresholds[END_REF] and of Intelligent Driver Model (IDM) [START_REF] Treiber | Congested traffic states in empirical observations and microscopic simulations[END_REF], a time delay is added to consider the reaction time of the human drivers. As for human drivers, a time delay needs to be considered for CAVs. This time delay is first caused by the sensor's frame rates, cycle time and accuracy [START_REF] De Ponte | Survey on ranging sensors and cooperative techniques for relative positioning of vehicles[END_REF]. Second, the data processing algorithms require time [START_REF] Narayan | Autonomous camera based eye controlled wheelchair system using raspberry-pi[END_REF][START_REF] Warsewa | Self-tuning state estimation for adaptive truss structures using strain gauges and camera-based position measurements[END_REF][START_REF] Huang | A radar and monocular camerabased fusion approach for pedestrian detection[END_REF]. Third, the normal communication issues are also a non-negligible source of delay [START_REF] Belogaev | Cost-effective v2x task offloading in mec-assisted intelligent transportation systems[END_REF][START_REF] Shaer | Multi-component v2x applications placement in edge computing environment[END_REF][START_REF] Moubayed | Edge-enabled v2x service placement for intelligent transportation systems[END_REF]. Finally, the mechanical components of the vehicles to perform the control take time. As a result, the dynamic of the CAV given by (3.1), must formally be written as follows:
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with d > 0 is the time delay.

With d > 0, the solution of the optimization problem is subject to approximations through numerical solutions [START_REF] Betts | Examination of solving optimal control problems with delays using gpops[END_REF], discrete-time optimal control techniques [START_REF] Al | Quadratic programming problems on time scales[END_REF], with a sampling time or nominal control based on analytical approximations [START_REF] Chen | An error-based active disturbance rejection control with memory structure[END_REF]. In this chapter we considered the last option, using RT-CVC [START_REF] Outay | Simulation of connected driving in hazardous weather conditions: general and extensible multiagent architecture and models[END_REF]. The objective function of the RT-CVC is to be instantaneously the closest to the safety distance from the leader. This allows to fully use the storage zone for receiving CAVs and for scheduling them. Formally, the problem solved by RT-CVC is written as follows:

min u i+1 (t) p i (t) -p i+1 (t) s.t. p i (t) - v i (t) 2 2u i h i (t) -p i+1 (t) -v i+1 (t)τ -u i+1 τ 2 2 p i+1 (t+τ) + (v i+1 (t) + u i+1 τ) 2 2u i+1 h i+1 (t+τ) ≥ S u i+1 (t) ≥ u i+1 , (3.8) 
with h i (t) and S > l designate the distance that the CAV needs to come to a complete stop and the constant relative distance that the second CAV needs to maintain for safety.

Figure 3.3 illustrates the principle of RT-CVC. The solution to the problem 3.8 is given [START_REF] Hao | V2ibased velocity synchronization at intersection[END_REF] and tested for following real cars during the thesis (see Figure 3.4) and in a real intersection in ITS world congress [START_REF] Lombard | V2x for vehicle speed synchronization at intersections[END_REF][START_REF] Lombard | Contribution à la r égulation coop érative des espaces conflictuels entre v éhicules autonomes[END_REF]. It was also compared to the enhanced IDM [START_REF] Kesting | Enhanced intelligent driver model to access the impact of driving strategies on traffic capacity[END_REF] in [START_REF] Perronnet | R égulation coop érative des intersections: protocoles et politiques[END_REF][START_REF] Outay | Simulation of connected driving in hazardous weather conditions: general and extensible multiagent architecture and models[END_REF]. It shows that RT-CVC is safer under the following conditions: In addition to the safety advantage, RT-CVC allows to explore the storage zone to the maximum, since the CAV moves at the limit of the safety constraint.

3.2.3/ COOPERATIVE CRUISE CONTROL

The cooperative cruise control for virtual platoon splits the intersection space into three sets of zones: entrance, conflict and exit zones. For safety reasons, each CAV i at a rank n i (t) adjusts its speed in storage and conflict zones according to:

• Real leader (rl): the precedent CAV that moves on the same storage zone,

• Virtual leaders (vl): the set of conflicting CAVs vl j , at a rank n j (t) < n i (t), It is the virtual obstacle that prevent collision in the case where CAV 4 is not able to adjust its speed according to CAV 0 , CAV 1 and CAV 3 .

We consider five signed accelerations u rl i (t), u vl i (t), u sl i (t), u nl i (t) and u d i (t) that are computed instantaneously according to the speeds of both CAV i (CAV 4 in figure 3.5) and obstacles and their relative distance s * i . Table 3.1 gives the considered parameters. u nl i (t) is computed for the next leader that has already left the intersection (CAV 0 in figure 3.5). u d i (t) is used to respect the maximal desired speed of CAV i (v i ). Since there are several virtual leaders, then u vl i (t) is computed as follows:

u vl i (t) = min vl j ∈vl u j i (t) (3.9) 
with the time delay of the system multiplied by 1.2 taneous acceleration that results from all conflicts is obtained by the following equality:

u j i (t) =          u sl i (t) if s j i < 0 u j vl i (t) otherwise (3.10)
u c i (t) = max u sl i , min u vl i (t), u nl i (t) (3.11) 
because CAV i must stop before the conflict zone (synchronization point) if it is not able to follow its virtual leaders and its next leader. Finally, the CAV must avoid collision with its real leader. Hence, we have:

u i (t) = min u rl i , u c i , u d i (t), u i ).
(3.12)

We draw the reader attention to the fact that equations (3.9), (3.10), (3.11) and (3.12) are open to any adaptive cruise control originaly used by the CAV. The control strategy can be linear to the errors [START_REF] Soo No | A lyapunov function approach to longitudinal control of vehicles in a platoon[END_REF], based on sliding mode techniques [START_REF] Nouveliere | Experimental vehicle longitudinal control using a second order sliding mode technique[END_REF], on the well-known IDM [START_REF] Kesting | Enhanced intelligent driver model to access the impact of driving strategies on traffic capacity[END_REF] or even on Deep Reinfocement Learning techniques [START_REF] Kuutti | End-to-end reinforcement learning for autonomous longitudinal control using advantage actor critic with temporal context[END_REF]. In this thesis, we use RT-CVC as stated in the previous subsection. The accelerations are computed as follows:

u * i (t) = u * i • τ -2 • v i (t) -2 • u * i • X * i (t) 2 • τ (3.13)
with in equation (3.13), we have:

X * i (t) =                                      u i •τ 2 +4•τ(v i (t)-2•v i )+4• v i 2 u i 4•u i * = d u sl i •τ 2 +4•v i (t)•τ-8•s sl i (t) 4•u sl i * = sl u * i •u * •τ 2 +4 u * •v i (t)•τ+v * (t) 2 -8•u * •s * i (t) 4•u * i •u * * sl, d (3.14) 
In order to illustrate RT-CVC, simulations are performed between two conflicting CAVs, The simulations aim to show that u sl i acts as a cursor for the synchronization point. This is, somehow, similar to δ i, j (p i+1 (t)). The simulation results are given in figure 3. 7. Figure 3.7-A gives the position of CAV 1 and CAV 2 under four different values of u sl i . The circles show where CAV2 begins to follow CAV 1 . One can note that u sl i modifies the position where CAV 2 begins to follow CAV 1 . The reason is found in Figure 3.7-B that gives the acceleration values for the four scenarios of u sl 2 . As the u sl i is closer to zero, as CAV 2 begins the deceleration sooner to be able to come to a complete stop before the stop line with respect to u sl 2 . So, in the fourth scenarios, CAV 2 respects u sl 2 . Because we intend to benefit from the total storage zone for the scheduling, in the reminder of the whole thesis we set:

u sl i = u vl i = u nl i = u rl i = u i (3.15)
Another important point to highlight, is the intersection safety. This simulation shows that the formed virtual platoon is a collision free. First, let us focus on figure 3. 7-A andB. CAV 1 exits the potential zone of collision, at t = 6.6s whereas CAV 2 enters later (t = 7.7s and v 2 (7.7) = 15.0m/s for u sl 2 = -1.5m/s 2 , t = 7.6s and v 2 (7.6) = 14.5m/s for u sl 2 = -2m/s 2 , t = 7.5s and v 2 (7.5) = 13.5m/s for u sl 2 = -3m/s 2 and t = 7.0s and v 2 (7.0) = 14.9m/s for u sl 2 = -4m/s 2 ). u i . However, the complete stop happens in the conflict zone. This point is important to consider while scheduling CAVs.

3.2.4/ ARCHITECTURE

u rl can be computed by using the frontal sensor of the CAV whereas for computing a c , the CAV relies on data coming from wireless communication. According to the discussion given in section 2. 4.4, CAVs need a consistent list of presence. To this end, two strategies are used together in this thesis. They are based on communication with the intersection manager that can be an ITS Roadside Unit (RSU). The first one is the default deny. A CAV is resorted to coming to a complete stop before the stop line if it is unable to communicate with the RSU. The second strategy is based on an Ordered Presence List (OPL) that is continuously updated and broadcasted by the RSU.

OPL is a list where CAVs are first ordered according to the FIFS policy. A new CAV in the conflict zone sends to RSU its ID, position, speed and next direction. The RSU adds it at the end of the OPL. When the new CAV receives the OPL, it analyses all precedent CAVs to determine the set of conflicting CAVs that are vl and nl. It can then start the negotiation with them to modify its rank in the list, while modifying vl accordingly. During the whole trajectory of the CAV, the CAV permanently sends its new position and speed to RSU.

When the CAV exit the exit zone (a sufficient distance to allow the followers to stop safely v • τv 2 2u with v = max i v i and u = min i u i ), it cuts the communication with the RSU.

Two negotiation architectures are considered: • Centralized architecture: According to given rules, the intersection manager modifies the rank of OPL. In such a case, once CAVs receive the new OPL they rebuild their sets of vl.

The mixed architecture is used later. The CAVs negotiate together their rank and the rank is sent to the intersection manager, which will update the OPL. The new version of the OPL is considered as an acknowledgment of the results of the negotiation. So, CAVs update their access list, when they receive the new version of OPL from the intersection manager.

