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Chapter 1

Introduction

Ever since the early 1960's, robotic missions have assumed a critical role in
space exploration. Robotic devices ranging from autonomous spacecrafts and
orbiters to planetary landers and rovers have made the quest for biological
evidence and exploration of extraterrestrial resources possible. Not only are
robotic missions viable alternatives to human missions, they are also precur-
sors to human presence in space as they provide fundamental information for
mission planning.

Due to de�cient knowledge of space environment, manned planetary missions
are traditionally preceded by planetary �y-by, orbiter, lander and sample re-
turn missions. The analytical scienti�c results from these robotic missions
provide essential knowledge in mission planning. Furthermore, they act as
testbeds for innovative technological concepts that are to be used in future
manned missions, thereby reducing the risks to which human explorers would
be exposed.

Landers and rovers, in particular, have been the primary focus in recent space
missions as nations strive to �nd evidence of life on Mars and to establish
human habitat in space. These robotic devices with their on-board science
packages act as human surrogates on distant celestial bodies performing in-situ
analysis on extraterrestrial soil, searching for signs of life as well as answers to
the universe's formation. The primary characteristic that distinguishes plan-
etary rovers from planetary landers is their roving capability. Autonomous
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planetary rovers o�er mobility, namely extra degrees of freedom, in compari-
son to their lander carriers, which are frequently equipped with equivalent, if
not more superior, scienti�c surveying capabilities. The locomotion and navi-
gation systems on planetary rovers allow them to traverse to places unreachable
by their stationary landers and perform either scienti�c investigation on the
spot or excavation of soil samples that could then be returned to the landers
for further analysis. The mobility of planetary rovers add �exibility and adapt-
ability to space missions that could not be achieved with stationary landers.
Hence, a robust autonomous navigation system is critical for the success of
rover missions, particularly for mission on remote planets where the communi-
cation latency is too long for teleoperation. This thesis focuses on the design
and implementation of the autonomous navigation system for Micro Robots
for Scienti�c Applications 2 (MRoSA2), which is a project sponsored by ESA
as a feasibility study for subsurface sampling missions on Mars. As the design
of autonomous navigation system changes depending on speci�c mission goals
and requirements, it is worthwhile to study the evolution of planetary rover
missions over the past several decades.

1.1 Evolution of Planetary Rovers

Planetary rovers are mobile robotic vehicles designed to operate on the surface
of other celestial bodies (Weisbin et al., 1997). Their involvement in plane-
tary exploration schemes is vital as human presence in space is considerably
more costly in terms of time, funding and risks. Analytical results and expe-
riences from previous �y-by, orbiter and lander missions provide fundamental
information for rover system design. However, such a priori knowledge is of-
ten insu�cient to guarantee mission success. Along with issues pertaining to
communication latency and limited bandwidth, poor a priori knowledge about
the operating environment results in stringent requirements and constraints
imposed on planetary rovers, rendering the design of space robotic applica-
tions to be more complicated than their terrestrial counterparts. The design
of planetary rovers are often dependent on speci�c mission goals, driven either
by "science objectives or assessment of resources in space and their utiliza-
tion" (Bhandari, 2008). With the shift in planetary mission objectives in re-
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cent years as well as the advancement in technology, particularly in the �eld of
electronics and material engineering, the trend in planetary rover design since
the dawn of space explorations in the early 1960's has gradually changed.

The use of mobile robots for explorations began with the successful landing
of the former Soviet Union's Luna 17 on 17 November 1970. After its soft
landing on Moon in the Sea of Rains, Luna 17 deployed the �rst planetary rover
on the surface of Moon�Lunokhod 1 (Figure 1.1) (Moroz et al., 2002). The
primary objectives of the Luna mission were to collect information about lunar
surface topography and to study the chemical and mechanical composition of
lunar soil. Equipped with television cameras and instruments to measure soil
properties, the approximately 700kg Lunokhod 1 was teleoperated in real time
by a �ve person team at the Deep Space Center in Moscow. After operating
for 11 months on the lunar surface, Lunokhod 1 had successfully traveled
10.54km, transmitted more than 20000 TV pictures with more than 20 TV
panoramas and conducted more than 500 lunar soil experiments. (Anttila,
2005; Levomäki, 2000)

Figure 1.1: Former Soviet Union's Lunokhod (Vniitransmash, 2002)

In the early days of planetary rover research, mini-rovers with a mass of sev-
eral hundreds kilograms like Lunokhod were the primary research focus. For
instance, the Mars Sample Return Missions of National Aeronautics and Space
Administration (NASA) in the 1980's involved the use of a 1000kg rover capa-
ble in traveling hundreds of kilometers. However, cost constraints have soon
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shrunk the size of spacecrafts and reduced the scope of missions that could be
undertaken, which in turn forced rover technology development to put more
capability into lighter, smaller packages. (Matthies, 1995). In addition to being
more cost e�ective, smaller rover design o�ers rapid prototyping and scalabil-
ity. Soviet's Prop-M (Figure 1.2) launched in 1971 by Mars 3 and Mars 6
was the �rst successful micro-rover with a mass of 4kg to land on the planet
Mars. Being the �rst non-wheeled rover, traces of movement left by the skis of
Prop-M were supposed to be recorded by the television cameras on Mars 3 and
Mars 6 so that material properties of the Martian soil could be determined.
Unfortunately, no useful data had been returned by the rover.

Figure 1.2: Prop-M Micro Mars Rover (Vniitransmash, 2002)

The �rst success of Martian micro-rover came in 1997 with NASA's Mars
Path�nder mission, which consisted of a stationary lander and a surface rover,
Sojourner (Figure 1.3). The successful deployment of the 11.5kg rover and its
lander had demonstrated the feasibility of low-cost landings and exploration
on the Martian surface. In addition to its primary scienti�c goals related to the
investigation of petrology and the Martian atmosphere, Sojourner also served
as a platform to determine micro-rover performance in the poorly understood
Martian terrain (Matthies, 1995; Anttila, 2005; Shirley and Matijevic, 1995).
Due to the extended distance between Mars and Earth and hence the long
communication latency, direct teleoperation was not possible for Sojourner as
it had been for Lunokhod. Instead, Sojourner was equipped with autonomous
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hazard avoidance behaviors which allowed it to be controlled with only high
level commands sent from ground control once every sol (Martian day).

Figure 1.3: Mars Path�nder's rover: Sojourner (Shirley and Matijevic, 1995)

Based on the success of Sojourner, the Mars Exploration Rover (MER) mis-
sion consisting of twin planetary rovers was launched. The two rovers, Spirit
and Opportunity (Figure 1.4), landed in January 2004 on opposite sides of
Mars. The primary objective of the twin rovers was to �nd traces of water
on Mars. Using wheel-digging and their on-board Rock Abrasion Tool (RAT),
the robotic geologists have access to fresh rock samples shielded by weathered
surface layer. Unlike Sojourner, Spirit and Opportunity both operate indepen-
dently from their landers. All operational electronics including a power radio
link have been stowed on-board the rovers. This allows the rovers to freely
carry out their long range mission while still maintaining communication with
ground control. High level commands are sent from ground control to the
MERs, which would then perform the local navigation tasks using the hazard
detection cameras and other range sensors on-board. Originally intended for
a 90-sol mission, the twin rovers are currently still operational. As of May 29,
2008, Spirit and Opportunity have traveled 7.53km and 11.69km respectively.

The success of NASA's Spirit and Opportunity has paved the way to more
ambitious planetary exploration plans around the world. The development of
planetary rovers seem to have branched o� in di�erent directions due to the
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Figure 1.4: Graphical Depiction of NASA's MER (JPL, 2007)

di�erent mission objectives. On one hand, the aim to search for historical bio-
logical evidence on remote planets has increased the demand for long duration,
high performance rovers with higher level of autonomy, thereby once again fa-
voring the research and development of larger platforms. Both NASA's Mars
Science Laboratory (MSL) and ESA's ExoMars are designed to be larger in
size than the MERs. Figure 1.5 shows the relative size of NASA's three Mars
rovers. In addition to the ability to perform more in-depth investigations on
Martian rocks and soil, NASA's MSL is intended to be the �rst planetary mis-
sion which uses precision landing techniques that "enables the rover to land
in an area 20 to 40 kilometers (12 to 24 miles) long, about the size of a small
crater or wide canyon and three to �ve times smaller than previous landing
zones on Mars." (NASA, 2007) Meanwhile, ESA's ExoMars would carry a
drill that enable the collection and analysis of subsurface samples up to 2m
deep. (Anttila, 2005) On the other hand, the aspiration of human presence
in space promotes the development of robust light-weight rovers, which would
act as human assistants. This relaxes the autonomy requirements on planetary
rovers. Sample return missions, which are often considered as precursors to
human space �ight, have tight power and budget constraints which greatly fa-
vors the development of robust compact rovers. As in the case of ESA's Mars
Sample Return mission (one of the �agship mission in the Aurora program),
since radioactive heating is unavailable the rover mass has to be minimized
as much as possible to reduce heat loss. As most sample return rovers are
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designed to operate within close proximity to their landers for the ease of re-
launch, one way to increase the payload to mass ratio is to utilize the resources
on the landers. This motivated the research in ESA's Micro Robots for Sci-
enti�c Applications (MRoSA) project, which investigated di�erent concepts of
micro-rovers for sample analysis on Mars�the predecessor of MRoSA2.

Figure 1.5: Comparison of NASA's MSL, MER and Sojourner in rover size
and their obstacle avoidance capabilities (Muirhead, 2004)

1.2 MRoSA2

Micro Robots for Scienti�c Applications 2 (MRoSA2) was initiated by ESA in
1998 as a feasibility study of subsurface sampling on Mars. The main objective
of the project was to develop a Robotic Sampling System (RSS) capable in
acquiring pristine samples that had never been subjected to surface processes
such as weathering, oxidation and UV-exposure, thereby retaining the possible
organic signature for exobiological investigation (Suomela et al., 2002). With
a system design based on Nanokhod, the successful high instrument to rover
mass ratio rover design resulted from the MRoSA project, the RSS should
operate in close proximity to its lander and deliver acquired samples to the
lander either for scienti�c analysis or for sample return to Earth. The list of
operational and physical requirements the RSS should satisfy are summarized
as follows (Suomela et al., 2002):

• Collect samples in a 15m radius around a lander spacecraft
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• Perform subsurface sampling in non-homogeneous soil of unknown hard-
ness up to a depth of 2m

• Deliver acquired samples to the lander

• Perform multiple sample acquisition trips

• Overall rover mass must be less than 12kg

The RSS implemented by the prime contractor Space Systems Finland Ltd
(SSF), together with Technical Research Centre of Finland (VTT) and Helsinki
University of Technology (TKK), consisted of a micro-rover called Rover Func-
tional Mock-Up (RFMU) that carried the Drilling and Sampling Subsystem
(DSS) and a lander module mounted with a Docking and Sample Delivery Port
(DSDP). Figure 1.6 shows the rover with its DSS as designed by TKK in col-
laboration with the Russian Rover Company Ltd (RCL)�a spin o� of the VNII
Transmash institute who originally designed the structure for Nanokhod (Lev-
omäki, 2000).

Figure 1.6: RFMU of MRoSA2 (Suomela et al., 2002)

Although the ESA contract has ended, TKK has retained a similar RFMU for
research and educational purposes. The micro-rover used in this thesis, ROSA,
bares an almost identical mechanical structure to the original RFMU in the
MRoSA2 project. With the DSS removed from ROSA, the core electronics
have been slightly modi�ed to adapt to the needs of the laboratory.
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1.3 Thesis Overview

As a robust autonomous navigation system is critical to the success of a rover
mission, the objective of the thesis is to investigate the feasibility of an au-
tonomous navigation system that uses external stereo vision for rover localiza-
tion on the tracked rover ROSA. Keeping in mind the mission requirements
and constraints for the initial MRoSA2 project and focusing only on two as-
pects of an autonomous navigation, i.e. rover mobility and localization, the
work this thesis entails can generally be divided into two parts:

1. development of driving algorithms for the rover, with considerations for
limitations and challenges imposed by the skid-steered tracked locomo-
tion system

2. localization of the rover using lander-based stereo vision

The next chapter reviews some of the basic concepts associated with au-
tonomous navigation systems. Design strategies used in the navigation sys-
tems of successful Mars rover missions are also presented. Based on the design
strategies introduced, the navigation system for MRoSA2 would be discussed.
Chapter 4 details the driving algorithms developed for the skid-steered track
vehicle. The localization system and the underlying concepts are then brie�y
discussed. Integration between the mobility and the localization system is pre-
sented in Chapter 6, followed by details of tests performed on the integrated
navigation system.



Chapter 2

Literature Review:
Autonomous Navigation

Autonomous navigation is an essential component in planetary rovers, partic-
ularly in exploration missions where communication delays are too long for
direct teleoperation. In Mars exploratory missions, for instance, since the dis-
tance between Mars and Earth ranges from 56×106km to 400×106km, one-way
communication delay can last from 3 to 22 minutes. Furthermore, the com-
munication window is limited due to low communication bandwidth and tight
power budget (Anttila, 2005). Performance bene�ts obtained from teleoper-
ation, found in lunar robotic applications, are no longer applicable in Mars
missions. This issue is taken care of by granting a certain degree of autonomy
to the rovers, which allows them to operate independently and intelligently
using their onboard sensors and computing power when human intervention is
not possible. Rover equipped with autonomous navigation capabilities should
be able to move from its current position to the target location while avoid-
ing obstacles along the way. This series of operations encompasses several
basic navigation tasks, namely self-localization, hazard detection, local path-
planning and motion control. The speci�c navigation system design is often
"a trade-o� between con�icting factors including mobility and control, safety,
and scienti�c return." (Muirhead, 2004)

Before the comparison of the autonomous navigation systems chosen for sev-
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eral of the successful planetary rovers mentioned in Chapter 1.1, fundamental
functions in autonomous navigation would �rst be introduced. As the mobility
system of the rover highly a�ects the design of the navigation system, di�erent
locomotion and steering concepts would then be described. Means of local-
ization, one of the main functions in a robust autonomous navigation system
would be investigated, followed by a discussion on the di�erent levels of rover
autonomy which a�ect the control structure of the navigation system.

2.1 Tasks of an Autonomous Navigation System

The tasks of autonomous rover navigation have been categorized by (Matthies,
1995) into the following four basic functions:

• Goal designation: Identifying the desired �nal rover position.

• Rover localization: Identifying the current rover pose.

• Path selection: Planning the optimal route.

• Hazard detection: Identifying and avoiding obstacles.

The execution of these tasks is dependent on a reliable representation of the
operating environment which requires the establishment of a global frame of
reference. In space robotics, the environment representation is usually imple-
mented in some form of maps, constructed from both the rover's sensory data
and from information obtained by the lander or in previous orbital missions.

For most recent planetary exploration rovers, goal designation and global path
selection are performed by ground control. Using a global representation of the
rover's environment, mission scientists can identify sites of scienti�c interest.
As global environment representations are usually built upon lander informa-
tion and a prior knowledge of the terrain as well as long range sensory data
from the operating rover, these representations are usually coarse in nature
which only allows ground operators to delegate an optimal corridor of traverse
for the rover. The mission tasks and the chosen path would then be sent to
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the rover from ground in the form of high level command sequences with tar-
get locations speci�ed as waypoint coordinates relative to a common reference
frame. The rover then re�nes the selected path using the local representation
built from its sensory data. The relatively higher resolution of the local repre-
sentation allows the rover to devise a more speci�c path to follow in order to
reach its targets. Execution of the path is performed autonomously without
human guidance. Using its localization and hazard detection capabilities, the
rover could move safely toward its destination while avoiding obstacles along
the way or halt at the presence of inescapable barriers to wait for further
human assistance. (Murphy, 2000)

Often neglected as a navigation task, motion control is in fact coupled with
many of the autonomous navigation functions stated above. In a sense, mo-
tion control has a direct and in�uential relationship with rover localization.
Localization techniques are often chosen based on the rover's mobility system.
Accuracy in localization depends not only on rover's sensors, but also on the
�delity of the model representing the rover's motion. Hence, with a slight
abuse on the general de�nition of an autonomous navigation system, motion
control or in other words, rover mobility would be considered as part of an
autonomous navigation system.

The following section describes di�erent mobility con�guration. The choice of
the mobility system design would have a signi�cant impact on rover localiza-
tion, which is the main focus of this study.

2.2 Rover Mobility

Mobility, in the context of a rover, refers to the rover's ability to move and
change its state based on either its own senses or human guidance. Although
often classi�ed as a separate subsystem, mobility is the core of an autonomous
navigation system. The design of a mobility con�guration a�ects the rover's
maneuverability, stability and controllability, which in turn have direct impact
on localization, path planning as well as hazard avoidance strategies. In this
section, several typical locomotion and steering concepts are introduced.
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2.2.1 Locomotion Concepts

Wheeled rovers

All rovers that have operated outside Earth are wheeled systems. The ease in
motion control and energy e�ciency have made wheeled system the preferred
locomotion choice in space applications. Another advantage with wheeled sys-
tem is its ability in achieving a wide range of velocity. However, this advantage
is generally sacri�ced for stability and control in most space applications as
planetary rovers are usually throttled to operate at low velocities to eliminate
bouncing e�ects resulting from lower frictional forces in small gravitational
�eld.

Wheeled vehicles are incapable in climbing rectangular obstacles without any
special mechanical arrangements. An articulated chassis or some form of ac-
tive mechanism is required for wheeled rovers to overcome obstacles. These
mechanisms usually a�ect the robustness of the rover. (Levomäki, 2000)

Tracked Rovers

In terms of driving, tracked rovers are similar to wheeled rovers. Like wheels,
tracks are capable in achieving a wide range of velocities. They o�er a larger
contact area with the ground, thereby reducing the ground pressure the vehicle
exerts on the surface and in the mean time providing more traction than wheels
for vehicles on natural terrains (Martinez, 2004). Unlike wheels, depending
on the design, tracks can be sealed and protected, making the system more
robust and reliable. Therefore, tracked vehicles are often chosen as the optimal
solution for terrestrial o�-road applications, especially in agriculture.

However, tracked vehicles are relatively more di�cult to control. High power
consumption involved in the use of tracked vehicles often con�icts with the
tight power budget in planetary missions. Hence, track locomotion is often
not used in space applications.

Due to the complexity involved in driving a tracked vehicle, particularly in
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turning, tracked vehicles are often teleoperated or remote controlled. The
few autonomous tracked vehicles found in terrestrial applications are often
designed for agricultural or forestry purposes. One example is Modulaire Ltd's
MD15. (Jarvis, 1997)

Legged rovers

Unlike tracked and wheeled vehicles, legged rovers are capable in overcoming
large obstacles easily. The lifting and stepping motion of legged vehicles allow
them to traverse non-continuous surfaces. The mechanical design of legged
rovers often results in high ground clearance.

