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ABSTRACT. Robotic soccer games represent the most significant form of research in ar-
tificial intelligence. Using the humanoid soccer robot’s basic movement and strategic
actions, the robot takes part in a dynamic and unpredictable contest and must recog-
nize its own position on the field at all times. Therefore, the localization system for
the soccer robot represents the key technology for improving its performance. This work
proposes a new approach for self-localization, an Adaptive Vision-Based Self-Localization
System (AVBSLS), which allows the humanoid robot to integrate the information from
the pan/tilt motors and a single camera to achieve self-localization. The proposed ap-
proach uses a trigonometric function to find the approximate location of the robot and
uses a measuring artificial neural network technique to adjust the position of the hu-
manoid robot. A systematic method to measure the intrinsic parameters is proposed for
the CCD camera adjustment. Using this approach, any type of CCD camera can be used
to precisely calculate the robot’s position. The experimental results indicate that the aver-
age accuracy of the localization is 92.3% for a frame rate of 15 frames per second (FPS).
Keywords: Soccer robot, Adaptive vision-based self-localization system (AVBSLS),
Humanoid robot

1. Introduction. Robotic soccer games represent one of the most important areas of
research, in recent years. With the advances in robotics and artificial intelligence, au-
tonomous robots handle not only simple and monotonous problems, but are also capable
of independent thought, when dealing with complex states in unpredictable and dynamic
environments. All of these functions rely on a powerful vision system, so the vision system
is one of the most critical parts of an autonomous robotic system. Therefore, the ability
to sense the distance and the corresponding angle between the robot and the interesting
target, or the self-localization system, represents the key to improving the performance,
so that the data for the strategic actions of the humanoid robot are more robust and the
strategic actions follow the most appropriate decision. A good self-localization system
for a humanoid soccer robot not only allows the robot to acquire information about the
entire field quickly and accurately, but also makes appropriate decisions. To allow easy
manipulation all of the locations in the field are preset as a Cartesian coordinate system
and the robot self-localizes itself using the coordinate system. In recent years, the com-
petition fields for RoboCup [1] and FIRA Cup [2] have become more similar to human
environments. Figure 1 shows the RoboCup soccer fields for humanoids from kid-size of
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(b)

FiGURE 1. The configuration of RoboCup soccer fields for humanoid kid-
size: (a) for 2007, (b) for 2008 and 2009

2007, 2008 and 2009, respectively. The number of landmarks decreases from four to two
(2007-2009) [3-5]. In other words, the reference checkmarks for self-localization become
less and less, and how to use fewer landmarks and increase the degree of accuracy become
important issues [6,7].

Zhong et al. [8] proposed three techniques for robotic localization. The first approach
uses stereo vision. This approach gathers a lot of information, but the problems of match-
ing characteristic or images between the left and right camera lead to inaccurate distance
perception [9] and reduce the accuracy of localization. The second method uses omni-
directional vision. Although this method obtains much more features, the omni-directional
device causes geometrical distortions in the perceived scene [10], so the recognition of a
target of interest is difficult. The third method uses monocular vision. It must have
required robust features within a specific region [11], so it is unsuitable for a dynamic
contest environment. SLAM [12] is an algorithm for simulating localization and mapping.
Although this algorithm performs well, it requires very complex image processing proce-
dures. These complex image processing procedures may affect the real-time operation in
a competition, especially in a robotic soccer contest. Actually for real time consideration
in the RoboCup competition, the localization should be simple and efficient, and SLAM
may not be suitable for this application.

The uses of stereo vision, omni-directional vision, and SLAM for robot localization
are not suitable for operating in a dynamic contest environment such as the RoboCup
competition, because their operation is more complicated than that for monocular vi-
sion. Therefore, for the RoboCup soccer competition a visual self-localization method,
an Adaptive Vision-Based Self-Localization System (AVBSLS), is proposed, which uses
a single CCD camera and pan/tilt motors on the robot head to identify robust features
and to analyze the environmental information for the RoboCup soccer field of 2009.

Firstly, the proposed AVBSLS measures the distance between the robot and the target
of interest, using the image. It then establishes the patterns for the distance, using a Back
Propagation Neural (BPN) network to improve the accuracy of the distance estimation.
It then uses statistics to accurately ascertain the direction of the robot in the competition
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field. Lastly, the distance between the robot and the target of interest is combined with its
direction. This results in an adaptive vision-based self-localization system for a humanoid
robot in RoboCup that is suitable for use with monocular vision. The proposed AVBSLS
can also complete self-localization system within a frame that contains the target of
interest, so that the robot can execute an appropriate strategy.

The rest of this paper is organized as follows. Section 2 presents the general localization
methods and suffered problems. The proposed AVBSLS mechanism is described in Section
3, and the experimental results for the self-localization system are shown in Section 4.
Section 5 compares and analyzes the self-localization for humanoid robot by AVBSLS.
Finally, Section 6 gives a brief conclusion.