3.2.5/ DISCUSSION

In this section, we went deeply into virtual platoon parameters. According to our objective to keep the chance that CAVs negotiate their rank during their movement into the storage zone, we state the following parameters:

• The synchronization point: The ego-CAV needs to keep a safe space with the conflicting CAV only before the latter leaves the conflict zone.

• Advanced cruise control: The ego-CAV moves behind its real leader, being the nearest to the safe distance. This allows to stay in the platoon with its real leader for forming a group together.

• Cooperative cruise control: Four obstacles are considered for the safety of the intersection, real leader, virtual leader, next leader and the stop line. The stop line is used when the CAV isn't able to follow the conflicting leader.

• Mixed architecture: There is an intersection manager that broadcast frequently an updated OPL, where each CAV can find its rank. Accordingly, CAVs negotiate together their new rank and send it together to the intersection manager that updates the OPL.

In addition to these four parameters, we recall that, in the proposed approach, we integrated the time delay in the used cruise control as well as the difference of the braking capability between CAVs, for any emergency reasons, by choosing the RT-CVC algorithm for the cruise control.

3.3/ SIMULATOR

Now that all the parameters of the virtual platoon are fixed, it is possible to run simulations. The simulation aims to test the different policies and to evaluate them. A graphical interface was designed to visualize collisions if any. In the reminder, we will describe the following points:

• Simulated environment

• Main classes and functions

• Chosen metrics

This description allows the reader to better understand the scope of the results presented in the remainder of the thesis.

3.3.1/ SIMULATED ENVIRONMENT

The simulator is programmed using Java language through Eclipse. The visualization is based on JavaFX, with a frame rate of 50 frames per second, for showing a 2D top view of the intersection. The simulated intersection is a usual simple four-branch intersection presented in figure 3.8, where each 5 pixels represent 1m. As a result, the length of the storage zone is 80m and the radium for turning left and right are respectively 15m and 

s(t) = N i v i N , (3.16) 
with N is the number of CAVs in storage and conflict zones of the intersection. The origin-destination is computed according to the probabilities given by the user, to turn right, go straight and turn left.

Driving automation

This agent is a set of functions of the adaptive cruise control and the desired speed. It was separated from the car agent, in order to consider several kinds of driver-agent through car-following models. Initially, several tests were performed using IDM and PID controller.

In this document, only RT-CVC is used for simulations. This class considers the different kinds of obstacles rl, vl, nl, sl. For each CAV in vl it computes the acceleration according to its relative position and speed. With all received data from the car agent, this driving automation agent computes the "best" acceleration.

Intersection manager

The intersection manager receives messages from cars and builds the OPL. It behaves like a geo networking filter to accept or refuse messages from cars. More precisely, car position and direction in the messages will either make the intersection manager accept or refuse the car. The last option will drop the car from the OPL. By default, the OPL is built according to FIFS.

In addition to the virtual platoon, the architecture of the simulator allows to simulate the stop and go protocol. To this end, only CAVs that are not in conflict is added to OPL according to a given set of rules. Remember that we used a default deny policy and sl as the point of synchronization. Hence, a CAV that is not in the OPL just comes to a complete stop the furthest in the storage zone. If it is the leader in the lane, it will be immobilized near the stop line, sending request messages to the intersection manager to get an OPL where it is included (Green).

3.3.3/ METRICS

There are several ways to evaluate the efficiency of a given policy and to compare it. In this thesis, we chose a flow-speed diagram. There are three reasons for this choice:

• The virtual platoon makes the CAVs that are on different roads act as they are moving on the same road. One of the famous ways for modeling the road behavior is the use of the fundamental diagram [START_REF] Carlos | An analytical approximation for the macroscopic fundamental diagram of urban traffic[END_REF], where congested and smooth traffic can be clearly identified. Moreover, the capacity of the road, that is the maximum average traffic flow, can be computed. • Many simulations in the literature show an improvement in terms of KPI (Key Performance Indicator) for some traffic flows and given intersection geometry. However, it is difficult to link the KPI together, from the traffic engineering standpoint.

• Using several simulation points to address the flow-speed diagram avoids KPI measures with a few simulations (sequence of arrivals of CAVs, speed, geometry...).

This small number of simulations can be in favor of a given policy.

The fundamental traffic diagram expresses the traffic flow q (pcu/s) according to the traffic density k (pcu/m) for a given road [START_REF] Geroliminis | Properties of a well-defined macroscopic fundamental diagram for urban traffic[END_REF]. Two states of the traffic can be clearly identified from the diagram, as shown in figure 3. [START_REF] John Dc Little | The synchronization of traffic signals by mixed-integer linear programming[END_REF].This is due to the speed that is inversely proportional to the density. The traffic theory puts a relation between traffic flow, traffic density and average speed S , as follows:

q = S k (3.17)
The fundamental diagram is used for many purposes in traffic engineering. First, it allows the estimation of the road capacity and the travel times through the equation (3.17 A point can be the result of a sequence of CAVs in favor or against the policy. For instance, during the simulation minute, there is no spawned CAV who turns left. The fitting curve hides these kinds of advantages or disadvantages, evaluating the policy in general. Each policy is simulated with the following traffic flows given in table 3.3 during 10min, six times.

The capacity of a lane is 0.5m/s. In each lane, there are 10% of CAVs who turn left, 80%

who go straight and 10% who turn right.

3.3.4/ SIMLATION PURPOSE

In this section, we introduced the implemented intersection simulator. This simulator aims to compare the different policies in terms of traffic efficiency. In this simulator, we separated CAVs and the intersection manager. However, it is important to note that there are no simulated communication delays or packet loss. These parameters are integrated in the value of τ = 0.5s that represents the global delay due to sensors, data fusion, control algorithms, communication.... In practice, the value of τ needs to be respected to get similar results than the ones will be presented hereafter. Otherwise, τ must be thoroughly evaluated according to the existing materials.

To the best of my knowledge, the used metrics are original for such an application. Contrary to traffic lights where the designer tries to reach a given capacity through cycle time and phases, CIM is a fully autonomous flow of CAVs. The metric suite better than the usual KPI, for the studied case. The simulated intersection is an elementary one that includes the turning movement. This has the advantage to consider the complexity raised by such an intersection. Some of these complexities (The three movements in the same lane) are avoided, while using intersections with more lanes.

3.4/ POLICY

In this thesis, we have simulated many policies. However, only a few were interesting, in terms of safety and efficiency. In the reminder, we will present the results and the associated algorithms to the following ones:

• FIFS

• FRO • VP DCP

To the best of my knowledge, FRO and VP DCP were introduced neither to virtual platoon protocol nor to the reservation one, before our first paper [START_REF] Du | On the v2x speed synchronization at intersections: Rule based system for extended virtual platooning[END_REF]. In practice, they raise the issue of adjusting the cruise control to dynamic scheduling. More precisely, a CAV can have a new obstacle during its movement in the storage zone. As discussed in section 3.2.4, the new OPL is updated only if all conflicting CAVs acknowledge the new order for VP-DCP, whereas a centralized architecture is used for FRO. the capacity of the intersection under the FIFS policy (see table 3.3).

3.4.2/ FRO

FRO is an extension of FIFS by allowing CAVs to modify their rank according to their estimated exit time. The used architecture of the negotiation is centralized. Simply speaking, the intersection manager modifies the ranks of CAVs. Getting a safe FRO, is not an easy task. FOS faces deadlock, livelock and collision risks. Three strategies were used to avoid the deadlock and livelock:

• A step-by-step approach: The OPL is frequently ordered from the bottom to the top. Each CAV is ranked according to the immediate precedent CAV in the OPL. A swap happened, only if the exit time of the CAV is smaller than the precedent, and so on. This allows to avoid a livelock situation, with permanent swaps.

• Exit time constraint: The exit time of a given CAV is always bigger than its real leader rl. The computed exit time is at least bigger or equal to the exit time of CAV rl plus 2s. This allows to prevent the intersection from the deadlock presented in figure 2.11-B, where the follower is ranked before the leader that is moving in the same storage zone.

• Exit time evaluation: The exit time is evaluated according to the conflict zone, rather than using the potential zones of collisions. This is similar to the approach used in [START_REF] Malikopoulos | Optimal path planning for connected and automated vehicles at urban intersections[END_REF]. This allows preventing the deadlock presented in figure 2.11-A. This deadlock is owed to a circular wait where at least three CAVs are involved. Even if the use of OPL prevents circular wait, the dynamic updates of the OPL that is raked according to exit time of the potential zone of collisions will slow down CAVs by making several swaps in the same group of CAVs.

Regardless of the exit time of the rl, the exit time is computed as follows:

t i,exit = min                    d i,exit -p i (t) v i (t) (1) 
,

2(d i,exit -p i (t)) u i + τ (2)                    (3.18)
The left term of the minimum in equation (3.18), is used when the CAV is moving

(v i (t) >> 0)
, whereas the right one is used when the state of the CAV is near to a complete stop(v i (t) → 0). For avoiding collisions in FSO, if the immediate precedent CAV (CAV j ) is in conflict, the swap is allowed only if it is able to come to a complete stop before the stop line. The swap happens only under the following condition:

p j (t) < 80 -       v j (t)τ + v j (t) 2 2u i       + s, (3.19) 
with p j (t) = 0 at the beginning of the conflict zone and s is a safety distance that equals 2m in the simulator.

The results of the simulations of FRO are given in figure 3.12. One can observe that the FRO improves the intersection throughput compared to FIFS. The simulation points are • It continues the evacuation of the lanes that are not loaded, as long as the space between two exiting vehicles does not exceed the time needed to the evacuation of the first CAV of the overloaded lanes at a standstill (See equation 3.18 (2)).

• It is difficult to implement when the next intersection is saturated. In this paper there is no next intersection, so the exit time does not include the presence of nl.

The first disadvantage is solved using DCP. This protocol deserves to be studied and extended to the virtual platoon protocol. The second one is studied using DCP in [START_REF] Perronnet | Deadlock prevention of self-driving vehicles in a network of intersections[END_REF].

