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Abstract: In view of the complex marine environment of navigation, especially in the case of multiple static and dynamic obstacles, the traditional obstacle avoidance algorithms applied to unmanned surface vehicles (USV) are prone to fall into the trap of local optimization. Therefore, this paper proposes an improved artificial potential field (APF) algorithm, which uses 5G communication technology to communicate between the USV and the control center. The algorithm introduces the USV discrimination mechanism to avoid the USV falling into local optimization when the USV encounter different obstacles in different scenarios. Considering the various scenarios between the USV and other dynamic obstacles such as vessels in the process of performing tasks, the algorithm introduces the concept of dynamic artificial potential field. For the multiple obstacles encountered in the process of USV sailing, based on the International Regulations for Preventing Collisions at Sea (COLREGS), the USV determines whether the next step will fall into local optimization through the discrimination mechanism. The local potential field of the USV will dynamically adjust, and the reverse virtual gravitational potential field will be added to prevent it from falling into the local optimization and avoid collisions. The objective function and cost function are designed at the same time, so that the USV can smoothly switch between the global path and the local obstacle avoidance. The simulation results show that the improved APF algorithm proposed in this paper can successfully avoid various obstacles in the complex marine environment, and take navigation time and economic cost into account.
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1  Introduction

USV is a kind of unmanned control intelligent device equipped with a variety of sensors, radar, and monitoring equipment. A USV system usually consists of three parts: USV, control center, and communication system, as shown in Fig. 1. The USV performs data collection, data transmission, remote control, and other functions through the communication link layer. The USV plays an important role in marine environment mapping [1–3], maritime reconnaissance and surveillance [4], water ecological protection [5], and water search and rescue [6,7]. The USV can improve work efficiency and reduce the casualty probability of operators.
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Figure 1: The architecture of USV system

The USV has a high degree of self-control ability. It can perceive the complex environment around it through radar, sonar, and automatic identification system (AIS), dynamically adjust its course and speed, and avoid collisions with static and dynamic obstacles such as vessels during navigation. The path planning algorithm of USV plays an irreplaceable role in ensuring safe, economical and efficient navigation, and is also the core module of the USV system. The path planning algorithms of USV system include global path planning and local obstacle avoidance algorithm. The global path planning is a preliminary path planning in the specified area by using the control center of USV to set the waypoints to be passed before the USV sets off. The global path planning is based on the environment modeling, combined with the obstacle avoidance algorithm to determine the overall path. Since global path planning cannot deal with emergencies during voyaging, such as unknown obstacles and other sailing vessels, the real-time requirement is not high. Global path planning algorithms, such as ant colony algorithm [8] and Dijkstra algorithm [9] can complete the task. The local obstacle avoidance algorithm requires the USV to quickly adjust the preset navigation route to avoid obstacles and return to the global planning route in time according to the feedback of the surrounding environment. Local obstacle avoidance algorithms mainly include APF [10], Dynamic Window Approach (DWA) [11], Velocity Obstacle (VO) [12], Vector Field Histogram (VFH) [13], etc.

The APF algorithm has some advantages of high real-time performance, rapid response and simple calculation. However, if the composite force of a certain position is zero during voyaging, the USV cannot bypass the place, resulting in local optimization. At the same time, when the target is surrounded by obstacles, the path cannot converge, and the USV may not reach the target waypoint. Lyu et al. [14] proposed an improved APF algorithm for path planning in dynamic environment, which solved the collision problem of stationary and moving dangerous objects, COLREGS are also applied, but this method does not consider environmental factors such as wind and waves in the sea. Song et al. [15] proposed a two-level dynamic obstacle avoidance algorithm. VO algorithm was used to establish the velocity vector relationship between USV and obstacles, and APF was used to realize the avoidance method in emergencies. This method defined two strategies, emergency and non-emergency, but the strategy switching and its efficiency in different environments remained to be verified, and environmental conditions such as multiple obstacles were not considered. Fan et al. [16] proposed a moving target detection and avoidance method based on relative velocity based on APF algorithm for a dynamic environment. This method not only considered the spatial position of the moving object, but also considered the velocity and direction of the moving object. It can avoid dynamic obstacles in time, but the real-time performance of this method is not powerful.