However, legged vehicles are di�cult to control and would require a lot of
computing capacity. Motion coordination and control in the system is crucial
for system stability. In order to maintain stability, allowable load to be sup-
ported by the legs is exceedingly small. In additional to the stringent mass
requirement imposed on the whole rover, the mechanical design of legged lo-
comotion system is intrinsically complex. As a result, despite their promising
bene�ts, particularly in traversing rugged unknown planetary terrains, legged
vehicles are currently only the subject of research in terrestrial applications.
(Levomäki, 2000)

Some examples of legged rover include Carnegie Mellon University's Ambler
hexapod planetary rover, NASA's eight legged Scorpion and ESA's WAlk-
ing RObot for Mars Applications (WAROMA) (also known as PROtotype of
LEgged ROver (PROLERO)).

Hybrid Locomotion

Hybrid locomotion systems have been in recent years gaining popularity in
the research �eld. By combining several locomotion modes, the advantages
of each of the methods would work together to minimize the shortcomings of
each locomotion mode. One of the most popular hybrid con�guration is the
combined wheeled and legged locomotion system design. Wheels allow rolling
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over undulating terrains while legs o�er the ability to travel over extremely
rough or steep terrain. By combining the energy e�ciency o�ered by wheeled
locomotion and the terrain negotiating capability of legged locomotion, the
hybrid locomotion system provides an optimal solution for traversing on highly
variable terrains.

TKK's WorkPartner and Jet Propulsion Laboratory (JPL)'s All-Terrain Hex-
Legged Extra-Terrestrial Explorer (ATHLETE) are both examples of hybrid
wheel-legged locomotion systems.

2.2.2 Steering Concepts

The maneuverability and stability of a vehicle depends not only on the loco-
motion mechanism, but also on the steering control. For wheeled and tracked
vehicles, typical steering mechanisms in use nowadays can in general be divided
into skid-steering and explicit steering.

Skid Steering

In skid steering, a change in vehicle direction is achieved by driving the motors
on opposite side of the vehicle at di�erent velocities. The vehicle's motors have
�xed rotational axes and can rotate in opposite directions. With di�erential
velocities on opposite sides of the vehicle, the thrust on the higher velocity
side is greater than that on the other, thereby creating a turning moment on
the vehicle. (Wong, 2001)

Skid steering mechanisms are generally compact and light since they require
few parts in comparison to explicit steering. However, skid steering is often
energy ine�cient and demand high power consumption. Precise control of skid
steered vehicles is also di�cult to achieve due to complicated ground contact
interactions. Accuracy in turning control is highly sensitive to factors such as
track/wheel design, vehicular weight and properties of the terrain. The ICR,
the point about which the motion of the vehicle can be represented by a pure
rotation (i.e. translational velocity equals 0), is dependent not only on the
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motor axle but also on the driving dynamics (Martinez, 2004). Figure 2.1
shows the skid-steering mode of a four-wheeled vehicle in the process of a wide
turn and a point turn. As one can observe from the �gure on the right, when
a symmetrical skid-steered 4-wheeled rover is turning on the spot, its ICR is
located at the rover center. Figure 2.2 shows the ICR of the wide turn, which
lies some distance outside of the rover. Note that the ICR has been drawn
based on the assumption that the ground contact points of the left and the
right wheels are aligned with the wheel axle. Any slight deformities on the
wheel or on the terrain would cause the ground contact point to shift, which
in turn would result in the relocation of the ICR. However, in this case, the
actual vehicle ICR would not deviate too much from the assumption since the
di�erence between the actual and theoretical wheel-ground contact point is
normally limited. On the contrary, for a skid-steered tracked rover, its ICR
is harder to pinpoint since the tread-ground contact is not a point but an
area. When traveling on a rugged terrain, the actual ground contact could be
shifted anywhere along the theoretical tread-ground contact area, thus making
it extremely di�cult to determine the location of the rover's ICR. Even on
�at ground, complex dynamic modeling has to be used in order to estimate
the ICR position for a tracked rover. This complexity involved in the motion
control of a tracked skid-steered rover is the reason why this mechanism is
usually not the most preferred choice in autonomous robotic applications.

Figure 2.1: Skid-steering of a wheeled vehicle (left)Wide Turn: ICR is outside
the vehicle (right)Point Turn: ICR is at the center of the dotted circle (Shamah,
1999)
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Figure 2.2: ICR of a skid-steered wheeled vehicle undergoing a wide turn (Mu-
ralidhar, 2007)

Another disadvantage associated with skid-steering is its susceptibility to slip-
page. Slippage are in general an inevitable common error source that ad-
versely a�ect localization, namely the dead-reckoning performance of a rover.
Slippage is especially evident in skid-steered tracked rovers, which utilize slip-
page to achieve steering (Everett, 1995; Martinez, 2004). For this reason,
dead-reckoning is never used alone in rover localization, which is discussed in
greater details in Section 2.3. (Everett, 1995; Martinez, 2004)

One example of a skid-steered planetary rover is Lunokhod. MRoSA2 is also a
skid-steered rover. The only di�erence between the two rovers is that MRoSA2
is a tracked rover while Lunokhod was a rover with eight wheels mounted on
a robust suspension system.

Explicit Steering

Contrary to skid-steering, explicit steering operates using pivotable driving
wheels or tracks. The longitudinal axes of the wheels in explicit steering can be
pointed along the direction of the turn to minimize skidding. For this reason,
explicit steering is generally more energy e�cient and more friendly toward
localization techniques such as dead-reckoning. Figure 2.3 shows the wheel
orientation of a four-wheeled explicit steering mechanism while undergoing a
wide turn (left) and a point turn (right).

Explicit steering can be further classi�ed into Ackerman steering (Single axle
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Figure 2.3: Explicit steering of a wheeled vehicle (left)Wide Turn: ICR is
outside the vehicle (right)Point Turn: ICR is at the center of the dotted cir-
cle (Shamah, 1999)

steering in a 4-wheeled vehicle) (Figure 2.4) and all-wheel steering (Double
axle steering in a 4-wheeled vehicle) (Figure 2.5).

Figure 2.4: Ackerman steering of a 4-wheeled vehicle in a wide turn

In Ackerman steering, at least one set of wheel axles is �xed. By having
a slightly sharper turning angle on the inside wheel, geometrically induced
tire slippage could be eliminated. Commonly used in automotive industry,
Ackerman steering is one of the most popular steering con�guration due to its
energy e�ciency and stability.

Contrary to Ackerman steering, all wheel axles in all-wheel steering are inde-
pendently steered. As one can observe from Figure 2.4 and 2.5, by orienting all
the wheels along the turning curve, the ICR is brought closer to the vehicle in
the all-wheel steering mode. This increases the maneuverability of the vehicle.
Furthermore, by turning all wheels to the same direction, sideway drive or crab
steering can be achieved using all-wheel steering.
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Figure 2.5: All wheel steering of a 4-wheeled vehicle in a wide turn

One major disadvantage with explicit steering, Ackerman or all-wheel, is a
higher actuator count and part count. In order to orient the wheels in the
proper direction, additional rotational joints and sometimes actuators are
needed. For this reason, the total weight of the vehicle would increase, which
normally is not a desirable feature for planetary exploration missions due to
tight mass budgets. (Muralidhar, 2007; Shamah, 1999)

All of NASA's successful Mars rovers are explicitly steered. Both Sojourner
and the MERs are using the Ackerman steering con�guration since only their
front and back wheels are steerable. Carnegie Mellon University's Nomad ex-
hibits an all-wheel steering con�guration when operated in the explicit steering
mode. (Shamah, 1999)

2.3 Rover Localization

Rover mobility and localization have a mutual e�ect upon each other. While
the choice of rover mobility greatly a�ects the selection of the localization
techniques, the available means of localization also a�ects the performance
of motion control. For instance, without knowing the actual orientation of
the rover vehicle, a high �delity driving model would be required to achieve
accurate turns. Conversely, a de�cient vehicular model would require more
robust localization techniques in monitoring rover pose needed for reliable
rover control. Hence, the design of a robust navigation system requires careful
consideration of the advantages and limits of both the mobility con�guration
and localization techniques. This section discusses the features of some of the
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localization techniques in use today.

Rover localization refers to the rover's ability to determine its current position
and orientation relative to a speci�c frame of reference. Localization techniques
can in general be classi�ed into two categories: relative and absolute.

2.3.1 Relative localization

Relative localization techniques, also known as dead reckoning, determines the
current position by computing the change in distance and angle from the last
known position. The change in distance and angle are obtained by integrating
known linear and angular velocity or acceleration over the elapsed time. Linear
velocity can be measured using odometers, while angular velocity and accel-
eration are obtained using inertial sensors. The former measuring technique
leads to a branch of commonly used relative localization called odometry.

As odometry is relatively low cost and simple to implement, it is one of the
most popular means of localization. It is found in almost all autonomous sys-
tem with roving capability. The most common way to implement odometry
is to use encoders mounted on motor drive shafts or wheel axles. However,
this design assumes perfect ground conditions and is also highly susceptible
to errors from a variety of sources, which includes slippage. Slipping wheels
would generate more encoder pulses than the actual distance traveled by the
wheel while fewer pulses would be produced by skidding wheels (Ojeda and
Borenstein, 2004). Ways to compensate for slippage induced odometric er-
rors include the use of an unpowered trailing wheel for measurement purposes
and visual odometry. The latter method computes the rover's traveled dis-
tance by tracking the motion of ground features through a series of camera
images (Biesiadecki et al., 2005). Despite its excellent performance in correct-
ing vehicle slippage, visual odometry is not widely used due to its high demand
in computing power and has only become available in recent years with the
advancement in computing technology.

In addition to odometry, most mobile robots nowadays are equipped with Iner-
tial Navigation System (INS). As its name suggests, INS utilizes the principle
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of inertial forces exerted on the robot and measures the linear and angular
acceleration as well as angular rate of the robot. Several angular and linear
accelerometers, as well as a gyroscopic element, are usually incorporated into
one INS. The change in linear and angular distance is found by integrating
the measured output.

Relative localization techniques are used in almost all mobile robots for the
ease of implementation and low cost. The sensors involved are usually self-
contained and hence can usually provide high sampling rates. However, this
method is highly subjected to accumulative error, particularly in INS due to
integration drift. Any systematic and non-systematic error would drastically
a�ect the position accuracy over an extended period of time. Hence, relative
localization techniques are usually used together with some absolute localiza-
tion techniques such that the position error could be corrected periodically
using an independent position reference. (Le, 1999)

2.3.2 Absolute localization

Absolute localization determines the position of a rover relative to an external
frame of reference by utilizing media outside of the rover. One type of imple-
mentation uses the magnetic �eld the rover is operating in and the absolute
heading of the rover is determined using an on-board compass. However, this
type of measurements is easily disturbed by the rover's own magnetic �eld in-
duced by on-board electronics. Furthermore, an external magnetic �eld is not
always present, as in the case of the planet Mars. Another type of absolute
localization technique is based on reference guidance. For this technique, ab-
solute position and heading of a rover is determined by measuring its bearing
and distance from a set of three or more external markers. Using trilateration
and triangulation, The rover's position is determined relative to the frame of
reference established by the marker network. A priori knowledge about the
location of these markers in a global reference frame would then be used to
transform the rover's coordinates into the desired global reference frame.

Markers used in reference guidance could be either active or passive. Some
examples of active beaconing system are Global Positioning System (GPS) and
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LOng RAnge Navigation (LORAN). The former system uses Earth satellites as
active beacons, while the latter is a ground-based system that utilizes arti�cial
radio signal. GPS is widely used today for terrestrial applications. However,
due to the absence of a satellite network on other planets, this method is usually
not applicable for planetary rovers. In order to compensate for this, natural
landmarks such as stars, sun and unique rocks could be used as passive beacons
to determine the rover's position if the location of the natural landmarks are
roughly known.

Absolute localization techniques generally provide more accurate position mea-
surements than relative techniques. Position errors are usually bounded. How-
ever, as markers must be visible to the rover's sensors whenever localization
is required in reference guidance, the use of arti�cial markers is not always
possible, particularly in outdoor applications such as in space. Furthermore,
a priori knowledge about the beacons used must be somewhat accurate in or-
der to estimate correctly the global position of the rover. This might be a
problem if natural landmark is used as passive beacons, particularly in space
applications, as their positions are not always known beforehand. In this type
of scenario, Simultaneous Localization and Mapping (SLAM) would have to
be applied in order to obtain an absolute position estimate for the rover. This
kind of techniques often involves the use of sensor fusion. (Le, 1999)

2.3.3 Sensor fusion

As both relative and absolute localization have their own drawbacks, these
two techniques are often used together to produce more satisfactory position
estimates. In order to combine the two techniques, odometry information and
data from other relative position sensors have to be fused with absolute position
measurements using some sort of �lter such as Extended Kalman Filter. By
unifying both relative and absolute measurements, the error in the position
estimates are bounded. This type of techniques also enables the estimation of
other parameters such as those related to ground-vehicle interactions including
soil strength, soil shear modulus and terrain resistance characteristics, as long
as adequate kinematic and dynamic models of the rover are available. (Le,



2.4 Rover Autonomy 23

1999, 1997)

2.4 Rover Autonomy

Rover autonomy can be interpreted as the ability of a rover to make and
act upon its own decisions. The amount of decision making power granted
to the rover in�uences quite signi�cantly the requirements and constraints of
the rover's navigation system design. Autonomy is usually divided into three
levels in robotic applications: teleoperated, semi-autonomous and completely
autonomous. (Wilcox, 1992) The following sections brie�y describes these three
levels of autonomy with emphasis on semi-autonomous robots since this level of
autonomy is commonly used in many terrestrial and space robotic applications
nowadays.

2.4.1 Teleoperated Robots

In teleoperation, the robot, often called the remote, is not granted with any
decision making power. The operator makes the decision based on range data
and/or images sensed and transmitted by the remote. Although humans gen-
erally are considered to be more capable in making intelligent decisions than
robots, this might not be the case when the operator is far from the operating
scene. The robot having the �rst hand experience might be able to "see" more
clearly what lies ahead and the reaction time may be faster. Furthermore,
teleoperation usually requires a large bandwidth and communication must be
maintained between the operator and the robot. As the communication win-
dow and bandwidth might be limited in some applications, particularly in
exploration missions on remote planets, satisfactory performance of the robot
could not be achieved with this level of autonomy. (Murphy, 2000)

One example of a teleoperated robot is Lunokhod. It was commanded by a
�ve persons team using video and camera images relayed back by the rover.
Teleoperation was possible since the communication delay was relatively short.
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2.4.2 Semi-autonomous Robots

In semi-autonomous control, also known as supervisory control, the robot is
granted with enough decision making power that would allow it to complete
a task commanded by the operator without any further assistance. Within
semi-autonomous control, varying degrees of autonomy are available. Three
of the most signi�cant techniques studied at JPL are: Computer Aided Re-
mote Driving (CARD), Semi-Autonomous Navigation (SAN) and behaviour
control. (Wilcox, 1992)

Computer Aided Remote Driving (CARD)

In CARD, the human operator would designate a path based on the stereo
images sent by the rover. Viewing the images from a 3-D display, the human
operator can assign waypoints along a safe path using a 3-D cursor. This
designated path would only go as far as the human operator could discern
accurately from the stereo images and would be converted by a ground-based
computer into a sequence of commands comprising of turn angles and path
segments. The translated commands are sent to and executed by the rover.
Once it reaches the end of the designated path, it takes a new set of images
and transmits them back to ground control. Upon the receipt of the new stereo
images, the process repeats.

In comparison to teleoperation, the information to be transmitted from the
remote to the operator is considerably reduced. Furthermore, since images
were taken using passive techniques, this method has a low power consumption.
However, heavy computation would have to be performed in order to extract
3-dimensional information from the unprocessed stereo images taken by the
rover, thereby lengthening the rover's waiting time for the next command
sequence (Wilcox, 1992).
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Semi-Autonomous Navigation (SAN)

As in CARD, ground control designates a global path for the vehicle, based
on topographic map obtained from images produced by a satellite orbiting
Mars. This designated path acts only as a guideline for the rover. The global
topographic map with the designated corridor for traversal is then sent from
ground to the rover. Upon the receipt of this information, the rover then
constructs a local map using its on-board sensors. This local map is then
combined with the global map through the use of some statistical measures
on-board the rover to form a revised map with a higher resolution in the rover's
vicinity. Based on this revised map, the rover then re�nes the path planned by
ground control. After the execution of the re�ned path, the rover then builds
another local map to be registered with the global map. The process repeats
until the destination is reached.

This control scheme requires the rover to be equipped with a high performance
computing systems, which has been made possible due to advances in micro-
electronics. However, as active vision is involved in this technique, the rover's
power consumption is drastically increased, an aspect usually not preferred in
space applications.

Behaviour Control

This control strategy requires the operator to identify only the heading and
approximate range from the rover's current position to the goal. This set of
information is then transmitted to the rover. The rover would then move in
an approximate direction toward the goal, reacting to both its desire to reach
the goal and its instinct to avoid obstacles. The path executed by the rover
is usually determined using a gradient �eld, composed of vector sums of the
attractive �eld exerted by the goal and the repulsive �elds induced by the
obstacles. Behaviours, the mapping of sensory inputs to a speci�c pattern of
reactions, can be combined and layered to produce robust and richer overall
system performance.

Compared to SAN, the computing requirement is slightly relaxed. However,
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the reaction speed of the rover is highly dependent on the density and type
of the obstacle clutter. Issues such as oscillations and stagnations might also
occur. (Murphy, 2000; Wilcox, 1992)

2.4.3 Completely autonomous Robots

A completely autonomous robot has the ability to make and execute its own
decisions without any human interference. In the context of a planetary rover,
such a robot should be able to determine its goals, traverse to its target while
avoiding obstacles along the way and perform scienti�c operations upon arrival,
all on unknown terrain without any human assistance. With the present state
of the art in arti�cial intelligence, such a robot is not realistically realizable
even for terrestrial applications. Yet, even if technology is available, a certain
degree of human interference is desired so that scientists can command the
rover to explore speci�c sites which might be considered to be of no scienti�c
value by the robot. (Chatila et al., 1995)

2.5 Autonomous Navigation Systems of Success-
ful Mars Rovers

Based on the concepts introduced in preceding sections, this section discusses
the navigation system design of NASA's Sojourner and MER. The primary
focus will be on their mobility system, localization techniques used and the
way autonomy is implemented.

2.5.1 Sojourner

As one of the world's �rst initiatives to use robotic explorers in planetary mis-
sions, the design of Sojourner's mobility system utilized the conventional and
well-understood wheeled con�guration in order to eliminate further uncertain-
ties which might lead to failure. Each of the six 13cm diameter wheels on the
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rover was independently steered with a gear ratio of 2000:1. This high gear
ratio allowed for superior climbing capability even on soft sand. Cleats were
present on each of the wheel surface to further increase traction. Each of the
four corner wheels was equipped with an extra steering motor allowing the
rover to perform point turn with explicit steering. Both driving and steering
motors were commanded simply with on/o� commands. When turning, the
set of wheels in the middle of the rover were modulated at 50% duty cycle to
prevent the lifting of front wheels and to minimize skidding. The maximum
speed achievable by the rover was 0.4m/min. (Levomäki, 2000)

In order to enhance the robustness and the performance of the mobility system,
the innovative rocker-bogie suspension system was introduced. This suspension
system consisted of two links joined by a passive rotary joint on each side of
the rover. Figure 2.6 illustrates the Rocker-bogie system of Sojourner. This
passive suspension allowed all six wheels to be in constant contact with the
terrain. Each portion of the vehicle was lifted one at a time, thereby forcing
the wheel con�guration to adapt to the shape of the terrain when climbing
over obstacles. The Rocker-bogie mechanism allowed Sojourner to climb over
obstacles approximately 1.5 times its wheel size. (Harrington and Voorhees,
2004; JPL, 2007)

Figure 2.6: Rocker-bogie of Sojourner (NASA, 2007)

Localization is implemented using dead-reckoning with wheel encoders and
solid state rate gyros. As there were redundant degrees of freedom, encoder
counts were obtained by averaging the readings from all six wheels in the
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attempt to minimize odometric errors. The rover stopped approximately every
6.5cm to perform position update. Odometric errors were corrected daily by
pose updates sent from ground control. These pose updates were determined
by the ground operator based on stereo images transmitted by Path�nder.
As Sojourner was designed to perform scienti�c operations within 10m of its
lander, Path�nder was almost always able to capture the rover in its camera
images.

