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Abstract

:

Overtaking is a maneuver that consists of passing another vehicle traveling on the same trajectory, but at a slower speed. Overtaking is considered one of the most dangerous, delicate and complex maneuvers performed by a vehicle, as it requires a quick assessment of the distance and speed of the vehicle to be overtaken, and also the estimation of the available space for the maneuver. In particular, most drivers have difficulty overtaking a vehicle in the presence of vehicles coming on other trajectories. To solve these overtaking problems, this article proposes a method of performing safe, autonomous-vehicle maneuvers through the PreScan simulation program. In this environment, the overtaking-maneuver scenario (OMS) is composed of highway infrastructure, vehicles and sensors. The proposed OMS is based on the solution of minimizing the risks of collision in the presence of any oncoming vehicle during the overtaking maneuver. It is proven that the overtaking maneuver of an autonomous vehicle is safe to perform through the use of advanced driver-assistance systems (ADAS) such as adaptive cruise control (ACC) and technology-independent sensors (TIS) that detect the driving environment of the maneuver.
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1. Introduction


Over time, the process of integrating automation systems into commercial vehicles is becoming more and more evident. Among the triggers for this integration are, in particular, traffic accidents, and specifically, collisions, which are mostly related to human mistakes when performing high-risk maneuvers, such as overtaking and obstacle avoidance. Basically, overtaking is passing another vehicle traveling on the same trajectory at a lower speed [1]. To avoid a collision, the driver performing the maneuver calculates the time remaining before colliding with the vehicle approaching from the opposite direction. Performing these calculations in real time is difficult, because it means that the human driver must take into account situations such as traffic or the speed of other vehicles [2].



Therefore, different manufacturers and research groups around the world are working on the development of systems to improve driving in urban areas and highways [3]. Autonomous vehicles (AVs) are part of this development, due to their role as an intelligent transportation system (ITS), in which control and communication techniques such as advanced driver-assistance systems (ADAS) are applied [4]. The research into cooperative maneuvers such as overtaking between AVs is one of the most challenging areas in the field of ITS and ADAS systems, since overtaking is a high-risk maneuver. Decisions made in the execution of overtaking maneuvers depend not only on the state of the vehicle, but also on many other variables, such as environmental factors, surrounding conditions, the distance of the vehicle to curves and intersections, the position and speed of other vehicles, etc.



The ADAS systems also provide control systems such as adaptive cruise control (ACC); this system allows the vehicle to drive in an autonomous mode once a cruising speed and a safety distance have been set. Thanks to this device, the vehicle accelerates and brakes in accordance with the traffic conditions present, and the driver has the opportunity to relax in the driver’s seat while keeping the situation under control [5,6].



Several studies have suggested applications associated with ADAS systems to perform an overtaking maneuver. Similarly, many studies have explored the use of control systems such as model predictive control (MPC), algorithms, and sensors such as cameras, the Global Positioning System (GPS) and RADAR, to perform an autonomous overtaking maneuver.



However, no study has focused solely on the performance of overtaking maneuvers with ADAS systems such as ACC and technology-independent sensors (TIS), whose operations are a combination of RADAR and LIDAR.



In this study, in order to provide parity between the different elements that constitute the overtaking situation, an overtaking-maneuver scenario (OMS) with optimal trajectory generation for autonomous vehicle overtaking without collisions, was developed. This OMS is proposed for a three-lane highway, in which several elements, such as the highway infrastructure, sensors, and vehicles are combined. PreScan was used to build and recreate the OMS simulation features for the overtaking maneuver.



This study explores how an autonomous vehicle overtakes another vehicle traveling io the same trajectory at a lower speed. This includes comprehending what elements are involved and how sensors, highway infrastructure, vehicles or their combination contribute to the successful performance of the overtaking maneuver. Furthermore, it implies understanding in the near future how the ADAS system will adapt to real-life interaction with AVs.



This article is structured as follows. Section 2 discusses the overtaking maneuver and the different control methods to improve active safety. Section 3 describes the OMS. Section 4 presents the OMS results. Section 5, together with the limitations of the study, discusses and analyses the results obtained. Finally, the last section presents the conclusions of the study.




