MATURING CANADIAN AUTONOMOUS GUIDANCE,
NAVIGATION, AND CONTROL OF PLANETARY ROVERS
1

1

1

* Joseph Nsasi Bakambu , Chris Langley , Karen Chiang Leineweber ,
Raja Mukherji1, Timothy D. Barfoot2
1

2

MDA Robotics and Automation, 9445 Airport Road, Brampton, Ontario, Canada, E-mail:
{first.last}@mdacorporation.com

University of Toronto Institute for Aerospace Studies, 4925 Dufferin Street, Toronto, Ontario, Canada, E-mail:
tim.barfoot@utoronto.ca

ABSTRACT
The Canadian Space Agency (CSA) has been
actively expanding and maturing its technological
capabilities through the prototyping efforts of the
Exploration Surface Mobility (ESM) program.
Autonomous guidance, navigation, and control
(GNC) of planetary rovers is a key component of
those capabilities, as it greatly increases the potential
science return of an exploration mission by allowing
further traverses within a single command cycle.
This paper reports on two of MDA’s recent rover
field trials which have been used to prove out
autonomous GNC technology. These deployments
were undertaken as part of a CSA-funded program
to characterize, upgrade, and test the GNC system of
the Lunar Exploration Light Rover (LELR)
“Hercules”. The phases of the program included:
characterization in the Mojave Desert and the
Analogue Terrain at CSA’s headquarters;
improvement of priority GNC functions; and final
characterization at the Analogue Terrain and a local
hard rock quarry.
Mojave Desert testing took place in October of 2014,
and focused on characterizing the behaviour of the
vehicle and GNC system in planetary-relevant
terrain. Observed shortcomings of the system were
noted and used to create a prioritized list of potential
upgrades.
During the succeeding winter and spring, selected
upgrades were made to the GNC software. To
thoroughly exercise and characterize the robustness
and performance of the upgraded system, in
September of 2015 the Hercules rover was taken to a
previously unknown location (a hard rock quarry),
where it was commanded to traverse waypoints of
increasing difficulty. The Hercules performed “outof-the-box”, and was very robust over the wide
types of scenes encountered.
Lessons learned from the quarry campaign have
been incorporated into the next version of the rover
software, and are being ported to the CSA’s Mars
Exploration Science Rover (MESR), with the goal
of demonstrating its autonomous capabilities during

an analogue mission deployment in Utah, USA, in
2016.
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INTRODUCTION

1.1 Motivation
Autonomous GNC for surface mobility is
recognized as a vital component of a planetary
rover system, as it greatly increases the potential
science return of an exploration mission. Within a
single command cycle the rover can safely travel
further by planning on and reacting to continually
sensed data, compared to what can be safely
planned by a ground operator based on data
acquired at a single point. A relevant example is
the 141.5 m traverse performed by NASA’s
Curiosity rover on September 5, 2013, a portion
of which was performed in a fully autonomous
mode [1].
Over the past few years, the CSA has been building
its technological readiness for planetary science
missions through the Exploration Surface Mobility
(ESM) program. Recent efforts have included
merging independent functionalities into an
integrated “mission-ready” GNC system, which is
described in a companion paper [2].
This paper reports on two of MDA’s recent rover
GNC field trials, which follow on from prior
rover campaigns in the Mojave Desert [3]. The
present deployments were part of a CSA-funded
program to characterize, upgrade, and test the
GNC system of the “Hercules” Lunar Exploration
Light Rover [4]. The phases of the program were
as follows:
 Phase 1: Characterization in the Mojave Desert
and the Analogue Terrain at CSA’s headquarters.
 Phase 2:
functions.

Improvement

of

priority

GNC

 Phase 3: Testing of upgraded GNC functions in
the CSA Analogue Terrain.
 Phase 4: Final characterization in previously
unknown terrain at a local hard rock quarry.

The structure of this paper is as follows. Related
work is cited in Section 2. Characterization results
from the Mojave Desert in Phase 1 are given in
Section 3. Section 4 describes the algorithmic
upgrades performed during Phase 2, with their
verification during Phase 4 presented in Section 5.
Section 6 provides a summary and future directions.

