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Autonomous Robot Teams for Planetary Exploration
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Robot teams are uniquely well-positioned 
to:
- Collect distributed measurements

- Seismology
- Weather and climate
- Ground-penetrating radar
- Distributed apertures (in orbit)

- Perform exploration and mapping
- Provide system-level resilience
Current operations paradigms do not 
scale: autonomy is enabling
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Multi-agent systems enable high-priority science
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Exploration 
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DEMONSTRATE FIRST AUTONOMOUS EXPLORATION AND DISTRIBUTED MEASUREMENT WITH A 
TEAM OF ROVERS ON ANOTHER PLANETARY BODY

CADRE’s Goal
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MULTI-ROVER 
DISTRIBUTED 
MEASUREMENT

MULTI-ROVER 
EXPLORATION



Today. Tomorrow.
Single Monostatic
Measurements

STATE OF THE ART: 
Chang’e 3 and 4 Lunar Penetrating Radar on the Moon
Perseverance RIMFAX on Mars
Zhurong Lunar Penetrating Radar on Mars

2-DIMENSIONAL DATA ONLY

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

Rovers have to navigate across the lunar surface in a specific formation 
(separation dictates measuring depth) and maintain this formation within a 
certain threshold (derived from required Signal to Noise Ratio)

Multi-static Ground Penetrating Radar 
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• CADRE is a flight technology demonstration 
manifested as a payload on CP11 (CLPS)/ 
Intuitive Machines (IM-3) mission, targeting 
launch in the next year on Falcon-9. 

• CADRE is funded from Space Technology 
Mission Directorate (STMD) under Game 
Changing Development (GCD). 

• Destination: Reiner Gamma is known for its 
mysterious lunar swirls, where dark and light 
regolith mix.

• Three rovers will work together to explore the 
surface nearby during a single Lunar day (about 
10 Earth days).

Lunar Technology Demonstration
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JPL provided Rover-
Deployer assembly x3

JPL provided SACA 
Situational Awareness 
Camera Assembly mounted 
to lander provided gimbal 

JPL provided 
Base Station

1.0 m nominal 
Rover to 
ground

Base Station

Intuitive 
Machines 

(IM) Nova-C 
Lander

~4m

System Overview
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COOPERATION
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Cooperation is about autonomous 
agents working together to solve a 
problem by sharing information and 
making decisions that are consistent in 
achieving the goal as a team.

Cooperative exploration can be used to 
build a map of a previously unexplored 
location. Orbital imagery of IM-3’s landing 
location is limited to approximately 1m per 
pixel in resolution, which is larger than a 
CADRE rover!

Distributed measurements with a 
multi-static GPR must maintain inter-
rover distance within a specified 
threshold even in the presence of 
obstacles (rocks, craters, and other 
rovers on the Moon!) along the 
intended path.



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?
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The Autonomy Stack
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Leader Election
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Mona
rch

Elected 
leader

Shared 
world

Auction Emergin
g

Expressivity: 
behavior?
Interpretability: 
system’s decisions?
Bandwidth: how many messages are exchanged per 
unit time?

1. Leader election runs continuously in background
2. A unique agent is selected as “Appointer” via GHS MST

1. Intuition: recursively merge trees O(log(n)) times
3. Appointer queries all other agents for health metrics 

(convergecast)
4. Appointer appoints leader and informs all agents 

(broadcast)
5. Process repeats periodically as a failsafe (e.g., leader has 

died)

Rationale: decouple (i) finding a unique agent from (ii) finding 
the best leader



j p l . n a s a . g o v

Exploration and Distributed Measurement

9/15/25 11
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Exploration and Distributed Measurement
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Exploration and Distributed Measurement

9/15/25 13

Exploration: independent drive tasks
Distributed measurement: coordinated drive tasks
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Planning: tasks and resources
Resources:
• Time

