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Nowadays, wheeled mobile robots have a very important role in industrial applications, namely in transportation tasks thanks to their accuracy and rapidity. However, meeting obstacles while executing a mission can cause an important time delay, which is not appreciable in industry where production must be optimal. This paper proposes a new trajectory reconfiguration approach dealing with obstacle generated time delay, applied on four wheeled omnidirectional mobile robots. A strategy is proposed to compensate or minimize the time delay caused by unexpected obstacles, allowing the robot to respect as well as possible its mission planed duration. This strategy is based on updating the velocity reference profile in real time with respect to the environment changing. The aim is to help the industrial to plan and manage the robot missions, in order to optimize the production.
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INTRODUCTION

In these last few years, wheeled mobile robots (WMRs) perform several tasks in different fields.Their capability of replacing humans to achieve repetitive and hard tasks makes their utilization growing day by day, namely in the industry for material handling and transportation.

Omnidirectional mobile robots are among the most solicited WMRs in the industry this last decade. Their stronger point lies in their wheel structure, allowing them to reach any position in their evolution world without the need to be reoriented.

The concept of omnidirectional wheels is based on a central wheel with free rollers, mounted around the periphery of the wheel. Depending on the rollers type and their inclination angle, several types of omnidirectional wheels are distinguished [START_REF] Qian | The design and development of an omni-directional mobile robot oriented to an intelligent manufacturing system[END_REF], [START_REF] Tȃtar | Structures of the omnidirectional robots with swedish wheels[END_REF]). "Mecanum wheel" is one of them with spherical rollers placed at an angle of 45 • to the wheel hub circumference (see Fig. 1 and [START_REF] Dickerson | Control of an omni-directional robotic vehicle with mecanum wheels[END_REF]). According
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to [START_REF] Kanjanawanishkul | Omnidirectional wheeled mobile robots: wheel types and practical applications[END_REF], robots with mecanum wheels are more appropriate for carrying heavy goods in the industrial environment. This work is focused on mecanum wheeled mobile robots, especially the one with 4 wheels: the four-mecanum wheeled mobile robot (4-MWMR), used for transportation tasks in a manufacturing industry.

In order to be efficient and largely smart, WMRs should be able to do self-localization, to sense their surroundings (perception), to generate a path from their initial position to their destination, and to execute it (navigation), in an efficient manner, and without any human intervention.

Navigation approaches aim to find an optimal or suboptimal collision-free path, allowing the robot to reach a target position starting from an initial configuration, taking into account the obstacle avoidance.

Over the past two decades, many efforts have been done by researchers and scientists to respond to the autonomous navigation problematic, and a lot of navigation algorithms and approaches have been proposed. Generally, a navigation is considered to be global or local [START_REF] Ni | Bioinspired intelligent algorithm and its applications for mobile robot control: a survey[END_REF]). The global navigation follows an "hierarchical" paradigm and the local one a "reactive" paradigm [START_REF] Murphy | Introduction to AI Robotics[END_REF]).

The first paradigm is based on a prior knowledge of the robot environment, presented under a map form. The robot senses its environment using sensors such as cameras and sonars to create a map. Then, it plans the directives needed to reach the next position using this map. Finally it executes them (sense-plan-act). This paradigm was the first to be proposed and used. Among the well-known global navigation approaches, we can cite navigation functions and roadmaps [START_REF] Hee | Mobile Robots Navigation, Mapping, and Localization Part I[END_REF]). These approaches help to have an optimal path. But they assume the complete knowledge of the environment. In real applications, the environment is not static, and its complete knowledge is impossible. These methods can not be used in dynamic environment [START_REF] Hee | Mobile Robots Navigation, Mapping, and Localization Part I[END_REF]).

To deal with the global navigation drawbacks, researchers proposed the local navigation theory. Unlike the hierarchical paradigm, the reactive one does not need a prior knowledge of the environment. It is based on the robot embedded sensors data (laser sensors, cameras, sonars, ...). Its principle is based on sensing and acting only (sense-act), no planning step. The navigation is based on planning a list of behaviors (e.g: go forward, turn left, ...). Then depending on sensor data, the robot decides which behavior to execute.

