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Abstract—Low Earth Orbit (LEO) satellite constellations are
quickly being recognized as an upcoming extension of the Edge-
Cloud Continuum into a 3D Continuum. Low-latency connectiv-
ity around the Earth and increasing computational power with
every new satellite generation lead to a vision of workflows being
seamlessly executed across Edge, Cloud, and space nodes. High
launch costs for new satellites and the need to experiment with
large constellations mandate the use of simulators for validating
new orchestration algorithms. Unfortunately, existing simulators
only allow for relatively small constellations to be simulated
without scaling to a large number of host machines. In this
paper, we present Stardust, a scalable and extensible simulator
for the 3D Continuum. Stardust supports i) simulating mega
constellations with 3x the size of the currently largest LEO
mega constellation on a single machine, ii) experimentation with
custom network routing protocols through its dynamic routing
mechanism, and iii) rapid testing of orchestration algorithms or
software by integrating them into the simulation as SimPlugins.
We evaluate Stardust in multiple simulations to show that it is
more scalable than the state-of-the-art and that it can simulate a
mega constellation with up to 20.6k satellites on a single machine.

Index Terms—3D continuum, edge-cloud continuum, orbital
edge computing, LEO satellites, simulator

I. INTRODUCTION

Low Earth Orbit (LEO) satellites are rapidly increasing in
number in recent years. As of 2024, there are more than
8,000 LEO satellites in orbit [1], with about 7,000 of these
belonging to the Starlink mega constellation [2], which plans
to grow to more than 12,000 satellites by 2028 [3]. Amazon
intends to have its Kuiper mega constellation with more than
3,236 satellites [4] complete by 2029 and the FCC has called
for more competition in this sector [2].

LEO mega constellations provide low latency communi-
cation between LEO and terrestrial nodes and among ter-
restrial nodes. For example, Starlink’s median client-LEO-
Cloud round-trip latency has recently been measured to be
40-50 ms [5]. The low altitude of LEO satellites compared to
geostationary satellites allows for low latency with terrestrial
nodes that are directly in range. Inter-satellite laser links (ISLs)
enable the creation of large orbital networks [6], with ISL
speeds demonstrated up to 100 Gbps [7].

Since LEO satellites get more computational capabilities
with every new generation, several uses beyond bent pipe

communication are being investigated. Processing of Earth
observation (EO) data on a single satellite has been shown by
ESA [8] and plans for processing data in clusters of satellites
have been proposed under various names, such as Orbital
Edge Computing (OEC) [9], [10], satellite computing [11],
[12], or Edge-Cloud-Space 3D Continuum [13], [14]. Possi-
ble use cases include federated learning in space [15]-[18],
EO data compression for efficient downlinking [19], smart
agriculture [20], and disaster response [13]. The actual use of
satellites varies between the ideas, from preprocessing EO data
to full-fledged compute nodes that enable seamless execution
of workloads across the 3D Continuum. All proposals have in
common that they require ways to evaluate their designs.
Since launching new satellites is expensive and the com-
puting capabilities anticipated for the near future are not
available in space yet, evaluation of LEO computing systems
must be performed using simulators or emulators. Various
simulators already exist, e.g., Hypatia [21], Celestial [22],
and StarryNet [23]. While all of them compute satellite
trajectories and node-to-node latencies, most simulators have
a number of shortcomings. Many solutions are emulators, e.g.,
Celestial [22] and StarryNet [23], which execute microVMs or
containers for each node of the 3D Continuum. This has the
advantage of enabling tests of real software systems, but ex-
ecuting one microVM or container for every node, regardless
of whether it is used or not, limits the maximum infrastructure
size that can be evaluated due to the resource usage. Celestial
allows suspending all VMs that are not in a certain area,
but it still creates a microVM for each node. Conversely,
simulators, such as Hypatia [21], do not execute nodes and
are used for network simulation only, hence software testing or
evaluation of placement algorithms that require node resource
information are not possible. Many simulators and emulators
focus on the network latencies, precompute them before the
experiment, and disregard the positions of satellites during the
experiment. Hence, it is often impossible to determine where a
particular node is located during the experiment, although this
information may be needed, e.g., for location-aware scheduling
or for picking a satellite that will be in range of a certain
ground station when it completes the next workload. Many
solutions account only for LEO and ground station or Cloud



nodes, but not for terrestrial Edge nodes, such as drones.
Typically, each simulator or emulator is designed for a single
purpose only, e.g., testing software under resource and network
constraints or evaluating network routing algorithms. Existing
solutions often lack extensibility, such as allowing custom
logic to execute after every simulation step, which could, e.g.,
be used to add a new deployment to the experiment.

