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Abstract: The problem considered here is state estimation in the presence of bounded process
and measurement noise. A new nonlinear state estimator, based on interval analysis and the
notion of set inversion, is applied to robot localization and tracking. This estimator evaluates
a set guaranteed to contain all values of the state that are consistent with the available obser-
vations, given the noise bounds and some possibly very large set containing the initial value of
the state. Three situations are considered to illustrate the properties of the estimator.
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1 Introduction

Much of recent research in robotics has been devoted to increasing autonomy, e.g., by adding
sensors, mobility and decision capability. To be autonomous, robots must be able to estimate
their present state from available prior information and measurements.

The problem to be considered here is the autonomous localization and tracking of a robot
such as that described by Figure 1, using distance measurements provided by a belt of on-board
exteroceptive sensors. Ultrasonic sensors are used, but other types of sensors could also be
considered, with the same methodology. The environment is assumed to be two-dimensional (al-
though a three-dimensional extension poses no problem in principle), and a map of its landmarks
is available to the robot.

In this paper, the methods developed in [11] for static robot localization and in [9] for state
estimation are combined. The model of the robot and its environment is presented in Section 2.
In Section 3, an interval method recently developed for the guaranteed localization of a robot
is briefly recalled. In Section 4, a guaranteed state estimator based on interval analysis and the
notion of subpaving is presented. Application of the methodology described in Sections 3 and 4
to robot tracking is reported in Section 5.

2 The robot and its map

The vehicle considered has a single body and its motions are generated by two coaxial indepen-
dently driven wheels. Its displacement is planned in a 2D environment with respect to a set of



Figure 1: Robuter mobile robot by Robosoft.

landmarks and obstacles among which the robot has to move. Part of these landmarks define
the world reference frame W, in which the mission is defined. Let R be a reference frame tied
to the vehicle (see Figure 2). The configuration of the vehicle in the 2D-world is x = (¢, ye, Q)T,
where z. and y. are coordinates of a characteristic point ¢ which defines the origin of R, and
0, the heading angle of the robot, is the angle between R and W. In what follows, x will be
considered as a state vector, since a kinematic model of motion will be used. Points and their
coordinates will be denoted by bold lower-case letters in VW and by tilded bold lower-case letters
in R. Thus, for example, a sensor and the coordinates of its emission cone will be denoted by s

in W and s in R, with
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where x. and ¥, are the coordinates of ¢ in W.

Figure 2: Configuration of the robot.

Given some (possibly very large) initial search box [x¢] in configuration space, robot localiza-
tion can be formulated as the task of characterizing the set Xy = {x € [x¢] | ¢ (x) holds true},



where ¢ (x) is some test expressing that the state x is consistent with the measurements and
prior information. This test is built using informations given to the robot, namely distance
measurements and a map of the landmarks.

The robot is equipped with a belt of ny on-board Polaroid ultrasonic sensors (sonars). The
position of the ith sensor in the robot frazne R is 8; = (%;,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; = ,. The emission cone of the ith sensor will be denoted by C (§;, 6;, ’yi>.
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Figure 3: Emission cone.

The 7th 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, so far unidentified. To take measurement inaccuracy into account, each data point
d; is associated with the interval [d;] = [d; (1 — o) ,d; (1 + )], where a; is the known relative
measurement accuracy of sensor ¢. Thus, [d;] is assumed to contain the actual distance to the
closest reflecting landmark intercepting at least part of the ith emission cone.

To localize itself, the robot uses a map M of the environment. This map is assumed to
consist of ny oriented segments which describe the landmarks (walls, pillars, etc.): M =
{[a;,bj]|j = 1,...,nw }. By convention, when going from a; to b;, the reflecting face of the
segment is on the left-hand side.

3 Static localization

To check whether a given state x is consistent with the measured outputs {[d;]};=,, the robot
evaluates the measurements that its sensors would return if it were in the state x and compares
them with the actual measurements. The test ¢ (x) must hold true if and only if they are
deemed compatible; ¢ (x) is based on the notion of remoteness. Consider first a sensor ¢ and
a single segment j of the map. If the segment does not lie in the emission cone, or if the
sensor is on the non-reflecting side of the segment, then the remoteness r;; of ¢ from j is infinite
(Figure 4(a) and (b)). Otherwise, r;; is finite and corresponds to the distance between the sensor
and the intersection of the segment of the map and the emission cone (Figure 4(c)). When all
segments of the map are taken into account, the remoteness r; of ¢ from the map is given by



ri = rlnin ri;. It is consistent with the measured output if r; € [d;]. The state x is consistent
J=1,0 Ny
e

11].

&




A
A
A

desired.

b



{
7 _ 7 _ A


















)
+~
o)
£
=
—
)




1987.



