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Abstract: This paper introduces chaotic motion control of 
autonomous differential drive wheeled mobile robot to 
cover a certain surrounded area completely and as fast 
as possible. The suggested method was based on 
utilization of chaotic logistic map to accomplish a 
complete coverage of entire area. The trajectory is 
created by a microcontroller and fed to the designed 
robot using the proposed chaotic trajectory generator. 
The designed robot was occupied with infrared sensors 
to avoid the unforeseen obstacles during the navigation. 
The mathematical model of the designed robot and the 
motion control strategy were described in details. 
Computer simulation tests as well as the practical tests 
by using the designed robot show satisfactory results and 
confirm the success of the proposed method. 
 

Keywords: Wheeled mobile robot, Terrain coverage, 

Motion control, Microcontroller, Chaos. 

1. Introduction 

 Wheeled mobile robot (WMR) has witnessed a 

considerable interest in the last decades. It was 

used in many applications within unstructured 

environments where an autonomous mobile 

robot is necessary. 

Path planning represents a fundamental 

importance for the WMR. Terrain covering task, 

which is a special case of path planning, 

requires the robot to cover all partitions of a 

specific workspace in a fast and complete 

manner. Along with area cleaning robots, lots of 

robotic applications require terrain covering 

task, e.g., demining, lawn mowers, painting, 

autonomous underwater covering, agricultural 

crop harvesting equipment, and windows 

cleaning robots [1]. The terrain covering task 

should be accurate and fast as possible with 

ability of obstacle avoidance. 

Many approaches were studied to accomplish 

terrain covering task such as, approximate, semi 

approximate and exact cellular decomposition, 

fuzzy logic, artificial potential field, template 

based model, and neural networks. Most of 

these approaches assume static environment 

whereas covering real world requires a safe 

movement, without collisions, in unstructured 

environments and cover the entire workspace 

with minimum time elapsed. 

In this paper a chaotic logistic maps were 

utilized to control the robot motion during 

terrain covering task of an autonomous WMR. 

2. Kinematics System Control 

The mobile robot that designed through this 

research is an ordinary differential drive mobile 

robot with two degree-of-freedom and it was 

occupied with two front independently driven 

wheels, a single rear, passive free steered wheel 

(caster wheel) which is used for equilibrium 

purposes, and five infra-red (IR) proximity 

sensors used for obstacles avoidance purposes. 
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The control of the two front wheels comprises 

velocity and rotation control and it was 

performed by the microcontroller. The infra-red 

(IR) sensors were used to perform obstacles 

avoidance by measuring the distances to these 

obstacles. The designed robot can be occupied 

with other type of sensors to detect and 

recognize the explored objects. 

The robot body was assumed as rigid body 

moving within a horizontal x-y plane. The robot 

motion was accomplished through driving the 

two active wheels and there is no slip occurs 

between the wheels and the floor (no side skid). 

The movement of the robot is represented by 

instantaneous linear velocity v(t) [m/s] and 

instantaneous orientation θ(t) [rad] of point P 

that lies in the middle of the active wheels axis. 

The rotation velocity of the robot body at point 

P was represented by ω(t) [rad/s]. The posture 

of the mobile robot in Cartesian coordinate 

system is shown in Fig. 1. 

 

Figure 1. Posture of the mobile robot in x-y plane. 

To control the robot motion, the wheels linear 

velocities, vLeft(t) and vRight(t) or similarly robot 

linear and angular velocities v(t) and ω(t) 

respectively, (named the input variables) should 

be provided. Mathematical modeling of the 

designed robot can be represented by the 

following equations [2]: 

𝑥𝑐̇(𝑡) = 𝑣(𝑡)𝑐𝑜𝑠𝜃(𝑡)                                          (1)                            

𝑦𝑐̇(𝑡) = 𝑣(𝑡)𝑠𝑖𝑛𝜃(𝑡)                                           (2)  

𝜃̇(𝑡) = 𝜔(𝑡)                                                     (3)   

The robot posture in the inertial Cartesian frame 

{x,y,θ} can be specified by using the vector 

𝒒=[𝑥 𝑦 𝜃]𝑇. 