2. Robotic Vision-Based Localization. For a humanoid robot localization involves
the robot analyzing its probable position on the field. The key technology of the self-
localization allows the robot to take the advantage of the information from various sen-
sors to match the position of the robot. Because the robot’s perception is restricted
and the ambient environment is with enormous interferences, this is difficult to make
the robot have efficient and robust localization. During localization, because of the re-
strictions imposed by the performance of various sensors and interferences of the outside
environment, it may have uncertainties for the orientation. The main problems are: 1)
the dynamic variance of the outside environment; 2) undependable information from the
intrinsic parameters of CCD camera. These non-ideal elements lead to reducing the preci-
sion of localization. To solve these problems, many researches have examined better ways
to model the environment and mathematical tools for simulation [13,14]. This paper
proposes an efficient mechanism that overcomes the problem that many machine vision
systems require intrinsic parameters (focal distance or horizontal and vertical viewpoints,
etc.), by allowing self-localization for a humanoid robot without the intrinsic parame-
ters provided by the makers provided. Therefore, the humanoid robot can recognize its
position explicitly on the field, and can track a soccer ball tracking and make strategic
plans.

3. Adaptive Vision-Based Self-Localization System. Self-localization is one of the
most important problems for a humanoid soccer robot. This study uses the landmarks
of the 2009 RoboCup soccer field for humanoid kid-size soccer robot as a reference. The
humanoid soccer robot has a single camera vision system on its head with pan/tilt motors.
As soon as the humanoid soccer robot detects one of the landmarks, the self-localization
system begins to localize itself. During the self-localization process, the robot measures
the distance between the landmark and the robot itself, using the IBDMS (image-based
distance measuring system) [15,16] technique that can be applied to measure the distance.
However, there are distortions in the CCD camera and it is necessary to adjust the coarse
data to distance.

The Image-Based Distance Measuring System (IBDMS) [15,16] uses two fixed lasers to
project laser beams an object, in order to measure the distance between the CCD camera
and the object. Figure 2 shows the relationship of the CCD camera and the object.
The unit of Dgy is cm that is the actual length of the distance between the two lasers.
Fy is the pixel numbers that the laser beams project to the object in a frame. If the
maximum horizontal pixels that a CCD camera can capture in an image frame is F(max),
the maximum width (in cm) that a CCD camera can reach can be calculated as (1):

Fy(max)

FH X DSH (1)

Dy (max) =
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FIGURE 2. The location relationship of the CCD camera and the object

Figure 2 shows that the distance, Dy (in cm), between the CCD camera and the object
is calculated, using the intrinsic CCD parameters, as (2)

1 6
DK = 5 X DH(III&X) X DSH X cot (7}[) — l)o:,J (2)

In the RoboCup 2009 rule, the landmark poles have a diagram of 20cm. They consist
of three segments of 20cm height, placed above each other. The lowest and the highest
segments are colored in the same color as the goal at its left side. Because the two lasers of
the IBDMS are not suitable for a wide and dynamic field and one of the lasers is covered
by something, the IBDMS applied to measure the distance between the CCD camera and
the landmark pole will be ineffective.

Based on the above concepts, this paper proposes a self-localization system that uses an
adaptive vision-based self-localization system (AVBSLS) without other assistant devices
(such as two lasers) and the exclusive CCD camera, for a humanoid soccer robot for the
2009 RoboCup contest. The proposed AVBSLS consists of eight steps, and the operational
flow chart of the self-localization mechanism is shown in Figure 3. The details of the self-
localization operations are described in the following subsections.

3.1. Establishment of the coordinate system. If the coordinate of a geometric map
is available, it will be convenient to retain a lot of information in the whole field. For
easy manipulation of the self-localization of a robot, the coordinate system of the field
must be established in advance. Before processing the localization, we must establish
two appropriate coordinate systems. One is called “absolute coordinate system” on the
field, and the other is called “relative coordinate system” in the image. There are four
steps to establish the absolute coordinate system: 1) to estimate the sizes of the field
and robot; 2) to find the interested position in the soccer field; 3) to divide the field into
several blocks with the same size and assign the interested position as the center block; 4)
according to the proportion of the robot in the field to adjust the value in each block. The
relative coordinate system will store the interested information of the objects. Through
these coordinate systems, the locations of the robot, landmark, and goal can be located
explicitly.

3.2. Landmark search. Since the landmarks are the fixed features on the 2009 RoboCup
soccer field, we treat the landmark as the reference for localization. In the initialization
of the orientation, the robot keeps searching one of the landmarks until finding it. After
finding the landmark, the system will take the interested feature by converting the image
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FicuRrE 3. The AVBSLS flowchart for the humanoid robot

FIGURE 4. The process to mark the upper left, upper right, lower left,
lower right, and center of the landmark

from RGB to HSI space. In order to remove the influence of brightness of light, it takes
the H-, S-space only [17]. Finally, it will mark five feature points, upper left (X;,Y}),
upper right (X5, Y3), lower left (X3, Y3), lower right (X4, Y}), and center (X¢, Y¢), for the
landmark in the image, as shown in Figure 4. According to the five feature points, the
horizontal length Fiy and vertical length Fy for the landmark in the frame can be found.
To get robust Fiy and Fy,, the landmark shape must be completely displayed in the frame,
as shown in Figures 5(b) and 5(c) show the incomplete landmarks with partial landmark
displayed in the frame. During the landmark searching if the robot visual system finds the
incomplete landmark in the frame or the landmark is occluded by other robots, the robot
system will command the robot to make a suitable movement [18]. In order to insure the
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(a) (b) (c)