The VO method builds a triangle area between the USV and the obstacle based on the velocity space. As long as the velocity vector falls into this triangle area, it is determined that the two will collide. To avoid obstacles, the VO algorithm must find an optimal velocity vector from the non-triangular area and find the optimal path. Ren et al. [17] proposed an autonomous obstacle avoidance algorithm for USV based on improved VO. The algorithm draws on the idea of the velocity obstacle method through the integration of characteristics such as the USV dynamic model in the marine environment, it contains two parts: a multi-vessel encounter collision detection model and a path re-planning algorithm. Simulation results show that the algorithm can enable USVs to safely evade multiple short-range dynamic targets under COLREGS. Aiming at the problem that the VO algorithm does not consider the dynamic obstacles, Kuwata et al. [18] proposed a method to identify the speed and direction of dynamic obstacles based on COLREGS to achieve obstacle avoidance. Wang et al. [19] proposed a special triangular obstacle geometric model to reconstruct the velocity obstacle area. The collision time is predicted by combining the previously collected data with the distance, course and other relevant data of the detected obstacles. Then, determine the start and end time of obstacle avoidance according to the collision risk. Xia et al. [20] proposed a local path planning algorithm based on quantum particle swarm optimization (MQPSO). This method shows that it has good real-time performance, and also considers the energy loss caused by speed change and course adjustment.

DWA is an online obstacle avoidance algorithm, which relies on real-time detection of local information to carry out online planning in a rolling way, and uses heuristic methods to generate optimization sub-goals. With the window rolling to obtain new local information, the algorithm realizes the combination of optimization and feedback in the rolling, and finally realizes local path planning. Zhou et al. [21] proposed a calculation of turning time consumption of DWA based on actual environment. Simulation experiments show that this method can improve the planning ability of USV and enhance the effectiveness of dealing with related path planning problems. Zhang et al. [22] proposed an improved dual-window DWA obstacle avoidance algorithm based on a fuzzy control strategy. That is, on the basis of the conventional speed window, the induction window based on the ship sensor is designed, and the double window model composed of speed window and induction window is further optimized, so that the weight of the cost function can be dynamically adjusted by the fuzzy control strategy for the distribution state and distance of obstacles.

VFH method is a real-time path planning algorithm for the problem that the APF cannot reach the target point when there are obstacles near the target. It models the environment as a grid map and calculates the cost of USV moving forward in each direction. If there are more obstacles in a certain direction, the cost of USV moving forward will be greater. A histogram is established according to the generation value, and the direction with the lowest cost is selected. Ni et al. [23] used wavelet transform technology to de-noise the image collected by USV and used watershed method for segmentation, and proposed an improved VFH method to solve the obstacle avoidance method of USV from high dimension to low dimension in segmented image. Wu et al. [24] used shipborne laser radar to quickly identify dynamic obstacles, and optimize candidate directions by considering USV velocity vector and dynamic obstacles through VFH+ method to avoid obstacles, but this method may still fall into local optimization in solving complex environment. Zhang et al. [25] proposed a method of intelligent vector field histogram (IVFH) to achieve collision avoidance of autonomous underwater vehicle (AUV) in underwater 3D dynamic space. The directed cuboid static obstacle environment model was introduced to improve the efficiency of collision avoidance decision-making. The set of candidate directions consists of relative heading and relative pitch. According to the distribution of local environment obstacles, the driving fitness of each candidate direction is calculated from the perspective of safety and speed, and the collision avoidance of AUV in three-dimensional dynamic environment is realized.

Summarized, different local obstacle avoidance algorithms, when simulating the marine environment including static and dynamic obstacles, USVs are still easy to fall into local optimization when navigating, the real-time performance is not high, and the cost of navigation is high. This paper has done the following two work for the local obstacle avoidance method of USV.

(1)   Real-time perception methods of dynamic and static obstacles in the marine environment are introduced, we use grid map to model the environment, design the objective function, and realize automatic switching between local obstacle avoidance and global path planning.

(2)   The discrimination mechanism is introduced to improve the global potential field function of the artificial potential field algorithm by integrating two evaluation indicators of the lowest working cost and the shortest sailing time. At the same time, the virtual potential field and its calculation method are introduced to realize the local obstacle avoidance algorithm of USV in complex scenes, which effectively reduces the collision risk and the target unreachable problem caused by local optimization under the scenario of multi-vessel encounters. Simulation results show that the improved algorithm proposed in this paper has strong advantages in avoiding local optimization.

The rest of this paper is structured as follows: Section 2 introduces the problem definition and summarizes the two sub-problems to be solved for USV local obstacle avoidance. Section 3 introduces the USV local autonomous obstacle avoidance algorithm based on the improved APF algorithm. Section 4 gives simulation experiment and result analysis. Section 5 summarizes this work.

2  Problem Definition

2.1 Modelling of Dynamic Environment

The 5G communication device of the USV designed in this paper can report the position of the USV to the control center at a time interval of 1 s, and the AIS system integrated by the USV can sense the direction and speed of other vessels in the surrounding environment. We introduce a three-dimensional coordinate system to construct the real-time position of USV. x and y represent the latitude and longitude of USV, respectively, and the position of USV at time t can be represented by (xt,yt), as shown in Fig. 2.
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Figure 2: USV location representation based on 3D coordinates

Then, the real-time coordinate position of the USV can be expressed as follows:


xt=xt−1+vt−1⋅Δt⋅cos⁡φ

yt=yt−1+vt−1 ⋅ Δt⋅sin⁡φ(1)

where xt, yt are the coordinate position of USV at time t, and Δt is the time interval, which is 1 s by default in this paper, φ is the direction of navigation.