In this paper, we present Stardust, a scalable and extensible
open-source! simulator for the 3D Continuum. Our main
contributions are:

1) Stardust, a scalable and extensible next generation simu-
lator for the 3D Continuum with support for simulating
LEO-, Cloud-, and Edge nodes in a scalable manner.
Stardust enables experiments for evaluating networking
and orchestration algorithms for the 3D Continuum. It
supports simulating mega constellations three times the
size of the currently largest constellation, with almost
7k satellites on a single machine.

2) A dynamic routing mechanism that enables experimen-
tation with different routing mechanisms by making the
ISL routing protocol and the network path computation
changeable. This allows, e.g., changing the default +Grid
ISL routing to a different protocol or to introduce caching
or hypergraph algorithms as a replacement for Dijkstra’s
algorithm to calculate node-to-node network paths.

3) SimPlugin, a plugin mechanism that serves as the in-
tegration point for custom logic that Stardust should
execute at every step of the simulation. A SimPlugin
has access to the complete infrastructure state and, thus,
allows integrating, e.g., orchestration algorithms/software
that should be evaluated using Stardust.

The rest of this paper is structured as follows: Section II
presents a motivating use case and requirements for a next-
generation simulator for the 3D Continuum. Section III ex-
plores other 3D Continuum simulators and emulators and
Section IV presents the design of the Stardust simulator. In
Section V we evaluate Stardust in multiple simulations and in
Section VI we conclude the paper and present future work.

II. MOTIVATING USE CASE & SIMULATOR
REQUIREMENTS

In this section, we first present a motivating disaster
response scenario for the use of the 3D Continuum and,
subsequently, we define requirements for an extensible next-
generation simulator for the 3D Continuum.

A. Motivating Scenario

While there are various use cases for the 3D Continuum,
some of the most compelling ones involve running distributed
Al using a combination of observation data from EO satellites
and in-situ data from terrestrial sensors in a compound Al
scenario [24]. EO data is large in size, e.g, each of the
ESA Sentinel 2 satellites produces about 1.5 TB of data per
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Fig. 1: Motivating Use Case: Flood Disaster Response with Edge- and LEO-
based Serverless Computing.

day [25], [26], while downlink speeds to ground stations are
typically approximately 300 Mbps [27]. Thus, especially in
cases where EO data must be processed quickly and possibly
be augmented with data from in-situ sensors, it is beneficial
to preprocess it in a cluster of LEO satellites to gain insights
more quickly.

Responding to natural disasters requires quick response
times. For example, if a suburban area is flooded after a
hurricane, it is important to quickly identify people or animals
that are in need of rescue. Fig. 1 shows a use case, where
a combination of EO satellites and drones is used to run
a serverless workflow to find people and animals in need
of help after a hurricane. After the storm, drones fly over
the affected area and record video data. The drones are not
powerful enough to run the ML model needed to detect people,
so they need to offload this computation. However, the cellular
network has been damaged, so the video feed must be uplinked
to LEO satellites. These LEO satellites also receive data from
an EO satellite and combine that with the video from the
drones to detect probable locations of survivors. The identified
locations are downlinked to a Cloud for detailed analysis and,
if the presence of survivors is confirmed, are forwarded to
rescue teams.

Each of the serverless functions in this workflow has re-
source and latency requirements and must be placed on an
appropriate node for execution. This is done by a scheduler
for the 3D Continuum. Such schedulers are a hot research
topic at the moment, and their evaluation requires a simulator
that covers all node types of the 3D Continuum and provides
node positions and network latencies. Stardust allows such
schedulers to be evaluated efficiently because its extensibility
enables quick integration of the scheduling algorithms into the
simulator.

But Stardust is not limited to the evaluation of scheduling
algorithms. It can also be used for evaluating resource man-
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Fig. 2: Visualization of the Simulated 3D Continuum with Earth (gray),
Satellites (blue), and Ground Stations (green). Ground Stations are Located
in Selected Major Cities of Europe (right) and America (left).

agement, network routing, or other orchestration algorithms.
Additionally, Stardust will support the execution of workloads
in the future, so the entire use case will be executable on the
simulator. Fig. 2 shows a visualization of the 3D Continuum
simulated by Stardust with ground stations indicated in green
and satellites shown in blue.

B. Requirements

Based on the advantages and disadvantages of existing
simulators/emulators, we define the following requirements for
a next-generation simulator for the 3D Continuum:

R1 Simulate entire 3D Continuum: The simulator must sup-
port simulating Edge, Cloud, and LEO satellite nodes to
allow evaluation of algorithms for the entire continuum.

R2 Configurable simulation steps: The amount of simulated
time that elapses in a single simulation step must be con-
figurable, because some scenarios may require very fine-
grained simulation steps (e.g., real-time use cases), while
other scenarios need coarse-grained simulation steps for
simulations that span multiple hours.

R3 Extensibility: The simulator must be easily extendable
with custom logic to be executed at every simulation step.
This enables the fast implementation of experiments for
new algorithms.