1.2 Localization Error Metric
It is worth noting that the localization accuracy
results stated in this paper use a somewhat different
metric from the typically quoted endpoint error
expressed percentage of distance travelled, although
both metrics are similarly motivated. The metric
shown here takes into account the errors as the path
is being traversed, so that a “lucky” or “unlucky”
endpoint position does not greatly affect the average
performance over the test campaign. Figure 1
illustrates the definition of several quantities of
interest; in particular, di is the scalar arc length
travelled from the start of the traverse to position pi.
The scalar error ei is the vector magnitude between
the actual (measured by ground truth) and estimated
position at that point. The localization error for a
particular experimental run is given by:
𝑁

1
𝑒𝑖
𝑒̅ = ∑
𝑁
𝑑𝑖
𝑖=1

increasing the distance travelled per unit of testing
time, as the rover did not need to stop and plan
short range traverses.
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RELATED WORK

The obvious gold standard in this area is NASA
JPL’s
Mars
Science
Laboratory,
which
demonstrated the first autonomous drive on another
planet over terrain which had not been previously
deemed safe by ground operators. NASA regularly
performs robotic missions, with varying levels of
autonomous GNC, at a variety of field sites through
the Research and Technology Studies program [6]
and Intelligent Robotics Group [7]. Various
government, industry, and academic agencies in
Canada have performed GNC technology tests
during field deployments in the Mojave Desert [3],
Utah [8], Meteor Crater [9], Mauna Kea [10], Devon
Island [11], and the Sudbury impact basin [12].
European agencies have held deployments in
Tenerife [13], and the Atacama Desert [14][15].
A full literature review of the typical functional
elements of rover GNC (localization, terrain
assessment, path planning, path tracking, and
autonomy) is beyond the scope of this paper.
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CHARACTERIZATION IN THE
MOJAVE DESERT

Mojave Desert testing took place in October of
2014, and focused on characterizing the behaviour
of the vehicle and GNC system in planetaryrelevant terrain. Testing was conducted near the
California State University Desert Studies Center
[16] near Baker, California. This location,
approximately at 35.18°N, 116.19°W, was the
same location as the NASA Mojave Volatiles
Prospecting (MVP) deployment [17]. A satellite
view of the area is shown in Figure 2. Tests were
conducted in six different types of terrain; Figure
3 shows a typical view of each terrain type.
Figure 1: Definition of the localization error
metric. Image credit: CSA.
Ground truth in the Mojave Desert was provided
by a real-time kinematic (RTK) differential global
positioning system (DGPS). Initial yaw was
estimated by aligning the first 5-10 m of the
traverse. At the CSA Analogue Terrain and the
Phase 4 test, the ground truth used two RTK
DGPS receivers on the rover, thereby providing
an independent measurement of yaw at all times.
Autonomous GNC test were performed by
providing the rover with only a goal waypoint,
which is a mission-relevant means of providing
mobility commands. Localization-only tests were
also performed with a human operator using a
joystick; this mode had the advantage of

Figure 2: Terrains used for characterizing LELR
localization. Base image credit: Google Earth.

Figure 3: Terrains types used for characterization tests in the Mojave Desert. “Sandhill” and “Riverbed” were
used for localization tests only.

Figure 4: Higher slopes, denser hazards, and looser soil in the CSA Analogue Terrain, compared to Mojave.
Two kilometres of traverses were performed in
fully autonomous mode, and another four
kilometres in joystick mode in order to test the
localization system over a wide variety of terrain
conditions. The onboard relative localization
system, which fuses wheel odometry, inertial
measurement unit (IMU), inclinometer, and sun-

sensor measurements, achieved a mean
localization accuracy of 2.3%, using the metric
defined in Section 1.2. An example result is
shown in Figure 5. Only two hazardous situations
were encountered during autonomous runs; in
both cases a rear wheel approached a creosote
bush in the sensor blind zone during a point turn.
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Figure 6: Illustration of a deadlock situation. Top:
A short-range path is planned directly toward
the goal. Left: Once a wall comes within range
of the sensors, the path planner attempts to
navigate around the obstacle. Right: In the
absence of prior knowledge, the short-range
planner moves toward the goal again, and the
cycle repeats.

Figure 5: Localization result from a >1 km
traverse through the “Gravel”, “Sandhill” and
“Riverbed” terrains, without using stereo
camera. Top: plan view, starting from (0,0).
Bottom: error metric as a function of distance
travelled.
It is worth mentioning that the CSA Analogue
Terrain proved to be more challenging than the
Mojave Desert. The latter had fewer untraversable
rocks, firmer soil, and fewer regions of high slope,
as can be seen by comparing the images in Figure
3 with those in Figure 4.
A main conclusion from Phase 1 was that
hazardous situations occur under one of four
conditions:
 Terrain assessment error: A false negative
classification of an obstacle.
 Localization error: The rover believes it is on
the path, but has actually drifted into a hazardous
area.
 Path tracking under/overshoot: A sharp turn
causes the rover to stray from the safe path and
into a hazard.
 Sensor blind zone: A hazard goes undetected due
to the limited sensor field of view close to the
vehicle. On LELR this situation typically occurs
at the back of the vehicle during point turns.

