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Abstract—The Computing Continuum (CC) is increasingly
employed because it enhances Quality of Service (QoS). Likewise,
the relevance of Space Computing is rising thanks to the
reinforcement it provides to terrestrial infrastructures against
catastrophes. Even if the expansion of the CC paradigm with new
layers placed within satellites or further celestial bodies seems
like a natural evolution, it certainly does not lack challenges.
In fact, adding non-terrestrial layers to the CC could not only
imply a significant increase in deployment costs but also make
it harder to ensure certain QoS requirements. Therefore, to
ensure the viability of mixed earth-space CC infrastructures,
the development of new tools for evaluating these architectures
a priori remains essential, given the enormous expenditure that
an entire deployment on a real infrastructure would entail. To
accomplish this goal, this paper presents ESC (Emulator for the
Spatial Continuum): an emulation tool that enables the design
and evaluation of software behavior in these mixed architectures
while avoiding the costs associated with real deployments.

Index Terms—Computing Continuum, Space Computing, Mi-
croservices, Emulation

I. INTRODUCTION

Nowadays, the use of distributed applications across the
Computing Continuum (CC) has been increasing [1], lever-
aging its different layers to minimize total computing load
and improve Quality of Service (QoS). Despite these benefits
bestowed by the CC, terrestrial infrastructures responsible for
its implementation can be affected by adverse environmental
conditions, such as earthquakes or hurricanes [2]. The Spatial
CC (SCC) paradigm emerged in response, among other factors,
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to these traditional (terrestrial) CC limitations [3]. The SCC
allows the distribution of computing resources beyond Earth
to decentralize processes and reduce dependence on terrestrial
systems. SCC thus expands the CC by adding layers in which
devices deployed to space, such as Low Earth Orbit (LEO)
satellites or servers established on other celestial bodies, can
also be used for computing. Public interest in this matter is
rising, with corporations such as Starlink operating around
9,400 LEO satellites [4]. Consequently, other companies ded-
icated to the SCC are emerging, such as FOSSA Systems and
Sateliot [5], aiming to apply the Internet of Things (IoT) across
space.

SCC is laid out as a distributed infrastructure, in which
many independent computing elements are arranged over a
network and coordinate with one another to perform one
or more tasks and achieve a goal. To make full use of
this distributed infrastructure, it is necessary to leverage a
software architecture that supports a distributed deployment.
Microservice Architecture (MSA) is a preferred approach for
distributed applications because it enables the partitioning of
software into modules called microservices [6]. MSA-based
applications can distribute their workload across multiple
devices. Microservices can be deployed independently on
different machines, while they can be composed to commu-
nicate over the network to perform larger tasks. In contrast,
traditional monolithic applications can be deployed on a single
machine, whereas MSA-based applications can distribute their
workload across multiple devices. Therefore, MSA is an ideal
architecture for applications running in the SCC.
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Fig. 1. Operation of the transmission window in an example SCC scenario.

The software architecture is not the only relevant aspect for
SCC applications. QoS remains essential for deploying IoT
in intensive domains, such as industry or medicine, where
requirements are highly stringent [7], [8]. This means the
coordination of tasks within SCC for these contexts must
be highly effective, which may require several rehearsals.
There is thus a need to test the performance and validity of
every microservice, since the cost of deploying and updating
a microservice on LEO satellites is very high, and the po-
tential costs if the satellite lacks the resources to execute the
microservice correctly are significant. Thus, it is necessary
for a system that allows developers to test the validity and
QoS of their application without incurring the high monetary
cost and time consumption of direct testing on a real SCC
infrastructure.

This paper presents ESC: Emulator for the Spatial Con-
tinuum, an emulator capable of deploying a virtual SCC
infrastructure running a real MSA-based application. ESC
allows for the emulation of devices in layers that are outside
of planet Earth, where both LEO satellites and other celestial
bodies could be included. The fundamental aspect of ESC
is providing support to developers by reducing the cost of
testing the validity and QoS of their applications in the SCC,
compared to deploying real devices in space and microservices
for them. The main contribution of ESC is its orientation
towards MSA, which, as far as we know, makes it the first
emulator to support Spatial MSA.