R4 Information availability: Custom logic must have access
to all relevant data, such as node positions, node re-
sources, and network routes.

RS Choice between simulation and emulation: Users must
have the choice whether the experiments should execute
as a simulation that tracks node positions, resources,
and network state, and that executes custom logic or if
selected nodes should be emulated to allow execution of
workloads in containers or VMs. In emulation mode, only
nodes that host a workload must execute a container or
VM to keep resource usage to a minimum.

As we will explain in Section IV, Stardust focuses on and
fulfills R1-R4. The complexity of RS merits a distinct in-depth
evaluation. Hence, we defer it to future work.

III. RELATED WORK

In this section, we discuss existing serverless platforms that
explore workloads in the Edge-Cloud-Space 3D Continuum

and LEO simulators that enable the emulation and simulation
of workflows in LEO edge constellations.

A. LEO Edge Simulators

Existing simulators for the 3D Continuum can be divided
into two main categories: network-only simulators and emu-
lators.

Network-only simulators focus on simulating the network
of a satellite mega constellation and their connections to
ground stations, but they typically fail to account for the
computational capabilities of LEO satellites as nodes that
can execute workloads. The authors of [28] simulate satellite
mega constellations with ISLs and integrate them with ground
stations, however, focusing purely on the network and not on
workloads. Hypatia [21] is a framework for simulating and
visualizing the network behavior of LEO satellite constella-
tions. It incorporates satellite-specific characteristics such as
high-velocity orbital motion, ISL, and ground-satellite links,
enabling the evaluation of transport protocols, such as TCP and
UDP, in a LEO-specific environment. Xeoverse [29] is a scal-
able and high-fidelity real-time simulation platform designed
specifically for LEO satellite mega-constellations. It models
user terminals, satellites, and ground stations as lightweight
VMs, pre-computing topology changes and focusing on rel-
evant ISL updates while streamlining link adjustments as
needed. Xeoverse provides detailed network characteristics, in-
cluding latency, capacity, signal-to-noise ratio (SNR), weather
conditions, and antenna configurations. The popular and
extensible network simulators ns-3 [30] and OMNeT++ [31]
have also been used as bases for satellite simulators. For
example, SNS3 [32] and ns-3-leo [33] are built on top of ns-3,
while OS? [34] and its successor by Valentine and Parisis [35]
are based on OMNeT++. All four enable the simulation of
satellite and ground station networks with control over details
such as network protocols, packets, and radio frequencies.

Emulators simulate the network of a satellite constellation
and provision containers or VMs for the nodes of the 3D Con-
tinuum to allow executing workloads on them. However,
emulators often suffer from limited scalability because the
containers/VMs consume too many resources as the satellite
constellation grows. Celestial [22] is a virtual testbed that
emulates LEO Edge satellite networks using microVMs. It
precomputes satellite trajectories, bandwidth, and latencies
between nodes at different points in time, allowing the or-
chestrator to manage network configuration requirements, such
as SLOs, and to dynamically control microVMs based on
the positions of the satellites. However, Celestial lacks real-
time satellite orbit positioning, as it relies on pre-calculated
latencies. Even though Celestial allows suspending microVMs,
whose nodes are currently outside of a bounding box, e.g., the
space above Europe, its approach is still resource-intensive for
large satellite constellations, limiting the number of nodes that
can be simulated on a single machine. StarryNet [23] integrates
real constellation data, including satellite trajectories, ground
station distributions, and ISL configurations, reproducing the
spatial and temporal dynamics of mega-constellations while



allowing researchers to deploy unmodified system code and
simulate interactive network traffic. StarryNet ensures that
its experiments reflect the scale and behavior of real-world
LEO networks, including time-varying connectivity and de-
lays. StarryNet simulates constellations comprising thousands
of satellites using a distributed, containerized setup across
multiple machines.

Although these simulators and emulators offer space-ground
integration, they have various shortcomings. Simulators typi-
cally focus on LEO-specific network simulation and do not
account for the ability to execute workloads. They also often
implement many low-level networking details, which slow
down large-scale simulations. For example, the authors of
the OS> derivative [35] report that a 5-minute simulation of
1,400 satellites with a step granularity of one second took more
than four hours. Emulators focus on actual workload execution
(not simulation), which makes them very resource-intensive,
thus limiting their scalability for large satellite constellations,
as we show in our experiments in Section V-C.

B. Evaluation Methods for LEO Platforms

HyperDrive [13] proposes a serverless platform that inte-
grates devices across the Edge, Cloud, and space, creating a
seamless continuum. HyperDrive enables serverless workflows
to be executed across any layer within the 3D Continuum. The
scheduling mechanisms in HyperDrive consider processing
capacities, such as CPU and memory, as well as specific
properties of each layer, including satellite temperature and
the battery levels of edge devices during the function place-
ment process. However, HyperDrive relies on StarryNet’s [23]
network simulation to determine node positions, which does
not include Edge devices.

