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Network in (Remote) Robotic Missions

Earth-to-Mars Latency

Communication with Earth control stations is mandatory during long traverses and
can take up to 22-minutes one-way.

Without it, local location estimation drift can exceed 35 meters.

Onboard Compute Optimization

Integrating repurposed onboard compute hardware inspired by the Ingenuity Mars
Helicopter removes the day-long ground loop bottlenecks.

Reduces localized error estimation down to 25 cm with computation done within
2-minutes.

Perseverance Rover and Ingenuity — Image from NASA

Space It Up! Project

The Space It Up! project is funded by the Italian Space Agency (ASI) and the Ministry of University and Research (MUR).
GSSl is working on developing and evaluating meaningful testing scenarios and environments for Robotics Space Exploration.



Network in (Remote) Robotic Missions

Autonomous Underwater Vehicles (AUVs) can use real-time

ocean-current data and forecasts to adapt their sampling
strategies.

iaet:‘I‘l,itt: “ Ocean Modeling
Energy Optimized Routes Sensing

Sensor ____”,,_.——-lv Model data assimilation
Utilize real-time ocean current updates to plan highly efficient || o \
navigation paths.

Control
Model synthesis/simulations

Model uncertainty/
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Cloud-Based Planning

Offload complex data assimilation and intensive computational
planning tasks to the cloud.

Idle Time Management

L . N Coastal
Optimize idle periods to significantly reduce energy Ocean
consumption and improve vehicle safety.
Assimilated
Ocean Model
G S
From: Mendes, Renato, et al. "TOWARD OCEAN MODEL-DRIVEN." Oceanography 39.2 (2026). S |
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Networks in ROS 2 Systems

Time-Sensitive Control
Low-latency feedback loops assumptions for smooth paths generation

BT Plugins

BT Navigator Server .

Behavior Controller Planner
Server Server Server

Local Costmap
Costmap Sub.
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Main CPU Micro-Processor Cloud

From: Open Navigation

Heterogeneous Data Links
Integration with diverse physical communication channels.
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From: Zhang, Jiagiang. "Robotic capabilities in distributed systems: Communication, localization, and
resilience”, University of Turku, 2026.
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Once perception or control is distributed,
communication infrastructure and nodes placement
is no longer negligible. It becomes part of the
mission quality.



Network-Aware Evaluation of Robotic Missions

computational Remote
Robot offloading Edge / cloud data
operator
sensing - actuation < perception - planning < supervision - updates
local autonomy shared computation intervention
commands commands / plans

N

Higher-Level Reuse Barrier

Analysis of mission-critical nodes and Most robotic co-simulations are
key data flows driving robotic system highly application-specific and
behaviors. difficult to adapt or reuse.
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Lower-Level

Evaluations focus on message
routing and network topologies in
MRS contexts.

Goal: operational requirements for the network infrastructure, node placement, and distributed deployment architecture




Research Questions

Nodes Distribution Reusability

Network Considerations

How can critical ROS 2 How can network-aware ROS 2
components be automatically systems evaluation be reused in
extracted and evaluated different contexts?

considering network and

placement options?

How does network infrastructure
impacts missions with distributed
robotic components?




Network-Aware Evaluation of Robotic Missions

Robotics Scenario Network
Application specification Infrastructure

. Operational profiles
Mission data nodes - links

ROS 2 nodes & placement profiles - DDS QoS - ROS 2 Params Link characteristics

3_9 Scenario Evaluator

Execution adapter: Docker/netem -
Containernet - emulator - testbed

Network, ROS 2, and Mission Specific:
Metrics, Logs, and Traces



Network-aware evaluation configuration space

Onboard
Edge

Cloud

Local

Data flows Net\{vork
Qg profile
Source — destination Delay/Jitter
Topic & message type Throughput/Bandwidth
Payload size Availability/Loss

=O= ROS 2 config.

%

DDS QoS
RMW

Bridge

Observed robotic behavior

Execution environments: increasing realism, control, and cost

Docker / net traffic

Co-simulation
shaper

Real network

Mission

Sensor Data Freshness

Decision Latency

Goal (coverage,
avoidance, pointnavy,
etc.)



Evaluation Parameters: placement x network profile x ROS 2 QoS

1 - Node placement 2 - Network operational profile 3 - ROS 2 QoS policy — configured per flow

What are the network characteristics for Qos Policy Parameters
the infrastructure options?

Where does each ROS 2 Node?

Reliability BEST_EFFORT RELIABLE
WiFi
Onboard History + depth KEEP_LAST (N) KEEP_ALL
> Celular (4G) > Durability VOLATILE TRANSIENT_LOCAL
Edge
Timing / freshness DEADLINE LIFESPAN
Celular (5G)
Cloud Liveliness AUTOMATIC MANUAL_BY_TOPIC + lease

Satellite




Planned Proof-of-Concept: CogNav Edge-Offload Experiment

BT
XML Goal

Mission Planner Perception
Chg:'lstfgilr;r CanF;iailg;tes Coverage Temporal Depth Depth
l Filtering Encoding Anything V2
BT Runner BT Behaviors Image
Conversion
Distance Vector
Runtime Adapters
Odometry. o rG | )
po— Normalization AR, Mage
Platform-
Specific Binding
- 3 ‘ Offloaded
Bridge (Edge)
! — Onboard
i WiFi Relay
v//r- v ;\\\.
A A
@ HABITAT 322 Cyberbotics
itat-Si i TURTLEBOT
Habitat-Sim Simulator e Wabota'Simulator
\ Deployment Platforms J

Architecture under refactoring adapted from: Nikmard, M., Pelliccione, P., and D’Angelo, G.. “CogNav:
Human-Inspired Collision Avoidance Strategy”. In: 8th International Workshop on Robotics Software

Engineering (RoSE’26). 2026

Navigation based on Monocular
Depth Estimation

Uplink (Large Data Flow)

Offloaded depth computation from camera
images

O Downlink (Control Messages)

Commands onboard robot requiring small
downlink

0 Real-World Validation

Compare simulated Wi-Fi profile with evaluation
in real-world setup
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CogNav Edge-Offload Experiment: Placement Option 1 (current)

ROBOT /Simulator SIDE

Raw RGB image + Odometry

Controller Node
a (Camera, Actuators,
etc.) N\
~N
[ )
shaped
link
ﬁ Platform Bridge Node ¢
cmd_vel

EDGE SIDE

& Perception Node

|

Mission Controller +

BT Runner (Action)




CogNav Edge-Offload Experiment: Placement Option 2

ROBOT /Simulator SIDE EDGE SIDE

Controller Node
a (Camera,

Actuators, etc.)

Raw RGB image

¥§ Platform Bridge Node ‘ ° ’
shaped
link
Mission Controller +
BT Runner (Action) distance vector

& Perception Node




Future Work

A

Placement Alternatives

Understand how can semantic valid placement
alternatives can be selected.

D
Multi-Segment Links

Analyze performance and routing across
multi-segment link topologies.

s

4

Data Compression

Add data compression techniques into the active
evaluation mix.

4

Energy Consumption

Incorporate key power and energy consumption
considerations.

4+
Q*
Cl Automation

Implement automated continuous integration for
the evaluation pipeline.

3

VPN Unified Network

Consider VPN architectures to place all nodes in
the same network.
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Thank You!




