www.czasopisma.pan.pl P N www.journals.pan.pl
Y

Opto-Electronics Review 27(2019) 202-212

. . . . OPTO-ELECTRONICS
Contents lists available at ScienceDirect T viEw

Opto-Electronics Review

journal homepage: http://www.journals.elsevier.com/opto-electronics review

Real-time camera pose estimation based on volleyball court view

K. Szelag*, P. Kurowski, P. Bolewicki, R. Sitnik

Faculty of Mechatronics, Warsaw University of Technology, 8 Sw. Andrzeja Boboli St Warsaw 02-525, Poland

ARTICLE INFO ABSTRACT

Article history:
Received 2 April 2019
Accepted 23 May 2019

The use of technology in sports has increased in recent years. One of the most influential of these tech-
nologies is referee support systems. Team sports such as volleyball require accurate and robust tracking
systems that do not affect either the players or the court. This paper introduces the application of intrinsic
and extrinsic camera calibration in a 12-camera volleyball referee system. Intrinsic parameters are calcu-
lated by using the classic pinhole model and Zhang’s method. To perform extrinsic calibration in real time,
the volleyball court is treated as a global calibration artifact. Calibration keypoints are defined as court-
line intersections. In addition, a new keypoint detection algorithm is proposed. It enables achievement
of an accurate camera pose in regard to the court. With all 12 cameras calibrated in a common coor-
dinate system, a dynamic camera stereo pair creation is possible. Therefore, with known ball 2D image
coordinates, the 3D real ball coordinates can be reconstructed and the ball trajectory can be estimated.
The performance of the proposed method is tested on a synthetic data set, including 3Ds Max rendering
and real data scenarios. The mean camera pose error calculated for data biased with keypoint detection
errors is approximately equal to 0.013% of the measurement volume. For the real data experiment with
a human hand phantom, it is possible to determine the presence of the human phantom on the basis of
the ball reflection attitude.
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1. Introduction

Camera pose estimation is an essential step in stereophotogram-
metry and multi-camera systems [1]. Nowadays, owing to the
decreasing cost of cameras, stereo camera systems are widely
used in many applications in augumented reality, medicine [2,3],
robotics [4], and sports [5]. However, use of dedicated markers
in observed scenes is not always possible. The dynamic environ-
ment [6], mobile camera [7], and scene constraints are among
many limitations. For example, in technologies connected with
volleyball, it is forbidden to modify the ball, court, or net. There-
fore, techniques that can estimate camera pose without observed
scene modifications have been given increased attention in recent
years. To determine the camera pose, the camera image coordi-
nate system should be connected with real scenes being observed,
e.g., with the known locations of characteristic objects and key-
point detection [8]. Hence, the real coordinate space should be
connected with the image coordinate space. In recent years, the
problem described above has been studied and some accurate solu-
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tions have been made possible. Currently, multicamera systems
are becoming increasingly popular for sports refereeing assistance.
Multi-camera systems are becoming increasingly popular for sports
refereeing assistance. Beside the well-known Hawk-Eye system
[5], which is used for estimation of the ball trajectory during ten-
nis matches, there are many different systems that are used to
support the referee, such as the goal lines [9] in football, or cam-
era preview systems in volleyball [10]. These systems represent
different approaches to aiding the referee. Hawk-Eye is a well-
calibrated multi-camera system that can estimate the ball position
in each frame set that is collected. However, system calibration is
performed offline; that is, as both intrinsic calibration and pose
estimation [11]. In that case, displacement of any camera due to,
for example, the operator or a ball collision, may impede the system
accuracy. In the volleyball challenge system, no image processing is
employed. Referee support is based only on high (frame per-second
(fps) replays. The most accurate and reliable results are given by the
well-calibrated setup of the Hawk-Eye system. However, camera
displacement in team sports played in a small court area (volley-
ball, basketball) is likely to occur. To address this issue, we propose
real-time camera pose estimation. The proposed solution is a part
of the OGX—BallTracking system, which implements a 2D ball tra-
jectory tracking and a 3D coordinate reconstruction. In this paper,
calibration, pose estimation and real-time re-calibration proce-
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dures for scenarios of camera displacement are introduced. Such
displacement may occur on account of camera-ball, or camera-
player collisions. Automatic real-time recalibration overcomes this
problem. In addition, with real-time extrinsic calibration, the ball
tracking system could be mobile and easy to situate and maintain.