FIGURE 5. Landmark searching: (a) incomplete landmark, (b) complete
landmark, (c) incomplete landmark

(a) (b)

FIGURE 6. The landmark images with distances of: (a) 30cm and (b) 50cm.
(Fu, Fy) are equal to (a) (104, 238), (b) (155, 238) pixels in the frame.

completeness of the landmark, the pixel values between the edge of the landmark and the
edge of the frame must be greater than an appropriate value.

3.3. Distance mode selection. The distance between the robot itself and the landmark
is measured by calculating of trigonometric functions together with the lengths of Fz and
Fy.. The lengths of Fy and Fy, are determined by the resolution of the CCD camera. If
the object (landmark) is too far away from the robot itself, the lengths of Fy and Fy
cannot be accurately determined. The distance between the robot itself and the landmark,
it is classified into three modes, near mode, mid mode, and far mode. During the self-
localization process the pan motor can move randomly but the tilt motor is fixed in the
center position. Figure 6 shows the landmark images when the robot is very close to the
landmark. In this situation, both Fy’s of the landmarks are indistinguishable and Fiy can
be used to find the distance between the robot itself and the landmark, and this range is
classified as the near mode.

If the distance between the robot itself and the landmark is far excessively (more than
400cm for example), Fj’s and Fy'’s for different landmarks are indistinguishable and
Figure 7 shows this situation. Under this situation, it is impossible to measure the distance
between the robot itself and the landmark by the proposed self-localization mechanism,
and therefore the robot has to give up this landmark and find the other landmark for
self-localization. This distance range is classified as the far mode.

If the distance between the robot itself and the landmark is between the near mode
and the far mode, it is classified as the mid mode. Figure 8 shows images of landmarks
in the mid mode. In the mid mode situation, Fz’s are indistinguishable but Fy’s are
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FIGURE 7. The landmark images with distances of: (a) 410cm and (b)
450cm. (Fg, Fy) are equal to (a) (14, 38), (b) (14, 38) pixels in the frame.

FIGURE 8. The images of the landmark with distances of: (a) 200cm, (b)
210cm and (c) 250cm. (Fy, Fy) are equal to (a) (28, 80), (b) (28, 77) and
(c) (27, 71) pixels in the frame.

distinguishable, and therefore Fy can be used to find the distance between the robot
itself and the landmark.

3.4. Landmark calibration in the frame. Because the pan motor can move arbitrarily,
the landmark may appear in any position of the frame. However, nonlinear factors, such
as lens distortion in the CCD camera and the influence of the brightness of light, may
produce inconsistencies in the captured images. With the same distance between the
robot itself and the landmark, but with the landmark in different positions of the frame,
the pixel sizes of the landmarks are different and Figures 9 and 10 show the features. For
finding a more accurate location, the captured landmark by the CCD camera must be
calibrated. Here we have the statistical approach to calibrate the size of the captured
landmark.

3.5. The distance between the robot and the landmark. The measurement of the
distance between the robot itself and the landmark is accomplished using the proposed
modified IBDMS. The details of distance measurement are described in the following
subsections.

3.5.1. Intrinsic parameters of the CCD. The vision-based distance measurement needs
the intrinsic parameters of the CCD camera, such as focal distance and horizontal and
vertical viewpoints. Generally camera manufacturers rarely provide such parameters and,
if they do, the mechanical mechanism, processing circuits, and lens distortion may cause
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Ficure 9. With the same distance from the robot to the landmark,
(Fg, Fv)’s of the landmark at left, middle, and right positions of the frame
are (86, 227), (80, 219), (87, 223) pixels, respectively.

FI1GURE 10. The landmarks at the same position in the frame with different
distances of: (a) 50cm, (b) 100cm and (c) 200cm have variations of Fy
between the left and right frames of (a) 9 pixels, (b) 5 pixels and (c¢) 1 pixel.

deviations in the parameters [19-21]. This study proposes some simple procedures that
allow an independent determination of the intrinsic parameters of a CCD camera.

The relationship of the distance between the CCD camera and the object and some
parameters are shown in Figure 11. OP is the optical origin, 5 and 6y are the horizontal
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FiGURE 11. The diagram of the internal parameters of a CCD camera

and vertical viewpoints, respectively, and Dop is the distance between OP and the edge
of the CCD camera lens.