• Enforced reboots every 30 minutes

• Temperature
• Limiting factor close to Lunar noon

• Power
• Limiting factor at Lunar dawn, dusk

Linear models of resources evolution

9/15/25 14
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Centralized Planning, Decentralized Execution

• Diagram: plan on the leader, tasks distributed to 
agents, on failure replan on leader

9/15/25 15
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Centralized Planning, Decentralized Execution

• Diagram: plan on the leader, tasks distributed to 
agents, on failure replan on leader
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Multi-Agent Constraints
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When the leader changes

9/15/25 18

When a new leader is 
elected:
• Enable new planner
• Disable old planner
• Controllers flush all 

running tasks
• No need to transfer 

state of running 
tasks

• New planner waits for all 
controller to flush tasks 
and acknowledge it

• State is maintained by 
shared DB
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Testing for flight

19

Unit tests

“Dragonfarm” embedded CPUs

ROS Simple sim

Development models Flight models

Batch Planning
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Testing for flight

20

Development models

has implications on how the task network is de!ned. First, priority
order scheduling meant that we cannot assume that lower priority
tasks will exist when a higher priority task is scheduled. Second,
because no additional tasks are created during planning, the task
network must contain all of the tasks we will ever need. For ex-
ample, because driving requires a team plan to be generated, the
team planning task must be higher priority, while the driving task
must be constrained to prevent scheduling if a team planning task
does not exist. Moreover, because multiple driving cycles could
be scheduled, the task network includes multiple instances of all
tasks. But a second instance of driving should not be scheduled if
one already exists, unless that !rst drive was stopped or completed.
Constraints were used to ensure proper task ordering and allow
multiple exploration and distributed measurement cycles.

3.3 Multi-agent Task Networks
For tasks that must be executed on all three rovers (e.g. map syn-
chronization and driving), a separate task instance is created for
each rover; constraints for that task are tied to the speci!c rover’s
state. The state representation is identical for all rovers. Since the
base station has no battery and doesn’t drive, its state representa-
tion does not include battery SOC, and no driving tasks are created
for it. The task network references a leader ID for tasks that must
be executed on the leader (namely, team planning); but it does not
have explicit knowledge of which agent is assigned as the leader.

For exploration, driving tasks for the participating rovers are
independent of each other. If one rover is unable to drive for any
reason, this does not impact the ability to schedule and execute driv-
ing for the other rovers. The distributed measurement experiment,
however, requires coordinating tasks across all participating rovers.
To achieve this, task hierarchy was used, a construct where a parent
task decomposes into subtasks assigned to di"erent rovers. The par-
ent task is de!ned with the constraints and impacts of all subtasks,
to ensure that the parent is scheduled at a time that is valid for all
rovers. Then, the subtasks are constrained to be scheduled at the
exact start and end of the parent. A multi-agent constraint is used
to enforce continuous coordination of the tasks during execution.
At the start of a formation drive, the parent task changes an internal
state to “coordinated”, while each subtask requires this state to be
“coordinated”. During execution, if one of the rover drives fails, it
changes the state to “not coordinated”. This creates a multi-agent
constraint con#ict that triggers an abort of the drive tasks on the
other rovers, as described in Section 2.5.

Managing agent participation. The CADRE concept of operations
allows operators to manually designate which agents participate in
a given experiment. By default, all agents are included; however,
ground operators can exclude one or more agents in case of failures,
or to support anomaly investigations. The task networks support
these alternate con!gurations using task constraints that require
the state of the assigned agent to report it as “participating”. For
exploration, because tasks execute independently, the participation
constraint is implemented similar to any other constraint. For for-
mation sensing, however, driving is only scheduled if the tasks for
all participating rovers can be scheduled. We implement this by
creating alternate hierarchies, one for each of the possible subsets
of the three rovers. Parents with larger subsets are assigned higher

priorities, so that they will be tried !rst. A subset that contains a
subtask for a non-participating rover will fail that constraint, caus-
ing the full subset to fail. However, if a subtask for a rover fails to
schedule for any other reason, we do not want to schedule a for-
mation drive using the remaining rovers. Instead, we want to wait
for all participating rovers to be ready to drive. This means that,
for example, the subset for driving with only Rover 2 and Rover 3
includes a constraint that requires Rover 1 to be non-participating.

