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—— Abstract

The increasing complexity of CubeSat missions necessitates mission control software that is both

efficient and user-friendly. This paper describes the design and implementation of a multi-mission
CubeSat user interface for the SAGE Mission, a student-led CubeSat program. The system includes
a web-based interface that provides telemetry visualisation, automated job scheduling, and real-time
monitoring. Its architecture is designed to be modular, scalable, and accessible, allowing integration
with multiple ground stations and support for various mission configurations. Input from stakeholders
played a crucial role in shaping the interface through user evaluations, expert feedback, and digital
twin simulations. Our findings highlight the significance of user-centred design in space mission
software, particularly in educational and resource-constrained settings. The CubeSat SAGE mission
control software enhances the accessibility of multi-mission operations and offers valuable insights
into the future of space system interfaces.
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1 Introduction & Motivation

CubeSats have revolutionised space access through their compact size and cost-effectiveness,
enabling broader participation in space exploration [18]. However, managing multiple
CubeSat missions introduces coordination and resource management challenges [9]. An
efficient mission control software (MCS) with a well-designed user interface (UI) is essential
for mission success.

Effective mission control software must provide robust technical functionality and ensure
usability, trust, and efficiency in high-stakes environments. The SAGE mission, a student-led
CubeSat mission, incorporates those design principles that enhance operator interaction,
automate routine tasks, and mitigate cognitive load, ultimately improving mission efficiency
and reliability.

This paper presents the design and implementation of a multi-mission CubeSat control
software for the SAGE mission. The project addresses challenges in student-led missions,
including high team turnover and limited experience compared to commercial operations.

SAGE is a 3-Unit (3U) CubeSat developed by ARIS. CubeSats are nanosatellites with
basic units of 10 x 10 x 10 c¢m, serving as low-cost alternatives to larger spacecraft [18]. One
unit houses a biological payload, while the remaining two accommodate spacecraft systems.
The mission objectives include providing an educational satellite platform in space, studying
human cell ageing in microgravity, operating an amateur radio and custom GNSS equipment,
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Figure 1 The multi-mission CubeSat control software for the SAGE mission in use.

and testing a custom RISC-V ASIC developed at the Integrated Systems Laboratory at
ETH Zurich. The mission will be launched into a sun-synchronous Low Earth Orbit by a

U.S.-based launch provider in 2026. The following teams are contributing to mission success
and were involved in the design of the SAGE MCS:
Thermal Control and Structures (TC-STR): Ensures the CubeSat can withstand
launch and space conditions, provides mounting for other subsystems, and maintains
satellite temperature within operating limits.
Biological Payload (PAY): Investigates human cell ageing by hosting the first human
cell culture in space.
Electrical Power System (EPS): Generates, stores, and provides power using solar
panels, a battery pack, and a power distribution module.
Communication System (COM): Enables data reception, command transmission,
and health status monitoring.
Attitude Determination and Control System (ADCS): Assesses, monitors, and
adjusts the satellite’s attitude using sensors, actuators, and state estimation software.
On-Board Computer (OBC): Manages and processes tasks across subsystems, ensures
satellite health, and provides local data storage.
Mission Operations (MOPS): Operates the satellite from a Mission Operations Center
in Zurich, including orbit determination, health monitoring, conducting experiments, and
addressing anomalies.
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CubeSat operations are divided into data retrieval and job scheduling, ensuring mission
objectives are met. Data retrieval involves acquiring telemetry and payload data from the
satellite. Raw data packets are received via ground station antennas, decoded, processed,
and stored in a central database for analysis. Data integrity and redundancy are crucial for
anomaly detection and mission performance assessment.

Job scheduling pertains to defining, verifying, and executing commands to control satellite

operations. Users define jobs via a Ul, which is then verified using a digital twin simulation.

Verified jobs are uplinked to the CubeSat and executed at the scheduled time, with each
step logged for traceability and troubleshooting.

2 Related Work

The development and maintenance of operations centres for satellite missions have been
the subject of past research. Traditional satellite operations centres are often designed for
single missions and may not provide an efficient foundation for managing multiple concurrent
(CubeSat) satellite missions. This has led to a shift towards the adoption of multi-mission
software solutions in recent years.

