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Abstract. This paper proposes a path planning algorithm based on 2D
Dubins’ path for the construction of a curvature continuous trajectory for
the autonomous guidance of line marking robots in football stadiums. The
algorithm starts with four corner points representing the playable football
field and generates a set of waypoints representing various parts of the field
layout such as touch and goal lines, goal and penalty area, center line and
mark, corner and penalty arcs, center mark and center circle, and penalty
marks. A complete, continuous and smooth path is then generated by con-
necting these waypoints using 2D Dubins’ path in a way to ensure that the
generated path takes into account the dynamic constraints of the vehicle
(such as maximum curvature and velocity), keep the vehicle at a safe dis-
tance from obstacles, and not harm the field grass. The efficiency of the
algorithm is tested using simulation and in reality. Results showed that
the algorithm is able to reliably plan a safe path in real time able to com-
mand the line marking robot with high accuracy and without the need for
human guidance. The path planning algorithm developed in this paper is
implemented in both Matlab and Python.

Keywords: Guidance and navigation · Robotics in sports · FIFA · Line
marking and illustration · Dubins’ curve · Football

1 Introduction

The central idea of most robotics applications is to eliminate the need for a
human operator. The most obvious reason is; (1) to save labour and reduce
cost where robots can conduct certain tasks far more rapidly and with greater
precision than can human, (2) the human is bad for the production process such
as in semiconductor and food handling, and pharmaceuticals where the use of
robots reduce contamination, and (3) the product is bad for the human such as
handling hazardous materials in chemical and radioactive plants where the use
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of robots minimise risks to human operators. Another reason is that in aging
societies that many countries are facing, the need arises to allocate work to smart
machines, as in the case of industrial robots [1].

To date, robots have been very successful at manipulation in controlled envi-
ronments such as in factories and in laboratories. Historical attempts of produc-
ing robotic arms went back to mid 50s when the first programmable robot arm
for high speed handling was designed by George Devol in 1954 [2]. The use of
robotics in laboratory, pharmaceutical industry and environmental monitoring
went back to late 80s [3]. The use of robotic has been extended, since then, to
include domains such as industrial maintenance and repair [4], outdoor robots
for domains such as agriculture [5–7], animal-farming [8], mining [9], construc-
tion [10,11], power plants [12], oil and gas industry [13], space exploration [14],
security and defense [15,16], etc.

Path-planning systems are of great significance when it comes to the perfor-
mance and mission accomplishment of practically every type of outdoor robotics.
Determination of a collision free path that a robot can follow between start and
goal positions through obstacles cluttered in a workspace is central to the design
of each autonomous robot to accomplish tasks without or with minimal human
guidance [17]. Coverage Path Planning, on the other hand, is the task of deter-
mining a path that passes over all points of an area or volume of interest while
avoiding obstacles. This task is integral to many robotic applications, such as
vacuum cleaning robots, painter robots, autonomous underwater vehicles, dem-
ining robots, lawn mowers, automated harvesters, window cleaners, etc. [18,19].
An optimised path for a robot to navigate in an environment is the one which
takes into account both the physical constraints of the vehicle, and the workspace
constraints, such as obstacles or environmental forces [20,21].

Hameed et al. (2011) presented a promising application of field robotics for
automating the periodical operations frequently carried out in football stadi-
ums such as lawn cutting, lawn stripping and line marking in football stadiums
[22]. The manual operation of these tasks is very expensive, very frequent, and
requires very skilled and well trained personnel. In an attempt to reduce the
cost, line marking or field panting is done less frequently through the use of
long lasting paints. These types of paints contains high level of metal acetate
salts which can last longer, however, it is more expensive and can kill the turf.
A proposed solution is to use low cost paints which cannot harm the grass and
painting more frequent. This solution can be feasible if this task can be per-
formed autonomously using low weight vehicle able to work around the clock
with high precision and with minimum human intervention. The line marking
robot is a small three or four wheeled vehicle equipped with a line marking spray
nozzle able to provide homogeneously painted lines and curves of constant width
(i.e., 12 cm width). The proposed system is expected to reduce the amount of
paint needed per each football field to an absolute minimum and hence reduce
cost and possible environmental impact.

