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 Abstract - A monocular vision measurement approach is 
presented for leader-follower robotic system to estimate the 
position of the leader robot relative to the follower robot. The 
color identifier with green and red blocks is attached on the back 
of the leader robot, and it may be captured by the camera 
mounted on the follower robot. A coarse-to-fine searching 
method is given to extract the center point of the identifier. The 
parameters of the camera with the combination of the intrinsic 
and extrinsic ones are calibrated via least square method with 
given relative positions and the corresponding image coordinates 
of the identifier’s center. The parameters are further optimized 
with Levenberg-Marquardt method. Then the position of the 
leader robot relative to the follower robot can be estimated only 
with single feature point. The experimental results verify the 
validity of the given approach. 
 
 Index Terms –Visual measurement, feature extraction, camera 
calibration, monocular vision, leader-follower robotic system. 
 

I.  INTRODUCTION 

 Multi-robot system has many merits such as redundancy, 
flexibility, parallelism as well as swarm intelligence, which 
attracts more and more attentions [1]-[8]. For some tasks, 
especially complex ones, similar to human society, it is 
advantageous to task execution if the robots are assigned 
different roles, e.g. leader, follower. For such leader-follower 
robotic system, the position estimation of the leader robot 
relative to the follower robot is a basis to realize the given task 
corporately. 

The visual measurement approach is a good selection for 
the leader-follower robotic system working in indoor 
environments. The existing visual localization methods for 
indoor mobile robots including global camera based method 
[10] and on-board method [9] as well as the combination of 
them [11] according to the positions of the cameras mounted. 
It is common for a global camera fixed on the ceiling 
monitoring downward to the floor. Nascimento et al. use a 
ceiling camera to locate the mobile robot on the floor [10]. 
The mapping from the floor to the image plane is a linear 
function. The calibration of the camera is to determine the 
proportional factor from the image coordinates to the floor 
coordinates. The positions of the leader and follower robots 
can be measured simultaneously. The visual model is simple 
and the measurement has satisfied accuracy. However, the 
moving area of the robots is limited by the effective view field 
of the fixed camera. The robots with on-board camera may 

extend its working area effectively. In this case, the position 
estimation of the leader robot relative to follower robot may 
be achieved by certain identifiers. [12] adopts a two-color 
cylindrical color coded identifier for robot identity 
recognition. For the purpose of the richness and recognition 
adaptability, a general symbol identifier is designed [13]. It is 
composed of a central area and a peripheral area, and there 
exists radial spokes in the central area. 
 In this work, a leader-follower robotic system with two 
robots is considered. One robot is taken as the leader, which is 
attached a color identifier. The other one is considered to the 
follower with a camera fixed on the front of its body. The 
leader and follower robots are individually controlled by their 
own controllers.  The monocular vision measurement is 
considered, and the relative position of the leader robot is 
estimated with single feature point of the identifier center, 
which is extracted by a coarse-to-fine searching. 

The rest of the paper is organized as follows. In section II, 
the feature extraction with coarse and fine searching stages is 
given. The calibration method for the monocular vision 
system is given in section III, and the visual measurement is 
also presented. Experiments and results are provided in 
section IV. Finally, the paper is concluded in section V. 

II.  FEATURE EXTRACTION 

The color identifier is designed as shown in Fig. 1. It 
consists of green and red color rectangles. The center point of 
the identifier is used as the feature point. The follower robot 
with a CMOS camera calculates the coordinates of the leader 
robot relative to it using the feature point perceived by its 
vision, which provides the basis for following coordination. 

 
Fig. 1 The designed identifier 

Feature extraction means to find the center point of the 
identifier in the image given in Fig. 1. First of all, the dynamic 
threshold value GT(i, j) is calculated from the RGB value of a 
pixel as given, which is used to judge whether the pixel is red, 
green or not. 
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where R(i, j), G(i, j), and B(i, j) are the red, green, and blue 
value of a pixel (i, j). 

