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Abstract1 

In this paper, a two-level hierarchical intelligent 
control system is developed on a mobile robot to deal 
with target tracking and obstacle avoidance tasks. A 
stereo vision subsystem is first introduced. It can 
perceive video information in the environment to 
locate objects, including locating targets and 
obstacles precisely. This subsystem possesses two 
CCD cameras mounted on the top of a robot to 
obtain images from the surroundings. And then, 
based on the sensed image data in the indoor 
environment, a robot behavior decision-making 
subsystem with a fuzzy control strategy is proposed 
for target tracking and obstacle avoidance. Under 
this decision-making strategy, the robot can respond 
correctly to complete the desired task. Finally, site 
experiments are performed to show that the proposed 
schemes are feasible and effective. 

including a single CCD camera [7-8], an omnidirectional 
vision system [9-10], stereo vision [11-12], and three 
cameras [13]. 

There have been many studies done on the target 
tracking problem [14-21]. A stable target tracking 
control that considers collision avoidance with obstacle 
has been proposed [14-15]. In [16], an approach to 
tracking a person by using stereo vision has been 
developed. Also, a color signal has been applied to the 
tracking and matching of objects [17]. The target 
tracking system is designed to use fuzzy control 
algorithms [18-24]. 

In recent years, stereo algorithms have been widely 
applied because distance information can be gathered. 
Therefore, we put the stereo vision system on the mobile 
robot to improve the target tracking and obstacle 
avoidance. More accurate position information is 
obtained from the real-time stereo system. In this paper, 
the two-level hierarchical system is developed to execute 
target tracking and obstacle avoidance. The first 
subsystem is the vision system, which perceives the 
environment information including target and obstacles. 
Based on the target position in the indoor environment, 
the target tracking strategy or obstacle avoidance 
strategy for a mobile robot will be selected. In this 
subsystem, the distance between the mobile robot and 
the target or obstacles is considered first. Then, the 
second subsystem is the intelligent control of a mobile 
robot. 

Keywords: Fuzzy control, Mobile robot, Obstacle 
avoidance, Stereo vision, Target tracking 
 

1. Introduction 
 

Mobile robots offer widespread applications, such as 
Mars exploration, material transportation, military 
missions, guidance tasks, and security systems. Visual 
feedback is an important function of mobile robots for 
path tracking, target tracking, and obstacle detection and 
avoidance. 

This paper is organized as follows. In Section 2, the 
hardware architecture of the mobile robot is introduced. 
In Section 3, the image processing techniques are 
described. In Section 4, the fuzzy control strategy of the 
mobile robot for target tracking and obstacle avoidance 
is developed. In Section 5, some experiment results 
demonstrate the validity of the above methods. Finally, 
the conclusions are presented in Section 6. 

When the mobile robot navigates in an indoor 
environment, it is important for it first to recognize 
objects. Methods are presented to find the target and 
obstacles, including ultrasonic sensors [1-2], laser range 
finder [3-4], radio detector [5], and infrared sensors 
[6,18]. However, these methods have some defects; for 
example, the searching angle and searching distance are 
limited. In order to solve these problems, some 
researchers have proposed using vision-based techniques 

 
2. Hardware Architecture of the Mobile Robot 

 
                                                 The processing procedure of the mobile robot is 

briefly described as follows. The mobile robot is 
composed of three major modules as shown in Figure 1. 
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mobile robot continuously capture the image information 
of the environment. The mainly work of the image 
processing program is to analyze the information of the 
target and obstacles and to transmit the processed data to 
the strategy decision module. 

 
Figure 1. The mobile robot system. 

 

 
Figure 2. The configuration of the mobile robot. 

 
Based on the information extracted from vision 

system, the strategy decision module makes a 
determination of an executing strategy. Simultaneously, 
commands are obtained through a fuzzy controller and 
then transmitted to the motor driver module. The motor 
driver module will decode and execute the commands. 
Hence, our mobile robot can choose the strategy of target 
tracking mode or obstacle avoidance mode during the 
navigation in the corridor. 

The hardware architecture of the mobile robot is 
shown in Figure 2. The mobile robot consists of the 
stereo vision system, the notebook computer, the 
batteries, two motors, two differential wheels, four 
passive wheels, and so on. 
 