In this paper, a complete curvature and continuous path is constructed by
connecting the field layout components such as straight lines, arcs and cir-
cles using Dubins’ paths. The generated trajectory takes into account both the
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physical constraints of the vehicle such as the minimum turning radius of the
vehicle and the workspace constraints such as obstacles. The remainder of the
paper is organized as follows: standard FIFA football field layout and dimen-
sion are presented in Sect. 2. In Sect. 3, the algorithm for generating waypoints
representing field layout is presented. Dubins’ path and its use in connecting
layout components to construct a continuous, smooth, and safe trajectory for
robot navigation are presented in Sect. 4. In Sect. 5, the ability of the developed
algorithm in generating a complete and smooth trajectory for a simulated field is
presented. Finally, concluding remarks and future work are presented in Sect. 6.

2 Standard FIFA’s Football Field Dimensions and Layout

The Fédération Internationale de Football Association (FIFA) (i.e., International
Football Association in English) is an association governed by Swiss law founded
in 1904 and based in Zurich. It has 209 member associations and its goal is the
constant improvement of football game around the world. The rule of FIFA
is to define and amend the Laws of the game on behalf of the global football
community for the global game to grow and thrive. The official dimensions of
football fields for international matches are specified in Law 1 of the official FIFA
Laws of the Game, known as the field of play law. According to the FIFA rules
for international matches, dimensions and parts of the field of play are defined
as follows [23]:

2.1 Field Markings

The field of play must be rectangular and marked with lines. These lines belong
to the areas of which they are boundaries. The two longer boundary lines are
called touch lines. The two shorter lines are called goal lines. The field of play is
divided into two halves by a halfway line, which joins the midpoints of the two
touch lines. The centre mark is indicated at the midpoint of the halfway line. A
circle with a radius of 9.15 m is marked around it, as it is shown in Fig. 1a.

2.2 Field Dimensions

The length of the touch line must be greater than the length of the goal line.
The two touch lines must be of the same length, and be between 90 and 120 m in
length (or between 100 and 110 m for international matches). The two goal lines
must be of the same length, and be between 45 and 90 m (or between 64 and
75 m for international matches). All lines must be equally wide, not to exceed
12 cm, as it is shown in Fig. 1b.

2.3 Goal Area

Two lines are drawn at right angles to the goal line, 5.5 m from the inside of
each goalpost. These lines extend into the field of play for a distance of 5.5 m
and are joined by a line drawn parallel with the goal line. The area bounded by
these lines and the goal line is the goal area.



Path Planning for Line Marking Robots Using 2D Dubins’ Path 903

2.4 Penalty Area

Two lines are drawn at right angles to the goal line, 16.5 m from the inside of each
goalpost. These lines extend into the field of play for a distance of 16.5 m and
are joined by a line drawn parallel with the goal line. The area bounded by these
lines and the goal line is the penalty area. Within each penalty area, a penalty
mark is made 11 m from the midpoint between the goalposts and equidistant to
them. An arc of a circle with a radius of 9.15 m from the centre of each penalty
mark is drawn outside the penalty area.

2.5 Corner Arcs

A flagpost is placed at each corner of the field. A quarter circle with a radius of
1 m (from each corner flagpost is drawn inside the field of play).

(a) Field parts (i.e., layout) (b) Standard field metric dimensions

Fig. 1. Standard FIFA field of play dimensions and layout

3 Waypoint Generation of the Field Layout

In this section, waypoints representing the field of play parts are generated. The
input to the algorithm are four corner points of the field of play and the outputs
are the coordinates of all field parts.

3.1 Field of Play Coordinates

The algorithm receives four coordinates of the green rectangle (i.e., playable
field), Pi = (xi, yi) where i = 1, 2, 3, and 4. The two lower and upper goal lines are
of length, w, and are represented by line segments P1P2 and P3P4 respectively.
The two right and left touch lines are of length, l, and are represented by P2P3

and P4P1 respectively. To generate a rectangle field, width and length offset value
is calculated over each goal and touch lines using the following two equations,
respectively:
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wij = |
√

(xi − xj)2 + (yi − yj)2 − w|/2 (1)

lij = |
√

(xi − xj)2 + (yi − yj)2 − l|/2 (2)

Two function, based on simple linear algebra, for line representation, lineij =
createLine(pi, pj), for creating a line segment using its staring and ending points,
pi and pj , and a function for finding a point p on a line segment at a distance d
from its staring point, p = pointOnLine(line, d), are used to find the four corner
points of the field of play [24]. The corner points, Ci for i = 1, 2, 3, and 4, shown
in Fig. 2a, can be generated in the following order:

1. Represent the playable field (i.e., main rectangle):
line12 = createLine(p1, p2),
line23 = createLine(p2, p3),
line34 = createLine(p3, p4), and
line41 = createLine(p4, p1).

