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1 Introduction

Traditionally, robots are deployed in industrial environments for automatic assembly or

transportation tasks. These environments have well defined structured spatial layouts

and can be augmented with artificial beacons. Spatial knowledge, which the robot might

need, can be given prior to performing its tasks or can be easily derived from the beacons.

In recent years, robots have been deployed in public places and in homes among

people. Examples are robot companions, office delivery robots and the successful au-

tonomous vacuum cleaner (see Figure 1.1). These mobile robots have to operate in hu-

man inhabited environments, of which the structure is unknown prior to deployment.

Current commercial robot products, such as autonomous vacuum cleaners, have a very

limited notion of space, and drive around more or less randomly using simple bumper

sensors. This suffices for cleaning a single room, but for multiple rooms extra equipment

- such as beacons positioned in the door opening - is needed. Moreover, it is impossible

for the robot to prevent getting entangled by power cords lying on the floor or to avoid

bumping into people.

(a) (b) (c)

Figure 1.1: Example applications of vision-based mobile robots: (a) vacuum cleaner, (b)

robot companion and (c) office delivery.

For these new types of applications it is obviously beneficial if the robot has a better

means of sensing its environment. This can be achieved by mounting a camera on the

robot which takes images while driving through the environment. These images can be

used to build and maintain a representation of the spatial layout of the environment which

can help the robot perform its tasks.

In this thesis, we will develop efficient and robust methods that allow a mobile robot

to build and use such a spatial representation of a human inhabited home environment

with camera images.
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1 Introduction

Figure 1.2: Pictorial map of Rome from the Middle Ages.

1.1 Representations of space

The spatial layout of an environment can be represented in different ways. Perhaps the

most intuitive representation is a two dimensional geometric map, in which spatial struc-

tures such as walls and objects are represented by sets of 2D coordinates in a Cartesian

coordinate system (Thrun, 2002). A variant of this geometric map is the 3D map, or 3D

reconstruction (Pollefeys et al., 2008). A popular type of 3D geometric map in the field

of robotics is the landmark-based map, which contains the 3D position of salient points

in the environment. Examples of such salient points are sharp corners of furniture and

bright spots on a wall.

Besides geometric maps, there are other types of representations of the environment

that we will also denote with the term map. Some maps incorporate information describ-

ing how different parts in the environment look. In Figure 1.2, a so-called pictorial map

of Rome is shown as it was seen through medieval eyes. Each small drawing represents

one of the tourist sites. Typical for such a map is that the placement of the drawings in

the map is not that important, as long as the viewer can recognize the sites and see which

sites are close to each other.

Mobile robots equipped with a camera commonly use comparable representations of

the environment (Kröse et al., 2001). A map can be composed of a set of images taken

in the environment combined with a graph representation that links pairs of images. A

link between two images indicates some spatial relationship between the two of them.

Usually, quantitative information on this specific spatial relationship is stored with each

link. In general, we call such a map a view-based map (Mallot and Gillner, 2000; Eustice

et al., 2006). It is quite easy to use such a view-based map for robot localization. While

driving around in the environment, the robot can take an image using its camera and, by

comparing the image with the images in the view-based map, it can deduce where it is in

the map. Besides this straightforward usage of view-based maps, they also scale well to

larger environments (Bailey and Durrant-Whyte, 2006; Cummins and Newman, 2009).
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1.2 View-based maps

(a) Similar semantic place (b) Reachable through motor

commands

(c) Relative pose can be esti-

mated

Figure 1.3: A toy example showing the subtle differences between different types of spa-

tial relationships. The figure shows two rooms seen from above. The four

small eye shaped elements indicate the different poses of the robot from

which images were taken. Lines between the poses indicate that there is a

link between the corresponding images in the view-based map.

1.2 View-based maps

Each link in a view-based map indicates some spatial relationship between two images.

Different definitions for the type of spatial relationship exist in the field of view-based

maps and each results in a different map (see Figure 1.3).

For some maps, a link between two images means that they were taken at the same

semantic place, such as “Kitchen” or “Library”, see Figure 1.3(a). This type of relation

is interesting when doing semantic place recognition used for interacting with humans

accompanying the robot (Topp and Christensen, 2010; Vasudevan and Siegwart, 2008;

Torralba et al., 2003). It is not useful for other robot tasks, such as planning paths through

the environment or goal directed navigation, because it lacks links between images taken

at different semantic places.

