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Context and Motivations

¢ Recent years have shown a large increase in the development of satellite
constellations
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Context and Motivations

¢ Recent years have shown a large increase in the development of satellite
constellations

¢ Increasing the size allows to capture any point on Earth at higher frequency,
e.g. the Planet constellation [sHat et al., 2019]
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Context and Motivations

¢ Recent years have shown a large increase in the development of satellite
constellations

¢ Increasing the size allows to capture any point on Earth at higher frequency,
e.g. the Planet constellation [sHat et al., 2019]

e But, operating numerous Earth observation satellites (EOS) requires to
cooperate, collectively solve and schedule, self-adapt and interact
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Context and Motivations

¢ Recent years have shown a large increase in the development of satellite
constellations

¢ Increasing the size allows to capture any point on Earth at higher frequency,
e.g. the Planet constellation [sHat et al., 2019]

e But, operating numerous Earth observation satellites (EOS) requires to
cooperate, collectively solve and schedule, self-adapt and interact

Many open challenges for autonomous agents and multiagent systems
and distributed Al
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Constellation Design Challenges
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How to Design an EOS Constellation?
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How to Design an EOS Constellation?
Orbits
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How to Design an EOS Constellation?

Constellation composition
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How to Design an EOS Constellation?

Points of interest
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How to Design an EOS Constellation?

On-ground communication stations
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How to Design an EOS Constellation?

Visibility windows
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How to Design an EOS Constellation?

Other actors and stakeholders
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How to Design an EOS Constellation?

System organization
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Constellation Design Challenges

System Modeling and Simulation

Design phase should take into account composite nature, heterogeneity,
dynamics, openness, guarantees and safety
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Constellation Design Challenges

System Modeling and Simulation

Design phase should take into account composite nature, heterogeneity,
dynamics, openness, guarantees and safety

* Multiagent modeling and programming
m Models (roles, goals, ...) [BoissiER et al., 2013; WINIKOFF and PADGHAM, 2013]
m EOS clustering [CHEN et al., 2018], team formation [ANDREJCZUK et al., 2017]
m Agent-level and system-level formal verification
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Constellation Design Challenges

System Modeling and Simulation

Design phase should take into account composite nature, heterogeneity,
dynamics, openness, guarantees and safety

* Multiagent modeling and programming
m Models (roles, goals, ...) [BoissiER et al., 2013; WINIKOFF and PADGHAM, 2013]
m EOS clustering [CHEN et al., 2018], team formation [ANDREJCZUK et al., 2017]
m Agent-level and system-level formal verification

e Multiagent-based simulation (MABS)
[BASTIANELLI et al., 2012; BUDIANTO and OLDS, 2004; ZHANG et al., 2013]
m Agent-based simulation coupling and interoperability
[CAMUS et al., 2018; NDIAYE et al., 2018]
m Ptolemy [PToLEMAEUS, 2014]
m Multi-objective black box optimization vs. MABS fine-grained explanations
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Constellation Design Challenges

System Modeling and Simulation

Design phase should take into account composite nature, heterogeneity,
dynamics, openness, guarantees and safety

* Multiagent modeling and programming
m Models (roles, goals, ...) [BoissiER et al., 2013; WINIKOFF and PADGHAM, 2013]
m EOS clustering [CHEN et al., 2018], team formation [ANDREJCZUK et al., 2017]
m Agent-level and system-level formal verification

e Multiagent-based simulation (MABS)
[BASTIANELLI et al., 2012; BUDIANTO and OLDS, 2004; ZHANG et al., 2013]

m Agent-based simulation coupling and interoperability
[CAMUS et al., 2018; NDIAYE et al., 2018]
m Ptolemy [PToLEMAEUS, 2014]
m Multi-objective black box optimization vs. MABS fine-grained explanations

A Models used for assessing performance are different from models used for
assessing requirements/safety [SincHez et al., 2017]
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How to Allocate Resources?
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How to Allocate Resources?
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How to Share Resources?
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How to Share Resources?
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Constellation Design Challenges