In order to determine the distance between the CCD center and the object, 0y, 6y, and
Dop must be determined. The width of an object, Dy (max), is measured at a pre-defined
position, D4, and the width of the same object, Dys(max), at a pre-defined position, Dp.
The two frames are combined to form Figure 12(a). Similarly, we can capture Dy (max)
and Dy»(max) with known pre-defined positions, D4 and Dp, in two frames. These two
captured frames are combined to form Figure 12(b). Due to the characteristics of the
CCD camera, there is a different value for Dop at D4 and Dgq, and there is also a Dpp
difference in between Dpg and Dgo. The same thing happens in the vertical viewpoint in
Figure 12(b). Together with Figures 12(a) and 12(b) and the trigonometric functions we
can derive Oy and 6y are derived in (3) and (4).

Dgs — D
Dyy(max) — Dy (max)

Dy (max) — DVl(maX)> (1)
Dgs — Dir
By the theorem of similar triangles and Figures 12(a) and 12(b), the horizontal and
vertical Dop’s can be found calculated as shown in (5) and (6).
Dopiry + Dk1 Dpi(max)
Dopmy + Dre ~ Dpp(max)

Oy =2cot ! <2 X (3)

1
9\/ = 2tan_1 <§ X

(5)

(6)

Dopwvy+ Dr1 Dy (max)
Dopwy+ Dgs  Dyz(max)
Dop can be found by averaging Dop(yvy and Dop(y as shown in (7):

D — 1 % <DK2DH1 (max) — DKlDHQ (max) X DKQDVl (rnax) — DKlDV2 (max)) (7)
o» 2 DH2 _DHI DVQ_DV2
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FIGURE 12. The intrinsic parameters measuring: (a) horizontal viewpoint,
(b) vertical viewpoint

This approach can be to determine the intrinsic parameters for any kind of CCD cam-
eras.

3.5.2. Image-based distance measurement. As mentioned in the previous subsection, when
the CCD camera is close enough to the landmark (near mode), Fy is indistinguishable
and Iy is used to calculate the distance between the CCD camera and the landmark. On
the other hand, when the CCD camera keeps a medium range from the landmark, Fiy
is indistinguishable and Fy to calculate the distance between the CCD camera and the
landmark. The IBDMS method to calculate the distance between the CCD camera and
landmark, Fg and Fy must be converted to Dy(max) (the maximum horizontal width)
and Dy (max) (the maximum vertical width). The relationship between Fy and Dy (max)
and Fy and Dy (max) is shown in Figure 13, and the conversion equations are shown as
(8) and (9).
Fy(max)

Dy (max) = —F, X Dgy (8)
Dy (max) = anm) x Dy 9)

For a 320x240 image frame, Fy(max) = 320, Fy/(max) = 240, Dgg = 20cm and Dgy
= 60cm. Fy and Fy are the lengths, in pixels, of the horizontal and vertical lengths of
the landmark in the image frame, as shown in Figure 14.

Using the IBDMS method, the horizontal view distance, D (photo-distance), between
the CCD camera and the landmark can be determined from (10) and that of the vertical
view can be determined from (11).

1 7
DK = 5 X DH(HIH,X) X cot, <7H> — Dop (10)

1 0
Dic = 5 x Dy (max) x cot (%) — Dop (11)

Because the CCD lens and the brightness are not ideal, the measurement of Dg may
not be sufficiently accurate. It can be fine-tuned using an artificial neural network. The
neural network technique is described in the following subsections.
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FI1GURE 14. The horizontal and vertical information of the landmark in the frame

3.6. The improved IBDMS. So far several neural network methods have been pro-
posed, such as the Back Propagation Neural (BPN) network and the Self-Organizing
Neural network. Because the BPN network learns more precisely and has a fast recall
speed [22], the BPN network is used to focus on the known environment. Depending on
the features and the goal distance, the relative parameters for different distances can be
trained, in order to acquire the data in advance. If there is a need to measure the distance
in the actual competition, the preset relative parameters can be used directly in the BPN
formula. This approach allows more accurate measurement of the distance between the
robot and the landmark. Using the BPN rules suggested by Chang and Chang [23] a
distance measurement is proposed which provides an improved IBDMS. This method has
seven steps to improve the distance precision. The procedures are indicated in Figure 15.

Step 1: Prepare for the solid information, including the interesting features of X, Y¢
and size. In the image frame, the expectable distance value is set as the objective function
and these data are then normalized to the appropriate values. The expected distance
value is Dk (photo-distance) which is between the CCD camera and the landmark with
different distances. The appropriate normalization is referred to the activation function,
f, as follows:

yj = f(netf) (12)
where y7 is the output value of the nth layer, and it is also the input value of the first
layer. net? is the weight accumulative value for the output value of the (n — 1)th layer
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and is represented as follows:
n
netj =3 wiyi !+ (13)
i

where w7; is the weighted connections between the jth neuron in the nth layer and the
ith neuron in the (n — 1)th layer and b7 is the bias of the jth neuron in the nth layer.

Step 2: Initialize W;; and Wy;, using random values.

Step 3: Select a suitable activation function from Figure 16 and input the trained data
to the selected activation function. Then, calculate the output value, y, from the hidden
layer, and output the value of y; from the output layer.