The 1.5m wide by 1.0m high tetrahedron lander took images of the terrain at
the end of every sol with its multispectral stereo camera pair. Mounted 1.5m
above ground, with a baseline of 15cm, a resolution of 256× 256 square pixels
and a Field of View (FOV) of 14.4◦, Path�nder's cameras returned high res-
olution terrain panoramic images to ground every sol. (Matthies, 1995) Using
image processing techniques, a 3D terrain model was constructed and dis-
played to the ground operator via the Rover Control Workstation software.
Based on the principles of CARD (Section 2.4.2), the ground operator could
designate target points on the 3D model (Figure 2.7b). Additional commands
could also be sent to the rover using the Rover Control Workstation software
(Figure 2.7a). The coordinates of the designated goals along with the speci�ed
commands were then saved to a �le to be transmitted on the next communi-
cation opportunity to Path�nder, which would then relay the information to
the rover.

(a) (b)

Figure 2.7: (a) Main Rover Control Workstation program window displaying
the available command sequences (b) Reconstructed 3D terrain model dis-
played on Rover Control Workstation (NASA, 2007)
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Upon receipt of the command sequence, Sojourner would then execute the com-
mands autonomously using behaviour based control. Obstacles were detected
with the rover's on-board cameras and an array of �ve laser light stripers.
By tuning the camera to the lasers' wavelength, image processing techniques
and active triangulation were used to create a sparse map of obstacles in the
rover's vicinity. This obstacle detection method was complemented by slope
information obtained from encoders installed on the Rocker-bogie system and
inclinometers on-board the rover. In the presence of an obstacle, the rover
would turn in its place until the obstacle was no longer visible before resuming
its direction towards its target. Periodically during command execution, So-
journer would communicate with Path�nder for new ground-issued commands.
If no new commands were issued, Sojourner would then update the lander with
its telemetry since the last communication window. Communication between
the rover and ground station was alway achieved through the lander. (Shirley
and Matijevic, 1995; Anttila, 2005)

When the mission ended, Sojourner had traveled over 100m in total, with an
average distance of 2.7m per sol. Since only relative localization techniques
were used in determining the rover's pose, the errors in heading and position
were quite signi�cant. In order to maintain proper control, Sojourner was
highly dependent on pose updates commanded by ground control based on
position inferences from the lander's stereo images.

2.5.2 Mars Exploration Rover (MER)

Similar to Sojourner, MER uses a six-wheeled con�guration. Each of the
wheels with a diameter of 25cm is independently driven by a DC motor and
the four corner wheels are equipped with extra motors for steering. The cor-
ner wheels are capable in turning full 360◦ angle, allowing the rover to make
sharp turns. MER also uses a rocker-bogie system similar to the one used
in Sojourner but slightly modi�ed to accommodate the signi�cant increase in
rover mass (180kg) and size as well as to allow the rover to self-deploy from
its stowed con�guration upon landing on Mars (Figure 2.8). Additional joints
and actuators have been added to the rocker part of Sojourner's rocker-bogie
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design to enable the folding and deployment of the mobility system. The newly
added joints must be reliably locked and latched into place in order to provide
a safe and stable platform for driving (Harrington and Voorhees, 2004).

Figure 2.8: Rocker-bogie system of MER in deployed con�guration (NASA,
2007)

Contrary to Sojourner, MER is a stand-alone system that does not rely on
any lander for communication or localization. All the electronics are stowed
on-board the rover. Furthermore based on Sojourner's experience, in addition
to relative localization with its on-board encoders and INS, MER is equipped
with nine cameras, out of which six are used for navigation purposes. The
front and back stereo camera pairs are for both hazard detection and visual
odometry. Both of these cameras have 120◦ FOV. The stereo images from one
of the two stereo camera pairs mounted on the mast are used in constructing
a 3D map of the terrain. This set of stereo cameras, known as navigation
cameras, have FOV of 45◦ and are used with the hazard avoidance cameras to
support ground navigation planning. Sun sensor is also used occasionally to
correct position errors. The ability to update the rover's pose using position
inferred from camera images by ground operators is also retained.

Instead of the program, Rover Control Workstation, the science operations
tool, SAP, is used for mission planning and monitoring of the twin rovers.
SAP uses a variety of visualizations and planning tools to assist scientists in
devising the tasks that should be performed by the rover. For instance, the
terrain images acquired by the nine cameras on the rover can be displayed in
di�erent manners (Figure 2.9) such that the user can gain di�erent information
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from the images via di�erent perspectives (Norris, 2005).

Figure 2.9: Multiple presentations of rover images shown on SAP (Norris,
2005)

In addition to tasks commands, ground control can also send low level com-
mands to the rover so that non-standard activities, such as wheel-digging,
could be performed when necessary. Tasks are devised and then compiled into
command sequences, which are to be sent to the MER directly once every sol.
During autonomous execution of the tasks, MER does not use behaviour based
methods to traverse the terrain. Instead, MER uses passive stereo vision to
create a local 3D terrain map. Using this map, MER could then be able to
compute the most optimal path to follow based on this traversability map. If
a certain mobility command is deemed by the rover's senses to be impossible
to execute, depending on its mode of operation, the rover can either reject the
command or �nd a more suitable trajectory toward the goal. (NASA, 2005;
Norris, 2005)

Originally intended for a 90-sol mission, both MERs are still operating up to
the present moment despite some minor mechanical and electrical failures.

Despite the fact that the autonomous navigation system used in MER seems to
be more robust than the one found in Sojourner, the design for MER might not
be suitable for all space applications, particularly not for those with tight mass
and volume budget. The higher level of autonomy that the MERs have was
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granted on the expense of mass and volume. In order for a highly autonomous
robot to perform satisfactorily, its sensory system must be robust. In the
case of MER, nine cameras have to be used, which dramatically increased
the weight and computing power of the rover. This drastic increase in mass
and computing power could not always be accommodated for by all space
missions. Hence, the choice of navigation system and the level of autonomy
are dependent on the mission requirements and constraints.



Chapter 3

Navigation System for MRoSA2

Even though the navigation system of MER, as discussed in Chapter 2.5,
seems to be more robust and reliable, based on the considerations of various
mission constraints of MRoSA2, the navigation system for Sojourner is actually
assessed to be a better model for MRoSA2 due to the close resemblances in
their mission requirements. Originally devised to be a study platform for
subsurface sample return systems, MRoSA2 is intended to collect samples in
a 15m radius around its lander, which is quite close to the 10m allowable
distance between Sojourner and its lander. Therefore, contrary to the long
range navigation mission of the MERs, MRoSA2 can utilize lander resources
and can o�oad some of its navigational tasks onto the lander. This undesirably
increases the dependency of the rover on the lander, but enables a higher
payload to mass ratio, thereby providing more space for the DSS.

The tether that connects MRoSA2 to its lander, necessary in providing power,
communication and navigational guidance from the lander to the rover, creates
both bene�cial and adverse e�ects on the rover's navigational performance.
On one hand, with a good tether tracking system, the rover can return to
the lander for deposition simply by rewinding the tether. However, on the
other hand, since it is highly undesirable for the tether to be trampled upon
by the rover, the presence of a tether imposes a more stringent navigation
requirement on the rover, particularly for navigation away from the lander.
Slight modi�cations would therefore have to be made to Sojourner's navigation
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system in order to further bound the position error so that more accurate
and reliable information can be provided for trajectory planning. As a result,
MRoSA2's navigation system would assume a basic structure similar to that of
Sojourner's but the navigation functions, as introduced in Chapter 2.1, would
have to be redistributed among the three main system components: rover,
lander and ground control.

However, before introducing the navigation system architecture for MRoSA2,
the hardware components constituting the MRoSA2 project will �rst be de-
scribed. Emphasis will be placed on the mechanical aspects of the two remote
components, lander and rover, as their mechanics have a direct in�uence on
the system's navigational performance, especially on rover mobility and local-
ization.

3.1 Hardware Description of Rover

Rover Functional Mock-Up (RFMU), commonly called ROSA, is a skid-steered
tracked rover designed and implemented by Russian company RCL in collab-
oration with TKK. The dimensions and overall system structure of ROSA
are shown in �gure 3.1. As one can observe from the diagrams, RFMU or
ROSA, can in general be divided into �ve di�erent sections: central payload
cab, actuator box, tether, bridge and track compartments.

The central payload cab is designed to house the DSS and the rover's control
electronics which are to be stowed in the electronics box (equipment compart-
ment 2). This mid section of the rover is connected to the track compartments
by four levers that can be actuated to lift the scienti�c payload, providing a
ground clearance from −20cm to 20cm. The negative clearance allows the ver-
tically symmetrical rover to operate even in a capsized position. In addition to
the lifting motion, the payload cab can be tilted at the rotary joint located at
the center of the box from −180◦ to +180◦, which allows drilling at all angles
without moving the rover (Suomela et al., 2002).

The lifting and tilting motors are located in the actuator box. Along with the
levers that connect the payload cab to the two sealed tracks on both sides, they
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(a) Mechanical Dimensions in mm (b) System Structure

Figure 3.1: Mechanical Structure of RFMU (ROSA) (adapted from (Suomela
et al., 2002))

form the articulation unit that provides two degrees of freedom to the DSS.
The lifting and tilting motors are placed parallel to each other in the actuator
box with each forming a 90◦ angle with respect to its corresponding rotary
joint. This volume saving placement is made mechanically possible with the
use of a cylindrical gear and a conical worm gear mounted to each of the motor.
Due to the presence of the conical worm gear, backlash is eliminated and no
brake is needed in the articulation unit (Levomäki, 2000). Figure 3.2 shows
the placement of the motors and the gears. Speci�cations of the lifting and
tilting motors, as well as information regarding their corresponding encoders
and gears, are listed in Table 3.1. Based on their no load speed and gear ratios,
the theoretical lifting speed and tilting speed are calculated to be 12mm/s and
7.6◦/s respectively.

Figure 3.2: Mechanical Drawing of Actuator Box (Adapted from (Levomäki,
2000))

Directly placed in front of the actuator box is the tether mechanics, which is
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composed of a Kapton tether reel rotated by a reel motor and winded by a feed
motor. Both motors are 1.2W DC motors with 55.1:1 internal gear ratio. The
Kapton tether is 40m long and contains �ve circuits: two for power supply and
three for serial link, which allows the RFMU to be powered and controlled by
the lander spacecraft (Levomäki, 2000).

The bridge, being a structural design inherited from Nanokhod, MRoSA2's
predecessor, is originally designed to house the tether system. However, due
to control issues related to tether winding and unwinding, this compartment
is no longer used as an enclosure for the cable. Currently, it serves only as a
channel between the tracks on both sides and contains only an inclinometer.
As the bridge does not tilt with the payload cab, it is a suitable place to
accommodate sensors for measuring the overall rover orientation.

The two completely sealed tracks form the track compartments. Each of the
track compartment contains a track actuator and its corresponding control
electronics as well as some free space for additional payload. Figure 3.3 shows
the side view of ROSA with the track cover removed and the mechanical draw-
ing of the track is shown in Figure 3.4.

Figure 3.3: Side view of MRoSA2

Each of the track is driven by a DC motor, independently controlled via an
H-bridge (LMD18200) by a microcontroller, ATMEL AVR128 (AT90CAN128)
with Controller Area Network (CAN) controller. With the use of a CAN
transceiver, the two track microcontrollers are in turn commanded by the
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Figure 3.4: MRoSA2 track mechanical drawing (Levomäki, 2000)

main processor located in the payload cab via the CAN bus. Instead of using
a rotary disk that drives the cleats lined along the inner surface of the track
belt, the driving motor with its 84:1 planetary gear is encased by a large worm
gear that has a step size of 10mm. As the worm gear turns, the cleats on the
belt traversed down the threads of the worm, resulting in a rotational motion of
the track belt. This innovative mechanism allows both the driving gear and the
motor to be placed longitudinally inside the track compartment, thereby saving
volume signi�cantly. It also eliminates the need for brakes as the worm gears
are self-hold. Each of the motor encoder provides 16 counts per revolution,
therefore yielding a maximum pulse frequency of 2800Hz (16cpt×10500rpm÷
60s/min). Speci�cations of the track motor, its encoder and gears are listed in
Table 3.1. Based on the no load speed and gear ratio, the maximum theoretical
roving speed of the rover is computed to be 1.25m/min (Levomäki, 2000).

The current RFMU prototype at TKK, on which the navigation system would
be developed and tested, has the DSS removed. As a result, the payload cab
is only occupied by the rover's control electronics, which deviate slightly from
the ones chosen for the original MRoSA2 project to better suit the needs of
the laboratory. The layout for the prototype's payload cab is illustrated in
Figure 3.5. Due to the absence of the DSS, the articulation unit has also
been temporarily disabled as the lifting and tilting of the payload cab are not
necessary for simple driving. The tether unit and the two axis inclinometer
mounted in the bridge are also currently not in use, leaving only the track
subsystem and the main control unit operational.
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Figure 3.5: Payload cab layout

Payload Cab Payload CabCharacteristics Track Lifting Pitching

Motor type Maxon 110164 Maxon 110164 Maxon 110140
Motor diameter 22mm 22mm 22mm
Brush type Graphite Graphite Precious metal
Supply voltage 24VDC 24VDC 24VDC
Assigned power rating 6W 6W 3.5W
No load speed 10500rpm 10500rpm 6520rpm
No load current 24mA 24mA 4mA
Starting current 1100mA 1100mA 411mA

Maxon 110778 Maxon 110778 Maxon 110778Attached encoder 16cpta 16cpt 100cpt

Attached Planetary Maxon 232776 Maxon 232795 Maxon 232783
gearhead & ratio 84:1 690:1 231:1

Worm gear Cylindrical gear 1.2:1Additional gears 10mm step size Conical Worm Gear 30:1

Motor control Fixed speed Fixed speed Fixed Speed
acounts per turn (cpt)

Table 3.1: Locomotion and Articulation Motor Speci�cations (Adapted
from (Iqbal, 2007) & (Levomäki, 2000))
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3.2 Hardware Description of Lander

For the mission scenario of the MRoSA2 project, the lander module should act
as a homebase for the RFMU, providing both power supply and indirect com-
munication with ground control station to the rover. In addition to having its
own scienti�c instruments for geological analysis, it should possess computa-
tional and imaging capabilities as well as a DSDP to align the rover for sample
deposition (Levomäki, 2000).

As the successor to the MRoSA project, the lander module should have a
similar structure as that of Nanokhod. The imaging system on-board the
lander should be composed of a set of stereo cameras mounted on a pan and
tilt unit high above ground, thereby allowing stereoscopic panoramic images
of the landing site to be taken. Detection of objects around the lander is made
possible by stereo images captured by the lander cameras and processed by
either the lander or ground control software. With the help of active markers
mounted on the rover, rover identi�cation can also be performed autonomously
by the lander processor (Landzettel et al., 2004).

As mentioned by (Anttila, 2005), the lander module was never implemented
in the MRoSA2 project at TKK. Instead, a personal computer was used to
simulate the functionality of both the lander and ground control. For the
purpose of this thesis, the same system structure would be employed.

Furthermore, as a preliminary study of a robust navigation system for MRoSA2,
a static prototype of two inexpensive o�-the-shelf web cameras mounted in a
parallel con�guration is used instead of a two degree of freedom stereo system
in order to meet budget and accuracy constraints (Busch, 2007). Set to fo-
cus at in�nity, the two identical web cameras are mounted horizontally with
a �xed baseline inside an aluminum frame. With both cameras connected to
a passive Universal Serial Bus (USB) hub, which in turn is connected to the
lander processor via a 5m long USB extension cable, both cameras can be com-
manded by the lander simultaneously (�gure 3.6). Speci�cations of the stereo
system and the individual web cameras are summarized in Table 3.2 and 3.3
respectively. Based on these parameters, calibration for the stereo prototype
has been performed using Matlab Calibration Toolbox.
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(a) Stereo head
mounted on tripod

(b) Inside the stereo head casing

Figure 3.6: Prototype of lander stereo system

Property Description
Height 1.2m
Baseline 40cm
Tilt anglea 32◦ ± 2◦

Minimum distance 0.8m
Maximum distance 10m

aTilt angle: Angle formed between cameras' optical axes and the horizon

Table 3.2: Speci�cations of the Stereo System

Feature Description
Name Creative Live! Pro
Sensor CMOS
Resolution 640× 480 pixels
Frame rate 30fps
Focus Adjustable manual focus ring
Field of view 50◦ ± 5◦

Interface High-speed USB 2.0

Table 3.3: Speci�cations of the web cameras (Busch, 2007)
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Along with the stereo prototype, an active marker board has been designed
and implemented by lab personnel. Strictly speaking, since the marker board
is to be mounted on the rover, it should be part of the RFMU. However, as
the marker board is currently connected directly to the lander with marker
con�guration and brightness controlled directly by the lander software, com-
pletely bypassing the rover in both hardware and software aspects, the marker
board prototype is currently classi�ed as part of the lander module.

The active marker board comprises a microcontroller board, three very bright
high current white LEDs (RL8-W110-360 Super White LED (GaN/InGaN))
and their respective circuit boards (�gure 3.7). The phosphorescent coated
LEDs are capable in 360◦ emission and have luminous �ux of 9000mlm. Each of
the three 8mm diameter LEDs is mounted on an Light Emitting Diode (LED)
board consisting of an adjustable LED current driver and three extra LED
slots surrounding the single LED in use, therefore providing room for possible
mission extension. By installing extra LEDs in this circular con�guration,
the marker size and brightness could then be increased for more robust long
distance detection.

Figure 3.7: Marker board layout

All three LED boards are connected to the microcontroller board, which is com-
posed of an Atmel ATtiny2313 RISC, a 5V voltage regulator, three LED board
connectors and an RS232 interface. Through the RS232 serial connection con-
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�gured to 2400 baud, 8 databits, 1 stopbit and no parity, marker con�guration
and brightness can be controlled by the lander software via the microcontroller.
The communication protocol is composed of only three single byte commands:
one for enabling and disabling the outer and inner LEDs of each LED board
and the remaining for con�guring the Pulse Width Modulation (PWM) values
with base frequencies of 1kHz which control the brightness of the inner and
outer LEDs (Table 3.4) (Busch, 2007).