For the distance between USV and obstacles, we use Eq. (2) calculate the Euclidean distance.

dist=(xusv−xobs)2+(yusv−yobs)2(2)

Fig. 3 shows the steering system of the USV system. In order to ensure the safety during the navigation, the relative navigation angle φ between two USVs is used to distinguish the states that the USV will encounter. The calculation method of φ is shown in Eq. (3),

φ=arctan⁡(xusv(ti)−xobs(ti)yusv(ti)−yobs(ti))+ φusv(3)

where (xusv, yusv) is the position of the USV at time ti, (xobs, yobs) is the coordinate position of the obstacle, φusv is the heading angle of the current USV. The minimum safe distance for obstacle avoidance should be set during the navigation of USV, that is, the threshold m. When the distance between another USV performing a task and the obstacle vessel is less than safe distance m, the heading of USV should be adjusted in the following three cases, as shown in Fig. 4.
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Figure 3: USV steering system
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Figure 4: Obstacle avoidance diagram based on COLREGS

(1)   Head-on: When the USV meets the obstacle vessel in the opposite or nearly opposite course and the distance is less than the minimum safety distance, each vessel shall turn to the right and pass the other vessel on the port side; The USV should adjust the heading angle φ to the right.

(2)   Over-take: When the USV over-takes the obstacle vessel in front, the USV can adjust the heading angle φ to the right when it is determined that it is safe to turn.

(3)   Crossing: When two vessels cross each other in the minimum safe distance range, if the obstacle vessel is on the starboard side of the USV, the USV will adjust the heading angle φ to the right or stop; if the USV is on the starboard side of the obstacle vessel, the USV may maintain the same course and the obstacle vessel should alter its course or stop.

The USV obstacle avoidance system sets the safe distance threshold according to the scenario between the two waypoints and the speed of the two encountered vessels. When there are many static obstacles between two waypoints or the USV speed is high, the minimum safe distance is appropriately increased to improve the safety of USV navigation. In these obstacle avoidance scenarios shown in Fig. 4, the basic strategy is to appropriately reduce the safe distance threshold when there are few static obstacles or the USV speed is slow, so as to improve the navigation economy and distance cost of USV. At the same time, in order to avoid collision and improve the efficiency of USV, the safe distance threshold of the algorithm proposed in this paper must be greater than or equal to the influence radius of static obstacles when setting the minimum safe distance of USV’s obstacle avoidance system. When the USV enters the obstacle avoidance state, it adjusts the heading angle according to the environment, and then drives along the current heading at a prosper speed. When the distance between the two USVs is greater than the minimum safe distance, the USV collision avoidance state ends and jumps out of the obstacle avoidance state.

2.2 Modelling of Static Environment

Static environment modeling is a very important initial work in obstacle avoidance algorithms, its goal is to map the real space into an abstract space that can be represented and computed by algorithms. Traditional environment modeling methods include topological graph method [26], Voronoi diagram method [27], cell tree method [28], grid method [29] and other graph theory representation methods. In this paper, the static environment is described by grid map, which divides the navigation area into a series of grid cells with binary information, and the octree is used to represent the environment of the grid. In the grid map, the grid with obstacles is marked as “1”, and the grid corresponding to free space is marked as “0”. Of course, the finer the grid division, the more accurate the representation of obstacles is, but it will occupy a lot of storage space, and the search range of the algorithm will increase exponentially. If the granularity of the grid is too large, the amount of calculation is reduced, but the accuracy of the planning path will also decrease. The steps to build a grid map and its static environment are as follows:

Step 1: Determine the starting point, the waypoint traveled and the obstacles where they located in the grid map.

Step 2: Initialize the grids, label the grids with obstacles as “1” and the free grids as “0”, as shown in Fig. 5.
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Figure 5: Static obstacles modelling

Step 3: Apply the global path planning algorithm to plan the global path.

Step 4: Compute the distance between waypoints that are directly connected to the global planning route.

2.3 Objective Function

The objective function is the core driver of local obstacle avoidance algorithms to achieve the goal. Different obstacle avoidance algorithms have different objective functions according to different metrics. For example, if the whole obstacle avoidance process takes the shortest time, the objective function takes time as the driving force [30] and evaluates how to complete obstacle avoidance in the shortest time, without considering factors such as distance or economic cost in the whole process.