Step 4: Calculate the error function, E. In order to find the optimum solution of E,
the steepest descent method is used, as shown in (14):

B= gz (di — i)? (14)

where dj is the kth neuron objective output value and y, is the output value of the kth
neuron at the output layer. This step reduces the difference between the input and output
values.

Step 5: Calculate 6, k = 1,..., K, in the output layer, using (15), and 67, j = 1,..., L,
in the hidden layer, using (16).

7 = (dy — ) f'(met) (15)

o = [Z 5g+1wkj] f'(net?) (16)
k

Step 6: Correct the weight (Wy;(p + 1) = Wi;(p)+ nog(p)y; '(p)) in the output layer

and the weight (W;;(p+ 1) = Wji(p) + 067 (p)y? ' (p)) in the hidden layer, where p is the

2



AVBSLS FOR HUMANOID ROBOT OF ROBOCUP 1003

module of the group, p (the training module includes input and output values) and 7 is
the learning rate, with a general value between 0 and 1.

Step 7: Go back to Step 3 and then repeat the calculation and correction procedures
until the objective function reaches the stop standard, or the largest training times.

The neural network method allows calculation of a more accurate distance between the
robot and landmark.

3.7. Calibration of the self-localization direction. This study has so far been con-
cerned with the photo-distance, but self-localization must also include the establishment
of the direction of the robot, to determine the absolute coordinates of the robot itself
on the soccer field. The rotation angle of the pan motor is used to determine the robot
direction. The rotation angle, o/, of the pan motor is assumed to be 0 degrees, when the
center of the landmark is at the center of the frame. The pan motor can rotate at most
left and right 25 degrees, respectively. In our self-localization method, as soon as the
robot sees a complete landmark, it begins to calculate the photo-distance and measures
the pan motor angle. However, the pan motor angle is “a”, instead “ao’ 7, as shown in
Figure 17. In order to determine o', the horizontal pixel numbers, X, of the center of
the landmark must be measured. Together with the photo-distance and X Table 1 is
used to find o of the pan motor angle. Figure 17 shows that when o' is determined,
can thus be calculated and then the absolute coordinates of ' and 3’ can be calculated,

1.0 o
08 -
06
& o O
02 4 _ 0 if n<0
o L FOn)= 0 ?f ”“*30 flm)=4n if 0<n<l
. 1 if nz=0 1 i n>1
h L I 02 T T T T T T
10 45 040 L 10 02 00 02 04 06 08 10 12
n n
(a) (b)
12 12
= =
= =
_ 1 8”-63_”
f(”)—l — Tl o
02 ; : . +e ? ?
5.0 50 00 30 6.0
n n

FIGURE 16. Four activation functions: (a) step function, (b) saturating
linear function, (c) sigmoid function, (d) hyperbolic function
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TABLE 1. The pixel numbers of X with given Dg and «

Dr -25|-20|-15|-10| 5| O 5 | 10 | 15 | 20 | 25
50 35 | 59 | 77 | 105 | 128 | 152 | 174 | 197 | 222 | 251 | 264
100 33 | 60 | 77 | 104 | 127 | 150 | 169 | 197 | 219 | 248 | 261
200 33 | 58 | 77 | 101 | 126 | 148 | 168 | 191 | 219 | 244 | 262
300 30 | 58 | 76 | 101 | 127 | 144 | 162 | 190 | 215 | 241 | 263
400 30 | 58 | 76 | 102 | 127 | 145 | 161 | 189 | 215 | 241 | 253

FIGURE 17. The direction of the robot in the soccer field

Ficure 18. Configuration of the RoboCup soccer field for humanoid kid-
size in 2009

as follows:

—90° < 8 < 90° (17)

¥ =x+rcosp
Yy =y—rsing’

4. Experimental Results.

4.1. The experimental environment and the robotic vision module. This exper-
iment uses the features of the competition field for the 2009 RoboCup soccer humanoid
league. The field contains two goals and two landmark poles, and has representative col-
ors for the interesting features. The border strip width, .J, is 70cm, as shown in Figure
18. Because the width of the robot shoulder is 26cm, the unit length of the coordinate is
set as 30cm in length and the field is divided into 29x17 blocks, as shown in Figure 19.
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FI1GURE 19. The RoboCup soccer field: (a) the original field with 29x17
blocks, (b) the coordinate of the soccer field (2009)

Ficureg 20. The robot

O FIGURE 21. Fpr and Fpg
vision module

The experimental robotic vision module comprises a single CCD camera and pan/tilt
motors, as shown in Figure 20. The CCD camera is a Logitech QuickCam® Professor [24]
for Notebooks and the pan/tilt motors are ROBOTIS Dynamixel AX-12 [25]. The input
for the robot vision module is RGB 24 bits, with a resolution of 320x240. The output is
the absolute coordinates of the humanoid robot in the field.

