Chapter 1
Introduction

Robots need to understand their environment in order to be able to perform different
tasks within it. A robot’s interface with the external world is usually composed of
several sensors that gather data. How to understand and interpret this sensor infor-
mation is one of the fundamental problems in mobile robots.

Building maps of the environment is a typical example of how a robot uses sen-
sor information to interpret the world. Some of the most usual maps in mobile ro-
botics represent the parts in the environment which are occupied by objects such
as occupancy grid maps [3, 8]. The occupancy information enables the robots to
navigate without collisions, or to localize itself inside the environment. To build
an occupancy map, a mobile robot usually moves along a trajectory while gath-
ering information with some proximity sensor able to detect obstacles. Creating
maps of the environment is extensively studied in the research area of Simultaneous
Localization And Mapping (SLAM) — or Concurrent Mapping and Localization
(CML)—[2, 6,9, 11, 13, 14].

Occupancy maps are useful models for localization and navigation, however,
other robotic tasks require a higher level of knowledge about the environment. Spa-
tial concepts like the distinction between different locations, connectivity between
them, or global topologies can be acquired by a robot from its experience inside the
environment as shown by Kuipers and colleagues in the Spatial Semantic Hierarchy
and its extensions [1, 5, 10].

In the particular case of indoor environments, we can find typical divisions of
space such as corridors, rooms, or doorways. These divisions can be grouped into
categories represented by a semantic term. A semantic term relates a category to
some functionality, objective situation, or possible affordance in the place it repre-
sents. For example, the term corridor refers to the places which include doorways
leading to other rooms. Furthermore, the term doorway indicates the places repre-
senting transitions between two different rooms, or between a room and a corridor.
The process of applying a semantic term to some division of the environment is also
known as semantic place labeling.

For a lot of applications, robots can improve their service and human-robot com-
munication if they are able to obtain a semantic categorization of the environment in
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which they work. As an example, a robot that possesses information about the type
of places can be instructed to “open the door to the corridor.” Moreover, semantic
terms like corridor or room give the human user a more intuitive idea of the position
of the robot in comparison to the raw 2D coordinates inside a map. In addition, the
semantic place information about places can improve the performance of the robot
in other tasks such as localization or exploration.

In this book, we consider the problem of semantically categorizing the differ-
ent locations of indoor environments using a mobile robot. An example is given in
Fig. 1.1. The image in Fig. 1.1(a) shows the occupancy grid map corresponding to
the ground floor of building 52 at the University of Freiburg. In this map, only infor-
mation about occupied and free space is given. However, some natural divisions can
be extracted from this environment, as for example rooms, doorways and a corridor.
The original occupancy map is then extended with information about these place
categories as shown in Fig. 1.1(b).

As explained before, a robot gathers information about the environment through
its sensors. Thus, the main question is how a mobile robot can recognize the differ-
ent places of an indoor environment using sensor data. In this book we solve this
problem using different classification techniques. In our specific case, a classifier is
a function that maps sensor information into place categories. A mobile robot uses
this function to determine the place in which it is located based on its current sensor
observation. Before performing this mapping, the data coming from sensors is trans-
formed into a feature vector which is fed into the classifier. This general approach
comprises the basics of the different methods that will be presented along the book.

It is important to note that we will present methods that allow a robot to recognize
places by categories. The difference between categories and instances is important.
In our case, an instance represents a concrete place in the environment such as “room
1015 in building 79 at the University of Freiburg”. A category, however, represents
a set of instances. For example the category room would contain all indoor places
that are likely to be a room. In general, categorization is considered a harder prob-
lem than instantiation because the classifier needs to be general enough to include
all instances in one category, while at the same time needs to be specific enough
to distinguish instances between different categories. In addition, when creating a
classifier, the robot needs to find common features for all instances belonging to the
same category.

