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Abstract

On November 26th, 2015 a planetary rover drove across the Katwijk beach.
Man-made rocks were arranged on the beach to imitate a Martian landscape. While
driving the rover recorded several datasets. These can be used for the application
of different SLAM techniques. In this thesis the focus is on a single sensor in the
datasets: the stereo camera. Three SLAM techniques are applied to the stereo
camera footage, to get a good estimate of the position of the rover and a reliable map.
These techniques are: visual SLAM using points clouds, Structure from Motion, and
a combination of both techniques.

Using the point clouds from visual SLAM and the location estimations from
Structure from Motion, this thesis was able to create a visually more comprehensible
map with a more accurate location estimation of the rover. The results indicate that
by combining the techniques a better performance on both mapping and localisation
can be achieved.
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1 Introduction

Where have you been, where are you, and where can you go? These are three important
questions in robotics [10]. In order to answer these a map of the environment is needed.
However, not every map is equally capable in answering these questions correctly for
an autonomous vehicle. When using pre-existing maps to represent the environment
there is a risk that the maps are no longer representative. Moreover, an autonomous
vehicle must not only be able to avoid crashes with stationary objects, but also avoid
coming into contact with dynamic objects. A pre-existing map is thus not su [cieht for
an autonomous vehicle to move without incident.

An autonomous vehicle bases its route on a map of its current environment. This
map depicts objects and obstacles, such as rocks or buildings, as well as the autonomous
vehicle’s current position within the map. When the location of the autonomous vehicle
itself is incorrect, the planned route will likely lead to a crash. The route assumes the
location of the autonomous vehicle and plans from there, meaning that a wrong location
will likely send the rover into the obstacles it was meant to avoid. An incorrect map
would also lead to a crash, for similar reasons.

These factors illustrate why it is important that the autonomous vehicle is in posses-
sion of both an accurate environment representation and an accurate estimation of its
own location within this environment.

Commonly GPS is used to provide this. However, GPS systems have a varying
degree of accuracy, which can cause an inaccurate location estimate. Furthermore, there
are locations where GPS is not available, such as underground mines, urban canyons, or,
most notably, diLerknt planets. This is where SLAM comes into play. SLAM stands for
Simultaneous Localization And Mapping and is the collective name for techniques which
use information provided by sensors to map the environment of these sensors and locate
them within the environment.

SLAM techniques do not require pre-existing knowledge about the environment, nor
does it require a GPS system to determine the location of the vehicle. This allows the
autonomous vehicle to explore unknown territories and tailor its reaction to dynamic
changes. SLAM techniques have wide application potential and as of now it is already
used in self-driving cars, soccer robots, and autonomous grass mowers. The planet Mars
does not have the satellites needed to create an accurate location description using GPS,
nor can one rely on a hypothetical pre-existing map of Mars because its landscape is
dynamic, due to the notorious sandstorms [20]. SLAM techniques are therefore a suitable
approach for Mars rovers.



Figure 1: Mars rover Perseverance, developed for the 2020 NASA Mars mission?.

1.1 Research Background

On the 26th of November 2015 man-made rocks were arranged on Katwijk beach to
simulate a Martian landscape. A research group led by Robert A Hewitt then released a
Heavy-Duty Planetary Rover (HDPR) equipped with nine sensors to gather a dataset that
was exceptionally large [4]. The article that followed this experiment made this dataset
public with the goal of enabling users to test and apply di[erent SLAM techniques [11].

One of the SLAM techniques explored in this thesis is visual SLAM. This uses the
stereo camera footage of the Katwijk beach dataset to create a 3D point cloud. Depth,
the third dimension, can be determined by overlaying the left and right images from
the stereo camera, this concept is similar to human eyesight. By overlaying consecutive
point clouds, it is possible to determine the displacement between recordings. This
gives an indication of how much the vehicle has moved since the previous recording.
By continuously combining consecutive overlays a 3D RGB map of the environment is
created.

Another SLAM technique is Structure from Motion. In contrast to visual SLAM
this approach does not require stereo camera images, the footage of a single camera and
its accompanying camera parameters su [cel Key points from consecutive images are
extracted and matched. The camera parameters describe how a camera captures and
distorts an image, this combined with the distance between each key point match makes
it possible to calculate the relative position of the camera. The key points are stored as
a 3D point cloud, which has no meaningful color. Over time the key point cloud extends
and becomes a 3D representation of the environment.