3.4.3/ VP-DCP

This section analyzes DCP and extends it to the virtual platoon. First, let us simulate DCP, using the stop and go protocol. The architecture is centralized. The intersection manager receives the requests from all CAVs and the OPL is formed only by CAVs that aren't in conflict. A CAV in the OPL is not dropped unless it exits the conflict zone. There is neither nl nor vl, since all CAVs in the OPL aren't in conflict. A CAV is included in the OPL by using the following rules:

• First CAV: If the CAV is the first one at the intersection (empty OPL), it is added into the OPL (allowed to pass through the intersection) and gets the green.

• Follower: If there is a CAV j on the same lane close behind a CAV i in the OPL

(p i (t) -p j (t) ≤ d f )
, is considered as a follower. The follower is included by default in the OPL (it receives the green of the precedent CAV) if there is not any conflict with all already CAVs in the OPL.

• Parallel (mapped): Any other CAV is included, if both following conditions are satisfied:

-There is not any conflict with all already CAVs in the OPL -The CAV is nearer to the conflict zone than the furthest authorized CAV (e.g. follower).

• Efficiency and fairness: If the last CAV left the conflict zone, the green is given to the nearest CAV. If there are two CAVs with the same temporal distance, the green is given the oldest one.

One of the crux issue is the definition of d f to admit a CAV as a follower. To this end we used the average headway time between two following CAVs wich is near to 2s, for which we added the CAV's length and a safety distance s. However, as the speed of the CAV is close to 0, as the value of the distance become shorter. Hence, we considered the following value of d f :

d f = min 2 • v j (t) + 4.4 + 2, 15 , (3.20) 
with j is the index of the follower CAV.

The simulations of DCP under the stop and go protocol give the result presented in figure 3. [START_REF] Boillot | Optimal signal control of urban traffic networks[END_REF]. One can observe that there are a few points near the capacity. This means that some of them are on the left side of the graph, causing congestion. More precisely, DCP under the stop and go protocol is sensitive to the CAV's destination when the traffic flow is high (more than 0.23upc/s per lane). However, even with the stop and go protocol that makes CAV resort to a complete stop, DCP has a slightly bigger capacity than FRO with virtual platoon protocol. The average throughput capacity of the simulated intersection equals to 0.98upc/s. This encourages us to extend DCP to the virtual platoon protocol.

There are two golden rules of DCP to increase the traffic throughput, which are as follows:

• Follower: Two successive CAVs from the same lane spent less time than two conflicting ones Both rules need to be included in the DCP-VP (DCP under the virtual platoon). Remember that there is no red or green in the virtual platoon. In order to explore both rules, the CAV needs to be ranked the closest either to its leader on the same lane or to a CAV that can simultaneously pass through the conflict zone .

Let us call the CAV of the first option a real leader and the CAV of the second option as a mapping leader. An example of the ranking problem is presented in figure 3. [START_REF] Sen | Controlled optimization of phases at an intersection[END_REF]. The green CAV needs to be added to the OPL. There are three possible ranks, i.e. behind the blue CAV, the amber one or the red one. If all CAVs go straight, the amber CAV is the mapping leader ml, whereas the blue one is the real leader. In such a case, whatever the position of the green CAV before the red CAV, will have the same result.

Conditions and new rank finding

However, if both leader CAVs, i.e., blue and red, are far from the green one, it is not efficient to modify the sequence. To this end, it is important to define a relative distance from which the green CAV can consider the other as a leader to join. d f defined in equation (3.20) is considered as the maximum allowed distance for both real leader (blue CAV) and mapping leader (Amber CAV). In addition to the relative distance, a CAV can be considered as a leader, either a real leader or a mapping leader, only if it is in the storage zone. The algorithm for searching a leader for changing the rank begin from the current rank of the ego-CAV j and go progressively to the beginning of the OPL. The searching stops at the rank of the real leader. The first found leader, while searching, either mapping or real one is the one chosen. This leader i needs to fulfill both conditions :

• CAV i is in the storage zone

• p i (t) -p j (t) ≤ d f
Simply speaking, even if the green CAV is close to the blue one, it will select the amber one if it fulfills both conditions. This aims to make the CAV gain a new position progressively.

Negotiation of the new rank

The CAV negotiates with conflicting CAVs that are located in the OPL between the rank of the chosen leader and the current rank of the CAV. The negotiation begin with the last one and go to the rank of the chosen leader. If one conflicting CAV refuses, the negotiation stops and the last gained rank is kept. For safety reasons and for avoiding livelock, the conflicting CAV refuses, if at least one of these conditions aren't fulfilled:

• It has a conflict with the chosen leader

• It doesn't need to decelerate to admit the precedent CAV

• It is in the storage zone. 

Other improvements

Another rule is added to rank CAVs in the OPL. This rule gives a higher priority to CAVs without conflict. If the CAV that is ranked before is not conflicting, and it is further from the conflict zone, the ranks are swapped. This task is performed by the intersection manager, before sending the updated OPL. The main objective is to avoid useless negotiations with CAVs that can cross the intersection without braking.

Simulations

The simulation results of the DCPVP are given in figure 3. [START_REF] Maxime Tr Éca | Fast bootstrapping for reinforcement learning-based traffic signal control systems using queueing theory[END_REF]. One can note from the figure that there are fewer points on the congested part. Some points are very high (high throughput) near the capacity. This is due to the schedule that allows four movements crossing the intersection simultaneously (turning right). The average maximum throughput is 1.48upc/s. This is significantly much higher than the previous results.

3.4.4/ COMPARISON

In order to compare the four studied intersection management, figure 3.16 presents all obtained fitting curves. One can observe that DCPVP significantly enhance traffic management from two points of view: The second interesting performance in terms of the capacity is DCP with stop and go protocol. However, CAVs move slower in general and their capacity is too close to FRO.

Moreover, in DCP simulation, there are few points near the capacity. This is due to the fact that CAVs in DCP is resorted to a complete stop, whereas in FRO they have the advantage of forming virtual platoons. Finally, FIFS is the worse one.

3.5/ CONCLUSION

In this chapter, we tackled the issue of scheduling virtual platoon. First, we defined the way the CAVs adjust their speeds. To this end, we defined the synchronization point, the cooperative cruise control as well as the communication architecture. In order to compare different policies, we built a simulator and defined a metric that allows to evaluate policies from the traffic engineering standpoint.

Three policies are compared, using the virtual platoon protocol, FIFS, FRO and DCPVP.

We also simulate DCP with the stop and go protocol. The simulation shows that both scheduling and cruise control have a significant impact on the intersection performance.

A notable gain in terms of speed and capacity is achieved through DCPVP. If we compare OPTIMAL VIRTUAL PLATOON

4.1/ INTRODUCTION

CAVs introduce the following new optimization opportunities, in intersection management:

• Sequence formation/Scheduling: CAVs are able to communicate together in order to determine which CAV crosses the intersection first, which one the second and so on,

• Trajectory planing: The accelerations of CAV can be optimized according to the precedent CAVs.

Cooperative Intersection Management (CIM) aims at exploring both opportunities for enhancing the traffic situation. In CIM, each CAV contributes to the decision-making by negotiating the "right-of-way" and by adjusting its speed accordingly.

In the last chapter, we considered the virtual platoon protocol, while trying to optimize the sequence formation through CAVs negotiation. We showed that VP-DCP improves significantly the intersection throughput. However, this work needs to be improved in terms of trajectory planning. Indeed, on the one hand, a significant performance was gained by modifying the protocol from the stop and go to the virtual platoon. On the other hand, it remains a possible improvement of the cooperative cruise control by reconsidering the synchronization point.

Recall that in the previous chapter, CAVs need to keep a safe distance at the beginning of the conflict zone. This aims to efficiently use the storage zone for the sequence formation through the negotiation of their rank. This chapter investigates if there is a better synchronization point to minimize the time between two conflicting CAVs. To this end, it studies an elementary intersection of two robots. This leads to a mixed protocol (virtual platoon/reservation). The results of the study will be generalized to the studied intersection of CAVs. This chapter is organized as follows. The second section introduces the problem. The third one focuses on the safety time between two intersecting movements of robots. This introduces an optimal control point. Simulations using an optimal schedule are performed.

The third section uses the optimal control point for the studied intersection of CAVs. Simulations and comparisons are presented, before the conclusion.

4.2/ PROBLEM STATEMENT

Because we intend to address the CIM safety problem in a general case (industrial, domestics and urban environments), in the remainder we use the term robot instead of CAV.

As defined in the first chapter, the intersections commonly have a storage zone, a conflict zone and an exit zone. The conflict zone covers the set of conflict points. These points are the result of the intersection with a non-zero degree angle of two lines representing the vehicle movement. Each conflict point defines a potential collision area in which two conflicting vehicles cannot access it simultaneously. The shape of this area depends on the space occupied by the vehicles and the curvature of the lines that intersect. Each potential collision area forms an elementary intersection. An example is given in figure crossing the elementary intersection strongly depends on the safety constraint as follows:

V = D T min + T s , (4.1) 
where D is the length of the trajectory from the beginning of the storage zone to the exit of the conflict zone, T min is the traveling time of the robot at its maximal speed (v) and T S is the time required to avoid collisions with other precedent robots that are either moving in the same lane or in the conflicting lane. Since D and T min are constant, T S is in the core of the optimization of CIM. T S is the result of the following addition:

T s = h + L (4.2) 
where h is due to safety distance kept with the precedent robot and L is the time lost to respect the distance.

When the precedent robot is moving in the same lane, T s is widely studied in the platooning literature [START_REF] Sun | Behaviorally stable vehicle platooning for energy savings[END_REF]. A safe headway time h is maintained all the time to avoid collision with the precedent robot. L results from the latency of the control system to recover h. When the robot and the precedent one form intersecting movements, L strongly depends on the speed profile of the robot. For instance, if the robot comes to a complete stop before the potential collision area for letting the precedent robot go, a significant time to clear the conflict zone is needed later, resulting in a big L [START_REF] Ahmane | Modeling and controlling an isolated urban intersection based on cooperative vehicles[END_REF] and [START_REF] Wu | Effectiveness proving and control of platoonbased vehicular cyber-physical systems[END_REF] (see figure 4.2).

Many papers [? ? ] assume that the trajectory optimization makes L tend towards 0. More precisely, thanks to the trajectory optimization, the second robot anticipates the exit time of the precedent one, in order to immediately cross the conflict point at the desired speed.

