Proceedings of 2020 IEEE
International Conference on Mechatronics and Automation
October 13 - 16, Beijing, China

A Multi-Binocular Camera-based Localization Method for
Amphibious Spherical Robots
Mugen Zhou1, Shuxiang Guo1,2*, Liwei Shi1, Huiming Xing1, Xihuan Hou1, He Yin1, Yu Liu1, Yao
Hu1, Debin Xia1, Zan Li1
1

Key Laboratory of Convergence Medical Engineering System and Healthcare Technology, the Ministry of
Industry and Information Technology, School of Life Science, Beijing Institute of Technology, No.5,
Zhongguancun South Street, Haidian District, Beijing 100081, China
2
Faculty of Engineering, Kagawa University, 2217-20 Hayashi-cho, Takamatsu, Kagawa, Japan
E-mails: zhoumugen@bit.edu.cn; guoshuxiang@bit.edu.cn; shiliwei@bit.edu.cn
* Corresponding author
tracking, path-following [11], particularly formation control
for large numbers of the amphibious robot [12].
However, localization of amphibious robot is a basic
problem that should be first solved for navigation [13]. The
existing approaches of amphibious localization include mainly
acoustic-based system, inertial navigation system and visionbased localization system [14]-[15]. Due to the large volume
and weight of underwater acoustic equipment, fiber optic gyro
and Doppler equipment, they are not suitable to be integrated
into small amphibious robots and these localization systems
have extremely complex components, which result in high
cost. On the contrary, vision-based localization systems don’t
have these issues and cameras are very cheap now. For
localization in some structured 3D environment, the artificial
visual landmarks-based method is a common method that
relies on the three-dimensional environment of known
structures [16]-[17]. But there are many limitations to these
methods. For example, the experimental environment requires
fine arrangement, so it cannot be widely used. Because the
methods of sensing the underwater environment for robots is
limited, robot vision, as a sensing method that can obtain the
most effective information, is popular with many underwater
robot researchers.
In our previous work [14], we proposed the robust RGB-D
camera and IMU fusion-based cooperative and relative closerange localization system. However, the effective localization
range of the RGB-D camera and IMU fusion-based
cooperative and relative close-range localization method is
about 10 cm to 40 cm, which is not suitable to the practical
underwater application, especially for large-range localization.
Then we designed the binocular camera-based localization
approach [18] to solve the close-range localization limitation.
While in experiments, the field of vision is limited for the
robot. To achieve the detection and positioning of the robot in
horizontal 360-degree scene, the robot needs to be rotated in
place. However, in the long-term localization, the rotation
movements could result in huge errors, which accumulate over
time and may cause tracking targets to be lost.
In this paper, a multi-binocular camera based localization
approach is proposed for amphibious spherical robots. The
panoramic vision is realized by eight cameras, which is

Abstract – This paper presents a novel multi-binocular
camera based localization method with panoramic view and high
precision for amphibious spherical robots. In our previous work,
the proposed approach based on RGB-D camera and inertial
measurement unit (IMU) realized a cooperative and relatively
close-range localization. While, position drifts caused by the
rotation movement and short positioning range of RGB-D camera
in underwater environments are the drawbacks of the previous
approach. This paper designs a multi-binocular camera system on
the amphibious spherical robot, which makes the robot observe
targets in a nearly 360-degree visual range without rotation
movement. Meanwhile, through the stereo vision model, the robot
obtains the position information about the target robot. Then,
according to the position information and the relative position of
the binocular cameras, the cooperative localization model is
established. To validate the proposed approach, experiments were
performed in gazebo simulator with varying distances and
relative degree. Compared with the previous works, the proposed
localization method reveals higher accuracy and robustness.
Index Terms - Amphibious Spherical Robot; Multi-Binocular
Camera; Vision-based Localization.