Komet [36] introduces a serverless platform tailored for
LEO Edge computing, seamlessly integrating serverless func-
tions with data replication to enable dynamic serverless func-
tion execution against satellite trajectories. By decoupling
compute and state, Komet ensures virtual stationarity, allowing
functions to maintain proximity to data despite the orbital
movement of satellites. However, Komet’s reliance on Celes-
tial [22] for network emulation focuses solely on satellite and
ground station interactions, omitting broader integration with
terrestrial Edge and Cloud nodes.

IV. STARDUST SIMULATOR DESIGN

We now explain the architecture and core mechanisms of
Stardust, which enable scalable simulations of the 3D Contin-
uum.

A. Stardust Architecture

Stardust is designed to use a modular architecture to enable
extensibility. The core abstractions are shown in Fig. 3. The
central type from which all 3D Continuum nodes derive is
Node.

Every Node has computational capabilities, communica-
tion links to other nodes, and the ability to route traffic.
The abstract Node class is currently implemented by the
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Fig. 3: Stardust Simulator Core Abstractions.

GroundStation and Satellite subclasses, required for
different behaviors in movement. For Groundstation, a
simplified movement (without inclined Earth axis and ex-
act rotation duration) along the latitude every 24 hours is
implemented. satellite calculates the position by solving
Kepler’s equation for eccentric anomaly, considering only the
gravitational interaction between the Earth and the satellite,
i.e., it computes an unperturbed orbit. Since we focus on
simulations of a few hours, this simplification helps reduce the
computational complexity and hardware requirements, while
providing sufficient accuracy. Incorporation of perturbations,
such as J2 and atmospheric drag [37], is planned as future
work. The Computing class is responsible for tracking the
available and used compute resources (e.g., CPU and memory)
of each node. Each Comput ing can be configured individually,
such that simulated hardware can be set up to reflect specific
conditions, e.g., no general-purpose compute hardware on
older satellites, but GPU resources on the newest satellites.
This can simulate the fact that the hardware of satellites in
orbit cannot be repaired, replaced, or upgraded as easily as
data center hardware on Earth. To ensure realistic simulation
of resource availability, the allocation of resources to tasks
is handled as in Kubernetes, i.e., a task is assigned exclusive
ownership of the requested resources for its entire execution
duration. Each computing has a ComputingType which tags
a Computing and further a Node and can potentially be
used in routing, scheduling, or other algorithms. To create an
Edge Node, an instance of Node, i.e., either Satellite or
GroundStation, gets assigned an instance of Computing
tagged with ComputingType.Edge.

To simulate the available network connections with 100%
accuracy with respect to the node positions in the 3D Con-
tinuum, Stardust constructs a network graph that captures all
nodes and the physical connections between them. A direct
physical connection between two nodes, e.g., a cable, radio,
or laser link, is modeled by a link (ILink) between those
two nodes in the network graph. Depending on the type of
connection and other factors, such as distance, each link has



particular latency and bandwidth properties. Network routing
relies on these links and their properties. TRouter is the
abstraction for our dynamic routing mechanism, which may
use either pre-route calculations, e.g., for algorithms that
construct a routing table each step, or on-route calculations,
for direct node-to-node routing like A”.

To allow exploring the behavior of the 3D Continuum over
multiple hours within a reasonable timeframe, the speed at
which time progresses in the simulation is configurable. Within
the simulation, time passes in discrete steps, called simulation
steps. A simulation step can be configured to cover an arbitrary
amount of time in the simulation, depending on the required
granularity, e.g., one second, one minute, or five minutes.

Algorithm 1 Simulation Step Progression.

Input: ¢: datetime; N: nodes; P: plugins
for n € N do

n.CalculatePosition (t)
end for
for n € N do

n.UpdatelLinks ()
end for

> Optional/only for protocols with routing tables

for n € N do
: n.CalculateRoutingTable ()
10: end for

A o e

2 00

> Run the plugins on step end
11: for p € P do
12: p.PostSimulationStep ()
13: end for

At every simulation step, the state of the simulation is
refreshed, i.e., the node positions and the network graph are
updated. Algorithm 1 shows the high-level progression of a
simulation step.

1) Positions are calculated within the subclasses of Node.
Current implementations of Satellite and Ground-
Station handle their distinct movement: orbiting Earth
and points on Earth rotating around its axis. The resulting
positions are Earth-centric coordinates to get unified
positions.

2) After all unified node positions are calculated, the phys-
ical links between nodes are established to update the
network graph.