2. Related work
2.1. Pose estimation methods: overview

To the estimate camera pose, an appropriate mathematical
model should be constructed. Calibration of the camera in a monoc-
ular system with a single frame available requires well-defined
3D-2D model correspondence. The local and global approaches are
used to achieve this goal. On the other hand, camera pose esti-
mation could be performed in a well-known environment or in a
natural partially unknown one, which requires another classifica-
tion approach, specifically, detection and correlation approach. The
groups of these approaches are discussed below.

2.1.1. Feature range

In local approaches, local, unique keypoints are detected both in
camera-only [8] and laser-sensor-boosted [12] systems. The accu-
racy of local methods strongly depends on the quality of detected
keypoints. Quality could be based on the number of keypoints
(more keypoints result in higher quality results), an equal spa-
tial distribution among them, and accurate detection possibility of
points. The performances of these techniques are contingent on the
stability of their environments with stable lighting [13]. Many fea-
ture descriptors of a scene being observed include Harris features
[14], SIFT features [15], SURF features [5] and BRISK [16] features,
which are represented by the descriptor vector and are calcu-
lated locally for the image sub region of interest (ROI) [17] (in 2D
approaches) or in the k-nearest-neighborhood (for 3D approaches).
Using known features, 2D-3D matching could be performed in
the kd-tree Lowe approach [18], which is often used to obtain
2D-3D correspondences. With fewer points, the 3D point location
known problem could be described as a perspective n point (pnp)
problem, with many algorithmic solutions [19-22], which enable
determining the object position [7]. The global feature approach
uses statistical models of the observed scene combined with a
well-known or online computed 3D model of the observed scene
[23]. In general, global feature models are based on correlations
with disparity minimization. Global features are well described
by gradient distribution [24] or hierarchical models [25]. While
not particularly useful in single frame setups, global models are
widely used for motion detection, such as the optical flow tech-
nique [26]. For minimizing correlation errors and calculatingthe
2D-3D correspondence, Kalman filtering [27], Levenberg-Marquard
optimization [28], or the RANSAC algorithm [29] may be used.

2.1.2. Known and unknown environment approaches

The amount of data available a priori knowledge is usually a
key problem feature in 3D camera setups and calibration. With 3D
artifacts or a set of 2D calibration artifacts, which represent fully
available data, the traditional stereo calibration that is used in mea-
surement systems may be performed [30,31]. In most cases, many
features or environments are well determined but there is inade-
quate information to perform both intrinsic and extrinsic camera
calibration. This could be overcome by offline intrinsic camera cal-
ibration. In papers focused on pose estimation, intrinsic camera
parameters are often assumed to be known (e.g., [6]). Therefore,
approaches using a priori known intrinsic camera parameters could
not be deemed artifact-free methods. When describing unknown
environment approaches and artifact-free methods, monoSLAM
[32] is a state-of-the art method. Owing to the structure from the

Fig. 1. Global coordinate space.

motion approach [33], which includes frame-to-frame correlation
and calculation of both intrinsic and extrinsic camera parameters in
a single optimization routine, monoSLAM can be used in unknown
environments and uncalibrated camera setups.

3. Proposed method
3.1. Mathematical model and coordinate system

3.1.1. Camera pinhole model

Among many different approaches, the pinhole camera model is
one of the simplest and most robust and is, thus, chosen to describe
camera behaviour. Therefore, the camera is represented by a set of
lines intersecting in one point, the camera nodal point. Each line is
also drawn via a single point representing the camera sensor pixel.
In addition, let us define the local coordinate system with X and
Y axes that are parallel to the camera sensor matrix, and the lens
optical axis is z. In the defined coordinate space, the line equation
for any point P(Px, Py) located in the camera sensor is:

Py

x= 2.t
fx

B, (1)
5

z=t

Let us define an additional coordinate system, the image coor-
dinate space, scaled by the pixel width and height factor m and
translated by vector v=[Cy,Cy,F]:

u=Py-m—- Gy
<(2)
v=P,-m-G

These two equations enable us to determine image pixel coor-
dinates for point (X,Y,Z)) described in local the camera coordinate
system:

u Kk 0 G X

s-vl=10 F Gl-1Y] (3)
' 901 z

where Fy=fy-m, F,=fy-m

3.1.2. Global coordinate system
Let us define the global (real) coordinate system (Fig. 1).

3.2. Keypoints

3.2.1. Keypoint definition

In the beginning, let us define keypoints as points located in a
3D global coordinate system which could be located in a 2D image
and are used for camera pose estimation. The proper choice of key-
points is one of the most important issues during successful camera
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Fig. 2. Volleyball court dimensions [34].

calibration. When calibration artifacts are used, markers (planar or
3D) are used both as input for intrinsic calibration and as keypoints
in extrinsic calibration. This approach is easier and more accurate
than scene-feature-based approaches, but also not possible to be
used in real-time calibration during a volleyball match. What we
thus propose is to perform offline intrinsic calibration with cali-
bration artifacts (described in the Intrinsic Calibration subsection)
and to use the playing court as a natural artifact in extrinsic cali-
bration. The sizes and locations of lines, nets and corners are well
defined and normalized (Fig. 2). Especially, line intersections are
considered to be well-defined and evenly distributed keypoints.