3. Stereo Vision System 
 

This section describes how to calculate the depth of 
objects, which is one of the most critical tasks for 
computer vision. Two CCD cameras take pictures of the 
same scene, but they are separated in the x -direction by 

some distance. In the stereo vision system [25], it is most 
important to find the corresponding points of the match 
parts. The match parts search the correspondence 
between the pair images. The best match part is used to 
calculate the distance, and it is used in our mobile robot 
to detect the distance of obstacles and target. 

 
Figure 3. Triangulation of two parallel cameras. 

 

 
Figure 4. The maximum visual angle (2θ ) of CCD. 

Figure 3 assumes that the two CCD cameras are set on 
the same height of the surface and that the two optical 
axes are parallel. The real depth Z of the target in the 
world coordinate can be calculated by triangulation. L is 
the distance between two optical axes, and f is the focal 
length of a CCD camera. The maximum visual angle of 
CCD is 2θ . The distance from the target to the left 
camera optical axis is X1, and x1 is the projective length 
of X1 on the left image plane. The distance from the 
target to the right camera optical axis is X2, and x2 is the 
projective length of X2 on the right image plane. 
From Figure 3, we can obtain 
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Figure 4 shows the relative triangulation between the 
CCD cameras and image plane. The maximum visual 
angle of CCD is 2θ , w is the width that the CCD 
projects on the image plane, and the CCD focal length 
is f . Then, we can find the relationship: 
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2 tanw f θ=                 (4) 
Substitute Eq. (4) for Eq. (3), the depth Z can be 
rewritten as follows 

( )1 22 tan
wLZ

x x θ
=
⎡ +⎣ ⎦⎤

             (5) 

Vision system is an important part for mobile robot. 
The robot can see and recognize various images by using 
two CCD cameras which are the eyes of the mobile 
robot. It detects the environment and searches the 
important features of obstacles and targets. The vision 
system is composed of two CCD cameras that are used 
to detect obstacles and target. According to the disparity 
between two CCD cameras, their distances from the 
robot to obstacles or to target will be known. The mobile 
robot will compare distances between target and 
obstacles, and then the control strategies which include 
target tracking mode and obstacle avoidance mode will 
be selected. So the mobile robot can find the safe region 
to avoid the collision with obstacles, and the mobile 
robot moves toward the target center. 
 

 
Figure 5. The procedure of vision system. 

 
Figure 5 shows the procedures of vision system, the 

left CCD camera and right CCD camera capture the 
image individually. In order to reduce processing time, 
only left CCD camera deals with the image processing 
including target detection sub-system and obstacles 
detection sub-system. We can get the target candidate 
and obstacle candidates, and target candidate will be 
included in obstacle candidates. Therefore, target must 
be separated from obstacle candidates. We find the target 
and obstacles that mobile robot will track and avoid 
respectively. In other words, the purpose of region 
segmentation is to differentiate target with obstacles. As 

target and obstacles are detected in left image, they will 
also exist in right image. Therefore, stereo vision 
sub-system will search the right image to find 
corresponding region of target and obstacles that we had 
detected in left image. Finally, the depth of target and 
obstacles can be obtained by using Eq. (5). 
 

 
Figure 6. The procedure of obstacles detection. 

 

 
Figure 7. The procedures of target detection. 

 
A. Obstacles detection 

This section describes the segmenting or searching 
approach that is possible region of obstacles. Figure 6 
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shows the procedures of obstacles detection sub-system. 
As left CCD camera captures the image, and some image 
processing techniques are utilized to deal with the left 
image. In general, the contours are extracted from the 
original image first, and then these contours and edge 
points are possible candidates of obstacles. Finally, we 
use the connected component labeling method to find the 
obstacles in image plane. 
 
B. Target detection 

This section introduces the searching approach of 
possible region of target that mobile robot tracking. The 
mobile robot needs to find where the target is located. 
Our approach is to detect the color of target first, 
because it is the simplest approach to find the target with 
a specific color are filtered out from the original image. 
Therefore, we can find the color corresponding with the 
predetermined one. Figure 7 shows the procedures of the 
target detection sub-system, left CCD camera captures 
the image, and some image processing techniques are 
utilized to deal with the left image. In general, we detect 
the target using the color feature to find a designate color 
of target. 
 
C. Stereo Matching 

To get the depth of the obstacle, it is necessary to 
measure the similarity of the points. The adopted 
approach of feature matching is to compare the intensity 
of one point with that of another point. In this study, the 
sum of squared difference (SSD) method is applied in 
order to compare the small regions in stereo images. 
Then the corresponding block is determined by 
minimizing the sum of squared difference between two 
images. 