3) Using established links, a routing protocol can either
calculate routing tables (e.g., using Dijkstra’s algorithm)
for constant route lookup times or, alternatively, routes
can be calculated on-demand (e.g., a protocol using the
A" algorithm).

Steps 2 and 3 are central to the network simulation, as we

will discuss in the next subsection.

B. Dynamic Link Protocols and Routing Mechanism

Simulating network communication in the 3D Continuum
consists of two steps, which can be realized in various ways.
To enable experimentation with different algorithms, Stardust

relies on a dedicated abstraction to encapsulate the algorithm
of each step:

1) A link protocol determines which pairs of nodes have a
direct physical connection, such as a cable-, radio-, or
laser link (i.e., physical and data-link layers of the OSI
model). These are links in the network graph, each with
a bandwidth and latency.

2) A routing protocol finds a route through the network
graph for two nodes that want to communicate with
each other (i.e., routing on the network layer of the
OSI model). These are simple paths through the network
graph, with bandwidths and latencies determined by the
links along the path.

Currently, Stardust supports the following
protocols: mst (Minimum Spanning Tree),
mst_smart_loop, pst (Parallel Spanning Tree), pst_1loop,
and pst_smart_loop. A spanning tree ensures that the
network graph forms a single connected component. The
MST protocol runs Kruskal’s algorithm on a single core to
find the minimum spanning tree in the current constellation.
The pst protocol filters for links that are eligible to connect
and sorts links of satellites in parallel for pre-processing just
before building the spanning tree. The _loop suffix indicates
that nodes with few links also add loops to the closest other
nodes with few links. The smart_loop variant adds loops
to nodes with few links as well, but it attempts to find links
that are in the opposite direction (relative to links previously
established by the spanning tree) of existing links. The smart
loop variant chooses these additional links to approximate
a +Grid-like structure at those nodes. For each step, the
GroundSatelliteNearestProtocol establishes a link
from a ground station to its nearest satellite. Inter-satellite
and ground-satellite link protocols run in parallel.

Routing protocols operate based on the established links
and provide the latency of the shortest path through the built
network graph. Currently, there are two IRouter implemen-
tations: DijkstraRouter supports pre-route calculations, so
the step calculation includes the calculation of the routing
tables per node. The routing table gets filled using Dijkstra’s
algorithm. When routing information is requested, only a
simple routing table lookup is required to obtain the result.
AStarRouter does not support pre-routing calculations, as
it is a point-to-point path search algorithm. On a requested
route, an A" algorithm searches for the shortest path to the
target node or service.

link

mst_loop,

C. SimPlugin Extensibility

To enable experimentation with different orchestration al-
gorithms for the 3D Continuum, Stardust allows plugging
custom code into simulations as SimPlugins. A SimPlugin
is a lightweight mechanism to execute custom code at the
beginning and at the end of every simulation step. To this
end, a SimPlugin has full access to the simulation state, such as
node positions, resources, and the network graph. Additionally,
it can leverage simulator services to compute network routes
on demand and deploy (simulated) workloads on nodes.
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To deploy workloads in the simulation, there is the
IDeploymentOrchestrator interface. There can be any
number of such implementations registered to offer maximum
flexibility for deployment algorithms and workloads. The
implementation can access the simulation or other compo-
nents by dependency injection in the constructor. A resolver
delegates the requested workloads to the appropriate imple-
mentation that matches the workload requirements. Fig. 4
shows that a WorkflowSpecification consists of a list
of TaskSpecifications. Each TaskSpecification can
be configured with a max latency SLO, which, by default,
applies to the connection from the predecessor task. How-
ever, the SLO can also be configured to refer to a specific
service or node. Deploying a Workflow first resolves to the
WorkflowOrchestrator, which is responsible for handling
aWorkflowSpecification and scheduling each of its tasks.
For each TaskSpecification it finds the most suitable node
and deploys the task there using the TaskOrchestrator.

To create an additional orchestrator with new properties
and scheduling strategy, e.g., to schedule a workload di-
rectly at the uplink satellite of a ground station, only a
new class DirectUplinkOrchestrator implementing the
IDeploymentOrchestrator interface, which handles in-
stances of DirectUplinkSpecification with a Ground-
Station property, is needed. The new orchestrator has to be
registered as a singleton to the HostApplicationBuilder
of the hosting framework.

Listing 1 shows an outline of a simple workload scheduler
SimPlugin implementation. All plugins must implement the
SimPlugin interface, which provides handler methods for
executing actions at the beginning and at the end of every
simulation step. As a scheduler, the plugin must also imple-
ment the IDeploymentOrchestrator interface. Using
dependency injection, the program has access to simulator
services, such as the simulation state and simulation con-
trollers. The simulation state allows inspecting all aspects
of the simulation, e.g., the current node positions and the
network graph. The simulation controllers provide interfaces
to modify the simulation state, e.g., deploy a task on a
node. The SimpleScheduler performs most work in Post—
SimulationStep (), where it dequeues the next task to be
scheduled, then finds the most suitable node that fulfills the
task’s requirements, and, finally, deploys the task using the

task orchestrator service of the simulation.

public class SimpleScheduler
ISimPlugin, IDeploymentOrchestrator {
public SimpleScheduler (Simulation sim) {
// Store sim and do
// other initialization.