2. Literature Review


Driving systems have become more complex with time, leading to the development of new technologies in order to improve driving performance and stability [7]. This is also the case with AVs, which provide numerous benefits to people who, for some reason, cannot or should not drive. Such a solution could lead to improved access to education, employment opportunities, and increased productivity, by reducing the burden on the families and friends of people who cannot drive [8,9].



The AVs also have numerous advantages, such as reducing traffic congestion, reducing fuel consumption, improving public transportation services, and facilitating maneuvers [10]. The application of new technologies in maneuvers implies that interactions between AVs and environmental sensing may improve safety, efficiency and sustainability [11,12].



One of the most challenging maneuvers is overtaking, because the maneuver does not depend only on the state of the vehicle but also on many other variables, such as environmental conditions, the distance of the vehicle to curves or intersections, the type of highway, the traffic signals, and the position and speed of other vehicles. Overtaking, considered a common practice between vehicles, involves the consideration of a series of factors by the users. These factors include the dimensions of the highway, the speed of both the vehicle performing the maneuver and the vehicle to be overtaken, and also the applicable traffic laws and regulations. [13].



Regarding autonomous overtaking, the main issue is to determine the onboard system carried by the AVs. The onboard system determines how decision making is planned during the operation of the AVs on the highway. The systems are also responsible for providing safety in various scenarios. To achieve successful overtaking, the vehicle with the onboard system must calculate parameters such as speed, distance and time [14].



One of the most popular onboard systems used in AVs is the adaptive cruise control (ACC). The ACC system bases its operation on sensors and RADARs, which are used to control the speed and position of the AVs automatically. A notable feature of ACC systems is the possibility of detecting and analyzing avoidable collisions with other vehicles in a specific environment [15]. The emergency brake is activated if the system detects that the collision is inevitable even with evasive maneuvers [16].



Yi et al. [17] proposed a control scheme that uses a full-range ACC with braking, for a collision-avoidance system. The algorithm can perform user-like driving in high and low-speed gears. Moon et al. [18] also used an algorithm comprised of full-range ACC for collision avoidance. With this algorithm, the vehicle in question operates in three modes: (1) comfort, (2) high, and (3) severe braking.



Another method for improving overtaking maneuvers is the model predictive control (MPC). MPC is a control algorithm that calculates in real time a sequence of future actions of a system, in order to provide a basis for optimizing future control actions [19,20]. Wang et al. [21] used the MPC as a method for autonomous navigation of unmanned surface vessels (USVs). MPC creates commands for precise tracking control of the USVs, to avoid collisions with objects detected around. The study carried out by Wang et al. [22] proposed a method to minimize the risk of collisions between a group of vehicles. This method uses an MPC controller and a coordinated brake control (CBC) that further helps the vehicle to reduce the impact when a collision with another vehicle is unavoidable. Lin et al. [23] presented a collision-avoidance system that predicts the obstacle trajectory using a trajectory-replanning controller integrated with driver characteristics, longitudinal control and vehicle speed. Wnag et al. [24] studied a new method that consists of the development of a trajectory-tracking controller and a path planner to avoid collisions of autonomous vehicles, based on active front-steering systems (AFS). The MPC can also be used as a 3D tracking-control tool. This is done through a symplectic pseudospectral optimal-control method that performs tracking of the reference trajectory [25].



Bae and Lee [26] suggested an adaptive overtaking-assistance system (VAOAS) based on vehiclar ad hoc networks (VANET). The VAOAS system calculates the safe passing distance and the passing sight-distance, based on other vehicles’ location and speed, and provides either a warning or an overtaking-approval message. Mei et al. [27] presented a robust motion-detection and planning method for avoiding vehicles parked on the roadside. The method uses lidar and long-range radar sensors in a complementary manner for obstacle detection. Zhu et al. et al. [28] developed a system that uses a fusion algorithm and dynamic scenes to detect overtaking vehicles. Their modelling technique for the identification of overtaking vehicles combines dynamic-scene modeling, hypothesis testing, multi-scale means-displacement-based information fusion, and bandwidth density. The combination of these techniques results in a reliable model for detecting overtaking vehicles [29].