The kinematic equations (1), (2), and (3) can be 

represented in matrix form as follows [3]:   

𝒒̇ = 𝑺(𝒒)𝑽(𝒕)                                                        (4) 

𝒒̇ = [𝒙 ̇ 𝒚̇ 𝜽̇]𝑻                                                         (5)                                                                                    

𝑽 = [𝒗 𝝎]𝑻                                                      (6) 

𝑺(𝒒) = [
𝑐𝑜𝑠𝜃 0
𝑠𝑖𝑛𝜃 0

0 1
]                                          (7) 

The angular velocities of the left and right 

wheels can be used to calculate the linear 

velocities of these wheels as follows: 

𝑉𝐿𝑒𝑓𝑡(𝑡) = 𝑟 𝜔𝐿𝑒𝑓𝑡                                          (8) 

𝑉𝑅𝑖𝑔ℎ𝑡(𝑡) = 𝑟 𝜔𝑅𝑖𝑔ℎ𝑡                                       (9) 

In these equations, r represents the radius of the 

active wheels. ωLeft and ωRight are angular 

velocities of the left and right wheels. The total 

linear and angular speed of the robot can be 

calculated as follows: 

 𝑣𝑅 =
(𝑣𝑅𝑖𝑔ℎ𝑡+𝑣𝐿𝑒𝑓𝑡)

2
                                        (10) 

𝜔𝑅 =
𝑑𝜃

𝑑𝑡
=

(𝑣𝑅𝑖𝑔ℎ𝑡−𝑣𝐿𝑒𝑓𝑡)

𝑑
                                (11) 

The posture and direction of the robot can be 

estimated as follows: 

[
𝑣𝑥

𝑣𝑦

𝜔
] = [

𝑐𝑜𝑠𝜃 0
𝑠𝑖𝑛𝜃 0

0 1
] [

(𝑣𝑅𝑖𝑔ℎ𝑡+𝑣𝐿𝑒𝑓𝑡)

2
(𝑣𝑅𝑖𝑔ℎ𝑡−𝑣𝐿𝑒𝑓𝑡)

𝑑

]                (12) 
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3. Dynamic Control 

To deduce the dynamic behavior of the designed 

robot, the following dynamic equation was used 

[3]: 

𝑴(𝒒)𝒒̈ + 𝑽𝒎(𝒒, 𝒒̇)𝒒̇ + 𝑭(𝒒̇) + 𝑮(𝒒) + 𝝉𝒅 = 𝑩(𝒒)𝝉 − 𝑨𝑻(𝒒)𝝀   (13)  

 

Where, 𝑴(𝒒) denotes the inertia matrix, 

𝑽𝒎(𝒒,𝒒̇) is the centripetal and Coriolis matrix, 

𝑭(𝒒̇) represents the surface friction, 𝑮(𝒒) 

denotes the gravitational vector, 𝝉𝒅 represents 

the disturbances and unstructured dynamics, 

𝑩(𝒒) denotes the input transformation matrix of 

the input, 𝝉 represents the input vector, 𝑨(𝒒) is 

the constraints matrix, and 𝝀 represents the 

constraint forces vector.  

Mathematically and from equations (4) and 

(13), the complete motion equations for 

differential drive robot can be obtained and as 

follows: 

𝒒̇ = 𝑺(𝒒)𝑽(𝒕)                                                       (4) 

𝑺𝑻𝑴𝑺𝑽̇ + 𝑺𝑻(𝑴𝑺̇ + 𝑽𝒎𝑺)𝑽 + 𝒔𝑻𝝉𝒅 = 𝑺𝑻𝑩𝝉    (14) 

Where: 

𝑽̇ is the mobile robot's acceleration vector, 

which can be represented by the linear 

acceleration 𝑣̇ and angular acceleration 𝜔̇ as 

follows: 

𝑽̇ = [𝒗 ̇  𝝎 ̇ ]𝑻                                                       (15) 

4. Chaotic Trajectories 

Chaos represents one of the most important 

phenomena in the nonlinear systems. During 

this class of behaviors, the systems would 

exhibit special features including 

unpredictability, continuous frequency spectra 

and repetition tendency  [4.]  

The logistic map represents one of the discrete 

chaos systems. It can be used to model a chaos 

behavior generation. The simplicity of this map 

as compared with other chaotic systems pushes 

the researchers to depend on it in robotics. The 

logistic map equation can be represented 

mathematically as follows [5,6]: 

𝑋𝑛+1 = µ𝑋𝑛(1 − 𝑋𝑛)                                               (16) 

In this equation μ lies in the range [0,4], n= 

0,1,2... represents the discrete time intervals. 

