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1. Executive Summary

This deliverable presents the final release of the EXTRACT use cases and the
technologies developed for them in Phase 3, concluding the development activities
initiated in Deliverables D1.1 and D1.2. It provides a comprehensive account of the
implementation, integration, and validation of the two pilot cases designed to
demonstrate the EXTRACT platform’s capabilities in extreme data mining across the
compute continuum:

e PER (Personalised Evacuation Route), addressing citizen-centric emergency
management in complex urban environments.

e TASKA (Transient Astrophysics with a SKA Pathfinder), focusing on real-time
scientific data analysis in the field of radio astronomy.

The deliverable also features technical models and deployment architectures, and
includes links to the relevant software GitLab repositories, supporting reusability, open
science, and collaborative development.

The EXTRACT platform responds to the growing need for scalable and trustworthy data
mining architectures capable of operating across heterogeneous, secure, and energy-
efficient infrastructures spanning from the edge to high-performance computing
(HPC). Both use-cases have now reached an advanced stage of implementation,
reflecting the platform’s capacity to support demanding, real-world applications.

In its final release, the TASKA use-case delivers a modular, Jupyter-based framework
for real-time data processing in astrophysics. Building on the Minimum Viable Product
(MVP) introduced in D1.2, it now includes multiple validated workflows, each aligned
with a distinct sub-use-case (Al, A2, C, and D). These workflows collectively
demonstrate capabilities in handling real-time observations, event trigger detection,
semi-supervised data reduction pipelines, and deep learning for radio image
reconstruction using data from the NenuFAR radio telescope. All software components
are developed according to clean code principles, support Docker-based
containerisation, and are designed to ensure long-term sustainability and scalability.

The final release of the PER use-case has achieved full integration of a semantic Urban
Digital Twin (UDT), a Reinforcement Learning (RL) engine, and a simulation
environment for modelling pedestrian movement, thus enabling adaptive and
personalised evacuation strategies in dynamic emergency scenarios. Key technical
advances include the deployment of a microservices-based architecture and a 5G
Multi-access Edge Computing (MEC) prototype, supporting low-latency, secure
communication across edge and cloud layers. The introduction of the Evacuation
Mobile App (EMA) enables direct user interaction and real-time route guidance, further
enhancing the system’s practical applicability in operational contexts.

Both use-cases confirm the feasibility, flexibility, and scalability of the EXTRACT
platform for generating and deploying actionable insights across distributed computing
infrastructures, while meeting stringent requirements related to latency, security, and
energy efficiency. This deliverable complements the platform developments carried
out in WP2, the infrastructure adaptations in WP3, and the orchestration strategies
elaborated in WP4, and it contributes to the preparation of final piloting activities and
long-term sustainability planning in the closing stages of the project.
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To facilitate clarity and ensure self-sufficiency, this document is designed as a
standalone deliverable. Where appropriate, selected content from previous
deliverables—particularly D1.2—has been retained or adapted. This approach enables
a comprehensive and coherent understanding of the final implementation of the use-
cases without requiring reference to earlier documents.

1.1. Relation with other Deliverables and Tasks

This deliverable concludes the activities conducted in WP1 and finalizes the
development and validation of the EXTRACT use-cases—PER and TASKA. It reflects
the culmination of the iterative development process that began with requirements
elicitation in D1.1 and progressed through MVP implementation and early validation in
D1.2. As detailed in D1.2, the initial MVP phase focused on deploying MVPs for both
PER and TASKA. For TASKA, this involved establishing a workflow architecture for radio
astronomy data imaging, enabling efficient processing and data management by
treating data as 'objects'. For PER, the MVP integrated a semantic Urban Digital Twin,
a Multi-Agent Reinforcement Learning model, and a simulation environment to develop
adaptive evacuation strategies for complex urban settings like Venice, validated
through initial field tests. This phase also outlined core functionalities and technical
strategies as a foundation for ongoing development.

The final release of the use-cases builds upon and contributes to the integrated
EXTRACT platform by:

e Demonstrating the deployment of unified data mining workflows addressing
the specific extreme data characteristics of the two use-cases;

e Validating system performance across the compute continuum, from edge to
cloud and HPC resources, and aligning with key use-case KPIs;

e Showcasing how the platform supports secure, energy-efficient, and real-
time data processing, tailored to the operational needs of urban crisis
management and astrophysics research.