.l
tn
1 -
2

3.2.2. Keypoint detection

To detect line intersections in the observed scene, the detec-
tion algorithm with an adaptive ROI was developed. The adaptive
ROI approach is widely used in complex scenes [35]. With a proper
ROI assigned, it is possible to detect only court lines (with no arti-
facts) and to obtain line fragments, the length of which could be
adapted to achieve better results in the following interpretation. In
addition to known approaches [36-38], a priori information of line
mutual placement and orientation for each corner is considered.
The proposed algorithm is a modification of the Hough line Trans-
form, which is widely used in computer vision [39]. The main steps
of the algorithm are outlined as follows:

e Image preprocessing: image contrast increases and noise is
filtered. Firstly, the image is converted to a grayscale. After con-
version, histogram equalization is perfomed. After histogram
equalization, Haar transformation [40] is applied. In Haar trans-
formation, the subsequent noise reduction steps are performed.
Then, the reverse Haar transformation is calculated. As a result, a
grayscale image with a high contrast (a high-intensity difference
between the object and background) is obtained (Fig. 3).
Edge detection: After preprocessing, edges are detected with the
Canny algorithm. Since the image is normalized after the previous
step, a single set of Canny algorithm parameters could be used.
Parameters are adjusted experimentally with a set of represen-
tative test frames. The Canny algorithm results was compared
with the desired output. The best results are achieved with 0.4
threshold range and 0.8 of the pixel value range, aswellasa5 x 5
kernel.
¢ Hough transform and line set detection: let us define the line set
(LS) associated with each keypoint as a set of lines detected after
the edge detection step. For every line set, LS distribution (LD)

H

Fig. 3. Image preprocessing steps: 1- input image, 2- grayscale image, 3- histogram equalized, 4- Harr transformation, 5- output.
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Fig. 4. Three steps of ROI adaptation: a) initial ROI for line detection and detected set of lines. The location and orientation of horizontal lines are improper - ROI is moved;
b) mid-step ROI, no horizontal lines require an ROI width increase; c) final ROI - the proper line set is detected.



Y

www.czasopisma.pan.pl P N www.journals.pan.pl

K. Szelag et al. / Opto-Electronics Review 27 (2019) 202-212 205

Fig. 5. Corner calculation idea.

can be defined as the number, placement, and orientation of the
detected lines. Since volleyball court corners represent a finite
number of possible LS shapes (T-shape Fig. 3, L-shape Fig. 5, etc.),
the set of desired LD could be defined and the proper member of
that set could be treated as line reference (LR) for the particular
keypoint. Based on LD and LR comparison for each LS detected,
it is possible to determine if there is not enough information in
the defined ROI, or if there is too much noise. For both detect-
ing LS and calculating LD from ROI, Hough transform [39] could
be used. During transformation each pixel of the edge-filtered
ROl votes for the line it could comprise and the value of the point
with thatline coordinates is incremented. After collecting “votes,”
the lines with a value higher than the threshold are considered
detected LS. The threshold is experimentally adjusted and set to
0.6 of ROI greater dimensions. In order to compare LR and LD, a
set of angle ranges is defined. The best experimental results are
achieved with ranges distributed equally every /6. Then, num-
ber of lines belonging to each range is counted and compared.
The correlation of both sets (SD) is described by the sum of abso-
lute differences between line numbers in each range. Based on
SD, the LS Quality (LSQ) can be defined as the relative number
of lines that are in correct ranges. Each time LS is detected, LD
and LSQ are calculated. Then, if LSQ is greater than 0.9 (every line
detected exists in the correct range and only some lines could
be double detected). LS is hence considered adequate for further
calculations.

