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Abstract. Camera calibration is the necessary step of a computer vision system. The Tsai two-stage
technique is used to calibrate the badminton Hawkeye system in this paper. The internal and the
external parameters and the transformation relation of the two cameras are obtained after calibrated,
which lay the foundation for the obtaining of 3-D information.

Introduction

With the development of badminton in the direction of more rapid and accurate, a higher
requirement is put forward to the touch judge. The disputation of the sideline is well solved after the
application of the badminton Hawkeye system.

Generally, the internal and external parameters of the cameras could be obtained from camera
calibration. The main job of the badminton Hawkeye system is to obtain the 3-D information based
on the 2-D images, then the three dimensional reconstruction is performed to judge whether the
placement of badminton is in or out. Camera calibration is the necessary step, so it has very
important practical significant to study the camera calibration to the badminton Hawkeye system.

The calibration method based on radial constraint is presented by Tsai!™! in 1986. Most of the
equations are linear in the radial constraint method, which makes the difficulty of solving the
equations greatly reduce, fast and time saving. The Tsai two-stage technique is divided into two
steps: firstly, the external parameter of camera is obtained according to least square method to solve
the overdetermined linear equations; secondly, the internal parameter of camera is solved according
to whether the camera is under the consideration of distortion.

However, Tsai only considered the radial distortion, without tangential distortion.
RegG.Willson ™ calibrated the fixed cameras with C programming language base on Tsai model,
which promoted the application of Tsai two-stage technique. The tangential distortion was
considered by Weng B et al based on Tsai two-stage technique, and the corresponding algorithm
was proposed.

Camera Model

Parameters of Camera.

The internal optical properties and geometrical features including image center, focal length,
lens distortion et al are described by camera internal parameters. External parameters is the 3D
position and direction of the camera coordinates relative to the world coordinate.
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Tablel Parameters of Camera model

Parameters expression
. . ax }/ uO_
perspective transformation A=l 0 a, v,
0 0 1
radial and tangential distortion k1, K2, p1, P2

r1 r.2 r3 _tx
External parameters R=|r, r r|T=|t
y
r7 r8 r‘9 _tz

Where a,, a,, Uy, V,, 7 isthe internal parameter of linear model, o,, «,is focal length, Uy,

V, is optical center; y=0. R is rotation matrix, T is translation matrix, k1, Kk, is radial parameter, p,

p2 is tangential distortion.
Camera Model with radial distortion
The camera model with considering the length radial distortion is shown in fig.l.

P(X,.Y,.Z,)is the 3D space point of the mass point of the badminton; (X_,Y,.,Z.) is the
coordinates of the mass point in the camera coordinate; (Xu,Yu)is the corresponding image
coordinates of the space point P in the ideal camera model; (X,,Y,) is the actual images
coordinates caused by the length radial distortion.
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Fig.1 The Camera model with radial distortion

Homogeneous coordinates of world coordinate and camera coordinate of a space point P could
be presented by (X,.Y,.Z,.)" and(X,Y,,Z.,.)", there are the following relations:

X, X, X,
Y, {R T} Yo | | Yo O
z.| |0" 1]z, 'z,
1 1 1
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WhereR=|r, r, 1| T=It |,0=[0 0 0.
r7 r8 IFSJ tz
According equation (1), there are the following relations:
X=X, +0Y, +6Z, +T,
Y. =1,X, +6Y, +Z, +T, (2)
Z =X, +LY, +1,Z, +T,
According the radial alignment constraint:
L:ﬁ: X, =X, +nY,+Z, +T, 3)
Y. Y, X, +6Y, + 624, +T,
Equation (3) is transposed to:

r, r. r. T r I, r

XY 2+YY, Z+Z Y, 2 +Y, 2= X Xy =Y X, 2-Z X, ==X, (4)
Ty Ty Ty y Ty TV Ty

Equation (4) is expressed by vectors as below:

[XWYd Yy Z)Yy Yy =X, X, Y, X, —Z,X, ] .

[L L T PR VN i]T — X )
- d
Ty Ty Ty Ty Ty Ty Ty
.
r r, r, T 1 1, T .
Where |+ 2 2 X 2 35 &1 s the parameters to be solved, and

Ty T)’ Ty Ty Ty Ty Ty

[XJYs Yo Z,Yy Yy =X, Xy Y, X; -Z,X] isthe known parameters.

There’re offset between the ideal image coordinate under the ideal camera coordinate and the
actual coordinate, so the transformation relation between could be presented as:

NfX
Xd :SXWXd +UO

CX X

(6)

Where d,is the pixel interval of the camera in the X direction, d, is the is the pixel interval of
the camera in the Y direction; N is the pixel number of the camera in the X direction, N is the

line pixel number that computer acquisition in the X direction; (u,,V,)is the optical center of
camera; S, is the transformation scale factor of the image.

The process of calibration

For the scalding board as shown in fig.2, we could find that all the squares are in the black
rectangular area, so internal part of the scalding board could be separated from the background by
threshold segmentation. The center coordinate of the squares could be obtained by edge extraction
after separating the scalding board. Multiple images were continuous taken to scald for more
accurate results. The transformation relation between the coordinate of A camera and B camera
could be solved after obtaining the internal and external parameters of the camera. Because of the
cameras of the badminton Hawkeye system in this paper are fixed, scalding the camera once after
the system is determined. The program flow is shown in fig.3.
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Fig.2 Calibration Board
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Fig.3 The calibrating flowchart of Binocular Vision System

Results and analysis of calibration
The scalding program is developed by hdevelop interface of HALCON. Firstly, the original data
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of the scalding board is obtained by caltab _ points function; secondly, the square area of the
scalding board in the image is found by find _caltab function; and then, the center coordinate of
the squares are found by find _marks _and _ posefunction, then the coordinate value was save in

the data array; last, the transformation relation between internal and external parameters of the
cameras is obtained. The calibration results of the system is shown as fig.4. -

(@) (b)

(c) (d)
Fig.4 The calibration results of badminton Hawkeye system

Where (a) and (b) are the collected images of A and B camera of the system; (c) and (d) are the
images after calibrating. The scalding board is placed in different place and angle for higher
calibration accuracy. Fig.4 is just one of them. The calibration result of the world coordinate is
shown as fig.5 with the same method.

Fig. 5 The calibration result of World Coordinate
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