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Abstract

This research employs a hierarchical fuzzy control method to guide and control autonomous robots in environments containing fixed and moving obstacles. Considering that robots must operate in social environments to serve humans better, they must be able to navigate in the presence of fixed obstacles, moving objects and people without colliding or creating a fear of collision, and reach the final destination. The current work utilizes a hierarchical fuzzy controller with three agents of navigation, obstacle avoidance, and perception to achieve these goals. The coordination between these three agents is done using the definition of special utility functions. The obtained results confirm the correctness of the proposed approach in the successful passage of the robot past the fixed and moving obstacles and bringing it to the target point. 
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1.  Introduction
The obtained route for the robot to reach the desired destination is highly dependent on the employed approaches. The optimality of the chosen path, a function of the conditions and limitations of the robot and the path itself, is crucial here. Time is of the essence in many applications of the robot. For example, in rescue robots, people's lives depend on the correct and optimal operation of the robot routing system and the timely arrival of the robot to the injured. There are many different methods for routing autonomous robots in the articles, and the number of these methods is increasing every day. Therefore, choosing the right approach to meet the constraints is challenging.

            Using fuzzy logic, Nasrinahar and Chuah  [1] presented a method to effectively guide the robot through fixed and moving obstacles with various geometric shapes and movements. Their robot was equipped with nine sensors to detect the distance and direction of the obstacle to the robot. Innocenti et al. 1[]
 presented a multi-agent system to guide the robot using four subsystems. They used fuzzy sets to model the relationship between different controllers. The use of multi-agent systems has been observed in other cases as well. Ono et al. 2[]
 proposed a multi-agent system to control a wheelchair. They considered four agents: sensor controller, corridor detector, collision avoidance, and locomotion agent.
            Mehrez et al. 3[]
  used an optimization-based method to control a relative localization and a relative tracking control in multi-robot systems. In this method, one or more robots are placed in one place and are guided in different directions according to the reference robot. MohammadrezaeiNodeh et al. 4[]
 combined fuzzy logic with neural network and high-order sliding mode to control a robotic arm under significant and uncertain parametric disturbance. They observed that the proposed approach is more durable than the classic sliding mode in the presence of uncertainty and disturbance and can adequately handle the robotic arm under the desired conditions. Tanha et al. 5[]
 used the fuzzy control method to guide the robot in the presence of fixed and moving obstacles. Tikni and Shahbazi 6[]
 controlled the angular position on a quadrator using fuzzy control algorithm and Kalman filter. They used a Kalman filter to remove noise from the sensor output. Ghanavati et al. 7[]
 used a proportional-integral-derivative fuzzy controller to control a 2D cable robot. They used the Krill Herd optimization algorithm to determine the coefficients of the controllers and succeeded in maintaining the tensile force of the cables while quickly guiding the robot. Woong-Gie et al. 8[]
  used genetic algorithm to achieve the shortest path in environments with moving obstacles. Many other researchers have used evolutionary algorithms in this field, such as Mac et al. 9[]
, Che et al. 10[]
, Luo et al. 11[]
 ,who used PSO ,gray wolf, and ACO algorithms, respectively, to route the robot.

            One common type of fuzzy systems that has attracted the attention of many researchers in the field of modelling and design of these systems is the so-called hierarchical fuzzy system 
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[12, 13]
.These systems consist of a fuzzy structure composed of several smaller fuzzy subsystems that are hierarchically arranged. These hierarchical fuzzy subsystems make it possible to reduce the number of fuzzy rules compared to a standard fuzzy system 14[]
. Feng et al. 15[]
 have used deep reinforcement learning to solve collision avoidance problems in an unknown environment, especially in narrow corridors. Their experimental results shown that the proposed approach was able to perform well in previously unseen scenarios that are much different from the training scenario, thereby proving a generalized nature of the trained architecture. Krell et al. 16[]
 have used Particle Swarm Optimization (PSO) to develop an autonomous robot navigation system that can navigate in an unknown environment, reaching a pre-defined goal and become collision-free. They have found that PSO has high performance in searching for the optimal path. There are many other related articles in similar fields that can be considered 
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.

