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Abstract

The advent of mega-constellations in Low Earth Orbit (LEO) has transformed satellite
communications, enabling global connectivity and paving the way for integrating computa-
tional services in orbit. This thesis explores the concept of a Space Cloud, in which in-orbit
infrastructures provide distributed computing capabilities beyond their traditional role as
communication relays. While Multi-access Edge Computing (MEC) technologies have
proven effective in terrestrial networks, their adaptation to dynamic and latency-sensitive
space environments raises unresolved challenges in computing resource orchestration, in-
cluding the Edge Server Activation (ESA) and Edge Server Placement (ESP) problems
defined in this work. We address these challenges through models, software tools, and
algorithms that couple orbital propagation with real-time network emulation to evaluate
control and placement strategies under realistic conditions. Central to our contributions
is MeteorNet, an open-source, continuous-time platform that integrates orbital dynam-
ics, network virtualization, and containerized execution to reproduce operational network
behavior using Docker, Mininet, and Software-Defined Networking (SDN) controllers.
MeteorNet dynamically adapts link states and propagation delays to satellite motion and
line-of-sight conditions, generating high-fidelity synthetic datasets for training and validat-
ing learning-based algorithms in space systems, where real data are scarce. For ESA, we
develop two adaptive controllers—Fuzzy Logic and Reinforcement Learning—that imple-
ment decentralized policies based on each node’s current state and historical performance
data to minimize activation time while maintaining low task failure rates, outperforming
Access and Bernoulli baselines across traffic regimes. For ESP, we introduce the Farthest
Point Sampling (FPS) method, a topology-aware deployment strategy for space systems.
We compare FPS with alternative space, terrestrial, and hybrid deployments, showing that
it can reduce mean round-trip time by 15-20% and that, at sufficient infrastructure bud-
gets, space-based configurations can surpass terrestrial clouds. Experiments conducted
with MeteorNet, together with the results obtained for the MEC resource orchestration
problems, confirm that intelligent orchestration and informed placement substantially
outperform reactive or naive baselines in complex, dynamic constellations. Overall, this
thesis lays the groundwork for scalable, autonomous, and latency-aware edge computing in
satellite constellations by unifying mixed-integer formulations, learning-based ESA con-
trollers, topology-aware ESP strategies, and a real-time emulation framework to advance
the Space Cloud paradigm.

Keywords: Edge Computing, Satellite Constellations, Server Placement, Resource Or-
chestration.
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Notation

Sets and Indices

vV Set of constellation nodes (space servers / satellites), V = {v; | 1 <
J<V}

Uu Set of user locations (ground segment), U = {u; | 1 <i < I}

S Set (or subset) of satellite nodes that may host MEC servers, S =
{sn| 1 <n <N}

G Set of terrestrial gateways, G = {gn | | <m < M}

L Set of inter-satellite links (ISLs) used to build the constellation graph

T Set of discrete time instants for emulation, 7 = {0, At, ..., |T|}
i,j,n,m,t Indices for users (i), satellites/nodes (j), satellite servers (n), gateways
(m), and time (7)

Orbit Topology and Kinematics

V,U,N,G  Counts of satellites (V), user locations (U), satellite servers (N), and
gateways (G)

P Set of orbital planes in constellation

io Orbital inclination angle

Pj. Satellite v; position in TEME coordinates at time ¢

P! Ground user u; position in TEME coordinates at time ¢

dlf’ ; Shortest-path delay proxy between u; and v; at time ¢

Hf.,j Elevation angle of v; as seen from u; at time ¢

0. Minimum elevation angle to declare line of sight (LoS) available
LoSf., ; Line-of-sight availability indicator between u; and v; at time 7
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Xii

Network Modeling

At
hf]
T
T,
T}i’j
)

Duration of one emulation step (sampling period)

Hop count on the shortest path between u; and v; at time ¢
Per-link interface delay (forwarding component per hop)
Per-task processing time at the serving node

Forwarding delay between u; and v; at time ¢

Fixed per-link processing/switching overhead added to propagation
Speed of light in vacuum (used in propagation delay model)
Abstracted link capacity class for the u;—v; direct channel at time ¢
Additional latency from gateway to terrestrial cloud

Computational capacity of node v; (e.g., lines/s or equivalent com-
pute units)

Task generation rate at user u; at time ¢

Task size

Maximum number of servers to place in ESP

Decision Variables and States

Vi

St

@,

Binary routing/offloading decision: 1 if u; offloads to node v; at time
t, 0 otherwise

Binary activation state of the server at node v; at time ¢ (1 active, 0
inactive)

Binary placement decision for ESP: 1 if a server (or gateway) is
placed at node v, 0 otherwise

Local state vector at node v; and time ¢, Sf/ = [Bf/., Ci, DS., K']
Objective weights in ECO optimization (context-dependent; not to
be confused with inclination @ and elevation )

Xii
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Performance Metrics

L,
t

Li

L

End-to-end latency for a task from u; served at v; at time ¢

Latency of tasks generated by u; at time ¢ (after assignment)
Latency threshold for success; tasks with latency above Ly, are fail-
ures

Binary success indicator for u; at time 7 (1 if th. > L, else 0)
Offload factor: number (or rate) of tasks redirected from node v; to
others at time ¢

Instantaneous CPU utilization at node v; at time ¢

Average utilization ratio across nodes and time
Number (or rate) of failed tasks associated with node v; at time ¢

Average failure rate across nodes and time

Number of active servers at time ¢

Average activation ratio across time

Total latency (transmit—process—return) for a task from u; via v; at
time ¢

Path-dependent delay component (df’j for space, df,j + dg for ground
via gateway)

Round-Trip Time (RTT) for user u; at time ¢

Average RTT across users and time, load-weighted by A!

Controllers and Learning (FL/RL)

f;

Continuous output of the Fuzzy Logic (FL) controller prior to hys-
teresis thresholding

Input fuzzy sets for variable d € {1,2,3,4}, typically P; =
{La, My, Hy}

Output fuzzy sets for controller output, Q = {Lys, My, Hy}
Membership functions for fuzzy sets (triangular for M, trapezoidal
for L, H)

Linguistic rules for FL inference (e.g., Ry, ..., R¢)

Numerical operators used in FL implication/aggregation, (T = J =
min)
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Per-step reward assigned to node v; at time #
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CHAPTER 1

Introduction

The rapid evolution of satellite technology has redefined the landscape of global commu-
nications. Once the exclusive domain of state-funded space agencies and large telecom-
munications corporations, access to space has been democratized by advances in minia-
turization, modularity, and cost-effective launch systems. Thousands of satellites now
orbit the Earth in coordinated Low Earth Orbit (LEO) constellations, forming the back-
bone of a new generation of Non-Terrestrial Networks (NTNs). These systems promise to
provide continuous, low-latency connectivity across the globe, extending network access
to regions beyond the reach of terrestrial infrastructure. As satellite constellations grow
in scale and capability, so does global connectivity. The challenge is no longer simply to
connect, but to transform these orbital networks from passive data relays into intelligent,

distributed computing systems capable of processing information directly in space.

1.1 Problem Definition and Motivation

Global LEO satellite constellations for telecommunications are now a common reality
and have triggered a transformative shift in both the space industry and the communica-
tions sector. The adoption of standardized satellite platforms, Commercial Off-The-Shelf
(COTS) components, and modular launch systems such as the Poly Picosatellite Orbital
Deployer (P-POD) has significantly reduced the barriers to designing and deploying space
missions. As a result, an increasing number of actors—ranging from established commer-
cial operators to research institutions and emerging startups—can now deploy and operate
sophisticated missions once monopolized by national agencies and large telecommunica-
tions companies.

Recent advancements in NTNs have been primarily driven by private companies de-
ploying large-scale LEO constellations to provide global Internet coverage. Prominent
examples include SpaceX’s Starlink and OneWeb, which together account for thousands

of operational satellites, with planned expansions into the tens of thousands. Forthcom-
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ing constellations are expected to employ Inter-Satellite Links (ISLs) to connect nodes
across and within orbital planes, extending coverage and providing continuous connec-
tions to remote or underserved areas where terrestrial infrastructure deployment would be
prohibitively expensive or technically infeasible.

While these developments have established LEO constellations as critical enablers of
global connectivity, they also present unique opportunities to extend network functionality
beyond simple data relay. In particular, the integration of Multi-access Edge Computing
(MEC) into LEO constellations has emerged as a promising paradigm to reduce end-to-end
latency, improve bandwidth utilization, and enable time-sensitive applications directly in
orbit. This Space Cloud vision reframes satellite constellations as distributed computation
platforms capable of delivering processing services closer to users than terrestrial cloud
infrastructures, thereby reducing dependence on gateway-based offloading for latency-
sensitive workloads.

However, realizing the Space Cloud concept is far from trivial. Deploying edge-
compute resources in orbit introduces several challenges absent from terrestrial networks,
including routing in highly dynamic topologies, intermittent connectivity, strict energy
budgets, and complex link-layer characteristics. The efficient allocation and orchestration
of computational resources across a constellation require careful consideration of where
servers should be placed, when they should be activated, and how tasks should be routed
between satellites and ground segments. Poorly designed strategies may lead to exces-
sive propagation delays, underutilized resources, or unnecessary energy consumption,
ultimately undermining the benefits of in-orbit processing.

The problem is further aggravated by the lack of practical experimentation environ-
ments for evaluating these strategies at scale. Access to operational satellite constellations
for testing is prohibitively costly and often restricted by commercial or regulatory con-
straints. This motivates the development of high-fidelity, real-time emulation platforms
that can replicate the behavior of space networks while enabling reproducible experi-
mentation with orchestration algorithms, network configurations, and server placement
strategies.

In this context, this thesis addresses the core problem of how to design, emulate,
and control edge computing systems for LEO satellite networks. Specifically, we
focus on mechanisms that enable efficient task processing under constellation dynamics,
balancing latency and resource usage under realistic networking constraints. By combining

practical emulation with intelligent orchestration mechanisms, this work seeks to provide
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actionable insights into the deployment and management of Space Cloud architectures for

next-generation NTNs.

1.2 Research Objectives and Hypothesis

The integration of MEC into Low Earth Orbit (LEO) satellite constellations represents
a paradigm shift in how satellite networks are conceived and operated. By enabling in-
orbit processing, the Space Cloud concept has the potential to reduce latency, optimize
bandwidth utilization, and support emerging time-sensitive services such as real-time
environmental monitoring, autonomous vehicle coordination, and low-latency IoT ap-
plications. Nevertheless, achieving these benefits requires overcoming several technical
challenges related to the orchestration, placement, and activation of edge servers in highly
dynamic non-terrestrial environments.

The central objective of this thesis is to design, emulate, and evaluate control strategies
for MEC-enabled LEO constellations that minimize latency and energy consumption while
maintaining high task completion rates. To meet this goal, we identify the following

specific objectives:

1. Model the MEC-LEO satellite environment by defining the relevant network,
computational, and orbital parameters that affect task processing and data routing

in a Space Cloud architecture.

2. Develop a high-fidelity emulation platform capable of replicating real-time orbital
dynamics, network conditions, and containerized application execution to support

reproducible experimentation at scale.

3. Formulate the Edge Server Activation and Edge Server Placement problems

for space systems, defining their respective optimization functions and constraints.

4. Implement intelligent server activation algorithms—including Fuzzy Logic (FL)
and Reinforcement Learning (RL) controllers—to dynamically manage server acti-

vation, task offloading, and resource allocation across the constellation.

5. Formulate and analyze MEC server placement strategies for LEO constellations,
comparing terrestrial, in-orbit, and hybrid configurations under different traffic pat-

terns and spatial distributions.



1.3 — Methodology and Thesis Structure 4

6. Generate synthetic datasets for machine learning research in Non-Terrestrial
Networks, enabling the training and benchmarking of orchestration models where

operational data are unavailable.

7. Evaluate system performance through key performance indicators (KPIs) such
as activation ratio, round-trip time, task completion ratio, routing path length, and

energy efficiency.

The central hypothesis of this thesis is that smart orchestration algorithms applied to
the server activation and placement optimization problems can significantly improve the

performance of MEC-LEO constellations. Specifically, we hypothesize that:

Intelligent controllers can reduce MEC server active time without compromising

task completion rates.

Optimized placement strategies can minimize routing path length and overall net-

work latency in dynamic satellite topologies.

Emulation-driven experimentation can produce reliable insights that generalize to

real-world system deployments.

By addressing these objectives and testing this hypothesis, the thesis aims to provide
both theoretical foundations and practical tools to guide the deployment of future Space
Cloud systems in NTNs.

1.3 Methodology and Thesis Structure

The research methodology combines system modeling, real-time emulation, algorith-
mic design, and performance evaluation. Given the operational constraints and limited
accessibility of real satellite constellations, the work relies on an experimental software
framework capable of accurately representing the behavior of MEC-enabled LEO systems.

The methodological approach is structured into the following phases:

1. Problem analysis and system modeling: A detailed study of the operational envi-
ronment of LEO satellite constellations is conducted, incorporating orbital mechan-
ics, network topology evolution, link characteristics, and computational capabilities.
The model formalizes the task offloading process, MEC server activation dynamics,

and communication delays, providing the foundation for algorithm design.



1.3 — Methodology and Thesis Structure 5

2. Emulation platform development: Building on the MeteorNet framework, the
methodology integrates continuous-time orbital propagation, network virtualization
via Mininet, and containerized execution using Docker. The platform supports
realistic replication of both network and computing resources, including the ability
to generate high-fidelity synthetic datasets for machine learning research in Non-
Terrestrial Networks.

3. Design of orchestration and placement strategies: Intelligent control algorithms,
including Fuzzy Logic (FL) and Reinforcement Learning (RL) controllers, are de-
veloped to dynamically manage MEC server activation and task offloading. Com-
plementary optimization models are formulated to determine efficient MEC server

placement in space, terrestrial, and hybrid configurations.

4. Scenario definition and performance evaluation: Representative constellation
scenarios are defined to test the proposed methods under varying traffic patterns,
spatial distributions, and resource constraints. KPIs such as round-trip time, task
completion ratio, average routing path length, and MEC server active time are

measured to evaluate system performance.

