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Integration of Representation Into
Goal-Driven Behavior-Based Robots

Maja J. Mataric

Abstract—We describe an implemented architecture that inte-
grates a map representation into a reactive, subsumption-based
mobile robot. As an alternative to hybrid methods, which separate
the reactive and traditional planning parts of the control system,
we present a fully integrated reactive system that removes the
distinction between the control program and the map. Our
method was implemented and tested on a mobile robot equipped
with a ring of sonars and a compass, and programmed with a
collection of simple, incrementally designed behaviors. The robot
performs collision-free navigation, dynamic landmark detection,
map construction and maintenance, and path planning. Given
any known landmark as a goal, the robot plans and executes the
shortest known path to it. If the goal is not reachable, the robot
detects failure, updates the map, and finds an alternate route.
The topological representation primitives are designed to suit the
robot’s sensors and its navigation behavior, thus minimizing the
amount of stored information. Distributed over a collection of
behaviors, the map itself performs constant-time localization and
linear-time path planning. The approach we present is qualitative
and tolerant of sensor inaccuracies, unexpected obstacles, and
course changes. It extends the repertoire of integrated reactive
systems to tasks requiring spatial modeling and user interaction.

1. INTRODUCTION

NACCURATE sensors, world unpredictability, and imper-

fect control often cause the failure of traditional planning
and navigation methods for real-time mobile robots. More
reactive approaches to navigation have been explored in 1],
[5]), and [33). In particular, 5] proposed the subsumption
architecture as an incremental method for building layers of
robot competencies, consisting of simple rules that tightly
couple sensing and action.

The subsumption architecture has been used successfully in
fully reactive systems such as [4], [7], [9], and [15]. So far,
these systems have been limited to applications requiring no
explicit internal representation, which imposed a fundamental
limitation on the domain of applications for the architecture.
The classical problem of path planning, for example, requires
some representation of space. Any solution superior to random
walk necessitates an internal model of the robot’s current lo-
cation, the desired goal location, and the relationship between
the two.

Path planning is discussed extensively in the literature
[21], [23], [34]. Most solutions rely on centralized world
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models whose compatibility with completely reactive systems
is debatable [3]. Hybrid systems offer a compromise by
employing a reactive system for low-level control and a
planner for higher level decision making. They separate the
control system into two or more communicating but basically
independent parts.

In contrast, we address the problem of integrating represen-
tation into a fully reactive, nonhybrid system with the goal
of maintaining a map of the environment and using it for
path planning. We introduce a distributed map representation
that merges directly into a homogeneous subsumption-based
system, thus eliminating the need to separate the planning
and execution parts of the system. Our approach extends the
repertoire of integrated, fully reactive systems to domains
requiring internal spatial representation. T

Our system’s task is to explore an office environment, and to
construct and maintain a map based on landmarks it discovers.
The user can select a particular landmark (e.g., a specific
corridor) or landmark type (e.g., the nearest corridor) as the
goal. The robot then employs the map to plan and execute
the shortest known path to that landmark. After reaching the
destination, the robot is either given another goal or continues
to explore and update its map. If the robot fails to reach the
goal, it detects its failure and changes the map appropriately.

All algorithms we describe were implemented on a mobile
robot. The data were gathered by running the robot in unal-
tered office environments with static and dynamic obstacles
including furniture, other robots, and people.

II. THE RoBOT, TOTO

Toto, the testbed robot we constructed, consists of a circular
omnidirectional three-wheeled base capable of following an
arbitrary continuous path. On the base is mounted a ring
of 12 ultrasonic ranging sensors, ranging from 0.9 to 32 ft,
and a flux-gate compass, providing 4 bits of bearing (Fig. 1).
The robot is programmed in the Behavior Language, a rule-
based parallel programming language that compiles into the
subsumption architecture [5].

The robot was tested over a period of two months in over 40

trials in a cluttered office environment. The data were gathered

by attaching a marker to the base of the robot and recording
its path on the floor covered with 1-ft? tiles.