}

public void PreSimulationStep (
int stepIndex, DateTime simTime) {
// Do work before the next step at the
// specified simTime executes.

}

public void PostSimulationStep (
int stepIndex, DateTime simTime) {
TaskSpecification task =
this.DequeueNextTask () ;

if (task) {
// If there is a new task to be
// scheduled on this iteration,
// find a target node that satisfies
// the task’s requirements.

//

this.sim.TaskOrchestrator
.deploy (task, targetNode);

Listing 1: Simple Workload Scheduler Stardust SimPlugin.

V. EVALUATION & IMPLEMENTATION

In this section, we evaluate Stardust by integrating a simple
network SLO-aware scheduler for the 3D Continuum as a
SimPlugin and then conducting scalability experiments with
the simulator. All code required to run the experiments is part
of our open source repository?.

A. Implementation

Stardust is implemented in C# wusing the cross-
platform .NET 8 framework. The widely used
Microsoft.Extensions.Hosting library simplifies

the configuration and modularization of the application and
facilitates the realization of the SimPlugin extensibility
mechanism. Since each component is provided by
dependency injection, replacing one component with another
implementation only requires changing the hosting provider
configuration. This simplifies the process of switching
implementations and configurations of the simulation and all
components.

B. Experiment Design

To evaluate Stardust, we mainly focus on its scalability,
assessing its simulation performance and the performance of a
simple workload scheduler plugin. To this end, we implement

Zhttps://github.com/polaris-slo-cloud/stardust and https:/doi.org/10.5281/
zenodo. 15484629
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a simple scheduler SimPlugin that places serverless workloads
while fulfilling the resource requirements for every workload.

We use a serverless workflow that is based on our flood
disaster response use case from Section II. It consists of four
functions that are meant to be executed in sequence, each with
distinct resource requirements.

The experiments are grouped into three categories. A single
iteration of an experiment comprises 100 simulation steps,
with each simulation step covering one minute of simulated
time. These 100 minutes of simulated time are the period
required for all satellites to complete one orbit around Earth,
rounded up to the next multiple of 10. The used link protocol
in Stardust is pst_smart_loop, unless otherwise noted. The
three experiment categories are the following:

1) Simulator performance with respect to the infrastructure
size: We increase the total number of satellites for every
experiment iteration, starting with 250 satellites and going
up to 20k satellites, which is about three times the
current size of Starlink. The simulation runs without any
SimPlugins to focus fully on the simulator performance.
We measure the end-to-end runtime of every iteration
and the system resource usage. Additionally, we compare
Stardust’s end-to-end runtime with Celestial [22] and
StarryNet [23], two state-of-the-art LEO mega constel-
lation emulators.

2) Scheduling performance with respect to the infrastruc-
ture size: This experiment is the same as the first one,
except that we schedule one workflow instance with our
scheduler SimPlugin in every simulation step.

3) Scheduling performance with respect to the workload:
We use our scheduler SimPlugin to deploy an increasing
number of workflow instances per simulator step on a
LEO mega constellation consisting of 6,882 satellites. We
measure the scheduling time on each simulation step.

To set up realistic satellite orbits, we use TLE data on the
orbits of 6,882 Starlink® satellites obtained from CelesTrack?
on December 17, 2024. For iterations that require more satel-
lites, we duplicate existing satellites and offset their epoch,
such that each duplicate is on the same orbital plane and
altitude as the original satellite, but at a different position.
Since our focus is the satellites and since they require the
most computational effort, because their positions need to be
updated, we fix the number of ground stations (Clouds) to 85,
which are distributed roughly equally across the globe.

All experiments are run on an Ubuntu 24.04 LTS VM with
32 CPU cores and 48 GiB RAM. The underlying server is
running an Intel Xeon processor of the Skylake generation.