5. Comparative analysis and validation: The performance of the proposed strategies
is compared against baseline approaches, including static placement and reactive
orchestration policies. Sensitivity analysis is conducted to assess robustness under

different operating conditions and to validate the scalability of the solutions.

Thesis Structure

The remainder of this thesis is organized as follows:

Chapter 1: Introduction — Presents the research problem, motivation, objectives,

hypothesis, methodology, and structure of the thesis.

Chapter 2: Background and State of the Art — Reviews key concepts in NTNss,
MEC, and satellite constellation architectures, along with relevant prior work in

orchestration strategies, server placement optimization, and emulation tools.

Chapter 3: Methods and Problem Formulations — Describes the modeling of
MEC-LEO constellations, including system parameters, task processing flows, and

the formalization of the server placement and activation problems.
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Chapter 4: Constellation and Edge Computing Emulation — Details the design
and implementation of the MeteorNet platform, including the software architecture,
class-diagram and modular components layers for orbital propagation, network

virtualization, containerized execution, and dataset generation.

Chapter 5: Evaluation and Results — Defines the experimental scenarios, metrics,
and methodology used for testing, and presents the results of server placement

strategies and orchestration algorithms under various operating conditions.

Chapter 6: Conclusions and Future Work — Summarizes the main contributions,
discusses the implications of the results, outlines limitations, and proposes directions

for future research in the deployment of Space Cloud architectures.

1.4 Summary

This chapter has presented the motivation, objectives, and methodological foundations
of the research. It has framed the problem of efficient orchestration and server place-
ment within NTNs and established the need for realistic emulation and intelligent control
mechanisms to enable in-orbit computing. The following chapter, Background and State
of the Art, expands upon these ideas by reviewing the technological evolution of LEO
constellations, the integration of MEC into space systems, and existing research efforts in

orchestration, server placement, and emulation frameworks that support this thesis.



CHAPTER 2

Background and State of the Art

This chapter provides the technological and conceptual background for the Space Cloud
vision studied in this thesis. It reviews the evolution of Low Earth Orbit (LEO) satellite
constellations from early mobile-satellite systems to today’s mega-constellations, and it
frames their role within the ongoing Terrestrial-Non-Terrestrial Network (T-NT) integra-
tion trends towards 5G-Advanced and 6G. It then introduces the standardization path for
Non-Terrestrial Networks (NTNs), emphasizing the European vision for integrated con-
nectivity and the policy and programmatic context that motivates this work. Finally, it
summarizes existing Multi-access Edge Computing (MEC) approaches, Al-driven net-
work management trends, and NTN experimentation tools, motivating the need for the

methods and real-time emulation framework proposed in this thesis.

2.1 LEO Constellation Evolution

LEO constellations have become a cornerstone of global connectivity because they reduce
propagation delay relative to geostationary systems while enabling wide-area coverage
through many coordinated satellites [1]. Although today’s mega-constellations are often
associated with broadband Internet access, the historical development of LEO constella-
tions spans multiple application waves, including mobile telephony, messaging, maritime
and aeronautical services, Earth observation, and machine-type communications. This
historical trajectory is essential to contextualize why LEO is now considered a natural
substrate for integrated communications and computing in 5G-Advanced and 6G-oriented

architectures.

2.1.1 Early LEO Systems and the Broadband Transition

Early LEO constellations were primarily designed to deliver global mobile-satellite ser-
vices, targeting voice and low-rate data through handheld or vehicular terminals. Repre-

sentative systems pioneered in the 1990s and early 2000s demonstrated global coverage

7
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using many satellites and frequent handovers, establishing technical foundations that re-
main relevant today, including multi-beam payloads, mobility management, and large-scale
network operations. These systems also highlighted the operational complexity of LEO,
where continuously changing geometry affects coverage, routing, and service continuity,
and where constellation-scale management becomes a first-class system requirement. As
the space industry matured, the adoption of standardized satellite platforms and Commer-
cial Off-The-Shelf (COTS) components enabled faster design cycles and lower mission
costs [2]. In parallel, improvements in launch availability and cost reduction acceler-
ated constellation deployment, while advances in digital payloads and onboard processing
increased the functional ambition of satellites beyond simple bent-pipe relays. This in-
dustrial and technological evolution set the stage for broadband LEO networks, where
satellites provide high-throughput access and backhaul, and where Internet-like service

expectations require stronger guarantees on latency, availability, and scalability.

2.1.2 Mega-Constellations and ISL Networking

Recent commercial ventures such as SpaceX’s Starlink and OneWeb demonstrated the
feasibility of broadband LEO at scale, with thousands of satellites and aggressive expan-
sion plans [3]. A critical enabler of this new generation is the progressive adoption of
Inter-Satellite Links (ISLs), which reduce reliance on ground gateways, improve routing
flexibility, and support continuous connectivity over remote regions [4]. ISLs effectively
transform constellations into dynamic, space-borne mesh networks, where routing de-
cisions must continuously adapt to time-varying topology and link conditions. From a
systems perspective, this shift implies that LEO constellations increasingly resemble large-
scale, time-evolving networks whose performance depends on joint optimization across
communication, routing, and resource management layers. This observation directly mo-
tivates the Space Cloud paradigm explored in this thesis, because once a constellation
is treated as a networked platform, onboard computing becomes a natural complement
to onboard forwarding. In particular, the same ISL-enabled connectivity that improves
communication coverage also enables distributed task placement and offloading across
satellites, which is essential for low-latency services that cannot rely exclusively on ter-

restrial backhaul.
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2.1.3 LEO Constellations Toward 6G

Current trends towards 6G emphasize ubiquitous connectivity, resilience, and seamless
integration of heterogeneous segments, including terrestrial, aerial, and space networks.
In this context, LEO mega-constellations are increasingly viewed as an integral component
of future end-to-end architectures rather than as standalone overlay systems. From the
standardization viewpoint, 3GPP has already introduced normative work to integrate NR
with NTN components, establishing a technical baseline that subsequent releases will
extend towards tighter integration and more advanced capabilities [5, 6]. From the policy
and programmatic viewpoint, Europe has launched the Secure Connectivity Programme,
commonly referred to as IRIS?, as a multi-orbit system to strengthen resilience and
autonomy for secure communications while complementing commercial and governmental
connectivity needs [7, 8, 9]. IRIS? is relevant to this thesis because it illustrates the
institutional commitment to large-scale space connectivity in Europe, and because its
long-term roadmap is explicitly aligned with the broader trajectory of integrated networks
envisioned for the 2030 horizon. At the global level, the ITU IMT-2030 framework and
technology-trend reports describe 6G as a system-of-systems that integrates non-terrestrial
components to improve coverage, reliability, and service continuity at planetary scale [10,
11]. Therefore, the Space Cloud vision addressed in this thesis should be interpreted within
this broader 6G direction, where communication and computing resources across space

and Earth are orchestrated jointly to meet latency, availability, and efficiency requirements.

2.2 NTNs from 5G-Advanced to 6G

The integration of satellite systems into terrestrial mobile networks has led to the concept
of NTNs, standardized within 3GPP and progressively expanded to support new service
requirements and deployment scenarios [5]. NTNs aim to provide seamless service
continuity between ground and space segments, supporting mobility, coverage extension,
and network resilience, which are key requirements for time-sensitive and mission-critical
applications [12]. In practice, this integration requires harmonized solutions for radio
access, mobility management, timing, and end-to-end network control, and it must operate
under unique constraints including long round-trip times, Doppler effects, and time-

varying connectivity.
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2.2.1 3GPP NTN Standardization Baseline

3GPP has established a formal technical path for NR-based NTN support, with channel
models, deployment assumptions, and system requirements that enable satellite compo-
nents to be incorporated into the 5G system architecture [6]. This standardization baseline
is fundamental for research on Space Cloud architectures because it defines the operational
envelope within which integrated services will be engineered and evaluated. Consequently,
the MEC orchestration problems studied in this thesis can be interpreted as higher-layer
resource-management challenges that build upon the standardized connectivity substrate

provided by NTN-capable 5G systems.

2.2.2 European T-NT Vision for 6G

A distinctive aspect of the European landscape is the strong coupling between research,
standardization, and industrial policy around 6G, including explicit attention to non-
terrestrial components as part of a unified connectivity fabric [13, 14]. Flagship projects
such as Hexa-X emphasize the co-design of connectivity, computing, and intelligence,
creating a natural conceptual bridge to the Space Cloud paradigm [15]. Within this vision,
satellite networks are expected to evolve from isolated systems into tightly integrated
segments that interoperate with terrestrial networks and host service functions when

terrestrial infrastructure is unavailable or suboptimal.

2.2.3 IRIS? and Integrated Architectures

IRIS? represents a concrete European programmatic commitment to non-terrestrial in-
frastructure at scale, targeting secure and resilient connectivity [7, 9]. This institutional
context further motivates the need for autonomous, scalable, and energy-aware orchestra-

tion mechanisms for space-based computing resources.

2.3 MEC Computing in Space

Multi-access Edge Computing (MEC) was originally introduced in terrestrial 5G networks
to bring computing capabilities closer to end users, thereby reducing latency and improving
application performance [16]. As the vision evolves towards 6G, MEC is increasingly
regarded not merely as a deployment option, but as a foundational architectural principle

for supporting Al-native, low-latency, and context-aware services.
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Its extension to NTNs and LEO constellations introduces additional challenges, in-
cluding rapidly changing network topologies, intermittent connectivity, limited onboard
resources, and strict energy constraints [17]. Nevertheless, recent advances in onboard
processing, virtualization, and inter-satellite networking have enabled the execution of
computational tasks directly in orbit, reducing service time and alleviating reliance on
terrestrial backhaul [18].

Beyond basic task offloading, very recent research has started to investigate the joint
use of MEC and Artificial Intelligence (AI) to manage, monitor, and optimize 6G-
oriented NTNs. In particular, Al-driven control loops are being proposed to enable
self-configuration, self-optimization, and self-healing capabilities across heterogeneous
terrestrial and non-terrestrial segments [19, 20]. These approaches align with the emerg-
ing 6G paradigm in which intelligence is embedded natively into the network architecture
rather than treated as an external management function.

A key enabler of this trend is the progressive disaggregation of the Next-Generation
Radio Access Network (NG-RAN), as promoted by O-RAN and cloud-native 6G archi-
tectures. Disaggregated RAN architectures expose fine-grained control and monitoring
interfaces that facilitate Al-based optimization of radio, networking, and computing re-
sources [21]. Recent studies have begun to explore how similar principles can be extended
to NTN scenarios, enabling Al-assisted orchestration of satellite-based MEC resources in
coordination with terrestrial edge and core components [22, 23].

In this context, MEC-in-space can be interpreted as a distributed, Al-controllable
computing fabric that complements the disaggregated NG-RAN by providing elastic com-
putational capacity beyond the terrestrial footprint. Such an interpretation is particularly
relevant for LEO constellations, where topology-aware and latency-sensitive decisions
must be taken under strict timing constraints. This directly motivates the Space Cloud
vision adopted in this thesis, in which onboard MEC resources are activated, placed, and
coordinated using intelligent control mechanisms that account for orbital dynamics and

network state.

2.4 Orchestration Strategies for MEC in LEO Constella-

tions

Effective MEC deployment in LEO constellations requires orchestration mechanisms that

determine when and where to activate servers and how to offload tasks between nodes.
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Recent research increasingly focuses on distributed and autonomous approaches, includ-
ing fuzzy logic and reinforcement learning, to cope with the dynamic nature of orbital
topologies and service demand [24, 25]. This thesis contributes to this line of work by for-
malizing the Edge Server Activation and Edge Server Placement problems and evaluating

intelligent controllers under realistic emulation.

2.5 Emulation Frameworks for NTNs

High-fidelity emulation frameworks are indispensable for evaluating MEC orchestration
in NTNs, as real deployments are costly and inaccessible [26]. Continuous-time emulation
enables realistic assessment of interactions between routing, orchestration, and application

execution, motivating the real-time emulation approach adopted in this thesis.

2.6 Summary

This chapter reviewed the evolution of LEO satellite constellations and framed NTN inte-
gration as a key trajectory from 5G-Advanced towards 6G. It highlighted recent advances
in MEC and Al-driven network management, emphasizing the relevance of disaggregated
NG-RAN concepts for space-based computing. These foundations motivate the method-
ological framework introduced in the next chapter for designing and evaluating Space
Cloud orchestration strategies.



CHAPTER 3

Methods and Problem Formulations

In this chapter, we formally define two Multi-access Edge Computing (MEC) challenges
for intelligent Low Earth Orbit (LEO) constellations: 1) the Edge Server Activation (ESA)
problem and 2) the Edge Server Placement (ESP) problem. We introduce a common
notation and propose Mixed-Integer Linear Programming (MILP) objectives for both
problems. Because the resulting formulations are NP-hard, we design heuristics and
learning-based strategies to obtain high-quality solutions with practical runtimes within the
margins of real-time processing systems. While ESA decides, online and autonomously,
when a satellite server should be active, ESP determines where to deploy a limited number
of servers across space and terrestrial infrastructure.

Beyond formal problem definitions, this chapter adopts a systemic view of the Space
Cloud vision. The term Space Cloud refers not merely to have MEC on satellites,
but an integrated connectivity-compute environment in which (i) physical connectivity
(user links, ISLs, and gateways) provides the base structure, (ii) virtualization and MEC
expose compute and networking primitives as controllable resources, (iii) software-defined
control as SDN-inspired concepts, enables programmable routing and service chaining
across a time-varying topology, and (iv) Al-driven orchestration supports autonomous
decisions under uncertainty and scale. Within this environment, ESA and ESP capture two
complementary control levers: shaping the temporal availability of compute (activation)
and shaping the spatial distribution of compute (placement), both under constellation
dynamics and workload variability.

We are promoting the terms Space Cloud and Hybrid Cloud, not yet standardized in
the NTN literature, and position them relative to the conventional cloud—edge—terminal
architecture. The term “cloud” is used in the cloud-computing sense as a pool of virtualized
compute resources accessed over a network, and the term “edge” is used in the MEC
sense as compute terminals closer to users than a centralized data center. In NTNs,
a backhaul/transport function remains necessary in all cases: tasks and results must

still traverse access links and ISLs, and in some architectures may additionally traverse

13
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gateway links to reach terrestrial resources. Therefore, a Space Cloud removes the need
for terrestrial cloud offloading for the considered service, it avoids the space-to-ground
transport segment associated with gateway-based processing while still relying on in-space
transport (ISLs) and user access links. Hybrid Cloud, in turn, does not redefine MEC
itself; instead, it denotes a two-domain compute paradigm in which both in-space MEC
servers and terrestrial cloud resources are simultaneously available, and the system selects

the execution domain that best satisfies latency and congestion objectives.