A novel technique for performing overtaking maneuvers is through a heuristic algorithm. With this algorithm, the AVs are able to determine an optimal distance and speed based on the relative position of other vehicles involved in the overtaking maneuver [14].



Yang et al. [30] designed and validated a decision-making system to generate overtaking decisions by using a deep neural network (DNN). With this system, the DNN can learn the decisions of humans in complex situations, and implement them in the AVs. An automatic overtaking-maneuver can be performed through vision sensors (cameras, GPS or a global navigation satellite system (GNSS) and the inertial measurement unit), and longitudinal and lateral control- systems based on fuzzy controllers [31,32]. The study by Anindyaguna et al. [33] also proposed using a fuzzy controller, but with the difference that it used a camera combined with two components: GPS and radio control (RC).



Petrov et al. [34] proposed a nonlinear adaptive controller using third-order reference trajectories for automated two-vehicle overtaking maneuvers. The trajectories and the derived kinematic relationships between the vehicles were used to establish a rationale for designing a feedback control based on kinematics. Andersen et al. [35] developed a method to perform overtaking by generating a trajectory planner. With this method, the planner is guided by a real-time non-linear system that captures trajectory information, so that AVs can overtake safely.



A modern approach to vehicle identification during an overtaking maneuver is through the use of a Kinect system. Through red, green and blue, plus depth (RGB-D) data collected within traffic scenes, the action of the detected vehicle is identified and tracked at the moment of the overtaking maneuver [36].



Olaverri-Monreal et al. [37] proposed the see-through system (STS). With STS, AVs can have a perspective view of another vehicle. To obtain an even clearer view, video transmission technology and VANET are used to stream video between the involved vehicles in the overtaking maneuver.



The scientific literature on AVs and the different systems for improving driving performance and stability shows a gap in the development of scenarios involving overtaking maneuvers with AVs. This article aims to develop an OMS through a simulation program of a safe overtaking-maneuver that combines highway infrastructure, vehicles and systems and technology-independent sensors (TIS).




3. Modeling Approach


This section presents in detail the simulation conditions to be fulfilled in an overtaking-maneuver scenario (OMS) with autonomous vehicles. Subsequently, a description of the construction of the OMS is included. Finally, the auxiliary settings implemented with MATLAB/SIMULINK software are explained, in order to establish the simulation parameters of the OMS.



Figure 1 shows the flowchart of our study. This flowchart illustrates the procedure that the OMS follows to carry out an overtaking maneuver.



3.1. Simulation Features


The first step in the scenario-building process is to specify the conditions of the simulation. Next, the conditions necessary for the OMS simulation with autonomous vehicles are specified:




	
The OMS has three lanes of highway;



	
There are three vehicles, named A, B, and C;



	
The speed reached by vehicle A is faster than that of vehicle C;



	
In the left lane (1), vehicle B is located;



	
Vehicle C and vehicle A must be in the same lane of the highway.








Once the simulation conditions are known, a virtual experiment can be constructed, using the PreScan simulation function, in which different simulation elements such as the highway infrastructure, vehicles, and sensors are combined. The following subsections explain in detail how an OMS is constructed and which control systems are used to carry out the simulation.



3.1.1. Stage Construction


The first step in the construction of the OMS is to determine the number of lanes of the highway. In this OMS, a three-lane highway was chosen, with lanes designated as the left lane (1), the center lane (2) and the right lane (3) (see Figure 2).



This type of layout was chosen because in this type of lane, vehicles travelling in both directions can use the center lane for passing, and thus approaching traffic may intend to make the same maneuver at the same time.



In lane 2 there are two vehicles: vehicle A, which is responsible for carrying out the overtaking maneuver, and vehicle C, which is ahead of vehicle A. Since both vehicles (A and C) are located in lane 2, both vehicles move io the same trajectory, which goes from X to Z (see Figure 3).



In lane 1, there is one vehicle, vehicle B, which has a trajectory that goes from Z to X. As shown in Figure 4, the trajectory of vehicle B going from Z to X is the opposite of that of vehicles A and C, which goes from X to Z: i.e., the trajectory in lane 1 is different from the trajectory in lane 2.



Once the highway infrastructure and the vehicles (A, C, B) that interact with the OMS have been determined, it is possible to determine the sensors that operate with the autonomous vehicle in the OMS.