4.2. Complete landmark determination. In order to determine the completeness of
the landmark from 30cm to 400cm distances, the pan motor rotates five degrees, each
time, to measure the difference between the edge of Fy and the frame. In the following
step a pixel value is chosen which can determine whether the landmark is complete in the
frame, from 30cm to 400cm distance. However, if the restricted landmark is suitable for
the near mode, the other modes (such as mid mode and far mode) can be used. If the
humanoid robot faces the landmark correctly, Fpy, and Fpg are measured at the different
distances and horizontal angles and the smaller values are listed in Table 2 if the humanoid
robot faces the landmark right, wherein “X” shows that the landmark has exceeded the
frame and the Fp; and Fpgr are as shown in Figure 21.

Using the information in Table 2, the pan motor angle is rotated by £30 degrees, so
the complete landmark can be calculated in any distance. Thus, the pan motor angle can
be rotated by +25 degrees at most. Beside from that, if the difference between the edge
of Fig and the edge of the frame is smaller than 32 pixels, the landmark is treated as an
incomplete landmark.
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TABLE 2. Min(Fpy, Fpg) for the different distances (cm) and angles (de-
gree) in the near mode

Dy “1-30|-25|-20|-15|-10] -5 | 0 5 | 10 | 15 | 20|25 30
30 X | X | X | X |5 |8 |8 8|56 | X |X|X|X
40 X | X | X |40 70|98 (10096 | 70 | 41 | X | X | X
50 X | X [32] 54|82 (110112111 | 82 | 55 |33 | X | X
60 X | X |34 62|89 |118|116 | 116 | 90 | 63 |35 | X | X
70 X | X 136 |70 )93 (122124122 94 | 72 |37 | X | X
80 X | X | 42 ] 76 |100 (124|127 |126 |100| 76 |42 | X | X
90 X | X |49 |80 |103|129|130 130|104 | 81 |48 | X | X
100 X | X | b3 | 84 |106 (131132134 |106| 84 |52| X | X
110 X | X | 57 | 8 |110|135|135|136 |110| 8 |56 | X | X
120 X | X | 58 | 88 | 112 | 137|137 | 138|113 | 88 |58 | X | X
130 X 132]60 |90 |114|139|139 139 |115| 90 |59 | X | X
140 X |33 160 |92 |116|140|140| 140|116 | 92 |60 |34 | X
150 X |36 | 63 | 94 | 117|141 | 141|141 118 ] 95 | 62|36 | X
160 X | 37 ] 66 | 96 | 119 | 142|142 | 142|120 | 97 |66 | 38 | X
170 X |39 |68 | 98 | 123 | 143|143 144|121 | 99 |68 39| X
180 X | 42 | 68 | 100|126 | 145|144 | 145|126 | 101 |69 |42 | X
190 X | 44 | 72 | 103|127 | 147 | 145|147 | 126 | 103 | 72 | 45 | X

Distance Difference (pixel)

1 5 9 13 17 21 25 29 33 37 41 45 49
Dy x10(cm)

FIGURE 22. The distance difference for Fy and Fy, with various photo-distances

4.3. Localization distance analysis. The photo-distances, Dy, are classified into three
modes. If D is less than 30cm, Fiy and Fy exceed the 320x240 image frame to loss the
analysis and the robot has located in the outside field. The greatest distance between
the robot and the landmark is 500cm, in the competition field. Thus, Fy and Fy are
captured starting with Dx = 30cm and the distance is increased in 10cm steps, until Dy
= 500cm. Figure 22 shows the difference in pixels of Fz and Fy for each distance step.
Figure 22 shows that when Dy < 190cm, Fy is distinguishable, and hence it is set as the
near mode. When Dy > 400cm, Flg and Fy are indistinguishable, and it is set as the far
mode. While 190cm £ Dy < 400cm, it is set as the mid mode.

4.4. Calibration of the landmark and the robot direction in the frame. Because
the CCD camera lens and the brightness are not ideal, there may be a deviation between
the measured photo-distance and the pan motor angle and this must be calibrated. Since
the far mode is out of the processing capability, only the near mode and mid mode are
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TABLE 3. The pixel numbers of Fiy with different Dy (cm) and X¢ (pixels)

X Di 30 | 55 | 80 | 105 | 130 | 150 | 170 | 195 | 220 | 245 | 270
100 62|60 | 58| 56 | b4 | 54 | 54 | 56 | 58 | 60 | 62
150 44 142140 | 38 | 38 | 38 | 38 | 38 | 40 | 42 | 44
200 34132130 28 | 28 | 28 | 28 | 28 | 30 | 32 | 34
250 74170 68| 68 | 64 | 64 | 64 | 68 | 68 | 70 | T4
300 60 |58 |56 | 56 | 54 | 54 | 54 | 56 | 56 | 58 | 60
350 00 |48 |46 | 46 | 45 | 45 | 45 | 46 | 46 | 48 | 50
400 43 142 141 | 41 | 40 | 40 | 40 | 41 | 41 | 42 | 43

calibrated. To calibrate the pixel of Fy in the frame, Table 3 shows the parts of the
pixel numbers of Fy at different Dyx and Xs. From Table 3 shows that at the same
photo-distance, Dy the Fjy value is symmetrical to the center value of X¢ (150 pixels).
Because of the restrictions of the pan motor angle, the value of X¢ is in between 30 and
270 pixels and the unit of measurement for the pixel numbers is set as 15 pixels. X¢ of
the mid pixel number of the measured X¢’s is selected under the restrictions of Equation
(18). To obtain a correct value for Fy, Fy must be calibrated to the center value of X¢
(150 pixels) by X and Fy. Therefore, we statistically derive (18) and (19) to calibrate
Fy and Fy under different X’s.

