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Abstract. This paper proposes a new method based on self-calibration to
estimate the ball’s 3D position in broadcast soccer video. According to the
physical limitation, the ball’s 3D position is estimated through the camera
position and the ball’s virtual shadow, which is the point of intersection
between the playfield and the line through the camera’s optical center and the
ball. First, the virtual shadow is computed by the homography between
playfield and image plane. For the image having enough corresponding points,
the map is determined directly; for those images not having enough these
points, their homographies are estimated through global motion estimation.
Then, based on self-calibrating for rotating and zooming camera, and the
homography, the camera’s position in the playfield is estimated. Experiments
show that the proposed method can extract ball’s 3D position information
without referring to other object with assuming height and obtain promising
results.

1 Introduction

Soccer is the most popular sports in the world and appeals to plenty of fans. Every
year many matches are broadcasted and stored in digital format. In the last decade, to
facilitate audience to rapidly access the stream and enjoy the enriched program,
researchers have paid attention to these two research fields: in the first field, they aim
to provide tools to help users find important events; for the second, they make efforts
to extract 3D information from video, in order to analyze the match or let audience
better appreciate the match [1-6]. In this paper, we will focus on the second problem.
Based on the knowledge of computer vision, the ball’s 3D position is estimated, then
cartoon is generated for the highlight segment.

According to the data to be processed, current research can be categorized into two
classes: The first class focuses on the data shot by special camera; the second class
aims at the broadcast video.

For first class, researchers generally use high-speed camera or multiple cameras.
Distante use high-speed camera mounted near the base line to detect ball [7,8].
J.Orwell [9,10] and Hideo Saito [11,12] adopt multiple cameras to monitor the match
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and it is relative easier to track ball and players. According to multi view geometry
relationship to reconstruct players’ and ball’s positions [13]. With many restrictions,
such as the expensive equipment, researchers focus their research on broadcast video.

Yu and Tong exploit size, color and shape information to detect ball candidates
among playfield and find the ball track in image by Kalman filter or particle filter [14,
15, 16]. In order to acquire the ball’s real position, Reid uses infinite point light
source and the ball’s shadow to estimate the ball’s 3D position. However, it is
difficult to detect the shadow by computer in image. Ohno [5] and Yamada [6]
introduce dynamic equation to estimate the ball’s position, while it is not easy to
acquire the ball’s speed. Kim’s method can calculate the ball’s position, but it needs
two channel signals [17]. The most similar work to ours is [18]. The authors utilize
similar triangle to estimate ball’s position. The method has to face two difficulties. (1)
They have to find two objects, which are perpendicular to playfield and have similar
view depths. (2) The method has to assume that a player’s height is known. To reduce
manual interference, in this paper, we propose a new method to estimate the ball’s 3D
position based on self-calibration, which does depends on much less hypothesis.

The paper is organized as follows. In section 2, the proposed algorithm is introduced
in theory. Section 3 presents experimental results. The last section concludes the paper.

2 The Proposed Method

In what follows, we will describe how to utilize visual geometry to estimate the ball’s
3D position. First, we derive the computing formula, then the methods of estimating
the involved parameters are described respectively.

2.1 The Formula of Estimating the Ball’s Position

As it is known, in the soccer broadcast, the main cameras are generally placed on
fixed positions, so it is reasonable to assume that most shots are shot by rotating and
zooming camera. According to the physical restriction, the ball’s 3D position can be
estimated from geometry relationship, figure 1 shows the relationship among the
objects, including ball, camera position and the plane in which the ball flies. Figure 1a
illustrates the case of the ball’s height is lower than the camera’s position, and figure
1b is the case of the height is higher than the camera’s position. It is needed to point
out that our proposed method can deal with these two cases. Explanations for figure 1
are as follows.

e Let the playfield plane be the XOY plane of the world reference frame, and the
origin is at the center of the base line, and axis X is perpendicular to the baseline.

e The camera is mounted a fixed position with its coordinate t_ =(X_,,Y.,Z.)" in
the world reference frame. Generally, the information is unknown in broadcast
video.

e In principle, movement of ball can be categorized two classes: the first is on the
ground; the second is the ball flies in the air. In the second case, let
p, =(X,.Y,,0)" be the taking-off point and p, =(X,,X,,0)" be the touching-

town point. Based on the physical restriction, it is can be assumed that the ball flies
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in the plane, which passes the two points and is vertical to the ground. The function
of the plane is given by (1)

