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Abstract—This paper presents a proof-of-concept, rover-
based system to locate the source(s) of methane gas on Mars.
A distributed open-path spectrometer is mounted on a rover
and pointed at several retroreflective signs to measure the line-
of-sight methane concentration between the rover and sign.
By moving the rover around and accumulating such measure-
ments, the location of a methane source can be determined. The
system was integrated and tested over a 2 kilometre traverse
in an analog mission at the Canadian Space Agency on the
Mars Emulation Terrain. Engineering results suggest that total
driving distance is comparable to other similar methods, but
by using a network of reusable paths, the total distance driven
in new terrain can be reduced by a factor of five. Autonomous
pointing of signs was successful 80% of the time. Future work
includes combining the engineering and science data from the
analog mission to better understand how to locate methane
sources.
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I. INTRODUCTION

On Earth, 90% of atmospheric methane is produced by
living organisms (biogenic), with only 10% coming from
non-living processes (abiogenic) [1]. As a result, scientists
hope that Martian atmospheric methane, recently discovered
by the Planetary Fourier Spectrometer on the Mars Express
Orbiter [2], by several Earth-based telescopes [1], and by
the Fourier Transform Spectrometer at the Canada-France-
Hawaii Telescope [3] can provide clues about the existence,
past or present, of life on Mars.

Methane gas has been found to occur in extended plumes,
released in distinct regions on the surface of the red planet
[1]. The origin of the gas is unknown, but many above-
ground processes have been eliminated (e.g., processes in
the atmosphere, volcanic emissions, and cometary impacts).
Scientists therefore hypothesize that the gas is seeping into
the atmosphere from underneath the surface [3].

If these seeps could be located and approached at close
range, scientists could then perform experiments to deter-
mine whether or not the methane gas on Mars is biogenic.
Previous Martian surface exploration missions, such as the
Mars Exploration Rovers (MERs) and the Mars Science
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Figure 1.
payloads mounted. System shown pointing spectrometer at a retroreflective
sign to measure the gas concentration along the line-of-sight between the
spectrometer and sign. Differential GPS (DGPS) is used as groundtruth
for the position of the rover. A 1 kilowatt generator is mounted to enable
long-term operation of the rover.

Clearpath Husky A200 rover with science and engineering

Laboratory (MSL) have typically relied on rovers for their
mobility, ability to carry payloads, and durability (MER
Opportunity continues to operate almost 9 years after its
planned lifespan of 90 sol). Such a rover (with appropriate
payloads) would be well suited to explore the surface of
Mars in search of a source of methane gas, and then to
perform in-situ experiments to determine the origin of the
gas.

Rovers equipped with close-range sensors (such as
ground-penetrating RADAR [4] or a fluorescence imager
[5]) could be driven over an area to locate a methane seep.
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Figure 2. The general system architecture. The system operates as a
cycle, beginning with the backroom operations team, until the scientists can
estimate the location of the methane source. Rectangles represent processes
and ellipses represent data.

Tunstel et al. [6] argue that using a distributed open-path
spectrometer with a distant retroreflective sign improves
upon methods that use close-range sensors, resulting in
better coverage with less distance driven. Anderson et al.
[7] implement that distributed system on a rover and present
the results from small-scale tests showing that the system
can successfully measure gas concentrations along the line-
of-sight between the rover and a sign. Tolson et al. [8] also
show results for using an open-path spectrometer with a dis-
tant retroreflective sign in outdoor conditions to successfully
detect the line-of-sight gas concentration.

Anderson et al. [9] then tailor the single-rover system to
Mars exploration, whereby a Mars lander is used as a 360°
retroreflector central to the target survey area. A spectrome-
ter mounted on a pan/tilt unit is automatically aimed at the
retroreflector using a vision algorithm to track its location.
They present circular and spiral driving patterns and an
algorithm for determining the location of the gas source
from periodic measurements. Tunstel et al. [10] employ
the same method and show computer simulations of the
driving patterns and gas localization algorithm. Later, they
go on to fully integrate the above systems on a real rover.
Indoor lab experiments and outdoor sandbox experiments
are conducted validating the design. The experiments were
limited to circular areas six metres in diameter [11].

