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Abstract: This article describes a navigation algorithm for a mobile robot, endowed with
odometry and a range sensor, moving in a structured indoor environment, without previous
knowledge of its map. The objective is to discover the exit and obtain the shortest path from
the initial point. The navigation algorithm adapts to changes in the environment. Results
obtained with amobile robot, endowed with alaser scanner, are presented.

1. INTRODUCTION

In an industrial environment, the presence of
autonomous vehicles that perform repetitive tasks is
becoming more predominant. Due to the vast
physical area, and its complexity, where these
vehicles operate, their adaptation to the environment
without human intervention is fundamental. In this
process, the vehicle needs to acquire the
indispensable information required for time and
spatial task management. In this work, where the
vehicle is a mobile platform, a navigation algorithm
is developed to carry out a mission within an indoors
office-like environment.

In the literature, two ways for mapping indoor
environments can be found: grid-based and
topological. The first leads to complex planning and
problem solving in large-scale indoor environments,
while the topologicdl maps can handle more
efficiently the sensor errors[4][5].

This article describes a navigation algorithm for a
mobile robot, endowed with odometry and a range
sensor, moving in a structured indoor environment —
amaze — without previous knowledge of its map. The
objective is to discover the exit and obtain the
shortest path from the initial point. The navigation
algorithm adapts to changes in the environment. We
have chosen a topological map composed of two
building blocks: crossings and corridors, both
delimited by walls. Along its mission, the vehicle
must build automatically a topological map, based on
which it can locate itself and optimize the path to
execute the tasks for which it was designed. This
map construction must consider the possible
enlargement of the original physical area and the

access to the map must be fast, in order to efficiently
plan atrajectory.

The paper is organized as follows: Section 2 presents
an overview of the work presented in this paper.
Section 3 describes the data parameterization for the
two levels of the navigation process, which is
detailed in Section 4. Experimental results are
presented in Section 5. Section 6 concludes the paper
and presents directions for further development of
thiswork.

Figure 1. Nomad Super Scout Il platform with
a Sick Laser on top.

2. OVERVIEW

The navigation algorithm uses the sensors data to
acquire environment information. After data
processing and its parameterization, the information
available is used for two navigation levels: low level
and high level. The first controls motor wheels, and
the second builds and uses the topological map.



The maze is a group of corridors and crossings that
will constitute the map. A crossing consists of a
location, where the vehicle can change its trajectory.
A corridor is the connection between two crossings,
aways maintaining the same direction. The
delimitation is made by walls, with which the vehicle
cannot collide. These are perpendicular among

themselves.
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Figure 2. The combination of these five

topological patterns (possibly rotated and/or

enlarged or reduced) defines a maze.

The first 3 basic patterns on the left of Fig. 2,
exemplify crossings in a maze. The fourth patterns
represents a corridor. The last one is a special case: a
corridor without exit, i.e,, a dead end, which is
identified as a crossing, where the only hypothesisis
to turn backwards. However, the corridors have
different widths and different lengths, which implies
crossings with different dimensions.

The maze is represented topologically by means of a
graph, where the crossings and the corridors
correspond to the nodes and the arcs, respectively.
Each node contains information on the connected
arcs, the number of times that each one was visited
and the dimensions of the crossing. The dimensions
of the crossings are obtained using the dimensions of
the previous and following corridors and the
odometry datathat is calibrated along the navigation.

The algorithm was tested on a mobile platform
Nomad Super Scout |l endowed with a Sick Laser,
represented in Fig. 1. The vehicle's perception of the
environment is obtained through evaluation of the
Sick Laser's measurements and odometry [1], as
mentioned. The Sick Laser measurements are
represented in the (X,y) coordinate system (CS),
coupled to the vehicle (Fig. 3). The odometry
measurements are relative to the world CS, (Xw,Yu),
coincident with the CS coupled to the vehicle for the
initial posture.

Figure 3. Vehicle CS for a Nomadic Super
Scout I (topview ).

The information retrieved by the Sick Laser consists
of N=360 measurements in polar coordinates, (ri,g;)
i=1,..,N, wherer; represents the value of the distance
to the obstacle according to the direction ¢ that
ranges between 0° and 180° with an increment of
0.5°. The odometry, based in the integration of the
angles of each wheel, indicates the pose of the
vehicle in the world CS. This information obtained
from the sensors is then used to navigate through the
maze.

3. DATA PARAMETERIZATION

As there is no initial knowledge of the maze where
the vehicle will navigate, it is fundamental to select
trajectories in order to gather the largest possible
amount of information so that it can elaborate the
topological representation of the maze. The mobile
platform must avoid obstacles and maintain a smooth
and centered trajectory both in the corridors and the
crossings.