‘{k-X+Y+d=O,k=—(YE—YU)/(XE—Xu),if X,-X,#0 0

Y =—d , otherwise

e Virtual shadow is the point b =(X_,Y,,0)" of intersection between the line, which
passes through the camera’s position t_ = (X_,Y.,Z )" and the ball’s position

b, in the air, and playfield plane. The line’s function is described by (2).
x v ozl =[x.-x, v.-v, z]a+[x; v, 0] 2)
¢ Computing the ball’s position , . Combining function (1) and function (2), we
have

b, =[x v z['=[x.-x, v.-v, z[«+[x, v, o
_d_k.XS_YS
Y, -Y)+k-(X,-X))’

if X,-X,#0
3)

f—  otherwise
X

Fig. 1. The geometry relationship for computing the ball’s height

From figure 1, we can get the following conclusions: (1) when the ball is on the
ground, if we know the transformation between the playfield plane and the image
plane, the ball’s position can be determined; (2) when ball is in the air, if the positions
of camera, the virtual shadow and the plane 77 are known, then the ball’s 3D position
can be estimated. The coming subsections specify the calculation of virtual shadow
and the estimation of the camera position.

2.2 The Camera Model

LetM = (X,Y, Z) be a point in space, with the homogenous coordinate M = (X,Y,Z)),
and let m = (u,v) be a point on image, whose homogenous coordinate is m = (u, v,1) .
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According to the pin-hole camera model, the point in space and its image have the
following relationship

m~=K[R tM, 4)

where = defines two vectors up to a scale factor. In (4), K, called intrinsic matrix,
is a 3x3 matrix with the form of

a Yy u
K=10 g v (&)
0 0 1

a and ,B are the horizontal and vertical focal length respectively. (u,,V,) is the
principal point coordinate. ¥ is the skewness of the two image axes. In order to use
linear method to determine K , assuming that ¥ =0. U, and vV, do not vary with

the focal length change. In our system, the principal point is assumed to be at the
center of image, and later experiments show that this hypothesis affects the camera
position estimation trivially. R is a rotation matrix and t is the ordinate of the origin
of the world reference frame in the camera’s reference frame.

2.3 Computing the Virtual Shadow

Without loss generality, the playfield plane can be denoted as Z =0 and is
substituted into (4), then we have

X
u X

Y
v|=K[r, r, r t] 0 ~K[r, r, tly | (6)
1 1

1

M, =[x,y]' denotes the point on playfield with its homogenous coordinate

1\7[p = [X, Y,I]T , then (6) can be depicted in the concise form

ﬁ'lelV[p where H=~K[r, r, t]. (7)

P

Fig. 2. Soccer playfield model. The red points can be used to calculate an image’s homography
matrix.
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Formula (7) describes the correspondence relationship between two planes. That is
to say, when an image’s H is known, for a point in image: if it is a point on the
playfield, through (7), its coordinate in world reference frame can be calculated; if the
point is not on the playfield, the acquired vector is the coordinate of the virtual
shadow. The 3X3 matrix H is called Homography matrix, which has 8
independent components, so it need 4 pairs of corresponding points to determine H .
Figure 2 shows the soccer field model. As [19] regulates that the size of the field is
not unique, and only the red points in the figure can be used to compute homography
matrix. When an image has enough these points, its H is computed directly. For the
image with insufficient corresponding points, the image’s H is calculated indirectly.

As the camera is mounted at a fixed position, the image points ﬁ'lt_] and ﬁil of a

still point M in space in two adjacent frames have the transform

m, =P _ m (8)

t t,t—1 -1

where P

., has the similar property with H . In some literatures, Pl . 1s called

inter-frame homography. To differentiate it from H , we call it global motion

parameter. Let H, | and H, are the homography matrixes of frame ¢ —1 and frame

respectively. According to (7), we have

m,_ ~H_M
! o )
m, =~ HM
Substituting (8) into (9), the following recursive function is acquired,
H, th—l,th—l th—l,tPt—2,t—lHt—2 = ':Pt—l,t ”'Pt—k,t—kHPt—k' (10)

Formula (10) tells us that if some image’s homgraphy matrix in a video sequence is

known, then the H matrix of image with insufficient corresponding points can be
estimated based on (10).

2.4 Camera Position Estimation

Camera position is another important factor for estimating the ball’s 3D position. Let

us study the relationship between H in (7) and the intrinsic and extrinsic parameters,
then we get

K'[h, h, h]=[r r, t]. (11)
in which h,,i =1,2,3 is a column of H. According to (11), the camera’s extrinsic
parameters are calculated by formula (12)

t=s-K'h;;r,=5-K'h;; r, =s-K'h,. (12)
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Using the restriction of R being an orthonormal matrix, where s = 1/HK ‘1hi

=12
and r, =r, xr,[20]. Here, t is the coordinate of the origin world reference frame in

the camera’s reference frame, then the camera’s position in the world is
t =-R7't (13)

It is seen from (12) and (13), in order to compute t_ , an image’s H and the

intrinsic parameter K when capturing the image are known in advance. Since camera
exploited in soccer broadcast can think as rotating and zooming camera, we adopt the
method proposed in [21]. The principal point is assumed to at the center of image (as
literature [22] and our experiments later show that this setting affects the result little),
then the components & and ,B of K can be acquired by solving equation system

(14)

PuPsi PuPxn S, [T~ PP |’ (14)

PuPrx PuPx» az:l —DPi3P2s
PuPsi PnPx» ~ PP

where Py j =123 is the component of the global motion parameter.

