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Abstract

The navigation system of mobile robot should have
the capability of environment cognition, action de-
cision, motion control, and state monitoring. This
paper proposes a prediction algorithm route based
on Voronoi diagrams, applicable for mobile robots
with range sensors operating in indoor and unknown
environments. The proposed control law is a hybrid
navigation strategy composed of Voronoi diagrams
and Delaunay triangulation, which is used to avoid
the routes that may eventually block the advance of
the robot. An efficient implementation of the control
law is presented. Simulation results validate the effi-
cacy of the proposed modified control law.

Key words: Autonomous robots, obstacle avoidance,
robot navigation, Voronoi diagrams.

Resumen

El sistema de navegacion de un robot mévil debe te-
ner la capacidad de reconocer su medio, la accién
de decision, el control de movimiento, y la supervi-
sion de sus variables de estado. En este articulo se
propone un algoritmo de prediccién de ruta basa-
do en los diagramas de Voronoi, aplicable a robots
moviles con sensores de rango que operan en am-
bientes interiores y desconocidos. La ley de control
propuesta es una estrategia de navegacion hibrida
compuesta por los diagramas de Voronoi y la trian-
gulacion de Delaunay, que se utiliza para evitar las
rutas que pueden llegar a bloquear el avance del ro-
bot. Se presenta una aplicacion eficaz de la ley de
control. Los resultados por simulacién validan la efi-
cacia de la ley de control propuesta.

Palabras clave: Diagramas de Voronoi, evasién de
obstaculos, navegacion robética, robots autbnomos.
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INTRODUCTION

The route planning strategies for autonomous
mobile robots have been fairly treated in many
references (LaValle, 2006; Zhang et al., 2007;
Afzulpurkar & Thanh, 2008; Mannadiar, 2010;
Bobadilla et al., 2012). We seek to avoid obs-
tacles using global strategies: the first and most
used ones are artificial potential fields (Guanghui
et al., 2012; Bin-qgiang et al., 2011) or algorithms
specifically purely geometric triangulation (Kall-
mann, 2005; Xu et al., 2009; Demyen & Buro,
2006) and many other cell-based geometry such
as Voronoi diagrams (Dong et al., 2010; Shao
& Lee, 2010), as well as the Delaunay method
(Hongyang et al., 2008) that is also interesting.
Each one of the above methods have their own
difficulties and require specific criteria, such as
the method based on artificial potential fields that
suggests the challenge of local minima, while
triangulation algorithms have problems in the de-
cision and prediction less than the possible rou-
tes, and in some cases the algorithms to choose
the best route are necessary as Dijkstra’s (Dong et
al., 2010). In this research, these techniques and
some taken from image processing are applied,
some of these navigation strategies have been
studied by the research group to check its per-
formance and behavior; in the near future com-
parisons will be made with each of them, in this
specific job we choose a combination of Voronoi
diagrams with the use of the Delaunay triangula-
tion, implementation and simulation.

Voronoi diagrams are part of the most signi-
ficant route planning structures in computatio-
nal geometry. These diagrams basically start from
the comparison between elements near in a plan
(Okabe et al., 2000). In this method is essential to
consider the route as far as possible of the obsta-
cles. So in a 2-dimensional space, all points that
are equidistant from two barriers are considered
part of the Voronoi diagram (figure 1).

Figure 1. Voronoi diagram, cell division stage (Dong et
al., 2010).

The Voronoi diagram is denoted as a set of
points P = {p,, p,, p,, --., p,} in the plan, or in any
m-dimensional space. In this set a particular classi-
fication is done, which consists in verify the Eucli-
dean distance of each point regarding to the other
points, calculating the distance d(p, g), distance
defined as shown in equation (1):

d(p,q) = \/(px — g%+ (py, — qy)2 (1)

Furthermore, it is defined V(p) as the Voronoi
cell for p, which becomes the set of g points in
the plan which are closer to p. than any other ele-
ment. Therefore, the Voronoi cell of p. is defined as
shown in equation (2):

Vipd ={q I pqlI<iipjqglvj*i @

This defines the Euclidean distance between p
and g. Finally, it is defined the Voronoi diagram of
P, called Vor(P), as the plan which has been divi-
ded into n Voronoi cells V(p), one for each point in
P (Okabe et al., 2000).