3.1 Common Notation

We consider a MEC-LEO constellation divided into space and user segments and, for ESP,
an additional ground-segment proxy to represent terrestrial cloud services. Symbols are

reused across sections to maintain consistency and enable cross-comparison of methods.

3.1.1 Space Segment

Let V be the number of satellites in the constellation and V = {v; | 1 < j <V} the set of
satellites, distributed over ¥ orbital planes. All planes share the same mean inclination (i,),
while their mean anomalies (M,) are spaced to provide global coverage (see Appendix C).
Neighboring satellites connect via Inter-Satellite Links (ISLs) within each plane and across
adjacent planes, with up to four links per satellite, forming a grid-like topology. Figure 3.1
illustrates a constellation topology, similar to Starlink, in Earth-Centered Inertial (ECI)
coordinates and linked with neighbor ISLs. Each node v; can host an active—inactive
server, with activation variable y; € {0, 1} and computational capacity H ;.

The time-varying geometry of LEO implies that both link availability and shortest paths
evolve continuously. From a control perspective, satellites behave as mobile infrastructure
nodes: the same compute resource may be close to a user at one time and many ISL hops
away at another. This coupling between topology and compute motivates why activation
and placement cannot be treated as purely static provisioning problems, but instead must
be formulated in a way that explicitly accounts for dynamic routing distances and time-

varying load.
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Figure 3.1: Visualization of 1,584 Starlink satellites with ISLs.

3.1.2 User Segment

Users are located at U ground positions, with U = {u; | 1 < i < U}. Each site hosts
|D| devices that generate tasks according to Poisson stochastic processes, simulating user
demand over a discrete horizon T = {0, At, ..., |T|}. Devices neither access the terrestrial
cloud directly nor process tasks locally and thus rely on the constellation to compute at
the space edge or forward to ground through gateways in the ESP problem. Users attach
to the nearest satellite in Line-of-Sight (LoS) and hand over to the next-nearest when they
lose communication.

Importantly, the task flow from user to compute resource is mediated by the connec-
tivity fabric: access links determine the entry satellite, ISLs determine the multi-hop path
to a compute node, and gateways provide a transport path to terrestrial cloud resources.
Therefore, even when the application is purely computing-oriented, the relevant perfor-
mance quantities (latency, failures, congestion) are determined by a communication link

pattern, which motivates the integrated metrics used in the following sections.
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3.2 Edge Server Activation

We orchestrate onboard servers at satellites v; € V, activating or deactivating them based
on workload and topology dynamics, with the dual objective of limiting resource usage
and preventing task failures.

In the Space Cloud view, ESA corresponds to the run-time control of the virtualized
cloud. Activation can be interpreted as a coarse-grained power-management and capacity-
allocation primitive: it determines how much compute is available in orbit at each time
step, and where it is available relative to the evolving ISL topology. Because LEO
dynamics can change the effective service area of a given satellite over short time scales,
ESA must balance local responsiveness with global stability, avoiding oscillations that

might reduce reliability despite activating more servers.

3.2.1 Problem Formulation

Let L} ; denote the end-to-end latency from task transmission to result reception for a task

generated by u; at time ¢ and processed at v;. We define
Li;=2-di;+Tp +T). (3.1)

Here, d; ; is the Shortest Path Delay (SPD), T}. = accounts for queuing and per-hop trans-
5 ]
mission, and 7), is the processing time. The forwarding delay depends on hop count hl‘., i
and per-link delay 77, i.e.,
Tllﬂ-,,— =2 th -Ty. (3.2)

Figures 3.2 and 3.3 show the latency profile and schema for a task from u; served at v;.
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Figure 3.2: Constellation communication schema.
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Figure 3.3: Task latency profile.

Let x! ;€ {0, 1} indicate whether u; offloads to v; at time ¢. The latency of a task from
u; 18 thus
Li=2- 3" - (dl w0, Th) + T (3.3)
vje(V

Capacity requirements are given by

toqt
ol = Zu,-e‘uxi,j - ;- Pr

| = o <1l Vv, eV, (3.4)

and their time—space average is

At - Der Zvjey C;'

C =
r|-v

(3.5)

Here, Pr is the task size, H; the capacity at v;, and /lf the task rate at u;. We refer to C
as the Utilization Ratio. Tasks exceeding the threshold L;;, are failures, counted in the

variable

B; = Z /lf N bf .xij’ (3'6)
M[E(L(

and the normalized Failure Rate is

At - ZteT Zvje"V B;'

B=
ZteT Zu,»efu /lﬁ

(3.7)

Here, b! = 1if L! > L, and O otherwise. Lastly, let y;. € {0, 1} denote the activation of

the server at v;, so the number of active servers is

K=y, (3.8)

V]E(V
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Its normalized average is
At - Yer K '
|-V

which we call the Activation Ratio. The ESA objective minimizes a weighted sum of the

K = e [0, 1], (3.9)

Activation Ratio K and the Failure Rate B under assignment and capacity constraints:

min «-K+8-B

Xy
s.t. Z X =1 YuyeU VteT,
o (3.10)
xf’ij; Yu; € U, Vv; €V, VteT,
Ci<1 Vv eV, VteT.

Coefficients @ and g tune the trade-off between energy efficiency and reliability.

3.2.2 ESA Methods

We represent the local state at server v; and time ¢ as
ro_ t t t t
S; =1B;,C;, D}, K], (3.11)

where B;, Cj., and K’ follow (3.6), (3.5), and (3.8), and D;. counts tasks offloaded
from v; to other nodes. The decision y;. € {0, 1} indicates the activation state, and the
goal is a distributed per-satellite policy that minimizes (3.10) given S;_l. We evaluate
four controllers: a deterministic Access Controller, a stochastic Bernoulli Controller, a
heuristic Fuzzy-Logic (FL) controller, and a learning-based Reinforcement Learning (RL)
actor—critic policy.

At a high level, the four controllers represent a range of modeling complexity and
adaptivity. Deterministic thresholding is lightweight and easy to verify, but it is brittle
under non-stationary workloads. Randomized baselines provide a reference for what
can be achieved without state-awareness. Fuzzy logic introduces structured adaptivity
with explicit rules, offering interpretability at the cost of manual tuning. Finally, RL
provides data-driven policies that can exploit subtle correlations between topology-induced
congestion and compute load, but requires training, careful reward design, and robustness
checks to avoid unstable behaviors. This section details the substance of each controller

and clarifies their respective pros and cons.
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Access Controller

The Access Controller uses thresholds on the observed failure rate and queue length to
toggle activation. It reacts to workload shifts but lacks context awareness, often over-
activating under volatile conditions.

Substance. The Access Controller implements a reactive, rule-based control loop:
when locally observed indicators exceed fixed thresholds, the server is activated; when
indicators fall below lower thresholds, it is deactivated (with hysteresis implied by distinct
on/off triggers). This controller treats the constellation as an exogenous environment and
does not explicitly reason about time-varying topology, future handovers, or the global
activation level.

Pros and cons. Its main advantage is operational simplicity: it is inexpensive to
compute, straightforward to implement onboard, and easy to validate. However, it is
sensitive to threshold selection and may oscillate when workload is bursty or when topology
changes cause transient rerouting. Moreover, because it uses only local parameters, it may
activate servers in locations that are topologically disadvantaged, which can increase

overall activation.

Bernoulli Controller

The Bernoulli baseline samples y; ~ Bernoulli(p) independently of the state. It provides
a randomized reference that highlights the advantage of stateful and adaptive policies.

Substance. The Bernoulli controller is intentionally non-adaptive: it implements a
fixed probability of being active at each time step, which yields a stationary activation
process across satellites.

Pros and cons. While not a practical control mechanism, it is a useful experimental
baseline. It makes explicit the performance gap between mere capacity availability and
intelligent capacity allocation. Its limitation is intrinsic: it cannot exploit context such as
congestion, routing distance, or demand spikes, and therefore may either waste energy or

induce excessive failures.

Fuzzy Logic Controller

Our FL controller automates activation through linguistic rules and membership functions,

using only local information per satellite and avoiding a global network view. It maps the
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state in (3.11) to a continuous score f]’ € [0, 1] and then applies hysteresis to produce y;.:

. 1
O, lff]t < 3>
Yi=41, if iz, (3.12)
Yoy < fi <3

The fuzzy reasoning proceeds in three phases (see Appendix A) [27]. Fuzzification:
inputs are mapped to sets Py = {Ly4, My, Hy} with trapezoidal (L, H) and triangular (M)
membership functions tuned by experiment-driven expert knowledge. Inference: rules in
Table 3.1 combine memberships via a multilinear implication with 7 = J = min [28] to
obtain output memberships Q = {Ly, My, Hy}. Defuzzification: the scalar sz is computed
by area—centroid weighting,

t 2ige0t Mg - 4
fi= e

2qe0* Mg

Controller quality depends on membership ranges and rule design, which we tune itera-
tively to balance K and B as in (3.10) [29].

Substance. The FL controller can be interpreted as a compact, interpretable surrogate

(3.13)

for a non-linear policy. Instead of hard thresholds on raw metrics, it reasons over linguis-
tic abstractions (low/medium/high) and combines them into activation pressure through
explicit rules. The use of hysteresis in (3.12) is critical in LEO because it avoids frequent
toggling caused by short-lived changes in routing distances.

Pros and cons. FL offers an appealing compromise between simplicity and adaptivity.
It is lightweight, does not require training data, and yields transparent decision logic
that can be inspected and modified. However, it relies on expert-designed membership
functions and rules, and therefore may require substantial tuning when the constellation
scale, traffic varies, or ISL characteristics change. In addition, FL remains largely reactive:
while it can smooth decisions, it does not explicitly optimize long-term objectives beyond

what is programmed in the rule base.
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Figure 3.4: Fuzzy-Logic controller diagram (top) and membership functions (bottom).

Table 3.1: Linguistic rules for the Fuzzy-Logic controller.

if B;-l is H;
if B;—l is M,
if c;.—l is L,
if B;—l is L,
if c;.—l is M,
if D;,“ is L3

and D;.‘l is H3
and D;‘l is H3
and Cj.‘l is Hp
and K" is Hy

and c;.—l isL, and 33-1 is L

Reinforcement Learning Controller

then fjf is Hy
then th is Hy
then f]’ is My
then fjf is My
then fjf is Ly
then f]’ is Ly

The RL controller learns activation policies via an actor—critic architecture (see Ap-

pendix B) that jointly optimizes a stochastic policy and a value function. The actor

ﬂg(S;._l) outputs a probability distribution over actions {0, 1}, and the critic VQ(S;-_I) es-

timates the expected return, sharing parameters 6 for efficient training. Figure 3.5 depicts
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the model: a shared backbone with ReLLU layers feeds an actor head (softmax over actions)
and a critic head (scalar value). Training is episodic, with rewards aligned to (3.10). The

per-step reward is
t_

ri wl-exp(—w“-B;)
+ wy- (1 -y,
2 (1=y) (3.14)
+ CL)3'C§
+ w4 (1-K"),

where the w coefficients weight reliability, activation, utilization, and global activity.
Policy gradients increase the likelihood of advantageous actions, and the value loss fits
returns via mean squared error, with joint updates of 6 per episode. This process yields
context-aware activation patterns that reduce failures while conserving resources.

Substance. In a LEO Space Cloud, activation is a sequential decision problem:
turning a server on influences future routing, future congestion, and the future availability
of nearby compute due to orbital motion. The actor—critic structure is well suited to this
setting because the critic provides a learned baseline that stabilizes policy gradients, while
the actor represents a stochastic policy that can trade off exploration and exploitation
during training. The state vector in (3.11) captures both local service quality (failures,
utilization) and coupling signals (offloaded tasks, global activity), enabling the learned
policy to respond to congestion that may be caused by topology shifts rather than only by
local demand spikes.

Pros and cons. RL can outperform handcrafted controllers when the environment is
complex and non-linear, as in large constellations with time-varying shortest paths and
correlated traffic. It can also adapt to patterns that are difficult to encode as explicit rules,
like anticipating congestion based on rising offload counts. However, RL introduces op-
erational costs: it requires extensive training data, careful reward shaping, and robustness
validation to ensure stability under distribution shifts. In addition, interpretability is lower
than in FL, so practical deployment benefits from complementary analyses to increase

trust in the learned policy.
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Figure 3.5: Actor—critic model diagram.
Algorithm 1 Pseudocode for training the RL actor—critic model.
1: 7, Vy > Actor—critic networks
2: Env « init_constellation() > Environment class
3r«20 > Reward variable per episode
4: r* > Reward threshold to converge
5: whiler < r* do > [terate through episodes
6: Env.start() > Start dynamics
7: r—20
8: forr e T do
9: forv; € V do
10: S;.‘l « Env.get_state(t — 1)
11: y'; & {0, 1}.random_choice(p = JTQ(S;._I))
12: r;. «— Env.get_reward(z)
13: re—r+ r;.
14: end for
15: end for
16:  Lp e E[~log(re(STH[y]) - (Va(ST") — )]

17: Ly «— E[(r; - Vg(S;.'l))z]
18: 0 « update_gradient(loss = L; + Ly, 0)
19: end while
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Figure 3.6: Episode rewards during training.

3.3 Edge Server Placement

For the ESP problem, we compare the performance of space, terrestrial, and hybrid
deployments, as sketched in Figure 3.7. Nodes are partitioned into user, space, and
ground segments, and tasks are served either in orbit or via gateways to terrestrial data
centers.

From the Space Cloud ecosystem perspective, ESP configures the infrastructure layer
upon which orchestration and routing act. Placement determines the set of compute-
capable nodes available to the system, while routing and activation determine how that
capacity is used at runtime. Therefore, ESP is naturally coupled to the connectivity
environment: a placement that is optimal under one ISL configuration or routing policy
may be suboptimal under another. In this thesis, we fix the routing abstraction through
SPD, and we focus on how space-only, ground-only, and mixed deployments alter latency

merics.
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Figure 3.7: Cloud models.