This chaos series would start from the initial 

value x0, and the rest values of the chaotic series 

would be obtained from iteration to the equation 

(16). Although the initial value x0 is different 

slightly, the generated chaotic series show 

comparable chaos features when the factor μ 

changes within the interval (3.57-4]. Actually, 

x0 values within the interval (0-1) become 

increasingly chaotic when μ converges to 4 [7]. 

The discrete form of the equations (1-3) is: 

𝑥𝑛+1 ≈ 𝑥𝑛 + ℎ𝑣𝑐𝑜𝑠𝜃𝑛

𝑦𝑛+1 ≈ 𝑦𝑛 + ℎ𝑣𝑠𝑖𝑛𝜃𝑛

𝜃𝑛+1 ≈ 𝜃𝑛 + ℎ𝜔𝑛

}                                 (17) 

Where h was chosen to be very small step.  

The range of variation of the robot orientation 

angle 𝜃𝑛 lies within the range (-π/2,+π/2) and 

the values of xn for the logistic map are lies in 

the range (0‐1). To integrate the chaotic map 

with the path generator of the mobile robot, the 

following transformation formula should be 

used:  

𝜃𝑛 = 𝜋𝑥𝑛 − 𝜋/2
𝑥𝑛+1 = 4𝑥𝑛(1 − 𝑥𝑛)

}                                   (18) 

Therefore the robot discrete model would be as 

follows: 

𝑥𝑛+1 ≈ 𝑥𝑛 + ℎ𝑣𝑐𝑜𝑠𝜃𝑛

𝑦𝑛+1 ≈ 𝑦𝑛 + ℎ𝑣𝑠𝑖𝑛𝜃𝑛

𝜃𝑛 = 𝜋𝑥𝑛 − 𝜋/2 
𝑥𝑛+1 ≈ 4𝑥𝑛(1 − 𝑥𝑛)

}                                (19) 
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From these equations it can be shown that the 

angle 𝜃𝑛 of the robot is computed iteratively 

using equations (19). Therefore the robot path 

generator would be dependent on equations (19) 

that have the chaotic features. 

The area coverage could be judged using the 

performance index k which is defined as the 

ratio of the area passed by the robot Ap to the 

total workspace area At. 

𝑘 =  𝐴𝑝/𝐴𝑡                                                     (20) 

The passed area 𝐴p and the total area 𝐴𝑡 can be 

calculated by the following algorithm: 

 •Dividing the whole area into (N*M) pixels 

(i.e., 𝐴𝑡). 

 •Using image processing to assign to 255 for all 

white pixels and 0 for all black pixels which 

pass through the trajectory of the robot. 

 •Count the number of 255 pixels W (i.e., white 

pixel). 

 •Then passed area 𝐴p= 𝐴𝑡 - W = N*M – W. 

The properties of terrain coverage can be 

analyzed by simulation considering the basic 

mission requirements for fast terrain scanning. 

5. Simulation Program 

To investigate the system model represented by 

equations (19), a simulation program for mobile 

robot is needed. This simulation program must 

provide a virtual workspace with modification 

capability, such as changing the robot size and 

position and the obstacles numbers, size and 

position [8]. Many simulation programs can be 

used such as KiKS, Wibot, … etc. The KiKs 

simulator has been chosen to perform the 

simulation part of this work because it has a 

virtual mobile robot called Khepera qualified 

the requirements of this work and can operate 

under Matlab program. The simulation 

environment of KiKs program is shown in Fig. 

2 below. 

 

 
Figure 2. Simulation environment of KiKs program.  

6. Robot Construction 

The structure of the designed mobile robot is 

shown in Fig. 3. It consists of two front 

differential drive active wheels, one in each side 

of the robot body. These wheels are driven by a 

separate DC motor individually. These motors 

are controlled by using PWM signals generated 

by the PIC18F45K22 Microcontroller with the 

help of a driver integrated circuit SN 754410. 

Furthermore, a caster wheel was used to ensure 

robot body balance during mobilization. 

Obstacles avoidance has been done through 

measuring the distances to the wall and the 

obstacles using five IR proximity sensors from 

Sharp.  

 
 

Figure 3. The physical construction of the designed robot.  