2. Find intersection points of the field of play lines with the main rectangle:
pw12 = pointOnLine(line12, w12),
pw12+w = pointOnLine(line12, w12 + w),
pl23 = pointOnLine(line23, l23),
pl23+l = pointOnLine(line23, l23 + l),
pw34 = pointOnLine(line34, w34),
pw34+w = pointOnLine(line34, w34 + w),
pl41 = pointOnLine(line41, l41), and
pl41+l = pointOnLine(line41, l41 + l).

3. Find corner points of the field of play :
C1 = pointOnLine(createLine(pl41+l, pl23), w12),
C2 = pointOnLine(createLine(pl41+l, pl23), w12 + w),
C3 = pointOnLine(createLine(pl23+l, pl4), w12), and
C4 = pointOnLine(createLine(pl23+l, pl4), w12 + w).

3.2 Centre Line and Centre Mark Coordinates

The centre line divides the field into two halves by a halfway line, which joins the
midpoints of the two touch lines. The two midpoints can be obtained as follows:

MP23 = pointOnLine(createLine(C2, C3), l/2), and
MP41 = pointOnLine(createLine(C4, C1), l/2).

The centre mark is indicated at the midpoint of the halfway line and is obtained
as follows:

CM = pointOnLine(createLine(MP23,MP41), w/2).
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(a) Standard field metric dimensions
(b) Line marking robot (source: http://

www.intelligentmarking.com/ and http://

conpleks.com/)

Fig. 2. Coordinate generation of the field of play and line marking robot

3.3 Goal Area Coordinates

It is the area bounded by two lines drawn at right angles to the goal line, 5.5 m
from the inside of each goalpost (i.e., 9.16 m from the midpoint of the goal line)
and extended into the field of play for a distance of 5.5 m and are joined by a
line drawn parallel to the goal line. The coordinates of the lower and upper goal
areas are calculated as follows:

gl1 = pointOnLine(createLine(C1, C2), w/2 + 9.16),
gl4 = pointOnLine(createLine(C1, C2), w/2 − 9.16),
gu1 = pointOnLine(createLine(C2, C3), w/2 + 9.16),
gu4 = pointOnLine(createLine(C2, C3), w/2 − 9.16),
gl2 = pointOnLine(createLine(gl1, gu4), 5.5),
gu3 = pointOnLine(createLine(gl1, gu4), l − 5.5),
gl3 = pointOnLine(createLine(gl4, gu1), 5.5), and
gu2 = pointOnLine(createLine(gl4, gu1), l − 5.5).

3.4 Penalty Area Coordinates

It is the area bounded by two lines drawn at right angles to the goal line, 16.5
m from the inside of each goalpost (i.e., 20.16 m from the midpoint of the goal
line) and extended into the field of play for a distance of 16.5 m and are joined
by a line drawn parallel with the goal line. The coordinates of the lower and
upper penalty areas are calculated as follows:

pl1 = pointOnLine(createLine(C1, C2), w/2 + 20.16),
pl4 = pointOnLine(createLine(C1, C2), w/2 − 20.16),
pu1 = pointOnLine(createLine(C2, C3), w/2 + 20.16),
pu4 = pointOnLine(createLine(C2, C3), w/2 − 20.16),
pl2 = pointOnLine(createLine(pl1, pu4), 16.5),
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pu3 = pointOnLine(createLine(pl1, pu4), l − 16.5),
pl3 = pointOnLine(createLine(pl4, pu1), 16.5), and
pu2 = pointOnLine(createLine(pl4, pu1), l − 16.5).

3.5 Penalty Mark Coordinates

A penalty mark is made 11 m from the midpoint between the goalposts and
equidistant to them. The coordinates of lower and upper penalty marks can
be obtained by finding the midpoints of the lower and upper goal lines (i.e.,
gmpl and gmpu) and then finding its coordinates on the line connecting them
as follows:

gmpl = pointOnLine(createLine(C1, C2), w/2),
gmpu = pointOnLine(createLine(C3, C4), w/2),
lpm = pointOnLine(createLine(gmpl, gmpu), 11.0), and
upm = pointOnLine(createLine(gmpl, gmpu), l − 11.0).