1 byte command Description
00xxxxxx Set pattern: O1 O2 O3 I1 I2 I3
10xxxxxx Set brightness of inner LEDs: [0...63]
11xxxxxx Set brightness of outer LEDs: [0...63]
Replace x with either 0 (o�) or 1 (on) or binary value for [0...63]
Oi: outer LED number i; Ii: inner LED number i

Table 3.4: Command description of the marker board

3.3 Navigation System Architecture for MRoSA2

Based on the mission requirements and constraints, as well as the hardware
design of MRoSA2, the navigation system for MRoSA2 has been adapted from
those of Sojourner and Nanokhod with suitable modi�cations. The navigation
system architecture illustrating the system components and their correspond-
ing navigation tasks is shown in Figure 3.8.

Ground Control

As in the Sojourner navigation system, ground control will be responsible for
assigning the target sites of interest and generating an obstacle-free path to-
ward the targets. Goal designation and global hazard detection are performed
in a similar manner as scientists at ground control pinpoint sites of scienti�c
interest and locations of potential hazard based on images of the operating
environment, returned either by the lander or other orbiters. With these lo-
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Figure 3.8: Navigation System Architecture

cations identi�ed, the scientists can then generate an optimized path for the
rover with the use of waypoints.

Lander

In addition to being the bridge of communication between the rover and ground
control, the lander will perform localization of the rover based on its stereo
images. Contrary to Sojourner's lander, Path�nder, localization is performed
autonomously by the lander with the use of active beacons installed on the
rover. With the current hardware design, the lander is responsible in control-
ling the marker con�guration and brightness based on preliminary localization
estimates. This ensures that the beacons are commanded in sync with the
lander's stereo vision providing more robust rover detection and hence local-
ization. Using the lander's stereo localization, in addition to position esti-
mates, rover orientation in the yaw and pitch axes can be obtained. However,
information with regards to the rover's roll axis cannot be determined due to
ambiguity induced by the current marker board layout. Rover pose obtained
via this lander based localization will therefore be used to complement the
relative localization performed on the rover.
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Rover

As mentioned at the beginning of this chapter, rover navigation could be made
easier with the use of the tether mechanics. With a good tether tracking and
rewinding system, the rover should be able to traverse back to its lander simply
by following its tether. However, as the tether rewinding system does not
provide satisfactory performance at the present moment, the tether is not used
and therefore has not been taken into consideration in the current navigation
system design. Hence, for both navigation away from and towards the lander,
the rover ROSA would have to rely on navigational guidance provided by the
lander.

ROSA should be able to execute motion commands sent by the lander. It
involves the translation of medium to high level commands into lower level
commands used to control the microcontroller in each of the two independently
driven tracks. Motion command execution often requires knowledge about the
current rover pose, which could be supplied either by the lander or by on-rover
sensors. On-rover encoders provide odometric data, which along with a suitable
motion model, can provide preliminary rover pose estimates. Accelerometers
or inclinometers installed on-board the rover can also provide information on
rover orientation. However, since encoders and accelerometers provide only
relative measurements, localization data obtained from on-rover sensor should
be complemented by lander based localization data for more accurate pose
estimates. In addition to dead reckoning sensors, the rover should also be able
to perform hazard detection so that close proximity obstacles can be avoided
by the rover autonomously.

However, at the present stage of implementation, the rover is not equipped
with any tactile sensor nor camera that would allow the rover to perform
local hazard detection. Furthermore, the heading of the skid-steered tracked
MRoSA2 cannot be directly measured since the only two axes inclinometer
mounted on the bridge of the rover has been disabled. Even with the lander's
stereo localization, the rover's roll axis is still unobservable. This necessitates
the inference of rover orientation from track encoder data. Due to insu�cient
sensor information, therefore, an accurate driving model is required to estimate
satisfactorily the current pose of the rover and to control the rover's motion.
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ROSA's driving model, i.e. its mobility system, is described in more details in
the following chapter.



Chapter 4

Mobility System of MRoSA2

A robust mobility system allows the rover to follow closely an operator des-
ignated path. Such a system entails a set of motion commands based on a
reliable driving model, which in turn is derived from the rover's locomotion
con�guration and steering principle. In addition to providing more accurate
motion execution, a reliable driving model can also be used with various lo-
calization techniques in producing accurate pose updates. Hence, a reliable
driving model is fundamental in a robust mobility system.

As MRoSA2 is a skid-steered tracked vehicle, mathematical modeling of the
driving mechanism is not a trivial problem. Due to track slippage and soil
shearing in skid-steering, modeling of a tracked rover is complex as it includes
not only the vehicle's kinematic model, but also the dynamic model and soil
mechanics. An accurate model usually involves several force and moment bal-
ance equations whose solutions often require numerical approach and simula-
tion that are too computationally expensive to be used for real-time navigation
control (Martinez, 2004). Current motion control methods for tracked vehicles
usually include simpli�cations of the force models based on experimental data.
One example is to model the kinematics for tracked rovers based on analogy
with wheeled di�erential drive model tuned by experimental data (Martinez,
2004). Another method includes an initial assumption of the track-soil inter-
action characteristics corrected later by real time estimations (Le, 1999). The
latter technique requires adequate angular and tractive information, which is
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not available at the present stage for MRoSA2.

Due to limited resources, this thesis does not perform an in-depth study of
track-soil interaction, which is required in the development of a robust driving
model for a skid-steered tracked vehicle. Rather, the objective of the thesis
is to develop a reasonably robust motion control for the skid-steered tracked
rover based on available sensor data, with considerations for potential future
extensions. The approach, therefore, is to derive a simple kinematic model
for MRoSA2 while keeping characteristics arising from track-soil interaction or
vehicle dynamics as free parameters in the motion commands, thereby allowing
for possible future development of navigation and soil parameter estimation
system for this particular rover.

The driving algorithm for MRoSA2 is described in details in the following
section. Once the underlying mathematics are introduced, the mobility library
for MRoSA2 would then be discussed.

4.1 Driving Algorithms for MRoSA2

The driving algorithms for the skid-steered tracked ROSA in two dimensional
space have been developed primarily based on the works of Wong (Wong,
2001) and Anh Tuan Le (Le, 1999). Due to limited sensor information cur-
rently available on the rover, the basic driving model developed for ROSA
is strictly a kinematic one analogous to that of a wheeled di�erential drive
vehicle. Kinematic similarity between tracked and wheel traction has been
established by Martinez (Martinez, 2004) based on the tracks' separate ICRs
on the plane. However, instead of encapsulating track-soil interaction and all
the vehicle dynamics in three experimentally determined parameters relating
the ICRs with the rover's Center of Gravity (CG) as found in Martinez's ap-
proach, the driving commands for ROSA utilizes parameters such as wheel slip
and slip angle, which would allow for on-line parameter estimation in future
development.

According to Wong (Wong, 2001), motion of a skid-steered tracked vehicle is
highly dependent on the vehicle's parameters and the various forces that arise
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from track-soil interaction. These forces include track thrusts F , the resul-
tant resisting force Rtot and the moment of turning resistance Mr exerted on
the track by the soil. Figure 4.1 shows the vehicle parameters as well as the
forces experienced by a tracked vehicle during a low speed and high speed
turn. A comprehensive model for a tracked vehicle, therefore, would require
both kinematics and dynamics equations. In addition to being computation-
ally expensive to solve, the dynamic portion of the model would require the
monitoring of track torques and resistive forces acting on the track. With track
encoders being the only operating sensors on-board ROSA at the present mo-
ment, driving algorithms based on dynamics is not a viable solution. However,
as indicated by Anh Tuan Le (Le, 1999), a kinematic model seems to yield
satisfactory results for the estimation of slow time-varying vehicle states. As
the motion of ROSA is in general slow, a kinematic model should be su�cient
for navigational purpose in most cases.

(a) (b)

Figure 4.1: Forces acting on a tracked vehicle during a turn at (a) low speed
and (b) high speed (Wong, 2001)

Using the concept of ICRs of rigid bodies, Martinez has shown that the kine-
matics for a tracked vehicle is equivalent to that of a di�erential wheeled vehicle
for instantaneous motion. According to Martinez, a track can in general be
modeled as a rigid body with an extra degree of freedom induced by the rolling
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of the track. Hence, in the planar motion of a tracked vehicle, the motion of
each of its track on its contact surface with ground would yield an ICR di�er-
ent from that of the entire vehicle (Martinez, 2004). About the rover's ICR,
the rover's motion can be represented by a pure rotation. Meanwhile, about
the track's ICR, the motion of points on the track undergoing the composite
vehicle motion and track rolling can be modeled as a pure rotation. Based on
Arnhold-Kennedy's ICR theorem, which states that the three ICRs shared by
three rigid bodies in relative motion to one another are collinear, the tracks'
and the rover's ICRs would form a line parallel to the rover's local x-axis as
depicted in Figure 4.2.

Figure 4.2: Instantaneous centers of rotation on a plane for a tracked vehi-
cle (Martinez, 2004)

The direct and inverse kinematic equations for a tracked vehicle derived by
Martinez are equivalent to those for a di�erential wheeled vehicle. The only
di�erence is that in the absence of lateral sliding, the wheels' ICRs are constant
and are found at the ground contact points while the tracks' ICRs are dynamics
dependent and are often found outside of the tracks due to slipping. Figure
4.3 shows the ICRs for a tracked vehicle and a di�erential drive vehicle with
ideal wheels (Martinez, 2004).

Martinez has obtained reliable localization estimation for a tracked vehicle by
using a genetic algorithm that approximates the distances between the tracks'
ICRs and the rover's CG based on experimental data. However, in addition
to being highly vehicle and terrain dependent, such a method does not allow
for e�cient real-time estimation. The distances between the tracks' ICRs and
the rover's CG could vary rather signi�cantly for a tracked vehicle in motion,



4.1 Driving Algorithms for MRoSA2 50

Figure 4.3: Instantaneous centers of rotation for (a) a tracked vehicle and (b)
a di�erential drive vehicle (Martinez, 2004)

particularly on uneven and non-homogeneous terrain. Consequently, although
conceptually similar to the kinematic model used by Martinez, the driving
model for ROSA uses instead relatively more observable parameters, namely
slip angle and track slip.

The slip angle, α, arises due to a longitudinal o�set, so, between the rover's
ICR and its CG. This longitudinal o�set can be observed in Figure 4.1b
and 4.2. As a consequence of the centrifugal force experienced by the rover
during a turn, this "longitudinal shift is required to achieve a net lateral force
to accelerate the vehicle towards the instantaneous center of rotation, and
also reduces the resistive yawing moment." (Le, 1997) For tracked vehicles
operating at low speed settings, as in the case for ROSA, centrifugal force is
negligible. Therefore, this longitudinal o�set can in most cases be ignored as
depicted in Figure 4.1a. However, the centrifugal force becomes signi�cant at
moderate and high speeds as well as at relatively small turning radius. Hence,
the longitudinal o�set must be taken into account when ROSA is turning on
the spot or making turns with relatively small radius. The slip angle, α, can
be obtained using Equation 4.1, where R is the turning radius.
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α = sin−1(
so

R
) (4.1)

In addition to slip angle, slip can be characterized by a parameter known as
the slip ratio, i,

i =
rω − v

rω
= 1− v

rω
= 1− v

V (4.2)

where r is the e�ective sprocket radius for the track and ω denotes the angular
velocity at which the track sprocket turns (Wong, 2001) with V being the
commanded or theoretical track velocity (V = rω) and v being the actual
track velocity. By incorporating this ratio into the motion commands, more
accurate track speeds can be calculated if there is su�cient sensor information
to estimate the slip in real time during operation.

By leaving the slip ratio and the longitudinal o�set of the ICR with the rover's
CG characterized by the slip angle as free parameters, track-soil interaction and
vehicle dynamics are encapsulated into these parameters allowing for possible
future project development such as more accurate pose and soil parameter
estimation using sensor fusion technique with an extended Kalman Filter.

The following assumptions have been made in developing the driving algorithm
for ROSA:

• the rover is driving in a two dimensional plane

• the rover is a rigid structure

• the state of the rover changes slowly

All of these assumptions are not entirely correct. However, as only encoder
data is available on-board the rover, only two-dimensional motion can be ob-
tained using on-board localization technique. The model can be extended if
more sensors can be used on the rover. However, at the present stage the �rst
assumption would have to be made in order to develop motion commands for
ROSA. The rover is not entirely rigid due to the two levers that connect the
payload cab to the tracks. With the present structure, the baseline of the
rover can vary as shearing in the middle section of the vehicle can occur when
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the tracks are in motion. However, this shearing e�ect is not too signi�cant,
thereby rendering the rigidity assumption somewhat valid. The third assump-
tion holds in most cases for ROSA due to its highly limited track velocities,
a consequence of the unique worm geared track design. Using this assump-
tion, strictly kinematic model could be used for relatively satisfactory results
as explained earlier in the chapter. The kinematic model may only become
weak for small turning radius with which the centrifugal force could no longer
be neglected and the rover's state could no longer be considered as changing
gradually.

For subsequent discussion of ROSA's driving algorithm, the following conven-
tion has been adopted. The origin of the rover's local coordinate frame is

Figure 4.4: Local reference frame and heading convention

located at the CG point with y-axis pointing along the rover's direction of tra-
verse. Heading (θ) is the angle between the local y-axis and the global y-axis
(yg), measured counter-clockwise positive from the global y-axis.

4.1.1 Track Velocity Calculation

Given a desired rover velocity, individual track velocities have to be calculated
in order for the tracks to be independently commanded. For straight line
motion of a rigid body, velocity calculation is trivial. With ~v being the desired
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velocity of the rover, then in straight line motion, the individual left track and
right track velocities, ~vl and ~vr, are just ~v. The required track velocities, ~Vl

and ~Vr, accounting for track slips, are therefore computed as follows:

~Vl =
~v

1− il
& ~Vr =

~v

1− ir
(4.3)

The track velocity calculation for driving in circle is slightly more complex.
Referring to Figure 4.5, with the turning radius de�ned, the longitudinal o�set
so of the ICR from the CG can be determined based on previous experimental
data. Hence, the vector ~R can be computed. Along with the de�ned angular
velocity, the rover's linear velocity at the CG point can be calculated as ~v =

~Ωz × ~R.

Figure 4.5: Rover completing a counter-clockwise turn

Without loss of generality, the required track velocities can be computed at the
points, Ol and Or, at which the tracks' ground velocities ~vl and ~vr are parallel
to the longitudinal axes of the tracks. In the case of traversal on �at terrain,
Ol and Or could also be considered as the track-ground contact points. Since
the rover is assumed to be a rigid body, both tracks would move at the same
de�ned angular velocity, ~Ωz about the rover's ICR. Accounting for track slip,
one can compute the required track velocities in the following manner:

~Vl =
~Ωz × [~R + ~xl]

1− il
& ~Vr =

~Ωz × [~R + ~xr]

1− ir
(4.4)



4.1 Driving Algorithms for MRoSA2 54

4.1.2 Rover Velocity Calculation

According to rigid body dynamics, any point in a rigid body would move at
the same angular velocity. Therefore, with the assumption that ROSA is a
rigid body, both the left and right track as well as any point on the rover's
payload cab would be moving at the same angular velocity about the rover's
ICR. Consequently, given individual track speeds, the linear velocity ~vt at
point Op, the projection of the rover's CG onto the line formed by Ol, Or

and the ICR (Figure 4.5), can be computed based on the concept of similar
triangles.

~vt =
~vr|~xl|+ ~vl|~xr|
|~xl|+ |~xr| (4.5)

Using one of the rigid body formula, ~vt = ~v+~Ωz×~p, where ~p is the vector from
CG to Op, the linear velocity of the rover ~v can be obtained if the longitudinal
o�set so and the rover's angular velocity ~Ωz are known. However, due to the
lack of operating gyros and accelerometers on-board ROSA, the rover's angu-
lar velocity cannot be observed, thereby rendering the precise linear velocity
impossible to obtain. An approximation for the rover's linear velocity can be
achieved by neglecting the slip angle. As one can observe from Figure 4.6,
by ignoring the longitudinal o�set and hence the slip angle, Op now coincides
with the rover's CG, causing ~v to be equal to ~vt. Therefore, the rover's linear
velocity can be approximated as follows:

~v =
~vr|~xl|+ ~vl|~xr|
|~xl|+ |~xr| (4.6)

This equation yields rather reasonable estimates for the rover's linear velocity
as the longitudinal o�set of the ICR from CG is often negligible for a majority
of ROSA's motion. This equation also holds for straight line motion when ~vl

equals ~vr.

4.1.3 Position Update based on encoder data

As mentioned in Section 2.3, the current pose (position and heading) of the
rover can be estimated based on traversed distance information returned by
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Figure 4.6: Rover completing a counter-clockwise turn with de�ned track ve-
locities

the two track motor encoders. The distances traveled by the two tracks can be
used to compute the turning radius and the angle swept out by the rover, which
in turn can be used to obtain the change in position and heading from the last
known rover pose. By manipulating Equation 4.4, the following equations are
obtained:

~R =
~Vl(1− il)~xr − ~Vr(1− ir)~xl

~Vr(1− ir)− ~Vl(1− il)
(4.7)

Ωz =
~Vr(1− ir)− ~Vl(1− il)

~xr − ~xl

(4.8)

With ~Dl and ~Dr being the signed distance traveled by the left and right track
respectively in the time interval t, Equation 4.7 then becomes

~R =
~Dl(1− il)~xr − ~Dr(1− ir)~xl

~Dr(1− ir)− ~Dl(1− il)
≈

~Dl~xr − ~Dr~xl

~Dr − ~Dl

(4.9)

In order to simplify computation for the turning radius, track slip has been
assumed to be negligible in the time interval t.

On the other hand, the angle swept out by the rover about the ICR in the time
interval t can be obtained by integrating Equation 4.8. Assuming the slip ratio,
the longitudinal o�set so and the distances between CG and the centerlines
of the two tracks remain constant during the integration interval (i.e. ~xl and
~xr are constant), then the change in rover heading θ can be obtained in the
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following manner:

θ =
~Dr − ~Dl

~xr − ~xl

(4.10)

Figure 4.7: Reference frames for a rover completing a clockwise turn

As one can observe in Figure 4.7, the angle swept out by the rover about the
ICR is equal to the change in rover heading due to simple geometry. Once ~R

and θ are calculated from track displacement provided by the encoders, the
relative coordinates of the �nal rover position with respect to the rover's local
coordinate frame at the initial position can be obtained by performing a series
of frame transformations.

In Figure 4.7, coordinate axes with the same subscripts are simply translated
copies of each other. For instance, ~Fa, ~F ′

a and ~F ′′
a denote coordinate frames

which have the same orientation but with frame origins located at Opi, ICR
and Opf respectively. The coordinate frames ~Fa and ~Fb are replicates of the
rover's local coordinate axes at the initial and �nal position, ~Fi and ~Ff , shifted
longitudinally from CG to the point Op along the local y axes.

