A tool suite towards a

Solar System Internet
digital twin

Mars

PhD kick-off presentation

Alice Le Bihan (INSA Lyon)
Lucas Poulhe (INSA Lyon)

..:<\Y/\» .
. pppmm e
DAYS

Felix Flentge (ESA/ESOC) NTN Days 2026

INSA

Juan A. Fraire (Inria)

Pierre Francois (INSA Lyon)

INSTITUT NATIONAL
DES SCIENCES ,
APPLIQUEES

LYON

' Image from ipnv.net
EUROPEAN SPACE AGENCY


http://ipnv.net

Why do we need a "Solar System Internet” ?

Increase in the number of deep space missions :

* Shift from point-to-point communications to an interoperable, standardised Internet-like

architecture [1]
 Space communications constraints [2] :
> |long propagation delays

> planned intermittent connectivity, many space assets are disconnected most of the time
except during specific contact windows

> asymmetry between UL and DL capacities

= The envisioned Solar System Internet (SSI) leverages Delay-Tolerant Networking (DTN) [3] and the
standardised Bundle Protocol (BP) [4]



The Solar System Internet at ESA

* ESA Strategy 2040 includes strategic actions for the Solar System ko
Internet [5] \‘ -
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* DTN and BP are mature technologies... but we need to transfer
those into operations

* Mission operations will change: mission-specific decisions will ESA STRATEGY
have a network-wide impact
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Front page of the ESA Strategy 2040 document [5]



Preparing and operating the SSi

Need a widely accessible framework for monitoring, analysing, and predicting the behaviour of the SSI:
 Emulating the network under highly realistic conditions
* Integrating real-time operational data, eventually closely mirroring the current state of the real network
* Running in standalone sandbox mode

= A possible architecture approach is the digital twin

¢ mission operations software...
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Elements after the IRTF Network
Digital Twin reference architecture [7]

Alice Le Bihan et al. A Tool Suite Towards a Solar System Internet Digital Twin. Poster at STINT 2026.



Zoom on IPN-g and IPN-v

IPN-g for high-fidelity Interplanetary Network scenario generation and IPN-v [6] for 3D contact plan visualisation

Scenario definition IPN-g Scenario folder IPN-v

. netwo.rk nod.es N . G.ODOTPY orbit propegation 3 . one. c.onﬁg file | | N = 3D scene | o

= celestial bodies = light-time propagation = positions and rotations, per object = space and time navigation

= time window and time step = geometric events = contact plan in IPN-v format = physical and logical contact plans
= per-node or per-contact rules = visibility — contact plan = contact plan in ION format = contact filtering, latency coloring
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https://gitlab.space-codev.org/godot/esa-external/community-software/ipn-g
https://gitlab.inria.fr/jfraire/ipn-v
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Zoom on IPN-g and IPN-v (cont’d)
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Network Digital Twins

From the Internet Research Task Force, a Network Digital Twin [7] :

Real-time Digital Twin

* Relies on bi-directional communication with the physical
network

* Collects, aggregates and analyses real-time TM from the
physical network

* Takes data-driven network management decisions and
automatically issues control commands

* Allows to explore "what-If" scenarios, simulate end-of-life, test
new protocols or network policies, train operators...

= Particularly valuable in the space context to perform independent Representation of a Network Digital Twin (source)
tests without operational risks or expenses


https://www.blueplanet.com/blog/2025/from-what-if-to-why-not-how-real-time-digital-twins-transform-customer-experience

A delay-tolerant digital twin

Applying the Network Digital Twin architecture to the SSI requires significant adaptations:

* Digital twins typically rely on high-speed and high-availability links for quick synchronisation

* There is no guarantee of continuous end-to-end connectivity and timely communications in the SSI
= Delayed TM/TC data exchanges between the real and twin networks

= The SSI digital twin itself and the network management processes must be delay-tolerant

&
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Mitigating data staleness

Improve the delay-tolerance of a Network Digital Twin facing substantial delays by [8]:
* Ensuring high modelling accuracy to reliably predict the network state when fresh data isn’t available
* Efficiently scheduling telemetry information [9]
 Compressing telemetry [10] and prioritising critical information [11]

* Performing machine learning on historical data

Urgency Quasi-Real-Time Comms Store-and-Forward Comms

Reliability

Priority 1 Priority 2 Priority 1 Priority 2

Critical Quasi-Real-Time, Excellent Effort
NO LOSSES (e.g. Astronaut Health High Interaction ( Tel try)
Data) (e.2. Voice) e.g. Telemetry

Quasi-Real-Time, Low

Losses Acceptable Interaction
(e.g. Video Streaming)

Best Effort Bulk
(e.g. Sensor Data) (e.g. Science Data)

Traffic priority grid for the Bundle Protocol [11]



Conclusion and next steps

Next steps include:

 Space and ground asset models, data sources and
network metrics selection

 Modular digital twin architecture, data repository and
interoperable interfaces definition

* Functional models for network data analysis definition

* Definition of performance and synchronisation metrics for
the twin, and evaluation scenarios

= Evaluate and optimise SSI technologies with the digital twin

= Mitigate delays by giving operators awareness based on
estimated states
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Questions?

alice.le-bihan@insa-lyon.fr

Thank you for your attention :)
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