I. INTRODUCTION
In recent years, amphibious robots have received
increasing attention from marine surveys to maritime search
and rescue [1]. Due to their wide range of potential
applications, amphibious robots are widely applied in the
exploration and exploitation of unknown environments [2].
Application scenarios include navigation and localization,
exploration of unknown amphibious environments, offshore
resource monitoring, marine image collection, and
constructing three-dimensional sea-bottom models [3]-[4]. In
order to improve the ability of amphibious robot to control
autonomously and move without collision in an unknown
environment, there has been a growing interest in navigation
for complex amphibious environment [5]. Navigation
technology mainly involves localization, path planning,
trajectory tracking, and collision avoidance. Among them,
various motion control strategies have been proposed,
including fuzzy control [6], sliding mode control [7]-[8],
adaptive control [9], and backstepping control [10]. Motion
control scenarios for marine vehicles include trajectory-
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Each mechanical leg has two degrees of freedom, include
horizontal and vertical motions.
B. The Structure of Multi-binocular Camera
For eight cameras, each camera has a wide field of view of
130 degrees horizontally and 90 degrees vertically. In order to
obtain 360-degree panoramic vision, each two cameras form a
group of binocular cameras as shown in Fig.2 (a), or a total of
four groups whose angle interval is 90 degrees. Moreover, we
designed a 3-D printed waterproof shell which has a piece of
optical glass to enclose the single camera as shown in Fig.2
(b), but optical glass changes the light beam path and the
refractive index of underwater light is slightly greater than of
air. Because of the radial distortion and tangential distortion,
the cameras need to be calibrated.

divided into four groups of binocular camera with 130-degree
vision. Through the four groups of binocular camera, the robot
calculates the disparity map of the surrounding scenes to
obtain depth data. In addition, the robot is able to recognize
the target robot based on the YOLO v3 [19]. With the depth
information of target robot and the relationship between
different binocular cameras, the relative positions of the
multiple robots can be obtained.
The paper is structured as follows. Section II introduces
the spherical robot and the structure of multi-binocular
cameras. Section III presents the cooperative localization
approach with the multi-binocular cameras. In section IV,
results are provided from the experiments of cooperative
localization and the performance is evaluated for the proposed
localization method. Finally, section V concludes the paper
with a discussion.
II. STRUCTURE OF ROBOT AND MULTI-BINOCULAR CAMERAS
In this section, we present the structure of amphibious
spherical robot and multi-binocular cameras, composed of two
parts. The first part introduces the structure of amphibious
aspherical robot; the other presents the multi-binocular
cameras.

(a) The setup of multi-binocular camera
(b) The waterproof shell
Fig. 2 The structure of Multi-binocular camera.

The field of view of the four groups of binocular cameras
is shown in Fig 3.

SC ij is defined as the binocular camera,

where i is the camera number in the binocular camera, i = 1
means the left camera and i = 2 is the right camera. j indicates
the binocular camera label, j = 1, 2, 3, 4. The fields of view of
the binocular cameras SC1, SC2, SC3, SC4 are I, II, III, IV,
respectively. And there are intersection points between every
two disparity maps, and the connection lines are shown as the
red line in Fig 3. The field of view of the whole vision system
is outside the red box.

Fig. 1 The structure of the amphibious spherical robot.

A. The Structure of Amphibious Spherical Robot
Based on the amphibious spherical robotic platform [20][21], we have designed an enhanced version of amphibious
spherical robots. Fig.1 shows the overview structure of the
enhanced amphibious spherical robot. The shape of the whole
robot is like a turtle with the diameter of 300mm. The robot is
composed of the upper hemispheres and the lower structure,
which is separated by an aluminum alloy and waterproof
circular plate. The upper part is divided into the open shell and
the sealed shell. The sealed shell contains the main control
board, the circuit board, IMU and pressure sensors. The eight
cameras are placed in the open shell. In order to meet the realtime requirements for processing the large image data, the
main control board Jetson TK1 is replaced with the control
board Jetson TX2. More importantly, eight CSI cameras are
available for the TX2 core processor combined with the XCBLite carrier board. The lower structure consists of sealed
waterproof battery and four mechanical legs, which is
composed of three waterproof servos and a water-jet thruster.

Fig. 3. The multi-binocular panoramic visual model.

From Fig 3. the relationship is shown as formula (1):
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Where a is the optical center distance between the binocular
cameras, b is the optical center distance between SCj and SCj+2
(j = 1, 2), x is the distance from the SCj optical center to the
intersection (red line) of the disparity map. The length of the
red line is equal to 2x + b . When

θ=

π

2

 1ur   1 f x
  
Z
1 cr  1 vr  =  0
 1   0

r
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are just disjoint. In order to obtain a larger field of view, we
use eight CSI wide-angle cameras (130-degree horizontal
wide-angle and 90-degree vertical wide-angle), and the four
groups of cameras can achieve full 360-degree coverage of the
surrounding area.