7. Simulation Results  

The simulation process was carried out using 

the proposed chaotic path planner and applying 
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the mobile robot movement equations 

represented by equations (19). Many 

environments for the workspace of the mobile 

robot were investigated including square, square 

divided into two sections with narrow tunnel, 

square with two obstacles in the middle, and 

square with four obstacles at corners. 

Furthermore, a comparison between the 

proposed system and the Arnold system is 

accomplished. Examples of trajectories of the 

robot are shown in Figs. (4-7). Where the 

chaotic mobile robot run at following condition:  

Linear velocity: v = 0.15 m/s  

Initial states: [x y θ]T = [4 4 π/2]T  

Work space limits: 1000 x 1000 mm  

Simulation interval: 5000 sec  

Evaluating the chaotic controller by means of 

performance index k is shown in Fig. 8. 

 

Figure 4. Simulation of chaotic trajectory for the robot in 

the x-y plane (environment a). 

 

Figure 5. Simulation of chaotic trajectory for the robot in 

the x-y plane (environment b). 

 

Figure 6. Simulation of chaotic trajectory for the robot in 

the x-y plane (environment c). 

 

Figure 7. Simulation of chaotic trajectory for the robot in 

the x-y plane (environment d). 

 

Figure 8. Performance index k for (environment a). 

8. Proposed System Versus Arnold System 

To prove the enhancement of area coverage 

process by the proposed system, a comparison 

with a well-known area coverage system 

proposed by Arnold [9] has been done, where 

the two systems were tested to cover an 

environment limited to (1000mm x 1000mm) 
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and the designed robot operated using the 

conditions stated below: 

Linear velocity: v =  0.15 m/s 

Initial states: [x1 x2 x3]
T = [4 3.5 0]T 

Work space limits: 1000 x 1000 mm 

Simulation interval: 7000 sec 

Figs. 9 and 10 show the samples of simulation 

result of the proposed system and Arnold 

chaotic system respectively. The results of 

simulation for the two methods shows that the 

rate of coverage area (k) in the case of the 

proposed method is greater than that of the 

Arnold method by about 10%, where the ratio 

(k) for the proposed and Arnold system was 

96.62% and 84.15% respectively. 

 

Figure 9. Simulation result for the robot based on the 

proposed system. 

 

Figure 10. Simulation results of the robot based on the 

Arnold system. 

Fig. 11 shows the rate of coverage area versus 

time in seconds for both chaotic systems and it 

is clear that the enhancement in the ratio of 

coverage area for the proposed system. 

 
Figure 11. The rate of coverage area versus time in 

second for both chaotic systems. 

9. Experimental Results 

In this research the experimental data that 

related to the coverage performance of the 

designed chaotic mobile robot using the 

proposed chaotic motion controller, are 

presented. Experimental tests are necessary 

because that in real-world applications some 

dynamical factors such as internal and external 

friction and other workspace restrictions play a 

crucial role to mobile robot’s behavior. Fig. 12 

shows the workspace to be scanned by the 

designed mobile robot while Fig. 13 shows the 

autonomous mobile robot during the 

experimental test. Fig. 14 shows several 

waypoints during the navigation of the designed 

robot.    

 

Figure 12.  The workspace to be scanned by the designed 

mobile robot. 

        Proposed system 

         Arnold system 
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Figure 13. Terrain coverage using the proposed chaotic 

autonomous mobile robot. 

 

Figure 14. Several snapshots for the navigation of the 

designed robot. 

Using a program developed with Matlab and a 

small web camera connected to the laptop, the 

robot trajectory was traced. This program was 

written to trace a small red ball attached to the 

mobile robot. Fig. 15 shows the trajectories 

acquired by the camera.  

      

     

Figure 15. The trajectories acquired by the webcam.  

10. Conclusions 

Simulation tests for the new proposed chaotic 

system are performed using KiKS simulator 

program, where the new chaotic system is used 

in design a controller for autonomous robot. 

Chaotic mobile robot is implemented for 

scanning area without needing any map. 

Four types of environment were designed to 

show the ability of the chaotic mobile robot 

from scanning all connecting workspaces. The 

performance index k, which represents the ratio 

of scanned area to the total area, is used to 

evaluate the efficiency of the autonomous 

mobile robot in covering the area. Finally, a 

comparison between Arnold chaotic system and 

the proposed new chaotic system was 

performed. The results confirm that the chaotic 

mobile robot was succeeded in covering all 

types of arenas in fast and complete manner 

with a very good average performance as 

compared with that of Arnold system. 
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