Both SLAM approaches have aspects which could be improved. The camera position
estimate of visual SLAM is a prediction which is not always correct. This can lead to an
inaccurate map. The camera position estimate of the Structure from Motion technique
generally performs relatively well, however the map representation, which consists of
colourless points, is di Ccult to comprehend. A possible solution to this could be to

1perseverance on Mars, NASA, March 2020, for more details see https://mars.nasa.gov/mars2020/



combine the strengths of each technique.

1.2 Research Question

A possible strong combination is to use the camera position estimations from Structure
from Motion as a basis for the merging of point clouds generated by visual SLAM.
This thesis studies the potential outcomes of mapping the route travelled by the HDPR
when calculated through Structure from Motion, visual SLAM, and a combination of both
SLAM techniques. The goal is to illustrate how these results di[er what their accuracy
is compared to ground truth, and expound which factors could be of influence on their
performance. The desired outcome is a completely accurate 3D map with an accurate
location description. The assumption is that the combination of both techniques will lead
to a result with a closer resemblance to the ground truth. The dataset, the techniques
and their results are expounded in this thesis.



2 The Katwijk Beach Planetary Rover Dataset

2.1 Introduction

The Heavy-Duty Planetary Rover (HDPR) is equipped with sensors which in total collect
nine sensor-datasets per route [11] [3]. The HDPR completed three routes with varying
lengths and speed, their length and average speed can be found in Table 1. Route 1 is
divided in eight parts and covers roughly the same terrain as route 2 which is divided
in six parts. The dilerknce is that route 1 travels northbound while route 2 travels
southbound. This has an e [edt on the image quality, the southbound route su Lered from
sunlight in the camera lens causing blooming on most of the images. Blooming refers to
white patches of pixels caused by overexposure. Route 3 is a relatively short route and
is divided in five parts. The amount of time between data collection points, referred to
as timestamps, is always equal, which is why there is a di Lerknce between route 1 and 2,
and route 3 when it comes to data collection. The slower speed of route 3 means that the
distance travelled between two data collection points is less, indicating that images are
more similar which allows for better detail. Whereas route 1 and 2 have images that are
further apart. Further dilerknces stem from the direction of the routes, route 1 and 2
are both travelling in a continuous direction, whereas route 3 makes a loop. Route 3 has
therefore more corners and images both with blooming and without. The timestamps of
the nine sensors are not synchronised, meaning that each has a di [erent interval for data
collection. The routes can be seen in Figure 2.

Length in Kilometers | Average Speed in Meters per Second
Route 1 1.026 0.5077
Route 2 0.797 0.5057
Route 3 0.221 0.1813

Table 1. Table displays distance and average speed of the routes.

When applying SLAM, the route and the map can greatly improve when loop-closure
occurs. This means that the sensors detect objects which are known from previous
sections of the route and recognises them. The algorithm can use that recognition to get
a higher degree of accuracy of the position estimate of the HDPR. Furthermore, these
known objects can be used as landmarks to reduce the accumulation error. Route 3 has
multiple occasions in which loop-closure occurs, while route 1 and 2 do not.

In this thesis the focus will be on route 3. This route has the most divers route,
including both straight sections and sections with multiple curves, as can be seen in
Figure 2 (b). Route 1 and 2 are between four and five times as large as route 3. Due
to limited computing power is route 3 divided into five and at most ten parts. The
size of route 1 and 2 implies that the amount of sub routes with this approach would
be abundant. When more computing power is available the subsections can be merged,
which would make the results of route 1 and 2 more comprehensible. For these reasons
are route 1 and 2 not used in this thesis.



All data can be downloaded from Estec’s website?.

Traverse 1

Traverse 2 5785680

5786576 —|

5786476 —|

5785860

5786376 —|

5785840

5786276

Northing (m)

5786176 —|

Northing (m)

5785820 —f%

5786076 —|

5785800 —f 15

5785976 —

5785780 —FEE AT

100 m

T T T -
595891 595991 596091 595680 595690 595700 595710 595720 595730
Easting (m) Easting (m)

(a) Satellite image of route 1 and 2. (b) Satellite image of route 3.