The CG point at the end of time interval t expressed in the rover's local
coordinate frame at the initial position, ~Fi, can therefore be computed as
follows:
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CGfi
= Ta′

i Tb′
a′T

f
b′CGff


CGfx

CGfy
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0

0
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~Ff

(4.11)

where CGi or (CGfx , CGfy) ~Fi
is the vector to the �nal CG from the initial CG

expressed in the rover's initial local coordinate axes, ~Fi. Note that the 4 × 4

transformation matrices have been reduced to 3×3, denoted by T, as the rover
is assumed to be moving in a 2-D plane without any changes in the z-direction.
With ~R being the vector from ICR to the rover's CG, ~R = (Rx,−so)ICR and
the x and y coordinates of the �nal CG in ~Fi can therefore be expressed
separately as follows:

CGfxi
= Rxcosθ + sosinθ −Rx

CGfyi
= Rxsinθ − socosθ − so (4.12)

so is the longitudinal o�set of the rover's ICR from its CG measured in the
rover's local coordinate frame, while Rx is the projection of ~R onto the local
x-axis with origin �xed at the ICR.

As the initial heading θo and the initial position of the rover with respect to
the global coordinate frame ~Fg are known, then the �nal heading (θf ) and
the global coordinates of the �nal rover position (CGfx , CGfy) ~Fg

can be found
using Equation 4.13 and 4.14.

θf = θo + θ (4.13)
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0 0 1







CGfx

CGfy

1




~Fi

(4.14)

Equation 4.13 and 4.14 would yield reasonable pose estimates of ROSA only
if the longitudinal o�set so remains constant throughout the time interval t.
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4.1.4 Turning radius based on two de�ned points

Given the initial heading and rover position, the smoothest path to a de�ned
target point traversable by the rover would be to go along the arc subtended
by the angle θ about the center of a circle with radius R that passes through
both the initial and target points (Figure 4.8).

Figure 4.8: Rover going along an arc towards target

The turning radius R can be computed from the length of the chord CGiCGf

and the turning angle θ based on chord properties. Since a line segment passing
through the center of the circle that bisects the chord is perpendicular to the
chord, CGiCGf and θ therefore are related to the turning radius R in the
following manner:

R =
CGiCGf

2sin( θ
2
)

(4.15)

The turning angle θ can be solved for by invoking the geometry of isosceles
triangle. As one can observe from Figure 4.8, the angles γ, 90◦ − α and θ

comprise a straight line. Hence,

γ = 90◦ + α− θ (4.16)

Using the properties of isosceles triangles, since ICRCGf and ICRCGi are
equal in length, the two angles ∠CGiCGfICR and ∠ICRCGiCGf are equal,
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i.e.
ξ − α = β + γ (4.17)

Eliminating γ in Equation 4.17 with Equation 4.16, the turn angle θ can be
computed as follows:

θ = 90◦ + β − ξ + 2α = 180◦ − 2ξ + 2sin−1(
so

R
) (4.18)

Combining Equation 4.15 and 4.18 with the use of trigonometric identities,
the turning radius R can be solved using the following formula:

Rcos(sin−1(
so

R
)) =

CGiCGf − 2socos(
M
2

)

2sin(M
2

)
(4.19)

where M = 90◦ + β − ξ. Once R is obtained, then the computation of the
turning angle θ is trivial. However, since Equation 4.19 is an implicit equa-
tion in R, iterative methods must be used to solve for R, which are usually
computationally expensive and would therefore reduce rover performance. In
order to simplify mathematics, one can assume the longitudinal o�set so to be
very small or approximately zero, which is generally the case for slow speed
applications. With so ≈ 0, the slip angle α is equal to zero, thereby decoupling
the equations for the turning radius and the turn angle. Note that Equation
4.19 collapses to 4.15 when so ≈ 0.

Expressing the target point as relative coordinates with respect to the rover's
initial local coordinate system, i.e. (CGfx , CGfy) ~Fi

, the angle ξ, which is the
projection angle of the vector

→
CGiCGf onto the rover's local x-axis, and the

sign of the turning radius can be easily computed. If the target is on the right
side of the rover, i.e. CGfxi

> 0, then the ICR should lie on the right side of
the rover. Similarly, if the target is on the left side of the rover, i.e. CGfxi

< 0,
then the ICR would lie on the left side of the rover. The sign of the turn angle
θ can be determined from the sign of the turning radius along with the desired
linear velocity of the rover.
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4.2 Mobility Library for MRoSA2

Founded on the mathematics discussed in the previous section, the mobility
library for MRoSA2 is a set of motion commands encapsulated into three
di�erent classes. Figure 4.9 shows the command set hierarchy of the mobility
library for ROSA.

Figure 4.9: Command Set Hierarchy

At the bottom level of the command hierarchy are the CAN related functions:
CAN commands and CAN device. The CAN commands are simple functions
responsible in communicating with the CAN bus. This set of commands per-
forms simple reading and writing to the CAN bus. Encapsulating the CAN
commands are the CAN device functions, which control the individual devices
that are attached to the CAN bus. The CAN device functions in general com-
mands the track motors in units of ticks and takes care of all CAN related
businesses. Both CAN commands and CAN device are developed in C.

Directly above the CAN functions is the Track class. The Track class is ba-
sically a C++ wrapper for CAN device functions. It contains parameters for
individual tracks such as track perimeter and number of encoder tick counts
per track revolution. It performs unit conversion between millimeters and
encoder tick counts and handles all the functions related to one single track.
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The Rover class contains all the principal driving functions developed based on
the algorithm discussed in the previous sections and is the principal component
of MRoSA2's mobility library. This C++ class is composed of two Track
objects and a CAN Bus object. The CAN Bus class is simply an auxiliary
class developed to ensure that the CAN bus is opened and closed properly.
The Rover class contains all the parameters related to the rover such as the
separation distance between the tracks. It also includes basic driving functions
from low level motion commands such as drive to high level motion commands
such as goFacePoint and goAlongArc. The following subsections focus only on
the discussion of the three di�erent levels of motion commands in the Rover
class.

4.2.1 Low level motion commands

The low level motion commands in the Rover class consists of basic driving
commands such as starting and stopping. Driving of the rover is also carried
out by specifying the two track velocities separately. Rover acceleration can
also be set via this set of commands. This set of commands has direct access
to Track class functions. Based on information obtained from the separate
tracks, the low level function updateRoverPose computes the current rover
pose using Equation 4.9 to 4.14. Rover pose is computed with reference to
the global coordinate frame with the default origin centered on the rover's
CG at the beginning of the mission. User has the freedom to update the
location of the global reference point during run-time, which would then be
used as the reference for further pose calculations. The low level function
getRoverSpeed calculates the overall rover speed using Equation 4.6 with track
speed information provided directly by the two Track objects.

4.2.2 Medium level motion commands

The medium level motion commands currently consist of only two functions:
driveStraight and driveCircle. Both of these functions do not have direct ac-
cess to the Track objects. Instead, track control is performed via the set of
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low level commands. Both of these functions compute the individual track
velocities based on user de�ned inputs and then invoke the low level motion
command drive. The function driveStraight takes the overall rover linear ve-
locity as input and computes the individual track velocities using Equation 4.3.
Meanwhile, the medium level command driveCircle determines the individual
track velocities based on user de�ned turning radius and overall rover angular
velocity as illustrated in Equation 4.4.

4.2.3 High level motion commands

Similar to the medium level motion commands, this set of functions do not
have direct access to the Track objects. It uses both the low and medium level
motion commands for rover movement. Functions in this category generally
requires constant acquisition of the updated rover pose during motion execu-
tion so that the rover would stop autonomously upon reaching the user de�ned
target. This set of commands can be further divided into two subgroups based
on their input parameters. The �rst subgroup, goStraight and goTurn, take
as input a speci�c distance or angle that is to be traversed by the rover. On
the other hand, the second subgroup, goAlongArc and goFacePoint require the
user to identify a target point to which the rover should travel. Based on the
velocity and target coordinates entered, the functions in the second subgroup
would perform all the necessary calculations and then invoke the suitable low
and medium level motion commands, sometimes calling even goStraight and
goTurn.

The command goStraight calls the medium level motion command driveS-
traight and the low level command updateRoverPose. Based on the pose in-
formation from the track encoders, the function computes the total distance
traveled by the rover's CG from the time the command is executed. The
rover would drive straight continuously and would stop only when the cur-
rent elapsed distance is almost equal to the user de�ned distance taking the
distance required for track deceleration into account.

goTurn operates in a similar manner as goStraight. With the user speci�ed
turning radius and angular velocity, the function calls the medium level com-
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mand driveCircle. Using the fact that the angle traversed by the rover is
equivalent to the change in rover heading, the function computes the change
in rover heading since command execution based on pose data acquired by the
low level command updateRoverPose. The rover would continue to drive in
circle until the change in heading is equal to the sweep angle speci�ed by the
user.

The function goAlongArc takes as input the desired rover velocity and target
coordinates. The input velocity can be entered as either linear or angular
velocity. The target position can also be speci�ed either as global coordinates
with respect to a global frame of reference or as relative coordinates expressed
in the rover's current local coordinate axes. Regardless, the function uses the
relative target coordinates to compute the turning radius and the angle to be
traversed as per Equation 4.15 and 4.18. Once the turning radius and sweep
angle are calculated, goAlongArc calls either goTurn to proceed with arcing
towards the target or goStraight to travel straight to the target if the turning
radius is found to exceed a certain prede�ned tolerance.

Contrary to goAlongArc, goFacePoint takes only target coordinates de�ned
in the global reference frame. However, input velocity can be speci�ed as
either linear or angular velocity. This function commands the rover to turn
about a user de�ned turning radius or the minimum allowable turning radius,
a speci�c rover attribute dependent on terrain and track performance, until it
faces the target point. Since ROSA is expected to travel back to its lander,
backward motion is sometimes required to rewind the tether. Hence, in order
to allow driving in reverse, this function also permits the rover to have its tail
pointing at the target point. The rover is considered to be facing the target
if its local y-axis is pointing towards the target, i.e. the rover's local y-axis
coincides with the slope joining the current rover position and the target point.
Mathematically, it can be expressed as follows:

θo +
π

2
= tan−1

CGfyi

CGfxi

(4.20)

where (CGfxi
, CGfyi

) denotes the vector from the current position to the target
point expressed in the rover's current local coordinate frame, ~Fi. In the case
of having the rover facing the target with its tail, the following condition must



4.2 Mobility Library for MRoSA2 64

be met:
θo +

π

2
− π = tan−1

CGfyi

CGfxi

(4.21)

goFacePoint calls the function driveCircle if the distance between the target
and the current position is greater than the user speci�ed turning radius. The
function would call goAlongArc instead if the distance between the target and
the current position is equal to the de�ned turning radius. However, if the
distance is smaller than the de�ned turning radius, then the function would
try to use the minimum turning radius to face the target. The rover can
never have its local y-axis pointing at the target if the distance between its
current position and the target point is smaller than the turning radius. This
is because the rover's local y-axis is always tangential to the circle about which
it turns and it is geometrically impossible for the tangents of a circle to point
to a point located inside the circle.

4.2.4 Limitations of the Mobility Library

Despite the limited sensing capabilities on-board the rover, the mobility li-
brary has been designed with considerations for potential future extensions.
Characteristics arising from track-soil interaction or vehicle dynamics which
have direct impact on the rover's driving performance are summarized into two
parameters, slip angle and slip ratio. With the exception of goAlongArc, all
driving functions have been formulated with these two dynamics related char-
acteristics as free parameters, thereby allowing them to be changed during
run-time without a�ecting function performance. Nonetheless, the mobility li-
brary is limited in the sense that it would only provide reasonably satisfactory
performance if the assumptions, stated earlier in Section 4.1, hold true.

As mentioned in Section 4.1, the mobility library is strictly built upon a kine-
matic driving model without accounting speci�cally for many of the dynamic
forces that might arise due to track-soil interactions, such as track sinkage,
bull-dozing e�ects, soil compaction and drag. Even though these forces, specif-
ically the rover's response to these forces, have been summarized into the two
variables�slip angle and slip ratio, the determination of these two quantities
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during run-time is not a trivial matter. Although theoretically accessible, these
two quantities are currently unobservable using only the on-board track en-
coders. Other sensors, preferably those that would not a�ect the soil surface
to which the rover is subjected, would have to be used.

As the current pose update function in the mobility library is based solely on
information provided by the track encoders, the accuracy of the pose estimates
is highly sensitive to terrain imperfections and slippage. Any minor defects
such as small debris and cracks on the terrain would produce non-systematic
errors that adversely a�ect dead-reckoning performance. Furthermore, due to
the skid-steered nature of ROSA, track slippage/skidding during tight turns
would introduce large errors into the encoder measurements, thereby reducing
the reliability of the pose estimates. Meanwhile, since the rover pose cal-
culations hinge on the assumption that the rover is a rigid structure, minor
changes in the �exible track levers would introduce additional error into the
pose estimates. Inertial and angular motion sensors such as accelerometers
and gyros would help in remedying some of these errors as they can provide
extra information in the z-axis direction and rotational information, which are
unobservable by the track encoders. Nonetheless, due to the lack of operating
inertial or angular motion sensors on-board ROSA, only reasonably accurate
pose estimates could be obtained from the current mobility library function.

Since the mobility library for the skid-steered tracked rover, ROSA, currently
relies entirely on track motor encoder information, the performance of the
driving commands would degrade signi�cantly in the face of minor violations
to the assumptions. With motor encoders as the only information source,
the mobility library would only be as reliable as the dead-reckoning technique
would allow. Without consideration for slip e�ects, due to the unobservability
of track slip by the motor encoders, the reliability of the command library
further degrades. One way to improve the performance and reliability of the
library would be to install additional sensors on-board to provide extra infor-
mation in the other degrees of freedom, thereby compensating for some of the
errors in the encoder measurements. Such addition could be easily accommo-
dated for due to the �exibility in the design of the mobility library (only the
updateRoverPose function would have to be changed). Nonetheless, most of
the on-board sensors provide only relative measurements without any external
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reference and would therefore be incapable in providing any slip information.
Another alternative to ensure satisfactory performance from the mobility li-
brary is to employ the use of external sensors, which would provide not only
additional information in the other axes but also slip information as the rover's
position is compared to an external global reference frame. The stereo cameras
mounted on the lander is one example. However, before the discussion on how
the lander cameras could be integrated to the system in enhancing ROSA's
mobility performance, the basic operational principles of stereo localization
would �rst be introduced in the next chapter.



Chapter 5

Lander based localization

As mentioned in previous chapters, since the micro-rover ROSA will be oper-
ating in close proximity to its lander, lander based localization technique could
be used to enhance the performance of MRoSA2's navigation system. With
stereo localization, the lander would be able to provide complimentary pose
estimates to the rover, thereby improving the reliability of the rover's mobility
system. Being an absolute localization technique, the lander's stereo vision is
capable in providing absolute rover position estimates in all three coordinate
axes as well as orientation measurements in the yaw and pitch axes. Fur-
thermore, since the stereo cameras are mounted independent of the rover, the
lander localization information can be fused with that of the rover in providing
estimates for slip and other track-soil interaction properties.

Since the stereo localization system has been developed previously by lab per-
sonnel, this chapter will only provide a general overview of the basic algo-
rithm used. A more in-depth treatment can be found in the thesis of Stephan
Busch (Busch, 2007). However, before the discussion of the stereo localization
software developed for the lander, the fundamental concepts of stereopsis will
be brie�y introduced.
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5.1 Basics of Stereo Vision

Stereo vision, or stereopsis, is the ability to reconstruct 3-D information based
on images of a structure capture from di�erent perspective. Due to the di�er-
ent distances between the object and the imaging devices located at di�erent
viewpoints, the projections of the object on the images would di�er in their hor-
izontal positions. This horizontal di�erence, known as disparity, allows depth
information to be reconstructed with triangulation. According to Trucco, from
a computational standpoint, the concept of stereopsis can be divided into two
aspects: correspondence and reconstruction (Trucco and Verri, 1998).

Before the discussion of the correspondence and reconstruction problems, how-
ever, the issue of converting image pixel coordinates to world coordinates must
�rst be tackled. As the detailed mathematics have been outlined in Stephan
Busch's thesis (Busch, 2007), the next section introduces only the general con-
cept of a camera model that relates image pixel coordinates to world reference
coordinates.

5.1.1 Camera model

A camera model is a mathematical formulation that describes the transforma-
tion between the image pixel coordinates and the world reference coordinates.
For the ease of illustration, a camera reference frame is introduced. The origin
O of this 3-D frame is located at the focal point (focus of projection) of the
camera. The z-axis of the camera reference frame is aligned with the imaging
device's optical axis. This axis intersects the image plane at the point c known
as the image center or principal point. The distance between O and c is called
the focal length (f). The camera reference frame, the image reference frame
and the world coordinate frame are illustrated in Figure 5.1.

A camera model consists of two types of parameters: extrinsic and intrinsic.
For a single camera system, the extrinsic parameters are geometric quantities
that identify uniquely the transformation between the often unknown camera
reference frame and a known global reference frame, also called the world



5.1 Basics of Stereo Vision 69

Figure 5.1: Coordinate frames for a single imaging device

coordinate frame. More speci�cally, the extrinsic parameters are composed of a
3×3 rotation matrix R that describes the orientation of one frame with respect
to the other and a 3-D translation vector T that describes the relative positions
of the origins of the two reference frames. Given a point P in space, the
coordinates of P in the camera reference frame Pc and in the world coordinate
frame Pw are related to each other by the extrinsic parameters as follows:

Pc = RPw + T (5.1)

Unlike the extrinsic parameters, the intrinsic parameters relate coordinates in
the camera reference frame to image pixel coordinates. This set of parame-
ters represents the optical, geometric and digital characteristics of the imaging
device (Trucco and Verri, 1998). In order to convert camera reference co-
ordinates to image pixel coordinates, one must take into considerations the
following characteristics:

• focal length, f

• e�ective pixel size in millimeters in the horizontal and vertical direction,
(sx, sy)

• pixel coordinates of principal point c, (cx, cy)

• skew coe�cient, α

• image distortion coe�cients, kc
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For most calibration procedures, the focal length, which describes the perspec-
tive projection, is often expressed in e�ective horizontal and vertical pixel size
units, denoted by fx and fy respectively (i.e. fx = f

sx
and fy = f

sy
). The

aspect ratio, fy

fx
, is less than or greater than 1 if the pixels are not squares.

The pixels might not even be rectangular in shape, thereby giving rise to the
skew coe�cient which de�nes the angle between the image coordinate axes
xp and yp. The principal point and the skew coe�cient as well as the as-
pect ratio characterize the transformation between camera frame coordinates
and pixel coordinates. Meanwhile, the 5 × 1 distortion coe�cient vector kc,
characterizes geometric distortions introduced by the optics in the imaging de-
vice. Image distortions arise due to lens imperfection and misalignment. Two
common types of distortions are radial distortions and tangential distortions.
Most optical lenses, particularly optics with a large �eld of view, produce ra-
dial distortions. Tangential distortions, on the other hand, are usually caused
by optics misalignment and other manufacturing defects (Busch, 2007; Trucco
and Verri, 1998).