To support the simultaneous management of multiple satellite missions, the concept of
a Multi-Mission Operations Centre (MMOC) has been introduced. In collaboration with
European national space agencies, the European Space Agency (ESA) developed the European
Ground Systems Common Core (EGS-CC)!, providing a shared infrastructure to facilitate
the implementation of different missions [15, 2]. Similarly, NASA’s Multi-Mission Operations
Center (MMOC)? and the Advanced Multi-Mission Operations Service (AMMOS)? offer

frameworks that enable the efficient operation of multiple missions using shared resources [9].

CubeSat missions present special operational requirements due to their inherent resource
limitations and relatively short mission lifespans [10]. Traditionally, space missions have
focused on the development of high-cost, large-scale satellites, but there has been a growing
trend towards smaller satellite systems. CubeSats, particularly, have gained popularity among
educational institutions, space agencies, and industry stakeholders due to their versatility
and rapid development cycles [1].

At SpaceCHI, although not the core focus, related aspects of crew autonomy and space
system development have been discussed in previous editions of the conference. Already in
2007, Huang et al. [5] explored the use of large interactive displays for workgroup collaboration,
noting that while many systems have been tested in labs, they face challenges when deployed
in real-world settings. Their study examines the adoption of NASA MERBoards during
the Mars Exploration Rover missions, identifying deployment challenges external to the
system design, and discusses how these issues apply to the broader use of shared ubiquitous
computing technologies. More recently, Zheng et al. [21] emphasise the growing need for
crew autonomy during long-duration missions, particularly in mission planning, due to the
communication delays inherent in deep-space exploration. They propose a mixed-initiative
approach where a computer assists in managing complex tasks like constraint handling while
still allowing astronauts to retain control. The Playbook tool, designed for this purpose,
addresses these challenges with its innovative scheduling capabilities, supporting autonomous
crew planning.

! http://www.egscc.esa.int/

2 https://www.nasa.gov/mmoc/
3 https://ammos.nasa.gov/
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Similarly, Nilsson et al. [13] critique traditional analogue environments for space system
development, highlighting their high costs and limited participation. To counter these
limitations, they are developing a mixed-reality testbed that combines physical mockups
with digital extensions. This more accessible and cost-effective approach aims to facilitate
participatory design and rapid prototyping, ensuring that the diverse future users of space
systems can contribute to their development.

Building on these concepts of autonomy and more flexible and modular system design,
Karasinski [6] stresses the necessity of enhanced crew autonomy in future space missions due
to significant transmission delays and reduced bandwidth. They advocate for technologies
that improve situational awareness (SA) for both astronauts and remote mission control.
Their paper outlines a usability study on integrated timeline tools, which aim to predict and
resolve potential mission constraints, ultimately supporting more successful and autonomous
space missions.

Heinicke et al. [4] advocate for an even broader perspective that views inclusion not
merely as a gesture of diversity but as a means to improve mission outcomes. They propose
that space agencies should integrate individuals with various disabilities into the design and
planning processes of space missions, thereby fostering innovation and resilience in space
exploration.

While distinct in their approaches, these contributions underscore the importance of
integrating autonomy, modular design, and innovative design methods to address the unique
challenges of future space missions as we aim to reflect with our new UI for the CubeSat
mission.

The design of Uls plays a crucial role in satellite mission operations, enhancing operator
efficiency and minimising errors. Effective Ul design requires the involvement of domain
experts in the decision-making process [19]. NASA’s Open Mission Control Technologies
(OpenMCT)?* is an open-source initiative aimed at providing customisable and extensible
mission control Uls [3].

Dashboard design and data visualisation are critical for monitoring satellite operations
effectively. Well-designed dashboards consolidate data from various sources, offering a
comprehensive view of multiple mission statuses and improving decision-making and historical
analysis [7]. The choice of visualisation techniques significantly influences the clarity and
interpretability of complex data, ensuring that operators can extract meaningful insights [14].
Research highlights the importance of real-time data visualisation in operational contexts,
aiding in the rapid analysis of evolving scenarios [17].

