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Abstract:
A robot usually do not have a programmed representation of the world he inhabits, but he
has sensors that allows him to explore it, build its map and simultaneously placed himself in
it. In certain cases, like a football fild, the environment is known. This problem is known as
simultaneous localization and mapping (SLAM) and have been solved different techniques like
theoretical estimation, likelihood maximization, pairing using sensor readings and qualitative
characteristics of the environment. In robot soccer the map is a “soccer field” of known
dimensions, materials, colors and markings defined by the regulations. The map is fixed, not
too complex and known at least to the robot programmer. Since the map is known a robot only
needs to estimate its localization in it, this is essential “to seem intelligent” during a match
between humanoids. This article discusses how the robot can use its vision to locate himself in
the field by using the position of the goals and the lines of the field. In one case it uses the
apparent size of the landmarks and in another case the vanishing points of the lines on the field.
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1. INTRODUCTION

The first part of this work follows and extends the work
of Sugihara (1988) and Krotkov (1989), both considered
determining the pose of a robot from an single image using
vertical landmarks within a known map. Sugihara consid-
ered two cases, when the group of landmarks are identical
and when the landmarks can be distinguished. Krotkov
considered when there are errors in the landmark location.
The second part, we believe, is an original contribution.

In mobile robotics determine where the robot is in the
“ world” is a common problem and its knowledge is the
starting point for the robot to do other things. In many
cases there is ignorance about how the world is consti-
tuted, then the problem is called SLAM (simultaneous
localization and mapping) where the robot explores an “un-
known” environment making its map and simultaneously
determining its location in the.These problems have been
formulated using methods based on theoretical estimation,
likelihood maximization, mating sensor readings and using
the qualitative characteristics of the environment Egan
(2010); Pancham et al. (2011); Spero and Jarvis (2007).

The idea of robots playing soccer was first mentioned
by Professor Alan Mackworth (University of British
Columbia, Canada) in its work “On Seeing Robots” Mack-
worth (1993) presented at the conference Interface’92 Vi-
sion. The professor Mackworth saw football as a field
difficult enough to boost research, but limited enough to
allow interesting results. His team published several papers
on this subject that they called project Dynamo Bar-
man et al. (1993); Sahota and Mackworth (1994). Months
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Fig. 1. Field of the Robocup kidsize league

later Japanese researchers organized a workshop on Grand
Challenges in Artificial Intelligence in Tokyo (October
1992). The discussions concluded with the release of the
Robot J-League 1 , a football competition between teams
of robots. At the request of the international community
this initiative was open to other nations and has evolved
to what is now the RoboCup that is held annually since
1997, this year takes place in Eindhoven.

In the RoboCup the field is the map, a view of it is shown
in Figure 1, it is a typical small size soccer field with
currently two kind of references or landmarks: the goals
and the white lines on the ground that mark limits on the
field. So if the robot knows its position on the court the
next problem to solve is to locate and track other objects

1 J-League is the name of the Japanese professional football league
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in it. This paper presents a method for determining the
location of a robot on the field by using the landmarks.

A restriction of RoboCup is that the exteroceptive sensors
that a robot can have must be equivalent to those of
a human: sight, hearing, touch, smell and taste 2 . In
the present case we are concerned with the use of the
robot sight, where the sensor is a low resolution video
camera. The robot has the ability to move the camera in
azimuth and elevation, allowing you to overcome some of
the limitations of the camera. An additional element that
helps, is the reduced palette of colors used in RoboCup,
limited to orange, yellow, cyan, magenta, green, white and
grays. The field is green with white lines, the ball is orange
with black lettering, the goals are yellow, the robots must
be black, aluminum o white colored with black feet, each
team robots carry either cyan or magenta marks. The
dimensions of the objects and marking on the field are
fixed and known RoboCup (2014). All elements within the
field of view of the camera that are outside the field are
noise.