For other maps, links indicate that the pose from which an image was taken can be

directly reached from the place where another image was taken by sending some simple

motor commands to the robot (see Figure 1.3(b)). This definition is commonly used in

early literature on topological robot mapping, which combines the captured images with

the low level motor control (Kuipers, 1978). The resulting map thus models a fixed set

of paths through the environment which can be traversed by sending the corresponding

motor commands.

A third type of link definition is based solely on the images themselves (see Fig-

ure 1.3(c)). A link between two images is defined as the ability to estimate the relative

camera pose up to scale given the two images. This pose estimate is then stored with the

link. A relative pose can be estimated from the projection of static structures on the two

images, such as textured walls and objects in the environment. We emphasize that the

scale of the relative camera pose can not be deduced from two camera images, unless we

would make specific assumptions about the environment, such as the average distance to

objects. Nevertheless, in this thesis we will commonly omit writing “up to scale” and

just write “camera pose” or “pose”. A view-based map, based on this link definition, can

be used for different robotic tasks. However, the set of images must be sufficiently dense.

The estimated camera poses can be used for vision-based robot navigation because it al-
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1 Introduction

lows to determine the driving directions to drive over arbitrary paths of linked images.

However, keep in mind that it should be combined with a suitable obstacle avoidance sys-

tem. Moreover, the relative poses can form the basis for a geometric map as follows. As

a first step, they are used to estimate the camera poses in a single Cartesian frame. Then,

structures as seen in the images are reconstructed in this frame by using triangulation.

1.3 View-based map building

For the autonomous vacuum cleaning application we cannot assume that a map, such

as a view-based one, is available when the robot is deployed in its environment. This

is true for a lot of the robot applications that appeared in recent years. Thus, the robot

has to build such a map itself from images it took while exploring its environment. This

important robotic task is known as mapping. The core of building a view-based map is to

compare pairs of images. If an image pair is spatially related according to the used link

definition, a link is added to the map.

For most applications, the robot needs to use its map while it is exploring the environ-

ment. For example, it might need to ask questions to a human guide to resolve certain

ambiguities during the mapping process. To achieve this, the robot has to incrementally

build a map by adding newly taken images to it and add links from each new image to

other images in the map. Of course, the number of possible links that should be added

increases with the number of images in the map. The challenge is to develop a view-

based mapping method that is efficient enough to be run in “real time” yet robust enough

to cope with the difficult circumstances of dynamic home environments.

The mapping problem is commonly approached by incrementally building a landmark-

based geometric map. This geometric map makes it possible to predict where landmarks

will be projected on newly taken images. These predictions can then be used to im-

prove the efficiency, as well as the robustness of the mapping process. The approach of

incrementally building a geometric map is known as SLAM, which stands for Simulta-

neous Localization And Mapping. Research in SLAM has focussed on efficiently and

consistently integrating landmark observations and estimated relative camera poses, and

has resulted in various well founded methods (Bailey and Durrant-Whyte, 2006). These

have been successfully applied to build 3D landmark-based geometric maps of small

scale office environments (Davison et al., 2007) and outdoor environments (Clemente

et al., 2007). So why are we interested in view-based representations?

The landmark-based SLAM approach tries to build a representation of the environment

that is independent of the actual images in which the landmarks were observed. Of course

there is a dependency between landmarks observed in the same image. SLAM methods

try to take this into account by modeling these dependencies. Unfortunately, such a

model is not perfect and some dependency between the landmarks is lost. This is the

case, for example, in environments with relatively big changes in lighting conditions as

they typically affect the complete image.

View-based methods avoid this problem by explicitly maintaining a set of features,

such as observed landmarks, separately for each image. The map can be used for easy,

view-based, localization and visual navigation. It can also be used to build a geometric

representation and can therefore be seen as a lazy approach, in which a relatively high
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amount of sensor information is retained.

The question we address in this thesis is how to deal with the effort of comparing new

images with the map, since the view-based map cannot benefit from the predictions of

landmark observations.

1.4 Objective of this thesis

In this thesis we focus on view-based mapping methods for real home environments.