This paper is organized as follows: Section 2 pre-
sents the basic concepts of Voronoi diagrams as base
navigation algorithm. In Section 3, the steps to im-
plement the algorithm are presented, and in Section
4, the results and simulations with different environ-
ments are shown. Section 5, the paper is concluded.
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PROBLEM FORMULATION

The problem is to discard the use of onboard sen-
sors (on the robot). The use of images to the en-
vironment taken with a camera is considered,
instead. From these images, the information of the
robots and obstacles are extracted; then, this infor-
mation to implement the routing prediction algo-
rithm is used. Therefore, the central control unit is
responsible to calculate the navigation path and to
control the movement of the robot, that is always
possible to sense and known the environment. This
means that the position of the robot and the obsta-
cles in the environment are always known.

Let W < R” be the closure of a contractible open
set in the plan that has a connected open interior
with obstacles that represent inaccessible regions.
Let O be a set of obstacles, in which each O € 0O is
closed with a connected piecewise-analytic boun-
dary that is finite in length. Furthermore, the obsta-
clesin O are pairwise-disjoint and countably finite
in number. Let EC W be the free space in the en-
vironment, which is the open subset of W with the
obstacles removed, and the boundary, JE, of E is
the image of a piecewise-analytic closed curve.

The goal is to plan optimal navigation routes
through the free space E using a global algorithm.
We also use an internal algorithm to determine the
best path; i.e., an algorithm that eliminates local
minima, paths that block the movement of the ro-
bot, and very long paths.

The path planning should be done by image
processing (figure 2). The proposed navigation al-
gorithm (which is supported on Voronoi diagrams)
must calculate the optimal route from the naviga-
tion information extracted from the images, and
with the starting and arrival (or target) points.

An improvement to the design of paths with Vo-
ronoi diagrams are proposed, particularly addres-
sing the question of the possible closed paths using
Delaunay triangulation as a solution, in addition a
recursive algorithm that verifies that the selected
path is the shortest of the paths defined by Voronoi
is implemented.

Figure 2. Camera as environment sensor.
NAVIGATION ALGORITHM

Voronoi diagrams as paths prediction method have
a lower risk of collision for robot navigation within
an environment, since it has a projection of free
space £ on a one-dimensional curves network. For-
mally, it is defined as a retraction (Ortega, 2010)
with preservation of continuity. If the set C, defines
the unobstructed positions of an environment, the
retraction function R, builds a continuous subset
C, of C, (equation (3)) (Ollero, 1995).
RT(CI): Cl - v/ Cv c Cl 3)

Thus, it is said that there is a path from a starting
point g, to another end point g, which is free of

obstacles, if and only if there is a continuous curve
from RT(q ) to RT(q)).

Obstacles represented as points

Considering the obstacles of a map as points (figu-
re 3), the following properties can be defined (Or-
tega, 2010):

* Two points p, and p, are neighbors if they share
an edge. An edge is the perpendicular bisector of
the segment pp,.

A vertex is a point equidistant from three gene-
rators (if it is more than three, then degenerate
cases are had) and it is the intersection of three
edges.
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e A Voronoi region is a convex polygon or an un-
bounded region.

* A Voronoi region is unbounded if its generating
point belongs to the convex hull of the point cloud.

Figure 3. Voronoi diagram and properties (Ortega, 2010).
3.2 Obstacles represented as polygons

The retraction function RT definition involves
construction of the Voronoi diagram (Rombaut et
al., 1991). In order to make more realistic the obs-
tacles representation, and according to the formu-
lation of the problem, the obstacles are interpreted
not as points but as polygons. Thus, the Voronoi
diagram is formed by two kinds of segments: recti-
linear and parabolic.

Limiter Poligon of enviroment
ex

Figure 4. Retraction of free space E on Voronoi diagram
(Ollero, 1995).

