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Abstract. This paper deals with the determination of the position and orientation of a mo-
bile robot from distance measurements provided by a belt of onboard ultrasonic sensors. The
environment is assumed to be two-dimensional, and a map of its landmarks is available to the
robot. In this context, classical localization methods have three main limitations. First, each
data point provided by a sensor must be associated with a given landmark. This data-association
step turns out to be extremely complex and time-consuming, and its results can usually not be
guaranteed. The second limitation is that these methods are based on linearization, which makes
them inherently local. The third limitation is their lack of robustness to outliers due, e.g., to
sensor malfunctions or outdated maps. By contrast, the method proposed here, based on interval
analysis, bypasses the data-association step, handles the problem as nonlinear and in a global way
and is (extraordinarily) robust to outliers.

Keywords: Interval Analysis - Identification - State Estimation - Outliers - Bounded Errors -
Robotics.

1. Introduction

Robots are articulated mechanical systems employed for tasks that may be dull,
repetitive and hazardous or may require skills or strength beyond those of human
beings. They first appeared as manipulating robots with their base rigidly fixed,
performing simple and well defined elementary tasks in a controlled workspace.
Since then, much of the research in robotics has been devoted to increasing their
autonomy, e.g., by adding sensors, mobility and decision capability. Mobile robots
may take various forms depending on the task and environment. To be autonomous,
they must be able to estimate their present state from available prior information
and measurements.

The problem to be considered here is the autonomous localization of a robot such
as that described by Figure 1 from distance measurements provided by a belt of
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onboard exteroceptive sensors. Here, ultrasonic sensors are used, which are known
to be cheap but imprecise. Other types of sensors providing range data could be
considered, with the same methodology. The environment is assumed to be two-
dimensional (although a three-dimensional extension poses no problem in principle),
and a map of its landmarks is available to the robot. No special beacons need to
be introduced in the environment to facilitate localization.
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Figure 1. Robuter mobile robot by Robosoft.

In this context, classical localization methods [4], [2], [17], [6], [18], [21] and [5]
have three main limitations. First, each data point provided by an exteroceptive
sensor must be associated with a given landmark. This data-association step turns
out to be extremely complex and time-consuming, and its results can usually not be
guaranteed. The second limitation is that these methods are based on linearization,
which makes them inherently local. The third limitation is their lack of robustness
to outliers due, e.g., to sensor malfunctions or outdated maps. By contrast, the
method proposed here, which is based on bounded-error set estimation (see, e.g.,
[27], [22], [23] and [20], and the references therein), bypasses the data-association
step, handles the problem as nonlinear and in a global way (see also [19]) and is
(extraordinarily) robust to outliers.

This paper is organized as follows. The problem is stated in mathematical terms
in Section 2. Section 3 describes the elementary tests that will be used to locate
the robot. Extension to intervals and combination of these tests are considered in
Section 4. Section 5 describes the algorithm employed to characterize the set of all
values of the localization parameters that satisfy the tests chosen. The resulting
methodology is illustrated on three tests cases in Section 6, before drawing some
conclusions in Section 7. The notation used is summarized in Section 8.
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2. Formulation of the problem

Computation will involve two frames, namely the world frame W and a frame R, of
origin ¢ = (z.,y.) in W, tied to the robot. The angle between R and W, denoted
by 6, corresponds to the heading angle of the robot (see Figure 2). Points and their
coordinates will be denoted by lower-case letters in VW and by tilded lower-case
letters in R. Thus, a point m with coordinates (Z,7) in R will be denoted by m

in W, with
Ze cosf —sinf z
m= ()= (5 ') () 2

Three parameters are to be estimated, namely the coordinates z. and y. of the
origin of R in W and the heading angle 8 of the robot. They form the configuration
vector p = (e, ye,0)" (Figure 2). Given some (possibly very large) initial search
box [po] in configuration space, robot localization can be formulated as the task
of characterizing the set S = {p € [po] | ¢t (p) holds true}, where ¢ (p) is a suitable
test or combination of tests expressing that the robot configuration is consistent
with the measurements and prior information.
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Figure 2. Configuration of the robot.

2.1. Measurements

The robot of Figure 1 is equipped with a belt of ng onboard Polaroid ultrasonic
sensors (sonars). The position of the ith sensor in the robot frame R is §; =

(Z;,7;) . This sensor emits in a cone characterized by its vertex §;, orientation 6;
and half-aperture 4; (Figure 3). As 4; is frame independent, 4; = ;. This cone
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will be denoted by C(8;,0;,7;). The sensor measures the time lag between emission
and reception of the wave reflected or refracted by some landmark. This time
lag is then converted into a distance d; to some obstacle. To take measurement
inaccuracy into account, each data point d; is associated with the interval [d;] =
[d; (1 —a;),d; (1 + «a;)], where «; is the known relative measurement accuracy of
sensor i. Thus, [d;] is assumed to contain the actual distance to the closest reflecting
landmark intercepting at least part of the ith emission cone.
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Figure 3. Emission cone.

2.2.  Prior information

Two types of prior information will be considered. The first one is a map M =
{[aj,b;]]j =1,...,nw } of the environment, assumed to consist of n,, oriented seg-
ments which describe the landmarks (walls, pillars, etc.). By convention, when
going from a; to bj, the reflecting face of the segment is on the left. The half-plane
Aa;b,; situated on the reflecting side of the segment [a;, b;] is therefore character-
ized by

Aap, = {m € R? |det (:Tloj*afm) > 0}. )

The second type of information (optional) is the knowledge of a set described by
polygons to which p is known a priori to belong.
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Localization tests

This section enumerates various elementary tests that will be used to build the
global test t(p) employed to define S.

Lo

.1. Data-association test
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Test Case 1.







projections.

o
Al
<]
=
=}
20
=









TasYa






return (-+00);

fori=1to 2

it (1 >0)
return (+00);
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