These lander-centered systems are limited to surveying
the area in the vicinity of the lander. If the lander is not
near the methane source, then the circular pattern that the
rover needs to drive may be prohibitively large to complete.
Furthermore, obstacles in the terrain may make circular or
spiral driving patterns impossible to drive.

Our approach is similar to that of Tunstel et al., in that
we use a single rover-based system employing an open-
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path spectrometer, but instead of one retroreflective sign, we
employ multiple signs. This allows for more arbitrary paths
to be driven in the test area, avoiding obstacles if necessary.
Our driving distance is expected to be reduced using multiple
signs because multiple measurements in different directions
can be gathered at each location, allowing for more strategic
route planning. The design and implementation of an engi-
neering system to support a Martian methane gas detection
mission is presented in this paper.

Section II presents the engineering requirements for the
system, derived from the scientific motivation of detecting
methane gas on Mars. The design of a rover-based system
that meets these requirements is presented in Section III
A description of and the results from an analog mission to
test the system are presented in Section IV and Section V.
Section VI presents a discussion of the results and outlines
future work related to this paper.

II. REQUIREMENTS

In order to successfully determine the location of a gas
source on the surface of Mars as outlined in Section I, certain
science and engineering tasks need to be completed. Science
tasks include analyzing gas measurements, deciding where
to take new measurements, and eventually combining the
measurements to estimate the location of the source. The
engineering task is to gather the required measurements for
the scientists. This engineering task can be defined in terms
of the following requirements, many of which need to be
autonomous due to communication constraints present when
operating on Mars:

1) The system will carry science and engineering pay-
loads, including an open-path spectrometer.

The system will receive waypoints from a remote
backroom.

The system will autonomously move between way-
points.

The system will autonomously point the spectrometer
at each retroreflective sign.

The system will autonomously measure line-of-sight
gas concentrations between the rover and a retroreflec-
tive sign.

The system will create a global map of the environment
augmented with line-of-sight gas measurements.

2)
3)
4)

5)

0)

These high-level requirements fully define the system
outlined in this paper. The design decisions made in order
to meet these requirements are outlined in Section III.

III. METHODOLOGY

The system architecture can be seen in Figure 2. A rover
is chosen that is large enough to fit all of the required
payloads and powerful enough to drive fully loaded (Re-
quirement 1). It communicates with a remote backroom
to receive waypoints and instructions to perform at those
waypoints (Requirement 2). To get to the desired locations
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Figure 3.  The Visual Teach and Repeat (VT&R)-based Network of
Reusable Paths (NRP) pipeline used to navigate to user-specified points
of interest while maintaining the ability to return to any previously visited
location. Given the existing network, a path is planned to the goal and driven
as a teach-pass by VT&R. During the teach pass, the terrain is continually
assessed for obstacles and general feasibility and if at any point the path is
found to be hazardous, the path is stopped and a new solution is planned.
This process is continued until the rover arrives at the goal. Rectangles
represent processes and ellipses represent data.
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accurately, the system localizes against a visual map that
it builds up as it drives (Requirement 3). Once it arrives
at a waypoint, the system may deploy a sign. The system
then takes a laser scan of the environment, which is used
to determine the locations of previously deployed signs and
build a geometric map of the environment (Requirement 6).
A spectrometer, which is mounted on a pan/tilt unit (PTU)
with a pan range of 360° and a tilt range of —30° to 45°,
then points at the signs (Requirement 4) and measures the
gas concentration along the line of sight between itself and
the signs (Requirement 5).

A. Rover Navigation Using a Network of Reusable Paths

Accurately traversing to specified waypoints (Require-
ment 3) is a challenging problem in robotics, especially in
GPS-denied environments such as extra-terrestrial planets.
It has been demonstrated that a class of algorithms known
as visual teach and repeat (VT&R) can be used to au-
tonomously repeat previously driven paths with accuracy in
the tens of centimeters [12]. These algorithms store rover
traverses as a network of relative odometric measurements
generated from stereo visual odometry (VO) and tagged with
unique visual features. After the path has been driven once,
the rover is capable of repeating it using nothing more than
a stereo camera. The algorithm matches the visual features
observed in the current scene with those recorded during the
teach pass, and using their 3D offset, calculates the necessary
control input to steer the rover along the previously driven
path. The accuracy is sufficient that, for large sections of the
traverse, the rover will drive exactly in its previous tracks.