Another restriction of RoboCup is that the robots must be
autonomous, that is, all processing must be done inside
the robot. The robots are small, those of the kidsize class
have heights around 60 cm . The sources of information are
the robot sensors, the other team’s robots and the referee,
the latter use wireless communication. The embedded
computers are small; simultaneously processed images,
make decisions about the game and generate movement.

This work uses the relative position of with respect to the
goals or the lines. Since we don’t have a field, we present
the results of equivalent problems for images.

2. ESTIMATE OF THE POSITION AND
ORIENTATION OF THE ROBOT IN THE FIELD

Vision, in conjunction with Kalman or particles filters, is
generally used to estimate the position and orientation of a
robot, their disadvantage is that they are computationally
complex. We can not avoid the basic image processing also
done in the previous methods. However, we propose the
use of knowledge of the field characteristics

2.1 The Goals

We will use first the position of the goal poles. Here the
basic concept used is the subtended angle α1/α2, shown
in figure 2, between two fixed references A and B with
respect two possible positions P1/P2 of the robot. For the
two references A and B, there are an infinite number of
points that have the same subtended angle!, they form a
circle! The central angle theorem relates the central angle
θ and the subtended angles α1/α2.

Theorem 1. (Central Angle Theorem). In a circle with
center O and three points on its circumference A,P,B;
if P = P1 on the major arc, the subtended angle ∠APB
is always half the central angle ∠AOB.

∠AP1B =
∠AOB

2
α1 =

θ

2
(1)

2 humans use the inner ear for balance, it is replaced by accelerome-
ters, gyros and magnetometers or any combination of them; the rules
allow the measurement of the magnetic field, thus allowing the use
of a compass for orientation

O

A

B

P1

P2

q

a1

a2

Fig. 2. Central Angel Theorem.

If P = P2 is on the minor arc, the subtended angle is the
supplement of half the central angle.

∠AP2B = π − ∠AOB
2

α2 = π − θ

2
(2)

Thales (of Miletus) considered the case when the points A
and B are on a circle diameter.

Theorem 2. (Thales’ Theorem). The end points of a circle
diameter subtend a right angle with any other point on the
circle.

The knowledge of the subtended angle is not enough to
determine the location of the robot, since the points with
equal subtended angle define a circle of possible solutions.
To eliminate this ambiguity is necessary to know the
distance to the references. With the cameras used, fixed
lens cameras, it is not possible to measure distances in
a plane perpendicular to the image plane; a camera that
captures the light field, e.g. a Lytros, or with autofocus
might; but this is not the case of the cameras usually
used in RoboCup. Fortunately, in the case studied all
the objects used as reference are cylindrical, are vertical
and have the same diameter (10 cm), it is a transversal
dimension in all image, so the relative size of a reference
can be used as a measure of its distance to the camera.

Therefore, we propose to determine the location from the
subtended angle and the relative size of the two references.
They form a triangle ∠p1prp2, with the robot at the apex
in figure 3. The position estimation uses the law of cosines,
since the three sides of the triangle, and one angle can be
known from the relative size of the references and their the
position on the image.

Since the distance to objects p1 and p2 can not be
measured on the image 3; but we can measure the relative
size of both references d1 = f 0.10/C and d2 = f 0.10 /B,
where f is the focal length of lens and 0.10 cm the diameter
of the references, which allows express the distance from
one object from the distance to the other and their relative
size
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Fig. 3. Example of the triangle formed by two marks,
denoted p1 and p2, and the robot pr considered in
the text.