For a stereo system, the de�nition of intrinsic parameters remains the same.
Since there are two cameras in the system, there are two sets of intrinsic
parameters in a stereo setup. Unlike the intrinsic parameters, the de�nition
of extrinsic parameters varies slightly for a stereo system. In a stereo setup,
the extrinsic parameters describe the transformation of one camera reference
frame with respect to the other, instead of the world coordinate frame. In
other words, coordinates in the right camera reference frame are related to
those in the left camera reference frame through the extrinsic parameters in
the following manner:

Pr = RPl + T (5.2)

where R and T are the relative rotation matrix and relative transformation
vector for the two cameras. These system parameters are related to the ex-
trinsic parameters of the individual cameras as follows:

R = RrRl
T (5.3)

T = Tr −RTl (5.4)
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Provided that the geometry of the stereo imaging system does not change
with time, the extrinsic and intrinsic parameters of the individual cameras
as well as the system can be determined beforehand using various camera
calibration technique. Once the camera's parameters are determined, one can
easily compute the image coordinates given the world coordinates of a point in
space. However, as depth information is lost during the projection, the camera
coordinates and hence the world coordinates of a single image point cannot be
fully recovered. Due to this reason, stereo vision is required for complete 3-D
information reconstruction. In stereo vision, the 3-D coordinates of a point
in space are usually reconstructed with respect to the left camera reference
frame. However, if the extrinsic parameters of the left camera are known, the
point in space can then be expressed in world coordinates.

5.1.2 Epipolar Geometry

In order to reconstruct the 3-D coordinates of a point in space from stereo
vision, parts of the left and right images that are projections of the same
object must �rst be identi�ed. This is known as the correspondence problem.
Solutions to the correspondence problem can in general be divided into two
categories: correlation based methods and feature based methods. However,
without any constraints, both of these methods would need to conduct a 2-
D search on the entire image plane for corresponding coordinates. In order
to minimize the search time, the problem can be reduced into a line search
problem with epipolar geometry, the fundamental principle in stereopsis.

Figure 5.2: Epipolar geometry (Trucco and Verri, 1998)
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Figure 5.2 shows the epipolar geometry. Both vectors, Pl and Pr, refer to the
same point in space but expressed in left and right camera reference coordinates
respectively. Meanwhile, the vectors pl and pr refer to the projection of P on
the left and right image plane and are expressed in the corresponding reference
frame. The point in space P along with the projection centers Ol and Or form
a plane called the epipolar plane. This plane intersects each image plane in a
line called an epipolar line. All the epipolar lines of a camera passes through
a point called the epipole, which is simply the image of the projection center
of the other camera. The vectors el and er point to the left and right epipoles
respectively.

Based on this geometry, one can conclude that given the image point pl, then
the corresponding match in the right camera image, pr, must lie on the epipolar
line. This is known as the epipolar constraint, which reduces the correspon-
dence problem to a line search problem.

Since the con�guration of a stereo camera set is in general arbitrary, the epipo-
lar lines are not always parallel to the image axes. Searches for corresponding
image pairs are still in general a 2-D problem. In order to further reduce the
correspondence issue from a 2-D line search to a 1-D search problem, recti�-
cation on both the left and right images have to be performed. As stated by
Trucco, "recti�cation determines a transformation (or warping) of each image
such that pairs of conjugate epipolar lines become collinear and parallel to one
of the image axes" (Trucco and Verri, 1998). Figure 5.3 shows the recti�cation
of a stereo pair.

Note that the image projection of the point P on the recti�ed left image is
denoted as pr

l and the one on the recti�ed right image is represented as pr
r. If

pr
l = (pr

lx
, pr

ly
)l and pr

r = (pr
rx

, pr
ry

)r, then

pr
ly |l = pr

ry
|r. (5.5)

In other words, with both the left and right images recti�ed, given the pixel
coordinates of the projection of P on the recti�ed left image, i.e. (pr

lx
, pr

ly
)l,

then the corresponding point would lie on the scanline y = pr
ly

in the right
image.
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Figure 5.3: Recti�cation of a stereo pair

5.1.3 Reconstruction

Once the corresponding image pair (pl and pr) of the projection of the space
point P is found, then reconstruction can be performed using triangulation.

Figure 5.4: Triangulation based on disparity

Figure 5.4 shows the 3-D reconstruction problem for a stereo system with
parallel con�guration. Under such circumstances, the depth information of
the space point P is dependent only on the lateral displacement of the image
projections, known as disparity. With xl and xr representing the x coordinates
of pl and pr with reference to cl and cr respectively, the disparity d can given as
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d = xl − xr. If the separation distance between the projection centers Ol and
Or, represented as the baseline of the system b, is known, then the distance z

between the point P and the baseline can be calculated using similar triangles,
i.e.

z = f
b

d
(5.6)

where f is the common focal length. (Trucco and Verri, 1998)

However, since camera parameters are only known approximately, the stereo
con�guration might not be completely parallel even after recti�cation. Fur-
thermore, since the image locations are usually only approximations, the rays
→

Olpl and
→

Orpr might not intersect at a point in space. Their intersection can
only be conjectured as the point of minimum distance from both rays. This
pseudo-intersection point is illustrated in Figure 5.5. (Trucco and Verri, 1998)

Figure 5.5: Triangulation with non-intersecting rays

If the focal lengths of the cameras are known, then the 3-D line equations for
the rays

→
Olpl and

→
Orpr can be found. Since the line segment ST is perpendic-

ular to both
→

Olpl and
→

Orpr, then the determination of the 3-D coordinates of
the pseudo-intersect P′ is just a matter of solving a linear system of equations
base on line geometry in 3-D space. Detailed solution can be found in(Busch,
2007).

5.2 Stereo Localization for MRoSA2

The core of the stereo localization system for MRoSA2 has been developed
by previous lab personnel based on the fundamental concepts of stereopsis as
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introduced in the previous section. As only minor adjustments have been made
to the MRoSA2's stereo localization system, this section would only provide
a brief overview of the algorithm employed in the localization system with
emphasis on the improvements that have been made to the software.

The stereo localization algorithm for MRoSA2 can in general be divided into
four steps:

1. Image acquisition

2. Marker extraction

3. Marker matching and triangulation

4. Pose estimation

During the image acquisition phase, the software commands the markers on
the marker board mounted on the rover to turn on and then o�. The brightness
of the markers on the board is calculated based on an estimated distance of
the marker board from the camera. By capturing both the on and o� state
of the LEDs using the stereo cameras, the markers can be easily extracted
from the images by background subtraction. The di�erential images, after the
background is subtracted, should contain only the three LED markers and
low intensity noise if everything else in the scene is static. The use of active
markers signi�cantly reduces the complexity of the correspondence problem
but adversely doubles the amount of images that are required for localization
purpose.

In order to extract the pixel coordinates of the markers, the di�erential images
are converted �rst into grayscale and then black and white to eliminate colour
information. The conversion from grayscale to black and white is made by
thresholding. A suitable gray value is chosen as the threshold such that only
a small number of pixels, corresponding to the marker size would lie above
the threshold. With only the marker images and some noise remaining as
white pixels, the algorithm then determines the size of the bounding box for
each white region. White pixels are grouped into one region if they are in
the direct vertical, horizontal or diagonal neighbourhood of each other. The
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bounding box for the region is then de�ned as the smallest rectangle that can
completely enclose the region. By comparing the size of the bounding box
to the maximum and minimum size limit for the markers, which are derived
based on the theoretical closest and furthest distance of the markers from the
cameras, some of the low intensity noise and other unexpected disturbances
could then be �ltered out. Afterwards, the centers of mass of each of the
remaining regions are then determined and assumed to be the pixel coordinates
of the markers.

After the possible marker locations are determined, the next step is to match
the markers from the left and right images. This is performed with the help of
the epipolar constraint. The pixel coordinates of the markers are �rst recti�ed
to the parallel con�guration. According to the epipolar constraint in Equation
5.5, the corresponding marker in the other image should have the same y pixel
coordinate. Nonetheless, accounting for noise and the fact that the center of
the marker is only an approximation, a small deviation is allowed in the y
pixel coordinate axis direction for matching. The extracted possible markers
are sorted before they are matched one by one. In the previous software
implementation, the sorting of the extracted marker positions is based on the
markers' x coordinates. However, singularity results when the markers are
aligned in a straight vertical line. The sorting algorithm is modi�ed by �rst
�nding the slope of the best �t line from the marker cluster in the left image.
Coordinate transformation is then applied to all the markers in the left image
so that their new coordinates would be expressed with reference to a frame
attached to the mean of the marker cluster with its x-axis parallel to the best
�t line. Since the slope of the best �t line should be more or less the same
in both images with slight deviation due to the di�erent viewpoint, the same
slope of the best �t line is used for the coordinate transformation of the markers
in the right image with the origin of the new reference frame attached to the
mean of the right marker cluster. This procedure is summarized in Figure 5.6.
The markers which have undergone coordinate transformation are then sorted
according to their new x-coordinates. The frame transformation takes care of
the singular con�guration before sorting is performed. This sorting algorithm
is more robust and also allows the y-axis threshold to be bigger without too
many false matches.
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Figure 5.6: Coordinate transformation before sorting and matching

Once the possible markers from the left and right images are matched, tri-
angulation is used to determine the 3-D coordinates of the possible markers
expressed in the left camera reference frame. As mention in Section 5.1.3,
since camera parameters and marker locations are only known approximately,
the pseudo intersection is found instead. Since the software cannot distinguish
between actual marker positions and �ctitious marker locations induced by
noise, all possible combinations of three detected markers in 3-D camera ref-
erence coordinates are generated. By matching each of the combination with
the prede�ned marker board con�guration and estimating the pose, the com-
bination with the least �tting error is chosen to be the correct con�guration.
The position estimated by this algorithm refers to the position of the middle
marker expressed in 3-D coordinates with respect to the left camera reference
frame. Orientation is de�ned as the unit vector that points from the middle
marker to the front marker, thereby yielding information only in the yaw and
roll axes.

Figure 5.7 illustrates the architecture of the lander stereo localization software,
which has been developed in Matlab. Code modules have been grouped ac-
cording to their functions. Functions with ∗ at the end are new additions to
the previous software implementation.

In the previous software release, the position and orientation estimates were all
expressed in terms of the left camera reference frame. One major improvement
to the software is the ability for the user to de�ne an arbitrary global frame
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Figure 5.7: Architecture of stereo localization software

of reference. By default, the localization software uses the base center of
the stereo system as the origin of the global reference frame. The function
C2W performs coordinate transformation on the pose estimate obtained from
the localize function so that the estimate would be expressed in the reference
frame �xed to the base of the camera instead of the left camera reference frame
as de�ned in Figure 5.8a. The transformation matrix for C2W is derived
from the camera tilt angle α, the horizontal o�set of the left camera from the
center of the system and the height of the left camera. On the other hand,
the function W2R converts position and orientation expressed in the camera
based reference frame to representations in the user de�ned global coordinate
system. The user can de�ne a global reference frame ~Fr if the vector

→
OwOr

de�ned with respect to ~Fw and the orientation of the new frame with respect
to the camera base frame are known. The orientation is speci�ed by two
parameters, heading and inclination. Heading is de�ned as the angle o�set
from yw to yr, while inclination denotes the angle from the xwyw-plane to the
yr axis. The de�nition of heading θ and inclination α are de�ned in Figure
5.8b
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(a) (b)

Figure 5.8: De�nition of (a) coordinate frames for the stereo system (b) head-
ing θ and inclination α

The same convention is used in the function computeOrientation. Instead of
representing orientation as a unit vector, the function converts the marker
orientation returned by the localize function into heading and inclination ex-
pressed with respect to the de�ned global frame of reference.

The two new functions, localizewrtCamBase and localizeinGlobalFrame, are
similar to the original localize function, except the former functions return the
pose estimates expressed in the coordinate system a�xed to the base of the
stereo system and in the user de�ned frame of reference respectively. The func-
tion continuousLocalize, on the other hand, allows localization to be performed
continuously with respect to the user de�ned global frame. localizewrtCam-
Base, localizeinGloblaFrame and continuousLocalize all calls the function con-
vMarkertoCG so that pose estimates of the rover's CG instead of the marker
board can be obtained from the lander stereo system. localizeinGlobalFrame
and convMarkertoCG are functions that have been added for the ease of inte-
grating the lander software with the rover software, which will be discussed in
more details in the next chapter.



Chapter 6

Integrating Rover with Lander

According to the mission requirements of MRoSA2, the lander should act as a
bridge between the ground control station and the rover ROSA. Since the rover
is required to operate in close proximity to the lander, in addition to providing
power and communication, the lander can also provide navigational assistance
to the rover. Using stereo localization, position estimates in all three axes
and orientation in both yaw and roll axes can be provided by the lander to
the rover to complement the on-board odometry so that mobility performance
can be improved. In order to accomplish this goal, frequent communication
between the lander and the rover would be required. However, at the present
stage, due to the unavailability of the rover's tether system, direct commu-
nication between the lander and the rover cannot be established. Therefore,
contrary to the operating scenario envisioned in Section 3.3, all the communi-
cation would have to be established through the ground station. The revised
system architecture of the MRoSA2 project with focus on communication will
be discussed in more details in the next section. The structure of the ground
station program, which fuses all the system components, will also be described.

6.1 System Architecture for MRoSA2

According to mission speci�cations, communication between the ground con-
trol station and the rover should be established through the lander. Commands
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should be sent by the ground station via radio link to the lander, which in turn
would relay the data to the rover using serial communication embedded in the
rover's tether system. Similarly, rover states, as well as data collected by the
rover, should be sent to the ground station through the lander. In the envi-
sioned operating scenario as illustrated in Figure 6.1, direct communication
between the rover and the ground station has never been anticipated.

Figure 6.1: Data �ow in mission scenario

However, due to the unavailability of the rover's tether system at the present
stage, the communication link between the lander and the rover is broken.
Furthermore, since the lander is currently only a prototype, it is not equipped
with any networking capabilities other than the USB linked to the stereo cam-
eras and the serial communication to the active marker board. Hence, the
architecture illustrated in Figure 6.2 has been proposed instead.

In the revised architecture, the rover and ground station are connected to the
same network. Rover states are communicated directly by the rover to ground
while commands are sent directly from ground control to ROSA. Contrary to
the mission scenario, there is no direct communication link between the rover
and the lander. Instead, lander cameras are connected directly via USB to
the ground station computer, which also controls the marker board directly
through serial communication. Figure 6.3 shows the interfaces between the
di�erent software and hardware components in the system.

Due to the unavailability of a LINUX driver for the lander cameras, the ground
station computer would have to use Windows in order for the localization
software to be operational. On the other hand, LINUX is used as the operating
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Figure 6.2: Revised data �ow for MRoSA2

Figure 6.3: System interface
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system on the rover. In order to establish direct communication between the
two platforms, GIMnet, a communication infrastructure built over TCP/IP is
used.

Developed by the Center for Excellence in Generic Intelligent Machines (GIM)
at Helsinki University of Technology and Tampere University of Technology,
GIMnet has been designed to provide a common communication framework
between distributed modules. In order to set up GIMnet, at least one tcpHub,
the network layer of the GIMnet architecture, would have to be set up. Being
the only platform dependent component of GIMnet, the tcpHub for ROSA
has been set up on a LINUX machine on the same network as ROSA and
its ground station. The tcpHub acts as a node to which both the rover and
ground station would connect and data packets are then sent through the
hub using the TCP/IP protocol. All communication related operations are
handled by GIM Interface (GIMI), a platform-independent C++ wrapper that
encapsulates all the lower level functionalities and communication protocol of
the GIMnet architecture. In addition to normal data sending and receiving
operations, GIMI allows automatic service discovery, subscriptions and service
registrations (Saarinen et al., 2007).

With the use of GIMI, a link is established between the rover software and
the ground station software. A similar link would have to be set up be-
tween the ground station software and the lander localization software. This
is achieved using Matlab Engine. Unlike GIMI, the Matlab Engine Applica-
tion Programming Interface (API) does not establish an actual network link
between the lander and ground station software. The API simply allows the
ground station software to start a Matlab session and run commands just like
in a normal Matlab session. Using the Matlab Engine, data can be transferred
between the ground station software and the lander localization program by
using special Matlab data structures. Since the lander localization software
and the ground station software operate as two separate programs, camera
con�gurations, marker board con�gurations, as well as localization algorithm
con�gurations can be updated during run-time by modifying the correspond-
ing M-�les. This feature is good for the present development stage as it allows
the �ne-tuning of parameters during run time without recompiling the code.
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Since a direct communication link is absent between the rover and the lander,
the ground station software would have to act as a bridge between the two
system components. This will be discussed in more details in the next section.

6.2 Ground Station Software

The primary objective of the ground station software is to act as links among
all the system components, which include the rover, the lander and the human
operator at the control station. In order to communicate to each of the com-
ponents, interfaces must be implemented in the ground station software. For
sending commands to and receiving data from the rover, the ground station
uses TCP/IP via GIMI. Meanwhile, for controlling the lander camera and ac-
tive marker board as well as for obtaining pose estimates from the stereo vision
system, Matlab Engine is used. In communicating with the user, the ground
station software employs a text based User Interface (UI). This text-based UI
is shown in Figure 6.4.

The UI summarizes all the available functionality of the ground station soft-
ware. As one can observe from the �gure, the UI is divided into three sections:
Rover, Lander and Lander + Rover. The commands in the last two sections
would be available only if Matlab is installed on the ground station computer.

The �rst section of the UI o�ers the human operator remote access to most
of the available rover functions. By inputting suitable parameters, the human
operator can command the rover to move at a certain speed towards a certain
target. The operator can also acquire information from the rover such as total
distance traveled, current rover speed and rover pose estimates based on motor
encoder data. The rover commands have been grouped into four categories:
low level driving functions, parameter setting functions, medium to high level
driving functions and data acquisition functions.

The second section of the UI allows the user to perform lander based stereo
localization. The actual commanding of the stereo cameras and marker boards
are performed by the Matlab code. The function of the UI, therefore, is only
to provide an environment for the user to input all the parameters necessary in



6.2 Ground Station Software 85

Figure 6.4: Ground Station User interface
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performing stereo localization. For the ease of integration, the lander function
convMarkertoCG have been implemented so that the position of the rover's
CG would be returned instead of the marker position. This provide a common
reference to the rover encoder pose estimates. Furthermore, localizeinGlobal-
Frame has also been added to the lander software so that the user can de�ne
the global frame of reference via the ground station UI. Similar to the Rover
section, the lander commands are categorized into two groups: operational
parameter setting and acquisition functions and localization functions.

The third section of the UI is actually the most complex part of the ground
station software. The commands in this section combine rover operations with
lander localization. Localization data is used as feedback to the rover oper-
ation while rover encoder data is used as distance estimates by the localiza-
tion software. Like the other sections in the UI, the commands for combined
rover/lander operations can be classi�ed as tolerance setting functions and
high level driving functions. The high level combined rover/lander driving
functions will be discussed in more details in the following section.

6.2.1 Combined rover/lander operations

As noted from the ground station UI, currently there are only three driving
functions that combine the rover functionality with that of the lander. These
driving functions are go along arc, face point and go to point. The compu-
tations involved in determining the turning radius, sweep angle and angular
velocity are exactly identical to those found in the rover driving functions
goAlongArc and goFacePoint, which have been discussed in Chapter 4.