where

The Vision System of One Binocular Camera
For the binocular stereo vision, the parameters of the
camera need to be known in order to calculate the threedimensional coordinates of the target point relative to the
binocular camera. The parameters of binocular camera
includes the internal parameter matrix and distortion
coefficient matrix of each camera, the translation vector and
rotation matrix between the two cameras. The radial distortion
and tangential distortion are defined as Equation (2) and
Equation (3) respectively. And distortion coefficient matrix is

,
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where Rlr, Tlr are respectively the rotation matrix and
translation vector from the right camera coordination to the
left camera coordination.
These parameters are obtained by a calibration
experiment, in which the distance between camera and
chessboard was adjusted with different poses of the
chessboard. After getting these parameters, we can rectify a
scene shot by the left and right cameras at the same time to
eliminate the distortion of the left and right images. More
importantly, the binocular rectification operation makes the
two images strictly aligned in row and the optical axis of the
camera parallel as shown in Fig 4.
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of the coordinate system of the colour image in the colour
pixel coordinate system, which makes up the internal
parameter matrix.
The relationship between the left camera coordination
and the right camera coordination are described as Equation
(6):
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( 1 u0l , 1 v0l ) , ( 1 u0r , 1 v0r ) are the coordinate values of the origin

This section introduces single-binocular camera vision
system and multi-binocular camera panoramic vision system
and some requirements. The localization approach is described
in detail through the multi-binocular camera based localization
system, including the localization model.
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III. MULTI-BINOCULAR BASED LOCALIZATION SYSTEM
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1

0

(2)

P(xc,yc,zc)

z1

(3)

are respectively the
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coordinate values of the distorted image and the correct image.
The vision system has four groups of binocular cameras.
Taking one group(SC1) of binocular cameras as an example,
the coordinate of a point P in the space of the robot’s body
coordinate system is (Xw, Yw, Zw), the position of the point P in
the left camera coordinate system is (Xcl, Ycl, Zcl), and in the
right camera coordinate (Xcr, Ycr, Zcr). The position is that the
homogeneous coordinates in the corresponding pixel
coordinate system in the left and right images are 1pl(1ul, 1vl, 1)
and 1pr(1ur, 1vr, 1) respectively. Through the principle of
pinhole imaging:

o1
y1

Pr(xr,yr,f)

z2

x1
o2
y2

x2

Fig. 4. Schematic diagram of binocular vision.

The target point P(xc,yc,zc) is projected onto the image
plane to form image points in the images of the left and right
cameras, respectively Pl(xl,yl,f) and Pr(xr,yr,f) in the left camera
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coordinate system. And according to the principle of
stereoscopic parallax, the pose information of the target object
in the environment can calculate. Based on the triangle
similarity principle, the coordinates of the point P in the left
camera coordinate system can be calculated as Equation (7):
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Bxl
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f
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as an example, the conversion formula is obtained as Equation
(8):
 xsc1 
 xi 
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where B is the distance between two optical axes, and f is the
local length. So, calculating the value of xl − xr , called

coordinates of the robot i and robot j in the robot body
coordination. And we define the height difference in the y axis
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The Panoramic Vision System of Multi-binocular Camera
At present, when the target appears in the field of view of
the relevant binocular camera, as shown in Fig 5, we can get
camera
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sc2
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)

, ysc2 , zsc2

And the rotation matrix

system

and

the

coordinates

) of the Robot j (yellow) in the SC

2
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coordinate system, but different coordinates of the target is not
same in different camera coordinate system. So we need to
convert the coordinates of the target point in different camera
coordinate system to the coordinates in the robot body
coordinate system(O-xyz).
SC1

O

the rotation matrix

Robot i
X
Z

Robot j

Fig. 5 The location diagram among binocular camera.
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C. Panoramic Vision System-based Localization Approach
As shown in Fig. 5, Robot i is in the observation scope of
SC1 binocular camera and Robot j is in the observation scope
of SC2 binocular camera. But the Robot i and j are not in the
observation range of the same binocular camera. Moreover,
Robot j and Robot i are not in the observation range of each
other. Robot i and Robot j are named as the slave robot and the
Robot M is defined as the master robot.
As shown in Fig. 5, The robot body coordinate system is
used as the world coordinate system. Then, the coordinates of
the position of Robot i and Robot k in the coordination of the
robot body can be obtained by Equation (8) via the
transformation from the camera coordinate system to the robot
body coordinate system. More importantly, in the procedure of
the localization, rotation movements are not required for the
master robot. And with the compound communication between
robots, including wireless communication and underwater
acoustic communication, the information of the relative
position can be exchange to realize the positioning of robot
groups, so the Robot i and Robot j can know the position of
each other, which provides an advantage for multi-robot
formations. When the slave robot is in the observation scope