A crucial aspect of dashboard design is the integration of data from multiple sources
to enhance situational awareness and historical analysis [7]. Selecting appropriate data
visualisation methods ensures that complex information is presented in an accessible manner,
allowing operators to identify critical insights swiftly [14]. User-centric design principles
further enhance dashboard usability by prioritising intuitive layouts and ensuring the timely
accessibility of relevant data [11]. Engaging stakeholders throughout the design process
helps tailor dashboard features to specific operational requirements, leading to improved user
adoption [20].

To maximise effectiveness, dashboards should incorporate key performance indicators
(KPIs) relevant to mission operations, facilitating real-time monitoring and control [14]. The
inclusion of feedback mechanisms allows continuous improvement based on user experiences

4 https://nasa.github.io/openmct/
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Figure 2 Example Dashboard for the multi-mission CubeSat control software for the SAGE
mission.

and operational outcomes [8]. However, challenges such as data overload and the need
for ongoing operator training must be considered to optimise dashboard utility and ensure
long-term usability.

Despite advancements in multi-mission control software, CubeSat operations, and Ul
design, existing solutions often lack the simplicity and accessibility required for effective multi-
mission CubeSat operations centres. Many systems do not provide integrated, user-friendly
dashboards that balance flexibility, customisation, and intuitive design. Non-configurable
mission control software that is tightly coupled to a specific mission or mission type leads to
additional development overhead that does not align with the rapid development cycles of
CubeSat missions. This research aims to address this gap by developing dashboards that are
easy to implement and operate, guided by user-centred design principles and informed by
operator feedback through user interviews.

3 User Interface Design

Therefore, designing an effective Ul for mission control software requires balancing usability,
cognitive load reduction, and adaptability to diverse operational roles. As stated in the
previous section, related research highlights the importance of usability in such interfaces [12]
to facilitate intuitive interaction. Building on the related work, the UT of the SAGE MCS
was developed to ensure efficient data visualisation, seamless navigation, and adaptability to
mission needs. This section outlines the Ul architecture, key design principles, and findings
from our iterative evaluation process.

3.1 Concept and Modular Design

The SAGE MCS UI is structured into three primary modules: theme, page structure, and
views. This modular approach enables parallel development, ensuring that modifications to
one component do not impact others. The initial design considerations focused on visual
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SpaceCHI 2025



2:6

A. Benz, S. Oes and J. Schoning

ac: e i
=y : HK_TC_TSS_TEMP_

SAGE CubeSat 108 scHEDULER ndrnd SAGE CubeSat

Mon, 24 Mar 2025 09:09:01 GMT 267 days 09 hrs 09 min 01 sec MET - | pon 7 Mon24Mar202509:08:13 GMT 287 days 09 hrs 08 min 13 sec MET

HK_COM_STNGS_MCU_TEMP_MAX

HK_PAY_MISSION_MODE HK_PAY_MISSION_STATE
PR £ @O

HK_PAY_12V_REGULATOR_VOLTAGE

Figure 3 Alternative Dashboard Configurations for the multi-mission CubeSat control software
for the SAGE mission.

clarity, consistency, and responsiveness to support operators in high-stress mission scenarios.
Key principles included using visual cues to distinguish interactive elements, maintaining
consistency in icons, colours, and layout to facilitate learning and reduce errors, and providing
immediate feedback through hover effects and visual confirmations to enhance user confidence.
Additionally, minimising cognitive load was a priority to enable users to concentrate on
mission-critical tasks rather than interface navigation.

The SAGE MCS UI is structured around a modular dashboard layout that enables
users to tailor their views based on specific operational roles. This approach ensures that
mission-critical data is presented in a clear and accessible manner while allowing for flexibility
in adapting to different user needs. Figure 2 shows an example of the dashboard used in the
multi-mission CubeSat control software. Figure 3 shows alternative configurations of the

dashboard.