( ) (( )2

0 0
(( , ), ( ', ')) ' , ' - ,

w h

n m
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= + + + +∑ ∑ )  

(6) 
where m and n denote correlation window size, i and j 
represent the position of pixel in image, h and w are 
height and width respectively, R and L represent left and 
right images respectively. 
 

4. Fuzzy Control Strategy 
 
A. Obstacles detection 

When the target and obstacles are detected by the 
vision system, their distances are calculated by the stereo 
vision. We compare the distances between the target and 
the obstacles to find which is closer to the mobile robot. 
Figure 8 shows the distance relationship. If the distance 
of the target is closer to the mobile, then the control 

strategy for target tracking will be selected. 
When the strategy for target tracking is selected, the 

pyramid is the target which is tracked to the middle of 
the image. The mobile robot starts to approach the 
pyramid according to the distance and the orientation. 
The current PWM values of right RPW and left M LPWM  
wheels can be obtained from the output of the FLC. 

The mobile robot checks if the pyramid is near the 
mobile robot. When the distance between the pyramid 
and the mobile robot is short enough, the mobile robot 
will stop in front of the pyramid. The flowchart of the 
control strategy is shown in Figure 9. 

 
Figure. 8 The distance relationship. 

 

 
Figure 9. Flowchart of target tracking. 

 
B. Fuzzy Logic Control of the Mobile Robot for Target 

Tracking 
The main theme of the fuzzy target tracking control is 

to make the mobile robot chase the target. A 
two-input-single-output fuzzy system is presented based 
on the obtained information from the vision system. The 
parameters used to construct the fuzzy logic controller 
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for target tracking problem are shown in Figure 10, eθ  
is the current angle which is the angle between the robot 
and the target at the current time, while e 1θ -  is the 
previous angle which is the angle between the robot and 
the target at the previous time. The current 
angle eθ and its variation e e e 1θ θ θ= --  are used as 
fuzzy inputs in our FLC. They are both decomposed into 
five fuzzy partitions, denoted by NB (Negative Big), NS 
(Negative Small), Z (Zero), PS (Positive Small), and PB 
(Positive Big). The control output  is decomposed 
into seven fuzzy partitions. Figure 11 shows the 
membership function shapes of the fuzzy subsets 
adopted in this paper. 

CO

 
Figure 10. Definition of the fuzzy inputs. 

 

 
(a) 

 

 
(b) 

 
Figure 11. The membership functions of the input and output: 

(a) The input eθ , eθ ; (b) The output . CO

Since each discourse is divided into five subsets, 
denoted by NB, NM, NS, Z, PS, PM, and PB, two inputs 
will construct 25 fuzzy rules. For example, the situation 
of Figure10 shows that eθ  is PB and eθ  is PS, we 
have to increase the velocity of left wheel and decrease 
the velocity of right wheel, i.e., the adjustment error of 
the PWM value must be NB. Therefore, the inference 

rules can be deduced and the corresponding rule table is 
shown in Table 1. 
 

Table 1. The fuzzy rule table. 

 
The defuzzification interface is a mapping from a 

space of fuzzy control actions defined over an output 
universe of discourse into a space of crisp action. The 
defuzzification strategy used in our system is depicted as 
follows: 
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where  is the number of fuzzy sets of the inputs. 
 is the weight of each fuzzy set . 

n
iCOW i

iθμ  and 

iθ
μ are the membership function values of the control 

input. 
The DC servo motors are controlled by the PWM 

(pulse width modulation) value. We need to convert the 
crisp output of the fuzzy, which is the angular position, 
to the PWM value. The crisp output u is multiplied by 
weighting β , the adjustment error of the PWM value as 

PWM u βΔ = ×              (8) 
where PWMΔ  may be positive or negative, and it is 
used as the difference of velocity of two wheels. 
The output from our FLC is the speed correction of the 
two wheels of the robot. A fundamental speed is also 
required to support the robot in maintaining a basic 
speed based on the distance between the mobile robot 
and the target. Eq. (9) is the definition of the basic speed 
used in our system. 

arg argdef std t et t etPWM PWM W d= + ×       (9) 

where stdPWM  is the standard speed of the mobile 
robot,  is the weight of the distance to the target, 

and  is the distance that is calculated by the 
vision system between robot and target. 

argt etW

argt etd

Therefore, the speed of each wheel can be obtained by 
the fundamental speed and the speed correction, as 
described in Eq. (10). 