In the following, a coarse-to-fine searching method is 
designed for feature extraction, which includes two stages: 
coarse and fine searching stages. The former searches the 
image in large interval to find all ROIs (Region of Interest), 
whereas the latter searches the ROIs in small interval to obtain 
the result.  
 The image is searched with the interval of ks (these points 
constitute a set �s) to find the red pixel point which is labelled 
as (i, j). On this basis, the pixel (i+ki, j) is judged whether it is 
green. If it is satisfied, the pixels (i+ki, j-ki) and (i, j-ki) are 
checked successively as red and green, respectively, as shown 
in Fig. 2. If all fundamental aspects are satisfied, the pixel 
(i+ki/2, j-ki/2) is recorded as mark point (see Function Pmark) 
that is utilized to obtain a ROI whose maximal size is 47�47 
with the constraint from the borderline condition. 

 
Fig. 2 The searching of mark point 

 

Function C=Pmark((i, j), �, ki) 
1  C�(0, 0); 
2  for each pixel point (i, j) in � do 
3     if (matchr((i, j), red)) then 
4        if (matchg((i+ki, j), green)) then 
5           if (matchr((i+ki, j-ki), red)) then 
6              if (matchg((i, j-ki), green)) then 
7                 C�(i+ki/2, j-ki/2); 
8              end 
9           end 

10      end 
11    end 
12  end 
 

After all ROIs corresponding to the mark points are 
acquired, coarse searching stage finishes. In fine searching 
stage, only the points in ROIs will be considered. A new-
round searching with minor ks and ki similar to that in coarse 
stage is conducted to obtain a series of new mark points. The 
average value of the mark points corresponding to the ROI 

that contains maximum number of mark points is regarded as 
the coordinate of the feature point.  

The detailed algorithm is given in Algorithm 1, where the 
pixel point is red when 

)(151)()(151)()(151)( i,jG.i,jBi,jG.i,jGi,jG.i,jR TTT ��� �� , and it is 
green if )(151)()(151)()(151)( i,jG.i,jBi,jG.i,jRi,jG.i,jG TTT ��� �� . 
It is noted that GT(i, j) is enlarged to 1.15 times to reduce the 
influence of large weighted green component caused by the 
CMOS camera itself. 
 
Algorithm 1. The Center Point of the Identifier 

Input: R, G and B component of all pixels. 
Output: the coordinate (uf, vf) of the feature point. 

  1  �c,m�0; 
  2  Cm�(0, 0); 
  3  Ntemp=0; 
4  �temp�0; 
5  for each pixel point (i, j) in �s do 
6    if (!match(Cm�Pmark((i, j), �s, 10), (0, 0))) then 
7    �c,m�Cm; 
8    end 
9  end 

10  for each pixel point Pc,m in �c,m do 
11    N�0; 
12    �f,m�0; 

13    for each pixel point (p, q) in �ls	ROI(Pc,m) 
14      if (!match(Cm�Pmark((p, q), �ls, 5), (0, 0))) then 
15        �f,m�Cm; 
16        N�N+1; 
17      end 
18    end 
19    if (Ntemp<N) then 
20        Ntemp=N; �temp=�f,m; 
21    end 
22  end 
23  (uf, vf)=average(�temp). 

 

III.  VISION SYSTEM CALIBRATION AND MEASUREMENT 

A. Model and Calibration 
 As is known to all, the intrinsic parameters of a camera 
can be expressed as  
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where kx, ky are the magnification factors along X- and Y-axis, 
(u, v) is the image coordinates of the feature point, (u0, v0) is 
the image coordinates of primary point, (xc, yc, zc) is the 
Cartesian coordinates of the feature point in the camera frame. 
 The extrinsic parameters of the camera describe the 
relationship of the camera frame and the world frame in 
Cartesian space. It can be expressed as  
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where [nx ny nz]T, [ox oy oz]T, [ax ay az]T are the unit vectors of 
the Xw-, Yw- and Zw-axis of the world frame expressed in the 
camera frame, [px py pz]T is the position vector of the origin of 
the world frame described in the camera frame, (xw, yw, zw) is 
the coordinates of the feature point in the world frame. 
 With the consideration of the leader and follower robot 
moving at the same plane, combining (1) and (2), we have 
[14]: 
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where � �Tmmmmmmmmm 87654321�  
 m in (3) is the vision system parameters vector, including 
the intrinsic and extrinsic parameters. It is conspicuous that 
each position of a feature point can offer two equations with 
m. Thus m can be resolved with at least four different 
positions of the feature point. Of course, more positions are 
helpful to improve the estimation accuracy of m. 
 Let  
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then (3) can be expressed as (4): 

BAm �                                   (4) 
 Least square method is employed to solve m, as given in 
(5) [14]. 