However, such an assumption is not safe when it comes to real robots. The second robot cannot exit immediately after the first one because it must be able to react if the first one comes to a complete stop or does not respect exactly its exit time. Hence, a buffer time [START_REF] Quinlan | Bringing simulation to life: A mixed reality autonomous intersection[END_REF] and a clock synchronization approaches [START_REF] Khayatian | Crossroads+ a time-aware approach for intersection management of connected autonomous vehicles[END_REF] are studied later to overcome the unpredictable robot trajectory. This contributes to increase L.

In order to study the problem, we consider in the following two conflicting robots R0 and R1 presented in figure 4. 3. One can observe that the conflict movement raises the following confusion:

• The collision risk is raised only momentary (only when R0 occupies the conflict point • However, the safe distance that is momentary kept by R1 to avoid collision with R0 when it occupies the potential collision area will delay the exit time of R1 (L > 0).

This prevents R1 to enter exactly when R0 leaves.

More precisely, a safe speed profile allows R1 to be able to come to a complete stop if R0 does not respect its exit time and stays at the potential collision area. Hence, the optimization of R1 performance resorts in the minimization of λ presented in figure 4. 3.

We draw the reader attention that h c and λ are different, but the minimization of λ is easier to formulate mathematically. A correct evaluation of λ and its minimization, not only improves R1 exit time but also significantly improves the intersection performance through a suitable sequence (which robot goes first and which is the second and so on), as it will be discussed later.

4.3/ OPTIMAL CONTROL POINT

This subsection gives the formulation of the optimal control of the trajectory of R1 when it intersects with R0. To this end, this section defines:

• The optimal control point (see section 4.3.1): the speed and the distance that R1 must take in order to cross safely the intersection with a minimum λ. More precisely, we set the optimal red point in figure 4.3-C that allows R1 to exist the soonest.

• The formulation of the problem of the optimal speed profile according to a given objective function (see section 4.3.2). Here, besides safety concerns, we consider the energy minimization. The length of the potential collision area D i

The position of the complete exit of Ri from the potential collision area τ Reaction time of the system l i

The length of Ri s i

The desired distance with obstacle when Ri comes to a complete stop p i (t)

The distance traveled at t by Ri from its entrance to the storage zone v i (t)

The speed of Ri at t. v i

The maximum speed of Ri. u i

The acceleration lower bound u i

The acceleration upper bound of Ri. u i (t)

The acceleration Ri at time t.

t i,enter

The time when Ri enters into the potential collision area.

t i,exit

The time when Ri leaves the potential collision area.

Notations used hereafter are presented in Table 4. 1. We draw the reader's attention to the following folds:

• s is extended to consider both the positioning system accuracy and the approximations (see footnote 1).

• τ is the upper bound of the amount of time needed to the robot to respond to the stimulus, including the communication, detection and computation time as well the time needed to apply the control (acceleration).

• Ri state at time t is determined by its position and speed, X i (t) = p i (t), v i (t) T whereas the acceleration u i (t) is its control input.

4.3.1/ PRELIMINARIES OF OPTIMAL AND SAFE TRAJECTORY

In order to allow R1 to come to a complete stop when R0 is in the potential collision area, the minimum safe distance that R1 must keep to the exit is the following:

D -p 1 (t) ≥ v 1 (t) • τ d τ - v 1 (t) 2 2 • u 1 d u +l c + l 1 + s 1 d z 1 (4.3)
with t ∈ [t 0,enter , t 0,exit [. In (4.3), d τ considers the travelled distance during the reaction time, whereas d u is the braking distance. d z includes the physical ground occupation of the robot as well as the length of the potential collision area. λ is the time needed to travel the remained distance to the exit located at D. λ is determined by R1 state at t = t 0,exit .

By considering that R1 accelerates at the maximum when R0 releases the potential collision area, λ is a function of X 1 (t 0,exit ). Under the assumption of the equality in (4.3), the minimization of λ is obtained by searching the roots of its derivative [START_REF] Russell | Engineering Optimization: Applications, Methods and Analysis[END_REF]. This gives the analytical expression of the optimal control point X * i = [p * i , v * i ] T as follows: the optimal state. When R1 moves too fast, it must take a big distance to the potential collision area, which requires more time to exit. On the opposite side, when the robot has a small speed, it is too near to the potential collision area, but it needs more time to exit because of its low speed. The balance between safe distance and speed is presented in (4.4). Hence, in order to minimize λ (L as well), R1 must be in the state X * 1 at t = t 0,exit . In the following, the optimal state given in (4.4) is called the control point that R1 must reach thanks to DMPC. It remains to define a sufficient condition that allows a safe behavior of 

X * i =            D -v * i • τ + v * i 2 2•u i -d z min v i , u i √ u i •u i •τ 2 -2(u i -u i )d z -u i •τ u i -u i            (4.4) 

Safe robot behavior

When t ∈ [t 0,enter , t 0,exit [, R0 is in the potential collision area and R1 should be able to achieve a complete stop without getting into the potential collision area. Formally, (4.3) must be respected, before the exit of R0. The following lemma gives the safety bound: lemma 1 (Safety constraints). For a given point X(t * ) that belong to the the following constraint set C u :

X(t) =         p(t) v(t)         ∈ C := p(t) ≥ v(t) • τ - v 1 (t) 2 2 • u + A, (4.5) 
with A ∈ R, all points of the trajectory from t * -T to t that leads to X(t * ), respecting both constraints: belongs to C u , with T > τ and u(t) = dv(t) dt .

u(t) ≥ u (4.
Proof. In order to prove the lemma we prove first the equality in (4.6). Let a = u be the acceleration leading to x(t * ) from x(t * -T ). If the equality holds, Hence, we have:

p(t * ) =v(t * -T ) • τ + 1 2 u • (T -τ) 2 + v(t * -T ) • (T -τ) + p(t * -T ) (4.8) 
and

v(t * ) = u • (T -τ) + v(t * -T ) (4.9) 
Since v(t * ) and v(t * ) respect (4.5), then:

-v(t * -T ) • τ- 1 2 u • (T -τ) 2 - v(t * -T ) • (T -τ) -p(t * -T ) ≥ u • (T -τ) + v(t * -T ) • τ - u • (T -τ) + v(t * -T )) 2 2 • u + A
After a simplification, we have:

-p(t * -T ) ≥ u • (T -τ) + v(t * -T ) v(t * ) •τ + v(t * -T ) • τ - v(t * -T ) 2 2 • u + A
with v(t * ) ≥ 0 and τ ≥ 0 the equality in (4.6) is proved. Second, in order to prove the inequality (u(t) < u), it is sufficient to prove that C u 1 ⊂ C u 2 if u 1 ≥ u2. To this end, consider

X 1 (t) ∈ C u 1 .
Hence, we have from (4.5):

u 1 ≤ • v 1 (t) 2 2 • p 1 (t) + v 1 (t) • τ + A Since u 2 ≤ u 1 , then X 1 (t) ∈ C u 2 ,

which proves the inequality. □

In other words, lemma 1 tells us that to keep the trajectory of R1 safe to a safe control point X 1 (t 0,exit ), it is sufficient that the initial point is safe, the trajectory respects the acceleration lower bound (u 1 (t) ≥ u 2 ) and its speed is kept positive (v 1 (t) ≥ 0).

Feasibility of the control point

The feasibility of the control point depends on the following conditions:

• Cond1: t 0,exit allows enough time to R1 to reach simultaneously both optimal distance p * and speed v * given in (4.4).

• Cond2: p 1 (t)p * allows enough space to reach the control point. 

D Cond2 ≤ p * 1 -p 1 (t) ≤ D Cond1 (4.10) 
with both D Condi being analytical functions of t 0,exit , v 1 (t), v * 1 and of the physical limitations of the robot: u i , u i and v i . These conditions can be either checked formally through the optimal trajectory control, or directly as a feasibility output of the quadratic programming used to solve the DMPC presented in the next section.

4.3.2/ TRAJECTORY CONTROL DESIGN

In the following we call a safe state of R1 a state that respects (4.3) when t ≤ t 0,exit . A trajectory is safe if all states of the trajectory are safe. To keep the trajectory of R1 safe to a safe control point, it is sufficient that the initial point is safe, the trajectory respects the acceleration lower bound (u 1 (t) ≥ u 2 ) and its speed is kept positive (v 1 (t) ≥ 0).

When t ≤ t 0,exit , R1 considers two control values called: u s and u opt . They are computed at each time step τ. u(t) is defined as follows: When t > t 0,exit (After R0 confirms that the potential collision area is cleared), R1 accelerates at the maximum u 1 to reach the maximum speed v i .

u 1 (t) = min(u s (t), u opt (t)) with t ≤ t O,exit (4.11) 
u s is applied when at least one of both conditions Cond1 and Cond2 is not respected. u s simply makes the robot R1 come to a complete stop before the potential collision area.

This is because the feasible point is either before (¬Cond1) or after (¬Cond2) the optimal control point. u opt is applied when both conditions are fulfilled. Otherwise, the robot set u opt = +∞ and does not compute it. In order to compute u opt , we use in this section the Model Predictive Control (MPC). Other approaches can be used, such PID controlled [START_REF] Dwyer | Handbook of PI and PID controller tuning rules[END_REF] or optimal trajectory control based on Pontryagin's maximum principle [START_REF] Kamocki | Pontryagin maximum principle for fractional ordinary optimal control problems[END_REF].

The dynamic of each robot Ri is modeled as a discrete time system for which the time step ∆t = τ. The robot state at each time step k is described as follows 2 :

X i (k) =         1 τ 0 1         • X i (k -2) +         1 2 τ 2 τ         u i (k -1) (4.12) 
Under the following constraints:

0 ≤ v i (k) ≤ v i (4.13)
for the speed and

u i ≤ u i (k) ≤ u i (4.14)
for the acceleration. The studied objective function is the minimization of the energy, 2 k -2 is due to the system delay derived from [START_REF] Malikopoulos | Optimal control for speed harmonization of automated vehicles[END_REF]. It is defined as follows:

J = 1 2 N-1 i=0 u 1 (t + i • τ) (4.15)
with N • τ, is the time horizon of optimization, such that N • τ ≥ t 0,exit .

