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• enabling technology:  place revisiting for planetary rovers

• stereo visual teach and repeat

• networks of reusable paths

• field testing of three mission concepts

• robot-only geological investigation in the Sudbury impact structure

• human-robot geological exploration in the Mistastin impact structure

• methane-hunting scenario at the CSA’s Mars Emulation Terrain
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Stereo Visual Odometry
• on nominal terrain, the Mars rovers (Spirit, Opportunity, and Curiosity) use wheel 

odometry to track position changes

• visual odometry (VO) provides accurate localization in high-wheel-slip environments

• pioneered by Moravec (1980), Matthies (1987) and extended by many others

Images: NASA/JPL/Caltech



Stereo Visual Odometry Pipeline

Devon Island 2008

Left  
image 

Image  
de-warp  and 
rectification 

Stereo 
matching 

Right  
image 

Image  
de-warp  and 
rectification Nonlinear 

numerical 
solution Keypoint 

detection 

Keypoint 
detection 

Keypoint 
tracking 

Pose 
estimate 

Outlier 
rejection 

Previous 
frame 

Devon Island 2008



Stereo Visual Odometry Pipeline

Devon Island 2008

Left  
image 

Image  
de-warp  and 
rectification 

Stereo 
matching 

Right  
image 

Image  
de-warp  and 
rectification Nonlinear 

numerical 
solution Keypoint 

detection 

Keypoint 
detection 

Keypoint 
tracking 

Pose 
estimate 

Outlier 
rejection 

Previous 
frame 



Low-Cost Relative Mapping
A relative map is...

• a sequence of relative pose 
changes

• with local metric/appearance 
data at each pose

a local map can be 
resolved in some 
reference frame as 
needed (on-demand)



• matching against the previous frame is still performed 
to carry the system past areas where map matching 
fails

• helps with lighting variations

• we also match against the current local map gathered 
during teaching phase

• maps are loaded from disk as needed

Stereo VT&R: Repeat Pipeline
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Stereo VT&R Example
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Networks of Reusable Paths: Goal Seeking

Sudbury 2011






















Network of Reusable Paths

Sudbury 2011

Sudbury 2011

• branch to get around obstacles 
• use previously driven paths to backtrack out of 

dead-ends
• physical embodiment of an rapidly expanding 

random tree planner
• the world is its own map



NRP Has Some Benefits of SLAM without Loop Closure!

Sudbury 2011

Chapter 4. The Development of a Network of Reusable Paths 69

Figure 4.9: Characteristics of the localization error when using a network of reusable paths.
The localization error at a node is only due to the errors in the transformations at the edges
that connect the node used as the localization base frame, and the node under consideration.
This means the localization error at the goal is only accumulated on the final path to the goal
from the goal definition node, and that localization error is rolled back when reversing along a
previous route.

localization error is rolled back when reversing along a previous path, and when the

robot revisits a node, the error is reverted to what it was when that node was taught.

Remark 4.1. The localization error at the node closest to the goal, xw, is accumulated

along the final path through the network from the goal definition node, xgd, to xw.

Remark 4.2. When localizing against a node, xp, the localization error, with respect to

the localization base frame at node xb, reverts to what was experienced when xp was added

to the network (with the addition of the error currently experienced in the localization

against node xp).

4.3.5 Path Planning using a Network of Reusable Paths

The planning problem, given such a network of reusable paths, is to find a low-localization-

uncertainty path to the goal, if such a path exists. The goal could be on or o↵ the existing

network. In this work, we assume that the uncertainty grows monotonically with distance

traveled when using dead-reckoning (thus the pose error tends to grow only when new

paths are added to the network), we therefore use distance as a proxy for uncertainty.
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Some Recent Canadian Field Tests

Mistastin Lake Impact

Sudbury Impact
CSA Mars Emulation 
Terrain



Sample Return Scenario
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3. Parallel exploration allows for the efficient use of a    
    methodical down-selection process when choosing  
    samples to return to Earth. 