This deliverable is closely interlinked with the technical outcomes of the project and
supports the objectives and evaluations reported in:

D2.3 T2.3 D3.3 utilizes the finalized data-mining framework described in D2.3
and provides orchestration and monitoring capabilities that ensure
effective deployment, execution, and monitoring of workflows
defined using the EXTRACT data-mining framework. In that
deliverable, we also describe how COMPSs integrates Lithops jobs

together.
D3.2 T3.2, D3.3 is the final version and enhancement of D3.2, fully developing
T3.3 and integrating the orchestration mechanisms (T3.2) and the
distributed monitoring infrastructure (T3.3) initially presented in
D3.2.
D4.3 T4.2, This deliverable leverages the final version of the compute
T4.3 continuum abstraction layer (D4.3), integrating the interoperability
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mechanisms (T4.2) and cybersecurity functionalities (T4.3) to provide
robust and secure orchestration and monitoring across diverse
computing environments.

In this final stage, particular attention has been paid to interoperability, system maturity, and
readiness for downstream exploitation (WP5), with the use-cases serving both as validation
environments and as demonstrators of real-world impact.

1.2. Structure of the Document

This document is structured to provide a comprehensive overview of the final release
of the EXTRACT use-cases and their components.

e The Executive Summary offers a high-level synthesis of the deliverable,
outlining its main contributions and connections with related technical work
packages.

e Section 2 provides an updated framing of the use-cases in the context
of extreme data scenarios, highlighting their relevance as testbeds for the
EXTRACT platform.

e Section 3 presents the background and motivation for each use-case,
including the evolution from MVPs to mature implementations, and updates the
detailed scenarios for TASKA and PER.

e Section 4 describes the technological framework supporting the use-cases.
It covers data acquisition, processing, orchestration, and analytics components,
emphasizing the innovations and technical complexity embedded in the final
deployments.

e Section 5 outlines next steps and potential enhancements, including
ongoing validation, stakeholder engagement, and alignment with sustainability
and exploitation pathways.

e Section 6 concludes the document by summarizing key outcomes and
reflecting on the contributions of the use-cases to the project’s overall
objectives.

e Section 7 provides a list of acronyms and abbreviations.

2. EXTRACT Project Overview

2.1. Project Scope

In the digital era, data has become the cornerstone of transformative processes
across diverse sectors. However, conventional data mining strategies, although
adept at handling specific data needs, often struggle when the data attributes
venture into extreme territories. The emergence of extreme data characteristics
presents a formidable challenge that necessitates innovative, comprehensive
solutions. These solutions need to foster the design, deployment, and streamlined
execution of data mining workflows across a diverse, secure, and energy-efficient
computing landscape, while addressing the unique demands of extreme data.
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The EXTRACT project sets out to tackle this technological void by introducing a
data-driven, open-source software platform. This platform amalgamates state-of-
the-art technologies, promoting the development of trustworthy, accurate, fair,
and eco-friendly data mining workflows capable of generating actionable and high-
quality insights. Targeting the entire lifecycle of extreme data mining workflows,
the EXTRACT platform prioritizes enhancements in performance, energy efficiency,
scalability, and security while while addressing the challenges posed by volume,
velocity, and complexity of extreme data

2.2. Extreme Data in PER and TASKA Use-Cases

The platform's effectiveness and capabilities will be examined through two real-
world scenarios, each with distinct extreme data requirements:

The Personalized Evacuation Route (PER) - This use-case unifies data from
European services like Copernicus and Galileo, 5G localization signals, and loT
sensors embedded in smart city infrastructures, focusing on civilian-centric crisis
management.

Disasters in this scenario trigger sudden and large data spikes. For example, a
scenario such as a large fire in an urban context and the consequent customized
collective evacuation mechanism generates a data flow that can be considered
extreme in terms of volume, heterogeneity and dynamics.

The fundamental challenge lies in the real-time processing and analysis of this data
surge to produce effective evacuation strategies.

Transient Astrophysics using the SKA pathfinder (TASKA) - This scenario
processes extreme volumes of data from radio-telescopes (especially NenuFAR).
The EXTRACT prototype is designed for real-time solar activity assessment,
enabling further scientific exploration as well as proposing a new framework for
heavy data processing.

This use-case constantly handles vast amounts of data, making it "extreme" due
to its substantial size and continuous need for real-time interpretation. The primary
challenge with TASKA is to manage, process, and extract meaningful insights from
these uninterrupted, colossal data streams.