T
595691 595791

Figure 2: Satellite images of the terrain and all routes. Images can be found on the Estec
website3

2.2 Description of Recordings
2.2.1 Location of the Rocks

The rocks are made of cardboard, all have the same shape and come in three di[erent
sizes: small, medium, and large. The location of the rocks is recorded in northing and
easting in the UTM31N coordinate system. However, the altitude of the rocks is not
recorded, which means that it is only possible to make a 2D map of the ground truth.
The data points describing the location of the rocks can be found in the files:
large-rocks-traversel2.txt

medium-rocks-traversel2._txt

smal l-rocks-traversel2.txt

2https://robotics.estec.esa. int/datasets/katwi jk-beach-11-2015/
Shttps://robotics.estec.esa. int/datasets/katwi jk-beach-11-2015/



large-rocks-traverse3.txt
medium-rocks-traverse3. txt
and small-rocks-traverse3. txt

2.2.2 GPS-Latlong

The location of the HDPR per timestamp is recorded in RTK (Real Time Kinematics)
GPS, which is an approach with a relatively high level of accuracy [3]. This dataset
describes the location of the HDPR per timestamp. The timestamps have an interval of
roughly three seconds. The measurements are expressed on the WGS84 ellipsoid, which
is the standard coordinate system for GPS, and are recorded in latitude, longitude and
altitude. The dataset also includes the standard deviation in meters per timestamp. The
inaccuracy of the GPS, represented by the standard deviation, appears to be negligible,
since it is mostly between 4 and 9 millimeters.

The data points describing the location of the HDPR can be found in the file:
gps-latlong. txt

2.2.3 GPS-UTM31

This file should contain the location of the HDPR per timestamp recorded in northing
and easting in the UTM31N coordinate system. However this file seems to contain the
same data as the GPS-latlong file. The authors of the article have been contacted and
this should be rectified in the near future.

224 IMU

The information collected by an Internal Measurement Unit (IMU) includes a timestamp,
acceleration in the X, y, and z direction recorded by an accelerometer. The angular
velocity measured in the X, y, and z direction recorded by a gyroscope. It also includes
another acceleration measurement in the x, y, and z direction recorded by an inclinometer.
The data collected through the IMU can be found in the file:

imu.txt

2.2.5 Odometry

Odometry refers to the information which keeps track of the displacement of each wheel
between timestamps. This file contains both the angular displacement and the steering
angular displacement of each wheel per timestamp. Also included is the orientation of
the rocker, and the left and right bogie. However this file contains more columns than
was specified in the article [11]. This because each wheel and steering joint has two extra
columns that follow after the displacement value, these correspond to angular velocity
and the analogue value reported by the encoder. According to the author where these
accidentally left in the dataset.

The odometry data can be found in the file:

odometry.txt



2.2.6 LocCam

The images taken by the stereo cameras, a PointGrey Bumblebee2, are stored in the zip
file LocCam. Stereo means that two cameras take the same image at the same timestamp.
The images diler in the fact that the cameras are situated 12 centimeters apart. Using
two cameras with a known distance between them enables the user to reconstruct a 3D
image of the scene. By combining and overlaying images depth can be extracted.

2.2.7 PanCam and Ptu

During the route panorama images were taken by a PointGrey GrassHopper2. This is a
stereo camera of which the cameras are placed fifty centimeters apart and rotate while
the HDPR is traversing. The information about the orientation of the pan-tilt frame on
which the sensor is mounted is stored in the file ptu.txt. It contains a timestamp, and
the pan and tilt displacement between timestamps. The images taken by a panorama
camera are stored in the zip file PanCam.

2.2.8 ToF

Depth and intensity images were recorded with a SwissRanger. This is a sensor based
on the Time of Flight (ToF) principle. The sensor sends out a light pulse and an object
reflects this light back into the sensor. The time it took to travel from the sensors to
the object and back is the time of flight. The speed of light is known and via a simple
calculation the distance between the sensor and the object can be determined. Through
this the sensor is able record both the intensity of the image as well as depth. The zip
file named ToF contains the data recorded by the SwissRanger.

2.2.9 Velodyne

The zip file named Velodyne contains data which is collected through a 3D LiDAR
sensor. LIDAR stands for Light Detection And Ranging, this is a technique which sends
out laser pulses and measures the time between sending out the pulse and the pulse
returning. This sensor provides dense point-clouds. The recorded data can be found in
the zip file Velodyne.
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