3.3.1 Terrestrial Segment

For ESP, tasks may be processed on Earth by proxy gateways. Thus, the server set is
V=8Sug={v;|1<j<V=N+G}, withsatellites S = {s, | 1 <n < N} and
gateways G = {gn | 1 <m < G}.

Gateways play a dual role in the integrated ecosystem. Physically, they anchor the
constellation to terrestrial infrastructure and provide a transport path to ground compute
resources. Architecturally, they act as boundary nodes between a time-varying space mesh
and a stable terrestrial cloud, enabling a two-domain compute paradigm in which tasks

can be served either in orbit or on the ground depending on latency and load.

3.3.2 Problem Formulation

We compare processing in space versus forwarding to the terrestrial cloud by measuring

task latency as defined in Equation 3.1. If tasks are served via a gateway, we add an extra
.

delay term dg to the SPD di,]., 1.€.,

t _ gt )
Di’j = dl-’j Yv; €8,

(3.15)
Dij = df,j +d, Vv e@g.
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Subtracting T}, from Equation 3.3 and replacing the forwarding factor from Equation 3.2,
the Round-Trip Time (RTT) for u; is

Ri=2- 3 - (Df;+hi; 7). (3.16)
VjE(V

The load-weighted average RTT is

ZteT Zu,—e’ll /l§ : R;
ZteT Zu,-eﬂ /15

R= (3.17)

We minimize R under a budget of K servers placed in space or accessed via ground

gateways:

min R

X,y

S.t. Z yj = K,
VjE(V

! — .

D=1 VueU Vie, .
V]E(V
X<V Yu; e U, Vvj eV, VteT,
y;=0 Vv; € G (Space Cloud only),
y;=0 Vv; € S (Terrestrial Cloud only).

Variable y; € {0, 1} indicates a server at node v; or a gateway’s existence. The last two
constraints can be toggled to enforce space-only or terrestrial-only scenarios, while the
hybrid case removes both. The objective is a MILP and NP-hard due to the coupling
between combinatorial placement and routing. By analyzing R and the distribution of R!
across user locations, we identify when space, terrestrial, or hybrid deployments minimize

RTT for a static deployment of K servers or ground proxies.

3.3.3 Cloud Placement Strategies

We study three types of placements: Terrestrial Clouds, Space Clouds, and Hybrid
Clouds, where server location determines routing and latency trade-offs. We define the

regimes through their execution domain and the associated transport segments:

Space Cloud (in-orbit execution domain). Tasks are executed on servers hosted

onboard satellites (in-space MEC). Transport still includes the user access link and,
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when needed, multi-hop ISL routing. What is avoided in this regime is terrestrial
cloud offloading, i.e., tasks do not traverse the gateway path to reach a ground data

center for execution.

Terrestrial Cloud (ground execution domain). Tasks are executed on Earth
through gateways (gateway-to-cloud offloading). Transport includes access, ISLs to

a gateway, and an additional gateway-to-cloud component captured by d,.

Hybrid Cloud (dual execution domain). Both in-orbit execution and terrestrial
execution are enabled concurrently. The system can route tasks either to an onboard
server or to a gateway-backed terrestrial cloud, depending on which option yields

lower RTT (or better congestion conditions) at each time.

With these definitions, Hybrid Cloud allows simultaneous availability of two compute
tiers—an in-space MEC tier and a terrestrial cloud tie—connected by the NTN transport
layer. This is analogous to a classical hybrid cloud in terrestrial computing, where private
edge resources and public cloud resources coexist and workloads can be shifted between

them.

Terrestrial Cloud

Tasks traverse the constellation to gateways and are processed in the terrestrial cloud
through distributed data centers.

This regime resembles a space-assisted access/backhaul network: satellites provide
connectivity and routing, while compute is anchored to Earth. Its advantage is stable and
scalable terrestrial compute capacity; its main limitation is that RTT becomes sensitive
to gateway reachability and to the additional gateway-to-cloud component represented by

d,, which can dominate for latency-critical services.

Space Cloud

Servers are onboard satellites, routing tasks through ISLs to an in-orbit compute node.
We consider static placement at launch, with relay-only satellites forwarding to the nearest
server. We evaluate three distributions: Cross Plane (CP) spreads servers across planes
to exploit inter-plane ISLs and distribute load, potentially increasing path length for some
users. Along Orbit (AO) co-locates servers within a plane, simplifying intra-plane routing
and deployment but limiting global reach. Farthest Point Sampling (FPS) greedily
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maximizes the minimum graph distance to selected servers over averaged snapshots to
improve coverage and reduce ISL hops.

In this thesis, Space Cloud denotes an in-orbit cloud tier: a pool of virtualized compute
resources distributed across satellites and accessed over the constellation network. The
term “cloud” emphasizes that services are not tied to a single satellite, but to a resource
pool reachable through connectivity and managed through orchestration. Unlike terrestrial
edge nodes, however, the effective proximity between users and servers changes over time
because the topology is time varying. Therefore, Space Cloud performance depends on (i)
where servers are placed on the constellation graph, (ii) how routing translates placement
into hop-dependent delay, and (iii) whether sufficient servers are active at the right times
(ESA).

Algorithm 2 FPS algorithm.
1: Initialize:
2: vV Set of server nodes
3: @ ={} Setof selected nodes, initialized as empty
4: ¢ Node to select
5: Q.add(V.pop_random())
6: while |Q| < K do

7: Amax <— —1

8: forv; € V do

9: djq SPD from v; to all selected nodes in Q

10: dmin < min(d; q) Delay between v; and its closest node in @
11: if dpin > dmax then

12: dmax < dnmin

13: q<—Vvj

14: end if

15: end for

16: Q.add(V.pop(q))
17: end while

Hybrid Cloud

Hybrid deployments combine gateways and onboard servers, routing tasks to the lowest-
latency option and mitigating congestion in either domain. In our setup, gateways follow
the KSAT layout and space servers follow FPS, and as K grows, nodes are added across
both domains to balance performance.

Hybrid Cloud denotes a two-tier space—ground compute architecture. The first tier

is the Space Cloud tier: onboard servers reachable through ISLs. The second tier is the
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terrestrial cloud tier: reachable through gateways with additional gateway-to-cloud delay
d,. The hybrid regime is characterized by a domain-selection decision, when for each
task and time step, the system can choose whether to execute in orbit or on the ground.
This mechanism is valuable because it mitigates two different sources of performance
degradation: (1) topology-induced path extension in space, when the nearest onboard
server is many ISL hops away, and (2) capacity-induced congestion in either domain,
like overloaded onboard servers or overloaded gateway paths. Thus, Hybrid Cloud is not
simply “MEC in NTN,” but rather a specific architectural choice to jointly provision and

exploit both in-space MEC and terrestrial cloud resources as a unified service provider.

Implications in Server Placement Optimization

These server placements instantiate the general ESP optimization, which selects K loca-
tions in space or on Earth to minimize average RTT. Exhaustive search is infeasible at
constellation scale, so the proposed strategies provide scalable approximations with strong
empirical performance.

In addition, the three regimes highlight distinct optimization implications. Space-only
placement must prioritize constellation-wide coverage and low ISL hop counts to mitigate
topology dependence. Terrestrial-only placement must prioritize gateway reachability
and stable access to ground compute, implicitly accepting the additional gateway-to-cloud
delay d,. Hybrid placement must balance both, because adding an onboard server reduces
dependence on gateways while adding a gateway reduces RTT for users whose shortest
in-space route is temporarily long. These trade-offs motivate why ESP is evaluated
comparatively rather than as a single best configuration: the preferred regime depends on
the target latency distribution, gateway geography, and the extent to which the system is
expected to operate autonomously in orbit.

3.4 Summary

This chapter defined the ESA and ESP problems, established common notation and met-
rics, and introduced optimization objectives together with heuristic and learning-based
controllers. It also positioned Space Cloud and Hybrid Cloud as architectural regimes
within an integrated connectivity-and-compute ecosystem, where physical links, MEC
virtualization, programmable control, and Al-driven orchestration interact under time-

varying LEO dynamics. The next chapter, Constellation and Edge Computing Emulation,
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details the emulation framework, including orbital propagation, network virtualization, and
containerized execution, which we use to evaluate orchestration and placement strategies

under realistic operating conditions.



CHAPTER 4

Constellation and Edge Computing
Emulation

This chapter describes the design and implementation of MeteorNet, a continuous-time
emulation platform developed to assess edge computing systems in Low Earth Orbit (LEO)
constellations. MeteorNet supports the design and evaluation of MEC architectures under
realistic space-communication conditions by integrating orbital propagation, network vir-
tualization, and containerized execution. Unlike discrete-time simulators that emphasize
scalability and repeatability but rely on abstracted models, continuous-time emulation
offers real-world fidelity and supports the integration of production-grade networking and

industry-standard system code.

4.1 Emulation Tools Review

MeteorNet extends prior research on constellation emulation by integrating kernel-level
virtualization and network-stack emulation with orbital-mechanics models. Previous work
introduced early versions of this framework to explore task orchestration and edge comput-
ing in Non-Terrestrial Networks (NTN) [30]. The current implementation includes real-
time orbit propagation, containerized computing environments, and Software-Defined
Networking (SDN) controllers for adaptive link management and server orchestration.
Table 4.1 compares MeteorNet with existing tools used in orbital analysis, network sim-
ulation, and constellation emulation. Conventional testbeds such as PlanetLab [31] and
Emulab [32] focus on terrestrial networks and lack orbital modeling or active maintenance.
Commercial orbital simulators like STK [33] and open-source alternatives like GMAT [34]
provide accurate orbital computation but do not emulate communication protocols or
system-level networking. Other frameworks, such as Hypatia [35] and StarPerf [36], ex-
tend performance analysis to satellite constellations but depend on external components
and have limited update cycles. Among network emulators, Mininet [37] remains the

reference for SDN research but operates on static topologies. MeteorNet closes these gaps

31
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by merging real-time orbital dynamics, TCP/IP emulation, and SDN orchestration into a

unified, open-source environment suitable for reproducible large-scale experiments.

Table 4.1: Comparison of emulation tools.

Type Tools (i) Orbital Propagation | (ii) Networking Environment | (iii) Maint Support (iv) Open Source
Constellation platforms ];i];itab § j § 88:2; ;
STK v X v X
GMAT v X v v
Space and orbital analysis | SNS3 GEO v v v
Hypatia v v X (2020) v
StarPerf third-party v v v
Mininet X v v v
Network lators DieCast X v X (2007) X
Etalon X v X X
MeteorNet v v v v

4.2 MeteorNet Software Architecture

MeteorNet is an open-source” continuous-time emulation environment that supports all
stages of a LEO constellation mission, from research to operational testing. It integrates

five main components:

1. Orbital Dynamics Function, using the SGP4 model [39] to propagate satellite

trajectories and perturbations.
2. Contact Tables, maintaining link states and delays for handover management.

3. Network Emulation, built with Mininet [37], OpenFlow [40], and the ONOS
controller [41].

4. Containerized Services, leveraging Docker to isolate application software and

emulate real execution environments [42].

5. Performance Monitoring, with telemetry stored in a MongoDB database for offline

analysis [43].

The platform, implemented primarily in Python, integrates native-kernel libraries and
Docker APIs to ensure performance and flexibility for user-defined algorithms. Figure 4.1
presents the core software architecture of MeteorNet through an automatically generated
UML class diagram. Because the diagram is extracted from the codebase, it reflects

implementation-level classes and dependencies, whereas the separation into “layers” is

“Public repository at ht tps://gitlab.com/camilo.rojas/meteornet [38]
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an architectural design pattern used to structure the emulation workflow and to clarify
responsibilities. As a result, the four layers described below are not necessarily rendered
as explicit visual blocks in the UML figure, even though they guide how the platform is
composed and executed.

The layered view separates (i) orbital dynamics and connectivity inputs, (ii) node
instantiation and containerized execution, (iii) packet-level network emulation and
forwarding-state programming, and (iv) edge-computing control and measurement.
Within the scope of this thesis, the control plane refers specifically to edge-computing
orchestration (i.e., activating or deactivating edge servers and collecting their performance
signals) rather than to optimizing routing or SDN policy design. Routing is treated as an
enabling substrate that must be emulated with sufficient fidelity to expose realistic latency,
path inflation, and congestion effects to the MEC algorithms evaluated in Chapters 3 and
5.

At the orbital layer, the Orbit class (SGP4-based) computes satellite states, handles
visibility events, and generates contact tables with time-indexed link availability and delay
information. This layer provides the time-varying “ground truth” used to parameterize the
network topology and its link delays.

At the execution layer, Orbit instantiates Node classes for satellites, users, and gate-
ways, which specialize into SatelliteNode, UserNode, and GatewayNode. These
nodes embed Docker hosts to run containerized software, enabling the execution of real
application code and Linux networking stacks. Nodes are grouped into OrbitalPlane,
which computes ISL neighbors for the constellation, while Cont ainerNet—a special-
ization of Mininet—manages virtual interfaces and link creation.

At the network layer, Mininet interfaces are assembled into a graph structure through
GraphNetwork, which manages routing and forwarding behavior according to the
contact tables. Forwarding state is programmed through an SDN control process based on
ONOS, which runs as an external controller process rather than as a Python class within
the codebase. Accordingly, ONOS is not depicted as a class element in the UML diagram;
instead, the UML captures the components that interface with the SDN controller to install
OpenFlow rules and keep forwarding state consistent with the evolving network graph. In
this architecture, SDN mechanisms are used to realize predictable routing in the emulated
constellation and to prevent forwarding loops under multi-path connectivity.

At the control and measurement layer, EdgeServer runs in Docker containers and
processes user workloads—generated by UserNode and TaskGenerator—through

TaskProcessing. The EdgeControl class implements the edge-computing control
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logic considered in this thesis, namely activation of onboard servers via FuzzyControl
and RLControl. Performance metrics (latency, utilization, and failures) are logged by
SatDataBase into a MongoDB-based component (MongoDB), enabling reproducible
experiments and post-run analysis. This layer intentionally focuses on MEC control and
measurement; SDN routing control is used to maintain correct and loop-free forwarding,
but it is not an optimization target of the orchestration algorithms studied here.