I1I. SENSOR CHARACTERIZATION

Real sensors are noisy and inaccurate. Maximizing their
reliability often involves data interpretation using compli-
cated physical models. In contrast to explicit error modeling,
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Fig. 1. The robot testbed: an omnidirectional three-wheeled base equipped
with a ring of 12 ultrasonic ranging sensors and a flux-gate compass.

we minimized overhead computation by using qualitative,
functional descriptions of the sensors describing merely the
properties relevant to the robot’s task.

Much work has been done on formalizing the limitations
of ultrasonic ranging sensors and suggesting various analytical
approaches to their application [19], [20]. Our method relies on
a single sufficient characteristic of the sensor: its high accuracy
(near 95%) for incident angles less than 15° from the surface
normal [32]. Long returns may result from specular reflection,
and are thus less reliable. We utilize the returns in the short
range, as well as the qualitative properties of the data, such
as relative differences between readings rather than their exact
values.

The error characteristics of the compass are quite different.
Its absolute heading reading is grossly inaccurate in the
presence of interfering magnetic fields and metal structures in
the environment (up to 2 of the available 4 bits of resolution,
or 50%), while it is locally consistent to up to 90% accuracy.
To maximize its utility, we structured our algorithms to rely
on the repeatability rather than on the absolute accuracy of
the sensed compass direction.

Fig. 2 illustrates the organization of the sonar and compass
regions on the robot. The sonar cones remain constant with
respect to the forward-pointing vector, whereas the compass
reflects the local magnetic field. The two sensors are used
independently.

IV. THE BASIC NAVIGATION ALGORITHM

The robot’s control system consists of three competencies
integrated into a homogeneous behavior-based representation;
1) basic navigation (obstacle avoidance and boundary tracing),
2) landmark detection, and 3) map-related computation (map
construction, map update, and path planning). The competen-

Fig. 2. The organization of the compass and sonar regions. The sonar cones
remain constant relative to the shown forward-pointing vector. The compass
reflects the local magnetic field. The two sensors are used independently.
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Fig. 3. The perceptual zones around the robot corresponding to the relevant
obstacle and boundary conditions in the environment. The regions are used
to implement basic collision-free navigation rules that combine into a robust
boundary tracing behavior. -

cies were designed and added incrementally, each relying on
those below. :

Lower level competencies do not depend on the higher level
ones, but we designed them by keeping in mind the entire in-
tegrated system. The basic navigation algorithm was designed
to facilitate landmark recognition as well as map construction
[27]. Its primary task was to keep the robot moving safely
through an unaltered office environment, avoiding collisions
with objects and people. The rules for reactive wandering were
augmented with a rule that made the robot maintain a small
distance from objects, i.e., avoid open areas. This behavior
is useful as the accuracy of the sonars is maximized in the
proximity of detectable objects, which is where the robot can
obtain the most information about the environment.

The robot’s velocity was limited by the sonar refresh rate:
200 ms per pair of sensors; a new data set for the entire sonar
ring was obtained at 0.83 Hz. This limited the robot’s velocity
from the maximum of 2 to 0.2 m/s. Based on the circular
arrangement of the sonars, obstacle avoidance and boundary
tracing were implemented by segmenting the space around the
robot into relevant sensory regions (see Fig. 3). The area in
front of the robot was divided into two regions: the danger
zone and the safe zone. The threshold between the zones (0.3
m) was derived from the robot’s velocity and the minimum
range of the sonar sensors (0.25 m). It guarantees that at least
two sets of sonar data are available before reaching an obstacle,
thus decreasing the probability of collision.

An object in the danger zone is an obstacle. An object in
the safe zone causes the robot to turn appropriately to avoid it.
The edging distance is a threshold dividing the area on each
side of the robot. The robot stays within the edging distance
of the boundary it is following. The following basic behaviors
utilize the zones to produce boundary tracing:
