While the exit of the maze has not been reached, the
priority options are those that allow discovering new
nodes in the map which, regarding the maze, means
new corridors and new crossings. When the objective
is reached, to return to the starting point, the shortest
path in the computed map is selected, which
corresponds to the optimal path.

It is useful to point out that, for new paths in the
maze, the map is enlarged, as much as the need of
reaching new objectives (new points to reach). There
are several methods of identifying that the objective
was reached, e.g., by the odometry values, or by the
recognition of a pre-defined geometric object with
the Sick Laser, or by the visualization of a pre-
defined image through a video camera, among others.
The several steps taken along the navigation process
areillustrated in Fig. 4.

After the acquisition of the Sick Laser's data, (ri,qi),
the information is processed by filtering the points
that are distant from the center of the vehicle of a
dynamic value, d, proportional to the corridor's
width, w. There are several corridors in the maze,
with different width values, w. However it is
assumed that each corridor has an approximately
constant width, which w is determined by (4.5). This
fact is due to the diversity of the dimensions of the
corridors that constitute the maze. Because of the
diffraction limitations of the laser, mainly in corners,
it is necessary to apply median filtering. After
median filtering, the existing related groups in the
data are identified. By related group it is meant a
group of points that are not further away from the
previous value than athreshold value.
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Figure 4. Schematic of the navigation process.

The (r;,q) are compared with the previous values,
because the points are sorted in increasing order
according to the angle. At the end of each iteration,
each point is identified as (ri,q;,c), i=1,..., N, where
ri,gi corresponds to the polar coordinates of point i,
that belongs to group c¢. The number of groups
changes between iterations. The ry, and gy are the
threshold values.

As the environment is well structured, composed by
corridors and crossings as described previously, each
group can be parameterized with one or more straight
lines.

e =E[(y- 97 (31)

The error of a given group with respect to a linear
parameterization Y=a>xx+b is minimized by
determining a and b that minimize the cost function
(3.1), where (x,y) are Cartesian coordinates and Vis

an estimation of y.
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Figure 5. Sets constructing.

Due to the positioning of the maze walls and the
chosen CS, the algorithm expects to detect almost
horizontal straight lines, where the absolute value of
b is very high, and vertical straight lines, where the
slope, a, reaches high values. Due to this situation,
straight lines are defined (j ,b), which satisfy the
parametric equation (3.3), where j is the angle
between the straight line and the y-axis.

x>xcos( )+ yxsin( )=b 3.3

However, it is not guaranteed that the
parameterization of each group is achieved with a
single straight line [3], in order to assure that the
error value is less than a threshold value. If this
happens, the maximum possible number of
consecutive points is parameterized with only one
straight line (until the error value is less than a
threshold). The same procedure is followed for the
remaining points of the same group. The number of
straight lines is increased until the group is
completely parameterized (see Fig. 6). If each
straight line is valid for only two points of this set,
which means too many straight lines, then this
iteration is ignored because the measures were
inaccurate. Besides the values(j ,b), other parameters
are necessary to define the straight line, ry, the limits
between which the straight line is valid, Xint, Yinf, Xap
and ys,p, and the set c it belongsto:

Mk :(j ’b!Xinf!yinthupaysuprC) (3.9
At each iteration there exists a variable number of

groups and all this information is parameterized by
seven parameters times the number of straight lines.
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Figure 6. Linear parameterization of each set.

4. NAVIGATION

Data parameterization is used for navigation. It is
necessary to elaborate trajectories and to build the
map of the maze. There are two navigation levels:
low level and high level. Low level navigation
corresponds to the determination of the pose (x,y,9),
in order to accomplish trajectories that are equidistant
to the maze walls, with the desired orientation. High
level navigation consists of the elaboration of the
graph map, as a topological maze representation. It
also optimizes the path with all the information
obtained so far, in order to reach the intended
objective.

4.1 Low level navigation

Based on the previously computed parameterization,
it is possible to calculate the angular error, qe, that
corresponds to the angle between the y-axis of the
referential coupled to the vehicle and the corridor's
walls, as well as the error distance, d, between the
center of the vehicle and the middle of corridor,
measured perpendicular to the walls. The value w
defines the corridor with, measured perpendicular to
the walls. As shown in the Fig. 7, the controller uses
those values to calculate the velocity reference that
will be applied to the wheel velocity controllers.
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Figure 7. Schematic of parameterization vs.
control.

Based on the CS coupled to the vehicle and due to
the maze structured environment, the resulting
straight lines of the parameterization could only be

vertical or horizontal. Knowing the slope of the
straight lines (defined by j , see (3.3) ) it is possible
to calculate the orientation error of the vehicle.
Thus, straight lines that have |j |<45°, are considered
vertical straight lines, otherwise, they are horizontal.