            A variety of methods have been proposed to guide autonomous robots. Many of the approaches presented so far have some limitations. Since the robot must provide services to humans, developing methods to route them in social environments is necessary. The movement of the robot to the target point in such settings should be without causing a fear response in humans. This research aims to control the robot using a multi-agent system to achieve the desired position without colliding fixed and moving obstacles. For this purpose, first, the two behaviours, i.e., reaching the position and avoiding collision with obstacles, will be modelled using two agents. The robot navigation agent is a simple fuzzy control. Nevertheless, to avoid collisions, the information sent by the eight sensors installed on the robot is used to determine the location of obstacles. Due to the large number of input variables and fuzzy rules and the resulting implementation problems of such a controller, a hierarchical fuzzy controller has been employed to develop this agent. Moreover, the type-II fuzzy set has been used as fuzzy controllers to reduce the effect of system uncertainties. In what follows, after introducing the intended kinematics of the robot, the hierarchical fuzzy control method and the obtained results are presented.            
2.  Robot kinematic
In this section, the structure of the desired wheeled robot will be explained, and the governing dynamic equations will be presented. For this purpose, a robot such as the one depicted in Figure (1),a non-holonomic mobile robot with two wheels that move independently, is considered. To steer the robot, it is necessary to control the speed of the wheels. Therefore, the motion model of the robot is considered as Equation (1):
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Figure 1: Schematic model of a mobile robot

                       XR and YR are the coordinates of the robot's center of gravity on the plane. Where VR and VL denote the speeds of the right and left wheels, respectively, αR is the angle of the robot relative to the X axes, and L is the distance between the two wheels of the robot. 

3. Robot control structure
 The proposed structure for robot control is presented in Figure (2).This structure has three agents: perception agent, robot navigation agent, and obstacle avoidance agent. These agents can communicate with each other to coordinate and ensure the correct behavior of the whole set.

[image: image3.emf]
Figure 2: Proposed structure for robot control

4. Robot navigation agent
In this section, an obstacle-free environment is assumed. The robot must find a way to reach the target position. The fuzzy controller has inputs d (indicating the distance from the centre of the robot to the position of the target) and φ (indicating the angle between the robot and the target), as shown in Figure (3).The parameters d and φ are calculated using Equations (2) and (3), respectively:
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Figure 3: Angle between robot and target

            Where XT and YT are the coordinates of target point. Unlike binary variables (which are either true or false), fuzzy variables offer a wide range of variations of input variables. The distance d is considered to be between 0 and 700 mm, while the angle φ is defined in the range  15[]
.The membership functions of parameters d and φ are defined in Gaussian form as in Equation (5).
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            Here are five fuzzy membership functions (VS: very small, S: small, M: medium, L: large, VL: very large) for the distance d and seven membership functions (NL: negative large, NM: negative medium, NS: negative Small, Z: zero, PS: positive small, PM: positive medium, PL: positive large) for the angle φ leads to desirable results. Therefore, this controller has only 35 fuzzy rules. The proposed fuzzy rules for right wheel and left wheel speeds are shown in Figures (4) and (5), respectively. The output of the fuzzy speed controller is the speed of the left and right wheels (VL and VR).
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Figure 4: Three-dimensional presentation of fuzzy rules related to right wheel speed.
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Figure 5: Three-dimensional presentation of fuzzy rules related to left wheel speed.

5. Obstacle avoidance agent
In this section, the robot is guided by considering obstacles. To ensure the safety of the robot and humans, the robot must avoid collisions with obstacles. Eight sensors are used on the robot to detect obstacles, as shown in Figure (6).
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Figure 6: Position of eight sensors on the robot.