To meet these challenges, the EXTRACT platform integrates a spectrum of
computing technologies, from edge to cloud to high-performance computing (HPC),
forming a unified, secure computational continuum. It incorporates enhanced data
infrastructures, Al and big data frameworks, novel data-driven orchestration, and
distributed monitoring mechanisms, providing a unified continuum abstraction and
ensuring cybersecurity and digital privacy across all its layers. The main objective
is to provide a virtually local working environment for researchers, hiding all the
logistical burden away from the eyes of the user.
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3. Background and Motivation

3.1. TASKA Use-Case Scenario

3.1.1. General Background and Requirements

Modern astronomy observatory (Like LOFAR, NenuFAR and the future SKA) working in
the radio band are producing a tremendous deluge of raw data (consisting of billions
of measurement points) collected from observation of the Universe. To achieve the
objectives of the scientific program and obtained reliable scientific products, data
processing and product quality/fidelity assessment are necessary before delivering the
scientific products to the researchers. To minimize the burden both manually and
through heterogeneous computing platforms of data reduction and through
heterogeneous computing platforms, the scientific community requires the
development of a dedicated framework for decision-making and workflow composition
that can perform time-consuming task efficiently in a record time. Modern data
recording and processing require a level of decision-making to set up the instrument
in the correct mode (to reduce the data volume as well as the impact on resources),
or decide on the data reduction strategy to follow, especially if the target of interest is
displaying various levels of variability (e.g., Solar activity). In the scope of the
EXTRACT project, TASKA use-cases aim at addressing the requirements of the
observation of such sources, by focusing on the “Space Weather” case which monitors
the solar activity in radio.

™~ EXTR4CT
THE CHALLENGE TRANSIENT ASTROPHYSICS \\ THE USE CASE :
: - : - _— Two activities are being pursued:
| Hishactivity periods ofithe sun —\/ with a Square Kilometre Array (SKA) pathfinder
g os® gile detection of solar activity and decision making for
Bursts of energetic particles and (] reduction of raw data

intense low frequency radio bursts @
°

loud-based fast-paced data calibration and wmagmiﬁ::j:
Disruption of power grids, damage to electrical circuits,

interference with radio communication, GPS, and civil
aviation

\ WHY IT MATTERS
EARLY DETECTION AND PREDICTION ARE CRUCIAL E SRR hnoloRibesEciy
THE BIG DATA Streamline datainfrastructures and Al
frameworks for advanced analytics and
workflows.
More than antennas in Nangay
could acquire up to per year of raw data*
Design orchestration techniques to optimize
resource allocation for extreme data
Al and Machine Learning filter and analyze | challenges

this vast data

Enhance interoperability across computing
This provides faster, more accurate prediction paradigms and execution models
and early warning of solar burst impacts

*We need to automatically reduce the volume of data, as long-term storage capacity is limited to 1 PB per year B This project has received funding from the European Union’s Horizon Europe programme under grant agreement number 101093110

Figure 1: TASKA use-case — Transient Astrophysics with an SKA Pathfinder. This infographic
illustrates the scientific and technological challenges addressed by the TASKA use-case, including the
detection of solar radio bursts and the management of extreme data volumes produced by next-
generation radio telescopes. It highlights how EXTRACT technologies enable early prediction and fast data
processing through Al-based filtering, modular workflows, and cloud-based orchestration. The approach
supports timely scientific insight and improves the resilience of systems affected by space weather
phenomena.

Astronomy has a set of specific requirements that must be met throughout the
development process:
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— TASKA use-case expected overall performances

For the entirety of the EXTRACT project, the main objectives are: i) to devise high-
performance data reduction workflows using of-the-shelf technologies or dedicated
developments, ii) implement new features in instrumental configuration automation,
iii) enable manipulating scientific data in higher level of abstraction than regular
scientific data management to handle the extremely distributed data

— Data abstraction & user interaction/user agency

The multiplicity of data files produced by radio receivers as well as their volume on
disk, slow down the efficiency to produce scientific results, especially if manual tasks
have to be carried out by scientists or data processing non-experts. The objective is
to take away the burden of the data by considering data elements as “objects” rather
than a pile of files. The scientist should be able to handle a dataset, regardless of its
complexity and be able to apply a series of processing steps seamlessly to quickly
access intermediary or end products. The user must also be able to implement
“logic” inside the workflow based on semi-interactive decision-making (e.g. “do we
need to perform this task?”, “shall we stop looping?”) where the user has to interact
remotely with the suspended workflow with “Stop”, “continue” signals. The user
interface is also key on top of the underlying machinery that handle the data and the
workflow.