ROI localization prediction: Local region location and dimensions
used in previous steps must be adjusted to achieve better results.
Line density and distribution are compared with corner defini-
tions. Then, transformation of ROI for the next iteration of the
algorithm can be calculated. For example, if the detected line set
contains too many horizontal lines and no vertical lines, the ROI
location is moved horizontally, the horizontal dimension of ROI
is decreased, and the vertical dimension is increased. Correction
changes affect next-frame ROI in a way similar to a negative feed-
back control loop (Fig. 4). It is worth mentioning that the LSQ
value is the target value in that step. The ROI adaptation algo-
rithm is heuristic. During tests performed in this study, the “reset”
condition was added: if LSQ continuously decreased, we changed
the ROI to initial values. To maintain the real-time feature, the
maximal number of iterations is defined. After that number,
ROl is set to initial values and calculations are stopped for that
frame.

Corner detection: It is performed if and only if LSQ is adequate.
Using the given set of four lines, four intersections are calculated.
The keypoint is located in the center of mass of the quadrangle
made by detected intersections (Fig. 5).

Exemplary results of corner detection in real time environment
are shown in Fig. 6.

Fig. 6. Exemplary results of corner detection in a real environment.

Fig. 7. Circular calibration pattern.

3.3. Calibration

As mentioned in the introduction, on account of a lack of key-
points detected in an observed scene, the calibration procedure
must be divided into two parts. In the first, offline part, intrinsic cali-
bration is obtained and distortion is corrected. In the second, online
part, extrinsic calibration, the camera pose is calculated based on
the keypoints detected.

3.3.1. Intrinsic calibration

The mathematical representation of scene components must be
simple and easy to calculate owing to the problem properties, e.g.,
many cameras, few scene keypoints and real-time computation.
Therefore, the pinhole camera model mentioned in the Introduc-
tion was chosen [41]. One of the main advantages of this model in
the presented application is its global nature, which allows cal-
ibration results to be used in various depths. Therefore, a large
measurement volume can be calibrated with a small calibration
artifact. As a computational method of intrinsic parameters (focal
length and center of projection), Zhang’s method [42] was chosen.
As a calibration artifact, a planar target pattern with 64 circular
markers, spaced equally every 40 mm in both directions was used
(Fig. 7).

Many solutions, especially in robotics, use a checkerboard pat-
tern for geometric intrinsic calibration. However, the center of the
circular marker could be accurately found with gradient based
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methods [43]. The intrinsic calibration routine is conducted as fol-
lows:

e Open the camera aperture and adjust the focal plane to a distance
of 6.56 m. During a volleyball match, the camera is located on the
side of the court 5.5 m above ground and at a distance of 5 m from
the court line. Therefore, the distance between the camera lens
and center of the measurement volume (middle of courtis 1.25 m
above the ground) is equal [Eq. (4)]:

de = V/h? + do° ~6.56m (4)

e Close the aperture to level when volleyball is visible with at least
one third of maximum pixel intensity in every position of the
measurement volume. This step is performed to achieve a maxi-
mal depth of field (from one external line to the second external
line minimum). Cameras, lenses, and their parameters were cho-
sen to fulfill these requirements.

Gather calibration images 2 m x 2 m volume in front of the cam-
era was equally divided into eight positions. For each position,
five artifact images with different orientations were taken. Both
the number of positions and number of images in each position
were adjusted experimentally in order to obtain the best rms
for calibration time relation. Better accuracy was achieved when
using more artifact positions and orientations. Changes in cali-
bration accuracy were irrelevant for more than 40 images. After
the experiments, we concluded that 15 is an adequate number of
images to achieve similar calibration accuracy (with a difference
lower than 0.5%) to that achieved with 40 images. However, in
the proposed method, owing to the offline properties of intrinsic
calibration, the 40 images procedure is presented. It is also worth
mentioning that the pinhole geometric procedure is possible with
only two artifact positions, as described in Ref. 44.

Calculate the camera parameters Zhang’s procedure with radial
and tangential distortion is used. Pattern markers are detected by
our original method [45] and the optimization routine is taken
from OpenCV library. Since camera lenses used in projected sys-
tem have small distortion, no sophisticated distortion model
[46,47] is required.

3.3.2. Camera pose model

When the camera is calibrated and proper parameters are cal-
culated, it is possible to estimate the camera pose. With keypoints
detected, as mentioned in 3.2.1, the problem could be described as
a perspective-n-point problem in pinhole camera representation.
Let us define matrix E as a transformation matrix between the cam-
eralocal coordinate system and court global coordinate system [Eq.

)

o T2 N3 t
E= |1 12 13|t (5)
31 I3y 133 | t3

and projection matrix K which consist intrinsic parameters [Eq.

(6)].

Fe 0 G
K=|0 F G (6)
0 0 1
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Coordinate system transformation could be presented [Eq. (7)].