3.4 Pytasknet
CADRE’s declarative task model was created using a Python li-
brary called Pytasknet. This library includes the basic classes and
functions for creating tasks, and greatly simpli!ed the e"ort of
creating CADRE’s task networks. The Python objects and refer-
ences abstract away many of the details of creating references in
MEXEC’s XML task network representation. Moreover, the Python
language provides the full power of a procedural language to create
these task networks. For CADRE operations, where many tasks are
identical except for the designated rover, the ability to create tasks
within functions and loops was essential.

4 EXPERIMENTAL RESULTS AND V&V
Throughout the development and V&V process, the PS&E subsys-
tem for CADRE was tested over multiple venues at increasing levels
of !delity, as shown in Table 1.

Table 1: Testing venues used for validation of CADRE PS&E
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Batch planning ⊋
ROS sim ⊋ ⊋ ⊋

Dragonfarm ⊋ ⊋ ⊋ ⊋ ⊋
Dev. Models ⊋ ⊋ ⊋ ⊋ ⊋ ⊋ ⊋
Flight Models ⊋ ⊋ ⊋ ⊋ ⊋ ⊋ ⊋ ⊋

Initial evaluation of the task networks and the scheduling im-
plementation were performed using MEXEC batch planning, a
one-shot process that produces a schedule based on a task network
and a set of initial state values. To test the interplay between plan-
ning and execution, we conducted simulations !rst in a ROS-based
[20] simulator, with stand-ins for all system behaviors that have
an impact on the planned tasks and the states they interact with.
The simulator emulates task execution by idling for an appropriate
duration, then returning the same fault/success codes used by FSW,
and updating states based on the tasks’ impact models. Individual
tasks can return early, return late, or report failure, based on op-
erator input. For the ROS testing campaign, we developed a test
matrix, Table 2, that crossed all of the tasks with all of the possible
execution behaviors of a task. Each execution behavior (e.g. starting
late, failing) can have a di"erent impact on the re-planning and
execution of subsequent tasks. In each relevant case, we veri!ed
that the proper response was taken by both the Agent Controller
and the Strategic Planner. The ability to quickly and easily perform
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Cooperative Autonomous Distributed Robotic Exploration (CADRE)

Testing for flight: batch and ROS planning
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these tests was key to the development of the task network, and al-
lowed us to identify multiple bugs where a task de!nition exhibited
undesirable behavior during execution or re-scheduling.

Table 2: Testing campaign with ROS simulations. As the !rst
task to be scheduled, SSDB sync is not impacted by previous
tasks and not expected to start late. Similarly, the stop and
sleep tasks are not expected to have variable duration or fail.

Task Nominal Starts late Runs late Ends early Fails
SSDB Sync ⊋ ⊋ ⊋ ⊋

Team Planning ⊋ ⊋ ⊋ ⊋
Formation ⊋ ⊋ ⊋ ⊋ ⊋
Exploration ⊋ ⊋ ⊋ ⊋ ⊋

Stop ⊋ ⊋
Sleep ⊋ ⊋

Higher-!delity simulations were then run on the Dragonfarm
testbed, which consists of a set of the same ModalAI VOXL system-
on-a-chip modules used on the rovers, connected via Ethernet to
provide a platform that can execute the full CADRE "ight software
deployment (which uses the F’ framework [4]), with the same com-
puting resources as "ight hardware. In this context, we were able
to perform extensive end-to-end simulation of both the exploration
and formation sensing experiments with a variety of leader and
participant con!gurations and initial state conditions.