            The angle of the robot with respect to the horizontal axis X is considered zero. Consequently, the sensors are mounted on the robot with the following angles:
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            Each sensor provides the distance di and the angle φi between the robot and the obstacle (i = 1,2,…, 8). If only one fuzzy controller is used to avoid obstacles, all angles and distances between possible combinations provided by the eight sensors must be considered. In this case, if five membership functions for each distance and seven membership functions for each angle are considered, the number of fuzzy rules will be equal to 78×58, which is very difficult and almost impossible to consider. An approach based on hierarchical fuzzy systems similar to Figure (7) is used to solve this problem.
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Figure 7: Hierarchical fuzzy system diagram block.

            The output of these controllers is an index I0i, which indicates the degree to which the robot encounters an obstacle. Table (1) presents the rules related to the index I0i. 0 refers to the distance away from the robot, 1 refers to the relative proximity of the obstacle to the robot, and 2 refers to the proximity of the obstacle to the robot.

Table 1: Fuzzy rules for the index I0i.
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  In Figure (7), sensors S1, S2, S3 are installed to detect obstacles on the left side of the robot, and sensors S4, S5, S6 on the right side, and S8, S7 behind the robot. Moreover, for communication of each sensor group, a fuzzy controller, as shown in Figure (7), is used to detect local obstacles around the robot. Therefore, through the FLC9, FLC10, and FLC11 controllers, the Iright, Ileft and Iback indices are obtained, which indicate the degree of collision between the robot and the obstacle on the left, right and back, respectively. An additional controller will be added at this level, responsible for maintaining direction with the goal and avoiding obstacles. This controller provides the degree of absence of obstacles by two output indicators ItR and ItL, so that according to it, the robot can find the direction of the target. The rules for ItR and ItL outputs are shown in Tables (2) and (3), three numerical values ​​are used as indicators. In this case, a value of zero indicates the proximity of the obstacle to the robot. Therefore, the robot must change its direction of movement. A value of 5 indicates that the obstacle is relatively close to the robot, in which case the robot can move at a slow speed and at the same time correct its direction of movement. When there are no obstacles around the robot, a value of 10 will be used, in which case the robot can continue to advance without any problems.

Table 2: Discrete values ​​for the ItL index.
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Table 3: Discrete values ​​for the ItR index.
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6. Utility function

Since the navigation agent and the obstacle avoidance agent can exhibit conflicting behaviours, a utility function whose value is defined in the range 15[]
 is proposed to resolve this conflict. This function will allow negotiation between the robot control agents. First, the usefulness of the robot navigation agent is calculated as a function of the distance remaining to the target. On the other hand, the obstacle avoidance agent is calculated as a utility function depending on the distance from the distance to the obstacle and the angle between the direction of the robot and the obstacle. The utility functions used in this research are shown in Figure (8).

7. Results

7.1.  Environment without obstacles
Ac This section aims to evaluate the efficiency of the robot navigation agent to achieve the desired position. Therefore, there is no obstacle in the robot's movement environment in this scenario, and the robot can move freely in all directions to reach the target location. Here the robot is in the initial position at the beginning of the movement (XR, YR) = (0,0) and the goal is for the robot to reach the place (XT, YT) = (500,300). It should be noted that the distance between the two wheels of the robot is equal to L = 80mm. Figure (9) shows the path taken by the robot to reach the target position. As can be clearly seen in this figure, by using the proposed navigation algorithm, the robot was able to reach the desired location and stay there.
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Figure 8: (a) utility function of robot navigation agent (b) Utility function of distance-dependent obstacle avoidance agent (c) Function of angle-dependent obstacle avoidance agent.
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Figure 9: The path taken by the center of the robot.

            Figure (10) shows the speed of the robot's right and left wheels. As can be seen in this figure, at the beginning of the movement, the speed range of the robot is high and with the passage of time and closer to the target location, the speed decreases and when the robot reaches the target position, it tends to zero. This confirms the correctness of the proposed navigation agent, because at the beginning of the movement, due to the distance of the robot from the desired location, the robot must increase its speed in order to reach the desired location as quickly as possible. Following the path and approaching the target location, the accuracy of achieving the desired location and staying in that location becomes important, therefore, the robot must reduce its speed so that after reaching the desired location, its speed should be zero.
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Figure 10: Robot right and left wheel speeds.