- Data integrity

The specifics of astronomy in general, and radio astronomy in particular, is to
guarantee the accuracy and the precision of the final measurements, contrary to video
restoration/denoising which case about the abstract rather than a publishable
together. Deliberate alteration or distortion of the data should be done with specific
knowledge as part of data processing steps (e.g.cleaning, data averaging, calibration
or transformation). No side process should impact artificially the quality of the
measurement nor the reproducibility of a scientific product in an uncontrolled way.
Compared to other data restoration problems (e.g., video restoration), TASKA end-
users value more the scientific value and quantitative correctness of the products than
the qualitative performance that can be brought by the methods (resolution, data
continuity): e.g., scientists would rather have a correct (but degraded) image rather
than a sharper (but biased) image.

This principle conducted the technological developments carried out during the TASKA
project.

- Data Security

The tools that emerge from TASKA will be used in the context of a multi-purpose
instrumental environment. Hopefully, many scientific teams will be required to use
common tools. Scientific privacy should be ensured between scientific teams to enable
exclusivity of the data (observed data are proprietary for a period). Compared to PER
use-case, no personal data is involved during the data acquisition. However, sensitive
information about the targets or the data processing recipes should stay within the
perimeter of a given team until publicly released eventually through publication (e.g.
embargo on sources)
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- Science reproducibility

Scientific production is lead by the principle of reproducibility. Long-term studies and
the fast-evolving development of new data processing methods push the scientific
community to enable the capability to regenerate results, as part of stability but also
peer investigation. The dataset that undergo data reduction will produce scientific
products that can last for years as reference. They can also be compared to similar
products created with other recipes, other workflows, other tools. As a matter of being
able to preserve the scientific value of a data reduction or of a product, it is mandatory
that all the information that resulted in a given products should be recreated
independently and without ambiguity by a third party. For this purpose, a data catalog
embeds both the location of the data files as well as metadata that tracks the relational
links between files and the lifecycle of the data through the workflow (referred to as
“provenance”).

3.1.2. use-case A: Real-time detection for radio beamformed
observations

The goal was to develop a simple Al/ML classifier to the current data flow of NenuFAR
(Beamforming mode) in order to detect and classify “events” and adjust the receiver
parameter to an optimal resolution before the recording of the data on disk. Thanks
to an independent development carried at Observatoire de Paris, we adapted MurMure
(Modulate Multicase Receiver) which enabled the implementation of such feature.

In the final release, use-case A was split into use-case A1l and A2.

e use-case Al: A dedicated and automated detection method to detect and
classify Solar radio spikes, using a deep-learning based convolutional neural
network named SpikeNet.

e use-case A2: A dedicated burst detector trained for Jupiter millisecond bursts
(S-bursts), it takes advantage of a detection method based on Fast Fourier and
Radon transforms.

An adaptation of MurMure was developed close to the NenuFAR receiver (UnDySPuTed)
to detect and classify events (from the Sun and Jupiter) on the full-resolution data
stream coming from the telescope (“LaNewBa”), so as to enable the trigger of various
data record resolutions set upon science content. NenuFAR/UnDySPuTed is currently
built using the GPU technology thus appropriate programming models will have to be
used for this development on the edge component. The final goal is to process data
on the fly based on classification (clean and integrate) including short / medium /
large scale events (including time-frequency feature polygons), radio interferences
(RFI), quiet (background) regions, etc. The tool was developed through an off-line
pipeline (better for tracking pipeline parameters and reproducibility), with the goal to
enable classification storage (analogue-to-information) feeding an RFI/Science
information database. This database is already in itself a valuable scientific product.
Based on the development and knowledge gathered from the Event detection system,
the front-end system (LaNewBa) will also be improved in future developments with an
automated faulty antenna stream detector, in order to detect and blank faulty signals
before they are merged into the raw data stream fed into UnDySPuTed.

As of June 2025, Al is successfully running on real-time observations of the
Sun, leading to a reduction of a factor 10 in high-resolution data. A2 is
completely migrated from IDL to Python and adapted within MurMuRe, some

10
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processing steps need to be adapted for NenuFAR before real-time
application. The final release incorporates A1l and the remaining of the project
will focus on the development of A2, easily adaptable to be integrated along
with Al.