The aim is to develop a practical mapping method that is both robust in these challenging

environments and efficient enough to be applied in real time. We focus especially on

developing a robust and efficient image similarity measure, which is based on the ability

to estimate the relative pose given two images. For unrestricted robot motion, one can

take advantage of the well-studied methods originating from computer vision, see for

example Hartley and Zisserman (2003). We will try to improve on these methods by

making extensive use of the fact that the mobile robot drives over an approximately

planar surface and the camera is mounted rigidly onto the robot. We have formulated

two research questions:

• How can the planar motion assumption be used to estimate the relative pose given

two images taken in a home environment?

• Can we thus obtain more accurate and efficient results than existing unrestricted

pose estimation techniques?

In order to determine whether a link should be added to the view-based map, we have

to assess the quality of the estimate. We will propose a new quality measure that is

founded on probability theory. In particular, we will try to determine a probability dis-

tribution over all possible relative poses, given the two images, and use that to measure

the uncertainty of the pose estimate. This uncertainty could directly be used to aid 3D

reconstruction applications. We try to answer the following questions:

• How can the uncertainty of the estimated relative pose be measured?

• Does this uncertainty measure provide an efficient and robust image similarity

measure for the view-based mapping application?

Both the pose estimation and the uncertainty estimation methods will be designed

such that they need only little computation time and outperform existing methods on

efficiency as well as accuracy. However, when adding images to a large view-based map,

determining the similarity with all images is impractical. Instead of trying to make the

similarity measure even more efficient and risking loss of accuracy, we compare each

new image to only a subset of images. This subset of images should of course give a

good representation of the complete set of images in the map. Relevant questions are:

• How can we limit the number of image comparisons necessary for view-based

mapping?

• What effect does comparing with only a subset of images have on the resulting

map?
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1 Introduction

Answering these questions allows us to build efficient and robust algorithms that can

be implemented on robotic systems performing applications in real time. In this thesis,

we will not focus on the robotic systems themselves. Nevertheless, in Appendix B we

describe - as a proof of concept - a robot that uses some of the proposed methods for path

planning and navigation among humans. In Appendix C, we show a similar robot system

which maps a home environment in real time while resolving ambiguities by interacting

with a human guide.

1.5 Thesis overview

Chapter 2: View-based mapping, an overview

In the field of robotics there has been, and still is, a lot of interest in view-based

mapping. Here, we give a more elaborate description of the problem of building a

view-based map and relate it explicitly to the problem of comparing images. An

overview is given of the different approaches to compare images and how they are

used in view-based mapping methods. In addition, we show how topological and

possibly geometric information is used to improve the robustness and efficiency of

map building.

Chapter 3: Two-view pose estimation assuming planar camera motion

In this chapter, we focus on comparing two images from the same scene and es-

timating the relative camera poses up to scale. We thoroughly investigate how

the assumption, that the robot moves over an approximately planar surface, can

be used to estimate the relative camera pose from a set of automatically extracted

point correspondences. A new method is developed that estimates the full likeli-

hood of all possible poses. The resulting maximum likelihood solutions are shown

to be more accurate than state of the art methods.

Chapter 4: Image similarity for view-based mapping

Based on the developed pose estimation method, we propose a new image simi-

larity measure for finding links for a view-based map. The method uses the full

likelihood to directly approximate the probability that the estimated pose is the

correct one. This approximation is evaluated using ground truth pose information.

On top of this, we compare the resulting image similarity measure in a semantic

place recognition task.

Chapter 5: Data association using connected dominating sets

Practical view-based mapping methods should be able to deal with large maps

consisting of more than a thousand images. In this chapter we use a graph theoretic

method called the Connected Dominating Set to obtain a minimal set of images that

still adequately represents the complete map. It is compared with other frequently

used methods such as subsampling over time or over the distance traveled.

Chapter 6: Conclusions
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1.5 Thesis overview

In this final chapter we summarize our main contributions and experimental re-

sults. In addition, we give directions for future work, focussing on promising

applications.

Appendix A: Real home datasets

Throughout this thesis, we use the same datasets to evaluate each of the developed

methods. These datasets were taken by two mobile robots in three real home envi-

ronments with people walking near the robot and typical bad lighting conditions,

resulting in challenging images.

Appendix B: Navigation using an appearance-based topological map

To show the usability of a view-based map, we describe a system that performs

basic path planning and goal directed navigation using a map that was built with

methods described in this thesis.

Appendix C:

In some applications, it is essential that a robot can map a new environment in real

time. A good example is guided mapping, in which the robot needs to interact with

a human guide to obtain semantical information and to resolve ambiguities while

mapping. In this appendix, such a system is described.
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