            Figure (11) shows how the robot navigation and obstacle avoidance agents are activated. A value of one indicates the activation of the relevant agent, and the number zero indicates the inactivity of the agent .As can be seen in this figure, the robot navigation agent is active along the entire path, and the obstacle avoidance agent remains inactive throughout the path. This result indicates the successful operation of the utility function. Because, in the scenario defined in this section, there is no obstacle to activate the obstacle avoidance agent.

[image: image29.emf]
Figure 11: operation of robot navigation and avoid obstacles agents.

7.2. Obstacles in the path of the robot

            The purpose of this section is to show the successful performance of the proposed multi-agent control algorithm in the face of obstacles on both sides of the robot to achieve the desired position and avoid obstacles. Therefore, consider three circular obstacles in coordinates (Xo1, Yo1) = (120, -10) and (Xo2, Yo2) = (100,300) and (Xo3, Yo3) = (500,300) each with radius do = 50mm get. The second obstacle is moving the line directly to the point (0,500).Also, the robot is in the initial position at the beginning of the movement (XR, YR) = (0,0), and the goal of the robot is to reach the place (XT, YT) = (600,500).

            Figure (12) shows the path taken by the robot to reach the target position in the presence of obstacles. As can be clearly seen in this figure, by using the proposed multi-agent control algorithm, the robot was able to reach the desired location and stay in the same place without colliding obstacles and maintaining a suitable distance from them.
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Figure 12: The path taken by the center of the robot in the presence of three obstacles on both sides to reach the desired location.

            Figure (13) shows the speed of the right and left wheels of the robot in the presence of obstacles. As can be seen in this figure, at the beginning of the movement, the robot's right wheel speed range is faster than the left wheel speed in order to bypass the first obstacle from the right. In the continuation of the route, the speed range of the left wheel of the robot in order to bypass the second obstacle from the left, increases the speed of the right wheel, and passes the third obstacle as the first obstacle. After that, by crossing the obstacles, the robot navigation agent takes control of the robot speed from 180th onwards, and the speed of both wheels is reduced to reach the target position more accurately.

Figure (14) shows how the robot navigation and obstacle avoidance agents are activated. As can be seen in this figure, at the beginning of the movement, due to the presence of an obstacle and also the distance of the robot from the desired position, the avoidance agent is responsible for guiding the robot until the 10th second, then by passing the first obstacle, the robot navigation agent approaches Activated on the second obstacle (up to the 50th second).As robot approach the second obstacle, the obstacle avoidance agent is activated once again in the 50th second and remains active until the 100th second. The obstacle avoidance agent will be deactivated by crossing the second obstacle, and the robot navigation agent will be activated until reaching the third obstacle. As we approach the third obstacle, the obstacle avoidance agent is activated once again in the 150th second and remains active until the 180th second. After crossing the third obstacle, the navigation agent is activated to the end of the route. This result indicates the successful operation of the utility function and the full coordination of agents with each other.
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Figure 13: The speed of the right and left wheels of the robot in the presence of three obstacles on both sides.

[image: image32.emf]
Figure 14: operation of the robot navigation and avoiding obstacle agents in the presence of three obstacles on both sides.

8. Conclusion

This study aimed to develop an approach to navigate the robot in unknown environments. The robot should be able to reach the target without colliding obstacles. For this purpose, a method based on the multi-operating system model was proposed. In this controller, three agents were considered: the first agent using the fuzzy controller to ensure that the robot reached the desired location. The second agent uses a hierarchical fuzzy controller to prevent the robot from colliding obstacles in the path. This hierarchical controller reduced the number of fuzzy rules according to the number of fuzzy input variables. Finally, the third or perception agent was responsible for collecting and presenting information about the robot's environment. The proposed method to coordinate and eliminate the conflict between the agents in this study was to use a utility function. The simulation results showed the successful performance of the proposed controller so that the robot was able to reach the target position in an environment with various obstacles without colliding them.
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