In fact, if the algorithm chooses a single metric, it will lead to the obstacle avoidance process falling into local optimization or unable to complete the task. At the same time, integrating multiple objectives to design the objective function undoubtedly increases the complexity of the algorithm, and greatly reduces the real-time performance of the USV.

2.4 Communication Link

As shown in Fig. 1, the control center is the decision-making module of the USV, and command and dispatch, path planning and obstacle avoidance are the core functions of this module. The communication link layer is the intermediary between USV and control center to transmit data. This paper uses 5G technology for communication, which has the characteristics of low cost and fast transmission rate. At the same time, in order to ensure communication reliability, a redundant communication link is also provided, that is, satellite communication. The two communication links can be switched freely, satellite communication is suitable for ocean navigation environment, but the cost is relatively high.

3  Methodology

3.1 APF Algorithm

APF theory was proposed by Khatib [10] and has been applied to path planning or obstacle avoidance of robots [31], unmanned aerial vehicles [32], unmanned surface vehicles [33] and autonomous driving [34]. The artificial potential field used a virtual artificial potential field for environment modeling, which included a repulsive force and an attractive force. The target attracts the USV and guides the USV to move towards it. The obstacles repel the USV to avoid the collision between the USV and them. The total potential field of the USV environment space is the resultant force formed by the composition of the attraction field and the repulsive field, that is, the USV can complete the obstacle avoidance operation by controlling the resultant force of the two fields and reach the target smoothly. The attraction field computing method is shown as Eq. (4),

Uatt(q)=12δρ2(q,qgoal)(4)

Among them, δ is for proportion position gain coefficient, ρ(q,qgoal) is a vector, q represents the vector size and q_{goal} represents the location of waypoint, and Euclidean distance between two waypoints is |q−qgoal|. The direction of the vector is the direction of the line between the two points from the location of the USV to the target waypoint. Then the attraction force generated by the attraction field is shown as Eq. (5),

Fatt(q)=−∇Uatt(q)=δρ(q,qgoal)(5)

The repulsion force is affected by the distance between the USV and the obstacle. When the distance between the obstacle and the USV is farther, the potential energy of the obstacle is smaller, on the contrary, the potential energy of the obstacle is greater. When the USV potential energy is zero, it indicates that the USV has been out of the influence range of the obstacle, and the repulsive field function is expressed as Eq. (6),

Urep(q)={12k(1ρ(q, q0)−1ρ0)2,0≤ρ(q,q0)≤ρ00,ρ(q,q0)>ρ0(6)

where k is the proportion position gain coefficient, ρ0 is a positive constant, representing the maximum distance that the obstacle around the USV has an effect on the USV, and ρ(q,q0) represents a vector whose size is q and the closest point q0 to the USV in the obstacle around the USV, and the vector direction is the location of the obstacle pointing to the USV. Then the repulsive force generated by the repulsive field is shown as Eq. (7),

Frep(q)={k(1ρ(q, q0)−1ρ0)1ρ2(q, q0)∇ρ(q, q0),0≤ρ(q,q0)≤ρ00,ρ(q,q0)>ρ0(7)

Then, the composite potential field function can be computed as Eq. (8),

U(q)=Urep(q)+Uatt(q)(8)

The composite potential force on the USV is shown as Eq. (9),

F(q)=−∇U(q)=Frep(q)+Fatt(q)(9)

From the perspective of the potential field, the working principle of the artificial potential field method is similar to the process of moving objects from the “top of the mountain” to the “foot of the mountain”. The principle of the potential field is shown in Fig. 6.
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Figure 6: The principle of AFP algorithm

3.2 LSDA-APF Algorithm

The marine environment is complex and diverse, in order to solve the problem of avoiding various obstacles encountered by USV when performing tasks, we propose an improved artificial potential field obstacle avoidance algorithm to solve this problem. The USV determines the real-time coordinate position through dynamic modeling. Our proposed algorithm called local static and dynamic obstacle awareness APF algorithm (LSDA-APF). In this algorithm, the USV discrimination mechanism is used and the repulsion field function is improved to avoid the USV falling into local optimization when encountering different obstacles in different scenarios. Considering the various situations between USV and dynamic obstacles (such as vessels) during the task, the simulation results of various obstacle avoidance scenarios show that LSDA-APF algorithm can improve the local obstacle avoidance efficiency of USV.