The rest of the article is organized as follows: Section II
details the fundamental model of the SCC on which ESC is
based. Section III motivates the proposal through a related use
case. Section I'V describes the behavior and elements that make
up the architecture, as well as the remaining open challenges
to be addressed by the emulator. Finally, Section V concludes

the paper and addresses some future work.

II. SYSTEM MODEL

Because of the variability in these communications both in
space and between space and Earth [9], [10], bandwidth and
latency are inversely and directly proportional, respectively,
to the current distance between nodes, with these changes
accentuating as they draw near. Traditionally, the terrestrial CC
has a mostly static infrastructure, with small to no variability
in the position, availability and properties of nodes and links.
In contrast, SCC proposes a different schema in which, albeit
the terrestrial part is static, every link regarding spatial nodes
is variable and volatile.

To understand the model employed for ESC emulation, it
is necessary to detail three crucial concepts that cause the
variability and volatility: the infrastructure of ground stations,
the earth-satellite connection, and the links between satellites.
The remainder of this section details each of these aspects and
how ESC manages them.

The first concept in the ESC model is the ground station.
Ground stations are nodes in terrestrial infrastructure that can
communicate wirelessly with spatial layers. These stations are
generally connected to the Internet as shown in Figure 1,
since managed requests are often received remotely. There can
be one or more ground stations per area, depending on the
area’s circumstances and the network topology. As network
nodes, they can communicate with each other via routers and
satellites.

The latter connections, between terrestrial and spatial in-
frastructures, are performed between a ground station and a
nearby satellite, and follow the transmission window model.
The transmission window between a satellite and a ground
station is the portion of the satellite’s orbit during which the
satellite is within the Line of Sight (LoS) of the ground station.



For example, Figure 1 shows SatA within the transmission
window of the station while SatB and SatC have not reached
it yet. Furthermore, for a satellite to be within LoS of a ground
station, it must keep an elevation angle within an acceptable
threshold and be within a minimum distance of the ground
station [10]. According to the transmission window model, a
ground station and a satellite can only be considered to be
connected, and thus able to transmit information, when the
satellite is in its transmission window.

Before going into detail on satellite technology, another
concept that is worth clarifying regarding the recommended
model for ESC is the behavior induced by MSA. Adopting
this variety of architectures eases understanding of some
ordinary uses of SCC; moreover, it is also influenced by
this variability and volatility. For this reason, the composition
of these microservices in ESC is managed using workflows.
Workflows are pipelines of consecutive microservices, that is,
each microservice sends its output as input for the next in
line. At the end of the pipeline, the last microservice can send
the results of the full workflow execution to the device that
requested it.

Furthermore, satellites are not always within LoS of a
ground station throughout a workflow due to orbital dynamics:
other satellites can reach the same position in LoS over time,
and there may be periods when no satellites are in LoS
with this station. To mitigate the issues arising from this
problem and make use of the capabilities provided by spatial
laser communications, LEO satellites can have Inter-Satellite
Links (ISLs) at their disposal to complete these workflows
successfully. ISLs consist of direct wireless links to other
satellites at close range, so they are not always available, sim-
ilar to LoS with stations. For example, in Figure 1, SatA can
only contact SatC through SatB because of their arrangement.
ISL technology enables satellites to communicate with other
satellites nearby to exchange information when it is required,
and hence, allows them to reach a satellite that is currently in
LoS to continue or finish the workflow.

Figure 1 illustrates an example outlining these concepts.
This scenario has a mobile phone acting as User Equipment
connected to a ground station that is co-located with an edge
server. This edge server is connected to the internet and, as a
result, has access to the cloud. The ground station can connect
to LEO satellites, with SatA being the only one in LoS. As
shown, the connection between the phone and the station is
stable, as well as through the edge and the cloud. Links among
satellites and transmission windows are inherently volatile.
It can be observed that the link between the phone and the
edge station has a lower latency than the link reaching the
cloud, although it has less bandwidth. ISLs have much better
bandwidth and latency, on the other hand. However, these
values are significantly worse within the transmission window
for various reasons, e.g., the distance the information must
traverse. Therefore, if a workflow in this scenario requires
offloading computation to a satellite, SatA could transmit
information to SatB via ISL if SatA leaves the transmission
window, since SatB will eventually reach SatA’s location.