Figure 8. Typical situation, where the
visualization range shows two sets: the first
(on the left of the platform) with straight lines
a and b, and the second set (on the right) with
a single straight line ¢ as a result of
parameterization.

As a result of the parameterization we have two
groups, the first composed of straight lines a and b,
and the second with a single straight line c, see Fig.
8. While the straight lines b and c are considered
vertical, a is horizontal. In Fig. 8, the effect of the
occlusion in the group to the right of the vehicle is
noticeable.

To calculate the orientation error of the vehicle, ge,
the weighted average of the slope of the vertical
straight lines and the slope of the horizontal straight
linesis used. Regarding vertical straight lines:
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where R, corresponds to the number of vertical
straight lines of all groups, N;, the number of points
that constitutes the straight line i (obtained using the
variables Xint, Yinf, Xap and Ysyp, Of (3.4) ) and j;, the
slope of vertical straight linei. A similar procedureis
applied to the horizontal straight lines. However, we
must subtract 90° to the slope of the straight lines,
because these are considered horizontal:

(4.2)
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The value of orientation error, Qe, is calculated by
means of the weighted sum of ., and g,..:
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The distance error between the vehicle and the
corridor's center, de, is the result of the sum of the
distances, between the center of the referential
coupled to the vehicle and the intersection of the
vertical straight lines with the x-axis:
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(4.9

The parameter R, .o indicates the number of

vertical straight lines, where b; is positive, while
R/ b<o indicates the straight lines number with

negative bj. Fig. 9 illustrates the orientation and
distance errors with respect to the corridor's walls.
Although the examples present the errors separately,
they always exist together.
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Figure 9. Example of orientation error (left)
and distance error (right).

The calculation of the corridor's width is obtained
using the straight lines that are considered vertical
and the intersection of these with the x-axis of the CS
coupled to the vehicle:
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(4.5)

The controller is designed based on functions that
depend on parameters d and ge: f(dg) and g(ge [2].
The maximum value of orientation error, is 45° (due
to the definition of vertical straight lines; see Section
4.1), while dg_ corresponds to half of the corridor's

width, w/2, minus the half diameter of the vehicle.
When the absolute value of de approaches the limit, it
is necessary to correct that value, whatever the value
of ge will be. Function g(de), defined by (4.6) is used
to scale g(go):

& l|dJ 0
gmgzg,gii; (4.6)
Crax I

Functions f(dg and g(qge are proportional tode and ge
respectively. In the crossings the function f(de) is not
used, because d. cannot be calculated (4.4). When the
platform enters the crossing, in the first iterations, the
ge Signal is changed and its value is increased by a
positive or negative offset, to make the controller
unstable. The proportional gain constants for the
controller were obtained experimentally.

Odometry calibration is essential for platform
navigation, because the center of the crossings is
obtained by odometry. The values are calibrated
using the following equations:

X =X, £ ) - (XY, sin@,)
yi = Ccorridori de
wherei andi-1 are consecutive iterations and Ceorridor
corresponds to the entrance of the previous crossing,
given by the odometry, plus w/2. The signa =+
corresponds to “+” for Q° orientation and “—" for 180°

orientation. For other orientation cases, the variables
xandy are exchanged in (4.7).

4.7)

4.2 High level navigation

At this point, besides parameterization, we also know
error values de and ge. In this navigation level it is
necessary to identify if the vehicleis either located in
a crossing or in a corridor. It is also necessary to
build the topologicad map and analyze all the
information in order to make the right decision on the
path to take.

If the positioning and the limits between which the
straight lines are valid, that will allow either corridor
or crossing identification. If the vehicle is located in
acorridor, with error values below the defined limits,
it is expected to perceive two groups, each with a
straight line. Only the visible area allowed by the
algorithm limits each one of those straight lines.
When the upper limit of the straight lines begins to
be inferior to the value imposed by the area allowed
by the algorithm, the credibility of a crossing begins
to increase. This credibility factor releases the
algorithm of unsuccessful iterations. When the
number of points of each straight line is less than a
threshold value, it is considered that the vehicle is
located in a crossing. The number of groups is
analyzed, as well as the number of straight lines at
each one, to evaluate the possible exits of the
crossing. In the example shown in Fig. 8, the vehicle
is about to enter a crossing, constituted by two
groups. The first is defined by straight lines a and b,
and due to the continuity between the straight lines
and the positioning, indicates the inexistence of any
exit for the left or in front. The second group displays
a greater separation with respect to the previous



group, which means an exit for the right. The
algorithm just considers an exit, when the distance
between two groups is more than the diameter of the
vehicle.

Nodes and arcs constitute the topological map as it
was aready referred in section 2. A node is
associated to each crossing, identified as node Kk,
containing the following information: the physical
dimensions of the crossing contained in the vector v ,
the number of times that each arc was visited f and

vector b with the possible directions that the vehicle
can take:

n =(%.6.b) k=123... (4.8)

The physical dimensions of the crossing v, are
defined relative to its center, width and length.