C =
d2

d1
B (3)

then we can write the cosines law as

A2 = B2+C2−2BC cosα = B2

(
1 +

(
d2

d1

)2

− 2
d2

d1
cosα

)
to determine the position we need either B and δ, or C and
β, we know the subtended angle α, the distance between
references A and the sizes of p1 and p2,

B =

√√√√A2/

(
1 +

(
d2

d1

)2

− 2
d2

d1
cosα

)
(4)

β = arcsin

(
B

A
sinα

)
δ = arcsin

(
d2B

d1A
sinα

)
(5)

pr1 = p1+
d2B

d1

(
cos(θ12 − β)
sin(θ12 − β)

)
, pr2 = p2+B

(
cos(θ21 + δ)
sin(θ21 + δ)

)
(6)

since the images are digital, there will be an error or uncer-
tainty ∆ in the measurements. The error or uncertainty on
the measurements can be calculated from the uncertainties
of the parameters involved

∆β =
1

A

√
1−

(
B sinα
A

)2× (7)

(sinα∆B +B cosα∆α) (8)

∆δ =
1

A

√
1−

(
d2B sinα
d1A

)2
×

(
sinα

d1d2∆B + d1B∆d2 − d2B∆d1

d2
1

+
Bd2

d1
cosα∆α

)
(9)

∆C =
d1B∆d2 + d1d2∆B − d2B∆d1

d2
1

(10)

∆pr1 =
d1B∆d2 + d1d2∆B − d2B∆d1

d2
1

(
cos(θ12 − β)
sin(θ12 − β)

)
+
d2B

d1

(
sin(θ12 − β)
− cos(θ12 − β)

)
∆β (11)

or

∆pr2 = ∆B

(
cos(θ21 + δ)
sin(θ21 + δ)

)
+B

(
− sin(θ21 + δ)
cos(θ21 + δ)

)
∆δ

from

B2

(
1 +

(
d2

d1

)2

− 2
d2

d1
cosα

)
= A2

we have

2B∆B

(
1 +

(
d2

d1

)2

− 2
d2

d1
cosα

)
+

B
2

((
2
d2

d1
− 2 cosα

)
d1∆d2 − d2∆d1

d21
− 2

d2

d1
sinα∆α

)
= 0

so

∆B =
B

2

(
1 +

(
d2
d1

)2

− 2d2d1 cosα

) (2
d2

d1
sinα∆α+

(
2
d2

d1
− 2 cosα

)
d2

d2
1

∆d1 −
(

2
d2

d1
− 2 cosα

)
1

d1
∆d2

)
(12)

therefore all can be expressed as function of the measured
uncertainties.

2.2 Lines on the ground

The second approach to determine the position of the
robot on the field uses the white lines on the ground. The
straight lines on the (flat) ground are projected on the
sensor also as straight lines. The transformation between
the two frames will involve a translation, a pan, a tilt and
a perspective transformation.

We consider the frames fixed to the field and fixed to the
camera shown in figures 1 and 4. A point pf on the field
is seen as a point in the sensor pc

Z

Y

X

Sensor plane

Equivalent plane

Fig. 4. Camera frame, z-axis toward the front

pc = Rcf (pc, ψ, θ, f) · pf
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where pc = {x, y, z} is the position of the camera (in the
head of the robot), ψ is the tilt angle, θ is the pan angle
and f is the camera focal length.

Rcf (pc, ψ, θ, f) = Per[f ] · Tilt[θ] · Pan[ψ] · Trans[pc]
There are two kind of lines, parallel to x and parallel to z.

Line: constant z, variable x: it’s a line transversal to
the line of sight x

y
f
1


c

= Rcf (pc, ψ, θ, f) ·

 vx
0
z0

1


f(

x
y

)
c

= −f

 (vx − xc) cos θ + (zc − z0) sin θ

h sinψ + cosψ((z0 − zc) cos θ + (vx − xc) sin θ)
h cosψ + sinψ((zc − z0) cos θ + (xc − vx) sin θ)

h sinψ + cosψ((z0 − zc) cos θ + (vx − xc) sin θ)


on the horizon vx = ±∞

lim
vx→±∞

(
x
y

)
c

= f

(
− cot θ secψ

tanψ

)
for ψ = 0 we have(

x
y

)
c

= f

(
− cot θ

0

)
when θ ∈ [−π/2, π/2] where for cot θ = nπ we a the
discontinuity. For θ = 0 the vanishing points are {−∞, 0}
and {∞, 0}; for θ = ±π/2 the vanishing point is {0, 0}.
The position of the robot doesn’t enter in the expression.