Artificial potential fields, fuzzy logic, neural network, genetic algorithm, and ant colony optimization is a non exhaustive list of the local navigation approaches. More methods can be found in [START_REF] Patle | A review: On path planning strategies for navigation of mobile robot[END_REF] with details. These approaches are perfectly suitable to dynamic environments but they suffer from some major weaknesses like: 1) they can not guarantee an optimal path, and 2) they may be situations where the algorithm can not find the target position (see [START_REF] Khatoon | Autonomous mobile robot navigation by combining local and global techniques[END_REF]).

A new hybrid paradigm called "hybrid deliberative/reactive" paradigm has emerged in 1990's [START_REF] Murphy | Introduction to AI Robotics[END_REF]). It aims to combine the local and global navigation advantages and eliminate some of their weaknesses. Under hybrid paradigm, the robot decompose the global task into subtasks (mission planning), and based on the environment map, it plans the suitable behaviors to accomplish each sub-task. Then the behaviors are executed using reactive paradigm (plan-sense-act). This hybrid paradigm allows to solve several navigation problems, and continues to be the current area of research.

Problematic

This work is a part of the European project PRODUC-TIVE4.0, with an application in a semiconductor manufacturing company (STMicroelectronics, Rousset-France).

Products in the semiconductor fabrication facility (fab) go through about 1200 fabrication steps, where each step is allocated to one or several qualified equipment units. In order to optimize the production, the company plans to use omnidirectional mobile robots to transport batches from one equipment to another in the fab. Contrary to human operators, robots do not get tired of doing repetitive and hard tasks. Added to that, they are accurate and rapid, fact that allows the production optimization.

The fab contains human operators and equipment units. Unfortunately, this restricts the robot working space, and means that the robot may encounter unexpected obstacles while operating.

When it meets an unexpected obstacle, the robot in the fab has two reaction possibilities: 1) Obstacle avoidance if there is enough space, 2) Stopping and waiting for the obstacle to move away. Whatever the robot reaction to bypass the problem, encounter an unexpected obstacle while operating generate a time delay with regard to the duration of the planed mission. This time delay can be important and effect the global mission execution duration, which is not suitable according to the main purpose of the fab robotizing.

Although the importance of the time notion while executing missions in industrial applications (namely in manufacturing processes), the time delay problem has not been taken into account in the literature proposing autonomous navigation approaches.

Main contribution

This work deals with the issue of time delay generated by unexpected obstacles.

Depending on the obstacle apparition instant with respect to the remaining distance and time before reaching the final position, plus the time needed to bypass it, an analysis is done to say if the generated delay can be compensated during the global mission remaining time. The aim is to estimate the delay that can be compensated at each instant. This information is very important for the production manager, in order to decide if the mission is supposed to be realisable at time. If not, other solutions must be expected, in order not to effect the production. Then, a new strategy based on the reconfiguration of velocity trajectories in real time, with respect to the environment change is proposed to compensate, where applicable, or to minimize the time delay generated by obstacles.

The outline of this paper is as follows: in the upcoming section, the 4-MWMR mathematical model is described. Then, the trajectory generation, tracking, and obstacle avoidance principle are given to explain the robot used navigation principle for simulation. After that, the proposed time delay compensation approach is detailed, followed by an analysis allowing to predict if the delay will be totally compensated or not, and to estimate the non compensable delay in the end of the mission. Next, simulation results are presented for different possible scenarios to show how effective is the proposed approach. Finally, a conclusion and some perspectives are given to conclude the paper.

4-MWMR MATHEMATICAL MODEL

Let's assume that the robot is placed on a plane surface where (O, -→ x , -→ y ) is the inertial reference frame and

(G, -→ x R , -→ y R
) is a local coordinate frame fixed on the robot at its center of mass and geometric center G, (see Fig. 2). Fig. 2. Geometry of a 4-mecanum wheeled robot.

The following assumptions are made to consider the robot dynamic model:

• Disturbances are neglected due to the robot evolving environment (low velocity, no slippage, no slops, ...). • Three measurements are available: x and y positions provided by a positioning system, and the rotation angle θ returned by a gyroscope. • Obstacles are detected using laser distance sensors, allowing to know the distance between the robot and the obstacle from each side. • Measurement noises are modeled by taking into account the sensors accuracy.

The following notations in Table 1 are used throughout this article (see Fig. 2).