The LSDA-APF algorithm uses the dynamic artificial potential field model, and each grid in the USV environment model has the corresponding potential field value. The USV travels along the gradient descent direction of the potential field value until it reaches the grid of the target waypoint. Considering the problem of USV falling into local optimization from the perspective of the dynamic artificial potential field, it means that when the current grid potential field value of USV is less than the surrounding grid potential field value, the USV will not select the next grid, and at this moment, USV does not reach the target waypoint, ultimately, the USV fails to find the path, and even a collision accident may occur. When the USV is trapped in local optimization and cannot make the next selection, the state value of the discrimination mechanism is true, while the default state value of the discrimination mechanism is false in the ordinary state. The calculation method of each grid value of the environment where the USV is located is shown in Eq. (10),

Uvtotal=Uvatt+∑i=1nUvrepi+Uviratt(10)

Uvtotal represents the total potential field value of each grid in the USV environment model, Uvatt represents the attraction potential field value of the target waypoint against the current grid, Uvrepi represents the repulsive potential field value of the i-th obstacle within the influence range of obstacles, n is the total number of obstacles that can affect the current grid. The total repulsive potential field value of the current grid is the sum of the repulsive potential field value of each obstacle to the grid. Uviratt is the virtual potential field. When the USV falls into the local optimization (i.e., the state value of the USV discrimination mechanism Vstatus is true), a virtual attraction potential field is dynamically added to the USV, and the grid potential field value of the current USV is increased to help the USV jump out of the local optimization area. In the ordinary state, this virtual potential field is ignored, and the value of Uviratt is 0. The calculation method of Uviratt is shown in Eq. (11),

Uviratt={12δρ2(vpre,vgoal),if vstatus=true0,else(11)

where vpre is the coordinate of the USV at the previous position and ρ(vpre, vgoal ) is the distance between the USV at the previous position and the target waypoint. At the same time, considering the situation that there may be obstacles in the USV target waypoint, the distance between the USV and the target waypoint ρ(v,vgoal) is added to the calculation of the repulsion field function to ensure that the potential field value of the target waypoint is the global minimum, and to prevent the situation that the USV cannot reach the target waypoint because of the obstacles near the target waypoint. The improved Uvrep calculation method is shown in Eq. (12),

Uvrep(v)={12η(1ρ(v,vobs)−1ρ0)2ρ2(V,vgoal),if  ρ(v,vobs)≤ρ00,ifρ(v,vobs)>ρ0(12)

When the USV jumps out of the local optimization area through the increased virtual potential field value and selects the next movable grid, the state value vstatus of the USV discrimination mechanism reverts to the default value of false. When the USV leaves the influence range of the static obstacle, that is, when the distance between the USV and the static obstacle is greater than ρ0, the USV discrimination mechanism is jumped out.

The goal of the LSDA-APF algorithm is to plan a collision-free safe route between two waypoints. LSDA-APF algorithm adopts the concept of dynamic artificial potential field, and the USV executing the task in the gradient descent direction of the total potential field until it safely avoided all obstacles and reached the target waypoint, that is, the lowest point of the whole potential field. According to the basic principle of LSDA-APF algorithm, the objective function can be obtained as shown in Eq. (13), To minimize the total potential field U, Uvatt is the attraction potential field generated by the target waypoint, n is the number of obstacles, Uvrepi is the repulsive potential field generated by obstacle i, and Uviratt is the virtual potential field.

minU=Uvatt+∑i=1nUvrepi+Uviratt(13)

The overall process of LSDA-APF obstacle avoidance algorithm is as follows:
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The workflow of LSDA-APF algorithm is shown as Fig. 7.
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Figure 7: Flow chart of LSDA-APF algorithm

3.3 Objective Function and Cost Function

The objective function of the USV is a scheduler that performs the global path planning or the local obstacle avoidance planning, and solves the smooth switching of the state between global path planning and local obstacle avoidance. The objective function of LSDA-APF algorithm is shown as Eq. (14),

Target(x)={0, global path planning,        x≥m+v∗t1, local obstacle avoidance,   m≤x<m+v∗t (14)

When the value of objective function is 0, it means that the USV is in the global path planning state, and when the value of objective function is 1, the USV is in the local obstacle avoidance state. Where x represents the distance between the USV and the obstacle vessel ahead, m is the minimum safe distance, v is the current speed of the USV, and t is the time duration.

In this paper, the cost of USV obstacle avoidance is evaluated in two aspects, one is the economic cost, and the other is the time cost. In the case of crossing between USV and dynamic obstacle vessels, the simplest avoidance scheme is USV stopping avoidance. In this case, the economic cost of USV is the lowest. However, in the extreme case of continuous passage of dynamic obstacle vessels in front of USV, USV may fall into a standstill state and cannot continue to navigate. On the contrary, if the USV adjusts the heading angle, it increases the economic cost of navigation, which leads to the reduction of the endurance distance of the USV and the inability to reach the target. To this end, Eq. (15) is used as the cost function, and α and β are the parameters, which are both set to 1 by default.

cost=α costprice+β costtime(15)

4  Simulation and Results Analysis

In order to test the effectiveness of LSDA-APF algorithm in avoiding various obstacles, we conduct simulation experiments for USV in various obstacle scenarios. The experimental scenarios mainly include the local optimal scenario, with more static obstacles and the USV encounter scenario with fewer static obstacles. The USV encounter scenarios mainly include head-on, cross-over and over-taking scenarios.