BAAAm TT 1)( ��                            (5) 
 
B. Measurement  
 Once the vector m is known, the relative position can be 
calculated with the image coordinates of the feature point. The 
measurement formula is from (3). 
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where (Xmi, Ymi) is the measured coordinates of the leader 
robot relative to the follower robot, (ui, vi) is the feature 
point's image coordinates at the i-th measurement. 
 Let 
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then we have 
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C. Parameters Optimization 
 A performance function is established with actual and 
measured positions in order to optimize the parameters. 
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where (Xwi, Ywi) is the i-th actual coordinates of the leader 
relative to the follower, n is the number of optimization point. 
 The purpose of optimization is to find the minimal value 
of F by adjusting parameters in m. The derivations of formula 
(8) relative to a1, b1, c1, a2, b2, and c2 are given in (10), with 
w=a1b2- a2b1. 
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The derivations of m are concluded by taking formula (7) 
and (10) into (9). 
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 The adjustment of m based on Levenberg-Marquardt 
optimization algorithm [15] is  
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where m(j) is the m at the j-th optimization step, Ls is the step 
length factor, � is a positive constant, H is Hessian matrix, I is 
an unit matrix with the same size of H, �Fm is the partial 
derivations of F relative to m, as given in (11). 

 

IV.  EXPERIMENT AND RESULTS 

 A leader-follower robotic system has been designed, as 
shown in Fig. 3. A series of experiments are conducted to 
verify the given approach. 
 

 
Fig. 3 The leader-follower robotic system 

 
A. Feature Point Extraction 
 The designed color identifier is captured by the embedded 
CMOS camera of follower robot. A series of images 
containing the identifier are captured in various circumstances 
where the leader robot is at different positions relative to the 
follower under different illuminations. The feature extraction 
results for four frames of images are shown in Fig. 4, where 
the extracted features are marked with a white square. Fig. 
4(a) gives a normal image; Fig. 4(b) is the image with large 
weighted green component; Fig. 4(c) and Fig. 4(d) give the 
images with weak illumination and bright illumination, 
respectively. It can be seen from Fig. 4 that the given 
approach can extract the feature point accurately and it is 
robust to color aberration and the illumination changes. 
 

 
(a) normal image 

 
(b) Image with large weighted green component 

 
(c) Image with weak illumination 

 
(d) Image with bright illumination 

Fig. 4 The feature extraction results 
 

B. Camera Calibration and Measurement 
 The world frame is established at the central point in the 
front of the follower robot, where Xw axis is selected the 
direction from left to right in bird view; Yw axis is the forward 
direction of the follower robot; Zw axis is upward. 
 The leader is placed at ten different positions in front of 
the follower robot. The images are captured and the feature 
points are extracted. The actual relative positions of the center 
of the identifier on the leader robot are manually measured. 
Based on our approach, m is calculated and we have 

�
�0386.00037.09922.4142553.15

0073.12342.3630372.134151.16
��

���Tm .                

The positions calculated via (8) with the image feature 
coordinates and the parameters m are taken as the measured 
positions. The results are shown in Fig. 5. It can be found 
from Fig. 5 that the measured positions coincide with the 
actual positions in the central area of Xw-axis direction within 
an acceptable range for images captured by CMOS camera. 
The deviation tendency is also correct for the positions far 
away the central area. 
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Fig. 5 The actual and measured positions 

 
C. The Following Experiment 
 To testify the identifier-based relative position estimation, 
a following experiment is given where the leader is controlled 
by an operator and the follower is required to follow the 
leader. The video snapshots of the experiment are shown in 
Fig. 6. 

  
                            (a)                                                           (b) 

  
                            (c)                                                           (d) 

Fig. 6 The video snapshots of the experiment 
 

V. CONCLUSION 

 A visual measurement method based on monocular vision 
is presented to estimate the position of the leader robot 
relative to the follower robot with single image feature point 
of the center of the identifier attached on the leader robot. In 
order to extract the center of the identifier, a two-stage 
searching including the coarse and fine searching is designed. 
It is robust to the disturbances such as the color and 
illumination variations. The validity of the approach is 
verified by experiments. In future, the image-based visual 
servoing combining with the measured relative positions will 
be investigated. 
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