The dashboard incorporates several key controls essential for mission operations. A
Zulu Time display provides real-time system time for synchronisation across mission teams.
Alongside this, a Mission Time counter tracks the elapsed duration of the mission, ensuring
precise timing for operational procedures. To facilitate rapid access to telemetry data,
the dashboard includes a Sensor Search function, enabling users to locate specific sensor
readings efficiently. Additionally, the Profile Selection feature allows users to switch between
predefined or customised dashboard profiles, ensuring that the displayed information aligns
with their specific tasks and responsibilities.

The system supports configurable dashboards that can be dynamically adjusted to match
operational requirements. Each dashboard is based on modular cards, which serve as the
primary means of visualising mission data. Users can select from predefined profiles or create
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custom configurations that reflect their individual workflows. This flexibility ensures that
mission operators can focus on the most relevant information without being overwhelmed by
extraneous data.

A diverse set of cards is available within the dashboard, each designed to support different
types of data representation. Static cards provide essential reference materials, including
textual descriptions, images, and quick-access links to external resources. Data cards offer
a more interactive means of presenting mission telemetry, utilising charts, tables, maps,
and real-time visualisations to display evolving sensor data. In addition, mission-specific
cards cater to the unique requirements of space operations, featuring tools such as 3D
satellite models, actuator state visualisations, system alerts, and sensor imagery. These
elements collectively contribute to a comprehensive and adaptable interface supporting
routine monitoring and critical decision-making.

To ensure consistency, usability, and accessibility across various devices, the Ul adheres
to Material Design principles [16]. This design framework provides a structured approach to
visual hierarchy, interaction patterns, and responsive layouts, allowing for seamless operation
across different screen sizes and platforms.

4 Evaluation

An iterative evaluation process was conducted to ensure that the design met operational
requirements, involving key stakeholders throughout the development cycle. This approach
ensured continuous feedback, enabling the refinement of system functionalities to better
support mission operations.

4.1 Initial Stakeholder Discussions

The development process commenced with structured meetings involving representatives from
the Mission Operations (MOPS), Payload (PAY), and On-Board Computer (OBC) teams.
These discussions provided an initial overview of the system’s objectives and constraints.
Following a collaborative session, the fundamental architectural decisions were established:
the software would be web-based, hosted externally, and structured around a REST API to
ensure scalability and interoperability. This architecture was selected to support seamless
data exchange between subsystems while maintaining a user-friendly interface for mission
operators.

4.2 User Story Development

Each subteam was tasked with defining user stories to ensure that the system aligned
with mission needs. These user stories captured the specific requirements of operators and
engineers, detailing the interactions necessary to monitor and control mission parameters
effectively. The user stories were compiled into a structured document, serving as a reference
for feature prioritisation. The document queries users for specific information related to each
interaction with the system. This provides the development team with a clear understanding
of which system components are involved in a given interaction, which parameters are passed,
and what return values and post-conditions are expected. On top of functional requirements,
the user stories provided non-functional stakeholder requirements. One of the key insights
that emerged from this process was the necessity for flexible, role-specific dashboard profiles.
Given the distinct responsibilities of different operators, it became evident that a configurable
interface was essential to prevent information overload and streamline workflows.

2:7
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4.3 Iterative Development and Feedback

Following the initial requirement gathering, an iterative development cycle was established.
Weekly review sessions were held with stakeholders, allowing for continuous refinement of
the UI and dashboard configurations. These iterative improvements were informed by direct
user feedback, ensuring that practical operational needs guided design choices.

Once the core dashboard functionality was implemented, a usability workshop was conduc-
ted with representatives from each subteam. Participants were provided with early interface
prototypes and tasked with evaluating their effectiveness in supporting their workflows. They
completed structured questionnaires, providing insights into usability, clarity, and feature
relevance. The feedback gathered from this session directly influenced the refinement of
dashboard layouts, interaction patterns, and data visualisation methods.

4.4 Expert Evaluation at GSOC

To validate the system in a real-world operational context, an expert evaluation was conducted
at the German Space Operations Center (GSOC) of the German Aerospace Center (DLR).
During this visit, the development team had the opportunity to observe mission control rooms
used for the operation of satellites such as TerraSAR-X and TanDEM-X. These observations
provided valuable insights into best practices for mission-critical interfaces, particularly in
terms of information presentation, workflow integration, and system responsiveness.