Resource Allocation and Fair Division

EOS constellation is used by several stakeholders = equitable or fair exploitation
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Constellation Design Challenges

Resource Allocation and Fair Division

EOS constellation is used by several stakeholders = equitable or fair exploitation

o MultiAgent Resource Allocation (MARA) [CHevALEYRE et al., 2006]

m users share orbit portions or time windows (divisible)
m users share EOS by requesting some observation of a POI (indivisible, bundle)
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Constellation Design Challenges

Resource Allocation and Fair Division

EOS constellation is used by several stakeholders = equitable or fair exploitation

o MultiAgent Resource Allocation (MARA) [CHevALEYRE et al., 2006]
m users share orbit portions or time windows (divisible)
m users share EOS by requesting some observation of a POI (indivisible, bundle)
e fair division [BOUTILIER et al., 2004; BOUVERET et al., 2016]
m Several fairness visions
» Proportionality wrt. the financial contribution in the funding [LEMAITRE et al., 2003]
» maxmin fairness [JOHNSTON, 2020; TANGPATTANAKUL et al., 2015]
m Trade-off between several criteria is necessary, e.g. efficiency vs. fairness
A Complex utility (e.g. priority, composite observations, weather) [VasecaarD et al.,
2020]
A Additivity is often neither acceptable nor realistic, e.g. periodic requests
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Constellation Design Challenges

Resource Allocation and Fair Division

EOS constellation is used by several stakeholders = equitable or fair exploitation

o MultiAgent Resource Allocation (MARA) [CHevALEYRE et al., 2006]

m users share orbit portions or time windows (divisible)

m users share EOS by requesting some observation of a POI (indivisible, bundle)
e Fajr division [BouTILIER et al., 2004; BOUVERET et al., 2016]

m Several fairness visions
» Proportionality wrt. the financial contribution in the funding [LEMAITRE et al., 2003]
» maxmin fairness [JOHNSTON, 2020; TANGPATTANAKUL et al., 2015]

m Trade-off between several criteria is necessary, e.g. efficiency vs. fairness
A Complex utility (e.g. priority, composite observations, weather) [VasecaarD et al.,

2020]
A Additivity is often neither acceptable nor realistic, e.g. periodic requests

e Centralized or decentralized procedures, returning (near) optimal allocations
m e.g. Auctions on orbit portions, geographic zone
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Offline Operation Challenges
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How to Schedule Tasks in a Multi-satellite and Multi-user Setting?
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How to Schedule Tasks in a Multi-satellite and Multi-user Setting?
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How to Schedule Tasks in a Multi-satellite and Multi-user Setting?
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How to Schedule Tasks in a Multi-satellite and Multi-user Setting?
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How to Schedule Tasks in a Multi-satellite and Multi-user Setting?
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How to Schedule Tasks in a Multi-satellite and Multi-user Setting?
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How to Schedule Tasks in a Multi-satellite and Multi-user Setting?
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Offline Operation Challenges

Scheduling Observations

Distributed by nature = partially or fully decomposable
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Offline Operation Challenges

Scheduling Observations

Distributed by nature = partially or fully decomposable

e Multiagent problem solving techniques
m Marketplace for tasks, e.g. Contract Net Protocol [PENG FENG et al., 2015]
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Offline Operation Challenges

Scheduling Observations

Distributed by nature = partially or fully decomposable

e Multiagent problem solving techniques
m Marketplace for tasks, e.g. Contract Net Protocol [PENG FENG et al., 2015]
e Distributed constraint optimization (DCOP) [Mopi et al., 2005

m LNS for multi-satellite scheduling [HE et al., 2018] in a distributed way
m Distribution to bring explainability, speedup, and privacy
A Scalability issues and mixed-integer problems [HoaNG et al., 2020]
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Offline Operation Challenges