Vector b identifies the arcs of each node. In
positions 0, 1, 2 and 3 of this vector we define the
arcs for the left, front, right and back respectively in
relation to the world CS (coincident with the
referential coupled to the vehicle at initialization).
Whenever a node is created, the existent arcs in that
crossing are identified and the respective positions of

vector b are initialized to O (zero). The remaining

positions are initialized with value -1 (or NULL).
Knowing the branch that links to the previous node,

the corresponding position of vector b is refreshed
with the number of that node.

The graph is built based on this procedure. Once
located in the crossing, before a node is created, the
position of the vehicleis verified in the world CS and
the existence of the node is sought in the graph map.
In case it doesn't exist, this fact leads to the creation
of the node, just as it was explained in the previous
paragraph. Afterwards, based in the existent arcs in
that node, a decision must be made. If the path to the
objective is still not known, it prevails the mission
“to conquer”, that is, to search for crossings still not
visited, or that have been traveled the smallest
possible number of times. This is how an
enlargement of the map is achieved.

out(n,) = mnjn (branch(n, )) (4.9)

While the objective has not been reached, the process
repeats itself iteratively. Once its mission is
accomplished, the vehicle will have to return to the
starting point, or otherwise, it will be assigned a new
objective. If, through the built map, it succeeds to
reach the objective, it will optimize the path
according to the traveled distance. The A* algorithm
isused in the search of the optimal path between two
nodes in the built map.

5. EXPERIMENTAL RESULTS

The vehicle used is a Nomad Super Scout I (see Fig.
1) a non-holonomic mobile unit with two motor-
driven wheels. It includes a Pentium 233 MHz with
64 MB and odometry sensors. It also incorporates on
the top of the vehicle a Sick Laser with a 180° scan
angle (0.5° precision) and communicates with the
computer through the serial port, using the RS232
communication protocol, at a speed of 38.4 kbps.

The low level navigation was initially tested in a
corridor (see Fig. 10). Asshown in Fig. 9, in the first
test the platform begins with an orientation error,
while in the second, with a distance error. In this
case, the platform’s orientation is parallel to the
walls. The length of the corridor is about 1.5 meters.
The platform corrects the distance error faster, which
is also important to correct the orientation error. This
is due to the distance error created when the platform
moves, trying to correct the orientation.

The real situation of Fig. 8 is shown in Fig. 11. The
platform changes its direction smoothly in the
crossing. The small oscillation is due to errors in the
laser measurements. However it is not perceptible on
the platform motion, due to the reduced vehicle
acceleration.
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Figure 10. Example of navigation through a
corridor starting with orientation error (left)
and distance error (right).

Figure 11. Navigation through acrossing.

After these low level navigation tests, a maze was
built as shown in Fig. 12 and Fig. 13. The maze
dimensionsare 7~ 4 meters. There is no exit in the
maze to visit all the corridors and crossings and to
test the algorithm when a crossing is often visited. In



the first trial, Fig. 12, the odometry correction was
disabled and, at each crossing, the direction was
randomly chosen. For almost 4 laps, the increase of
odometry error is visible. After a few more laps, the
algorithm couldn’t identify all the crossings. Due to
the odometry error, in Fig. 12 it seems that the
platform crashes against the wall in some corridors
(in the middle of the maze and near the dead-end).
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Figure 12. Navigation in a maze without
odometry correction.

In the last test, shown in Fig. 13, the odometry
correction was enabled. In each crossing the
algorithm chooses the direction not so often visited
(in order to discover more paths). The platform
started its path in the right side of the maze. Theright
half of the maze is visited more times because of the
deadlock, which is solved perfectly. When this side
of the maze is completely known, the left half is
discovered with one path. This test lasted almost 5
minutes to discover the entire map. If there were an
exit, it would use lesstime.
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Figure 13. Navigation in a maze with
odometry correction.

6. CONCLUSIONS

This paper demonstrated navigation in an unknown
environment without a previous knowledge of a map.
The method requires that the environment is
expressed as a combination of the five patterns
defined in 2. Still the fact remains that the navigation
algorithm works with not paralel walls. The vehicle
always navigates in the middle of the corridor using
the parameterization algorithm in the limited

observation area. For transient obstacles, as someone
walking along the corridor, the navigation algorithm
avoidsthe collision and stops. If the obstacle persists,
the vehicle turns back along the corridor without
modifying the map.

Further developments could integrate vision sensing
to add more information about each crossing. Vision
could be used to replace the odometry. To optimize
the vehicle performance, a velocity controller could
be developed to increase the translation velocity
proportionally to the corridors width.
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