X, Xg
Y| =E- | Y, 7)
A Z

The complete equation of the perspective-n-point problem
could be derived from Eq. (3) Eq. (5) and Eq. (6) [Eq. (8)]

Xg
s |v|=KE-|Yg (8)
1 Z

With the known matrix K calculated in the previous steps, there
are 13 unknown parameters, which need to be calculated.

3.3.3. Pose calculation and resulting algorithm

The perspective-n-point problem is a typical algorithmic prob-
lem in stereovision. There are many solutions which depend on the
problem properties: number of points, accuracy of point detection,
point alignment, etc. It is worth mentioning that a linear analytic
solution [48], P3p method [49], EPnp method [19], point set divi-
sion [50], RANSAC [29] and iterative nonlinear approach [51] can be
used. In the presented paper, the iterative optimization approach
was used because it is relatively good, has aneven distribution of
points in the measurement volume and a possible low accuracy
of keypoint detection. Due to the online character of the problem
being solved, an additive approach was chosen.

Let us define parameters used in algorithm description:

e Current transformation matrix Ei- Part of the projection equation
[Eq. (8)], defined in Eq. (5) calculated in the current iteration.

e Stored transformation matrix E - last valid transformation matrix,

algorithm output.

Camera matrix K - Part of projection equation (3q. 3) defined in

Eq. (6). ‘

Current camera target position C'yy; - X,Y,Z position of camera in

global (court) coordinate space calculated in current iteration.

Camera target position Cyxy, - last valid X,Y,Z position of camera

in global (court) coordinate space.

Dislocation distance Cyq - Euclidean distance between ci xyz and

nyz

Dislocation threshold D; - experimentally adjusted, is used in
order to filter out noise.

Dislocation counter D¢ - number of frames in which dislocation
distance is greater than the dislocation threshold.

Dislocation counter threshold D¢ - experimentally adjusted
number of consecutive noise frames.

For each frame, the following steps are performed (Fig. 8):

Estimate camera pose E! as a perspective-n-point problem solu-
tion with known K [Fig. 8a)].

Calculate camera target position Clyy, from matrix E' and stored
camera target position Cxy, from matrix E. [Fig. 8b)].

Calculate dislocation distance Cy. [Fig. 8c)].

e Check if Cq is lower than Dy. [Fig. 8d)].

If the distance is lower than the threshold, update the stored
camera pose E with a combination of two matrices calculated as
follows: the translation is obtained as a mean of two transforma-
tion matrices. Rotation matrices are converted with Rodrigues
transformation. Then, the mean value is computed and reverse
transformation is performed [52]. [Fig. 8h)]. In addition, set the
dislocation frame counter to 0. [Fig. 8i)].
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a)

Calculate pose matrix

——

b)
Calculate camera
target position

Calculate target
position change

d
Position change >
Threshold

e)
Increase nonmatch
frame count

f)
Frame count =
Threshold

h)
Set nonmatch frame
countto 0

——

)
Calculate new
camera pose matrix

9)
Replace camera
pose matrix

Fig. 8. On-line camera pose adjustment algorithm.

e If Dy is greater than D; the dislocation counter is incremented.
[Fig. 8e)].

e If the dislocated frame count is greater than the threshold (Dct)
|Fig. 8f)], replace E with E;. [Fig. 8g)].

3.4. Stereo system check

With all cameras calibrated it is possible to create stereo pairs
and find keypoint 3D coordinates as pixel rays intersection. Then,
distances between points and relative positions could be calcu-
lated and each camera calibration could be rated based on results
achieved. Therefore, 3D re-projection inaccuracy could be used as
additional pose estimation quality index.

4. Results and discussion
4.1. System setup

In proposed solution twelve, evenly placed stationary camera
were used. As mentioned above, cameras were located on the sides
of the court at a height of 5.5 m and a distance of 5 m from external
line of the court. Cameras are oriented in a way, that upper gener-
ator of a projection cone is parallel to the volleyball court surface
as shown in Fig. 9.

Distance of 5m is a minimal distance consistent with official
volleyball regulations [34]. Higher distance would decrease ball

5,5m

R
5m

Fig. 9. Camera-court relative position and orientation.

detection accuracy and, therefore, a 5 m distance was chosen. Cam-
eras are located evenly: four cameras near each longer external line
and two cameras near each shorter line as shown in Fig. 10. Due to
the high speed of the volleyball, a high-speed, full-hd 180 Hz IDS
UI-3060CP Rev.2 camera was used with 12,5 mm fixed focal length
lenses. Typical exposures used during testing were between 0.7
and 1.5 ms. In order to achieve stereo system synchronization, we
invented and built our own synchronizing system with optical-fiber
connected and communicating camera synchronization modules.