Vehicle A, being responsible for performing the overtaking maneuver, is equipped with two technology-independent sensors (TIS), and each of these sensors is labeled with a color in order to identify it in the OMS. The first TIS sensor is labeled yellow (TIS1), while the other TIS sensor is labeled red (TIS2) (see Figure 5).



The operation of the TIS sensor is based on the combination of the technology of two sensors: RADAR and LIDAR. This allows the sensor to have a general active scanning and not be limited to a specific technology (such as radar, lidar or laser scanner).



TIS sensors can help to use and understand other sensors for active scanning, as they have a strong scene-scanning performance. This allows them to receive information about the environment and the obstacles.



As vehicle A moves along the highway path, it tracks and detects the vehicles that are in the OMS. The range distance assigned for short-range detection is given by TS1, which has a range of 60 m. For long-range detection, the TS2 is designated. This sensor has a range of 150 m.




3.1.2. Auxiliary Settings


After building the OMS with all the necessary elements (highway infrastructure, vehicles and sensors), it is necessary to execute auxiliary adjustments; i.e., using a graphical programming software such as MATLAB/Simulink, an analysis of the OMS is carried out through a graphical user interface (GUI). This is achieved through the interactive use of the block-diagram systems that make up the OMS (see Figure 6).In addition, through the GUI it is possible to add ADAS, such as ACC.



With ACC technology, vehicle A may be able to modify its speed, depending on whether there are vehicles ahead traveling at a lower speed. In the case of failure, the user can also enter new values for the identified problem areas.



If the OMS contains all the road infrastructure, vehicles and sensors needed for the simulation, a compilation sheet is created, which allows for the launching of the experiment. Figure 7 Shows a 3D scene during simulation, through a PreScan window called VisViewer.



Through VisViewer, the OMS scene can be handled from three types of viewpoints, such as: (1) the default viewpoints, (2) the PreScan libraries viewpoints, and (3) the VisViewer viewpoint (see Figure 7). Each of these viewpoints provides a view of the overtaking maneuver, which results in a better visualization of the OMS analysis.



PreScan provides a preprocessing system for defining the OMS, and an execution environment to carry it out. An accurate and complete simulation was performed to achieve an OMS that fulfills all the guidelines established by the simulation conditions. Furthermore, an analysis was performed through the GUI to optimize the OMS simulation.






4. Results


The results set out in this section consist of three phases. Each of these phases includes a description of the elements that compose the OMS (see Figure 8).



Phase 1 shows the behavior of vehicle A upon starting to carry out the overtaking maneuver. In addition, during Phase 1, vehicle A is analyzed when detecting other vehicles (B and C) through the TIS sensors and the ACC controller.



Phase 2 shows the change of lane made by vehicle A at the end of Phase 1. In this change of lane, which is from lane 2 to lane 1, vehicle A moves until it manages to pass vehicle C. As a result, Phase 2 ends and Phase 3 begins.



Finally, Phase 3 describes how vehicle A returns to its original lane, which is lane 2. This results in the end of the overtaking maneuver.



4.1. Phase 1


In Phase 1, vehicle A, which is located in lane 2, starts moving along its trajectory from X to Z at an initial speed of 54 km/h (see Figure 9). As vehicle A moves along its trajectory, (X–Z), its speed progressively increases until it eventually encounters another vehicle ahead, which would cause it to slow down.



In phase 1, both the TIS sensors and the ACC controller in vehicle A continuously monitor the OMS.



Figure 10 shows two TIS sensors in vehicle A. Each of the TIS sensors is labeled with a color: the first TIS sensor is labeled red, and has a range of 60 m; d the other TIS sensor is labeled blue, and has a range of 150 m.



Vehicle C is represented by a green dot when it is detected by the TIS sensors in vehicle A.



Once the vehicles have been identified through the TIS sensors, a signal is sent to the ACC controller, which enters demanded-headway-time (HWT) mode (see Figure 11), i.e., vehicle A brakes and starts to reduce its speed, and thus avoids a collision with vehicle C.