In order to obtain the optimal u 1 (t + i • τ), we use quadratic programming [START_REF] Sung | Polynomially bounded ellipsoid algorithms for convex quadratic programming[END_REF]. To this end we have the following problem to solve: Dashed lines in figure 4.7 show the speed profile of R1 when R0 does not send an exit acknowledgement at t 0,exit = 6s and still occupy the potential collision area for indeterminable time (e.g. R0 breakdown). In all scenarios, R1 is able to come to a complete stop before the potential collision area and a side collision is avoided.

minimize X 1 2 X T QX subject to AX = b GX ≤ h (4.

4.3.4/ SEQUENCE OPTIMIZATION

In this subsection, we consider several robots that cross the potential collision area. We present the following approach to minimize the maximum exit time of a set of robots min(C max (t i,exit )). To this end, we will use the dynamic programming presented in [START_REF] Wu | Discrete intersection signal control[END_REF].

The dynamic programming, solves the problem from a set of smaller problem and so on.

The sub-problem state is defined as follows:

v = {n 1 , • • • , n j , • • • , n l , k} (4.17) 
The state gives the number of robots coming from the lane j that have already left the intersection, with l the number of lanes. k in 4.17 designates the lane of the last robot that left the intersection. Hence, n = j∈[0,l] n j gives the number of all the robots that left the intersection.

Consider that each state is linked through an arrow a to all states which have an additional robot that left the intersections in a given lane. Each arrow is valuated according to either λ or headway. We obtain a valued digraph G = (V, A, Φ), with V the set of vertices, A the set of arrows and Φ the valuations. There is a one-to-one mapping between all possible 

, • • • , 0, • • • , 0} to {N 1 , • • • , N j , • • • , N l },
where N j is the total number of the robots in the lane j.

The optimal sequence that minimizes the maximum exit time of robots is computed by searching the shortest in the graph. The computation of the shortest path is bounded by the following number of steps: Both optimal sequences show that it is interesting to group together robots that are not in conflict. This is similar to DCP rules. Thus, since the robots have a trajectory allowing them to stop before the potential collision area, it is possible to extend distributed heuristics like the ones proposed in [START_REF] Ahmane | Modeling and controlling an isolated urban intersection based on cooperative vehicles[END_REF], [START_REF] Du | On the v2x speed synchronization at intersections: Rule based system for extended virtual platooning[END_REF] and [START_REF] Xu | A grouping-based cooperative driving strategy for cavs merging problems[END_REF] to set groups of robots that cross together the intersections. These approaches are similar to the presented DCPVP in the precedent chapter. However, in order to improve the intersection performance, the optimal control point needs to be added.

4.4/ OPTIMIZED COOPERATIVE CRUISE CONTROL

The studied intersection of robots focus on only one potential conflict point. Moreover, the used optimization objective in the quadratic programming makes CAVs begin deceleration too early in the storage zone (see figure 4.8-B). This may prevent from forming groups and, above all, this slows down the upstream intersection. In order to solve both problems, we modify the synchronization point introduced in section 3.2.1. The main idea is to use a synchronization point that allows the CAV to reach the optimal control point when the conflicting CAV exit.

Recall that the CAVs use RT-CVC for the longitudinal control. This control makes the CAV be as close as possible to the safety distance stated in (3.8) and also in (4.3).

Simply speaking, the control aims to replace inequality with equality. According to the synchronization point, the CAV is brought to a given state when the precedent conflicting one frees the potential collision area. Among several states, there is one that results in the optimal control point. Hence, in the following, we study the optimal synchronization point.

4.4.1/ OPTIMAL SYNCHRONIZATION POINT

First, the optimal control point according to the simulated CAVs data is the following:

X * i =         D -16.93m 6.21m/s         (4.19) 
This allows to free the conflict zone, after exactly 2.52s. This value includes τ = 0.5s. In order to obtain these values, we only used the equation (4.4).

To reach the optimal control point, there are several possible approaches. However, recall that we aim to push the CAV to the maximum of the storage zone, using an optimal synchronization point. According to Cond1 and Cond2, there are two possible behaviors of CAVs:

• Cond1: Move freely then decelerate to reach the optimal control point (SC1).

• Cond2: Move freely, come to a complete stop at the optimal synchronization point then accelerate to meet the optimal control point (SC2).

For the first scenario (SC1), the synchronization point is obviously at the entrance of the potential collision area sl * 1 . In such a scenario, the CAV is in the limit of the Cond1. The other synchronization point is behind the optimal control point sl * 2 . Its position must allow the CAV when accelerating to reach the optimal control point. Its distance from the optimal control point can be easily obtained as follows:

sl * 2 = p * i - v * i 2 2u i (4.20) 
With this in mind 3 , when the CAV comes to a complete stop, it must be able to reach the optimal control point according to the expected exit time of the precedent conflicting CAV.

Hence, a new synchronization point sl * 2 is considered to follow the virtual leader i, instead of using u s l at the stop line.

Contrasting with SC1, where CAV is at the border of Cond1, in SC2 the CAV still waits at the optimal synchronization point until the precedent CAV is approaching to the exit for launching the acceleration. With a given time of exit of the virtual leader i, the CAV j lunches the u i acceleration at time t, if:

t * ≥ t exit,i - v * j u j (4.21) 
CAV j keeps accelerating at the maximum while, it is able to come to a complete stop at 3 In the simulation sl * 2 = D - 26.58m the edge of the potential collision area.

4.4.2/ ACCELERATION COMPUTATION

Recall that the studied curve is only possible for CAVs that are able to come to a complete stop at sl * 2 before t * . In order to allow all CAVs to meet the optimal control point, we consider the following rules for each CAV j that flows a virtual leader CAV i:

• while CAV i doesn't clear the potential collision, keep u sl * 1 j as the upper bound of the acceleration.

• Is u sl * 2 j ≥ u j -If yes : move freely, -Otherwise : compute a cruise control u opt to reach the optimal control point at

t exit,i
To solve the problem of the computation of the cruise control we used the minimization of the integration of quadratic acceleration during the remained time [START_REF] Malikopoulos | Optimal path planning for connected and automated vehicles at urban intersections[END_REF]. The solution to the equation is an acceleration function of the form:

u opt (t) = at + b (4.22)
with a and b are constants to be found according to the initial conditions of speed and position. In order to avoid writing clutters, we invite the reader to get details about the values of a and b in [START_REF] Malikopoulos | Optimal control for speed harmonization of automated vehicles[END_REF], in pages 2410 and 2411. The solution either turns to SC2 (b negative), and all other intermediate solutions from SC2 to SC1. Otherwise, the solution is unfeasible (b positive and v j (t) = v j ).

In order to summarize the CAV's behavior into simple words, the CAV uses sl * 2 instead of the stop line. Once begin decelerating, it tries to follow the virtual leader to exit if possible at the optimal control point.

4.4.3/ PROCESS

In the studied intersection, one CAV j needs to adjust its speed with several other virtual CAVs (i ∈ vl). For safety reasons, we compute the acceleration as follows :

u vl j (t) = min vl i ∈vl u i j (t) (4.23) 
and

u c i (t) = max u sl * 1 i , min u vl j (t), u nl j (t) (4.24) 
As one can note, equations (4.23) and (4.24) are similar to the ones given in (3.9) and (3.11), respectively. The expected exit time is already computed for the FRO policy (3.18).

Both FIFS and DCPVP keep the same rules.

4.5/ SIMULATION

In this section, we compare the introduction of the optimal control point to the following policies:

• FIFS

• DCPVP

In order to distinguish the policy with and without the optimal control point, we added OP for the policy where an optimal control point is added. the Other comparisons were conducted during the thesis. However, for obvious reasons, the optimal control point wasn't efficient. For instance, for FRO, since the CAV that is ready first goes, the conflicting follower CAVs just come to a complete stop between the (sl * 2 ) and the stop line. So, the optimal control point is lost and the acceleration later is no more optimal. It is even, less interesting since it is further than the first simulated version of FRO.

The results of the OPDCPVP invites us to introduce an apporach inspired from the wellknown Particle Swarm Optimization (PSO) [START_REF] Carrasco | Recent trends in the use of statistical tests for comparing swarm and evolutionary computing algorithms: Practical guidelines and a critical review[END_REF] for improving the results. So the DCPVP is extended by considering the weakness of both OPDCPVP and DCPVP, using mobile synchronization point.

4.5.1/ OPFIFS

The results of the optimal point included to FIFS are given in figure 4. 9. In this figure, one can note that there are three sets of points. The first one is in the smooth part of the traffic. The second set is at the capacity of the intersection, with a wide range of speed, being near to the maximum speed. The last set is in the congested part of the traffic. The fitting curve shows that the average capacity of the intersection is near to 1upc/s.

In order to study the difference with the initial FIFS, figure 4.10 compares both fitting curves. From this figure, the reader can easily observe the improvement in terms of capacity and speed. Indeed, the fitting curve of OPFIFS is upper to the one of FIFS for all values of speed. Recall that initial the average capacity of FIFS is 0.81upc/s. The optimal control point improves the capacity by 23%. This capacity increasing makes OPFIFS more efficient than the well known DCP and the classical FRO. Recall that they result on an average capacity of 0.98upc/s and of 0.96upc/s, for DCP and FRO, respectively. From this comparison, we can derive the following observations:

• The optimal control point is interesting when the traffic is low: There is no need of changing the ranks of CAVs.

• The optimal control becomes inefficient as the traffic demand is becoming high:

CAVs need a better schedule. The last simulations show that the benefit of the optimal control point is limited to smooth traffic. At this stage of the CIM improvement, the dilemma between scheduling and cruise control is clearly stated. In order to illustrate the observed phenomena, let us consider the example given in figure 4. [START_REF] Boillot | Optimal signal control of urban traffic networks[END_REF].

Dilemma:Speed adjustment/Scheduling

let us consider a simple intersection with five CAVs: 3 in lane 1 and 2 in lane 2. In this example we compare two kinds of CIMs:

• Speed adjustment (CIM S a ) for avoiding collision with the precedent conflicting CAV ranked according to FIFS, as showed in Figure 4.13(a). Each arc between two CAVs in the Figure 4.13 shows which CAV goes first and which one crosses the intersection after. For safety reasons, when a CAV is behind another one that moves either on the same lane or on a conflicting lane, there is a headway time.