 



 International Journal of Fuzzy Systems, Vol. 11, No.3, September 2009 188

 / 2R defPWM PWM PWM= + Δ       (10a)  

 

 / 2L defPWM PWM PWM= − Δ       (10b) 
where RPWM  and LPWM  represent the current PWM 
values of right and left wheels, respectively. 
 
C. The Control Strategy for Obstacle Avoidance 

When the mobile robot chooses the obstacle 
avoidance mode to do collision avoidance, the mobile 
robot will only consider the two angles of every obstacle, 
which are the maximum angle and minimum angle. 
From Figure 12, the maximum angle _ maxrobotθ  
represents the angle obtained on the left side of the 
obstacle, and the minimum angle _ minrobotθ  represents 
the angle obtained on the right side of the obstacle. 
Because the mobile robot only chooses the path where 
the magnitude of the angle is smaller than the minimum 
angle or the magnitude of the angle is larger than the 
maximum angle, the mobile robot can pass safely. 

Figure 13. The safe region between two obstacles. 
 

5. Experiment Results 
 

We placed a pyramid as our target and set three 
obstacles in front of the mobile robot as shown in Figure 
14. The color of the pyramid is reddish-orange. The 
robot performs the detection of target and obstacles. 
When the robot finds the target, it will turn left or right 
and move toward the target center. The mobile robot 
would choose the safe region between these obstacles. 
Figures 14 (a)-(c) show that the mobile robot detected 
the obstacle in navigation, then it chose the collision 
avoidance mode to dodge the obstacle which was the 
closest distance to the mobile robot. The distance of the 
obstacle was too far, so our strategy would make the 
mobile robot keep approaching the target. When the 
distance of the obstacle was near the mobile robot, the 
mobile robot would turn right to do the avoidance 
collision in Figures 14(d)-(j). As the mobile robot was 
far away from the obstacle, it would detect the target as 
there were no obstacles in front of the mobile robot. The 
pyramid was detected, and then it chose the tracking 
mode and tracking the target as shown in Figures 14 
(k)-(o). The mobile robot would stop moving in front of 
the pyramid when the distance was less than a specific 
distance, as shown in Figure 14 (p). 

  If the number of obstacles is more than two, all of 
their maximum and minimum angles are determined 
individually. In order to reduce the procedure for 
processing, the obstacle does not consider if the distance 
is too far from the mobile robot. The mobile robot only 
considers these angles when their distances are in a 
specific range and sorted by their angle degree, and the 
serial number of obstacles will depend on the results of 
the sorting. Then the mobile robot finds out the angle 
range that the mobile robot can pass through safely 
between every two obstacles. In Figure 13, the safe 
range is between the left side of the right obstacle and 
the right side of the left obstacle. In the middle of this 
range is an output angle that is collision free for the 
mobile robot. Comparing with the head direction of the 
mobile robot, the minimum turning angle turningθ  can be 
obtained. Finally, we convert the angle turningθ  to the 
corresponding PWM value for the motor. The motors on 
the left and right are controlled to avoid a collision with 
the obstacles. When the mobile robot passes safely 
through the obstacles, the control strategy for target 
tracking will be selected to track the pyramid.  

 
6. Conclusions 

 

 

In this paper, the hardware architecture of the mobile 
robot has been established, and the obstacle avoidance 
and target tracking control for mobile robot combined 
with two cameras have been developed. Two image 
sensors are installed on the mobile robot to detect the 
distance between the objects and robot. The binocular 
image processing system is used to find out the same 
feature points of objects. For distance detection, the 
area-based matching is carried out using SSD method, 
and the depth of the object from the CCD is calculated 
by the triangular perspective theory. A target tracking Figure 12. The angle of objects relative to the left camera. 
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control system is designed using fuzzy logic techniques, 
and the fuzzy controller generates the difference velocity 
command to the two wheels of the mobile robot. 
Collision avoidance is also considered for practical 
situations and the presented method can be easily 
realized to the mobile robot. The practically 
experimental results illustrate the feasibility and 
effectiveness of the proposed real-time target tracking 
methodology.  
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Figure 14. The obstacle avoidance mode with three obstacles. 
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