4.2. Phase 2


Regarding the ACC controller and TIS sensors, as mentioned before, they also start to work when vehicle A starts to move along its trajectory (X–Z). Figure 12 shows how vehicle A starts to reduce its speed from 59 km/h to 58 km/h when it approaches vehicle C. This speed reduction is made possible by the TIS sensors on vehicle A, which detect the vehicles ahead (B and C) and thus provide an overview of the OMS environment.



In Phase 2, vehicle A is behind vehicle C, while vehicle B continues to move along its path (Z–X) (see Figure 4). In Phase 2, vehicle A still continues detecting both vehicles C and B through the TIS sensors and ACC control.



As shown in Figure 12, vehicle A starts to change lane (from lane 2 to lane 1), and thus begins the overtaking maneuver. This change of lane happens only when vehicle A, through the TIS sensors and the ACC controller, detects that there is no danger of collision with vehicle C, and vehicle B is already ahead of vehicle C and A.



Vehicle A, once in lane 1, is still following the same trajectory (X–Z). In Phase 2, vehicle A, which is moving in lane 1, starts to accelerate, which causes the speed increase until it overtakes vehicle C. As shown in Figure 13, vehicle A increases to a speed of 98 km/h in order to overtake vehicle C. Throughout the lane change, both the TIS sensors and the ACC controller keep working continuously to detect and act, in case there are vehicles ahead of vehicle A.



In Phase 2, when vehicle A detects that there are no vehicles ahead, it again sends a signal to the ACC controller, which causes the HWT mode to be deactivated.




4.3. Phase 3


Finally, in Phase 3, vehicle A, once it has overtaken vehicle C, can return to its original lane 2 (see Figure 14) to complete the overtaking maneuver. At the end of the overtaking maneuver, vehicle A can start accelerating, causing the speed to increase to 119 km/h, until it progressively moves away from vehicle C (see Figure 15).





5. Discussion


Single-lane highway overtaking is a common OMS that is present on most highways, and hence most studies that have been conducted on overtaking with autonomous vehicles opt for this type of OMS. However, when dealing with an OMS with three lanes of highway and with vehicles that have a different trajectory than the vehicle performing the overtaking maneuver, the operation of typical overtaking on a single-lane highway is not guaranteed. To solve this problem, in this article an analysis of the overtaking maneuver with autonomous vehicles on a three-lane highway is presented, with a vehicle on a trajectory opposite to that of the vehicle performing the overtaking maneuver.



The results obtained demonstrate that the PreScan software is a versatile tool, which is able to build scenarios with highway infrastructure, AVs and ADAS systems. This allows obtaining data close to reality without the need to use real vehicles or physical infrastructure. The OMS simulation showed how vehicle A starts to slow down gradually when it approaches vehicle C. This speed change is due to the assistance of the ACC system. The results also showed that with the help of TIS sensors, vehicle A can continuously monitor its area to avoid a collision with both vehicle C and vehicle B.



From the results obtained in the OMS, for an autonomous vehicle to perform an overtaking maneuver of another vehicle that is in the same lane of the highway moving at a lower speed, and at the same time having to deal with vehicles that are in an opposite lane to the vehicle performing the maneuver, it is necessary that all the analyzed phases (1, 2, 3) fulfill the conditions of the simulation, in order for sensors such as TIS and the ACC controller to detect the driving environment. Under these conditions, an autonomous vehicle can perform the overtaking maneuver.



Figure 9 shows vehicle A with an initial speed of 54 km/h increasing its speed to a maximum speed of 59 km/h (see Figure 11) to catch up with vehicle C. Once vehicle A catches up with vehicle C, it starts the overtaking maneuver. The speed of vehicle A is progressively reduced, while vehicle C maintains a speed of 58 km/h, as shown in Figure 12. Vehicle A performs the lane-change maneuver (lane 2 to lane 1). To perform this lane-change maneuver, vehicle A increases its speed to 96 km/h (see Figure 13). When vehicle A achieves the overtaking maneuver with respect to vehicle C, vehicle A returns to lane 2, and once the overtaking maneuver has been performed, vehicle A increases its speed to 119 km/h, to move away from vehicle C. This can be compared to an overtaking maneuver performed in the literature by Né-meth et al. [38], who designed a scenario with three lanes and with the overtaking maneuver in lane 2. The overtaking scenario proposed by the author starts with vehicle A, whose initial speed is 110 km/h, which is reduced once it reaches vehicle C, and maintains similar speeds of 90 km/h, subsequently increasing to a speed higher than that of vehicle C, to perform the overtaking maneuver. This means that in our research, as in Nemeth’s, in order to perform the overtaking maneuver, it is necessary that the vehicle that performs the overtaking maneuver (vehicle A) performs speed changes (acceleration and deceleration), and these speed differences depend on the speed of the vehicle to be overtaken, which is vehicle C.