Let h f (blue arc in Figure 4.13) and h c (amber arc in Figure 4.13) be the headway times between two successive CAVs that move respectively on the same lane and on conflicting lanes (see Figure 4.2). We consider that there are two kinds of h c : h cS a and h cS o . The first one results from speed adjustment (CIM S a ) and the second one from the red color (CIM S o ). We have the following relation: A similar problem is raised by the optimal control point in OPDCPVP. Because they begin acceleration for exiting at the optimal headway time, CAVs refuse the negotiation. In the following, we present the solution tested in this thesis.

h f ≤ h cS a ≤ h cS o (4.

Mobile synchronization point

In order to solve the problem we suggested a mobile synchronization point. Each CAV i generates its own sl i randomly, with 56m ≤ sl i ≤ 80m. The lower bound of sl i allows the CAV to reach its maximum speed when crossing the conflict zone, whereas the upper bound is the stop line. The mobile synchronization point needs to be adapted to the traffic state. If the traffic demand is low and there is no opportunistic change of the rank, theoretically, the lower bound is a good solution. Otherwise, when the traffic demand is high, it is better to form groups of CAVs.

In order to make sl i fits the traffic state, we used a distributed approach inspired from the well known PSO. From the OPL, the CAV negotiates its rank with the CAVs in vl.

According to its current sl i , it considers only CAVs that are behind sl i to negotiate the rank. It compares the completion time of the new rank C sl i max to the completion of the precedent one C old max , considering only CAVs in vl. The fitness of the sl i is computed as follows.

f (sl i ) = C old max -C sl i max (4.26) If the result of the fitness of the current sl i is positive, it is kept as a local optimum sl i .

Whatever the result, after the negotiation, the CAV sends the computed f (sl i ) and sl i to the intersection manager. Among the all received fitness values during the step time k, it keeps the best value:

sl * (k) = argmax i ( f (sl i (k))) . (4.27) 
In other words, it keeps the sl * i that gives the maximum gain of the completion time. The intersection manager computes the sl I M (k) that it will send later to the CAVs as follows: with α = 0.001 in the simulation 4 . A CAV i computes the new value of sl i for the step k + 1 using the well-known particle's position evolution of the PSO:

sl i (k + 1) = sl i (k) + V i (k), (4.29) 
with V i (k) is the particle velocity at the step k. V i (1) is generated randomly when the CAV i is created. -0.5 ≤ V i (1) ≤ 0.5. For all other simulation steps, V i (k) is randomly computed as follows:

V i (k) = βV(k -1) + ϕ sl * i -sl i (k) + ψ (sl I M (k) -sl i (k)) , (4.30) 
with β, ϕ and ψ are empirically set equal to 1 3 .

Simulation

The simulation results of the proposed distributed PSO is presented in figure 4. [START_REF] Sen | Controlled optimization of phases at an intersection[END_REF]. One can note from the figure that the majority of points are in the smooth part of the traffic.

The points on the congested part of the traffic do not have an average speed less than 8km/h. The average capacity of the intersection is close to 1.53pcu/s. The PSODCPVP is compared to both DCPVP and OPDCPVP, in figure 4. [START_REF] Maxime Tr Éca | Fast bootstrapping for reinforcement learning-based traffic signal control systems using queueing theory[END_REF]. There is a small gain in terms of capacity (3% compared to DCPVP and 6% compared to OPDCP).

However, even with this small gain, the PSODCPVP shows that there is a potential gain to deal with the issue of a mobile adaptive synchronization point. 4. 5.4

/ CONCLUSION

This chapter proposes an approach to address the crux problem of the safety constraint between two intersecting movements in cooperative intersection management. By providing a safe optimal control point, both trajectory and sequence are optimized in an elementary intersection. Optimal control theory and shortest path algorithm are used for providing smooth traffic.

The optimal control point is used for a more general intersection. With FIFS, the optimal control point allows a significant improvement of the intersection speed and throughput.

However, the optimal control point doesn't suit other policies. With DCPVP, the optimal control point only slightly improves the speed of the intersection, when the traffic demand is low. In order to overcome this drawback, we introduced a mobile synchronization point based on distributed PSO. This improves both intersection throughput and speed. However, the improvement is not as significant as the one achieved in the previous chapter. problems of safety and feasibility. Another noticeable protocol relies on the ordered presence list, on which the rank determines the precedent vehicles that should be considered to avoid the collision. This aims to form a virtual platoon, where conflicting vehicles are considered as they are moving in front of the ego-vehicle on the same lane. However, the main used scheduling approach for this protocol is the well-known First In First Served policy.

This virtual platoon protocol needs to be extended by introducing new scheduling policies.

In this thesis, we introduced the First Ready Out policy and the Distributed Clearing Policy.

To this end, we defined the synchronization point and negotiation rules. A simulator was built to show the vehicle interaction and to evaluate the performance. Comparisons with the first in first served show a huge gain in terms of average speed and intersection capacity when using the well-known distributed clearing policy.

The virtual platoon was also extended, using the expected exit time of vehicles. This allows the computation of an optimal control point that needs to be respected by the vehicle in order to minimize the headway. This point allows vehicles to free the soonest potential zone of collision. The optimal control point improves significantly the first in first served 91 CHAPTER 5. GENERAL CONCLUSION AND PROSPECTS policy. However, when it comes to other scheduling policies, the improvement is questionable. One possible reason is that the new synchronization point prevents vehicles to negotiate their rank near the stop line. To overcome this limitation, a mobile synchronization point between conflicting vehicles is added. The synchronization point is adjusted to the traffic state using distributed particle swarm optimization. Compared to the former distributed clearing policy, the approach improves slightly both the speed and throughput of the virtual platoon.

Two interesting perspectives can be drawn from this work:

• The treated system raises the issue of the control of hybrid multi-agent systems, with hard real-time constraints. Our contribution showed us the complexity of the raised problem, where both continuous control and discrete scheduling need to be simultaneously optimized to improve the performance of the system. Similar problems are raised in the transportation system, such as vehicle's overtaking, road merging, drone interaction... One of the possible research topics is to find a methodological approach that treats these problems. In our thesis, each problem (discrete, continuous) is optimized separately, and then approximate methods are used to take advantage of each optimization. This may contribute to developing new distributed heuristics adapted for the interaction of mobile entities.

• The used approach is based on the patterns of optimal solutions of scheduling (group formation) and cruise control (optimal control point). It is interesting to use other approaches for controlling the intersection, mainly the ones based on machine learning techniques. For instance, deep reinforcement learning can be used to train the vehicles to have a better behavior according to the state of the other conflicting vehicles. Multiagent deep reinforcement learning is a very active research topic [START_REF] Liu | Cooperative exploration for multi-agent deep reinforcement learning[END_REF]. Intersection management is a good application, in order to effectively contribute to this topic. Intersections are at the core of urban congestion.

For more than a decade, new approaches based on autonomous and connected driving have been proposed. They aim to improve the performance of traffic control at intersections, by harnessing connectivity and driving automation (longitudinal control). These approaches have in common the fact that vehicles can negotiate together their right of way to use the conflicting space. However, they are different in terms of the way they share the space and optimization techniques. The challenge is to define the sequence of access of vehicles to the common space (which one goes first, which is the second, and so on) and the speed profile of vehicles to avoid, if possible, unnecessary stops. The literature shows that it is difficult to optimally solve both problems simultaneously in a dynamic context under strong real-time constraints. To solve the problem with respect to reality, the thesis explores the negotiation protocol as well as the policy that meets the safety requirements and respects the hard real-time constraints of the system. From the safety standpoint, vehicles access conflicting spaces by forming virtual platoons. In this way, they can maintain a sufficient safety gap to be ready to react safely in the case of danger. Regarding the realtime constraints, a rule-based system was chosen to form the sequences. In order to improve the performance of the intersection, two properties were exploited. The rules allow vehicles that follow each other (property 1) or those that can pass in parallel (property 2) to form groups. The group crosses the intersection together. A distributed right-of-way negotiation algorithm is proposed and compared to other policies of the literature. The simulation shows a significant gain in terms of intersection capacity. To further improve the performance of the proposed cooperative traffic control at intersections, the thesis focused on the longitudinal control issue. It defines an optimal output state achievable, using optimal control theory. Control based on quadratic programming shows the interest of the approach on an elementary intersection. On the one hand, the optimal output state minimizes the headway times between two conflicting vehicles. This improves the throughput of the intersection. On the other hand, it allows the modification of the sequences during the longitudinal control to improve the sequence dynamically according to the new incoming vehicles. The new approach was extended to a complex intersection. Several optimal output state-based sequence formation policies were simulated. The simulation shows that the policy based on distributed particle swarm optimization significantly improves the performance of the intersection in terms of capacity and speed. Distributed particle swarm optimization allows the formed group of platoons to be adapted to the dynamic traffic demand patterns. Titre : Contribution à la fluidification du trafic bas ée sur la formation de pelotons de v éhicules autonomes et les carrefours connect és et intelligents.

Mots-cl és :

Fluidification du trafic aux intersections, Pelotons virtuels, V éhicule autonome et connect é

R ésum é :

Les intersections sont au centre des congestions urbaines.

Depuis plus d'une d écennie, de nouvelles approches bas ées sur la conduite autonome et connect ée ont ét é propos ées. Elles visent à am éliorer les performances de la r égulation du trafic aux intersections, en exploitant la connectivit é et l'autonomie de la conduite (commande longitudinale). Ces approches doivent à la fois d éfinir l'ordre des acc ès des v éhicules aux espaces communs (quel v éhicule passe en premier, lequel est le second et ainsi de suite) tout en calculant une commande longitudinale pour éviter, si possible, des arr êts inutiles. Il en sort de la litt érature la difficult é de r ésoudre d'une mani ère optimale les deux probl èmes simultan ément dans un contexte dynamique sous des contraintes temps-r éel dures. Dans cette th èse nous avons suppos é que les v éhicules forment des pelotons virtuels, en suivant les v éhicules des autres voies. Pour d écider de l'ordre de passage, le choix s'est port é sur un syst ème à base de r ègle. Afin d'am éliorer les performances de l'intersection, les propri ét és des solutions optimales ont ét é exploit ées pour d éfinir des algorithmes distribu és de n égociation des droits de passage. La simulation montre que la politique bas ée sur les algorithmes par essaims particulaires distribu és am éliore consid érablement les performances de l'intersection en termes de capacit é et de vitesse. Les essaims particulaires distribu és sont conc ¸us dans cette th èse pour adapter la formation des pelotons au contexte du trafic.
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 21 Figure 2.1: A-A top view of a four-way intersection, B-Illustration of the three functional areas and the terminology used to analyze the intersection: 4 approaches, 12 movements and 20 conflict points.

