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Space Robotics

Phoenix (2008)

Canadarm 2 (2001)

Dextre (2008) Sojourner (1996)

Perseverance & Ingenuity (2020)

Canadarm (1981)

Curiosity (2011)
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(Some of) The Next Generation

Astrobee

EELS

CADRE

VIPERDragonfly
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Astrobee
Free-Flying Robots on the
International Space Station
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Astrobee
Applications

• Microgravity robotics research
• Mobile sensor (inventory, etc.)
• Remotely operated camera 

Specs
• 10 kg, 32 x 32 x 32 cm
• All electric, fan-based propulsion
• Robot arm for “perching” 
• Three smartphone computers
• Open-source software (with simulator)

New technology
• Autonomous docking & recharge
• Autonomous perching
• Vision-based navigation

cameras

payload 
bays (2x)

nozzles

bumpers

signal
lights

https://www.nasa.gov/astrobee

payload bay

laser
pointer

touchscreen
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Survey Data Analysis
Label search

• Perform image-to-text conversion and indexing
• Enables search by label text to find 3D 

locations with matching imagery
• Supports spacecraft monitoring

Switch state identification
• Identify switch panels and individual switches
• Automatically classify switch state
• Supports spacecraft monitoring

Change detection
• Compare current and historical imagery
• Automatically detect objects added, removed,

or relocated
• Supports logistics management

Examples of switch patches extracted from larger images 
and classified on/off. Credit: Tim Rehnstroem.

Before-and-after change detection successfully finds the location of a 
cargo bag added to the scene. Credit: Santos, et al.
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Hatch Seal Inspection

Divot and cut
~1.8 x 1.5 mm

Divot
~0.7 x 0.3 mm
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C O O P E R AT I V E  A U TO N O M O U S  D I S T R I B U T E D  R O B O T I C  E X P L O R AT I O N

J E A N - P I E R R E  D E  L A C R O I X , P r i n c i p a l  I n v e s t i g a t o r
S U B H A C O M A N D U R ,  P r o j e c t  M a n a g e r

Jet Propulsion Laboratory, California Institute of Technology
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• CADRE will demonstrate multi-agent autonomy on the Moon.

• CADRE is manifested as a payload on a commercial lunar 
payload service (CLPS) Intuitive Machine’s IM-3 mission, 
and is headed to the Reiner Gamma “lunar swirl” magnetic 
anomaly.

• CADRE’s technology demonstration will focus on 
cooperative exploration and distributed measurements using 
multiple ground penetrating radars (GPRs).

MISSION OVERVIEW

14

Reiner Gamma
7.5° N, 59.0° W
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DEPLOYER

ROVERBASE STATION LANDER CAMERA

CADRE SYSTEM
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Today Tomorrow
Single Monostatic
Measurements

State-of-the-Art:
• Chang’e 3 and 4 Lunar 

Penetrating Radar on the Moon
• Perseverance RIMFAX on Mars

2-DIMENSIONAL DATA ONLY

Distributed & Adaptable Multi-Static Measurements
3D SUBSURFACE IMAGERY FROM MULTIPLE GPRs WORKING TOGETHER

Rovers have to: 
(1) navigate across the lunar surface in a specific formation 

(depth measurement dictated by rover separation) and 
(2) maintain this formation within a certain threshold 

(derived from required measurement Signal to Noise Ratio)

Multi-static Ground Penetrating Radar 
APPLICATION
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Autonomy focuses on building and 
sharing on-board maps of the local 
terrain to plan for cooperative exploration 
and distributed measurements.

R1

R3 ALL

R2

Relative Position Determination of the 
team of rovers relative to the lander using 
on-board state estimation and inter-rover 
distance measurements.

Coordinated Behaviors and 
Motion Planning to enable 
exploration and formation driving 
for distributed measurements.

Knowledge Building of the local 
environment merged and 
maintained from sensor data on-
board each rover.

Plus: 
• Global Pose Optimization (GPO) to correct for drift 

across the team
• Multi-resolution traversability mapping
• Optimization-based motion planner to track 

trajectories (space and time)  

Plus: 
• Distributed database with replication (maps, localization)
• Autonomous, multi-robot strategic planning based on real time 

resource constraints (state of charge, thermal conditions, etc.)
• Leader election with designator survivor

COORDINATION & COOPERATION
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Decide:
What can I do with all available resources?
Who goes where?

Decide:
How to get there?

Provide goals:
Explore this region
Follow this path in formation

Estimate:
Where am I?

Estimate:
What does the Moon look like?

Communicate:
What do we all know?

G
ro
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ov
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MULTI-AGENT 
AUTONOMY
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Volatiles Investigating Polar 
Exploration Rover

Ames Research Center (ARC)
Johnson Space Center (JSC)

Kennedy Space Center (KSC)

Project Manager: Dan Andrews (ARC)
Project Scientist: Tony Colaprete (ARC)
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Water-ice exists in the polar regions of the Moon

https://svs.gsfc.nasa.gov/4043

• Polar region craters sit in 
permanent or near-
permanent shadow, 
because of the low angle 
to the Sun

• No sun means water-ice 
can be protected from 
sublimation

• Permanently Shadowed 
Regions (PSRs) cover 
an area of 104 km2 
(~100x San Francisco)
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The next great leap in 
understanding lunar 
water’s potential is to 
map these volatiles at 

large scale

VIPER will characterize the 
distribution and physical state of 
lunar polar water and volatiles