In the current experimental setup, the SDN control process is executed on a centralized
node with direct access to the emulated switch tables, simplifying orchestration experi-
ments and reducing control-plane variability. In operational NTNs, SDN control-plane
placement becomes a first-class design dimension: controller location induces control-
plane latency, and intermittent controller-node connectivity can lead to stale forwarding
state or inconsistent network views. While these aspects are outside the scope of the present
thesis, the architecture described above provides a baseline that can be extended to study
distributed control, controller placement, and resilient SDN operation under time-varying

LEO connectivity.

Main

EdgeServer

Orbit /

/ v EdgeControl TaskProcessing

OrbitalPlane SatDataBase \
Mininet \ r

GraphNetwork NetNode FuzzyControl | | RLControl
b\ MongoDB
Containernet / j
csr_array SatNode GndNode
GatewayNode UserNode
TaskGenerator

Figure 4.1: MeteorNet UML class diagram.

Workflow MeteorNet requires as input a set of Two-Line Element (TLE) files, ground-
node coordinates, and emulation duration. The execution proceeds through five stages:
(A) orbit propagation of satellite nodes; (B) computation of satellite—ground visibility
tables; (C) update of link parameters according to topology dynamics; (D) deployment of

dockerized services; and (E) real-time measurement of throughput, delay, and computation
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metrics. This workflow enables reproducible, continuous-time emulation that captures the

interplay between orbital motion and network performance.

4.2.1 Orbital Dynamics

We propagate satellite trajectories with the Simplified General Perturbations Model 4
(SGP4) using Two-Line Element (TLE) sets (see Appendix C) [39]. At time ¢, the orbital
propagator yields each satellite’s position P;. € R? in the True Equator Mean Equinox
(TEME) frame. Ground nodes are initialized from geodetic latitude—longitude—altitude,
converted to TEME as P;‘), and updated over time using Earth rotation to obtain P}.
Given P! and P;., we compute the slant range |P} — P;.| and elevation angle 9;,; for
each ground—satellite pair (u;,v;) in Line of Sight (LoS). A link is considered available
and in LoS if the elevation exceeds a configurable threshold 6, = 30°, as expressed
in Equation (4.1). For available links, the one-way propagation delay dlf’ ; and the link
capacity CAPﬁ’ ;are derived from range according to Equations (4.2) and (4.3). These per-
pair, per-time quantities are stored in contact tables that serve as caches to drive network

dynamics efficiently at runtime.

True, ifé! . >6,,
LoSij = / 4.1)
False, if 05,]. <0,.

1P =Py

[j=——"+d. (4.2)

200 Mb/s, 0 < |P! = P'| < 500 km,

80 Mb/s, 500 < [P} — P'| < 1000 km,
60 Mb/s, 1000 < |P! — P'| < 2000 km,
20 Mb/s, 2000 < |P! - P'| < 3000 km,
10 Mb/s, 3000 < |P{ — P'| <4000 km,
2, |P{ = P'| > 4000 km.

CAPﬁ’j = 4.3)

Here, ¢ ~ 3.0 x 10° km/s is the speed of light in vacuum, and &y captures non-
propagation processing overhead per link. Contact tables list, for each timestamp, the

on/off state dictated by Equation (4.1) together with the corresponding dij and CAPI’.’ I
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and can be precomputed and reused across scenarios to reduce runtime overhead in large-

scale emulations.

4.2.2 Contact Table Computation

MeteorNet employs Mininet [37] to emulate a virtual network that mirrors real commu-
nication environments through the use of native Linux-kernel, switching, and application
code [44]. Ground nodes can operate in either single-link or multi-link mode. In single-
link mode, each ground node maintains a connection only with the nearest visible satellite
until LoS is lost. In multi-link mode, the node can simultaneously sustain multiple active
links with all satellites currently in LoS. The link states of all nodes are summarized in data
structures known as contact tables, which record, for each timestamp, the connectivity,
delay, and capacity between every node pair according to the orbital geometry described
earlier. Each node maintains its own contact table, with rows representing discrete time
steps and columns listing potential links. When a link becomes unavailable (e.g., 9;,]' <6,.),
the corresponding entry is set to zero; otherwise, it stores the current inter-node distance
or equivalent delay. Because contact tables can be precomputed from orbital propagation
and reused across emulation runs, they substantially reduce computational overhead and
allow large-scale constellations to be simulated efficiently. These structures act as caches
that dynamically update network topology as satellites move, providing a consistent mech-
anism to enable or disable links and adjust their parameters in real time. Through this
approach, MeteorNet continuously evolves the virtual network to reflect realistic satellite
motion and connectivity changes.

Table 4.2 illustrates an example contact table for a ground node u;; that alternates
connections among three satellites (v1g, vg, vg) over time. Each cell value corresponds to
the link distance (in km) when active or zero when no LoS is available. Atz = 0s, u1 has
links with vig and vg, preferring the closer vig. At ¢ = 400 s, it hands over to vg, and by

t = 1000 s it connects to vg as other satellites move out of view.
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Table 4.2: Example of a user node’s (#;) contact table.

t(s) | vio vy Vg
0 3405 0
100 | 2188 2808 O
200 | 2769 2246 0
300 | 3376 1759 0
400 | 0 0
5000 0 1385 0
600 | 0 1644 3660
700 | 0 2096 3072
800 | 0 2639 2516
900 | 0 3225 2023
1000 | 0 0 (1660

4.2.3 Network Emulation

MeteorNet uses Mininet to instantiate a virtual network of OpenFlow switches and hosts,
controlled via an external SDN controller based on ONOS [41]. Links are created as soft-
ware interfaces with fixed capacities and time-varying delays derived from node distances
and signal-propagation speeds. Figure 4.2 illustrates the conceptual composition of an
emulated connection and the modules involved in the virtual network.

In MeteorNet, a node in the emulated topology is represented by a networking
element—an Open vSwitch instance—and, when application logic is required, an as-
sociated host container. User sites, gateways, and edge-server satellites are therefore
modeled as a switch—host pair: the switch provides OpenFlow-controlled connectivity,
and the Docker container provides the execution environment for traffic sources/sinks and
computation services. Relay-only satellites, which forward traffic but do not execute ap-
plication workloads, are modeled as a single OpenFlow switch without an attached service
container. This split clarifies why satellites and links may be depicted as Open vSwitch
elements in Figure 4.2, while containerized hosts are used to emulate real software stacks
at nodes that generate, terminate, or process traffic.

The time-varying nature of LoS and ISL connectivity implies that each satellite switch
establishes variable connections with neighboring satellites and visible user—gateway
nodes over time. Multiple switch connections could otherwise lead to forwarding loops
due to redundant paths. To circumvent this, MeteorNet integrates an ONOS controller and
recomputes shortest paths on demand whenever a link state changes, editing correspond-

ing OpenFlow rules to ensure consistent routing and loop avoidance. Alternative SDN
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controllers may also be used, provided they support the OpenFlow switch protocol. In
this role, ONOS monitors the emulated topology and programs forwarding tables, while
the MEC orchestration logic remains confined to edge-server activation and performance

measurement.

% Open vSwitch Edge Server

- Docker Container Sj

User Equipments 10.0.0.1/32

u.

i
10.0.0.1/32 Inter Satellite Link

Satellite Node

User-Sat Link

Sat-Gateway Link

9

10.0.0.1/32 o]\[®

Network Edge Gateway

Figure 4.2: MeteorNet communication-links diagram.

4.2.4 Containerized Execution

Each user, gateway, and compute-capable satellite node runs an independent Docker
container that encapsulates its software stack and allocated virtual resources. This en-
sures isolation between processes and enables direct execution of production-grade code,
such as flight software prototypes, mission-control logic, or machine-learning workloads.
In the MEC experiments of this thesis, containers primarily host workload generation
(TaskGenerator), computation (EdgeServer/TaskProcessing), and telemetry
exporters used for monitoring and logging.

Containerized services are coupled to the emulated network via virtual interfaces
attached to the corresponding OpenFlow switch. Thus, application traffic enters the
Mininet topology through the node’s switch, traverses the time-varying constellation

graph under SDN-programmed forwarding, and reaches the destination container for
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processing. Containers can be dynamically instantiated or paused to reflect edge-server
activation policies, enabling direct evaluation of ESA decisions under realistic network
dynamics. Together with Mininet, this setup provides full-stack emulation from network
forwarding to application execution, while the physical layer is approximated through
propagation models, Equations (4.1)—(4.2). This integration allows networking behavior,
orchestration policies, and computation mechanisms to be evaluated in a unified and

reproducible environment.

4.2.5 Performance Monitoring and Metrics Database

MeteorNet continuously collects telemetry data, including throughput, delay, and CPU
utilization, which are stored in a MongoDB database. Each emulation run records network
states, server loads, and latency distributions, allowing post-processing for performance
analysis and model validation. This monitoring layer is essential for generating high-
fidelity synthetic datasets used to train and evaluate intelligent orchestration algorithms.
The integration of real-time data collection and offline analysis provides a complete

feedback loop between emulation, evaluation, and learning-based control strategies.

4.2.6 MEC Use Case

To demonstrate its capabilities, MeteorNet was used to emulate MEC orchestration in a
LEO constellation where ground users offload computational tasks to space-based servers.
Experiments compared Fuzzy Logic (FL) and Reinforcement Learning (RL) controllers,
showing improved energy efficiency and reduced latency [45]. Further evaluations quan-
tified latency trade-offs between terrestrial and in-orbit server placement, identifying op-
erating regimes in which distributed space computing outperforms terrestrial clouds [46].
Beyond this specific use case, MeteorNet supports complex workflows such as IoT net-
works, disaster monitoring, and hardware-in-the-loop testing. These features make it a
versatile platform bridging the gap between terrestrial emulation and operational space

missions.

4.3 Emulation Testcase Validation

To validate the fidelity and scalability of the emulation stack, we define a controlled

testcase that exercises the platform along the two dimensions that most directly affect
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end-to-end MEC performance: (i) channel emulation correctness: propagation-delay
reproduction over multi-hop paths and (ii) system-level robustness: under concurrent
container execution (service workload, TCP dynamics, and SDN path setup). The testcase
is intentionally small enough to be analytically tractable, yet sufficiently realistic to expose
performance degradation modes when many containers and virtual links share the same
host.

4.3.1 Scenario and Experimental Setup

We study a ring constellation with ten satellites {sy, . .., s19} deployed in a single orbital
plane and two ground stations {gi1,g12}. The orbital parameters are: inclination 90°,
Right Ascension of the Ascending Node (RAAN) 144°, eccentricity 0, and single-link
mode for ground access. All satellites maintain inter-satellite connectivity with their two
nearest neighbors, yielding a time-varying but sparse mesh.

The emulation runs on a laptop equipped with an Intel Core i7 CPU (4 cores, 8
threads) and 16 GB RAM. We evaluate two test applications that cover both pure network

measurement and application-level MEC behavior:

1. ICMP ping validation: periodic ICMP echo requests from g;; and g, to satellite
s2. We measure the Round-Trip Time (RTT) and compare it against the analytical
minimum derived from the propagation-delay model (Equation (4.2)) and a per-hop

switching overhead.

2. MEC task offloading validation: two task generators located at g;; and g1, offload
tasks via TCP to a MEC server hosted on s,. Each ground station emulates a
population of 200 devices generating tasks according to a Poisson process with a
mean rate of two tasks per minute per device. The MEC server queues tasks and
serves them using parallel workers; the per-task processing time is approximately
250 ms on one CPU core. We measure the fask completion time as the elapsed time
between task transmission at the ground station and reception of the computed result.
Because TCP introduces acknowledgment-driven dynamics and SDN requires time
to establish valid forwarding paths after topology events, this metric is expected to

exceed the analytical propagation-plus-processing lower bound.

In addition, we monitor per-interface link utilization along the routing paths between

ground stations, access links, and inter-satellite links using sFlow telemetry.
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4.3.2 Initial State and Analytical Delay Baseline

At the emulation start time (¢ = 0s), g1 and gj» are connected through satellites s7
and s9, respectively, and each satellite is connected to its two nearest neighbors. Tasks
transmitted from g1 traverse the path s7—s¢—. ..—s> (five hops), yielding an end-to-end
path length of approximately 23,000 km. Tasks transmitted from gi, traverse the path
s9—sg—. . . —s2 (seven hops), with an end-to-end path length of approximately 32,200 km.
Paths are selected by the spanning-tree logic implemented in the SDN control process,
which ensures loop-free forwarding under the ring topology.

Using Equation (4.2) and assuming a per-link switching overhead of 69 = 4 ms, the

minimum ping RTT for g;; can be approximated as

23,000

RTT™M ~ 2. (

g +5- 60) ms =~ 172.72 ms, (4.4)

where C is the speed of light. Figure 4.3 depicts the initial routing configuration, and
Figure 4.4 reports measured ping RTTs. At ¢t = 0, the measured RTT is approximately
193 ms, which is consistent with the analytical bound once additional kernel, container,
and emulation overheads are taken into account. This gap is informative: it quantifies
the baseline cost of virtual switching, host scheduling, and measurement instrumentation

under the chosen hardware constraints.

s 10

(€vOLX) SIXV Z

Figure 4.3: Network testcase at the start time (¢ = 0). The MEC server is hosted on s;, on
the far side of the ring constellation.
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4.3.3 State Evolution and Delay Reproduction

During intervals in which a ground station remains connected to the same access satellite,
both ping RTTs and task completion times evolve smoothly. Small increments are observed
as the access distance grows within a contact window, which matches the expected behavior
of a propagation-driven delay model. Across these windows, the mean ping RTTs remain
close to the analytical predictions, indicating that the emulated link delays track the
intended propagation-delay profile under changing geometry.

