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ABSTRACT: In this paper, we study how and to what extent multiple mobile robots can be guided to in a desired 
direction to explore an unknown environment and map an area of interest. The scope of the work focuses mainly on the 
controllers’ design for multiple robots’ path planning and motion coordination. Fuzzy control methodology is 
developed to: 1. Ensure a best path planning and motion coordination of the mobiles, 2. Avoid the collision and store 
the position of the obstacles. Genetic algorithm is implemented to optimize the different parameters of the controllers 
and optimize the robots’ path in case of collision avoidance. To store the obstacle and map the area, the sensors localize 
the obstacles and store their coordinates in a binary matrix. The algorithms and their implementation are explained in 
addition to the demonstration of experimental results to illustrate the efficiency and the performances of the study. 
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I. INTRODUCTION 

Many mobile robots have been developed to reduce human activity in hazardous tasks such as explosive ordnance 
disposal, nuclear material handling, military operation and urban search and rescue; or in exploratory tasks such as 
Mars’ exploration. Developed robots become an effective tool for human and industry to explore inaccessible places or 
dangerous areas. With the increasing complexity and diversity of exploiting need, only through the pursuit of some 
performance indexes of individual robots has been far from meeting the need. 
 
A group of mobile robots moving together in a prescribed pattern can form an efficient data acquisition network for 
environmental monitoring and exploration. Moreover, path tracking control techniques can be used to perform an 
interesting aid in dangerous scenes, to perform the mapping of unknown dangerous environment [1][2] [3][4][5]. 
 
At present, there are mainly three formation control methods for mobile agents. They are leader-follower method, 
virtual structure method and behavior method. The basic idea of first method is to make some (usually one) agents be 
leaders, and the rest be followers. Leaders track the reference path, and followers track the leaders to keep the 
formation. The second method is to regard the formation as a rigid body, and each agent is relatively fixed in the rigid 
body. The last method is to divide the formation control task to a set of basic actions, and synthesize the actions to 
achieve formation control. This whole idea is inspired from the basic management system. 
 
These mobile robots must be fast and effective to allow easy deployment by human operator and yet capable enough to 
perform many useful functions. They must also be able to last for reasonable operation duration and robust enough to 
withstand elements that are associated with the mission. A robust lightweight robotic vehicle platform that has a good 
balance of the abovementioned conflicting requirements has been proposed. It is controlled via wireless communication 
and modular payloads for specific tasks can be developed at a later stage. 
 
However, the intelligent control does not require the mathematical model of the plant. The control engineer makes use 
of the fact that the Human Operator (HO), the most successful ‘intelligent controller’ available until now, is able to 
control the complicated process without knowledge of the process mathematical model [10]. 
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Fig 1.  Multiple robots for exploration. 

II. PATH PANNING 

A. Robot leader controller 

The model of a mobile robot is usually presented in horizontal plane (Figure 2). 
The robot has the kinematics of a unicycle, described by the well-known equations. 
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When the robot leader is moving at forward speed 1v , the environmental obstacles oblige the robot to deflect from its 
desired path. The role of the control system is to keep the system moving as desired by avoiding the obstacles. 
The idea is to steer the robot such that it eliminates the distance between itself and the desired path just after the 
collision avoidance (Figure 2).  
We define the following variables to mathematically formulate the control objectives: 
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Fig 2.  General framework of robot path planning  

According to the desired path, the control loop gives the desired orientation for the robot motor, and this last makes the 
mobile move toward the desired position.  
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The fundamental objective is to design the fuzzy controllers to force the robot leader to follow a specified path as 
closely as possible and the followers as well. 
The control input variables for the proposed intelligent controller are chosen as the error 1e  and the change of the 
error 1ed  as follows: 
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The variable 1  is defined as the outputs for the fuzzy controller. It is considered as the angle of the motor to change 
direction of the mobile robot. 

We can write: 
),(Fuzzy 111 ee d   

Triangular distributions in  ]1,1[ interval are chosen as membership functions for  )(1 te ,  )(1 td e , and )(1 t . 
The defuzzification laws are chosen as shown in Table I. 

TABLE I.  RULE BASE OF THE FUZZY CONTROLLER 
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The surface control of the fuzzy controller for the robot leader is presented in figure 3. 
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Fig 3.  Robot leader controller surface 

B. Robot Follower Controllers 
Suppose there is an arbitrary curve 1L  in the 00YX plane of ground coordinate system, which would be the target path 
of leading the robot in the formation. A body frame coordinate system 11YX  is established for the robot leader moving 
with a forward speed 1v , and 22YX  is established for the robot follower moving with forward speed 2v . 
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According to figure 4, the coordinates of the robots in the ground coordinate system 00YX  could be written as: 
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In order to satisfy the remaining control goal, the robot follower has to adjust its forward speed and directional angle to 
coordinate its motion with the robot leader (according to control scheme in figure 6); so as to achieve the desired 
position and move with the desired velocity profile ddd vvv  12  
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Fig 4.  Coordinate system of path tracking 

The desired position of the robot follower with respect to the body frame 11YX  is defined as: 
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The objectives of the second controller are to keep 2
1

2
1 , yx  constants and equal to yx DD 11 ,  respectively, and the 

directional angle 02
1 e  in straight motion. 