Although terrestrial and spatial infrastructures can operate
independently, there are benefits to combining their respective
advantages. Stability from terrestrial networks, along with the
greater coverage and independence from Earth enabled by
spatial networks, are some crucial features this fusion allows.
Some places around the world that are isolated from global
infrastructure can reach it via a satellite network if they own
a ground station, e.g., Antarctica.

To enable the deployment of MSA-based applications in
these architectures, satellite nodes must also execute microser-
vices. Some satellites are equipped to perform computational
operations in addition to their communication capabilities. At
the same time, they remain isolated devices in outer space with
rechargeable solar batteries that must be periodically turned
off, unlike standard servers. This restriction affects their avail-
ability, meaning that there may be cases where transmission
when in LoS with a station is not possible. Furthermore, it is
really difficult for them to undergo maintenance if they become
damaged. Because they are more limited, they do not perform
well with some demanding microservices. Therefore, to reach
complete SCC it is preferable to distribute computing tasks
between space and Earth, and not rely solely on one kind.

III. MOTIVATIONS

To illustrate the need for ESC, this section presents a moti-
vational use case on Earth observation for disaster monitoring.
This use case is based on the analysis by Haloho et al. [11] on
the use of LEO satellites across various aspects of monitoring
and data analysis. It is noteworthy that the use of ESC is not
limited to this specific use case.

This Earth monitoring use case aims to monitor different
areas to detect fires and ensure a prompt response. This can
be done by analyzing sensor data and satellite images [11].
This application provides two main benefits: on the one hand,
if the fire is addressed soon after it starts, it is easier to control
and prevent its spread. On the other hand, quick reaction can
also minimize the destructive effects of the fire in the affected
area. Hence, it is necessary to leverage an infrastructure that
can provide short response times, minimizing the time between
detecting a possible fire and notifying the relevant services.

Initially, the CC may seem like an appropriate infrastruc-
ture. The CC can provide low latency for the fire detection
applications if its microservices are adequately distributed.
However, the CC can only provide service to areas with a
stable Internet connection, such as urban areas. This does not
cover rural areas, which are not only affected by fire, but the
effects of such disasters are disproportionately more impactful
in them [12]. To cover these areas, the traditional CC can
be expanded to an SCC infrastructure, with LEO satellites
providing coverage to these rural areas.

To leverage the SCC, the QoS the application obtains is
important for ensuring a prompt response. This affects, on the
one hand, the types of satellites used: more powerful satellites
can lead to shorter response times by reducing execution time,
but can also be more costly. The number of satellites and
their network connections are also key: if a satellite detects



a fire but can only communicate with the ground every 12
hours, the response time is significantly increased. As satellite
connections are intermittent by design, the microservices must
be prepared to handle possible disconnections and partial
data. The distribution of microservices between satellites and
ground devices is also important for the QoS achieved. Finally,
the cost of updating software on satellites can be high; hence,
ensuring the correctness of the microservices deployed to
satellites is also important.

Traditionally, these aspects are evaluated in a real SCC
infrastructure, either by renting an existing LEO satellite
constellation and ground CC, which represents a high eco-
nomic cost, or by deploying a new constellation, which is
even more costly. In the CC, this issue was solved by using
emulators, which allow testing applications and their QoS with
a fraction of the economic cost of a real infrastructure [13].
These emulators, however, do not support LEO satellites. ESC
addresses this need by offering a complete SCC emulator,
bridging the gap between ground and space infrastructure.

IV. ESC: EMULATOR FOR THE SPATIAL CONTINUUM

This section describes, firstly, ESC’s architecture and how
it allows replicating real SCC systems and, secondly, the main
challenges associated with the development of the emulation
tool.

A. ESC Architecture

There is a dichotomy regarding how to imitate a sys-
tem’s functioning [3]: through simulation, that is, skipping
implementation details to simplify the execution procedure;
or through emulation, which replicates operating procedures
in both hardware and software. This last alternative prioritizes
accuracy but often leads to worse performance due to the
added complexity. The approach chosen by ESC prefers pre-
cise outcomes (emulation), providing an emulated environment
which allows the execution of real code.