3.6 Centre Circle Coordinates

It is a circle with a radius of 9.15 m marked around the centre mark (CM). The
coordinates of the centre circle can be obtained for a suitable precision using the
parametric equation of a circle which is given by:

(x, y) = (x0, y0) + r(cos(θ), sin(θ)) (3)

where x and y are the circle coordinates, x0 and y0 are the centre mark coor-
dinates, the circle radius r = 9.15 m, and the circle angle θ in radians where
0 ≤ θ ≤ 2π. In this paper, an angle of a step size of 0.01π is used, bigger values
will draw the circle faster but you might notice imperfections, and vice versa.

3.7 Corner and Goal Arcs Coordinates

An arc is a part of the circle with an angle in radians θarc ∈ [θstart, θend] and
therefore it can be generated for a suitable angle step size using Eq. 3. θstart and
θend can be easily obtained in terms of the starting and ending point of the arc
using the equation:

θstart = tan−1 y1 − y0
x1 − x0

(4)

θend = tan−1 y2 − y0
x2 − x0

(5)

where (x0, y0), (x1, y1), and (x2, y2) are the arc centre, arc staring, and arc ending
points, respectively. Corner arcs, for example, has a radius of 1 m, the starting
and ending points of the arc at C1 can be found as follows:

ARCC1
start = pointOnLine(createLine(C1, C2), 1), and

ARCC1
end = pointOnLine(createLine(C4, C1), l − 1).
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4 Dubins’ Path

Dubins’ path in this paper are used to connect the components of the gener-
ated field layout such as line segments, arcs and circles in order to generate a
continuous, smooth, and complete path which can be used by the robot to nav-
igate throughout the line marking (or field painting) process. Given two points
in the plane, the initial and final points, Pi and Pf , respectively. Each point is
associated with its own orientation angle, α and β, respectively, which defines
the prescribed direction of motion. The combination of (Pi, α) and (Pf , β), are
known as the initial and final configurations. Given (Pi, α) and (Pf , β), the task
is to find the shortest smooth path from Pi to Pf such that it starts and ends
with the directions of motions α and β, respectively, and the path curvature is
limited by 1/ρ where ρ is the minimum turning radius of the vehicle or the robot
under consideration.

The first complete solution to this problem was first reported by Dubins in
1957 [25] where he showed that the shortest feasible path consists of exactly
three path segments of a sequence CCC or CSC, where C for circle is an arc
of radius ρ, and S for straight is a line segment which can then be decom-
posed into a set of six candidate paths. The optimum path was then found by
explicitly computing all paths on the list and then comparing them which may
become a problem in applications where computation time is critical, such as
in real-time robot motion planning. Instead, Shkel and Lumelsky presented a
logical classification scheme that allows one to extract the shortest path from
the Dubins set directly, without explicitly calculating the candidate paths [26].
In this paper, a function for finding the optimal path connecting any initial and
final configurations, pathPi,Pf

= Dubins((Pi, α), (Pf , β), ρ), is developed.

5 Simulation Results

Assume that a field has the coordinates, starting from lower left corner and
in counterclockwise direction, (−30.7, 45.9), (54.1, 130.7), (110.7, 74.1), and
(25.9, −10.7) and a robot with a minimum turning radius of 2 m with some
random heading angle is located at (−20.4, 54.6). The algorithm started by
generating the waypoints of the playable field layout and then used Dubins’ path
to connect the layout components. The generated trajectory for an accuracy of
0.01 m is shown in Fig. 3 and a simulation can be seen on Youtube1. The complete
trajectory can then be used to autonomously guide the line marking robot shown
in Fig. 2b throughout the line marking process.

1 https://www.youtube.com/watch?v=iKLNoAniZGw.

https://www.youtube.com/watch?v=iKLNoAniZGw
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Fig. 3. Coordinate generation of the field of play.

6 Conclusions

In this paper, a path planning algorithm is used to generate the waypoints repre-
senting the layout of the field of play according to FIFA’s standard dimensions.
Dubins’ path is used to connect the layout components in a way to generate a
complete, continuous, short, and smooth trajectory which can be used safely to
navigate the robot throughout the line marking process. Trajectory generation
based on clothoid arcs is left for future work.
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