C. Experimental Results

1) Simulator performance with respect to the infrastructure
size: We execute the experiment with seven satellite constel-
lation sizes. The end-to-end execution time of an experiment
iteration consisting of 100 simulation steps is indicative of

3https://www.starlink.com
“https://celestrak.org/NORAD/elements/

TABLE I: Simulators End-to-end Results

Sat Count Stardust (sec) StarryNet (sec) Celestial (sec)
250 3 503.67 115
500 3 1400.33 126
1k 15 3457.67 163
2k 69 - 328
3k 162 - 673
6.8k 877 - -
13.8k 2995

20.6k 6464
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Fig. 5: Experiment End-to-End Runtimes for Total Satellite Counts.

the simulator’s performance, because it shows how well the
satellite position computations and network graph updates
scale. Using the end-to-end execution time is also necessary
to be able to compare Stardust to Celestial and StarryNet,
because the latter two precompute all satellite positions before
the simulation and launch a Firecracker microVM or a Docker
container, respectively, for every node. Additionally, they both
advance simulation time in real time. Thus, we configure
them to simulate 100 seconds instead of minutes to avoid
prolonging the end-to-end time artificially. Celestial allows
saving computational resources by suspending the microVMs
of all satellites that are currently outside of a bounding box.
We use Europe as the bounding box, like in the example
configuration supplied by Celestial

Fig. 5 compares the end-to-end experiment execution time
of the simulators; the detailed results are in Table I. Due to
the memory consumption of the microVMs, Celestial crashes
during the iteration with 6.8k satellites when run on a single
machine. StarryNet fails at the experiment with 2k satellites
on a single machine, because Docker is limited to attaching at
most 1,024 virtual Ethernet adapters to a network bridge. Thus,
Celestial executes only the iterations up to 3k satellites and
StarryNet up to 1k satellites. Since Stardust does not execute
any VMs or containers for the simulated nodes, it can handle
much larger scenarios. For better readability, Fig. 5 is split
after 2k satellites. Even for small scenarios, Stardust executes
experiments much faster than StarryNet. For 250, 500, and
1,000 satellites, Stardust takes 3, 3, and 15 seconds, respec-
tively. Celestial requires 115, 126, and 163 seconds, respec-
tively, whereas StarryNet needs 504, 1,400, and 3,457 seconds.
We observe that the Firecracker microVM setup and teardown
of Celestial is much faster than the respective Docker actions
of StarryNet, which may, however, be attributed to the fact that
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Fig. 6: Stardust Mean Execution Time for Single Simulation Step.

StarryNet sends each command through an SSH tunnel, while
Celestial uses its own protobuf protocol. Since Celestial and
StarryNet progress the simulation in real time, 100 seconds is
the lower bound for their end-to-end time. But due to state
precomputation and microVM/container setup/teardown, even
the rest of StarryNet’s execution time significantly exceeds
that of Stardust and also grows faster than Stardust’s. For
example, for 3k satellites Celestial needs 673 seconds in total,
while Stardust only needs 162 seconds. The difference cannot
only be attributed to microVM operations, because already
the precomputation of the simulation state takes Celestial
432 seconds for this iteration. This suggests that Stardust is
more efficient at computing the simulation state, e.g., Celestial
and StarryNet precompute the latencies between all pairs
of nodes. Stardust computes routes and latencies between a
particular pair of nodes only when requested by a SimPlugin.
Altogether, Stardust’s end-to-end experiment execution time
scales with log-linear complexity up to the largest experiment
with 20,646 total nodes.

Fig. 6 analyzes the mean execution time of a single simula-
tion step in Stardust, executing with the mst_smart_loop and
pst_smart_loop link protocols. Both scale quadratically,
with PST having a more gentle slope. For 20k total satellites,
a simulation step takes approximately 88 seconds with MST
and about 57 seconds with PST. The reason for PST not being
even faster is that only the sorting part of Kruskal’s algorithm
is parallelized, indicating an avenue to improvement in the
future.

Fig. 7 shows the mean resource usage of Stardust for 500
to 20k satellites. The mean CPU usage never exceeds 25%
and memory usage goes up to 170 MB for 20k satellites. The
resource usage for Celestial and StarryNet is not comparable,
because they execute microVMs or containers for nodes, e.g.,
the 6.8k satellites experiment failed with Celestial, because the
host’s 48 GB of RAM was exhausted. Stardust intentionally
does not execute nodes, hence, it can simulate much larger
constellations on a single machine.

Stardust’s resource usage in combination with the quasilin-
ear scalability of the end-to-end experiment runtime indicates
that it can scale to even larger constellation sizes on a single
machine. Thus, it is well suited for the upcoming expansions
of LEO mega constellations.

2) Scheduling performance with respect to the infrastruc-
ture size: In this experiment, we execute the same iterations
as for the previous one, but, additionally, we use our sched-
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Fig. 8: Scheduling Performance for 1 Workflow on Increasing Constellation
Sizes.

uler SimPlugin to deploy one instance of the flood disaster
response workflow, i.e., four functions, on every simulation
step. We execute the experiment with both link protocols,
i.e., mst_smart_loop and pst_smart_loop. Since Celestial
does not support plugins and StarryNet’s node model does not
account for compute resources, we run this experiment only
with Stardust.