Figure 2 . 2 :

 22 Figure 2.2: Illustration of the control loop component through a four-way intersection.

Figure 2 . 3 :

 23 Figure 2.3: Example of phases' definition of a 4 way-intersection.

Figure 2 . 4 :

 24 Figure 2.4: Cycle time analysis

Figure 2 . 5 :

 25 Figure 2.5: Cycle time analysis

Figure 2 . 5

 25 gives an example of this situation. Assume that the phases are defined according to Figure2.3 A, CAVs coming from the road R 1

Figure 2 . 6 :

 26 Figure 2.6: Illustration of the three main protocols to share the intersection. A-Stop and go, B-Reservation, C-Virtual platoon : Conflicting CAVs are considered as virtual obstacles

Figure 2 . 7 :

 27 Figure 2.7: Example of adaptive phase with Stop and Go protocol (B) compared to static phase of traffic lights (B)

  A rolling strategy is used to overcome the problem of the schedule feasibility during the CAV movement and the update of the entrance time because of the new incoming CAVs. Moreover, many papers use Model Predictive Control (MPC) to compute the speed profile, such as in [61, 46, 62, 63, 47]. The MPC is used for two stages. First, it is used for negotiating the access time to the common space. Second, it is used to compute the speed profile, allowing the respect of the scheduled time.
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 28 Figure 2.8: Potential collision area

Figure 2 . 9

 29 Figure 2.9 gives an example of the mapping. In [51], the stop line is considered by the CAV while it cannot keep a safe distance with the virtual obstacles. This makes CAV resort to a complete stop if it is not safe to cross the potential zone of collision. The cruise control of the CAV allows them to keep a safe distance before getting through the potential zone of collision.
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 29 Figure2.9: Example of virtual platoon, where the CAV considers the real obstacle (rl) virtual obstacles vl, includind the next leader nl and the stop line sl. nl is the last CAV that moving in the distenation lane[START_REF] Du | On the v2x speed synchronization at intersections: Rule based system for extended virtual platooning[END_REF] 

Figure 2 . 10 :

 210 Figure 2.10: Lost time computation when the traffic light switches to green

Figure 2 . 11 :

 211 Figure 2.11: FIFS deadlock examples: A-FIFS deadlock is the result of the reservation of tiles A, B and C, by CAVs 1, 2 and 3 (The number on CAVs are only ID) B-FIFS deadlock is due to communication issues in Virtual Platoon that raises the problem of order inconsistency (The number on vehicles indicates their ranks according to the time they were discovered: 2 waits for 1 who is behind 3)

3. 1

 1 / INTRODUCTION Autonomous vehicles that are able to communicate together allowed the emergence of a new way of controlling intersections. Recently an active research community stakes on cooperative intersection management. Vehicles and intersections are able to communicate together in order to improve traffic conditions at intersections. Many simulations have shown that the cooperative intersection management outperforms traffic lights because (i) there are no limited stages as within traffic light and (ii) authorized movements are adapted to the current situation.
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 31 Figure 3.1: Virtual platoon formed by two CAVs that does not move in the same storage zone: CAV 2 adjusts in R 4 its speed according to CAV 1 that moves in R 1

with u i 2 and 3 . 3 )

 233 and u i designate the maximum and the minimum acceleration (deceleration), respectively. The maximum speed is v i . Equation (3.3) avoids both CAVs to move back but allows them to come to a complete stop. u i , u i and v i are defined, in equations (3., not only according to physical limitation of CAVs but also by taking into account criteria such as the safety and convenience of passengers and good on the autonomous vehicle and maintenance costs.With equations (3.7), (3.2) and (3.3) in mind, it remains the safety constraint to avoid collision of both CAVs when they cross the intersection. Recall that, as discussed in section 2.4.5, there is no consensus in the way the safety constraint is formulated. In this thesis, we consider the most general mathematical formulation of the constraint as discussed in[START_REF] Aur Élien Corr Éïa | A dioid model for invariant resource sharing problems[END_REF][START_REF] Zhang | Autonomous vehicle with communicative driving for pedestrian crossing: Trajectory optimization[END_REF]. Let d i,inter and d i,exit designate the position of the CAV i to get into1 

Figure 3 . 2 :

 32 Figure 3.2: Virtual platoon test of three robots, where the point of synchronization is at the middle of the storage zone (White paper): The two follower robots move slowly so far to keep a safe distance

Figure 3 . 3 :

 33 Figure 3.3: RT-CVC cruise control principle for safely considering the time delay τ

Figure 3 . 4 :

 34 Figure 3.4: RT-CVC cruise control combined with lateral control[START_REF] Lombard | Curvature-based geometric approach for the lateral control of autonomous cars[END_REF] to follow a target vehicle (0-50km/h), using radar
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 35 Figure 3.5: Virtual platoon: (a) Intersection, (b) virtual platoon, (C) all considered obstacles

Figure 3 . 5

 35 Figure 3.5 gives an example of the obstacles considered by CAV 4 . In this figure the index of CAVs correspnd to their rank. One can observe that rl is CAV 2 (rl = {2}), CAV 1 and CAV 3 form the set of vl (vl = {1, 3}) and nl consists of CAV 0 (nl = {0}). sl is the point of synchronization. It is the virtual obstacle that prevent collision in the case where CAV 4 is

  u j vl i (t) is computed according to the relative distance and the speed of CAV j . The instan-
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 36 Figure 3.6: Simulated scenario of virtual platoon with 2 conflicting CAVs: CAV2 follows CAV1

6

 6 

  .

Figures 3 . 7 -

 37 C and D give the results of the simulation of CAV 1 launching a deceleration of -6m/s 2 from t = 5.2, in order to come to a complete stop at the position 96.72m. The CAV 1 remains in the potential zone of collision. Figures 3.7-C shows that the four CAVs were able to come to a complete stop at a position of 87.74m. In other words, they don't enter the potential zone of collision. Figures 3.7-D shows that the four CAVs respect the
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 37 Figure 3.7: Results of the simulated scenario of virtual platoon with 2 conflicting CAVs: A-position curves and B-acceleration curves

Figure 3 . 8 :

 38 Figure 3.8: Simulated intersection geometry in pixels

Figure 3 . 9

 39 Figure3.9 gives the displayed interface for the user when the simulation is running.
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 39 Figure 3.9: Screenshot of the simulator

Figure 3 . 10 :

 310 Figure 3.10: Fundamental diagram of the traffic (left-side) and the used flow-speed diagram (right-side)

  ). It is also used for the traffic forecasting, mainly through the speed-flow diagram. In this thesis, we use the flow-speed diagram instead of the speed-flow diagram and flow density diagram. This permits an easy interpretation and comparison of curves. We can easily observe the capacity of the road as well as the speed improvement. It shows also when the traffic is congested. The depicted diagram is computed according to the result of simulations. Simulation points are presented, as well as the coefficient of determination R 2 of the fitting curve. Each point represents 60s of simulations. The points show the different observed results.
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 311 Figure 3.11: Simulation of FIFS policy under the virtual platoon protocol

Figure 3 .

 3 Figure 3.12: Simulation of FRO policy under the virtual platoon protocol
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 313 Figure 3.13: Simulation of DCP under the stop and go protocol
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 314 Figure 3.14: Scheduling problem in DCP-VP

Figure 3 . 15 :

 315 Figure 3.15: Simulations of DCP-VP

Figure 3 . 16 :

 316 Figure 3.16: Comparison between the four simulated intersection management
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 41 Figure 4.1: Key zones of intersection.

4. 1 ,

 1 starting from a usual intersection to the elementary intersection. Let us now consider the elementary intersection as showed in figure 4.1. The average speed of each robot

Figure 4 . 2 :

 42 Figure 4.2: Two kinds of headway h: (a) with the precedent vehicle that moves on the same lane called h f , (b) with a conflicting vehicle called h c , h c > h f .

Figure 4 . 3 :

 43 Figure 4.3: Elementary conflict between two robots: The remained distance here indicates Dp 1 (t)l cl 1s 1

figure 4 . 3 -

 43 figure 4.3-A-B-C). When R0 leaves the potential collision area, R1 can get into the potential collision area immediately without collision risks.

Figure 4 . 4

 44 Figure 4.4 illustrates λ variations according to the speed. Each speed value is linked to a position, by solving the equality in the equation (4.3). The safe distance is presented by the dashed line in Fig. 4.4 and the values can be read on the right axis. The curve shows

Figure 4 . 4 :

 44 Figure 4.4: λ variation according to the v 1 (t 0,exit )

Figure 4 . 5 :

 45 Figure 4.5: Unfeasible optimal point (in red): A-Cond1 is not satisfied, B-Cond2 is not satisfied. The remained distance here indicates Dp 1 (t)l cl 1s 1 .

Figure 4 . 5

 45 Figure 4.5 illustrates the situations when each one of these conditions is not satisfied. In simple words, Cond1 is not satisfied when the robot R1 is too far from the control point (see figure 4.5-A), whereas Cond2 isn't fulfilled if the robot R1 is too close (see figure 4.5-B). Hence, the feasibility of the control point is written as follows:
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 46 Figure 4.6: Illustration of both feasibility conditions to reach v * = 5.04m/s from distance to p * according to t 0,exit : τ = 0.5s and v 1 (0) = 10m/s

Figure 4 . 8 :

 48 Figure 4.8: Intersection of six robots: Position, speed and acceleration
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 49 Figure 4.9: Comparison between the fitting curves of FIFS and OPFIFS

Figure 4 . 11 :

 411 Figure 4.11: Simulation results of OPFIFS: FIFS with optimal control point

Figure 4 .