3.1.3. use-case C: Workflow orchestration for radio interferometry

Most of the work in use-case C has been covered during the period between D1.1 and
D1.2. The description covered in D1.2 has been implemented following the MVP
definition. The overall architecture of the edge/cloud system which covers use-case
C has been implemented but is in constant improvement. The main motivation for use-
case C is to provide provide end-users with the capability to process radio
interferometric data (from NenuFAR but not only) on a seamless platform that enables:
resource management and optimization, control and interactivity with users, abstract
storage of data and metadata ingestion, simplicity of implementation, processing time
optimization. The performance of the platform (particularly beyond the MVP) is critical
for an end-to-end processing of astronomical data in the scope of the conditions
defined in 3.1.1. This period use-case development are central to move from the
implemented MVP to real-life on various scientific applications using similar data
structure. For this, the Undulatus framework has been developed and is further
presented in the next section. Additional features were added: i) capability to suspend
the workflow while running and ask the operator for a decision (i.e. STOP/CONTINUE)
before pursuing, ii) the capability to run computationally-demanding tasks in a HPC
environment, iii) hosting on multiple site behind object storage.

The final release contains all minimal examples that illustrates the features
of use-case C. The final period of the TASKA use-case C project will be devoted
to the “fine tuning” and to the optimization of resources from the current
architecture as well as the final definition of the data catalog (which must
cover all possible applications)

3.1.4. use-case D: Time-agile imager for radio interferometry

In the scope of use-case C, now ready for production on the optimization of existing
imaging pipelines, this use-case proposes to go a step further, with innovative image
reconstruction for dynamical sources. Classical interferometric imaging is based on a
frame-by-frame reconstruction, with careful calibration and artifact processing.
However, in case of intense and fast-varying radio sources, such as the Sun, such
algorithms proved to be rather inefficient, mostly because the dynamical radio source
overcomes the calibrators. We released a prototype new imager, Cassey, based on
previous developments focusing on machine learning video-reconstruction. In such a
framework, the series of frames are reconstructed at once, tracking the moving
structures throughout the frames. Ultimately, this new algorithm should operate
directly on interferometric visibilities (i.e., on the spatial Fourier domain), in order to
reduce artifacts introduced by the costly gridding/degridding step of classical imaging
pipelines.

As of June 2025, the Cassey algorithm & network exists and the last 6-months
period will be devoted to the training and fine tuning of the network on
realistic or real data. developed on the cloud part for the training and will use
the model serving (further described in Deliverable D4.2) when applied to the
data.

11
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3.1.5. use-case E (optional)

Use-case E is closing the loop of all TASKA use-cases: use-case A is about event
detection (in the temporal-spectral domain) and data flow optimization; while use-
cases C and D are dealing with imaging, with a specific focus on ML processing in use-
case D. Using the model-serving tools, use-case E proposes to implement feature
recognition and dynamic imaging in Nancay (edge), and add a feature matching an
algorithm that merges the temporal-spectral features (use-case A) and the
dynamical/moving radio sources (use-case D), allowing us to add spatial tagging to
the use-case A outputs.The resulting knowledge base (with temporal-spatial-spectral
features) would be a huge step forward in the understanding of Solar radio sources in
NenuFAR’s spectral domain.

As of June 2025, this optional use-case is placed as a “nice to have” feature
and the last 6 months of the project will be the time to properly set the
specifications for this mode. The latter depend on the actual performance and
limiting factors of the use-case Al, A2, C and D.

3.1.6. TASKA Final release

The TASKA MVP was mainly focused on the first implementation of TASKA Use-case C,
proposing a workflow architecture for radio astronomy interferometric data imaging.
In the final product, all development bricks and software exist in a pre-release state
(A1, A2, C and D, except E), but still require fine-tuning. The final 6-months period is
now very relevant to increase the robustness of the products, apply it to real situations
and optimize their parameters with respect to the real situations.

3.2. PER Use-Case Scenario

3.2.1. General Background and Requirements

The PER pilot focuses on the historical city of Venice, a city marked by exceptional
complexity in its urban fabric, including high tourist density, fragile infrastructure, and
limited evacuation routes constrained by narrow alleys, bridges, and waterways. These
conditions pose significant challenges for traditional evacuation strategies, which
typically rely on static, generic instructions. PER instead introduces a model
of personalized evacuation, where each individual receives dynamic route
suggestions based on their location, mobility, surrounding crowd density, and
environmental factors. This approach improves safety, reduces bottlenecks, and
enhances resilience in emergency response scenarios.
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Figure 2: Infographic: Personalized Evacuation Route — A Smart Solution for Crisis Management in
Venice. This infographic illustrates the PER use-case, which leverages the EXTRACT platform to generate
personalized evacuation routes in real time during urban emergencies. It highlights Venice's complex
geography and high flooding risk, and shows how the integration of Urban Digital Twins, 10T data, and
reinforcement learning enables adaptive, citizen-centric crisis response through mobile guidance.
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The functional, performance, and integr