• we believe that a principled approach to sample return is a methodical down-
sampling process

• the ability to revisit places is a key aspect of this
• NRP is one way we could implement this concept



Sudbury:  Robot-Only Lunar Sample Return Scenario

Sudbury 2011



Sudbury Sample Return Scenario
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3. Collected panoramic imagery 

1. Repeated previous path to return 
     to a previous point 
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Week 2 – Command Cycle 2 

Sudbury 2011

Sudbury:  Week 2, Command Cycle 2
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Repeated portion  
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     network to reach a new 
     point 
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                           imagery New addition to 
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Week 2 – Command Cycle 3 
Sudbury:  Week 2, Command Cycle 3  
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Sudbury:  Week 2, Command Cycle 4  
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Sudbury:  Week 2, Command Cycle 5  
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Figure 6.7: An overview of the command cycles carried out in the first and second weeks of
the mission. The type and quantity of the tasks that were done at each site are shown in the
squares below the command cycle. A total of 24 command cycles were carried out in the first
week, and 19 command cycles were carried out in the second week.

was onboard the rover, the ground station could also be used to manually tie together

multiple lidar scans rather than relying on the dead-reckoning localization from the visual

odometry onboard the rover. Controllers could define waypoints relative to any point of

the network. There was no privileged coordinate frame that all waypoints had to be set

in, and the waypoints did not need to be from the robot’s current position. Typically,

waypoints were defined relative to a lidar scan.

6.2.3 Results from the Mock Mission

As this chapter is about the use of NRP, rather than this specific mock mission, we omit

further details about the scientific sensors, sampling methods, and the resulting findings.

Instead, we limit the presentation of results to those that are pertinent to this discussion,

namely, traverses to and between sites of interest and, broadly, the tasks that were carried

out at those sites, as those tasks fit into the down-selection process.

An overview of all the command cycles in the mission is shown in Figure 6.7. The

Sudbury:  Sites Revisited Frequently 



Sudbury:  Samples Quite Varied in Small Area  Moores et al., 2011 
For submission to Adv. Space Res. – Lunar Exploration Special Issue 
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Figure 8 – (TOP) nine of the ten samples chosen by the Science Team to return to Earth, shown in powdered 
form. So many samples were achieved (18 total) that returning them all would not have been realistic, thus a 
triage was performed on the 9th day of the deployment. (BELOW) A visual inspection of the raw cores 
reveals a significant variety of sampled materials with colours ranging from black to white with reddish 
colours also present. Note that the raw cores do not correspond to the powdered cores shown above. 



Mistastin:  Human-Robot Lunar Sample Return Scenario
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IAC-12-A5.3-B3.6.3                                    Page 3 of 7 

 

 
 

Figure1: A colourized shaded relief model of Mistastin. 
Possible listric faults defining the terrace region are 
outlines in black dashed lines11.  
 

III. OVERVIEW OF ANALOGUE MISSION 
CAMPAIGN 

Our scientific approach mirrors exploration 
strategies for traditional geological exploration and field 
campaigns conducted on Earth, by 1) Using orbital and 
aerial data sets to assess geologic diversity, landing site 
selection, and accessibility/traverse planning; 2) 
Conducting reconnaissance surface mapping to get an 
overview of the site from the ground; 3) Follow-up 
detailed traverses, to study sites of interest in detail. 
Here we highlight this scientific process for a single 
landing site, Discovery Hill, situated on the southwest 
edge of Mistastin Lake (Fig. 1). 

 
Site Selection Workshop, 2010  

A site selection workshop was conducted prior to the 
deployments (results detailed in 12). Sites were selected 
first at a regional level (selecting regions of interest – 
ROI’s, landing sites), moving onto more localized sites 
(SOI’s), and ultimately zooming in on a prime site of 
geologic interest (Fig. 2). This was accomplished using 
available georeferenced satellite data, air photos, and 
geophysical datasets. At the impact structure-wide scale, 
landing sites, regions and localized SOI were selected 
keeping crater material sampling in mind (Fig. 2). Sites 
were prioritized based on location within the impact 
structure (identification of crater-scale features like 
crater rim, impact melt, ejecta materials) and logistical 
accessibility. Landing sites were selected based on close 
proximity to SOI’s, exploration prospects, and 
accessibility, such as landing site opportunities, 
topography, lakes, etc. 

Three separate regions around the Mistastin Lake 
were chosen for reconnaissance exploration by the 
rover. For each deployment a mission control team was 
based at the University of Western Ontario located in 
London, Ontario, over 1900 km away; communication 

was via satellite terminal in the field, with daily data 
budgets of ~100 MB. Neither the mission control team 
nor the ‘astronauts’ had a priori knowledge of the site. 