Scheduling Observations

Distributed by nature = partially or fully decomposable

e Multiagent problem solving techniques
m Marketplace for tasks, e.g. Contract Net Protocol [PENG FENG et al., 2015]
e Distributed constraint optimization (DCOP) [Mopi et al., 2005
m LNS for multi-satellite scheduling [HE et al., 2018] in a distributed way
m Distribution to bring explainability, speedup, and privacy
A Scalability issues and mixed-integer problems [HoaNG et al., 2020]
e EOS scheduling problems are multi-objective and asymmetric
A Scalability of distributed methods [DeLLE FAVE et al, 2011; GRINSHPOUN et al., 2013]
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Offline Operation Challenges

Scheduling Observations

Distributed by nature = partially or fully decomposable

Multiagent problem solving techniques
m Marketplace for tasks, e.g. Contract Net Protocol [PEnG FENG et al., 2015]
Distributed constraint optimization (DCOP) [Mobi et al., 2005]
m LNS for multi-satellite scheduling [HE et al., 2018] in a distributed way
m Distribution to bring explainability, speedup, and privacy
A Scalability issues and mixed-integer problems [HoaNG et al., 2020]
EOS scheduling problems are multi-objective and asymmetric
A Scalability of distributed methods [DeLLE FAVE et al, 2011; GRINSHPOUN et al., 2013]
Self-organization and heuristics for large scale schedules [BonneT et al., 2015]
A No quality guarantees, yet?
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Offline Operation Challenges

Scheduling under Uncertainties

Uncertainty sources (clouds and compression rate)
impact observation validation and download time
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Offline Operation Challenges

Scheduling under Uncertainties

Uncertainty sources (clouds and compression rate)
impact observation validation and download time

® Multiagent planning under uncertainties [Spaan and MeLo, 2008]

m DEC-POMDP [BerNsSTEIN et al., 2002]
A Algorithms do not scale = design simpler solutions
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Offline Operation Challenges

Scheduling under Uncertainties

Uncertainty sources (clouds and compression rate)
impact observation validation and download time

® Multiagent planning under uncertainties [Spaan and MeLo, 2008]
m DEC-POMDP [BerNsSTEIN et al., 2002]
A Algorithms do not scale = design simpler solutions
® Probabilistic problem solving (costs w/ stochastic properties or random
variables)

m Probabilistic DCOP [ATLAs and DECKER, 2010; NGUYEN et al., 2012; STRANDERS et al., 2011]
A Siill require investigation to scale up
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Offline Operation Challenges

Scheduling under Uncertainties

Uncertainty sources (clouds and compression rate)
impact observation validation and download time

® Multiagent planning under uncertainties [Spaan and MeLo, 2008]
m DEC-POMDP [BerNsSTEIN et al., 2002]
A Algorithms do not scale = design simpler solutions
® Probabilistic problem solving (costs w/ stochastic properties or random
variables)
m Probabilistic DCOP [ATLAs and DECKER, 2010; NGUYEN et al., 2012; STRANDERS et al., 2011]
A Siill require investigation to scale up
® Beyond probabilities
m Possibility Theory [Dusois and PRADE, 2014] — increased decision robustness
A How to define deterministic rewards that consider requests of different types and
priorities, while being combined into the chosen uncertainty measure?
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Offline Operation Challenges

Deconflicting User Requests

Satellite constellations involve many actors
which implies conflicts and schedule privacy
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Offline Operation Challenges

Deconflicting User Requests

Satellite constellations involve many actors
which implies conflicts and schedule privacy

e Distributed optimization techniques when users aim to a common objective
(e.g. maximizing the number of scheduled observations) but keep some
information private [Sinta and DuTTa, 2016]
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Offline Operation Challenges

Deconflicting User Requests

Satellite constellations involve many actors
which implies conflicts and schedule privacy

e Distributed optimization techniques when users aim to a common objective
(e.g. maximizing the number of scheduled observations) but keep some
information private [Sinta and DuTTa, 2016]

e Consensus techniques when visions are diverging

m Build agreements on some shared decision variables [Bovp et al., 2011; NEDIC et al.,
2018, 2010]
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Offline Operation Challenges