Table 1. Dynamic model Neglecting the model uncertainties and frictions and denoting l = l x + l y , the dynamic model is given in (G, -→ x R , -→ y R ) by the following equations: (see [START_REF] Sahoo | Intuitive dynamic modeling and flatness-based nonlinear control of a mobile robot[END_REF] for more details)

               ẍR = 1 2mR w (τ 1 + τ 2 + τ 3 + τ 4 ) ÿR = 1 2mR w (τ 1 -τ 2 + τ 3 -τ 4 ) θ = l 2I z R w (τ 1 -τ 2 -τ 3 + τ 4 ) (1)
This model can be expressed in the inertial reference frame (O, -→ x , -→ y ) using the following transformation matrix: [START_REF] Vlantis | Fault tolerant control for omni-directional mobile platforms with 4 mecanum wheels[END_REF])

  ẋ ẏ θ  = R(θ)   ẋR ẏR θ   , R(θ) = cosθ -sinθ 0 sinθ cosθ 0 0 0 1 (2)
Continuous-state space representation (CSSR) Using ( 1) and ( 2), the robot CSSR model is given as follows: 

Ẋ = AX + B θ u Y = CX + w (3) where X = [x, y, θ, ẋ, ẏ, θ] T , u = [τ 1 , τ 2 , τ 3 , τ 4 ] T ,
A =       
0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

       , C = 1 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 (4) B θ =          0 0 0 0 0 0 0 0 0 0 0 0 c-d a c+d a c-d a c+d a c+d a d-c a c+d a d-c a 1 b -1 b -1 b 1 b          = 0 β θ (5)

TRAJECTORY GENERATION, TRACKING, & OBSTACLE AVOIDANCE

Trajectory generation

The aim of this work is to respond to the company attends regarding the robot planed use cases in the fab.

A simple hybrid navigation methodology respecting the fab conditions is used here.

The robot in the fab has to accomplish transportation missions from one equipment situated in an initial position denoted P i to another equipment situated in a target position denoted P t . To do that, and according to the fab conditions (lack of space, ...), the robot has to pass through intermediate positions (sub-tasks) following straight lines planned based on the environment map (predefined paths), before reaching the final destination. Let's assume that starting from P i to reach P t is the global mission, and passing from the intermediate positions are intermediate missions.

To respond to the fabrication process expectations, the robot has to do its global mission by respecting as well as possible the time planned for each destination. So generating trajectories taking into account the time notion and the predefined paths is important. Before generating trajectories, each sub-task feasibility regarding its fixed duration must be verified. For that, for each mission i, the planed duration must be equal or greater than the minimum necessitated time t min (i) to execute it.

This t min (i) is calculated taking into account the distance between the starting and the final positions, the robot recommended velocity v rec , acceleration a rec and deceleration d rec values. These values are fixed to facilitate the human/robots collaboration in the fab. Each intermediate mission defined duration must be equal or greater than t min (i) to be sure that the mission does not induce any time delay in the absence of unexpected obstacles.

The trajectory generation for each intermediate mission is done as follows: given the starting and the final desired positions P 0 and P f , a velocity trajectory v(t) is planned respecting the mission duration, v rec , a rec , and d rec . Then, from the velocity trajectory, position profile or trajectory p(t) is deduced by time integration. Finally, these two velocity and position trajectories are projected on the x and y axes respecting the orientation angle θ. This generates the velocity and position trajectories with respect to x-axis and y-axis as follows:

v x (t) = v(t) cos θ, v y (t) = v(t) sin θ, x (t) 
= p(t) cos θ, and y(t) = p(t) sin θ

Trajectory tracking

Using a feedback linearizing control [START_REF] Isidori | Feedback linearization of nonlinear systems[END_REF]) to track a predefined robot trajectories, (3) can be controlled by introducing Y = X = [x, y, θ] T . The second derivative Ẍ is a linear expression of u with varying parameters given by (5). By introducing v as v = β θ u, it follows:

Ÿ = Ẍ = β θ u = v
Then, using a pole placement method [START_REF] Isidori | Feedback linearization of nonlinear systems[END_REF]), the control law is given by:

v = n-1 i=0 a i (Y i ref -Y i ) + a n Y n ref u = β † θ v (6) 
where Y i corresponds to the i th derivative of Y, Y i ref the reference trajectory and its successive derivatives, n the derivatives order (here n = 2), β † θ the pseudo-inverse of β θ such that β θ β † θ = I with I an identity matrix with appropriate dimension. The polynomial coefficients a i ∈ R are chosen such that the poles of polynomial P defined as P (s) = n i=0 a i s i are with non-positive real parts.