Network of Reusable Path (NRP) systems provide a way
to leverage the strengths of VT&R to create a system
for long-term autonomous navigation [13]. They do so
by replacing the manual teach phase in VT&R with an

31

autonomous exploration algorithm that makes use of any
preexisting network to plan a path to a user-specified goal.
Given the goal as a relative transformation from a previous
rover pose, NRP plans a path from the current rover location
to the specified location using the pre-existing network and
any terrain information available (Figure 3). The resulting
path can be any combination of on-network or off-network
driving. The on-network path is calculated using graph-
searches on the network and is a VT&R repeat traverse,
while the off-network path is generated using a rapidly-
exploring random tree (RRT) planner [14] and is a VT&R
teach traverse.

As off-network drives are VT&R teach passes, the newly
driven routes are available as additional existing paths in any
new planning problems. During these exploration phases, the
rover is using VO to drive an open-loop distance to the goal;
however, during repeat phases, the localization error is rolled
back as the robot recognizes where it has previously driven.
As a result, the total localization error in a network is a
function of the network length and not the distance driven
by the robot. Also, the rover can return to any point on
the network repeatedly, meaning the scientists can return to
and increase the number of measurements at any point that
the rover has already visited with low risk. NRP systems
have been successfully used in lunar analog sample-return
missions [15].

B. Science and Engineering Data Collection

Data collection occurs in two distinct stages after reaching
a waypoint. First, a laser scan is obtained using a panning
lidar. In consideration of the slow acquisition rate of the
lidar, the 360°x190° scans are obtained with the rover
stationary. This approach ensures local consistency of the
point cloud by avoiding the complexity of motion distortion
within a single scan.

The locations of the retroreflective signs are determined
autonomously by analyzing the intensity image from the
laser scan (Figure 4). The signs are very reflective, and thus
produce high-intensity spots that are easy to identify in the
image. In cases where a sign is occluded from the laser scan
by the rover, the location of the sign is estimated by using
its last known location and an estimate of the rover’s motion
since the last observation.

Once an estimate for each sign location has been obtained,
the system autonomously points the open-path spectrometer
at the sign (Requirement 4). Feedback of the signal strength
from the spectrometer is used to determine whether or
not the sign is being sighted (a miss can occur due to a
misalignment of the lidar and spectrometer frames or due
a poor estimate of the sign location). If the spectrometer
misses the sign, a spiral search algorithm is used to search
the area near the estimated location of the sign. If the search
algorithm fails, the remote backroom has the option to sight
the spectrometer remotely using a camera mounted on a



Figure 4. A sample cropped laser intensity image with retroreflective signs highlighted by red circles. Due to the retroreflective coating on the signs, they
appear as very bright spots despite their long range and are easy to identify. The occlusions on the right and left sides of the image are due to the rover.
The white streak in the sky is caused by the Sun. The cause of this artifact and its uses are discussed in [16].

scope. Once the signal strength returned by the spectrometer
is high enough, line-of-sight gas concentration readings are
taken (Requirement 5).

C. SLAM

In order to combine the lidar scans and generate a global
3D map of the environment (Requirement 6), we need to
estimate the six-degree-of-freedom (6DOF) rover pose at
each scan location. By adding the locations of the signs
to the state we wish to estimate, we can formulate the task
as a batch simultaneous localization and mapping (SLAM)
problem. We employ a sparse-feature-based approach, where
distinct geometric features are identified in each scan, and
utilize visual odometry data in case of feature scarcity. This
SLAM architecture is illustrated in Figure 5. While the
complete details of the SLAM framework can be found in
[17], we provide a brief overview in this section.