4.2. Synthetic data

Each of algorithm steps was tested with synthetic data. Usage of
synthetic data allows us to measure absolute error values without
expensive use of specialized measurement devices, e.g. coordinate
measuring machine [53]. 2D analysis steps (detection of circular
markers and detection of keypoints) was also tested on real data in
order to check influence of real environment noise and light incon-
sistency. As a real data test, reconstructed ball trajectory achieved
with two cameras during volleyball training will be presented.

4.2.1. Keypoint detection

In order to prepare synthetic data for keypoint detection, 3Ds
max environment with different camera poses was prepared. Cam-
era positions are presented in Fig. 11. Camera pose could be
described with three position coordinates and three camera tar-
get position coordinates. For each frame collected camera target is
located in a volleyball court half center (Point A in Fig. 11). Camera
coordinates’ (X,Y,Z) distribution is described as follows:

¢ Y coordinate in global court coordinate system equals 5000 mm -
it represents camera 5 m distant from longer external court line.

¢ Z coordinate takes three values: 5000 mm, 5500 mm, 6000 mm -
representation of three height levels (length of camera mounting)

e X coordinate takes 40 values from O to 9000 - representation of
evenly distributed camera location

With a coordinate change defined as above, 120 camera poses
could be defined. Camera poses defined as above allow us to get cor-
ner images from various set of angles (in range expected in reality).
For each camera pose a single frame was captured and keypoints
were detected. As a reference, keypoints achieved from render data
was considered.

Exemplary results of keypoint detection for single frame are
presented in Fig. 12.

For each corner, difference between detected and reference
point was calculated. For each coordinate histogram of coordinate
error was calculated. Both histograms are presented in Fig. 13.
Beside single coordinate error, euclidean distance in pixel coordi-
nate space could be calculated. Histogram of errors described by
euclidean pixel distance is presented in Fig. 14 Corner detection
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Fig. 10. Camera set distribution with projection cones. As an example views from
camera 1 and camera 2 are presented.
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Table 1

Corner detection error distribution parameters.
X (px) Y(px) Distance (px)
Mean stdDev Mean stdDev Mean stdDev
-0.011 0.226 -0.033 0.164 0.253 0.123

error could be estimated as a normal distribution. Mean values and
standard deviation are gathered in Table 1.

4.2.2. Pose estimation
In order to estimate pose calculation accuracy, set of 8000 cam-
era poses was rendered. Camera locations are defined as follows:

ics Review 27 (2019) 202-212

& Josm
P 40 positions :o 'O.Sm
f— i
A 5m
5m

Fig. 11. Camera positions in synthetic data tests: I - plan view; A - center of court
half; II - side view.

Fig. 12. Synthetic data corner detection. Red dot - detected corner coordinates, blue
dot - reference corner coordinates.

il

[count] .
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Fig. 13. Synthetic data corner detection error histogram. Blue - X coordinate differ-
ence [px], red - y coordinate difference [px].

il

[count]

$ [px]

Fig. 14. Synthetic data corner detection distance error histogram. Blue - euclidean
distance [px] values occurrences.
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[count]
2000

1500

1000

500

Fig. 15. Ideal synthetic data camera target pose error histograms. Red - X coordinate
error [um], blue - y coordinate error [um], yellow - z coordinate error [um].

[count]
1000

750

500

250

Fig. 16. Noised synthetic data camera target pose error histogram. Red - X coor-
dinate error [mm], blue - y coordinate error [mm], yellow - z coordinate error
[mm].

e x positions: starts form 1.5 m distant from shorter line of volley-
ball court, 20 positions every 0.2m

e y positions: starts from 5 m distant from longer line of volleyball
court, 20 positions every 0.1 m

e 7z positions: starts from 5m above ground, 20 positions every
0.1m.

In each pose keypoint locations were calculated in two variants:
with and without random noise added. Noise had a distribution
similar to calculated for a keypoint detection in a prevous section
(mean 0.25 px, stdDev 0.125). Camera matrix was calculated on
the basis of render parameters. It was possible to calculate cam-
era extrinsic parameters as described in section III.C.3. Additional
point (0.0.6560) was defined in camera local coordinate system as
arepresentation of camera target point (approximation of center of
measurement volume). Distance 6.56 m was calculated in Eq. (4). In
order to estimate both translation and rotation error, displacement
of a target point instead of displacement of camera was consid-
ered. With the known rotation matrix R and the translation matrix
T calculated camera target position was obtained with equation:

Xg 0
Y | =R"- |0 -RT.T (9)
Ze 6560

After calculation of a camera position in global coordinate sys-
tem, result value was compared with a reference camera position
used in a render setup. In both ideal and noised cases, for each
image, positioning x,y,z error was calculated and histogram was
drawn (Figs. 15 and 16). The presented pose estimation error was
calculated in a measurement volume of 9m x 9 m x 3 m. Distance
error mean equal to 1.03 mm represents to 0.08% of the measure-
ment volume diameter (Tables 2 and 3).