4.1 Simulation Environment and Parameter Settings

LSDA-APF algorithm is implemented using Python language. The simulation environment is shown in Table 1, and the parameters of simulation are shown in Table 2.
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4.2 Simulation Results and Analysis

LSDA-APF algorithm is simulated in four different scenarios: USV trapped in the local optimization, head-on, cross-over and over-taking.

4.2.1 Trapped in the Local Optimal Scenario

When the USV sails to the area with many static obstacles such as reefs, the traditional artificial potential field obstacle avoidance algorithm easily makes the USV fall into local optimization and cannot continue to sail. In order to test the effectiveness of the LSDA-APF algorithm in solving the local optimization problem, simulations are carried out in this scenario, and the simulation scenario is shown in Fig. 8.

[image: images]

Figure 8: USV local optimization scenario

The coordinates of starting point of USV1 (represented by green track) are (0.5, 0.5), the coordinates of the ending point are (19.5, 19.5), and the speed of USV1 is 6 knots. The coordinates of starting point of USV2 (represented by yellow track) are (6.5, 16.5), the coordinates of ending point are (18.5, 4.5), the speed of USV2 is 1 knot, the time interval is 1 s, and the minimum safe distance of the USV obstacle avoidance system is 5 m.

The traditional artificial potential field method and LSDA-APF algorithm are respectively used to perform local obstacle avoidance in this scenario, and the comparison of the simulation results are shown in Figs. 9a and 9b.
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Figure 9: Comparison of navigation track in the local optimization scenario

Fig. 9a shows the obstacle avoidance simulation results of the traditional artificial potential field in the local optimization scenario of USV. The green track is the navigation route of USV1, and the yellow track is the navigation route of USV2. When USV1 runs to (11.5, 11.5) and falls into the local optimization, and the surrounding grid potential field values are larger than the grid values of USV1. As a result, USV1 cannot select the next position and stops at (11.5, 11.5). When USV2 moves to (10.5, 12.5), it also falls into the local optimization due to the influence of USV2 position, so both USV1 and USV2 fail to perform the task.

Fig. 9b shows the simulation results of LSDA-APF algorithm in the local optimization scenario of USV. When USV1 moves to (11.5, 11.5), it jumps out of the local optimal area with the help of the discrimination mechanism and selects (12.5, 12.5) as the next position. When USV2 reaches (8.5, 14.5), it enters the minimum safe distance range of the USV obstacle avoidance system. After the USV obstacle avoidance system judges that it is in the left crossing state, USV2 will adjust its course to the right to avoid USV1, and finally reach the target waypoint successfully.

4.2.2 Head-on Scenario

When two USVs are coming in opposite direction, the traditional artificial potential field obstacle avoidance algorithm cannot make the correct obstacle avoidance decision according to the current USV state. Especially when there are static obstacles such as reefs near the two USVs meeting position, the two USVs are easy to choose the same position when selecting the next lowest potential field value, which will cause a collision accident. In order to test the effectiveness of the LSDA-APF algorithm in the collision avoidance decision in the USV head-on scenario, we conduct a simulation experiment in the environment shown in Fig. 10.
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Figure 10: USV head-on scenario

The coordinates of starting point of USV1 are (0.5, 0.5), the coordinates of ending point are (19.5, 19.5), the speed is 2 knots. The coordinates of starting point of USV2 are (14.5, 12.5), the coordinates of ending point are (4.5, 2.5), the speed is 1 knot, the time step is 1 s, and the minimum safety distance of USV obstacle avoidance system is 3 m.

The traditional artificial potential field method and LSDA-APF algorithm are respectively used to perform local obstacle avoidance in the head-on scenario, and the comparison of the simulation results are shown in Fig. 11.
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Figure 11: Comparison of navigation track in the head-on scenario

Fig. 11a shows the obstacle avoidance simulation results of the traditional artificial potential field in the USV head-on scenario, the green track is the route of USV1, and the yellow track is the route of USV2. When USV1 moves to (9.5, 7.5), the grid position of the next minimum potential field value of USV1 and USV2 is (11.5, 8.5). A collision accident occurs when USV1 and USV2 simultaneously select this position as the next moving point.

Fig. 11b shows the obstacle avoidance simulation results of LSDA-APF algorithm in the head-on scenario. When USV1 drives to (8.5, 6.5) and USV2 drives to (10.5, 8.5), USV1 reaches the minimum safe distance. After the USV obstacle avoidance system judges that it is in the head-on state, both USV1 and USV2 adjust their course to the right, and continue to drive along this course at the original speed. When USV1 reaches (12.5, 6.5), USV2 drives to (8.5, 8.5). When the distance between the two USVs is greater than the minimum safe distance, USV will jump out of the USV obstacle avoidance system, continue driving according to the objective function, and finally avoid all obstacles and reach the target waypoint smoothly.