Given a collection of 3D point clouds, we begin by
identifying distinct geometric features in each scan. In our
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Figure 5. The laser-based 3D SLAM architecture used to estimate

the rover poses and sign locations. Retroreflective sign positions and
distinct geometric features are extracted from each laser scan, and are
utilized alongside visual odometry measurements in a batch alignment
algorithm that incorporates heterogeneous outlier rejection for robustness.
After convergence, the scans are overlaid according to the pose estimates
to construct a map. Rectangles represent processes and ellipses represent
data.
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implementation, peaks in the terrain are chosen to serve as
the distinctive interest points due to their ease of extraction
and visibility at long ranges. An example of the extracted
features is provided in Figure 6.

Matching these peak features between scans is a multi-
step process. For each pair of scans, feature constellations
are matched using the Data-Aligned Rigidity-Constrained
Exhaustive Search (DARCES) [18] algorithm, which gen-
erates a set of alignment hypotheses. This constellation-
matching process can be viewed as seeking sets of similar
triangles between scans; however, due to the large uncer-
tainties in the feature extraction process, numerous incorrect
hypotheses are produced by the DARCES algorithm. For
validation, we overlay the dense data according to each
alignment hypothesis, and compute a quality metric based
on the average mismatch in the overlapping regions. A
threshold is then applied on the scores, resulting in a set
of valid hypotheses. Finally, the data association process is
concluded by resolving the valid constellation matches into
individual feature associations.

In addition to the peak features, we identify the retrore-
flective signs in each scan for use in sign pointing, as well
as in the SLAM formulation. We perform simple clustering
to identify the signs, and utilize prior estimates for data
association. The use of the retroreflective signs in the SLAM
formulation benefits estimator accuracy, and meets the sign
localization requirement for spectrometer pointing.

In addition to the point features obtained in each scan, we
utilize the VO estimates of motion between scan stops. This
provides flexibility in the rover traverse in case of feature
scarcity or lack of scan overlap. Since these estimates are
already computed for navigation, it is straightforward to
store them for later use.

Finally, we align the scans by utilizing a batch alignment
formulation. By considering the SLAM task as an opti-



Figure 6. A sample point cloud obtained by the panning laser rangefinder. The scan was taken from the center of the image, with the rectangular cut-out
corresponding to the rover’s footprint, and the green squares indicating the detected peak features.

mization problem, we seek a globally consistent estimate
of all rover poses and feature positions that best match the
measurement data available. For robustness, we augment the
alignment algorithm with heterogeneous outlier rejection to
address the possibility of outliers in either measurement type
[19], resulting in estimates for the rover poses, geometric
feature positions, and retroreflective sign locations.

The rover tracks, as estimated by VO, will not be consis-
tent with the rover poses at the scan locations, as estimated
by the SLAM solution. To provide the scientists with a
consistent estimate for the rover’s position, the VO estimates
are relaxed with the SLAM estimates as constraints in
the publicly available GTSAM library' from the Georgia
Institute for Technology. The VO estimates are relative
odometric measurements representing the rover tracks, and
the SLAM estimates are absolute pose measurements at
the scan locations. GTSAM provides adjusted odometric
measurements such that the rover tracks are consistent with
the SLAM estimates.

These improved VO estimates are only used to present a
coherent picture to backroom operators through the ground-
station, and are not required by the rover for localization.
This provides the operators with a better understanding of
the rover’s path through the 3D point clouds collected by
the lidar.

D. Remote Backroom Software

At each waypoint, the aligned laser scans are sent to
the remote backroom along with the line-of-sight gas con-
centration measurements. There, the data are processed by
a science team using custom backroom software. They
visualize the outputs of the SLAM algorithm by plotting the
scan poses, rover tracks, sign locations, and point clouds ac-
cording to the alignment estimates. The interface, depicted in
Figure 7, permits strategic decisions based on the geometry
of the terrain in combination with other tools to analyze the
spectrometer data.

Uhttps://collab.cc.gatech.edu/borg/gtsam/
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In addition to visualizing previously obtained data, the
backroom software also serves as the planning interface for
specifying future rover waypoints. Scientists provide a new
waypoint as an input to the system and the process repeats
until the source of the methane is located.