The task offloading experiment highlights the difference between channel-delay fi-
delity and application-level completion time. In an idealized case for g1, the mean task
completion time would be approximately the sum of the propagation RTT and the fixed
processing time, i.e., around 172.72 ms + 250 ms ~ 423 ms. In practice, Figure 4.4 shows
substantially larger completion times, and the gap increases with the number of hops on
the routing path. This behavior is expected in a full-stack emulation that includes TCP
reliability mechanisms: acknowledgments, congestion control, and retransmissions intro-
duce additional waiting time before the application-level request—reply cycle completes.
Moreover, topology events can trigger transient path reconfiguration, during which flows
may experience short-lived disruption before forwarding rules converge. Therefore, the
measured completion-time inflation provides a realistic indication of how transport pro-
tocols and SDN dynamics compound over multi-hop LEO paths, especially when many

containers share CPU time and network interfaces on a single host.

Task Computation Times, 12376 Total Tasks

Tasks generated in g11: 6183 u=0.902, 0=0.126
Tasks generated in  g12: 6193 u=1.136, 0=0.117
* ICMP from g11 to s2 (1750 Secons)
= ICMP from g12 to s2 (500 Seconds)

2.5

N
=)

=
wn

=
=)

F

Computation Time [Seconds]
o
5

0 250 500 750 1000 1250 1500 1750 2000
Emulation Time [Seconds]

Figure 4.4: Task completion times for the testcase applications.
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4.3.4 Interface Utilization and Scalability Signals

Figure 4.5 reports per-interface utilization measured via sFlow over approximately 30
minutes of emulation time. The traces reveal which links become bottlenecks under
sustained traffic and reflect route changes across contact windows. In addition to validating
that traffic concentrates along the expected shortest/loop-free paths, these measurements
provide a practical way to diagnose scalability limits: when many containers and virtual
links run on a single host, CPU contention and virtual switching overhead can manifest
as elevated queueing, increased RTT variance, and more pronounced utilization spikes
on specific interfaces. The availability of per-interface telemetry thus supports both
debugging and the construction of synthetic datasets for learning-based predictors (e.g.,

interface utilization forecasting) under controlled constellation dynamics.
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Figure 4.5: Per-interface network usage measured via sFlow during the testcase.

4.3.5 Discussion

Overall, the testcase confirms two complementary properties of the platform. First,
propagation-driven delay trends are reproduced at the packet level with measured RTTs
that remain close to the analytical lower bounds, up to a consistent virtualization overhead.
Second, application-level metrics naturally deviate from purely analytical models once
reliable transport, SDN path setup, and host resource contention are included. This is a

desirable property for the present thesis: ESA/ESP strategies are evaluated under realistic
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end-to-end behavior rather than under idealized delay-only assumptions, and performance
degradations caused by scaling the number of containers become observable through
completion-time inflation and interface-level telemetry. As a result, the testcase serves as
both a correctness check for link-delay emulation and a practical indicator of how host-side

resource limits influence fidelity when scaling experiments on commodity hardware.

4.4 Summary

This chapter has presented the design and implementation of MeteorNet, a continuous-
time emulation framework for edge computing in Low Earth Orbit constellations. By
integrating orbital propagation, SDN-based network virtualization, and containerized ex-
ecution environments, MeteorNet enables realistic experimentation and the collection
of high-fidelity performance data. Its modular design supports diverse scenarios, from
dynamic link adaptation to autonomous edge orchestration, while remaining open and
reproducible for future research. The next chapter applies this framework to evaluate the
proposed orchestration and server placement strategies, providing quantitative analysis of

latency, energy efficiency, and system reliability under realistic constellation conditions.



CHAPTER 5

Evaluation and Results

In this chapter, we evaluate the performance of the controllers and strategies applied to the
problems studied: 1) Edge Server Activation (ESA) and 2) Edge Server Placement (ESP),
within the broader context of Multi-access Edge Computing (MEC) resource orchestration
in space systems. For each case, we design baseline constellations and evaluate key

optimization metrics.

5.1 Edge Server Activation Results

5.1.1 Baseline Constellation Scenario

We evaluate ESA strategies on an emulated MEC-LEO constellation consisting of V = 10
satellite nodes (v; € V) in the same orbital plane, interconnected through neighbors to
form a ring topology, as shown in Figure 5.1. The constellation serves a variable number
of user stations, ranging from U = 3 to U = 12, which act as switches for end-user
devices. These user stations are arranged in a quasi-circumferential pattern on the Earth’s
surface, providing evenly distributed demand across the service area. User nodes represent
a variable number of devices, with a total sum of |D| that varies from 300 to 1800 across
the test cases, allowing assessment under different traffic conditions. The resulting traffic
is summarized by the mean task generation rate A, which ranges between 10 and 60 tasks
per second, representing scenarios from light to heavy load. All tasks have a constant
program size of Pr = 200,000 million instructions (MI), and each server has a processing
capacity of H = 800,000 million instructions per second (MIPS). Each emulation runs
for T = 1000 seconds, divided into control windows of At = 15 seconds. The full set of

parameters is summarized in Table 5.1.

45
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Figure 5.1: Baseline constellation for ESA with 10 satellites and 12 users.

Table 5.1: Constellation parameters for ESA test cases.

Parameter | Value Description
Vv 10 Number of satellite nodes.
U 3,6,9,11,12 Number of ground nodes.
|D| 300, 600, 900, 1100, 1650, 1800 | Number of devices.
T 1000 [s] Total emulation time.
At 15 [s] Control window duration.
1 10, 20, 30, 36, 55, 60 [tasks/s] Mean task rate over all devices.
Pr 200,000 [MI] Constant program size for all tasks.
H 800,000 [MIPS] Constant processing capacity for all servers.

We evaluate the performance of four ESA strategies—Access, Bernoulli, Fuzzy Logic

(FL), and Reinforcement Learning (RL) controllers—using the metrics defined in Sec-
tion 3.2: Activation Ratio (K), Failure Rate (B), and Utilization Ratio (6). Figures 5.2,5.4,

and 5.3 summarize the comparative results.
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5.1.2 Active Time Ratio

The Activation Ratio results in Figure 5.2 show that the Bernoulli controller maintains
a nearly constant level of server activation independent of demand, reflecting its random
nature. The Access controller activates more servers as load increases, producing higher K
values across all scenarios. Its policy keeps roughly half of the servers active on average,
yielding K ~ 0.5 regardless of task rate. Both the FL and RL controllers achieve a balanced
activation strategy, consistently maintaining fewer active servers than the Access controller
while avoiding the inefficiency of Bernoulli randomization. Considering K across task
rates, the FLL and RL controllers achieve lower activation than the Access baseline for all
loads, meaning they use fewer computational resources to process comparable demand.
This is expected, since both FL and RL explicitly optimize the activation policy, whereas
Access follows a greedier strategy and Bernoulli is random and input-independent. FL and

RL trends are similar because both target the same objective with different mechanisms.

5.1.3 Task Failure Rate

Failure-rate trends highlight the limitations of both baselines. There is a clear trade-off
between activation (K) and failures (B) for all controllers. As the active server ratio
increases, the system can process more tasks successfully, thereby reducing B. The
Bernoulli controller’s constant K leads to rising B once the offered load surpasses the
available compute capacity. We observe a sharp increase in B for Bernoulli when A > 20
tasks/s, reaching a maximum of approximately 0.3 at A = 60. This confirms that a demand-
agnostic policy overworks capacity at low load and under-provisions at high load. The
Access controller reduces failures relative to Bernoulli by aggressively activating servers,
but at the cost of higher resource usage. By contrast, the RL controller consistently

achieves the lowest B, adapting activation to demand and minimizing drops.

5.1.4 Utilization Ratio

Figure 5.3 shows that the RL controller maximizes processing efficiency by aligning acti-
vations with demand. The Access controller, while reliable, suffers from lower utilization
as many servers remain active but idle. The Bernoulli controller underperforms in both
utilization and reliability, confirming the inefficiency of purely stochastic orchestration.
Both FL and RL maintain higher C than Access across all task rates, indicating better

per-server productivity when active.
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Table 5.2: KPI summary across controllers and task rates.

Access

Bernoulli

FL

RL

~|

K B

C

K B

C

B

C

K B

C

20
30
36
55
60

0.38 0.005
0.58 0.007
0.83 0.007
0.95 0.008
0.97 0.019
0.98 0.050

0.31
0.39
0.42
0.43
0.60
0.65

0.53 0.006
0.53 0.020
0.54 0.042
0.53 0.066
0.53 0.232
0.52 0.317

0.29
0.46
0.62
0.64
0.73
0.74

K
0.012

047 0.009
0.60> 0.009
0.76> 0.008
0.018

0.89 0.035

0.38
0.48
0.51
0.50
0.63
0.66

0.32 0.010

0.009

0.61 0.009
0.76> 0.009
0.019
0.81) 0.061

0.36
0.46
0.50
0.49
0.63
0.66
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5.1.5 Pareto Analysis and Qualitative Interpretation

To analyze the relation between K (Activation Ratio) and B (Failure Rate), Figure 5.4
presents a Pareto comparison across controllers for increasing A. Each point represents a
single simulation outcome, and dotted lines indicate controller-wise averages. For 1<20,
Bernoulli attains failure rates comparable to other controllers, but for higher loads its B
rises quickly. Both FL and RL achieve lower K than Access at the expense of slightly
higher B at moderate loads, which is often acceptable when energy efficiency is prioritized.
For A > 40, demand exceeds total constellation capacity, causing Access to saturate and
reach K ~ 1, while FL and RL approach saturation more gradually. At A = 60, the
three non-Bernoulli approaches converge in behavior, as all are capacity-limited. These
results provide a practical lens to tune ESA policies to mission requirements. If modest
increases in B are acceptable, FL and RL substantially reduce activation time and energy
use. If low failure is paramount and energy budgets are less constrained, the Access
controller offers lower B at the cost of resource efficiency. Comparing FL and RL, both
yield comparable KPIs overall. FL tends to reduce active time at lower loads, whereas RL
can achieve marginally lower failure in specific regimes. Beyond metrics, the trade-off
is implementation. FL is lightweight, interpretable, and easy to deploy on constrained
platforms but relies on expert-tuned rules. RL requires training but adapts to changing
conditions and can explore richer policies, which is promising for future scaling.

The qualitative comparison in Table 5.3 summarizes the trade-offs among ESA con-
trollers across three dimensions: resource consumption (K), reliability (B), and CPU
utilization (C). The Bernoulli controller performs poorly overall due to its demand-
agnostic policy, which wastes capacity at low load and under-provisions at high load. The
Access controller improves reliability by activating more servers, but does so at the ex-
pense of higher resource usage and lower per-server efficiency. In contrast, the intelligent
controllers (FL and RL) achieve the best overall balance: they reduce active time while
maintaining low failure rates and high utilization. Practically, FL is lightweight and inter-
pretable—well suited to constrained platforms—whereas RL requires training but adapts

more readily to changing conditions.
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Figure 5.4: Pareto analysis between Activation Ratio K and Failure Rate B at various task
rates A.

Table 5.3: Qualitative comparison of ESA strategies.

Metric Bernoulli | Access | FL and RL
Resource Consumption (k) | Medium Poor Good
Reliability (B) Poor Medium Good
CPU Utilization (C) Poor Medium Good

5.2 MEC Server Placement Results

5.2.1 Baseline Constellation Scenario

We now evaluate ESP results by comparing space, terrestrial, and hybrid server place-
ments using round-trip time (RTT) measurements of user tasks generated from globally
distributed locations. ESP test cases use a constellation of |S| = N = 198 satellites
(s, € S) across |P| = 18 orbital planes with mean inclination i, = 53°. Additionally,

we use up to |G| = G = 10 gateways placed around the Earth—resembling Kongsberg
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Satellite Services (KSAT) sites [47]—to account for terrestrial and hybrid infrastructures.

Figures 5.5 and 5.6 show 3D and map views for the baseline scenario used for ESP. Ta-

ble 5.4 summarizes the parameters of the reference scenario, while Table 5.5 lists gateway

and user locations.

Table 5.4: Parameters and values for the ESP reference scenario.

Parameter | Value Description
S| =N | 198 Number of satellites.
IG|=G | 10 Number of gateways.
U =U |9 Number of user locations (UEs).
|P| 18 Number of orbital planes.
| D] 10 Number of devices per user location.
iy 53° Orbital inclination.
0. 30° Minimum elevation angle for LoS.
A 2 tasks/min/device | Task generation rate per device.
T 90 minutes Total emulation duration.
d, 13 ms Terrestrial cloud processing penalty.
T, 250 ms Task processing time.
T; 1 ms Per-link interface delay.

Name / Location

Table 5.5: Gateway and user locations.

Latitude [°]

Longitude [°]

g1 Puertollano
g2 Awarua

g3 Hokkaido
g4 Mauritius
gs Los Angeles
g6 Tolhuin

g7 Singapore
gs Dubai

g9 Panama

g10 Nuuk

38.69
-46.49
43.27
-20.28
34.06
-54.51
1.29
25.22
8.89
64.18

-4.11
168.38
142.66
57.24
-118.28
-67.19
103.84
55.31
-79.01
-51.75

Name Latitude [°] Longitude [°] Distance to g; [km]
U 40.35 -3.80 187

u 35.84 24.27 2522

us3 25.74 47.75 5018

Uy 12.50 67.08 7520

us -2.00 84.46 10025

ug -16.30 102.14 12529

u7 -28.90 122.41 15030

ug -37.73 147.24 17525

uy -40.34 176.07 19837
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Figure 5.6: Space and terrestrial nodes on the map: @ «— U, @ — G, @ — FPS, @ «—
CP,and <« AO.

The budget K represents the number of servers onboard satellites and/or gateways
placed by each strategy and is a key comparison parameter representing the same total
computational capacity. We compare the different strategies described in Chapter 3,
ranging the budget from 1 < K < 10. Table 5.6 outlines the node IDs used as edge servers
for each cloud configuration. The base case is a terrestrial cloud with a single gateway
located in Spain. UE locations are distributed progressively farther from this point, as
shown in Table 5.5.
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Table 5.6: Node IDs of servers across cloud configurations.

Distribution | K=1 K=2 K=4 K=6 K=8 K=10

Terrestrial g1 g2 g 34 g:56 g 78 2:910

Space: FPS | s: 160 s: 56 s: 15439 s:96103 s: 103 s: 123 180

Space: AO s: 160 s: 159 s: 161162 s: 158 163 s: 157 164 s: 156 165

Space: CP s: 160 s: 6 $: 94105 s: 50138 s: 28193  s: 72116

Hybrid s: 160 s: 56 154  s: 39 $s:96103 s:103
g1 g2

5.2.2 Round-Trip Time Analysis

Figure 5.7 shows box plots of R; per user u;, summarizing key statistics of task distributions.