The only di�erence between the combined rover/lander driving functions and
those of the rover alone is that instead of executing the command once, the
command is executed multiple times, each time traveling only a segment of
the intended path. At the end of each traveled segment, stereo localization of
the rover is performed. The rover pose estimate is then used to compute the
new driving parameters for the next segment to be traveled.

For instance, when the go along arc command is executed, the ground station
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would �rst perform stereo localization on the rover. Odometric estimates of the
current pose is obtained from the rover and then fed to the lander localization
algorithm as input. The estimated pose returned by the lander is then used
as the starting point. Turning radius, sweep angle and velocity are calculated
based on user input as well as the current rover pose data. If the turning ra-
dius is calculated to be greater than or equal to a prede�ned maximum turning
radius, the rover would travel in a straight line instead. Otherwise, the rover
would turn along the circle with the computed turning radius. However, in-
stead of traveling all the way to the target using the calculated turning radius
and velocity, the go along arc function would compare the computed sweep
angle or distance to be traveled with the user de�ned incremental angle or
distance. This incremental angle or distance is equivalent to step size in a reit-
erative algorithm. If the incremental angle is smaller than the required sweep
angle, then the rover would sweep out the incremental angle. Stereo localiza-
tion is performed continuously even when the rover is executing the command.
Once the rover completes the turn, stereo localization is performed again us-
ing the last pose estimates as distance input for calculating the marker board
brightness. If the localization fails, then stereo localization would be repeated
using as input the updated rover pose computed based on the track motor
encoder data. The procedure repeats until one of the following circumstances
occurs:

1. rover reaches the target within a user de�ned tolerance

2. lander cannot localize the rover at the end of a path segment

3. number of iterations exceeds the user de�ned maximum

4. error in command execution is returned by the rover

5. rover has gone o� track, outside of the user de�ned traversable area

Figure 6.5 shows how the last criteria can be determined. Given the initial
starting position of the rover and the coordinates of the desired target point,
the zone in which the rover is currently located is calculated by �nding the
shortest distance, d, from the current rover position to the line joining the
start point and the target point. d is found using vector geometry as follows:
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Figure 6.5: Determination of deviation from path

d =
|
→
TS ×

→
CS |

|
→
TS |

(6.1)

where
→
TS is the vector from start position to target point and

→
CS is the vector

from start position to current rover position. The vector cross product equals
to the area of the parallelogram STPC. The height of the parallelogram, d,
can then be obtained by dividing the area with the base of the parallelogram.
If the distance d is greater than or equal to the user de�ned on-track distance
tolerance, then the rover is considered to have driven o�-track.

The command face point works in a similar manner as go along arc, except that
it has the additional ability to account for overshoot. If the rover has turned
more than necessary, then the function would command the rover to turn in
the opposite direction in half the angular velocity to compensate for the error.
The rover might oscillate on the spot until the number of iterations exceed the
user de�ned maximum or until the angular velocity is almost zero. This feature
has been implemented to account for inaccuracies in turning maneuvers, which
are particularly evident in tight turns.

The command go to point is simply a combination of the face point command
and the go along arc command. The function �rst calls face point in the
attempt to orient the rover towards the target. Once the rover is facing the
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target, then the go along arc command would be executed in order for the
rover to move towards the target.

In addition to the three commands mentioned above, a target selection func-
tion targetDesignation has been developed in Matlab. Using the lander camera,
images of the terrain can be obtained. By selecting and clicking on the de-
sired target sites in both the left and right image, the 3-D coordinates of the
targets can then be calculated based on the same algorithm used for stereo
localization. The correspondence problem is eliminated since the user is ex-
pected to click on the same target on both the left and right camera images.
An error tolerance is added to the algorithm. The image coordinates of the
target from both left and right image are recti�ed and then compared against
each other. If the recti�ed y coordinates of the points produce a di�erence
greater than the de�ned tolerance, then the selection is deemed to be invalid.
Using triangulation, the 3-D coordinates of the target sites are returned by the
function.

Attempts have been made to incorporate this function module into the ground
station software. However, since the function uses the Matlab function ginput,
which currently cannot work outside of the Matlab environment due to a bug
in the current Matlab release, the target selection function targetDesignation
cannot be integrated into the ground station software. Hence, in order to
perform target selection, the user must run the function in a separate Matlab
program and input the computed target coordinates into the ground station
software manually. Due to the laborious process involved, this function is not
considered as part of the ground station software and has only been used to
provide a common target point for comparison tests of rover only and combined
rover/lander driving algorithms.



Chapter 7

Testing and Results

In general, the MRoSA2 system has undergone two types of tests: develop-
ment tests and performance tests. As its name suggests, development testing
has been done during the development phase of the project. The goal of de-
velopment tests is to determine some of the key characteristics of the system
components. These characteristics sometimes have great impact on the sys-
tem design. Contrary to development tests, performance tests are done after
the system has been developed. Performance tests allow one to evaluate the
satisfactory level of the developed system operations. The bene�ts as well as
drawbacks of the system developed can be determined from these tests.

7.1 Development Testing

7.1.1 Free Track Testing

The main objective of this test was to determine the scaling factor that con-
verts encoder tick values to SI units, namely millimeters, as well as to �nd the
maximum track velocity of the rover. According to the component speci�ca-
tions found in (Levomäki, 2000), the planetary gearhead attached to each of
the track motors has a reduction ratio of 84:1. Since the motor is attached to
a worm gear that has notches 10mm wide, each motor revolution would move
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the track by 10mm. With the motor encoder providing 16 pulses per motor
revolution, then theoretically the encoder should return 134.4ticks/mm. Since
the track perimeter is 900mm, then one complete track revolution would yield
120960ticks. Furthermore, since the motor has a maximum speed of 10500rpm,
after accounting for gear reduction, the rover should have a maximum speed
of 1.25m/min, which translates to 20mm/s.

Since the maximum track velocity was to be determined, the rover was ele-
vated on a cardboard box in order to eliminate any load on the tracks. Using
the simple software developed previously by lab personnel, each of the track
was allowed to perform one complete revolution at the track acceleration of
500ticks/s2 under six di�erent velocities: 200ticks/s, -250ticks/s, 500ticks/s,
-750ticks/s, 1000ticks/s and -1500ticks/s. For each track revolution, the mo-
tor current, the total number of ticks per revolution as well as the amount
of time required to complete one revolution were recorded. The range of the
actual track velocity was also noted. Table 7.1 and 7.2 summarize the most
important results of the test. (Right track refers to the track on the tether
side.)

De�ned Speed Left Track Right Track
(ticks/s) Average Speed Average Speed

200 196.49 202.62
-250 -253.24 -253.21
500 504.88 506.5
-750 -757.24 -758.01
1000 997.-1 1007.28
-1500 -1200 -1200

Table 7.1: Speed results for free track test

During the test, it has been observed that each of the track velocities �uctuated
quite signi�cantly about the commanded value. The actual instantaneous
speed of the track could deviate from the nominal value up to 90ticks/s. The
overall average velocities, however, usually remained in the range of ±8ticks/s
of the commanded velocity. At the commanded speed of -1500ticks/s, it has
been observed that the absolute value of the actual speed could only reach
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Description Left Track Right Track
Average ticks/track rev. 184225.4 184385.2
Average ticks/mm 204.69 204.87
No. ticks/mm (backward) 205.66 209.34
No. ticks/mm (forward) 206.3 210.08

Table 7.2: Encoder results for free track test

1365ticks/s. It has been noted during the test that if the absolute speed of the
track was set to be about 1200ticks/s, subsequent actual instantaneous speeds
of the track would change rather abruptly. In order to guarantee satisfactory
performance, therefore, the maximum speed for both track has been considered
to be 1200ticks/s.

As one can observe from Table 7.2, the experimental number of ticks per
track revolution was found to be about 184305ticks/track revolution. This is
signi�cantly greater than the theoretical value of 120960ticks/track revolution.
The experimental tick count per track revolution remained quite consistent
despite several repetition of the test. After consulting with lab personnel,
it has been conjectured that perhaps the planetary gear used on the rover
was not the same as the one speci�ed in (Levomäki, 2000). By replacing
the gear ratio with 128:1, the total number of ticks per track revolution was
calculated to be 184111.75ticks/track revolution, which agreed quite closely
with the experimental value. Consequently, this value has been chosen as the
conversion factor between tick counts and millimeters. Using this conversion
factor, the maximum track speed is thus found to be 5.86ticks/s.

Another important observation from this free load testing was that the left
track motor constantly returned non-zero current readings, ranging from 40 to
110mA while the right track motor returned 0mA current measurement. Since
there was no load on the track, the motor current for both tracks should be
identically equal to 0mA. As resistant forces experienced by the tracks could
be inferred from the current drawn by the track motors, unreliable current
readings returned by the on-board sensors would mean the unobservability of
these tractive forces. This renders a dynamic driving model to be an infeasible
solution for the purpose of this thesis. Further investigations would have to be
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made, particularly on the electronics of the track system in order for the issue
to be resolved. However, due to limited resources, this issue was not addressed
in this thesis. The rover mobility library has been developed without the need
for current measurements.

7.1.2 Preliminary Ground Test

The objective of this test was simply to experiment with the di�erent func-
tionalities provided by the track hardware. The rover was allowed to move
on ground in a straight line at a speed of 1000ticks/s, which corresponded to
approximately 4.89mm/s. Using the simple software available at the time, the
tracks had to be commanded separately. Di�erent functions such as setting
the acceleration and getting motor PWM values were available through the
CAN bus.

The results of this test were strictly qualitative observations. It has been found
that if the acceleration was de�ned to be too low, the moving track would speed
up for a short period of time after the acceleration was set. If the track was
stopped, setting the acceleration might cause the track to move momentarily.
The encoder tick count reset function exhibited similar abnormal behaviours.
When the encoder tick count was reset, even when the rover was commanded
to have zero velocity, the tracks would move at the moment the command was
sent to the rover. In order to resolve these two issues, further investigations
on the hardware are required. However, since these abnormalities are not
detrimental to the rover's mobility performance, the issues have been by-passed
with software work-arounds.

7.1.3 Lander Pre-integration Test

As the lander stereo camera system has been designed and developed by lab
personnel, the original intention of this test was to determine the performance
and limitations of the camera system. By placing the active marker board at a
known con�guration at a certain distance away from the lander camera, stereo
localization of the active marker board was performed. The results were then
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compared to the known measurements in the attempt to verify the accuracy
and precision speci�ed in (Busch, 2007). Figure 7.1 shows the location of the
marker board in 3D space as detected by the stereo camera.

Figure 7.1: Location of marker board as determined by manual and camera
measurements

The coordinate axes are oriented in such a way that the camera tilt has been
corrected for. In other words, the x-axis points along the stereo system base-
line, y-axis points vertically down with origin located at the left camera. In
order to obtain this set of results, the camera image threshold for �nding the
suitable gray value as de�ned in Section 5.2 has been adjusted from 0.9996 to
0.9990. The camera tilt angle, initially set at 13.6159◦ has been adjusted back
to 32.0468◦.

As one can observe from Figure 7.1, there was a constant displacement in the
y direction between the manual measurement and the camera estimates. With
human error taken into account during the measurement, the di�erence was
simply too large. Table 7.3 gives the minimum, average and maximum errors
in the other axes as well.

Out of the three axes, the most signi�cant error occurred in the vertical y axis.
Figure 7.2 provided a possible explanation for this constant vertical shift.
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Error direction Min (mm) Average (mm) Max (mm)
Depth (z) 42 50 58
Vertical (y) 66 72 82
Horizontal (x) 0.18 2 13

Table 7.3: Error summary for stereo system

Figure 7.2: Stereo camera images (left)recti�ed image pair with marker
matches (right)Detected markers projected onto image

From the diagrams, it is obvious that the y image axes of the two images were
not aligned even after recti�cation. This is evident in the image on the right
where the detected markers projected onto the image are not on the LEDs
but slightly above. This is contrary to the recti�cation concept discussed in
Section 5.1. Furthermore, the closest distance that can still be imaged by the
cameras was found to be 1010mm instead of the 800mm quoted by previous
researcher. Both of these facts suggested that the camera geometry must have
been change and recalibration seemed to be necessary.

Using Matlab Camera Calibration Toolbox (Bouguet, 2008), the stereo cam-
eras were re-calibrated. By capturing 41 images oriented at di�erent angles
with both the left and right camera, the corners of the calibration grid pattern
were extracted by the Toolbox. Since the size of the grids was known, the
extrinsic and intrinsic parameters could be estimated. The extrinsic parame-
ters were expressed relative to the grid pattern at di�erent orientations. The
recalibrated intrinsic parameters are shown in Table 7.4.

By measuring the orientation and the distance of the checker board calibration
pattern relative to the base of the stereo system, the extrinsic parameters of the
left camera can be obtained. With the extrinsic parameters of the left camera
estimated, pose estimates by the lander algorithm can then be expressed in the
global reference frame a�xed to the center of the base for the stereo system.



7.1 Development Testing 96

Parameters Left Camera Right Camera
focal distances fx, fy [pixels] 824.1996 808.5764

824.4830 808.7623
principal point (cx, cy) [pixels] 277.1807 233.9164

334.9387 331.6936
skew coe�cient α 0 0
distortion coe�cient k1. . . k5 0.1571 0.1145

-0.4460 -0.3288
0.0133 0.00038744
0.0124 0.0048
0.00000 0.00000

translation vector T (mm)




0

0

0






−395.0047

6.3611

−33.5143




rotation matrix R




1 0 0

0 1 0

0 0 1







0.9995 −0.0162 −0.0060

0.0163 0.9998 0.0151

0.0057 −0.0152 0.9999




Table 7.4: Re-calibrated intrisic parameters
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This global frame of reference has x-axis parallel to the baseline, y pointing
in the depth direction and z pointing vertically upwards. However, positions
estimates expressed in this frame of reference based on the calibrated extrinsic
parameters in general deviated from the manual measurements by 12cm in the
x and z direction and about 20cm in the y direction. Relative measurements,
however, proved to be slightly more accurate. By picking points on the calibra-
tion pattern in the acquired lander images, the relative distances between the
selected points were calculated. The distances between the estimated points
were then compared to the known checker board geometry. Despite the inac-
curacies in absolute measurements, the relative measurements, with deviations
of no more than 2-5cm, were fairly reliable. This might be accounted for by
the fact that the extrinsic parameters were calibrated with the assumption
that the calibration pattern had been aligned with the baseline of the stereo
camera. However, this might not have been true due to the lack of an accurate
method to determine the orientation of the calibration pattern with respect
to the camera base reference frame. Due to this reason, the camera geome-
try, namely the camera tilt angle, the horizontal and vertical o�set of the left
camera to the base of the system's center is used in the localization software
to calculate the transformation matrices instead.

7.2 Performance Testing

7.2.1 Rover Ground Test with goStraight and goTurn

The main objective of this test was to test the performance of the goStraight
and goTurn functions in the mobility library system developed for MRoSA2.
In order to evaluate the performance, a laser device composed of three laser
pointers oriented 90◦ to each other on a horizontal plane was used to provide
the ground truth for comparison purpose. By surrounding the test bed with a
specially designed measuring ruler, the laser device provided 2D information
based on the concept of triangulation. The software and hardware for this
laser measuring device were developed and provided by a fellow researcher.
By reading o� the measurement on the tape ruler as pointed to by the three
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laser projections, the position coordinates and the orientation of the rover at
the end points of a command can be determined. By comparing this ground
truth with the rover pose calculated from the motor encoders as well as with
simulated results based on software developed in Matlab, the following results
were generated.

Figure 7.3: Rover trajectory for going straight

Figure 7.4: Rover trajectory for turning on the spot

For straight line motion, the rover was commanded to move ahead 500mm
at the velocity of 5.85mm/s, move back 500mm at the same speed and then
move forward another time for 500mm. The position and orientation of the
rover at the di�erent locations are shown in Figure 7.3. Position of the rover
is expressed in terms of x and y coordinates in units of mm, while orientation
is expressed in radians. Compared to the ground truth measurements, the
encoder estimates had an average localization error of 16mm in linear distance
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Figure 7.5: Rover trajectory for going straight

and 0.34◦ in angular measurements. The actual rover pose deviated from
the simulated results, which were also the commanded targets, by 22mm in
position and 0.50◦ in orientation.

In the test for on-spot turning, the rover was commanded to turn in incre-
ments of 30◦ in one direction for a certain angle before returning to its original
orientation in one turn. The test was performed for angles of 30◦, 60◦ and
90◦. Results are shown in Figure 7.4. For turning maneuvers on the spot, one
can observe a translational displacement in the rover's CG. The bigger the
sweep angle, the greater would be the translational displacement. In turning
maneuvers, the localization error of the rover's odometry was calculated to be
approximately 5◦ while the actual executed angles di�ered from the intended
ones by 4◦.

In the U-turn test, the rover was commanded to drive in a straight line, turned
90◦, travel another straight path segment and turn another 90◦ to return to the
start position. From Figure 7.5, one can observe that most of the motion errors
were introduced during turning maneuvers. From this test, the rover had a
localization error of 171mm in linear distance and 2◦ in angular information.
The linear and angular motion errors were 168mm and 3◦ respectively.

Since the laser device is only capable in providing ground truth at the end
points of a path segment, the measuring device cannot be used for evaluating
the function performance of the mobility command, goAlongArc and goFace-
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Point. The stereo cameras must be implemented before these two functions
could be tested.

7.2.2 Performance testing of lander software with rover
mobility

Before integrating the lander module with the ground station software, the
function localizewrtCamBase as well as the general functionalities of the im-
proved lander software were tested independently of the ground station soft-
ware. This set of tests required the lander stereo module to be run as an
independent stand-alone program in providing continuous monitoring of the
rover's motion, which was controlled via the ground station software.

Straight line motion

In order to analyze the e�ect of rover velocity and rover's distance from lander
on lander's stereo performance, the rover was commanded to go in a straight
line at various velocities. The rover was stopped immediately once the lander
failed to localize the rover, possibly due either to motion blurring or incon-
ceivable marker size resulting from large separation distance. The distance
between the stopped rover location and the camera was then recorded. After-
wards the rover was commanded to go backwards with the same velocity until
it could be localized again by the lander. The forward and backward detected
distances at di�erent rover velocities are shown in Figure 7.6.

At the velocity 5.65mm/s, the test was repeated several times. However, a
15cm �uctuation in the last detected distances of the rover had been found
at the same velocity. Since this �uctuation was greater than the distance
variations that were found among the di�erent velocities, no solid conclusion
could be drawn regarding the e�ect of rover velocity on lander performance.
However, based on Figure 7.6, it is obvious that the lander would fail to provide
reliable performance if the rover is more than 2265mm away from the lander.

It was true that motion of the rover might have blurred the markers, but in
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Figure 7.6: Distance limit for camera detection at various rover speeds
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general, the speed of ROSA was in general too slow to produce any adverse
e�ect on the lander localization performance. Figure 7.7 shows three sets of
di�erential images taken at di�erent rover speeds. The brightness and con-
trast of the images have been post-processed for better display. When the
rover was completely stationary, only the three LED markers remained on the
di�erential images. At a velocity of 3mm/s, some features of the rover could be
observed in the di�erential images, especially the grousers of the track. These
features were accented in the di�erential images captured at 5.85mm/s. The
track grousers were almost as bright as the LED markers and outlines of the
Payload Cab (PLC) were also visible. As suggested by the accented features
in the di�erential images taken at higher velocities, localization performance
might degrade signi�cantly with higher rover speeds. As the rover speed in-
creases, the rover features captured by the di�erential images would become
indistinguishable from the LED markers due to their accented brightness and
size. This would result in erroneous detection of possible marker locations and
thereby producing false localization estimates. However, as evident in Figure
7.7, since the LED markers had retained their shapes and brightness in all
di�erential images within the operational velocity range of the rover due to
the black background of the marker board, localization performance was not
a�ected by the rover's motion.

