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Abstract

The fast growth worldwide of linkable scientific datasets supposes significant chal-
lenges in their management and reuse. Large experiments, such as the Latin Ameri-
can Giant Observatory, generate volumes of data that can benefit other kinds of stud-
ies. In this sense, there is a modular ecosystem of external radiation tools that should
harvest and supply datasets without being part of the main pipeline. Workflows for
personal dose estimation, muongraphy in volcanology or mining, or aircraft dose
calculations are built with different privacy policies and exploitation licenses. Every
numerical method has its own requirements and only parts could make use of the
Collaboration’s resources, which implies the convergence with other computing
infrastructures. Our work focuses on developing an agnostic methodology to address
these challenges while promoting open science. Leveraging the encapsulation of
software in nested containers, where the inner layers accomplish specific standardi-
zation slices and calculations, the wrapper compiles metadata and data generated
and publishes them. All this allows researchers to build a data-driven computer
continuum that complies with the findable, accessible, interoperable, and reusable
principles. The approach has been successfully tested in the computer-demanding
field of radiation-matter interaction with humans, showing the orchestration with the
regular pipeline for diverse applications. Moreover, it has been integrated into public
or federated cloud environments as well as into local clusters and personal comput-
ers to ensure the portability and scalability of the simulations. We postulate that this
successful use case can be customized to any other field.
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1 Introduction

The fast evolution of computational capabilities in recent years has initiated the
so-called “era of exascale computing,” which presents unprecedented opportuni-
ties and challenges for scientific research. Exascale computing, defined by sys-
tems capable of performing at least one exaflop (10'%) floating operations per
second, enables researchers to tackle problems of previously unimaginable com-
plexity and scale in all scientific fields. This advancement is particularly impact-
ful in the field of radiation-matter interaction, where high-fidelity simulations are
critical for advancing our understanding of fundamental processes. Applications
in astrophysics, medical imaging, and nuclear energy particularly benefit from the
enhanced computational power and precision offered by exascale systems [1, 2].

However, the sheer volume and complexity of data generated in exascale com-
puting present significant challenges. Manually implementing the generation,
managing and processing such amounts of data is not only impractical, but also
prone to errors and inefficiencies. Concurrently, the principles of open science
have gained significant traction [3]. The central keys to this paradigm are the
FAIR principles, which stand for findable, accessible, interoperable, and reus-
able [4]. These principles aim to enhance the usability and value of scientific data
by ensuring that datasets, associated metadata, and analytic tools are well-doc-
umented and easily discoverable, accessible under clear conditions, compatible
with other datasets and tools, and available for future use.

Implementing these principles is crucial for fostering a collaborative scien-
tific environment and ensuring the longevity and impact of research outputs [4].
However, given the increasing complexity and volume of data generated in mod-
ern research, there is a pressing need for automated, unattended solutions. These
solutions must be able to streamline the execution of computational tasks, orches-
trate complex data workflows, and ensure compliance with FAIR principles, thus
ensuring efficiency, accessibility, and interoperability of scientific data.

In response to these needs, one of our aims was to develop a flexible and
agnostic methodology designed to facilitate the unattended execution of data-
driven computations to build complex workflows. These can be stepped and
backgrounded on diverse infrastructures such as public clouds, local clusters, and
even personal computers with virtualization capabilities. The approach is based
on the encapsulation of software layers that enables a comprehensive “FA[Rifica-
tion,” ensuring that all data and metadata generated are compliant with the FAIR
principles after the initial configuration provided by the user. The external wrap-
per involves steps such as automated generation of the metadata compliant at the
catalog level, the compilation of the metadata from lower layers, the creation of
permanent identifiers (PiD), and the integration with data repositories. Internal
layers adapt the specific data and metadata generated by the applications into the
standardized format that the external wrapper requires.

This procedure has been successfully tested to meet the specific demands of
radiation-matter interaction research, providing a robust platform for executing
diverse algorithms and codes with minimal manual intervention. By automating
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these processes, our tools significantly reduce the potential for human error and
increase computational efficiency in terms of wasted time. The methodology
developed is highly adaptable and can be applied to a wide range of applications.
One example is its successful integration into onedataSim [5], a Docker-based
simulation tool that encapsulates key astrophysical frameworks to streamline sim-
ulation workflows. It was developed within the framework of the Latin American
Giant Observatory (LAGO) [6]. OnedataSim was originally designed to standard-
ize this type of simulation, but now supports the FAIRification of the LAGO-
related ecosystems, which goes beyond simulating or processing the data from
LAGQO’s detectors.