Results are organized by user locations in ascending order of geodesic distance from g,

providing a clear perspective on performance variation. The yellow line indicates the

median, box limits correspond to quartiles 1 and 3, and whiskers mark the minimum

and maximum values. This ordering highlights the effect of distance on performance.

Figure 5.9 summarizes mean RTT R and standard deviation for each distribution and K,

complemented by Table 5.7, which highlights the best distribution in each case.
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Figure 5.7: Box plots of R; per user across values of K.
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Figure 5.9: Mean RTT for the considered cloud configurations across values of K.
Table 5.7: Average RTTs and standard deviations for all edge server placements.
Terrestrial Space: FPS Space: AO Space: CP Hybrid

Servers E OR E OR F OR E OR E OR
1 212.87 82.66 | 205.13 93.94 | - - - - - -

2 142.03 60.26 | 16590 67.25 | 183.30 93.15 | 181.36 80.47 | 175.89 76.18
4 124.06 4524 | 12444 52.84 | 146.74 85.85 | 168.99 73.29 | 130.45 58.89
6 12497 48.74 | 115.36 48.92 | 119.64 79.79 | 160.77 70.98 | 116.14 50.99
8 102.41 49.44 | 98.23 4375 | 101.04 73.01 | 155.38 71.84 | 109.74 50.82
10 102.78 50.80 | 89.84 40.84 | 92.07 69.99 | 153.31 72.89 | 96.56 40.14

Single Server or Gateway

In a terrestrial cloud with one gateway, RTT increases with the user’s distance from g

and with the number of ISL hops #; ; to the server. Variance is higher for mid-latitude

users uy, us, and ug, likely due to denser node spacing and greater path variability. A

space cloud with a single server shows more stable RTT across user locations. Placing

the server near the average user distance balances delays. On average, the space cloud

slightly outperforms the terrestrial cloud (205 ms vs. 213 ms), although terrestrial exhibits

marginally lower variance for users near gj.
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Multiple Servers or Gateways

As K increases, all configurations reduce mean R and variability. Terrestrial clouds benefit

users nearer gateways, while space clouds improve global reach. In general:
Cross Plane (CP) underperforms due to poor path efficiency.
Terrestrial clouds perform best up to K = 4.
FPS becomes the best performer for K > 6.

Along Orbit (AO) is competitive for small K but shows higher variance than FPS or

terrestrial.

These results confirm the importance of topology-aware placement such as FPS.

Hybrid Distribution Performance

Hybrid configurations combining terrestrial and in-orbit servers provide consistent R;
across users. While not always yielding the lowest mean R, they reduce variance and thus
provide more uniform QoS for geographically dispersed demand. Notably, with K = 6,
the hybrid configuration is competitive with the best FPS cases while improving fairness

across locations.

5.2.3 Network Topology Analysis

Figures 5.10, 5.11, 5.12, and 5.13 visualize satellite usage per orbital plane in 10-minute
intervals for terrestrial and space (FPS) deployments with K € {1, 10}. Color intensity
indicates usage: green—blue for all user traffic and red for us only. These plots show how

placement affects ISL routing and satellite load.
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Figure 5.10: Network usage for the terrestrial cloud, K = 1.
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Figure 5.11: Network usage for the terrestrial cloud, K = 10.
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Figure 5.12: Network usage for the space cloud (FPS), K = 1.
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Figure 5.13: Network usage for the space cloud (FPS), K = 10.

With a single terrestrial gateway (Figure 5.10), us traffic is routed through a narrow
corridor of satellites, concentrating load on a few planes and creating longer paths. With
K = 10 terrestrial gateways (Figure 5.11), traffic distributes more evenly, reducing conges-
tion. For one space server (Figure 5.12), usage concentrates near the server, creating long
paths for distant users. With K = 10 space servers via FPS (Figure 5.13), usage spreads
across planes, reducing routing distances and balancing ISL load. In both terrestrial and
space clouds, increasing K alleviates congestion, shortens paths, and benefits difficult

locations such as near the equator.



5.3-5.2.4 Key Findings for ESP 60

5.2.4 Key Findings for ESP

The evaluation underscores several insights regarding edge-server distribution in LEO

constellations.

Space clouds are viable and scalable. Even a single in-orbit server can outperform
a terrestrial gateway for globally distributed users, supporting the feasibility of the
Space Cloud paradigm.

Placement strategy matters. Farthest Point Sampling (FPS) consistently achieves
the lowest average RTT for K > 6, demonstrating the value of topology-aware

placement.

Hybrid architectures offer robustness. While not always minimizing mean RTT,

they reduce variance and improve fairness across user locations.

Cross-plane distribution underperforms. Despite coverage benefits, CP often
yields longer paths and higher RTT, making it less suitable for latency-sensitive

services.

Increasing K mitigates congestion. More servers reduce hop counts and ISL load,

improving scalability and QoS.

These findings validate the use of real-time emulation to assess design choices for future

space—ground edge-computing infrastructures.

5.3 Summary

This chapter presented experimental results for ESA and ESP. Through controlled emula-
tion, we analyzed FL and RL activation policies under dynamic conditions and compared
terrestrial, space-based, and hybrid placements. Results show that intelligent control can
reduce energy consumption and failure rates while maintaining service reliability, support-
ing autonomous orchestration as a viable approach for space-edge computing. Placement
comparisons further revealed regimes in which hybrid strategies balance latency and acces-
sibility. Building on these findings, the next chapter concludes this thesis by summarizing
the main contributions, discussing implications for future NTNs, and outlining directions

for the design and control of the Space Cloud.



CHAPTER 6

Conclusions and Future Work

This thesis has explored the design, control, and evaluation of edge computing architectures
in Low Earth Orbit (LEO) satellite constellations, contributing to the broader vision of the
emerging Space Cloud. Starting from the concept of Multi-access Edge Computing (MEC)
resource orchestration applied to Non-Terrestrial Networks (NTNs), we investigated two
fundamental challenges: (1) the dynamic activation of edge servers, the Edge Server
Activation (ESA) problem, and (2) the optimal placement of servers across space and
terrestrial domains, the Edge Server Placement (ESP) problem.

To address these challenges, we formalized both problems as Mixed-Integer Linear
Programming (MILP) models that capture operational and temporal constraints under
space-domain conditions. Because of their combinatorial nature, both problems are NP-
hard, making exact methods impractical at constellation scale. We therefore designed
heuristic and learning-based strategies that approximate data-driven optimal decisions in
real time while adapting to dynamic topologies and variable workloads. Additionally, we
developed the MeteorNet emulation framework as a reproducible software environment
for testing and validating edge resource management policies under realistic orbital and

network dynamics.

6.1 Edge Server Activation

We implemented autonomous controllers that independently decide when to activate in-
orbit edge servers using only locally available information. Four controller paradigms
were evaluated: two novel contributions, namely Fuzzy Logic (FL) and Reinforcement
Learning (RL), and two baselines, Access and Bernoulli. Both FL and RL were designed
to minimize activation time while maintaining a low task failure rate, explicitly trading
energy usage for MEC task reliability.

Results show that FL. and RL consistently reduce server activation time and task fail-

ures relative to the baselines, yielding improvements of roughly 20-40% depending on
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the load regime. FL achieves these gains with low computational complexity during both
training and operation while offering interpretable rules that make it suitable for resource-
constrained spacecraft. RL delivers comparable performance while being easier to adapt
to new input features or mission objectives, thanks to its model-agnostic learning pipeline.
Together, these controllers demonstrate that intelligent ESA can deliver significant effi-
ciency gains without compromising quality of service (QoS), advancing the state of the

art in distributed on-orbit edge resource management.

6.2 Edge Server Placement

This work demonstrates the feasibility and performance potential of deploying edge servers
in LEO constellations and positions the ESP problem at the core of latency optimization
under a fixed budget K. We proposed Farthest Point Sampling (FPS) as a contribution
for topology-aware space placement and compared it against space baselines Along-Orbit
(AO) and Cross-Plane (CP), as well as against a terrestrial cloud scenario and hybrid
configurations.

Across emulated constellations, FPS reduced mean round-trip time (RTT) by 15—
20% relative to AO and CP while also improving hop-count balance. At K = 10,
space placement with FPS outperformed the terrestrial cloud baseline, confirming that
well-informed space deployments can surpass gateway-centric designs even as network
density grows. Hybrid deployments did not always produce the lowest average RTT, but
they consistently reduced variance, providing more uniform service across geographically

dispersed users.

6.3 Contributions and Findings

The results obtained through emulation substantiate three main contributions. (1) Edge
Server Activation (ESA). FL and RL controllers, our proposed methods, outperform
Access and Bernoulli baselines across varying task rates, cutting activation time and
failure rates by about 20—40% while preserving high utilization. FL is lightweight and
interpretable, reducing engineering effort on constrained platforms, whereas RL provides
easier reconfiguration for new inputs and objectives through retraining. This highlights a
practical trade-off between explainability and adaptability that can guide autonomous on-
orbit control designs. (2) Edge Server Placement (ESP). FPS, our proposed placement
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strategy, consistently improves mean RTT and balances network load compared with AO
and CP, with 15-20% gains observed across budgets and scenarios, and with space FPS
surpassing terrestrial clouds for K = 10. This confirms that topology-aware space place-
ment is essential to unlock Space Cloud latency advantages under realistic dynamics. (3)
Real-Time Constellation Emulation (MeteorNet). The MeteorNet platform integrates
orbital propagation, SDN-based network emulation, and containerized execution into a
single, reproducible environment, enabling rapid prototyping of ESA and ESP strategies
with production-grade networking stacks. This open and modular integration allows re-
searchers to evaluate edge resource orchestration policies end-to-end without proprietary
simulators while providing the telemetry required for data-driven learning and validation.

Collectively, these contributions establish a foundation for autonomous, scalable, and
energy-efficient space-edge computing systems, demonstrating that intelligent activation,
strategic placement, and real-time emulation can jointly advance the design and operation

of next-generation space networks.

6.4 Future Work

Future research can extend this work along several directions that deepen integration
between networking, computing, and control in space. First, extending MeteorNet to
support inter-constellation coordination and cross-layer optimization would enable the
study of multi-orbit architectures and global task-routing strategies. Second, integrating
energy-aware models and radiation-induced degradation effects would improve the realism
of compute and communication behavior over mission lifetimes. Third, exploring collab-
orative learning among satellites—via federated or swarm reinforcement learning—could
enable robust adaptation to traffic variability and partial visibility without central coordi-
nation. Fourth, enriching ESA and ESP objectives with multi-tenant QoS, fairness, and
energy budgets would bring the optimization targets closer to operational reality. Finally,
hardware-in-the-loop experiments that couple on-orbit hardware prototypes with Meteor-
Net would smooth integration with operational deployments and accelerate the maturation

of self-learning computing systems in space.
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APPENDIX A

Fundamentals of Fuzzy Control

This summary is based in Chapter 8 (An Introduction to Fuzzy Control) of Fuzzy Logic,
An Introductory Course for Engineering Students book [27].

A Overview of Fuzzy Control Systems

Fuzzy logic control provides a robust framework for decision-making in systems char-
acterized by uncertainty, imprecision, or nonlinear behavior. Unlike classical control
strategies that rely on precise mathematical models, fuzzy control uses linguistic rules and
approximate reasoning to model expert knowledge and derive control actions. A fuzzy
controller typically consists of three stages: fuzzification, inference, and defuzzification.

This annex summarizes their theoretical foundations and mathematical formulations.

B Fuzzification

Let x be a crisp input variable, and X the universe of discourse. Fuzzification maps x to

one or more fuzzy sets A; characterized by a membership function p 4, (x):
Ha, » X — [0,1]. (A.1)

A membership function quantifies the degree to which x belongs to the fuzzy set A;.

Common shapes include the triangular, trapezoidal, and Gaussian functions:

Triangular:
0, x <a,
);—a’ a<x<b,
pa(x)=1bza (A2)
, b<x<ec,
c—b
0, X >c,
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Trapezoidal:
0, x <a,
Z :Z, a<x<b,
ua(x) =41, b<x<c, (A.3)
d—
y _);, c<x<d,
0, x>d,
Gaussian: )
xX—c
a @) = exp | -9 ] : (A4)
200

where a, b, ¢, d define shape parameters, and (¢, o) denote mean and standard deviation.

C Rule Base and Inference Mechanism
Fuzzy rules describe control knowledge in linguistic form. A typical rule has the structure:
Ry : IF x; is A¥ AND x; is A5 THEN y is B, (A.5)

where Al{‘ and B* are fuzzy sets for inputs and outputs, respectively.

Given a set of M rules, the inference mechanism determines the firing strength wy of
each rule:

Wi = min | (), (32, ()| (A6)

For a rule with multiple antecedents connected by “OR,” the firing strength is given

by the maximum operator:

Wy = max [yAzf(xl),,uAg(xz),...,/,tAlé(xn)] . (A.7)
The implication step computes the fuzzy output set for each rule:
Mo (V) = wie A pgi(y), (A.8)

where A denotes the fuzzy intersection (usually implemented as min).



The aggregation of all rule outputs yields a combined output fuzzy set:

M
us() = \/ (v, (A9)
k=1

where \/ represents the fuzzy union (commonly max).

D Defuzzification

Defuzzification converts the aggregated fuzzy output up(y) into a crisp control signal y*.

The most widely used method is the centroid of area (CoA):

.y s dy

_ (A.10)
g Jy us(y) dy

E Summary

Fuzzy control systems provide a bridge between human reasoning and automatic control.
By transforming qualitative knowledge into quantitative decision-making, they are well-
suited for dynamic, uncertain, and nonlinear environments such as satellite networks. Their
interpretability and low computational complexity make them particularly appealing for

onboard resource orchestration where model-based controllers are infeasible.



APPENDIX B

Actor—Critic Algorithms

This summary on Actor-Critic algorithms is based in Natural Actor-Critic Algorithms [48].