By analyzing all the images taken by the lander during the localization process,
it was found that within the operational velocity range of the rover, the e�ect of
distance between the rover and the lander has a greater impact on localization
performance than rover velocity. The most common reason for localization
failure at a distance far away from the lander was due to the merging of the
middle and back LED markers. One way to solve this problem would be to
change the angle of the marker board. By tilting the angle slightly, the rover
should theoretically be able to move further away from the camera before
the distance between the middle and back marker becomes too small to be
detected.

Another reason for failure was due to thresholding. The thresholds varied gen-
erally from 0.998 to 0.9991 depending on the surrounding light conditions. The
distance of the rover from the camera seemed to have an e�ect on thresholding
as the shadows cast by the markers often bridged the two markers together,
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Figure 7.7: Di�erential images of the rover taken by the lander at di�erent
speeds (Top) left camera images (Bottom) right camera images

thereby resulting in localization failure. If the rover can communicate directly
with the lander, then a feedback loop could be implemented so that the thresh-
old could be adjusted in real time based on rover data. The pitch and tilt of
the PLC could also be used to actively readjust the marker board angle for bet-
ter localization. However, due to the unavailability of the articulation system,
these active techniques were not implemented.

Operating in debug mode, the image acquisition part of the lander software
would take about 8.5s. However, it could take as long as 50s depending on if
the attached electronics were functioning correctly. In debug mode, since the
images have to be resampled for display, the algorithm usually takes as long as
4-5s to compute the pose estimate. In non-debug mode however, the process
usually takes about 0.5s.

Since all the localization data returned by the lander has a unique time stamp,
ground speed of the rover was computed by �nding the di�erence in distance
between two moving images and dividing the distance by the elapsed time.
Table 7.5 shows the variations in rover's ground speed as detected by the
lander.
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De�ned Speed (mm/s) Vavg Vmax Vmin

1.00 1.01 1.4411 0.6427
2.00 2.0083 2.2065 1.7945
3.00 3.0655 3.4072 2.7983
4.00 3.9385 4.3184 3.8019
5.00 5.0944 5.7008 4.7373
5.10 4.9491 5.2074 4.7367
5.20 5.0297 5.1361 4.7685
5.30 5.1112 5.2143 5.0031
5.50 5.2928 5.4815 5.0436
5.65 5.4805 5.6229 5.2748
5.85 5.7477 5.927 5.4914

Table 7.5: Rover's ground speed estimated by lander

Turning Maneuvers

For testing the rover's turning capability with the lander software, the rover
was commanded to move in 90◦ angles in di�erent direction and at various
angular velocities. The results are shown in Figure 7.8 to 7.11.

For counter-clockwise turn at the angular velocity of 1.99◦, as one can observe
from Figure 7.8, the angle traversed by the rover was always greater than the
commanded value. For the same type of turns at the other velocities, such
overshoot did not happen. Furthermore, the overshooting phenomenon could
not be observed in clockwise turn at the velocity of −1.99◦/s. Lander esti-
mates for this type of turns have indicated that the rover usually under turned
and stopped 1 − 5◦ before it reached the target angle. On the other hand,
the deviations between lander or rover measurements from the intended goal
also di�ered in the counter-clockwise and clockwise directions. For counter-
clockwise turns at 1.99◦/s, the di�erence between lander measurements and
the intended goal ranged from 0.5◦ to −1.3◦, but the deviations in the rover
measurements ranged from 0.7◦ to −0.5◦. In the other direction, the deviations
in lander measurements were about 2− 4◦ while rover measurements deviated
from the nominal commanded value by 0.03 to 0.3◦. The discrepancies found
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Figure 7.8: Actual angles turned by rover during CCW 90◦ turns at various
angular velocities
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angles for CCW 90◦ turns at di�erent velocities
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Figure 7.10: Actual angles turned by rover during CW 90◦ turns at various
angular velocities
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in results from counter-clockwise and clockwise turns suggest possible asym-
metry in rover geometry and terrain non-homogeneity. Di�erent deviations
in rover measurements in the counter-clockwise and clockwise direction indi-
cated possible rover asymmetry, while deviations in lander measurements in
the two directions suggested variations in track slippage, a possible indication
of terrain non-uniformity.

In most of the data set, the manual measurements deviated about 7◦ to 8◦

from both the rover and lander measurements, which tended to lie close to
each other. Large errors had been introduced into the manual measurements
due to the way the angles were measured. Hence, manual measurements would
not provide a very reliable ground truth that could be used for evaluating the
performance of the integrated lander and rover software system. One way to
measure ground truth is to use visual odometry. The visual odometry system
implemented by a fellow researcher was used in the following tests.

Straight line motion with visual odometry

Figure 7.12 shows the test results of rover's straight line motion. The rover was
commanded to move straight at various velocities for 800mm. Upon reaching
the target, the rover would stop and then traverse back at the same linear
velocity for 800mm. Rover's encoder measurements were shown as straight
vertical lines in all three measurements. In the higher velocities, the lander
detected a slight change in the order of magnitude of 1cm in the starting and
ending position while the visual odometry software showed deviations of about
10-15cm.

Turning maneuvers with Visual Odometry

To obtain Figure 7.13 and 7.14, the rover was commanded to �rst turn counter
clockwise by 5◦, and then clockwise by 5◦. An extra 5◦ was then swept by the
rover in the clockwise direction, followed by another counter clockwise turn
to return the rover to its original orientation. This process was repeated for
increments of 15◦, 30◦, 45◦ and 90◦ at angular velocities of 1.90◦/s and 0.95◦/s.
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Figure 7.12: Comparison of straight line motion as measured by rover, lander
and visual odometry

Figure 7.13: Position of Rover's CG during a turning maneuver as detected
by lander
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Figure 7.14: Change in rover as detected by lander vs time

From Figure 7.13, one can observe that the lateral displacement of rover's CG
increases with the angle increment. Moving with increments of 90◦ would move
the CG further away from its starting point than with 5◦ increments.

With 45◦ and 90◦ being the only exceptions, visual odometry shows more de-
viations in CG displacement than the lander localization data. One possible
reason to account for the large CG �uctuations would be due to noise in the
visual odometry system. This issue of noise is most evident in the 5◦ increment
graphs in Figure 7.14, in which the visual odometry (visodom) data seems to
have deviated o� quite signi�cantly from the theoretical values while the lander
estimates remained close to the commanded values. For smaller angle incre-
ments, it is possible that the noise in the visual odometry system might have
been bigger than the actual angle change. For increments of 30◦ and above,
the shapes of the graphs from visodom heading measurements seem to agree
quite closely with those of the lander estimates. Direct quantitative compari-
son between the two data sets could not be made due to the asynchronicity of
the data sets. Since the visual odometry data does not have associated time
stamp, the graphs for visodom in Figure 7.14 have been drawn by linearly
scaling the heading with respect to time. As the visual odometry data is not
exactly synchronized with the lander estimates, lateral o�sets between the two
sets of measurements can be observed from the graphs.

One should also note that for 45◦ and 90◦ increments, there were several in-
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stances in which the rover had completely moved out of the �eld of view of the
lander's stereo cameras. This accounts for some of the abrupt changes found
in the rover's CG and in the rover's heading over time but does not a�ect
the conclusion drawn regarding the relationship between the size of the angle
increment and the rover's CG displacement.

From both straight line motion test and turning maneuver test with visual
odometry, the question regarding the reliability of the visual odometry system
has been raised. The system has been found to be particularly sensitive to
the external environment. Shadows casted by the rover might also a�ect the
accuracy of the visodom measurements. Despite deviations in measurements,
the shapes of the visodom data set generally resemble those of the lander
estimates. Therefore, due to the unavailability of a more reliable measuring
device to provide ground truth measurements, visodom is used in providing
qualitative assessments of the lander/rover system performance.

7.2.3 Integrated lander and rover driving

Due to the lack of a reliable ground truth measuring device, it was particularly
important to contrast the rover's encoder measurement with that of the lander.
The following tests were performed in such a way that the driving performance
of the rover alone and that of the rover and lander integrated system could be
compared.

Using the target selection software as mentioned in the end of Section 5.2,
�ve target points were selected (Figure 7.15). The coordinates of these target
points were found with respect to the camera base reference frame (coordinate
frame attached to the ground projection point of the tripod's center). For
rover only operations, these global coordinates were converted into relative
coordinates expressed with respect to the initial start o� position of the rover.
The relative coordinates were then used to command the robot. For integrated
lander-rover driving functions, the global coordinates were used. This way one
could ensure that the rover was commanded with the same target points in
space, thereby eliminating some of the errors that might arise otherwise.



7.2 Performance Testing 111

Figure 7.15: Selected targets displayed on the left and right camera images

Going along arcs to targets

For both Figure 7.16 and 7.17, the rover was commanded to travel to the �rst
target from its home position using a linear velocity of 5mm/s. The rover then
moved to the subsequent targets at the same linear velocity until it reached
the �fth target, after which it would travel backwards to target 2. The �rst
test used only the rover's goAlongArc in driving the rover, while the second
test used the lander-assisted driving along arc function.

The dotted line represents the visual odometry data. The dashed line shows
the encoder data while the solid line shows the stereo localization information.
Targets are marked on the plot with a tolerance zone of 10cm radius. The
gray box with an arrow shows the actual position reached by the rover as
perceived by the lander. The small circles scattered on the plot were spurious
lander localization data. Some of them might have arisen due to external
interferences during testing. These spurious data sets were �ltered out by
computing the velocity between the data points. In order for a point to be
considered as a spurious data point, its velocities to the previous and to the
succeeding point must both exceed the maximum allowed velocity.

By comparing the two �gures, one can see that the lander-assisted arc function
resulted in a narrower trajectory than the goAlongArc function. This was due
to the fact that the maximum allowed arc radius was further limited in the
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Figure 7.16: Trajectory to all 5 targets using only rover's goAlongArc function

Figure 7.17: Trajectory to all 5 targets using lander-assisted driving along arc
function
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lander-assisted function than in the goAlongArc function. With the lander-
assisted arc function, the rover was able to reach the target points with less
turns and with more accuracy. All the target points were reached in the lander-
assisted function. However, in the goAlongArc trajectory, target 5 and the
subsequent target 2 were missed. Although the visual odometry data deviates
quite signi�cantly from the encoder data and the camera data in Figure 7.16,
the shape of the trajectory is more or less common to all three data sets, except
with greater position shifts in the visodom estimates. In Figure 7.17, due to a
fewer number of turns, the trajectory traced out by visodom data agrees quite
closely to that by the lander estimates.

Figure 7.18: Trajectories to the targets using lander-assisted driving along arc
function

Figure 7.18 shows three successive runs of the lander-assisted arc algorithm
with di�erent reach tolerances. The trajectories are drawn using the lander
localization estimates only. The �rst run, shown as a dashed line, was aborted
due to the abrupt termination of the visual odometry system as a result of
external disturbances. The second run, represented by the black solid line,
was aborted after the rover had performed a complete 360◦ loop around target
3 without being able to reach the target. The reach tolerance was set to
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have a radius of 50mm. Due to the tight tolerance, the system went into
oscillation about the target. From Figure 7.18, one can see an enclosed loop
about target 3. By loosening the reach tolerance to 100mm radius in the third
run, represented as the dotted line, the rover managed to reach all its targets
without oscillations. From its initial position to target 3, it followed almost an
identical trajectory as in the second one.

Going to target by facing point and arcing

Instead of evaluating the performance of the goFacePoint function on its own,
the following test was performed by combining this function with goAlongArc.
This combination is similar to the lander-assisted go to point function.

Using the same targets as de�ned before, the rover was �rst commanded to
face the point. Once the correct heading had been achieved, then it was given
the command to travel along an arc towards the target. The same order of
target traversal as in the previous driving along arc test was used. However,
instead of stopping the tests at target 2, the rover was commanded to travel
backwards from target 2 to its initial start-o� position before the test was
aborted.

In Figure 7.19, the lander lost sight of the rover momentarily for some points
beyond target 3. However, the solid line, which represents the camera localiza-
tion path, shows that the rover was able to reach all the target points within
the de�ned tolerance. Visual odometry seemed to have encountered localiza-
tion issue beyond target 3, therefore resulting in the large deviation from both
the lander and rover encoder data at the end of the trajectory. One possible
explanation for this visodom localization error would be due to the relatively
large angular velocity during on-the-spot turning used in the goFacePoint al-
gorithm.

Using the lander-assisted go to point function, the rover reached almost all
the targets exactly. The rover's CG, was matched exactly with some of the
target points. Lander might have lost sight of the rover near target 5, but
eventually regained localization capabilities. Comparing the lander data with
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Figure 7.19: Trajectory to all 5 targets using only rover's goFacePoint and
goAlongArc functions

Figure 7.20: Trajectory to all 5 targets using lander-assisted go to point func-
tion
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that of the encoder, represented by the dash line, particularly close to the end
of the trajectory, it can be seen that the lateral displacement of the rover's CG
during turning had been accounted for.

Figure 7.21: Trajectories to the targets using lander-assisted go to point func-
tion

Figure 7.21 shows three trajectories traced out by the rover using the lander-
assisted go to point function. The second run was aborted due to external
disturbance that terminated the visual odometry software. The �rst trajectory
(left) was generated with a tolerance zone of radius 50mm instead of 100mm.
As in the go to arc function, the rover traced out a loop near target 3 in the
�rst trajectory. In fact, it never reached target 3 before it started moving
to target 4 due to entangled wires. The last run (right) was performed by
resetting the tolerance radius to 100mm.

In addition to adjusting the reach tolerance and step size or in other words the
incremental distance and angle that the rover can traverse, oscillations could
have been prevented if the camera was able to perform localization faster. Due
to the slow operation of the lander software, the algorithm chosen was a stop,
localize and go algorithm. If the image acquisition and computing time of the
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lander camera could be shortened, then the system could be used in real time.
The rover could then be commanded to move until it is ordered to stop by the
lander. Without the use of reiterative methods, no overshoot would occur and
hence the rover would not go into an inde�nite oscillation loop.

Target No. Global Coordinates Drive along Arc Drive to Point
(x, y, z) Rover Lander+Rover Rover Lander+Rover

1 (85.5, 1540.9, -42.1) 58.2628 4.9488 53.3003 62.4433
2 (-1.9, 1696.9, -43.9) 73.5867 63.6941 24.3612 6.8780
3 (112.3, 1845.3, -47.2) 81.7157 100.9354 15.1082 28.864
4 (235.1, 2087.6, -49.1) 60.7295 30.5477 32.3492 10.1760
5 (165.2, 2334.5, -46.3) 227.4582 65.6785 32.0219 12.3889
2 (-1.9, 1696.9, -43.9) 179.3133 82.1328 5.6218 11.6904
0 Initial Starting position N/A N/A 53.9507 13.3685

Table 7.6: Distances (mm) between targets and actual positions reached by
rover using di�erent driving functions

Table 7.6 summarizes the results for all the tests described in this section.
As one can observe from the table, lander-assisted driving functions generally
provide more satisfactory results in reaching the de�ned target points than
driving functions that operate independently from the lander. The go to point
functions, i.e. the combined face point and go along arc functions, produce
better output than the go along arc driving functions. Turning on the spot
allows the rover to orient toward the targets before driving toward them. This
allows the rover to travel in a straight line or along an arc with a large turning
radius toward the target, thereby minimizing track velocity di�erential. This
reduction in velocity di�erential would imply less track slippage and therefore,
more accurate motion execution.

Unfortunately, due to the unavailability of a robust localization system that
could be used to provide ground truth for testing purposes, performance of
the integrated lander/rover/ground station software could not be quanti�ed.
Only qualitative evaluations have been made.



Chapter 8

Conclusions and future work

Based on the navigation system design of Sojourner and Nanokhod, an au-
tonomous navigation system using lander based localization has been devel-
oped for MRoSA2 in the attempt to satisfy its mission requirements. This
thesis focuses on the mobility and the lander localization aspect of the navi-
gation system.

Since ROSA is a skid-steered track vehicle, the driving performance would
greatly depend on track-soil interaction and soil mechanics. However, due to
the unavailability of angular rate and force sensors on-board the rover, a strictly
kinematic model based only on track encoder information has been developed.
Based on this kinematic model, which is analogous to that of a di�erential
wheel driven vehicle, the mobility library for ROSA has been developed in
C++.

Since dynamic forces have been neglected in the model, and due to the inherent
weakness of the dead-reckoning technique, the mobility library for ROSA is
limited, particularly in its ability to provide reliable pose estimates. The lander
based stereo localization system is therefore used to complement the on-board
odometry.

Based on the concept of stereopsis, the lander's stereo vision can provide 3D
position information and orientation in the yaw and pitch axes. Roll axis
information is still unavailable due to the current con�guration of the active



119

marker board.

In order to integrate the lander software with the mobility library, as well as
to provide an interface for the human operator, a ground station software has
been developed. Using various interfaces, such as GIMI and Matlab Engine,
the ground station bridges between the di�erent components of the navigation
system. A target selection module has also been developed based on the lander
software. However, due to a bug in Matlab, the target selection module could
not be integrated fully into the ground station software and hence was only
used for testing purposes.

Due to the unavailability of a reliable means to measure ground truth, the
overall performance of the rover's mobility library has been evaluated based
on localization data returned by the stereo cameras. Lander-assisted high level
driving functions have also been implemented in the ground station software,
the performance of which have only been evaluated qualitatively.

8.0.4 Future work

As mentioned in earlier chapters, the performance of the mobility library, par-
ticularly the poseUpdate function, can be enhanced by installing additional
sensors on-board the rover. For instance, the current measurements in the
track motors could have been used to provide information of resistant forces
on the track. Angular rate sensors and accelerometers would provide more
information in the other 3D axes, extending the navigational problem into the
3D space. Sensor fusion using techniques such as an Extended Kalman Filter
to improve the performance of the mobility library. In fact, the encoder data
can be fused with the lander localization data to provide better pose estimates.
Soil dynamics and parameter estimation could also be performed using sensor
fusion.

The lander stereo system, being a prototype, is highly limited in its �eld of
view. Testing was often hindered by the limited �eld of view of the stereo
system. An articulated stereo camera system could be developed to over come
this problem. However, this would lead to other issues such as calibration.
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Since the system is currently programmed in Matlab, operation overhead is
huge. By moving the software into C/C++ using for instance the openCV
library, the operation time might be signi�cantly reduced, allowing the lander
to be more involved with the rover's driving functions.

The target selection module could also be redeveloped and incorporated to a
more user-friendly graphical user interface. With some minor modi�cations to
the way GIMI is implemented into ROSA's system, control of the robot could
also be more distributed.
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