( Fy >72,Fg = F — 10 )
Xc<43|XcZ256 Fg < 72&Fy > 59, Fyg = Fy — 8
Fr <59, Fpp = F — 6
Fg >70,Fg = Frip — 10
(Xc > 43&X ¢ < 67)|(Xo > 234&Xe < 256){ Fy < T0&Fy > 49, Fyy = Fy — 6
F <49, Fg = Fyg — 4
Fg > 117, Fg = Fg — 10
Fyg < 117&Fg > 75, Fg = Fg — 6
Fy < 75&Fy > 55, Fg = Fg — 4
Fr <55, Fpp = Frp — 2
Fg >113,Fg = Fg —4
(Xe > 90&X ¢ < 116)|(Xe > 183& X < 208){ Fy < 113&Fy > 49, Fyy = Fiy — 2
Fg <49, Fg = Fg — 0

(Xe > 67&X ¢ < 90)|(Xe > 208& X < 234)

X¢ < 183|X¢ > 116 {Fy = Fyy}

( Fy > 84, Fy = Fy — 10 )
Fy < 84&Fy > 62, Fy = Fy — 8

Xo <U|Xe 22503 p o Ry > 49. Fy = By — 6

Fy <49, Fg = Fy — 4

Fy > 82, Fy = Fy —8

Fy < 82&Fy > 70,Fy = Fy — 6

Fy <70&Fy > 47, Fy = Fy — 4

Fy <47, Fy = Fy — 2 >

Fy > 58, Fy = Fy —4

(Xo > 68&Xc < 90)|(Xe > 201&X ¢ < 228) ¢ Py < 58&Fy > A7, Fy = Fy — 2
Fy <47, Fy =Fy —1
Fy > 58, Fy = Fy — 4

(Xo > 90&Xe < 115)|(Xo > 177& X < 201){ Fiy < 58&Fy > AT, Fy = Fyr — 2
Fy < 47, Fy = Fy — 1

(X > 44& X < 68)|(X¢ > 228&X ¢ < 250)

L Xo < 177|Xc > 115 {FV = Fv}
(19)
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In Section 3.7, it is shown that it is statistically possible to find a better o’ for different
X¢’s, as shown in Equation (20).

(X < 43, o =a—25)
Xc > 256, o =a+25
Xo > 43& X < 67, o =a—20
Xo > 234&X o < 256, o = a+ 20
Xo > 67&X e <90, o =a—15

{ X >208&Xc <234, o/ =a+15 (20)
X > 90&Xe <116, o =a—10
Xo > 183&Xs <208, o =a+10
Xo > 116&Xc < 138, o =a—5
X > 160&Xs <183, o/ =a+5

L Xo > 138&Xc < 160, o =« )

4.5. Obtaining the camera intrinsic parameters. According to Section 3.5, the dis-
tance step is set as 10cm, from Dy = 30cm until Dg = 400cm, to measure Dy (max) and
Dy (max). The results for Dy (max) and Dy (max) with various Dg’s are shown in Tables
4 and 5, respectively.

TABLE 4. The information of Dy (max) with Dy from 30cm to 190cm

Dg 30 | 40 | 50 | 60 | 70 | 80 | 90 | 100 | 110
Dp(max) | 46 | 58 | 69 | 81 | 94 | 105|116 | 128 | 139

Dk 120 | 130 | 140 | 150 | 160 | 170 | 180 | 190 | \
Dy(max) | 151 | 165 | 173 | 182 | 193 | 204 | 217 | 231 | \

TABLE 5. The information of Dy (max) with Dg from 190cm to 400cm

Dy | 190 [ 200 | 210 | 220 [ 230 | 240 | 250 | 260
Dy (max) | 172 [ 180 | 189 | 195 | 206 | 218 | 225 | 232
Dy | 270 | 280 | 290 | 300 | 310 | 320 | 330 | 340
Dy (max) | 240 | 248 | 257 | 267 | 277 | 288 | 300 | 313
Dy | 350 | 360 | 370 | 380 | 390 | 400 | \ | \
Dy (max) | 320 | 327 | 335 | 343 [ 351 | 360 | \ | \

The values of 0y, 6y and Dop are then obtained. The average intrinsic parameters,
0w, 0y and Dop are calculated using (21)-(23), respectively.