4.2.3 Cross-over Scenario

When two USVs cross, the traditional artificial potential field obstacle avoidance cannot judge the navigation state of the dynamic obstacle while selecting the position of the minimum potential field value, and easily lead to cross-conflict accidents. We simulate this situation in the scenario shown in Fig. 12.

[image: images]

Figure 12: USV crossover scenario

The coordinates of starting point of USV1 are (19.5, 0.5) and the coordinates of ending point are (0.5, 19.5). The coordinates of starting point of USV2 are (19.5, 19.5) and the coordinates of ending point are (0.5, 0.5). The speed of both of USVs are 1 knot, the time step is 1 s, and the minimum safety distance of USV obstacle avoidance system is 2 m.

The traditional artificial potential field method and LSDA-APF algorithm are respectively used to avoid obstacles in the USV cross-over scenario, and the comparison of the simulation results are shown in Fig. 13.
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Figure 13: Comparison of navigation track in cross-over scenario

Fig. 13a shows the results of the traditional artificial potential field in the cross-over scenario. In the figure, the green track is the route of USV1, and the yellow track is the route of USV2. When USV1 moves to (10.5, 8.5), USV2 moves to (10.5, 10.5), In this case, the grid position with the smallest next potential field value of USV1 and USV2 is (9.5, 9.5), and USV1 and USV2 choose this position as the next moving point at the same time, so there is a conflict accident.

Fig. 13b shows simulation results of LSDA-APF algorithm in the cross-over scenario. When USV1 moves to (10.5, 8.5), USV2 moves to (10.5, 10.5). At this time, USV1 enters the minimum safe distance of USV obstacle avoidance system, and the USV obstacle avoidance system determines that it is a cross-right state. USV1 adjusts its course to the right and continues to move at the original speed along this course. USV2 keeps its original course and speed moving. When USV1 travels to (10.5, 10.5), USV2 travels to (8.5, 8.5), and the distance between the two USVs is greater than the safe distance, the USV obstacle avoidance system jumps out. According to the objective function, the USVs continued to drive, and finally avoided all obstacles and reached the target waypoint successfully.

4.2.4 Over-Taking Scenario

In the scenario shown in Fig. 14, when USV1 carrying out the task overtakes USV2, the traditional artificial potential field obstacle avoidance cannot make the correct obstacle avoidance decision according to the state of the USV being over-taken. When static obstacles such as rocks are encountered in the process of over-taking, if USV1 over-takes, USV2 is prone to select the same position with the lowest potential field value, the algorithm will lead to overtaking conflict accident.

[image: images]

Figure 14: USV over-taking scenario

The coordinates of starting point of USV1 are (0.5, 0.5), the coordinates of ending point are (16.5, 16.5), the speed of USV1 is 4 knots, the time step is 1 s; the coordinates of starting point of USV2 are (5.5, 5.5), the coordinates of ending point are (10.5, 10.5), the speed of USV2 is 1 knot, and the minimum safety distance of USV obstacle avoidance system is 3 m.

The traditional artificial potential field method and LSDA-APF algorithm are respectively used for over-taking scenario, and the comparison of simulation results are shown in Fig. 15.
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Figure 15: Comparison of navigation track in the over-taking scenario

Fig. 15a shows the simulation results of the traditional artificial potential field in the over-taking scenario. The green track in the figure is the USV1 route, and the yellow track is the USV2 route. When USV1 moves to (7.5, 6.5), the grid position of the next minimum potential field value of USV1 and USV2 are both (7.5, 7.5). A collision accident occurs when USV1 and USV2 simultaneously select this position as the next moving point.

Fig. 15b shows the simulation results of LSDA-APF algorithm in the over-taking scenario. When USV1 drives to (4.5, 4.5) and USV2 drives to (6.5, 6.5), USV1 enters the minimum safe distance of USV obstacle avoidance system, and USV obstacle avoidance system determines the over-taking state. USV1 will adjust its course to the right, and continue to drive along this course according to the original speed, USV2 will keep the original course and speed driving. When USV1 travels to (8.5, 4.5), USV2 travels to (7.5, 7.5), and the distance between the two USVs is greater than the minimum safe distance, they jump out of the USV obstacle avoidance system, and continue to drive according to the objective function. Finally, all obstacles are avoided and reach the target waypoint successfully.