VIPER will help NASA evaluate 
the potential of In-Situ 
Resource Utilization (ISRU) 
from the lunar polar regions
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A new type of planetary rover
First NASA lunar rover

• Designed for the “dynamic” lunar environment
• Emphasis on high operational cadence and traverse speed
• Significantly lower cost than Mars rovers (but higher risk)

Interactive operations
• “Real-time” mission control: rover operations + science team
• Single waypoint driving (approx. 4 m / command cycle)
• Hybrid of human exploration (Shuttle, Space Station) and Mars rover 

mission operations
Hybrid avionics and software

• BAE RAD 750 v3 (rad-hard, 198 MHz PPC, similar to 1997 PowerMac G3) + 
SP0 (rad-tolerant, 1 GHz PPC, similar to 2010 iPhone 4) computing

• Flight software is split between on-board and ground
• Ground software uses Robot Operating System 2 (ROS2)
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Rover Comparison
Credit:  historicspacecraft.com
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Hybrid Locomotion

• Independent drive, steer, & suspension
• Actuated suspension enables body

attitude and clearance control
• Explicit steering (with sufficient torque

to perform skid steering)
• Alternate mobility (e.g., “inchworming”)
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VIPER Surface Mission Planning Process
High-Resolution 

Digital Terrain Models
Science and Mission 

Planning Models
Strategic 
Planning

Tactical 
Planning

Comm, illumination, 
ice stability, etc SHERPA Tactical Planning ToolShape-from-Shading 

(SfS) algorithms

LRO 
data

Digital terrain 
model

Planning 
data set

Strategic 
traverse

Tactical 
traverse
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Example
Traverse 
Plan

2023-11-23 
to 

2024-03-07

106 days



28

Simulator (“RSIM”)
Key Features

• High dynamic range rendering
• Real-time shadows
• Support for high resolution terrains
• Rover wheel tracks and slip modeling
• Rover lights with custom pattern
• High-fidelity camera modeling
• Lunar regolith reflectance model
• Accurate Sun & Earth emphemeris
• Based on Gazebo Classic r11

(with many customizations)



29
Shape-from-Shading DEM (1 m/pix)
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Synthetic DEM (4 cm/pixel)
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Camera Simulation Results

ARC “Lunar Lab” 
LHS-1 simulant + rocks +

simulated solar illumination

RSIM
3D point cloud data +

camera image + light model
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Rover Physics
• Multibody dynamics using 

Open Dynamics Engine
• Real-time wheel slip
• Slip compliance and friction 

modulated per-wheel
• Tuned to physical testing
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KSC
MSOLO

JSC
Rover Systems & Thermal

ARC
Systems & Execution

Drill C

Drill B
Drill A

Lander

Science Station

Science Station

Mons Mouton (84.6°S, 31.0°W) 
near Nobile Crater

Rover Driving Mission Monitoring

Waypoints 
~ 5 m

Traverse Points 
~ 50 m

Comms round trip ~6 - 10 sec

Mission Operations

34
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Mission Ops “Drive Team”
Real-Time Science Driver Co-Driver Navigator
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VERVE + RSIM (Assess terrain + place waypoint)

RSIM
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VERVE + RSIM (Refine waypoint + drive)

RSIM
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Flight Rover

Assembly complete (6/4/2024) Thermal-vacuum testing (9/2024)
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Interested in Space Robotics ?
NASA Space Technology Graduate Research Opportunities (NSTGRO)

• Graduate student fellowships (1 to 4 yr support) for US citizens and permanent residents
• $84,000 per year + 10 weeks per year at NASA + collaborate with NASA staff
• Deadline: November 1, 2024 (at 3p Pacific)
• https://tinyurl.com/NASA-NSTGRO25

Research grants
• Solicitations issued by many different parts of NASA throughout the year
• AIST, ECF, ESI, PSTAR, ULI, etc. 
• https://nspires.nasaprs.com

NASA small business grants (SBIR / STTR)
• Develop new robotics technology for use in space and on Earth
• $150,000 (Phase 1: 6 to 13 mo) + $850,000 (Phase 2: 24 mo) + multiple follow-on options
• Next cycle starts: January 2025
• https://sbir.nasa.gov
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Questions?
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VIPER Navigation Testing

Engineering 
Unit Rover in 

front of slopes 
with craters

Engineering Unit 
Rover NavCam view 
with Sun Simulator 

from behind

Rock field for hazard map testing 
with sun simulator on the right
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Mission Planning
Objectives

• Develop activity, resource, and traverse plans
• Strategic and tactical plans, including contingency handling
• Robustly achieve full science success under uncertainty
• Real-time replanning, particularly when operating in science stations

(A few) constraints
• Measure distribution and state of lunar polar volatiles
• Solar-powered rover with limited battery (shadow endurance)
• Lunar summer “season” (~100 Earth days max)
• Line-of-sight data communications to Earth
• 20 km max drive, 15 deg slopes, 20 cm step obstacles (design limit)
• 10 cm/s drive speed while prospecting (instrument limit)
• 1 cm/s “Speed Made Good” (average rate of progress)
• Moving shadows cast by rover and terrain (0.1 to 1.8 cm/s)
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Real

RSIM

Lens Flare
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VIPER Mission Control Center
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Rover Driving Interface (VERVE)

3D 
View

nav 
camera

aft 
camera

hazard 
map

rover 
controls

traverse 
planrover 

state

command 
status