A Introduction

Actor—critic reinforcement-learning algorithms provide an online approximation to policy
iteration in Markov decision processes (MDPs). They maintain two coupled structures:
(i) a critic, which estimates the state-value function through temporal-difference (TD)
learning, and (i1) an actor, which updates the policy parameters in the direction of an
estimated policy-gradient. This two-component architecture enables simultaneous policy
evaluation and improvement under function approximation, making it effective for large
or continuous state spaces. Unlike pure value-based methods, actor—critic algorithms

guarantee stability when compatible features are used.

B The Policy-Gradient Framework

We consider a discrete-time MDP with finite state and action spaces S and A. At time t,
the system is in state s; € S, selects a; € A according to a stochastic policy m, receives
reward r;41, and transitions to s, with probability P(s;, a;, s;+1). The long-run average

reward under policy 7 is

J(x) = ) dn(s) ) n(s,@)R(s,a),

ses acA

where d,(s) is the stationary distribution of the induced Markov chain and R(s,a) =
E[ri+1]|s: = 5,a; = a] is the single-stage expected reward when action a is taken in state s.

For parameterized randomized policies my(s, a), the gradient of the average reward is

V() = ) d(s) Y Vr(s,a)Qx(s, @), (B.1)

seS acA
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where Q (s, a) is the expected differential reward associated with a state-action pair (s, a),
defined by

QOr(s,a) = ) Elr1 = J(m)lso = s,a0 = a,7]. (B.2)
t=1

Likewise, the expected differential reward associated with a state s when actions are

selected according to policy , is defined by

Vi(s) = ZT((S, a)Qr(s,a). (B.3)

acA

The Poisson equation under policy pi is given by

J(m) + Vi(s) = Z n(s,a) [R(s, a) + Z P(s,a,s")Vi(s)]. (B.4)

acA s’eS

C Two-Timescale Stochastic Approximation Algorithms

Coupled stochastic recursions with step sizes of different magnitudes underpin actor—critic

convergence. Let X, Y; evolve as

Xev1 = Xo + @ (f (X2, Y¥7) + Nt(ii), (B.5)
Yier = Y + Bi(g(X,, Y;) + N2, (B.6)

where {N,( 1)}, {Nt(z)} are martingale-difference sequences, f, g are Lipschitz continuous

functions, and the step-sizes satisfy
D= f=c, Y (aF+ph)<oo, Bi=o(e). (B.7)
t t t

Hence X, (critic) evolves on the faster timescale, and Y; (actor) on the slower one. Under

assumptions (B1)—(B3) the iterates satisfy
(X1, Y1) = (u(Y™),Y*) as.

where u(-) and Y* are globally asymptotically stable equilibria of the associated ODEs.



D Policy Gradient with Function Approximation

We now extend the policy gradient framework to the case in which the action—value
function Q7 for a fixed policy r is approximated by a learned function approximator. If
the approximation is sufficiently accurate, it can replace Q™ in the policy gradient equations
while still pointing approximately in the direction of the true gradient. Sutton et al. [48]
showed that if the approximation QA’VL with parameter w € R% is compatible and minimizes

the mean—squared error, then such substitution is valid.

E"(w) = ) d"(s) ) x(s,@)[Q"(s,a) - 0% (5, )", (B.8)

seS acA

where compatibility means
V,, O™ (s,a) = Vlogn(s,a).
We employ a linear function approximation of the form
07 (s,a) = w s,

where the features ¢/, are defined as the compatible features y,, = Vlogn(s, a).
The Fisher information matrix, previously defined in Equation (6), can then be ex-

pressed as

G (0) = Bseanamn [Wsatify] = D d"(s) D 7(s, @) Ysathly: (B.9)

seS acA

To further reduce estimator variance, we consider a baseline b(s) and redefine the

mean—squared €rror as

E"(w) =y d"(s) ) m(s.a)[Q"(s.a) = wTha = b(5)]’. (B.10)

seS acA
Let w* = arg min,, E”(w) denote the optimal parameter.

Lemma D.1. The optimal weight parameter w* for any given policy r satisfies

w* = G(0) ' Byear aun[Q7 (5, @) Ysa]. (B.11)



Proof provide by [48])

Lemma D.2. For any given policy n, the minimum—variance baseline b*(s) in the ac-

tion—value estimator corresponds to the state—value function:

b*(s) = V7(s5) = Z n(s,a)Q" (s, a). (B.12)

acA

Proof provide by [48])

From these lemmas it follows that w* Ty, is a least—squares optimal parametric
representation of the advantage function A" (s,a) = Q" (s, a) — V™ (s). Thus, the critic in
the actor—critic structure can use w* to approximate A” (s, a) efficiently and with minimum
variance.

The temporal—difference (TD) error, used for online learning, is given by

6 =1yt —Jr1 + Vs, = Vs, (B.13)

t+1

where Vs, and J,,| are unbiased estimates of the differential value and the average reward,
respectively:
E[Vstlsl’ﬂ.] :Vﬂ(sl‘)’ E[jl‘+l|sl7ﬂ-] :‘](ﬂ.)

The TD error 6, is an unbiased estimate of the advantage function A”(s;, a,), and
therefore it can be used in place of A™ in actor updates to estimate the policy gradient

direction incrementally.

E Actor—Critic Algorithms

Algorithm 1—Regular-Gradient Actor—Critic—uses estimates of the ordinary gradient
rather than the natural gradient. The algorithm maintains parameter vectors v, (critic), 6,
(actor), and a scalar estimate 7; of the average reward. Let the temporal-difference error
be

8t = reat — P+ fo = Vi fors (B.14)

where f; denotes the feature vector of state s. Then, with decreasing step-sizes {a;} and

{B;} satisfying the two-timescale conditions above, the updates are



Feol =T + (1 — 1), (B.15)

61 = reet = Fr + v/ (fs = f5,)s (B.16)
Viel = Vi + @01 f, (B.17)
Or1 =10 + Br 61 ¥sa,) (B.18)

where I'(-) is a projection operator ensuring boundedness of ;.
The TD-error §; is an unbiased estimate of the advantage function A,(s;,a;) =
Qr(s:,a;) — Vi(s;); thus, update (B.18) ascends the expected average-reward gradient.
Assumptions (A1)—-(A3) guarantee irreducibility of the Markov chain, differentiabil-
ity of my(s, a), and linear independence of basis functions. Under these and standard

stochastic-approximation conditions,
0; — ©* € {#:VJ(H) =0} almost surely.

All proofs and convergence arguments are given in [48].



APPENDIX C

The SGP4 Model

SGP4 summary and equations are recovered from SPACETRACK REPORT NO. 3 [49]

A NORAD Two-Element Sets (TLEs) and SGP4

NORAD Two-Line Element (TLE) sets encode a satellite’s mean Keplerian elements
and related perturbation terms at a given epoch. Each TLE contains the mean motion,
eccentricity, inclination, right ascension of the ascending node, argument of perigee, and
mean anomaly, along with secular drag terms. The SGP4 model takes a TLE at epoch
and propagates the satellite’s state forward or backward in time, accounting for Earth’s
oblateness (J2, J3, J4), atmospheric drag, and short/long-period gravitational effects to
produce osculating position and velocity in an Earth-centered inertial frame. The workflow
is: read TLE — recover corrected mean quantities — form constants — apply secular

effects — add long/short-period terms — convert to position/velocity.

B The SGP4 Model

The following equations reproduce the SGP4 formulation. All constants and symbols not
defined below are defined in Section C. The original mean motion n;, and semimajor axis

a,, are first recovered from input elements and equations

(ke 2/3 _ 3k (Bcos?iy— 1)
ao = ar(1- 461 - 87 - 3te3).
3k (3cos?i, — 1)

S 242 (1-e2)32°

" o_

o
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If perigee < 156 km:

ay(1-e,)—s+ag, ifperigee € [98,156) km,
20/XKMPER + ag, if perigee < 98 km,

and replace (g, — s)* by
4
(g0-5* = (Vigs =9 +5- ')
Define (with appropriate s and (g, — 5)*):
. 1 2 ”
0 =cosi,, &=——, Po=All—-e€5 n=a,e,
a, —s

C2 = (qo — ) (1-7?) 7/2[ ”(1 3n +4eon+ean3)

43 kzg (1 %02)(8+24n2+3n4)]

C = B*Cb
C; = (qo — )& Asonjag sini,

kzeg
Cy = 2n(qo — 5) ¢ ayBo(1 - 772)_7/2([277(1 +eon) + 3o + %773]

ko€ 2 3.2 1,3
S )[3(1 39)(1+2n 2.1 26077)

+ %(1 —0%)(2n% - e,n — eon’) cos ZwO])
Cs = 2(g0 = )€ aB2(1 =) 72 (1+ Yn(n + o) + eor’)
D, = 4al¢CE
Ds = ga'o'fz(ﬂa'o’ +5)C;

2
Dy = §a;’g3(221a;’ +31s)C}
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C
The secular effects of atmosheric drag and gravitation are included through the equa-
tions
3ka(—-1+36%)  3ky(13 —786% + 1376*
MDF:M0+[1+ 2( 3 )+ 2( e )]n’o’(t—to)
2ay’ B, 16a5"B,
—3ko(1=56%)  3ko(7 - 1146 +3950%)  5k4(3 —366% +496*)|
WDpF = Wy + 12 04 + 174 28 + 174 28 o (t B tO)
2a5°B, 16a5" B, 4ay” B,
—3k20 3k2(460 - 196%)  5k46(3 — 767
QDF:QO-F[ 224 2( ) 4 ( )]I’Z,O/(l'—l{))
a5’ 243 243

ow = B*C3(cos w,)(t —t,),
2
oM = _§(qo - S)4B*§4a_E [(1 +ncos Mpr)® — (1 + ncosM0)3]
eon

Mp =Mpr+ow+ oM,

w = wpfr — 0w —O0M
21 n”k29

2=an - 3%

2 a}*Bs

eo — B*Cy(t —t,) — B*Cs(sin M), — sin M,,)

Cl (t - t())z’

e =
7 2
a=aj[l = Ci(t—1ty) = Da(t —1,)* = D3(t = 1,)* = Da(t — 1,)*]

IL=M,+w+Q+ ng[gcl (t = 1)% + (D2 +2C3) (¢ — 1,)3

+$(3D3 + 12C1 D, + 10C;) (¢ — t,)*
+1(3D4 + 12 D3 + 6DF +30C3D; +15C) (1 - 1,7

B=V1-¢e2, n= ke
32

When epoch perigee height < 220 km, truncate a and [ after the C; term and drop

the terms involving Cs, dw, 6M
Add the long-period periodic terms

dyxN = eCcoSw,

Asosini, 560
ILL:L”(ecosw) 3+ ——|,
8k2(1ﬁ2 1+6

A3’0 sin io

ayNL = ——— ayy = esinw + aynyg.
g 4kra? g ’

Iir =1 + 11,



Solve Kepler’s equations (for E + w) by defining
U=I111-Q
and using the iteration equation
(E+w)it1 = (E+w)i + A(E + w);

with )
U - ayycos(E + w); + axy sin(E + w); — (E + w);

AE + w); =
( w)i —ayy Sin(E + w); — axy cos(E + w); + 1

and

(E+a))1:U

The following equations are used to calculate preliminary quantities needed for short-

period periodics

ecosE = ayycos(E + w) +ayysin(E + w),
esinE = ayy sin(E + w) — ayy cos(E + w),

) 2 _ 2
eL = (|ayy + ayy pr=a(l—ej),

r=a(l —ecosE),

;= ke\/gesinE, rf = key 2L,
r r

and

ayn(esinkE)
2 2
1+4/1 —e;

) al . acy(esin E
sinu = — sm(E+w)—ayN—M ,
r

2
1+ l—eL

cosu = —|cos(E + w) — axy +

S |

_i[sinu
u = tan .
cosu



k k
Ar = —2(1 — 6%) cos 2u, Au = ——22(7492 — 1) sin2u,
2pr 4p;
3k,6
AQ = 3k26 sin 2u, Al = 2 sini, cos 2u,
2p% 2p%

1
AF = —kan— (1 = 6%) sin 2u,
PL

A(rf) = kznpi [(1-6%) cos2u—3(1-36%)].
L

The short -period periodics are added to give the osculating quantities
1- 517—%1,1 —eL (39 - 1)
Q= Q+AQ, i =i, + Al Fi = F + AF, (rfe =rf + A(rf).

ry=r + Ar, U =u+ Au,

Then unit orientation vectors are calculated by

U = Msinuy + Ncosuy (C.1)
V =Mcosu; — Nsinuy (C.2)
where
[ sin Q) cos iy
M = | cosQy cosi (C.3)
sin iy
[cos Qp
N = |sinQ; (C4)
0

Then position and velocity are given by

r=rg U (C-S)
=i U+ (e V (C.6)
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C Physical-Mathematical Constants and Symbols

Table C.1: Constants used by SGP/SGP4.

Definition Value

Yha? 5.413080 x 107*
—3J4at, 0.62098875 x 107
107° 1.0x 107

(g0 — 5)* (er)* 1.88027916 x 10~
s (er) 1.01222928

z 0.66666667

J3 ~0.253881 x 1075
ke (25)%2 0.743669161 x 10~

XKMPER kilometers per Earth radii
XMNPDA time units per day

AE distance units per Earth radii
DE2RA radians per degree

T
b

2
2r
3

2

6378.135

1440.0

1.0

0.174532925 x 107!
3.14159265
1.57079633
6.2831853
4.71238898
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Table C.2: SGP4 Symbols used.

Symbol Description

N, SGP-type “mean” mean motion at epoch

€o “Mean” eccentricity at epoch

io “Mean” inclination at epoch

M, “Mean” mean anomaly at epoch

Wo “Mean” argument of perigee at epoch

Q, “Mean” longitude of ascending node at epoch

o Time rate of change of “mean” mean motion at epoch

fio Second time rate of change of “mean” mean motion at epoch

B* SGP4-type drag coeflicient

k., =VGM (G: Newton’s constant, M: Earth mass)

ag Earth equatorial radius

Jo, J3,J4 Earth’s second/third/fourth zonal harmonics

(t—1,) Time since epoch

ky = Aha%, ks=-3Jsa}  Auxiliary constants

Azp = —J3a% Auxiliary constant

qo, S SGP4/SGP8 density function parameters

_lo A
B_ZCDm

Ballistic coeflicient (SGP8)
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