IV. ANALOG MISSION

An analog mission to validate the methodology described
in Section III was conducted at the Canadian Space Agency
(CSA) on the Mars Emulation Terrain (MET), located in
Montréal, Canada. The mission consisted of two separate
scenarios in which the goal was to determine the location of
an artificial gas source placed on the terrain. The location of
the gas source was not disclosed to the remote backroom,
who could only communicate to the field via the backroom
software (Figure 7). Signs were pre-deployed by humans to
speed up the testing process.

A. Mars Emulation Terrain Specifications

The MET is an artificially created environment that emu-
lates the terrain a rover might encounter on Mars (Figure 9).
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Figure 7. A screenshot of the backroom software depicting a model of
the rover, point cloud map, rover tracks in orange, and a magenta sphere
marking a retroreflective sign position. This software is used by the science
team for visualizing the exploration data and manual waypoint planning.



Figure 8. Retroreflective sign targeted by spectrometer. Signs are mounted
on a tripod. Retroreflective cube mounted at top of sign. In case of a miss,
search pattern (shown in red) is used to search for sign.

The surface composition is sandy, with rocks of various sizes
littering the area. The dimensions of the MET are 120 x 60
metres, and there are several elevation changes throughout
the area.

Artificial gas sources were placed on the terrain for the
analog mission. The sources were covered with rocks and
connected to methane gas bottles that were hidden outside
of the terrain so that their locations would not be discernible
using lidar scans.

B. Rover Platform

The Husky A200 was the chosen rover platform, the same
rover platform as in [20]. It is a 4-wheel differential drive
robot equipped with two motors. The motors are electric
and the rover is outfitted with a 1000 watt gas generator for
long-term operation.

The rover is equipped with several payloads required for
the mission. A differential GPS receiver (DGPS) is used
to collect groundtruth position data at 1 Hz. A real time
kinematic (RTK) base station was deployed as well to correct
the GPS readings when possible. The stereo VO algorithm
used a Point Grey Bumblebee XB3 stereo camera mounted
on the rover. The camera is capable of 1280 x 960 resolution
at 15 Hz. During the experiment, frames were captured at
10 Hz due to the time required to process each image. A
SICK scanning laser rangefinder is mounted on a Schunk
pan/tilt unit to enable it to take full spherical range scans.
Finally, a PKL Technologies Spectra-1 laser spectrometer is
mounted on a Directed Perception pan/tilt unit (PTU) with
a resolution of 0.0075 degrees per step in order to point
the spectrometer at retroreflective signs and obtain a gas
concentration measurement.

C. Signs and Spectrometer

For this proof-of-concept mission, four 50 x 50 cm
signs were constructed and coated with 3M retroreflective
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Figure 9. The Mars Emulation Terrain at the Canadian Space Agency.
Artificial methane gas source locations for an analog mission are circled in
white. The area is 120 X 60 metres in dimension.

sheeting. They were mounted on tripods to allow for panning
and tilting so that they can be pointed directly at the
spectrometer for maximum reflectivity. The reflectivity of
the signs dropped off anisotropically as the incidence angle
of the laser increased. The signs were therefore mounted to
allow for greater angles of incidence in the vertical direction,
since aligning the signs in the pan axis was easier than in
the tilt axis.

The Spectra-1 spectrometer measures line-of-sight gas
concentrations as well as signal strength and can operate
at ranges of over 1 kilometre in ideal conditions. However,
a minimum signal strength of 10% was required, and it
was found that the maximum range at which this could be
accomplished was 30 metres using the 3M retroreflective
sheeting. Retroreflective cubes were therefore mounted on
each sign in case the signal strength was too low using
the sign alone. For a real mission, better quality, larger
retroreflective cubes would be mounted in a circle allowing
for full 360° reflectivity with no panning of the signs.

V. RESULTS

The results from the analog mission in Section IV are
presented in two main categories: (i) driving distance; and
(ii) sign pointing.