Extensive testing was also carried out on mobility platforms –
speci!cally, Development Models (DM) and Flight Models (FM),
shown in Figure 6. The FMs are the hardware that will "y to Reiner
Gamma; the DMs are reduced-!delity hardware that present the
same computing and actuation as the FMs, but a reduced sensor
suite, and are suitable for outdoor testing on Earth.

Figure 6: CADRE’s development models (DMs) in the Mars
Yard (left) and "ight models (FMs) in the cleanroom (right).

This multi-venue approach o#ered a comprehensive view of
system performance. Testing on the FM rovers, despite their strin-
gent operational constraints (e.g., being con!ned to the cleanroom
environment, and subjected to rigorous safe handling guidelines),
provided critical insights. The FM units were equipped with temper-
ature and state-of-charge sensors not available on DMs, providing a
complete picture of system performance and yielding high-!delity
data for testing the PS&E system under "ight-like conditions. In
contrast, the DM rovers were not restricted to cleanroom conditions
and were driven extensively in the Mars Yard outdoor testing venue,
which o#ered more freedom and terrain realism and allowed test-
ing interactions with the Guidance, Navigation, and Control (GNC)
subsystem. Balancing the strengths of both DM and FM testing was
essential in ensuring that the autonomy system could handle both
realistic driving tasks, and noisy sensor measurements.

Key tests on the DM hardware focused on running exploration
and formation sensing experiments with "ight-like wake-sleep cy-
cles. In these tests, the rovers autonomously woke up in autonomy
mode, con!gured their sensors and components, and loaded the
experiment task network into the strategic planner. The PS&E stack
handled all task planning, monitored task constraints during execu-
tion, and replanned as needed — adjusting durations or replanning
tasks without operator assistance or intervention.

Exploration testing was conducted across regions ranging from
6x6m to 22x13m. For distributed sensing, goal situated 6m to 20m
from the agents’ initial locations were tested. We veri!ed that
GNC could trigger replanning when the formation trajectory tube
couldn’t be followed, and that multi-agent constraint checking per-
formed as expecting by stopping all agents in response. We also
veri!ed the ability to store and access state information across wake-
sleep cycles, and demonstrated the ability to change the elected
leader during di#erent stages of the experiments. Testing under
varying terrain con!gurations — from sparse to cluttered rock and
crater !elds, and under the harsh shadows of night-time testing —
further validated the system’s robustness.

Key testing on the FM hardware involved Autonomy Day-in-the-
Life experiments, where the stationary FM rovers performed tests
under FPGA-driven wake/sleep operations. These tests ran with
continuous cycles for over 9 hours, transitioning between auton-
omy, nominal, and safe modes. With real (albeit cleanroom-based)
thermal measurements and battery state-of-charge calculations, we
veri!ed the planner’s ability to generate appropriate plans based
on thermal and power constraints. The system responded by either
gracefully stopping experiments if constraints were violated, or
changing task durations when limits were approaching. Addition-
ally, the tests validated correct responses to o#-nominal cases, such
as sudden drops in battery state or temperature spikes, as well as
agents entering safe mode. The tests also con!rmed successful plan-
ning and state synchronization across all four agents, unlike the DM
hardware, which only sports three agents. Overall, not only did this
testing campaign give us con!dence that the distributed planning,
scheduling, and execution system can perform under the scenarios
required by the CADRE mission, but also gave us key insights into
how to operate autonomous and multi agent spacecraft.

5 CONCLUSION
In this paper, we describe the planning, scheduling, and execution
architecture for CADRE, a NASA mission that will demonstrate
multi-agent autonomy on the Moon in 2025/2026. Testing of the
autonomy stack also provided unique insight into veri!cation and
validation of autonomy, and operations of multi-agent systems.
Successful completion of CADRE’s mission will demonstrate the
high technology readiness of multi-agent planning, scheduling,
and execution in challenging planetary surface environments (in
particular, on the Moon), enabling infusion in future science-driven
planetary exploration missions.
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Exhaustive exploration 
of possible execution 
paths can uncover 
brittleness, bugs in the 
task network
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Mission Animation
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