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Today’s Outline

e enabling technology: place revisiting for planetary rovers
e stereo visual teach and repeat
e networks of reusable paths
e field testing of three mission concepts
e robot-only geological investigation in the Sudbury impact structure

e human-robot geological exploration in the Mistastin impact structure

e methane-hunting scenario at the CSA’s Mars Emulation Terrain
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Today’s Outline

e enabling technology: place revisiting for planetary rovers

e stereo visual teach and repeat

e networks of reusable paths
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Stereo Visual Odometry

e on nominal terrain, the Mars rovers (Spirit, Opportunity, and Curiosity) use wheel
odometry to track position changes

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

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

% Images: NASA/JPL/Caltech
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Stereo Visual Odometry Pipeline
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Stereo Visual Odometry Pipeline
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Low-Cost Relative Mapping

A relative map is...

e a sequence of relative pose
changes

e with local metric/appearance
data at each pose

a local map can be

| ' . ‘> O resolved in some
) )

reference frame as
needed (on-demand)
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Stereo VT&R: Repeat Pipeline

e matching against the previous frame is still performed

to carry the system past areas where map matching

fails

e helps with lighting variations
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e maps are loaded from disk as needed
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Relative Localization




Relative Localization
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Relative Localization
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Stereo VT&R Example
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Stereo VT&R Example

. ¥

VT&R keeps LELR almost directly in its outbound trocks

(allowing for safe route repeating since the taught path was obstacle free) Y
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Networks of Reusable Paths: Goal Seeking

Sudbury 2011
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Network of Reusable Paths

- A = 7. Avoid obstacles

8. The goal is reached (62m from start)
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* branch to get around obstacles
* use previously driven paths to backtrack out of al
dead-ends
10f
* physical embodiment of an rapidly expanding
random tree planner
ol HH i
* the world is its own map e G 15 20 0
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NRP Has Some Benefits of SLAM without Loop Closure!

Localization error is rolled . Goal
back when reversing along O O Point A

the network. Even though >
the robot went to pointA, o,/ £ T
the localization error is vRobot e
now only accumulated o ®
along the bluepath. T
L e ()
......... < @ ®
& ®
------ ® O O Localization error at the
.......... ) O ® goal is only accumulated
© O along the green path.

Goal definition ) o

frame ®
(localization frame) ) O

Parts of the network that are not on the path connecting
the localization frame to the node in question do not
contribute to the localization error.
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Today’s Outline

e field testing of three mission concepts
e robot-only geological investigation in the Sudbury impact structure

e human-robot geological exploration in the Mistastin impact structure

e methane-hunting scenario at the CSA’s Mars Emulation Terrain
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CSA Mars Emulation

Terrain
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Sample Return Scenario

Rover explores area gathering Scientists identify contact
many images and standoff SAMPLE CONTEXT instrument targets based on
measurements many standoff instrument measurements standoff measurements
Rover returns to contact targets, SAMPLE SELECTION Scientists identify sample
places instruments, gathers |:> some offboard contact instrument measurements ‘::> acquisition targets based on
measurements contact measurements
SAMPLE COLLECTION
" & VALIDATION ——————
Rover returns to acquisition few acquired samples for onboard Scientists identify key samples
targets, gathers samples, D eteliment meastrements to return to Earth based on
analyzes onboard onboard measurements

SAMPLE RETURN

Rover returns to lander/ascent
vehicle and delivers samples for
return to Earth

very few acquired

samples for
return to
Earth

Scientists further analyze the
returned samples on Earth,
along with in-situ data

* 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
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Sudbury: Robot-Only Lunar Sample Return Scenario
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Sudbury: Week 2, Command Cycle 2

1. Repeated previous path to return
to a previous point ’
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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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Sudbury: Sites Revisited Frequently

Sites of Interest

L -Lander N
LO - Lander observation site

SO - View of stuck site
G _Guinevere PL - Pellinore GB - The Great Beyond | HG _The Holy Grail

PD - Pend AO - Observation point
outcrop | — outcrop outcrop ~renaEgon near Arthur outcrop

Different poses that are at the same site are indicated by a number (e.g., M1 is the first pose that was visited at the Merlin outcrop).

S - Stuck site

Week One - Command Cycles
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Panoramas
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Sudbury: Samples Quite Varied in Small Area
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Mistastin: Human-Robot Lunar Sample Return Scenario

Rim Site
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Possible listric faults
bounding remnant terraces

Mistastin 2011 _ 5627

Institute for Aerospace Studies
N N

UNIVERSITY OF TORONTO




Mistastin: SKycrane!

Mistastin 2011 , : e : Image: NASA/|PL/Caltech



Mistastin: Human Teaches Routes to Outcrops

Mistastin 201 |
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Mlstastln Network of Paths

Ridge B e | S R

............................... Sampling a fallen boulder
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CSA: Methane- Huntlng Scenarlo
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CSA MET: Methane-Hunting Scenario

Localization Missfon View Camera

ASRL

Waypoint Information

pen Comments

Plan science waypoint
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CSA MET: Network of Paths

*  Rover Tracks
X Scan Locations
& Retroreflective Signs
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Conclusion

e 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

e roughly twice the cost of the usual VO pipeline

e 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

e human-robot exploration - e.g., robotic followup operations

e biogas source localization
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Future Work: Place Revisiting on Vertical Surfaces?
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Questions?

Tim Barfoot
tim.barfoot@utoronto.ca
http://asrl.utias.utoronto.ca
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