It was also noted that the high-level autonomy can
become trapped in a deadlock situation if it enters
a dead end, and has no global map or memory of
its past traverses. An illustration is shown in
Figure 6.
The findings above motivated the list of upgrades
described in the next section.
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UPGRADES TO AUTONOMOUS
GNC SYSTEM

Phase 2 took place during the winter and spring of
2015. During that time, the following upgrades were
made to the GNC software:
 An onboard global planner was added. If a dead
end can be observed within a low-resolution map
(for example, a digital elevation map based on
orbital data), the global planner will find a path
around the dead end. Local sensor data is then
used to detect hazards at higher resolution and
allow the global path to be safely traversed.
Additional logic in the autonomy can detect a
potential deadlock under some conditions, and
gracefully terminate the run.
 Intelligent margin was added. The terrain
assessment and path planning functions were
modified to maximize the margin between the
rover and any local hazards, by taking into
account
localization error
growth and
intelligently selecting alternative short-range
goals. These improvements helped to mitigate

the sensor blind zone and decreased the
probability of collision due to point turning, and
path tracking and localization errors.
 Curvature-dependent
path
tracking
was
implemented. The path tracking algorithm was
upgraded so that the rover slows down when
approaching tight corners, thereby decreasing
the magnitude of under- and overshoot errors.
 Localization was improved. A visual odometry
(VO) pipeline from the University of Toronto
Institute for Aerospace Studies (UTIAS)
Autonomous Space Robotics Laboratory (ASRL)
was integrated into the rover’s real time
localization system, and used to close the path
tracking loop. The pipeline, which takes
advantage of the onboard graphics processing
unit (GPU), was previously field tested in
planetary conditions on Devon Island [18].
A comparison of the GNC performance in the

CSA Analogue Terrain during Phase 1 (before
upgrades) and during Phase 3 (after upgrades),
showed a greater than three-fold decrease in the
number of manual interventions, over the same
set of test cases.
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VERIFICATION IN THE HARD
ROCK QUARRY

To characterize the robustness and performance of
the upgraded autonomous GNC system, in
September of 2015 the Hercules rover was taken to a
previously unknown location: a hard rock quarry
near Granby, Québec. The test area was
approximately 400 m in diameter, as shown in
Figure 8. The rover was commanded to traverse
through 17 waypoints, intentionally designed to be
increasingly difficult in order to fully exercise the
robustness of the GNC system. A global DEM with
1 m stations was provided. No parameter tuning
beyond what was done for Phase 3 was permitted.

Figure 7: Panoramic views of the Phase 4 test terrain, in the hard rock quarry near Granby, Québec. Top: near
waypoints 9, 10, and 11. Middle: near waypoint 15. Bottom: near waypoints 17 and 18.

planning was unable to detect a dead end, or where
the goal was untraversable, the autonomy detected
the deadlock situation and gracefully terminated the
run.
Visual odometry performed with an average error of
1.7% of the distance travelled, and was very robust
over the wide types of scenes encountered. An
example plot for the ~140 m traverse between
waypoints 4 and 5 is shown in Figure 9.

Figure 8: Commanded waypoints (yellow) and
actual paths (red) during Phase 4. Note that
waypoint 14 was removed due to flooding. Base
image credit: Google Earth.

Approximately 45% of the operator interventions
due to a near-hazard condition (called an “E-stop”)
were due to the physical limitations of the vehicle:
either the sensor blind zone, or slippage during point
turns. 30% of the E-stops were due to a corner case
in the path planning logic which had been neither
anticipated nor encountered during testing; the logic
was corrected immediately after the test was
completed. Localization errors accounted for
approximately 10% of the E-stop situations; the
remaining 15% were due to other sources of error in
the GNC system. Although the two terrains cannot
be compared directly, the average distance between
E-stop situations was significantly higher in Phase 4
compared to the CSA Analogue Terrain in Phase 1,
which is a good indication of the value of the
upgrades.
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CONCLUSION

Recent upgrades to MDA’s autonomous rover
GNC system have been thoroughly tested in two
challenging planetary-relevant environments, and
shown to be measurably more robust and reliable.
While some E-stop situations still occur, the
system is approaching a state of mission-readiness.
Lessons learned from the quarry campaign have
been incorporated into the next version of the
rover software. The team is currently porting the
full suite of GNC upgrades to the CSA’s Mars
Exploration Science Rover (MESR), with the goal
of demonstrating its autonomous capabilities
during an analogue mission deployment in Utah,
USA, in 2016. This will be the highest-fidelity
rover deployment for Canada to date, and a direct
follow-on from the 2015 Mars-analogue
deployment [19].
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