In the image we find the vanishing point, and from it and
the focal length f calculate θ

θz = arctan

(
−f
x

)
(13)

where the solution for x = 0 is θ = nπ.

Line: constant x, variable z It’s a line parallel to the
line of sight  x

y
f
1


c

= Rcf ·

 x0

0
vz
1


f(

x
y

)
c

= −f

 (x0 − xc) cos θ + (zc − vz) sin θ

h sinψ + cosψ((vz − zc) cos θ + (x0 − xc) sin θ)
h cosψ + sinψ((zc − vz) cos θ + (xc − x0) sin θ)

h sinψ + cosψ((vz − zc) cos θ + (x0 − xc) sin θ)


on the limit vz = ∞, considering only the front of the
camera

lim
vz→∞

(
x
y

)
c

= f

(
tan θ secψ

tanψ

)
for ψ = 0 we have (

x
y

)
c

= f

(
tan θ

0

)
for θ = 0 the vanishing point is {0, 0}; while for θ = ±π/2
they are {±∞, 0}.
The angle of the line in this case is given by

θx = arctan

(
x

f

)
When the vanishing point is x = f then θz = −π/4 and
θx = π/4; and for x = −f then θz = π/4 and θx = −π/4.
So we have an ambiguity when θ = π/4.

General case Due to the ambiguities we are only able
to establish a relative orientation, angular position, with
respect a line

θ =


arctan

(
−f
x

)
− π

2
x < −f or f < x

arctan

(
x

f

)
−f ≤ x ≤ f

a positive (negative) θ implies a left (right) rotation to be
parallel to the line.

On the camera we see straight line segments. When we
consider the inverse projection, that is

pf = Rfc (pc, ψ, θ, f) · pc
where the projection is given by

Rfc (pc, ψ, θ, f) = Trans[pc]
−1·Pan[ψ]−1·Tilt[θ]−1·Per[f ]−1

so a point on the camera sensor of coordinates {µx, µy,−f, 1}
(in homogenous coordinates) is the projection of all the
points

x

z
=
µx
f
,

y

z
=
µy
f

z = t

in front of the camera (t > 0) define a straight line with
parameter t. Therefore x

y
z
1


f

= Rfc (pc, ψ, θ, f) ·


µx
f
t

µy
f
t

t
1


this generates the point {x, y, z}f on the field frame x

y
z
1

 =

−xc−yc−zc
1

+


t(
µx
f

cos θ + cosψ sin θ +
µy
f

sinψ sin θ)

t(
µy
f

cosψ − sinψ)

t(−µx
f

sin θ + cosψ cos θ +
µy
f

cos θ sinψ)

1


on the floor (y = 0 and yc = h)

t =
fh

µy cosψ − f sinψ

If we move the origin on the floor below the camera
(xc = 0 & yc = 0), we determine the relative position
of the points with respect to the robot

x =
h

µy cosψ − f sinψ
(µxcosθ + f cosψ sin θ+

µy sinψ sin θ)

z =
h

µy cosψ − f sinψ
(−µxsinθ + f cosψ cos θ+

µy sinψ cos θ)

for zero tilt ψ = 0

xp = h

(
µxcosθ + f sin θ

µy

)
(14)

zp = h

(
−µxsinθ + f cos θ

µy

)
(15)

so this gives the position {xp, 0, zp} on the ground of a
point {µx, µy} on the sensor. The above equations can be
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applied to the end point of the lines of the images, and in
this way find the distance to them.

So equations 13, 14 and 15 can be used to calculate the
position of a point/line (if we take two point on the line)
with respect to the robot.