Table 2
Camera pose calculation error for ideal case.

X (um) Y(um) Z (um) Distance (um)
Mean stdDev Mean stdDev  Mean stdDev Mean stdDev
0.013 0.6 -0.091 0.33 0.0697 0.796 0.935 0492
Table 3

Camera pose calculation error for case with added noise.

X (mm) Y(mm) Z (mm) Distance (mm)
Mean stdDev Mean stdDev  Mean stdDev. Mean stdDev
0.007 0.63 -0.16  0.61 0.26 0.55 1.03 0.343

4.2.3. Ball 3D coordinate reconstruction

In order to perform validation of the final system accuracy, syn-
thetic data with two cameras and moving ball were created. The ball
trajectory was designed as paraboloid with three rebounds, parallel
to courtlonger line and with quasi-constant speed. As initial camera
locations, camera 1 and 2 from Fig. 10 were taken. Therefore, cam-
eras coordinates were equal to: (3 m,-5m,z),(7.5m,-5m,z) in the
court coordinates’ system and were targeted at the center point of
volleyball field half. Tests were performed for three heights: 5m,
5.5m and 6 m. For every camera location additional case with first
camera moved by 0.1 m was considered. For each case sequence
of ball positions were rendered, camera pose was calculated and
3D ball coordinates were reconstructed. During system validation
with synthetic data two test were conducted:

1 Camera pose estimation without noise. During that test ball
detection was contucted with (0.5;0.125) Gaussian noise. Recon-
struction of 3D coordinates and error calculation with reference
taken from render parameters was performed and error was cal-
culated.

2 Pose estimation for two sets of cameras: initial (described in
setup subsection) and moved by 0.1 m. Ball detection was con-
structed with (0.5; 0.125) Gaussian noise added. Reconstruction
of 3D coordinates in both cases and disparity calculation was
performed.

The first test allowed us to determine if the correct camera cal-
ibration resulted in accurate ball reconstruction coordinates even
with ball detection noise added. The second test measured differ-
ences between results achieved with two slightly different camera
positions. It determined if system accuracy will remain unchanged
when random camera displacement occurs. For each camera pose
case 3D coordinate reconstruction both trajectories and error his-
tograms were similar. Exemplary trajectories and error histograms
are shown in Fig. 17. Quantitative results are gathered and shown
in Table 4.

4.2.4. Camera placement discussion

The camera placement error means that the value corresponds
directly with the camera position. Since keypoints used in extrin-
sic calibration are detected on the camera image, better results
are achieved when court corners are distributed more equally in
the image captured. This occurs when the camera is located on a
higher attitude. On the other hand, as presented in Table 4 a 3D ball
reprojection error in particular dimension depends on the angle
between the camera optical axis and that dimension directional
vector. In projected system, the Z-axis error is very important due
to system practical requirements (for example, to differ between
hand-ball and court-ball reflections). Since the projected system
has 12 cameras, error in X and Y directions could be easily compen-
sated with data obtained from camera located near line orthogonal
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Fig. 17. Exemplary reconstructed ball trajectories and reconstruction error his-
tograms.

to that direction. That is why camera positions described in section
IV.A has been chosen as a compromise between pose calibration
accuracy and 3D reconstruction of z coordinate.

4.3. Real data

In order to check system performance, a real-world environ-
ment experiment with usage of human hand phantoms and an
automatic ball dispenser was conducted. The following scenarios
were proposed:

1 Single reflection ball trajectory without human hand phantom
2 Single reflection ball trajectory with human hand phantom

www.czasopisma.pan.pl P N www.journals.pan.pl
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Table 4
Quantitative results for ball trajectory 3D reconstruction error.