Obstacle avoidance

Obstacle avoidance is a part of the navigation problem, and it is not the main focus of this work. To deal with the company exigences regarding obstacle overcoming, we propose an approach, simple to implement, aiming to bypass obstacles and to respect the robot evolving environment conditions, before continuing the predefined path tracking. As assumed previously, obstacles are detected using laser distance sensors mounted at each angle of the robot. These sensors provide the distance between the robot and the obstacle from each side. Based on the environment map, the robot estimates how far is the mobile obstacle from the fixed ones (schematized in the map) on each side. The robot is asked to bypass the obstacle by its left side in preference. Based on its estimations, if there is no enough space by the left, it is asked to do it from the right side. If it is not possible no more, it stops and waits to the obstacle moves away from its path. Note that the fab human operators are formed to collaborate with robots. If they notice that an obstacle blocks the robot to continue its task, they move it away.

The obstacle avoidance principle is resumed as follows: detecting an obstacle at a certain distance, the robot reduces its velocity until approaching a minimum distance noted protection distance. If it estimates that it is possible to bypass the obstacle, it moves to the left (right) at a distance allowing him to move sufficiently far away from the obstacle. Then it moves forward based always on its map and the laser sensor measures. When it overcomes the obstacle, it joins its predefined path respecting the updated trajectories, by moving again to the right (left), and all this by following straight lines (see Fig. 4).

It is important to note that many other navigation approaches for obstacle avoidance with better performances can be found in the literature, like it is mentioned in the introduction. The proposed obstacle avoidance here may cause a greater delay comparing with if a better approach is used. Note that a smaller time delay will be more easy to compensate.

TIME DELAY MANAGEMENT APPROACH

As mentioned previously, in the trajectory generation step, and for security reasons in the fab, it is preferable not to exceed some recommended values regarding velocity v rec , acceleration a rec and deceleration d rec . In the case of obstacle meeting on the robot path, and to prevent the generated time delay to have a significant impact on the robot global mission, the proposed approach consists of updating and reconfigurating the trajectory references, starting from the trajectory recovery point after the obstacle. In the recalculated trajectories, the robot is permitted to reach its maximum allowed velocity v max , acceleration a max and deceleration d max values. These values are greater than the recommended ones, and they are fixed by the constructor. They respect the robot physical capacities limitation and the fab operator's security.

Once the time delay is compensated, robot can reduce its velocity and track the first planned trajectories for the rest of its missions. If the delay cannot be completely compensated in the current intermediate mission, it is transmitted to the next mission, which goal is to reduce or compensate it by acting on the velocity trajectory in the current mission with the same manner. Depending on obstacle apparition instant, the time needed to bypass it, the remaining distance before reaching the desired final position, and the mission remaining execution Fig. 3. Functional schema bloc time, the delay can be compensated or not. Estimating at each instant the delay that can be compensated if an unexpected obstacle is encountered allows to the production manager to well supervise transportation missions. Hence, for each instant t if an obstacle appears, the maximum generated delay that can be compensated is estimated.

SIMULATION RESULTS

The robot physical parameters are given by the following values: m = 390 kg, R w = 0.125 m, l x = 0.1825 m, l y = 0.28 m, and I z = 50 kg.m 2 . The recommended values regarding velocity, acceleration, and deceleration, are given by: v rec = 1.36 m/s, a rec = d rec = 0.35 m/s 2 , whereas the maximum allowed values are: v max = 1.8 m/s, a max = d max = 0.5 m/s 2 . Note that while avoiding obstacles, the maximum allowed velocity and acceleration/deceleration values are set to the recommended ones.

To illustrate the accuracy of the proposed method, four scenarios are studied. The first one without unexpected obstacles and the three others with the presence of obstacles.

Scenario #1: Suppose that the robot is charged to execute a global mission starting from the initial position P i = (0, 0, 0) to reach the target position P t = (150, 1, 0) in 180 seconds, according the following scenario:

• Starting from P i and reaching position P 1 = (50, 50, 0). • Starting from P 1 and reaching position P 2 = (90, 0, 0). • Starting from P 2 and reaching P t .