 

 
Figure 2: Radarsat-2 image of Mistastin Lake impact 

structure and surrounding area, showing (1) SOI  - 
yellow dots, (2) Regions of Interest, based on 
groupings of SOI’s – blue polygons, and (3) Possible 
deployment landing sites  - red letters 12.  

 
Instrument suite 
Several scientific instruments and other tools were used 
during the analogue mission scenarios13, including: 
 
Lidar: Rover-mounted, this visual navigation sensor 
was also used for geological interpretation.  
 
3D Scene Modeller: Provided by MDA Space Missions, 
a handheld Mobile Scene Modeler (mSM), was used to 
product 3D photographic models of outcrop scale (m-
scale) scenes. 
 
 Gigapan: A robotic camera mount, this system allowed 
the production of panoramic images up to 360° in 
azimuth and with full elevation range. It also allowed 
targeted single-shot imagery. It was carried aboard the 
rover in Scenario A, and assumed to be present on the 
lunar lander in all three scenarios, allowing an initial 
panoramic view of the landing site to be sent to Mission 
Control. 
 
XRF: A portable, handheld X-Ray Fluorescence 
spectrometer was carried by the astronauts to provide 
information on the chemical composition of rocks.  
 
Raman: A portable, handheld Raman infrared 
spectrometer was used to provide mineralogical 
information. 
 
GPR: Ground-penetrating radar was carried by the 
precursor rover. 

Mistastin 2011
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Mistastin:  Skycrane!

Image: NASA/JPL/Caltech



Mistastin:  Human Teaches Routes to OutcropsChapter 6. Exploration using a Network of Reusable Paths 127

Figure 6.10: The robot being operated as an astronaut assistant. The mock astronaut was able
to take manual control of the robot, or let it be controlled by operators on Earth.

Autonosys lidar (as in the field trials in Chapter 5) that allowed for lighting-invariant

operations. Over the course of the scenario (which consisted of eight days of operations),

the robot traveled over 8.2 km. The network that was created was 1.25 km in length, and

of that length, 0.92 km were taught by the astronaut manually driving the robot. The

remaining 0.33 km was added using the same technique as in the Sudbury mission (i.e.,

mission control set waypoints relative to the network and the robot used the onboard

planning and terrain assessment to attempt to reach them). This means that of the

8.2 km that were driven, approximately 7.3 km were driven autonomously.

6.3.2 Techniques for E�cient use of the Robotic Assistant

One of the abilities that first made the NRP robot attractive as an astronaut assistant

was that it allowed for some of the best aspects of manned and robotic exploration to be

used simultaneously. It allowed us to combine the astronaut’s valuable ability to identify

interesting areas quickly and respond to unexpected discoveries, with the robot’s ability

to carry heavier loads and operate for long periods of time.

For example, the astronaut would identify a site of interest, and drive the robot to

that site, thereby teaching the robot precisely where to go. The astronaut could do this

for many places, and without stopping to take any extended measurements at any of

Mistastin 2011
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Ground truth localization

100 m

Mistastin:  Network of Paths



CSA:  Methane-Hunting Scenario

signshidden methane source
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Table I
DRIVING DISTANCE AND NETWORK LENGTH

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

using the search pattern after an initial estimate, or using
human intervention from the backroom. The statistics are
further partitioned based on whether the initial estimate for
the sign was determined using the lidar intensity image or
not.

Table II
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 would result in 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

(a) Scenario 1

(b) Scenario 2

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.

be measured directly by the laser rather than estimated from
prior knowledge and rover motion.

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

CSA MET:  Network of Paths

Montreal 2012



Conclusion
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• networks of reusable paths is a one navigation technology we can use to get the 
benefits of revisiting places by doing SLAM on the cheap 
• roughly twice the cost of the usual VO pipeline

• revisiting places opens up a wide variety of different mission scenarios that we 
might not have previously considered
• parallel science investigations for methodical downselection of samples
• human-robot exploration - e.g., robotic followup operations
• biogas source localization



Future Work:  Place Revisiting on Vertical Surfaces?
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Thanks!
Questions?
Tim Barfoot
tim.barfoot@utoronto.ca
http://asrl.utias.utoronto.ca