Driving distance is comprised of two statistics. The NRP
length is the distance traveled by the robot if repeat traverses
along the NRP are ignored; it is the distance traveled by
the rover into ‘new’ terrain. The total distance driven, on
the other hand, is the sum total of all driving done by the
rover, repeat traverses included (Table I). All distances were
measured by the DGPS receiver on the rover and include
the driving distance required to deploy the signs.

Sign pointing statistics were partitioned based on whether
the sign was sighted using the initial estimate for its position,
using the search pattern after an initial estimate, or using
human intervention from the backroom. The statistics are



Table 1
DRIVING DISTANCE AND NETWORK LENGTH

Scenario 1~ Scenario 2 Total
NRP length (m) 148 235 383
Total driving distance (m) 563 1170 1733

further partitioned based on whether the initial estimate for
the sign was determined using the lidar intensity image or
not.

Table 1T
SUCCESSFUL SIGN POINTS FOR ANALOG MISSION

Scenario 1 Scenario 2 Total
Initial Estimate 5 7 12
Search Pattern 20 13 33
Human 7 4 11
Initial Estimate (intensity) 2 4 6
Search Pattern (intensity) 12 5 17
Human (intensity) 1 1 2
Initial Estimate (no intensity) 3 3 6
Search Pattern (no intensity) 5 8 13
Human (no intensity ) 6 3 9

VI. DISCUSSION AND FUTURE WORK

Other methods described in Section I propose driving
concentric circles in order to locate the methane source. Such
a pattern is estimated to require a total driving distance of
between 1000 metres (with 10 metres between circles) and
11000 metres (with 1 metre between circles). Furthermore,
the topography of the terrain (Figure 10) shows that such
patterns would be impossible to drive.

The total driving distance using our system was at the
low end of the range for other methods (even lower for
Scenario 1). In addition, most (more than 80%) of the driving
using our system consisted of repeat traverses, whereas other
methods drive over new terrain the entire time. As a result,
our system drives one fifth as much new terrain, which is
considerably more expensive in terms of mission time than
terrain that has already been driven on successfully.

Overall, the system was able to autonomously sight the
signs with the spectrometer in 80% of the pointing attempts.
The system was able to point at a sign directly (without a
search algorithm) 21% of the time.

For the subset of attempted sign points where the sign
was visible in the lidar intensity image, the success rate
for autonomous pointing is considerably higher at 92%.
In contrast, the subset of attempted points where the sign
could not be seen in the intensity image, a lower success
rate for autonomous pointing of 68%. In other words, the
system performs better when the locations of the signs can
be measured directly by the laser rather than estimated from
prior knowledge and rover motion.
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Figure 10. Rendered overhead view of the network of reusable paths

and meshed pointclouds for: (a) Scenario 1; and (b) Scenario 2. Blue
terrain indicates lower elevations, red terrain indicates higher elevations.
Start location is indicated with a black arrow, commanded waypoints are
indicated in red, sign locations are indicated in green, and the gas source
is indicated with a white arrow.

The science team was able to use the engineering data to
determine the location of the methane source successfully in
Scenario 2, and drove the rover there (Figure 10). Wind and
inexperience with the system were factors in the failure to
locate methane in Scenario 1. Future work includes gaining
a better understanding of how to determine the location of
a gas source from the line-of-sight gas measurements. More
knowledge regarding this process may allow the science
team to command better waypoints to the rover, reducing
the total rover driving distance and mission time.

VII. CONCLUSION

A rover-based system was designed to meet a set of
engineering requirements, outlined in Section II, that were
derived from scientific goals presented in Section I. The
system was successfully integrated and tested in an analog
mission on Mars-like terrain.

The results suggest that our system requires less driving



than other comparable systems, but whereas others are
driving on new terrain the whole time, less than 20% of
our driving is on new terrain. The system was able to
autonomously sight retroreflective signs 80% of the time.

By combining the science and engineering data, an accu-
rate global 3D map of the environment (both in terms of ge-
ometry and gas concentrations) was created. The map, along
with accurately superimposed rover tracks, was successfully
used in custom software by an operations backroom to give
high-level directives to the system. A remote science team
was able to successfully use the system to determine the
location of a gas source in a large, unstructured environment
in one of the analog mission scenarios presented.
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