For the robot follower, let’s define the position error with respect to 11YX : 
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The second controller is designed as followed: 
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The defuzzification laws are chosen as shown in Table II. 
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TABLE II.  RULE BASE OF THE FUZZY CONTROLLER 
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Fig 5.  Control scheme of the robot leader and the follower 

The surface control of the fuzzy controller for the ship follower is presented in figures 6-(a)-(b) for the two 
outputs 22 , v respectively. 
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Fig 6.  Surface control of  the actuator orientation 2  (a), of the forward velocity 2v  (b) 
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III. GENTIC ALGORITHM OPTIMIZATION 

In this part, GA is mainly used to design the input/output scaling factors. Genetic algorithm is a robust optimization 
technique based on natural selection. The basic objective of GA is to optimize fitness function. In genetic algorithms, 
the term chromosome typically refers to a candidate solution to a problem. GAs have been proved capable of solving 
large scale or complex problems and they are commonly used as search mechanism when direct search in impossible .  
Generally, there are three genetic operations in GA: selection, crossover, and mutation. The three operators offer the 
genes a fine searching mechanism. 
After introducing the above operations in GA, the remaining most important thing is the setting of the “Fitness 
function”.  
Various objective functions were written based on error performance criterion. Each objective function is 
fundamentally the same except for the section of code that defines the specific error performance criterion being 
implemented. 
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Fig 7.  Genetic algorithm optimization scheme 

TABLE III.  OBTAINED SCALING FACTORS FOR DIFFERENT GENERATIONS 

Type and Parameters 30 generations 50 generations 80 generations 

In
pu

ts
 

eK  0.2915 0.3145 0.3182 

deK  0.0012 0.0015 0.0009 

XEK  0.0025 0.0019 0.0027 

XdEK  0.0001 0.0001 0.0001 

YEK  0.0021 0.0022 0.0021 

YdEK  0.0001 0.0001 0.0001 

ou
tp

ut
s 

vK  3.8266 4.1235 4.9512 

dvK  0.0017 0.00021 0.0023 

K  0.3911 0.3805 0.4479 

dK  0.0029 0.0021 0.0031 
The figure 8 shows that the best choice of generation is to take 50generation. Taking 80 generations has not that fast 
convergence comparing with the 50 generations.   
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Fig 8.  Progress of GA that found best fitness for 30, 50, 80 generations 

IV. COLLISION AVOIDANCE 

The motion of the robot in unknown environment is disturbed by the action of land mines and unpredictable obstacles. 
Nowadays, a lot of works were done for collision avoidance, and the quality of the results is interesting. 
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Fig 9.  Robot’s path in mined environment 

The collision avoidance system depends on the repulsion theory [7], repulsion from the undesired objects. These 
objects are classified as follows, rocks, land mines, and borders and already swept areas. The collision avoidance 
strategy is executed upon the detection of a land mine or an object on front of the robot.  The objects are detected 
with the distance sensor; however the mines are detected by a special detector based on explosive and metal sensors. 
Figure 9 shows an example for collision avoidance situation. 

V. MAPPING AND LOCALIZATION 

There are many algorithms and strategies for localizing and mapping the desired area according to the nature of the 
obstacles. In this paper, mapping and localization is done in a very simple method. As mentioned before the area will 
be assumed to be square area with  unitsN  on each side. 
When an obstacle  is detected in one of the squares then the square will be memorized. For example, by taking the 
figure 9, the matrix of localization is written as followed: 
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VI. SIMULATION RESULTS AND DISCUSSION 

The proposed formation control scheme has been implemented in SimulinkTM and simulated for the case of three 
robots. The desired straight line paths and desired inter-robot spacing is given by )0,0(),( 11 yx DD , 

)300,500(),( 22 yx DD , )300,500(),( 33 yx DD . The desired velocity profile is chosen as Uvd 5 .  
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Fig 10.  Tracking paths of three robots(a), forward velocities(b) 

The simulation results are shown in figures 10. Figure 10- (a) shows the trajectories of the robots applying the proposed 
method of control. Figure 10-(b) shows the variations in the forward velocities. 
From the simulation results we know that the leading robot moves to the desired path quickly, and then tracks the path 
with the forward velocity Uvv d 51  ; the following robots track the desired path in the respect with the robot leader. 
During the tracking process, the route, forward velocities and directional angles of each mobile change reasonably. 

VII. CONCLUSIONS 

The paper presented an approach for land motion coordination. There are four main control behaviors: 
1) Robot motion control,  2) Collision avoidance, 
3) Localization and mapping, 4) Coordinating the motion of the group. 

Normally, the motion control of the mobile and the coordination and obstacle localization are executed during the 
whole operation.  When the obstacle is detected, the collision avoidance behavior is executed and the robot is driven 
away from the disturbances. The simulation results are demonstrated for simple obstacle avoidance. The results 
illustrated the acceptable performance of the approach. The proposed solution is based on fuzzy logic techniques and 
addresses explicitly the inter-mobile equidistance constraints. The principal role of the fuzzy technique is to eliminate 
the need of the robot model; the controller depends only on the selection of the fuzzy variables, the membership 
functions, and the rule base. Another interest of the proposed method is the design simplicity. Moreover, the fuzzy 
controller is based specially on the inference rules; this characteristic gives a big advantage to fuzzy control 
methodology in such situation of control. Furthermore, the method leads to a decentralized control law whereby the 
exchange of data among the robots is kept at a minimum. 
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