The goal of Stardust’s SimPlugins is to provide a
lightweight mechanism for integrating custom code into the
simulation, such as an orchestration or scheduling algorithm
that should be validated. Celestial provides no plugin mecha-
nism to extend the simulation, but it offers a REST API that
is accessible from within each microVM. This API allows
querying network route information between two nodes and
provides rudimentary information about the nodes. However,
there is no way to query a node’s resources and location or to
deploy a workload in the 3D Continuum — this would require
installing a full-fledged orchestrator, such as Kubernetes, in
the scenario. StarryNet can be used as a library in a Python
script to design and run a custom scenario. However, its API is
limited, e.g., its node model has no concept of computational
resources, which makes it difficult to write orchestration algo-
rithms. Stardust’s SimPlugins are a lightweight mechanism for
executing custom algorithms directly as part of the simulation.
SimPlugins have full access to the entire simulation state,
which includes the compute resources on nodes and loca-
tions, and provides APIs to query network routes and deploy
simulated workloads on the nodes. This enables SimPlugins
to be used for evaluating orchestration algorithms without
using a full-fledged orchestrator, like Kubernetes, which would
introduce additional restrictions to the simulation.

Fig. 8 illustrates the mean duration of scheduling one
workflow instance for various satellite constellation sizes.
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This shows that the performance of the simulator state and
deployment APIs scales almost linearly with the infrastructure
size and does not cause a bottleneck for SimPlugins.

3) Scheduling performance with respect to the workload:
In the third experiment, we evaluate the speed and scalability
of workload deployment operations in a Stardust SimPlugin.
The number of satellites is fixed to 6,882, i.e., the size of the
Starlink constellation on December 17, 2024. The simulation
consists of 100 steps; in every step we schedule a fixed number
of flood disaster response workflow instances. We perform
three iterations, with 1, 10, and 100 scheduled workflow
instances (four functions per instance) per simulation step. As
for the previous experiment, due to the restrictions of Celestial
and StarryNet, we run this experiment only with Stardust.

Fig. 9 shows the mean execution times of the scheduler Sim-
Plugin. The time scales linearly from 33 ms when scheduling
a single workflow instance per simulation step to 736 ms when
scheduling 100 workflow instances per step. This shows that
the simulator state API does not present any bottleneck and
that it is suitable for validating 3D Continuum orchestration
algorithms.

Table II provides a summarizing overview of all experiment
results.

VI. CONCLUSION

In this paper, we have presented Stardust, a scalable and
extensible simulator for the 3D Continuum. Stardust aims to
provide a platform for evaluating new orchestration algorithms
for the 3D Continuum on a single machine. To this end,
Stardust simulates all nodes of the 3D Continuum, including
the orbital movement of satellites, maintains a network graph,
and allows progressing simulated time at a configurable pace
for short-term or long-term simulations. Stardust intentionally
does not emulate the execution of workloads to allow simu-
lating mega constellations up to three times the current size
of Starlink, as shown in our experiments.

In the near future, we intend to implement approximation
of perturbed orbits and introduce emulator capabilities to
Stardust to allow it to execute workloads using even more
realistic network routes, including QoS-based routing, in the
3D Continuum. Users will be able to select whether Stardust
should operate in simulator mode or emulator mode. We plan

TABLE II: Stardust Experiment Results

Sat/Workload Algo Step (ms) Sched (ms) CPU (%) RAM (MB)
Count
Simulator Performance
250 MST 13.51 - 7.19 143.41
250 PST 15.86 - 21.21 133.73
3,023 MST 2,056.38 - 8.92 152.38
3,023 PST 1,505.36 - 15.00 161.45
20,646 MST  88,330.54 - 9.05 166.40
20,646 PST 56,710.87 - 16.38 169.02
Scheduling Performance
250 MST 25.88 1.23 10.53 141.92
250 PST 24.66 1.53 10.76 137.49
3,023 MST 2,194.02 13.54 9.98 160.40
3,023 PST 1,605.45 13.09 14.96 160.15
20,646 MST  87,905.50 144.44 9.35 184.88
20,646 PST 57,598.34 137.31 16.47 165.52
Scheduling Workload Scalability

1 MST  10,598.31 30.78 9.76 167.36
1 PST 8,457.07 33.17 14.24 165.96
10 MST 10,716.2 29.41 9.58 166.25
10 PST 38,599.87 736.19 23.77 167.21
100 MST  42,901.99 757.21 21.49 168.30
100 PST 38,599.87 736.19 21.49 168.57

to introduce a lightweight emulator mode using containers
and an orchestrated emulator mode, where Kubernetes can
be used in the 3D Continuum. Our aim is to employ sparse
execution of containers, i.e., only execute containers for nodes
that have been assigned a workload, to maintain the scalability
of Stardust. A distributed operation mode across multiple
machines, in combination with sparse container execution, will
continue to allow experiments with the growing LEO mega
constellations of the future.
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