A structured feedback session was held with domain experts in mission planning, commu-
nications, and operations engineering. This session confirmed several key design assumptions
and highlighted critical aspects of interface usability. One of the primary findings was the
importance of data abstraction: users should only be presented with information relevant to
their specific tasks. For instance, a payload operator requires access to subsystem-specific
data, while a communications engineer focuses on signal acquisition metrics. Presenting
excessive or irrelevant data can lead to cognitive overload, reducing situational awareness
and increasing the likelihood of errors.

The SAGE MCS dashboard’s role-based configuration aligns with these principles, allowing
users to customise their views according to their operational needs. By filtering information
based on user roles, the system ensures that mission-critical data is presented in a clear
and accessible manner, optimising decision-making and operational efficiency. The expert
evaluation at GSOC validated this approach, reinforcing the importance of configurable
dashboards in mission control environments.

5 Implementation & Operation

Prior to developing the SAGE MCS, a collaborative process involving all relevant stakeholders
was done to formulate the technical requirements, ensuring alignment with mission objectives.
Three core principles guided the infrastructure design: prioritising essential features for
mission success, ease of installation and learning through automation, and resilience to ensure
continuous operation. These principles shaped a robust and efficient infrastructure, optimised
for functionality and durability.

5.1 Hosting and System Architecture

The SAGE MCS is hosted externally on cloud servers, selected based on key requirements
such as high availability, log retrieval, rollback capabilities, manageable costs, and strong
security measures. This ensures uninterrupted access, system integrity, and compliance with
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Figure 4 Overview on the setup.

industry standards, supporting the Mission Operations Centre. The MCS features a resilient
core component that interfaces with external services through API calls, ensuring scalability
and availability across CubeSat missions, as shown in Figure 4.

5.2 Backend, Frontend, and Simulation Integration

The backend, built with Node.js, TypeScript, and Express.js, follows the Router-Controller-
Service (RCS) pattern to enhance scalability with robust error handling and logging. The
Drizzle ORM ensures efficient data management. The U, developed using React and Next.js,
provides a responsive, modular interface with enhanced visualisation and interaction through
React Material UI, Three.js, and Leaflet. The system also integrates with a simulation
module for real-time satellite state modelling, ensuring command sequence verification in a
risk-free environment. Additionally, the UI supports multiple ground stations for redundancy,
automatically handling duplicate sensor data and ensuring broad mission compatibility.

5.3 Monitoring, Alerting, and Communication

The monitoring system, powered by Grafana and Prometheus, tracks performance and
health metrics, generating alerts for any anomalies. Iris incident response software ensures
quick resolution of issues by automatically notifying engineers via Slack. Communication
between services is managed through secure RESTful APIs with error handling and logging
to maintain system integrity.

2:9
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5.4 Quality Assurance and Documentation

The system uses CI/CD pipelines, linting, and automated testing to ensure high-quality
code, with unit and end-to-end tests validating system functionality. Mock data generation
scripts can support stakeholder feedback by simulating satellite states and system behaviours.
Comprehensive documentation, using Docusaurus, supports knowledge transfer and system
maintenance, ensuring the sustainability of the mission control software across multiple team
members that regularly change in student-led missions as well.

6 Conclusion

The SAGE MCS demonstrates a modular and flexible approach to multi-mission CubeSat
control software. By prioritising simplicity, user-centric design, and comprehensive document-
ation, the system effectively addresses key challenges faced by student-led CubeSat missions,
including high team turnover and constrained resources.

The iterative development process, guided by continuous stakeholder feedback, has resulted
in a robust architecture and intuitive UI that aligns with the operational requirements of the
SAGE CubeSat mission. This ensures reliable mission operations while enhancing operators’
situational awareness and decision-making.

Future work could explore extending to support a broader range of missions and vehicles,
including robotic systems for terrestrial and space applications. The architecture was designed
with scalability in mind, facilitating such expansion.
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