Robot M
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disparity, is the key of obtaining the value of xc, yc, zc. The
disparity can be calculated by the difference of pixels in the
left and right images of the same point. When the disparity is
accurately obtained, the coordinates of the P point in the
camera coordination and the relative relationship between the
target object and camera are obtained.

the coordinates

( xi , yi , zi )

R and translation
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B

T between the camera coordination and the robot

body coordination and taking SC1 and SC2 binocular cameras
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multi-binocular camera, which is fixed at the origin of the
world coordinate system. And then each binocular camera of
the panoramic vision system calculates the positions of the
target robot, which are located in a square area with a width of
0.5m, centered at a distance of 1.5m from the binocular
cameras. Twenty positions are randomly selected for each
binocular camera.

of the master robot, with the panoramic vision system, the
slave robot is easy to organize with the master robot as the
leader. In addition, the method can also realize the positioning
of obstacles to achieve the obstacle avoidance.

Fig. 6. The flow diagram of localization system.

The procedure of the localization approach is described in
Fig. 6. The first step is to capture image by the SCj binocular
camera and preprocess images, including splitting, scaling and
calibration. Then in order to locate other robot, we must detect
the target robot. So the YOLO v3, which is a state-of–the-art,
real-time object detection system, is used to detect other
robots. In order to detect robots, the number of the robot can
be detected to identify different target robots. If robots are
detected, the coordinates of the position of robots in the
coordination of the robot body are calculated by the disparity
calculating algorithm. In addition, due to different optical
parameters in land and underwater environments, the disparity
calculating can load corresponding parameters by judging the
pressure value. Finally, with the panoramic vision robot
platform as the core, the relative positioning between multiple
robots is realized, through the positioning fusion algorithm.
with the compound communication between robots, the
information of the relative position can be exchanged to
realize the positioning of robot groups, so robots can get the
position of each other.

Fig. 7. The simulation results of binocular camera vision system.

Fig. 8 shows the measured positions and the reference
positions in the simulation. The root mean square error
(RMSE) defined in Equation (9) is used to estimate the
accuracy of the binocular vision localization method. d i and

d i' in (9), respectively, indicate the distance from the
reference positions to the origin and the distance between the
measured positions and the origin. The RMSE for each
binocular camera is 0.145m, 0.194m, 0.170m, 0.174m,
respectively:

IV. LOCALIZATION SIMULATION
In this section, to validate the effectiveness and robustness
of the panoramic vision-based localization approach, two
simulations were performed in the Gazebo simulation
platform. In all the simulations, all robots were put in an
underwater environment and the robot with panoramic vision
system was stationary. Meanwhile, the cameras of the
panoramic vision system were distortion-free lens in the
simulation, So the camera calibration doesn’t need to be
conducted.

RMSE ( d ) =

2
1 n
 ( di − di' )
n 1

(9)

B. The simulation of Panoramic Vision Localization
The accuracy of each binocular camera vision system of
the panoramic vision system is known. Therefore, the
simulation involved four binocular camera vision system was
carried out. As shown in Fig. 8, the Robot M is the robot with
multi-binocular camera, which is fixed at the origin, and the
black line is the reference trajectory of a target robot, which
starts at blue triangle point, go around the origin twice and
then returns to blue round point. The red line, green line, blue
line and purple line are the measured trajectory of SC1, SC2,
SC3, SC4, respectively. The trends of the two trajectories

A. The simulation of Binocular Camera Vision System
The design of the simulation is to evaluate the accuracy of
the binocular camera vision system, which is an necessary
prerequisite for the panoramic vision-based localization. As
shown in Fig. 7, the red star mark indicates the robot with
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Fig. 8. The simulation results of panoramic vision localization.

V. CONCLUSIONS
In this article, a novel multi-binocular camera based
localization method with panoramic view and high accuracy
for amphibious spherical robots was proposed, which can
addresses the position drifts caused by the rotation movement
and short positioning range of RGB-D camera in underwater
environment. Based on the stereo vision model and the
cooperative localization model, the robot with panoramic
vision system can obtain the position information of other
robots to realize the relative localization. This article
demonstrated the effectiveness and robustness of the
panoramic vision-based localization approach, which is
promising to realize the formation for multiple robot in
underwater environment.
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