4.2.5 Static Obstacles Scenario

At the same time, in order to verify the economic feasibility of the LSDA-APF algorithm in the environment of static obstacles, the algorithm and literature [35] were respectively tested for USV navigation in an environment containing multiple static obstacles. In order to solve the problem that the A* algorithm seeks a shorter path in the path search and sacrifices the smoothness of the path, the literature [35] found that the A* cost function has a significant impact on the path curve, and then introduced the artificial potential field method to improve the A* algorithm, and designed a new cost function. The improved algorithm can reduce the number of inflection points of the path, and the path is smoother. The simulation results of LSDA-APF algorithm and literature [35] are shown in Fig. 16.
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Figure 16: Comparison of navigation track in the scenario of static obstacles

In Fig. 16, the starting point coordinates of USV are (0.5, 0.5), and the ending point coordinates are (19.5, 19.5). The green route is the obstacle avoidance route of the literature [35] algorithm, and the yellow route is the obstacle avoidance route of the LSDA-APF algorithm. It can be seen from Fig. 16 that both algorithms can avoid all static obstacles, smoothly reach the end point from the starting point, and have partially overlapping routes. From the perspective of economic feasibility, the LSDA-APF algorithm has certain advantages over the algorithm in literature [35]. The path length and inflection points are significantly reduced, which reduces the economic cost of USV. The comparison results of the specific experimental data are shown in Table 3.

[image: images]

The above simulation results show that the LSDA-APF algorithm can take the correct collision avoidance decision in all kinds of scenarios, and has great advantages over the traditional algorithm in the complex marine environment. Setting different safe distance threshold can reduce the distance cost while ensuring safety. It solves the problem that the traditional algorithm is easy to fall into the local optimization, overcomes the shortcomings of the traditional algorithm that is easy to make mistakes, avoids the collision accident.

5  Conclusions

Regarding the obstacle avoidance method of USV in the local marine environment, this paper proposes a local obstacle avoidance algorithm LSDA-APF with a discrimination mechanism. The algorithm is applied to the control center module of the USV system. From the architecture of the USV system, the communication link layer adopts 5G technology and satellite communication to ensure the reliability and economy of communication. In this paper, the static and dynamic obstacles in the marine environment are modeled first, and the marine environment and USV positions are represented by a grid map and 3D coordinate system. Then the LSDA-APF algorithm sets the minimum safe distance, defines the objective function and the dynamic virtual potential field mechanism, and uses the data of the distance, speed and course of the detected dynamic obstacles to effectively avoid obstacles according to the COLREGS. The simulation results show that the LSDA-APF algorithm can effectively avoid obstacles in a complex marine environment containing multiple dynamic obstacles, and better realize the state switching between local obstacle avoidance and a global path planning environment. In the static environment, the LSDA-APF algorithm is also superior to the baseline algorithm in terms of the path length and the number of inflection points, reflecting good economy and safety.

In the future, we will consider external meteorological conditions, such as the impact of wind and waves on USV steering. We will incorporate more sensor more information to ensure the stability of the USV under limited weather conditions, ensure navigation safety, and effectively avoid obstacles.
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Table 3: Performance comparison results of USV in static obstacles environment

Algorithm Path length Number of inflection points

Literature [35]  30.92 9
LSDA-APF 27.97 7
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Table 1: The simulation environment

Environments Specifications
CPU Intel i5
Memory 8 GB
Operating system Windows 10
Development environment Python 3.7
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Algorithm

Input: Coordinates of starting point and waypoints, parameters such as &,n, p,, and the speed of USV.
Output: Coordinate set of USV obstacle avoidance route.

Step 1: Starting from the starting point, USV calculates the potential field value of each grid according
to Eq. (10), and combines the binary information of static obstacles to generate a movable grid list,
that is, the initial potential field value matrix.

Step 2: Select the next movable waypoint from the movable list according to the objective function.
Step 3: Take the next movable waypoint as the starting point and continue to select the next moving
point from the movable list until entering the scope of the obstacle. Step 4 is executed when entering
the scope of the static obstacle, and Step 5 is executed when entering the range of the USV minimum
safe distance.

Step 4: Enter the USV discrimination mechanism. When the state value vy, of the discrimination
mechanism is true (the default value is false), update the potential field value matrix according to
Eq. (11) and execute Step 2.

Step S: Judge the encounter state of USVs according to COLREGS and take the corresponding
collision avoidance measures according to the rules. According to the information of the encountered
vessel, the potential field value of the surrounding grid is re-calculated, the potential field value matrix
is updated and Step 2 will be executed. When the USV departs from the safety range of the encounter
vessel, the USV jumps out of the USV obstacle avoidance system.

Step 6: Determine whether the current waypoint is the target waypoint, if so, the task finished;
Otherwise, return to execute Step 2.
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Table 2: Parameters of simulation

Parameter Value
& 15.2
n 4.5

a 1

B 1

0o 2.0
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