Each intermediate mission is planed to be accomplished in 60 s by engineers. The first step is to test the feasibility of this missions in the case with no obstacles. Thereby, for each mission i, t min (i) is calculated, taken into account the recommended values. Indeed, t min (1) = 58.2 s, t min (2) = 53 s, and t min (3) = 49.8 s. The duration of each mission respects its corresponding t min (i). Hence, the global mission is feasible.

Scenario #2: The second scenario consists of executing the first one, but the robot is assumed to meet three obstacles while executing the global mission as follows:

• An obstacle at instant 30 s, bypassed by the left side.

• An obstacle at instant 85 s, cannot be bypassed, so the robot waits for 10 s until the obstacle moves.

• An obstacle at instant 140 s, bypassed by the right side.

Scenario #3: The third scenario is similar to the second one but the waiting time for the second obstacle is 25 s instead of 10 s.

Scenario #4: The last scenario has the first obstacle like in scenario #2, the second obstacle lasts 50 s, and the third obstacle does not exist.

Fig. 4 below illustrates the robot trajectory y(x) with and without obstacles, with their tracking using the control given previously. As can be seen, the robot tracks perfectly the reference trajectory using the proposed control. For each scenario, x(t) and y(t) trajectories are obtained from the projection of the trajectory with respect to the x and y axes, as illustrated in Fig. 6.

As it can be noticed in these results, the delay compensation depends on the time taken to bypass the obstacle. In scenario #2, the second obstacle takes only 10 s before moving away. Using the proposed approach, the robot is able to compensate the delay generated by the three obstacles. In the third scenario, the fact of waiting 25 s for the second obstacle to move away added to the two obstacles impacts the global mission duration. The desired final position is reached with a time delay of 7.8 s. Finally in the fourth scenario, the second obstacle takes 50 s to move away. This time delay can not be compensated, and the mission is done with a great delay of 19.8 s even if the third obstacle does not exist. Fig. 6. x(t) and y(t) trajectories of all the studied scenarios. In order to estimate at each instant the maximum delay that can be compensated, an analysis is done taking into account the obstacle apparition instant, the remaining time and the distance before reaching the desired final destination. This analysis is presented in Fig. 7. A zero delay means that, from this point (the current position), the robot can not compensate any delay if it encounters an obstacle again. A negative delay means that the robot will arrive at destination with a delay, even it will not meet a new obstacle on its path. This analysis is very important for an optimal supervision of the robot. 

CONCLUSION

Thanks to their accuracy and rapidity, mobile robots are highly solicited in the industrial application domain, namely for achieving transportation tasks. This work aims to respond to a semiconductor manufacturing company, which plans to use a four mecanum mobile robot (4-MWMR) to transport products between equipment tools in the fabrication process. Robots have to execute missions with specified and fixed time duration in order not to generate a delay for the fabrication process. Robots have to work in collaboration with human operators in the semiconductor fabrication facility (fab). Unfortunately, this restricts its working space. Added to that, meeting unexpected obstacles while operating is inevitable in such conditions. Meeting an obstacle may generate a great time delay, delaying the fabrication process, and this is not acceptable.

This paper deals with the time delay generated by mobile and unexpected obstacles, by proposing an approach based on updating and reconfigurating trajectories to track. Without obstacle, the generated trajectories respect the recommended velocity, acceleration, and deceleration values, fixed to facilitate the human/robots collaboration in the fabrication facility (fab). Whereas, when the robot meets unexpected obstacles on its predefined path preventing it to respect its mission fixed duration, the maximum velocity, acceleration and deceleration values are allowed to be reached by the robot, taking into account the fact that human operators are formed to collaborate with robots. This aims to reduce or completely compensate the time delay to best meet the company expectations behind the fab robotizing. Added to that, an analysis allowing to estimate at each instant the maximum delay that can be compensated is proposed. This information is very useful for the production manager aiming to well supervise transportation missions. The obtained simulation results are very promising. This method is planned to be validated experimentally sooner.
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  w denotes the sensor noises, assumed to be uncorrelated Gaussian white noises with known variances linked to the sensors accuracy. Now, considering a = 1 2mRw , b = 1 2IzRw , c = cosθ, d = sinθ, it follows:
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 4 Fig. 4. Global mission scenario with and without unexpected obstacles Fig. 5 illustrates the updated velocity trajectory references v(t) based on the proposed approach, for the three last scenarios, compared to the one generated for the first scenario, besides on the deduced position profiles p(t).
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