Height 5 m; not moved setup

X-mean_error [mm] —0.064 x_stdDev 2.327
y.mean_error [mm] —0.008 y_stdDev 6.333
z-mean.error [mm] 0.102 z_stdDev 2.840
dist_-mean_error [mm] 6.174 dist_stdDev 3.911
Height 5,5 m; not moved setup
X.mean_error [mm] —0.069 x_stdDev 2.380
y-mean_error [mm] -0.012 y_stdDev 6.440
z_mean_error [mm] 0.110 z_stdDev 3.167
dist_-mean_error [mm] 6.361 dist_stdDev 4.063
Height 6 m; not moved setup
X-mean-error [mm] -0.073 x_stdDev 2.437
y-mean_error [mm] -0.015 y_stdDev 6.560
z_mean_error [mm] 0.119 z_stdDev 3.519
dist_mean_error [mm)] 6.575 dist_stdDev 4.235
Height 5 m; moved setup
X.mean_error [mm] —0.062 x_stdDev 2.3
y-mean.error [mm] —0.003 y-stdDev 6.216
z_mean_error [mm] 0.102 z_stdDev 2.801
dist_-mean_error [mm] 6.08 dist_stdDev 3.823
Height 5,5 m; moved setup
X-mean_error [mm] -0.067 x_stdDev 2.351
y.mean_error [mm] —0.008 y_stdDev 6.32
z-mean.error [mm] 0.109 z_stdDev 3.12
dist_-mean_error [mm] 6.266 dist_stdDev 3.973
Height 6 m; moved setup
X-mean_error [mm] -0.07 x_stdDev 2.409
y-mean_error [mm] -0.012 y_stdDev 6.437
z_mean_error [mm] 0.118 z_stdDev 3.464
dist_-mean_error [mm] 6.474 dist_stdDev 4.139
) 2)
ball dispenser ball dispenser
) 4)
ball dispenser ball dispenser

5)

ball dispenser

Fig. 18. Human hand phantom test scenarios.

3 Multi reflection ball trajectory without human hand phantom

4 Multi reflection ball trajectory with human hand phantom

5 Multi reflection ball trajectory with human hand phantom (first
reflection on phantom)

Described scenarios are presented in Fig. 18. In each scenario of
a full ball trajectory was reconstructed and the rebound attitude
was calculated. Experimental results are presented in the calcu-
lated attitude histograms in Fig. 19. For cases without human hand
phantoms, the mean attitude calculated was equal to 113.33 mm
and standard deviation equal to 3.8 mm. For situations with human
phantom mean attitude was equal to 133.62 mm and standard devi-
ation equal to 3.8 mm. The phantom tests were performed in order
to determine if accuracy of system is good enough to detect human
hand between ball and court during match. As shown in Fig. 19,
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Fig.19. Real data ball rebound with and without phantom calculated attitudes. Blue
- attitude without phantom, red - attitude with phantom.

distributions of attitude values allow us to develop a recognition
algorithm, which will be used as a module in referee aiding system.

5. Conclusion and futore research directions

The system presented in this paper enables measurement of the
volleyball ball position 180 times per second with an accuracy equal
to 2-4 mm. It has the ability to determine its components’ positions
and to refine its own calibration. That feature is important when
use in sports is considered. Performed tests showed that system
accuracy is good enough to support referee decisions and present
reconstructed ball trajectories. With cameras calibrated intrinsi-
cally, the system configuration in new courts is fast and possible
to be conducted by semi-professional technicians. The ability of
real-time calibration, as mentioned in the Introduction, allows us to
overcome displacement problems and makes the system even more
mobile and easy to maintain. The proposed method is designed for
camera pose estimation in volleyball courts, but it can also be used
in multicamera systems operating in well-known environments,
such as: surveillance, medicine, television studios, etc. Achieved
accuracy of 0.01% in simulation of a measurement volume is consid-
ered to be good enough for realtime applications mentioned above.
Tests performed in real environment show that system is able to
detect collision with human phantom during typical use-case of the
proposed system. There are still many fields where performance of
system could be upgraded. For example, camera relative position
detection could decrease influence of volleyball court dimensions’
accuracy (line width, corner locations, etc.). With nonzero camera
pose estimation error each of stereo pair will produce a slightly
different 3D trajectory for a ball being detected. Destined system
contains 12 cameras which are paired in 66 stereo set-ups. In order
to get more reliable referee decisions based on that data, additional
calibration step for whole set of cameras and stereo pairs has to
be designed. Cameras are often visible in another camera field of
view. This information could be used to determine relative posi-
tion between cameras - especially camera movement (determine
which camera has been moved). While analyzing system tests, we
claim that there is still not enough data from real volleyball match,
which will allow us to determine system final practical quality
required in real-life system implementation. At this point data is
being collected, labeled and prepared for future usage in the system
evaluation. Also additional tests including real-life volleyball match
scenarios have to be performed. It will ensure us that the designed
system has desired robustness and will validate conclusions taken
in this paper.
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