Figure 4 shows the Voronoi diagram C, and
is represented by the demarcated lines. The envi-
ronment W is delimited by polygon edges {e , e,,
e, e}, the triangular obstacle vertices {n,, n,, n,}
and the triangular obstacle edges {a,, a,, a,}. In
the figure two kinds of lines that compose the Vo-
ronoi diagram can be seen. The segment s is the
locus of equidistant points between the edge e,,
and the vertex n,. Similarly, the rectilinear seg-
ment s, is defined in the same way, but with re-
gard to the edges e, and e,. Given a configuration
that does not belong to C , there is a unique nea-
rest point p belonging to a vertex or edge of an
obstacle O. The function RT(q) is defined as the
first cut with C of the line linking p with g (figure
5) (Ollero, 1995).

Voronoi diagram

Obstacle

Figure 5. A configuration q in the Voronoi diagram
(Ollero, 1995).

For path planning, the Voronoi algorithm tries to
find the sequence of line segments for connecting
RT(q,) with RT(qg). The algorithm (Ollero, 1995):

Calculate the Voronoi diagram.

Calculate RT(q,) and RT(q).

Find the sequence of segments {s, ..., s} such
that RT(g) belongs to s, and RT(q,) belongs to s,..
If it finds such a sequence, then it delivers the
path. Otherwise it indicates error condition.
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METHODOLOGY AND
IMPLEMENTATION OF THE
ALGORITHM

Application was performed in MatLab, using some
techniques of basic image processing (Cuevas et
al., 2010). As a first step, the image is required
from a file or from a camera located on the envi-
ronment. The image is pre-processed and conver-
ted to a binary matrix. When having this initial file,
the obstacles within the environment are labeled
and listed, the position of these obstacles are sto-
red as well as its dimensions. From this moment
the central unit has all the information about , £
and the boundary JF of E.

The next step is the construction of the Voronoi
diagram. The environment the function that calcu-
lates the Voronoi cells is applied, this function gi-
ves as a result a series of navigation solutions. With
the Voronoi diagram, and with the information
about the obstacles, the Voronoi diagram the star-
ting and target points are added. Using Euclidean
distance, these points are determined on where
they are connected.

Finally, the optimal paths for navigation must
be determined. The Delaunay triangulation to veri-
fy the robot to navigate at a distance r from obsta-
cles is applied. This distance r is calculated as the
radius of a circle that circumscribes the robot. For
the selection of the final path, a recursive method
that compares the different routes using the Eucli-
dean distance is applied (figure 6).

RESULTS

The algorithm was tested on a total of 20 different
lab environments, making a total of 40 trials. In
each of these tests, the start and target points were
randomly selected. In the algorithm, the robot was
taken as a circle of radius r = 10.5 cm according
to the geometry of the laboratory robots. The en-
vironment used was a rectangle of 7 m high and
5.5 m wide.

Some of the most significant tests are shown in
figure 7. In this figure the Voronoi diagram with the
path chosen by the algorithm for four different ca-
ses is shown.

u

il [
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i

Figure 6. Steps in the proposed algorithm.
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Figure 7. These are four different environments with the navigational paths calculated by the proposed algorithm.

CONCLUSIONS

This paper proposes a hybrid scheme for robot
navigation combining two geometric navigation
strategies. The modification and verification of Vo-
ronoi diagrams with the Delaunay triangulation
algorithm avoids possible routes impending colli-
sions, and leaves the road ready for implementing
an algorithm using a single Euclidean metric. This
gives as a general result that the algorithm chooses,
in most cases, the obstacle peripheral roads within
the scene, eventually shipping lanes are full of obs-
tacles away with smooth curves and a reasonable
distance.

This paper presents an implementation of pre-
dicting cell routes, which makes the computatio-
nal cost be low and these results can be easily
measured. The measured times with different sce-
narios are between 1 and 3 s, using an Intel Core |7
with 8 Gigabytes Ram running Windows 7 64 bits
and Mat Lab R2011a. This is a time extremely low,
but plotted against delivery routes are not the most
optimal, often routes are entirely peripheral.

Such algorithms are based on a central unit
which makes its implementation easy because it
simply performed without using external sensors,
only a low-resolution camera and a personal com-
puter with basic characteristics, in this case only
scenarios were applied to static, but as future work
it could be implemented for dynamic applications.

The performance of the proposed algorithm was
verified through several simulations.
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