ESC is proposed as an extension of CCSIM [13], a CC
emulation framework that provides a stable basis, as well as al-
ready being compatible with most of the planned architecture.
This way, CCSIM users can easily transfer their architectures
to ESC, including new layers and different kinds of spatial
devices to their systems.

ESC employs Kathard [14] to deploy the virtual archi-
tecture, defining a network composed of custom containers
to ensure each component’s features remain the same as in
the physical twin. Since Docker containers comprise elements
from the scenario, both software and hardware perspectives,
and consider each device’s CPU cores and RAM, the system
can be considered a precise emulation.

The workflow employed by ESC’s architecture is illustrated
by Figure 2. Firstly, the scenario configuration is retrieved
from a file that specifies information on microservices, devices,
network topologies, ground stations, transmission windows,
and the orbital dynamics of the considered satellites. This input
file is then processed by the Config Parser component, which
extracts applicable configurations for ESC from its contents.

Those configurations include containers to be deployed for
the scenario, virtual networks among nodes, and instructions
requiring coordination to maintain consistency across nodes in
orbit. Once the configuration has been obtained, the scenario
is deployed via the Terraform Deployer component within a
virtualized environment on a remote machine, where execution
is maintained for the specified duration. In the meantime, the
Data Collector stores the container log files along with various
QoS metrics for the scenario so that the deployment can
be objectively evaluated. This last step is crucial because of
its many applications, from testing microservice orchestration
strategies for these environments to simply measuring the
capacity that a specific infrastructure can provide.

As shown in Figure 3, the same procedure as CCSIM is em-
ployed for terrestrial topologies inside the carried emulation.
This means that a new container is generated for each separate
IoT device or router that participates in the transmission, and
for each deployed microservice, an additional container is
added to ensure compatibility with Docker images. Nonethe-
less, spatial nodes present a series of singularities that must be
considered to ensure proper behavior for ESC because of their
constant movement across their respective orbits. Therefore,
an orchestrator has been attached to the architecture, being
in charge of managing corresponding links depending on the
location of the devices, turning on when they are in line of
sight and being turned off when they are no longer in reach.
The orchestrator is also responsible for managing all spatial
links over time to ensure accurate latency and bandwidth.

To address the orchestrator’s management, it is planned to
preprocess trajectories for every satellite in the network before
execution, obtained from official data on existing constella-
tions. This way, positions and changes can be estimated in
advance for each experiment to determine the modifications
the orchestrator must command, and the results can be saved
to skip this step in subsequent experiments with the same
scenario.

B. Open challenges for ESC

There are many pending challenges to ensure ESC’s proper
development and expansion, summarized in Table I along with
some seemingly feasible answers for them.

V. CONCLUSIONS AND FUTURE WORKS

The SCC paradigm promises improved QoS and greater
resilience against catastrophic events through its inherent com-
munication characteristics. However, the deployment of these
systems proves very costly, which is especially problematic
for testing and retrieving QoS data. This work proposes ESC
to cover these needs, providing an emulation tool to allow
developers to evaluate microservice orchestration within mixed
earth-space CC systems, without incurring in expenses from
deploying in the real system.

Regarding future works, it is expected to extend the emula-
tor to include Kubernetes compatibility. This would facilitate
microservice replication and enable advanced network man-
agement functions to test scenarios that prioritize robustness
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MAIN CHALLENGES FOR ESC ALONG WITH SOME PROMISING SOLUTIONS

TABLE I

Title

Description

Possible solutions

Management of
data sources for
the physical twin

Addition of phys-
ical satellite prop-
erties

Satellite hardware
emulation

Required  information
from satellites and the
uploading method must
be determined, with the
update frequency as
well.

Addition of physical
properties, like energy
consumption or solar
batteries state.

Emulation of hardware
sensors, such as image
recording or tempera-
ture registries.

Study of satellite query
functions, search for an
approximation of fre-
quency that allows bal-
ance between likelihood
and complexity.

Queries upon battery
physical registries based
on elapsed time to ap-
proximate.

Temporary employment
of synthetic data, use of
a predictor trained from
the physical twin.

against system failures. Another expected future work is the
adjustment of bandwidth and latency based on the simulated
distance between satellite nodes according to orbital dynamics
to improve the accuracy of the results provided. Finally, there
are plans for extending ESC through plug-ins that provide a
solution to the presented open challenges.
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