 4 Figure 4.12 compares OPDCPVP to DCPVP, through their fitting curves. One can clearly observe that OPDCPVP improves slightly the average speed of CAVs for the smooth traffic. However, the capacity of the DCPVP is lower. The gained speed is lost at the congested traffic. The main reason is that the opportunity for ranking negotiation is a little smaller than the one of DCPVP. Recall that, on the one hand, CAVs refuse to change their rank if they are accelerating. On the other hand, in OPDCPVP CAVs may begin the acceleration before sl * 2 which is located before the stop line.

Figure 4 .

 4 Figure 4.12: Comparison of the fitting curves of the DCPVP and the OPDCPVP

•

  A sequence formation (CIM S o ) with green and red signalization, as showed in Figure 4.13(b).

25 )

 25 Without loss of generality, let us consider that h f = 2s, h cS a = 3s and h cS o = 6s. If we focus on the exit time of the five present CAVs, both CIMs obtains the same result which is 12s.But, by removing the last vehicle, CIM S a is more efficient whereas if a sixth CAV arrives at Lane 2, then CIM S o is more efficient.

Figure 4 . 13 :

 413 Figure 4.13: Example: (a) CIM based on speed adjustment and FCFS, (b) CIM based on sequence optimization.

  sl I M(k) = αsl * (k) + (1 -α)sl I M (k -1)(4.28)

Figure 4 . 14 :

 414 Figure 4.14: Simulation results of PSODCPVP: DCPVP with mobile point of synchronization based on distributed PSO

Figure 4 . 15 :

 415 Figure 4.15: Comparison of the fitting curves of the tree approaches of the DCPVP
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 2 

			1: Real tests of CIM	
	References	test	vehicles	Number of vehicles
	[37]			

  extended the approach by providing a spatial decomposition of the problem. When a CAV arrives, in the first zone, it joins the group called a bubble. Then, in the mid-zone, the bubbles are ranked by a brunch and bound algorithm. Because of the complexity of the problem, the number of bubbles is bounded for obtaining a feasible sequence in a reasonable time. Later in the third zone, CAVs respect the local vehicular control to cross safely the conflict zone. It is obvious that the DCP is difficult to use in a protocol without a complete stop of the vehicles, like reservation and virtual platoon protocols. The main reason

is that the group needs to be formed dynamically. The CAV must either delay its exit time or include new obstacles, as it moves forward. Because of the efficiency of DCP for a high traffic flow, the adaptation of DCP to the reservation and virtual platooning protocols remains a hot topic

[START_REF] Feng | Robust platoon control in mixed traffic flow based on tube model predictive control[END_REF][START_REF] Xu | A grouping-based cooperative driving strategy for cavs merging problems[END_REF][START_REF] Mahbub | A platoon formation framework in a mixed traffic environment[END_REF][START_REF] Sharmila | Decentralized cooperative merging of platoons of connected and automated vehicles at highway on-ramps[END_REF]

.
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 31 Parameters of the acceleration function

	Variables	Meaning
	*	the obstacle
	u * i	the minimal desired acceleration of CAV i for a given obstacle *
	u i	the absolute minimal desired deceleration of CAV i
	u *	the minimal expected deceleration of the obstacle
	u i	the maximal acceleration of CAV i
	v i (t)	the current speed of CAV i
	v i	the maximal desired speed of CAV i
	s * i	the relative distance between CAV i and the obstacle * minus a safety
		distance
	τ	

Table 3 .

 3 2: Simulation data of figures 3.7-A and B

	Variables	values
	CAV length 4m
	CAV width 2.2m but the width of the potential zone of collision is considered 3m
	v 1 (t)	15m/s
	v 1 (t)	computed
	v i	15m/s for i ∈ {1, 2}
	d 1,enter	92m
	d 1,exit	99m
	d 2,enter	95m
	d 2,exit	104m
	u 1 u vl 2 u sl 2	-6m/s 2 is the value that CAV 2 considers for computing u 1 2 (t) -4m/s 2 -1.5m/s 2 for pos 1 and accel 1, -2m/s 2 for pos 2 and accel 2, -3m/s 2 for pos 3 and accel 3 and -4m/s 2 for pos 4 and accel 4
	s sl 2 (t) τ	80m 500ms

Table 3 .

 3 

				3: Simulated flow rates		
	Simulations	1	2	3	4	5	6
	Flow per lane 0.1upc/s	0.18upc/s 0.2upc/s	0.25upc/s 0.28upc/s 0.3upc/s
	Flow sharing	0.4upc/s	0.72upc/s 0.8upc/s	1upc/s	1.12upc/s 1.2upc/s
	intersection						

Table 4 .

 4 

		1: Elementary intersection notations
	Notation	Meaning
	l c	

Table 4 .

 4 [START_REF] Denos | Traffic theory[END_REF] with X T = [p 1 (t), v 1 (t), u 1 (t), • • • , p 1 (t + Nτ), v 1 (t + Nτ), u 1 (t + Nτ)]. Q is a positive semi-definite diagonal matrix in order to obtain J as defined in (4.15). A and b are defined to have the current state of the robot at t, the optimal control point at t + Nτ and to respect the robot dynamic (4.12). Finally, G and h are built according to speed and acceleration constraints described in (4.13) and (4.14), respectively. 2. The optimal control point X * T = [D -15.76m, 5.04m/s] T is obtained from (4.4).R1 is able to totally clear the potential collision area after λ = 2.35s at 8.74m/s. Figure4.6 gives the feasibility area of the control point according to the remained time and distance to get X * . At each t 0,exit , Cond1 gives the upper bound of the distance to p * and Cond2 the lower bound. Hence, all points between the two lines, allow R1 with v 1 (0) = 10m/s to reach the control point.In order to illustrate the control process, let us consider that t 0,exit = 6s. Feasible distances to p * are in the range of[28.5m, 64.5m]. Figure 4.7 compares the speed profiles of R1 with five initial distances to p * . In this figure, we assume that R1 accesses to the potential collision area at p 1 (t) = 73.76m and totally frees it at p 1 (t) = 80.76m. More details about the five scenarios are given in Table 4.3.Solid lines in figure4.7 show the speed profile of R1 when R0 exit at t 0,exit = 6s. In

	For safety reasons, slack variables are not used because the safety constraint (4.3) might
	not be respected with them. The studied Cond1 and Cond2 avoid unfeasible quadratic
	programming problems. If one of both conditions is not respected u s keeps the R1's
	trajectory safe.
	4.3.3/ NUMERICAL EXAMPLE OF OPTIMAL TRAJECTORY CONTROL
	First, we consider an elementary intersection with two robots. R1 parameters are given in

Table 4 .

 4 3: Five studied scenarios

	Scenario	SC1 SC2	SC3 SC4 SC5
	Initial position	0m	0.5m 18.5m 37m 37.5m
	Initial distance to the control point 65m 64.5m	42m	29m 29.5m
	Table 4.4: Intersection of 6 robots
	Scenario	R0 R1 R2 R3
	Lane	L0 L1 L0 L1
	Arrival times	0s 0S	2s 2s
	observe that if the control point is feasible, the robot frees faster the the potential collision
	area. Besides, for different initial states of R1, after t 0,exit = 6s, R1 has the same speed
	profile in SC2, SC3 and SC4.		

  Except their initial speed that is equal to v i , i.e. v i (t init ) = 15m/s, the four robots have the parameters presented in Table4.2. Even robots (R0, R2) are coming from lane L0 and odd robots (R1, R3) are coming from L1. Their arrival time t int is presented in table4.4. At 15m/s, the safe headway time between two robots that move in the same lane is two seconds h = 2s[START_REF] Xu | A grouping-based cooperative driving strategy for cavs merging problems[END_REF]. The length of the storage zone is 98m (distance of the potential collision area from the origin) in both lanes. D = 105m for all robots. Considering λ ′ = 2.83s, λ = 2.35s and h = 2s, the shortest path algorithm gives the optimal sequence The black values on the left side of vertices give the time when the robots are ready to free the potential collision area if there is no conflict. For example, for the vertex v = {2, 1, 0}, 9s indicates that R2 is ready to free the potential collision area at t = 9s. The red values over the vertices are the minimum exit time computed according to the shortest path from {0, 0} to the corresponding vertex. The arrows are valued according to λ if a conflicting robot is scheduled after. For instance, the arrow linking {1, 1, 0} (i.e. R0) to {1, 2, 1} (i.e. R3) has a value of 2.35s. The arrow valuation equals 2s if both robot are coming from the same lane, as between {1, 1, 0} and {2, 1, 0}. One can note from figure 4.8-C that there are two possible optimal sequences: R0 >R2 >R1 >R3 and R1 >R3 >R0 >R2.

	2 • l • ( max j∈[0,l]

(n j ) + 1) l (4.

[START_REF] Garg | A deep reinforcement learning agent for traffic intersection control optimization[END_REF] 

With two conflicting lanes, it is possible to solve the optimization problem, with at most O(n 2 ) step and memory size.

In order to illustrate the approach, let us consider a scenario with four robots: Ri with

i ∈ {0, • • • , 3}.

presented in figure

4

.8-C. λ ′ = 2.83s is due to the fact that if R0 or R1 are scheduled at the second rank, the initial state of both does not fulfill the first condition Cond1. Figure

4.8-A and figure 4.8-B give the trajectory of robots according to the shortest path. The vertices in the figure 4.8-C are colored according to the robot number.

Maximum here isn't the maximum maximum but an average of maximum

The virtual platoon presented in this chapter will be extended in the next chapter to a safe reservation protocol

Forming real platoon in the same conflict zone is one of the priority rule of DCP (see section 2.4.3) 

There is no explicit solution to the differential equation A = x(t) + x(t + τ) -ẋ(t)

2•u with A a constant in R. Hence, equation (4.3) is an approximation. s includes 1 2 u 1 • τ

The value of α is computed empirically after several simulation runs
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DCPVP to FIFS that has the same cruise control, DCPVP increases the throughput by 81%. The comparison between DCPVP and DCP with the stop and go protocol, shows that the speed adjustment improves the capacity by 50%. These results motivate us to continue our studies. Indeed, in this chapter, we put the synchronization point at the end of the storage zone. The following chapter aims to minimize the time between conflicting vehicles.