3. EXPERIMENTAL RESULTS

3.1 Central Angle Theorem

To test the algorithm we used a photograph of three
tennis balls separated by a known distance (2.10 m) shown
in figure 5. The camera used was a cell phone with a
8 Mp camera. Since the cameras used in RoboCup have
resolutions ranging from HaViMo’s 160 × 120 pixels to
Darwin-OP 2 megapixel, the resolution of the original
photograph was reduced to three images of {2048, 1536},
{640, 480} and {320.240} pixels. In the photo the diameter
of the balls and the distance between them are known.
The results are presented in the following table, with
measurement errors corresponding to one pixel.

Fig. 5. Experimental setup, three tennis balls placed on
the floor with a clearance of 2.10m, the origin is at
the nearest ball

The measurements where

Ball Angular position (o)
y x

1 2.8097 0.487986
2 21.3623 0.391871
3 24.5291 0.487986
Balls Subtended angle (o)
1-2 18.5526
1-3 21.7194
2-3 3.16679

the positions of the camera calculated–behind and above
the first ball–

High resolution {2048, 1536}
Balls x z ± dx ± dz
2-1 -88 54 5 4
3-1 -93 55 8 5
3-2 -116 42 54 10
Medium resolution {640, 480}
2-1 -83 49 15 11
3-1 -82 47 23 15
3-2 -69 33 125 17

Low resolution {320, 240}
2-1 -98 63 32 24
3-1 -82 47 44 27
3-2 2 21 72 14

Clearly, when the subtended angle is small, the errors
are big. A similar situation happens with the resolution,
low resolution, big errors. The actual position was not
measured accurately, but it was close to {90, 48}. The
main contribution to the errors is due to the size of the
references error, the contribution to the error of measure of
the angle error is smaller. The contribution of the study is
to calculate the position and its errors from measurements
made and the effect on these on the resolution of the
camera used.

3.2 Straight Lines

A robot view is shown in figure 6. There are 6 straight
lines on the figure (the goal lines are filtered out).

Fig. 6. Robot view from the point {−200, 60,−200} with
bearing {30o, 0}; the vanishing point and relative
bearing of the lines on the field are −0.247106/− 30o

and 0.741318/60o

The lines detected are shown in table 1.

The robot will have to turn θ and the end points of the
line will be at the calculated coordinates!

The method was tested on an equivalent environment,
typical results are shown in figure 7
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Table 1. Lines in figure 6

.
vanishing point x θ End points coordinates

-0.247106 -30o {400,500}, {400,250.528}
0.741318 60o {-500,400}, {-500, 17.9819}
0.741318 60o {-200, 319.326}, {-200, 7.19278}
-0.247106 -30o {310,500}, {310,440}
0.741318 60o {-440, 310}, {-440, 90}
-0.247106 -30o {90,440}, {90,500}

Fig. 7. Experimental setup for position and orientation
with respect to lines on the ground, in this case a
Canny edge detector and a Hough transform were
used

4. CONCLUSIONS & FUTURE WORK

Formulate the location of a robot as a SLAM problem
might not be the best since the map is known. What is
not known is the position of the robot. In this paper we
propose of how to calculate the position of a robot on the
field using only visual information.

The information used is the goals relative size and the
vanishing points of the straight lines that define the field.
If two landmarks are seen their relative size allow to
determine the robot position and distance with respect to
them. If the vanishing point position is known it allows to
determine the relative bearing of the robot with respect to
the line, if the camera height is known also the vanishing
point allows also to determine the distance to the line.
However, the information might not allow the robot to
determine its position on the field from a single image.
He must reason geometrically from the information from
several images.

The proposal was validated in a practical way, not in a
soccer field, but on equivalent experiments. Its advantage
is that it uses easy available information on an image
taken with the camera horizontal (no elevation), i.e.,
with little deformation so an homotopy is not needed,
its disadvantage is that it assumes that the references are
always visible and recognized.

The line and vanishing point detection algorithms used can
be upgraded. Straforini et al. (1993) presents a linear com-
plexity algorithm form vanishing point detection, while
Grompone von Gioi et al. (2010) Grompone von Gioi et al.
(2012) presents also a linear time line segment detector
with subpixel accuracy and false detection control. Both
work on a gray images.
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