Deconflicting User Requests

Satellite constellations involve many actors
which implies conflicts and schedule privacy

e Distributed optimization techniques when users aim to a common objective
(e.g. maximizing the number of scheduled observations) but keep some
information private [Sinta and DuTTa, 2016]

e Consensus techniques when visions are diverging

m Build agreements on some shared decision variables [Bovp et al., 2011; NEDIC et al.,
2018, 2010]

A Presence of discrete and continuous decision variables
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Offline Operation Challenges

Deconflicting User Requests

Satellite constellations involve many actors
which implies conflicts and schedule privacy

e Distributed optimization techniques when users aim to a common objective
(e.g. maximizing the number of scheduled observations) but keep some
information private [Sinta and DuTTa, 2016]

e Consensus techniques when visions are diverging

m Build agreements on some shared decision variables [Bovp et al., 2011; NEDIC et al.,
2018, 2010]

A Presence of discrete and continuous decision variables

e Game Theory [sun et al., 2018] and market design [Dewis et al., 2017], in more
conflicting and non-cooperative settings
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Online Operation Challenges
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How to Adapt Activities when Facing Unpredictable Events?
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How to Adapt Activities when Facing Unpredictable Events?
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How to Adapt Activities when Facing Unpredictable Events?
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How to Adapt Activities when Facing Unpredictable Events?
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Online Operation Challenges

Dynamics and Rescheduling

Image acquisition may fail and last-minute request may occur = rescheduling
some observations
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Online Operation Challenges

Dynamics and Rescheduling

Image acquisition may fail and last-minute request may occur = rescheduling
some observations

® On-ground plan repair is triggered once EOSs have downloaded data
m Plan repair techniques [WanG et al., 2011; WANG et al., 2015]
A This repair should be provided as reactively as possible compared to full
scheduling
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Online Operation Challenges

Dynamics and Rescheduling

Image acquisition may fail and last-minute request may occur = rescheduling
some observations

® On-ground plan repair is triggered once EOSs have downloaded data
m Plan repair techniques [WanG et al., 2011; WANG et al., 2015]
A This repair should be provided as reactively as possible compared to full
scheduling
e On-board decision-making and inter-agent cooperation
m Dynamic Distributed Constraint Optimization (DynDCOP) [HoaNG et al., 2016; RUST
et al., 2020]
m Multiagent plan repair techniques [KovENDA et al., 2014]
m Dynamic consensus techniques [FRANCESCHELLI and FRASCA, 2018; Li et al., 2014]
A Limited scalability and resilience to communication loss and asynchronicity
[DIBAJI and ISHII, 2015; JOHNSTON, 2020; RUST et al., 2020]
A Strong requirements for on-board operations

Rérvauiaue ONERA

THE FRENCH AEROSPACE LAB

FRANCAISE —_— S
iyt U AIRBU Défis multi-agents dans les EOS - Picard et al.- - 16 /20



Online Operation Challenges

Interaction and Protocols

Multiagent online operations, considering communication opportunities, is a key
point for improving the performance of the system
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Online Operation Challenges

Interaction and Protocols

Multiagent online operations, considering communication opportunities, is a key
point for improving the performance of the system

e Network of communication links

m inter-satellite link

m direct communication between mission centers

m indirect communications through geostationary relay satellites or drones
= Delay Tolerant Network (DTN) protocol [NAG et al., 2019]
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Online Operation Challenges
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Concluding Remarks

Many challenges in EOS constellations and related applications...
open for the whole AAMAS community

= Coordination, Organisations, Institutions, and Norms
w Engineering Multiagent Systems

= Knowledge Representation, Reasoning, and Planning
= | earning and Adaptation

= Markets, Auctions, and Non-Cooperative Game Theory
= Modelling and Simulation of Societies

= Robotics

w Social Choice and Cooperative Game Theory
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