The limitations of this study are that the speed and lateral movement of vehicles B and C are constant in the scenario simulation, thereby not generating speed changes. In addition, the scenario constructed in this work only considers the use of three vehicles on a three-lane highway, and does not cover the inclusion of other elements such as traffic signs, pedestrians or more vehicles. These topics could offer a fascinating continuation of this work.




6. Conclusions


An autonomous vehicle is a vehicle with a complex system, in which many technologies and different disciplines such as artificial vision, mechanics, and even geopositioning, are involved. AVs convert and expand the present circumstances through small and subtle details entirely into the future, and modify various aspects already known in vehicles, to achieve better safety or comfort. This article aims to present a method of performing safe maneuvers with AVs through the PreScan simulation program, in which the OMS is composed of highway infrastructure, vehicles and sensors.



The study presented in this article is governed by modeling approaches such as stage construction and auxiliary settings. Each of these models employs a program for the development of the scenario. For scenario construction, a simulation program is used, in order to create highway infrastructure. For auxiliary settings, a graphical programming program (MATLAB/Simulink) was applied, to modify and interpret a graphical user interface (GUI). Moreover, each methodology is governed by simulation conditions that must be fulfilled in order to perform the overtaking maneuver with AVs.



The proposed OMS can incorporate a safe overtaking driving-system in the front of vehicles that have an opposite trajectory to the vehicle that carries out the maneuver. The proposed OMS can be employed as a fully automated system, using ADAS systems such as the ACC controller and TIS sensors, to detect the driving environment for performing the overtaking maneuver.



The OMS complies with EuroNCAP tests. These tests mention that the autonomous vehicle-assistance evaluations consist of an ACC system that has a lateral assistance to control the position of the vehicle when moving in a fully marked lane and at a desired test speed.



An autonomous vehicle that has an ACC controller and TIS sensors can perform an overtaking maneuver while controlling its speed and recognizing vehicles on the same trajectory or on the opposite trajectory.



Considering further research, it is proposed that the scenario used here should be complemented with different elements on the highway, such as traffic signs, traffic signals, pedestrians, or more vehicles, to study the behavior of the maneuver when interacting with more elements. Another interesting extension could be the implementation of several sensors in more vehicles and for the highway infrastructure to have a continuous data network that can assist the autonomous vehicle to perform and carry out different actions based on the information from the environment. In addition, adding other ADAS systems that help to analyze the behavior of the vehicle which has systems that help to perform different maneuvers.
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Figure 1. The flowchart of the method developed for the overtaking maneuver in PreScan. 
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Figure 2. Scheme and layout of OMS highway infrastructure in PreScan. 
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Figure 3. OMS with vehicles located in the center lane (2). 
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Figure 4. OMS with vehicles located in the left lane (1) and in the center lane (2). 
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Figure 5. Short-range sensor (TS1) and long-range sensor (TS2) in vehicle A. 
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Figure 6. Compilation sheet in MATBLAB/Simulink. 
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Figure 7. Viewpoints on PreScan. 
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Figure 8. Scheme of overtaking-maneuver phases. 
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Figure 9. Ego-vehicle parameters showing lower speed of the vehicle A. 
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Figure 10. Vehicle A with TIS sensors in PreScan. 
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Figure 11. Vehicle A with TIS sensors and ACC controller. 
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Figure 12. Vehicle A moving from lane 2 to lane 1. 
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Figure 13. Second phase of the overtaking maneuver. 
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Figure 14. Vehicle A changing phase, from left lane to center lane. 
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Figure 15. Third phase of the overtaking maneuver. 
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