3 Experiments

In this section, we give three experiments. The first experiment is done on the
synthesized data and used to verify the proposed method, in which the effect of
principal point position is considered. The second experiment is made on real
broadcast video, and the goal post height is adopted as estimating object as its height
is known. At last the extracted 3D information is applied in highlights cartoon
generation.

3.1 Synthesized Data

The synthesized data is generated by a virtual pin-hole camera on a virtual playfield.
The playfield is of 100 yard long and 70 yard wide. The world reference frame is set

up as figure 1 shows. The virtual camera is mounted at (—50,—50,10), and the

initial focal length is & =1200,  =1100. The size of image is 720X 572. The

camera pans from right to left and the focal length increases 1% per frame. At the
same time, random movement is added to tilt angle. The ball flies from (-60,0,0) to
(-40,0,0) , the highest point is 8 yard.

First, we consider how the principal point position deviation and noise affect the
camera position and the ball’s 3D position estimation. The noise is a normal
distribution with mean 0 and standard deviation O . Figure 3a and 3b give the
experiment results. At every noise level (11 levels, from 0-2 pixels), 100 runs are
done. In the figure, PP denotes the principal point real position, while the principal
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Fig. 3. The effect on camera position (a) and ball position estimation (b) of deviation of
principal point position and noise
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Fig. 4. Ball’s height estimation under the condition of its height is higher than the camera
position

point is always assumed to be at the centre of image in the calibration process. From
the figure, it is concluded that the estimation precision decreases when the deviation
of the center from the real PP position increases, and the same to noise level. As the
figures show, the effect is trivial (The results are consistent with the report in [22]).
So it is reasonable to adopt the center of image as principal point position in practice.

Then the camera is moved to (—50,—50,5) , thus highest point of the ball is higher

than the camera. We also use the proposed method, under the case of the real PP
position is at (340,306) and the noise level is 2 pixels, to estimate the ball’s height.
Figure 4 gives the result, which indicates that the proposed method still work when
the camera is lower than the ball.

3.2 Real Video

In this section, we test the proposed method on real video (352x288). Since these
videos are recorded from broadcast, it is impossible to know the ball’s real height. We
use the method to estimate the goal post height instead of the ball. Figure 5 gives the
estimated goal post height, in which the red line indicate the real height (2.44m),the
other lines are the estimated goal post height on two sequences (the vertical plane
passing through the base line). From the figure, we can find that the estimated value is
close to the real value.
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At last, we apply the proposed method to extract 3D information from some
highlights segment from the last year Europe cup. Figure 6 is a highlight sequence.
The black circle is the ball. Through calibration, the camera is at (-51.8,-66.0,22.1),
and the unit is yard. The ball in image are detected and tracked by our prior work
[23].

35 —
£
=
<
i
[}
< 2 4
s
1%}
o
o
T 15 —
o
S
1 e b
Sequence 1
—e— Sequence 2
0s Truth 1
o , , , , , , ,
0 10 20 30 40 50 60 70 80

Frame number

Fig. 5. The estimated goal post height of two sequences

Figure 7 illustrates the ball track in space. Yellow region is the goal area. The
green cure is ball track on ground. Red cure is the ball’s position in the air after the
first pass. Blue cure is ball’s position after the goal when the ball is in the air. The six
figures depict the scenes from different view points. The ball’s flying plane is
determined manually.

Fig. 6. A highlight sequence. The black disc is the enlarged ball.
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Fig. 7. The ball track from different view point. a: From the main camera. b: Along the base
line. c: Opposite side of the camera.



860 Y. Liu et al.

3.3 Cartoon Generation

The extracted ball 3D position and the player’s position on the ground are used to
generate high light cartoon. Our system allows users to watch the game at any point
of view using a 3D viewer based on OpengGL'.

4 Conclusion

In this paper, we propose a new method to estimate the ball’s 3D position from
broadcast video based on self-calibration. This method reduces manual interference
and does not depend on other object with known height. Experiment show that the
method is right in theory, and it can be applied in practical video. At last, the
extracted information is used in cartoon generation. This makes audience appreciate
match different view point.
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