All classifiers presented in this book are learned using supervision. Supervised
learning is an approach which needs a set of already labeled examples to construct
the mapping function. These examples are usually provided to the robot by an ex-
ternal agent or tutor. An example of a tutor can be a person showing the robot the
different places in a house.

Opposite to supervised learning approaches are unsupervised techniques. A robot
learns in a unsupervised fashion when there is no tutor indicating the different cat-
egories of places that can be found in the environment. In this case it is the robot
itself who learns the different places according to some distinction measurement
extracted from its sensor data [1, 4, 5, 16]. Typical unsupervised approaches use
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(a) Original occupancy grid map

(b) Space divisions

I Corridor I Room Doorway

Fig. 1.1 Natural divisions of typical indoor environments. (a) shows the original occupancy
grid map corresponding to the ground floor of building 52 at the University of Freiburg.
(b) depicts some natural divisions extracted from the environment: rooms, doorways, and a
corridor.

clustering [12] to separate the instances corresponding to each category. Unsuper-
vised learning methods are outside the scope of this book.

The rest of the book is organized as follows. Chapter 2 gives a short introduction
to supervised learning and presents the AdaBoost algorithm. For a more extensive
introduction to supervised learning we refer the reader to [7, 12, 15].

In Chap. 3 we introduce the application of AdaBoost to assign semantic labels
to different places in indoor environments using a mobile robot. The main idea is to
classify each pose of a mobile robot into one of the semantic categories according to
the laser range observation the robot gathered at that position. The classification is
carried out using geometrical features extracted from the laser beams. Additionally,
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the boosting approach allows us to determine which are the most informative fea-
tures used to recognize each place.

The method presented in Chap. 3 is extended in Chap. 4 to extract topological
maps from indoor environments. The key idea is to apply the semantic classification
to all possible poses of the robot in a map. In this way we obtain a complete cate-
gorization of the free space. Neighboring poses with similar classification are then
grouped into regions which form the different nodes in the final topological map.
Previous to the grouping, a smoothing method is applied that takes into account
spatial dependencies between different labels.

The previous two methods cover the semantic classification of the different poses
of a mobile robot, but they do not take into account the movement of the robot along
a trajectory. When operating in indoor environments, the robot usually have a mod-
erate velocity and a relatively continuous movement. That means, that observations
obtained by a mobile robot at nearby poses are typically very similar. Based on this
assumptions, Chap. 5 describes a method that takes into account previous classi-
fications when classifying a new pose of a mobile robot along a trajectory. These
spatial dependencies are modeled using a hidden Markov model. The robot used for
the experiments in this chapter is equipped with a camera in addition to the laser
sensor. The visual information is composed of objects extracted from the images.
Using both sensors, the robot is able to distinguish a wider set of categories includ-
ing kitchens, laboratories, offices, and seminar rooms.

The semantic labeling can be applied not only to improve the human-robot com-
munication, but also to better carry out some other specific tasks for autonomous
mobile robots. Chapter 6 presents the exploration of environments with a team of
robots using place information. We will show how the semantic labeling of places
can improve the distribution of the robots during the exploration. The main idea
here is that corridors are better exploration targets as they lead to other rooms. In a
second application, we will see how to accelerate the localization process of a single
robot using the semantic classification of the different rooms.

Chapter 7 presents the semantic labeling of places as part of a high level con-
ceptual representation of indoor environments called multi-layer conceptual map.
This representation extends the semantic classification of places adding upper lay-
ers which include more complex conceptual terms, such as living rooms. The terms
not only represent places but also objects such as TV sets or couches, and are used
to create a human-friendly dialogue while interacting with people.

The above mentioned techniques are used to augment the information about en-
vironments with semantic terms. However, the AdaBoost-based classifiers can also
be used to include semantic information in sensor data. Chapter 8 will show an ap-
proach to semantically label the beams of a laser scan. The main idea is to assign
each beam the class of the object it hits. In this chapter, we restrict the classification
to the labels person and non-person, although the method can be easily extended to
use additional ones.
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