0 1 < 0 0
Cotgzﬁ ) coté{(z’), z’:lw(N—l):>cot7H:1.709 (21)
0 1 = 9 0
tan%:mi: tan%(i), izlw(N—l):>tan7V:2.29 (22)
1 N-1
Dop = 57— 2_ Dopli).  i=1~ (N —1)= Dy =787 (23)

i=1
The parameter, Dop, is 7.87, which means that the distance of Dpop is 7.87cm. This
distance will cause an error of the final localization result.
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4.6. Precision simulation of the distance measurement. Using the BPN network,
data is required for the two neurons in the input layer (Fy and the approximate distance,
Dg) for the near mode and the input layer (Fy and the approximate distance, D) for the
mid mode. These training data focus on the right side of the field to measure the distance
at each block in advance. The total training sample is 130 and the hidden layer is one.
Because the absolute coordinate system of the soccer field is invariable, the on-line data
can be trained beforehand. The simulation result indicates that the most suitable number
of neurons is ten; the learning rate is 0.1 and the output layer is one. After completing the
on-line training, the relationship between the information of the frame and the distance is
determined. The off-line process is then used for the invariable parameters (relationships)
to improve the precision of the distance measurement. The precision can reach 0.12cm
in the near mode and 0.005cm in the mid mode is possible. The simulation results are
shown in Figure 23.

Calculated erroe : 2.87325e-006, goal : O

10°k
o
=
=
ap 107 E
=
2
=
H
10°
10'6 | | | | | | | | |
0 500 1000 1500 2000 2500 3000 3500 4000 4500
Stop Trairing | 12902 Epochs
(a)
4 Calculated error : 4.98242e-008, goal : 0
10 T T T T T T T
10" 1
10° 1

Training-Blue
=]
i

10'3 1 1 1 I I I I 1 1
a 0z 04 06 08 1 1 1.4 1.6 1.8 2
Stop Training | 20000 Epochs w10

(b)

FIGURE 23. The errors between the simulated and real distances are about:
(a) 0.12cm in the near mode, (b) 0.005cm in the mid mode
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5. Comparisons and Analysis. There follows a brief comparison of the results for the
IBDMS and the improved IBDMS and the self-localization results, using AVBSLS, for
the IBDMS and the improved IBDMS.

5.1. Analysis of the actual measuring distance. This study uses IBDMS and im-
proved IBDMS techniques to measure the distance between a robot and a landmark, from
30cm to 400cm. Figure 24 shows the errors between the measured distance and actual
distance; the results are listed in Table 6. For distances from 30cm to 400cm, the average
and maximum errors for the IBDMS are 7.08cm and 15.0cm, respectively. However, those
for the improved IBDMS are 0.82cm and 6.0cm, respectively. The proposed improved
IBDMS method significantly improves the accuracy of the distance measurement.

20

i
w

Actual
Distance
------- IBDMS
Dustance

=
(=}

Improved
Distance

(=]

1 4 .7710 13 16 19 22 25 28 31' 34 37

Distance Difference(cm)

i

[y
(=]

Dy x10(cm)

FIGURE 24. The distance differences for the IBDMS, improved IBDMS,
and actual distance

TABLE 6. Comparisons of the maximum and average error for different methods

Methods Maximum error | Average error
IBDMS 15.0cm 7.08cm
Improved IBDMS 6cm 0.82cm

5.2. Results for the self-localization in the field. The robot position’s was operated
by AVBSLS for different measurement methods in the actual field. Since the left and
right sides of the field are with the same situation, as shown in Figure 18, there is no loss
of generality if the experiment focuses on the right side of the field. Figure 25 shows the
measurement results for various locations when the robot uses AVBSLS with the improved
IBDMS technique. The stars indicate the various locations of the robot. Table 7 shows
a comparison of the robot position using AVBSLS at different measurement distance
methods. The accuracy rate for the AVBSLS with the improved IBDMS technique is
92.3%; that for localization using normal IBDMS is only 70.77%. The main reason for
this lower accuracy is the inaccuracy in the measurement of distance results.

TABLE 7. Comparisons of the correct rates for different localization methods

Total experimental points = 130
Method Correct | Incorrect | Accuracy rate
AVBSLS with normal IBDMS 92 38 70.77%
AVBSLS with improved IBDMS 120 10 92.3%
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FIGURE 25. The positions operated by AVBSLS with the improved IBDMS
technique (the stars are the robot locations on the correct positions at that
moment)

6. Conclusions. Self-localization is one of the most important problems for a humanoid
soccer robot. This research proposes a very efficient vision approach, using an adaptive
vision-based self-localization system (AVBSLS), to self-localize the soccer robot during
the soccer contest for the 2009 RoboCup rule. The mechanism of the AVBSLS consists
of only a CCD camera and a set of pan/tilt motors on the head of the humanoid soccer
robot. One of the landmark poles on the soccer field was used as the reference point
to correctly self-localize the humanoid robot. The distance between the robot and the
landmark was measured, using AVBSLS. The IBDMS (image-based distance measuring
system) method was modified to measure the intrinsic parameters of the CCD camera and
further to calculate the distance between the robot itself and the landmark. A BPN (back
propagation neural network) technique was used to more accurately refine the calculated
distance. Using the AVBSLS method with the modified IBDMS technique, the accuracy
rate of the self-localization of the humanoid soccer robot was 92.3%. The AVBSLS method
is simple to operate, and the processing speed is as high as 15 FPS.
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