Astroparticle physics, the field underpinning of LAGO’s work, is an interdisci-
plinary domain that spans phenomena from high-energy astrophysics to computa-
tional science. In this context, LAGO has stood out as a pioneering project in the
detection of high-energy components of gamma-ray bursts (GRBs) from the Earth’s
surface and the study of space weather in Latin America by using single water Cher-
enkov detectors (WCD) [7]. This large-scale observatory is distributed throughout
the Ibero-American region, covering a wide range of geographic longitudes and
altitudes [8]. One of the main scientific objectives of LAGO is the study of space
weather and climate phenomena through the careful monitoring of the flux of atmos-
pheric radiation and its variations from ground level [6]. This atmospheric radia-
tion is produced when galactic cosmic rays, modulated by the Earth’s magnetic field
(EMF), and by solar activity transients affecting the heliosphere, interact with the
Earth’s atmosphere producing a cascade of particles known as extensive air shower
(EAS) [9]. As it will be detailed in Sect. 2, by taking advantage of this methodology,
we are able to calculate with extreme precision the expected flux of atmospheric
radiation anywhere in the world under real-time and realistic atmospheric and geo-
magnetic conditions [10].

Understanding space weather is crucial for assessing the effects of cosmic
radiation on Earth and its near environment, particularly regarding its impact on
the human body in environments such as commercial flights and space missions.
In this context, incorporating realistic anthropomorphic phantoms to simulate the
doses received by humans when exposed to elevated levels of cosmic radiation has
emerged as a way to extend LAGO studies beyond their original scope [11].

Possible applications of this technology that had been previously explored
are estimating the atmospheric muon fluxes at underground laboratories and
mines [12-14], or the studying feasibility of analyzing volcanic structures using
muography [15, 16], and even the calculation of the expected rate of silent errors
due to atmospheric neutron radiation in the next generation of exascale clusters [17].

Therefore, the current LAGO pipeline can be extended to simulate the propaga-
tion of atmospheric radiation through specific materials and geometries, such as
human bodies, aircraft fuselages, or the Earth’s shallow crust. However, performing
such simulations introduces significant challenges that exceed the standard require-
ments of LAGO’s simulations and surpass its dedicated computational capabilities.

One prominent example of this complexity is the simulation of biological effects
in the human body, which requires the voxelization of phantoms—a process that
divides the human model into small, three-dimensional units known as voxels [18].
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This step relies on high-resolution imaging data, generating large datasets that
demand substantial computational power to produce accurate results. The challenge
intensifies when adapting voxelized models to represent real individuals, as each
person possesses unique anatomical features. Accurately capturing these variations
requires personalized imaging, such as magnetic resonance or computed tomogra-
phy scans. While generalized models, such as male, female, or pediatric phantoms,
can be created from standard imaging, incorporating personalized data into compu-
tational models involves intricate processing to ensure precise simulations of radia-
tion interactions with specific tissues and organs, all while safeguarding sensitive
information [11].

In this work, we present a methodology designed to address these challenges
through an infrastructure-agnostic approach. By encapsulating software within
nested containers that handle specific tasks such as data standardization and com-
plex calculations, we ensure a seamless, automated workflow that supports large-
scale simulations and data management. This framework enhances reproducibility,
scalability, and FAIR compliance, making it adaptable to diverse research environ-
ments. We detail the architecture and implementation of our framework in Sect. 2,
along with the physical tools and methodologies used to achieve efficient and auto-
mated data processing. In Sect. 3, we demonstrate the application of our approach
in three scenarios, showcasing its flexibility across different use cases. Finally, in
Sect. 4, we summarize our findings and discuss potential future developments to
expand the tool’s capabilities and impact in the field of radiation-matter interactions.

2 Materials and methods
2.1 The ecosystem of radiation-matter interaction simulations

Atmospheric natural radiation is primarily generated by the interaction of the
Earth’s atmosphere with incoming cosmic radiation, often referred to as astroparti-
cles. Although a small portion of these incoming particles are neutral, the majority
are charged nuclei, ranging from protons to heavier elements such as iron. It is well
established that solar activity modulates the flux of these charged primary particles,
leading to variations in radiation levels both on Earth and in its near-Earth environ-
ment. These variations are collectively referred to as space weather phenomena [9].
Our observations have shown that by using analysis techniques adapted to the char-
acteristics of LAGO particle detectors, it is possible to observe these phenomena on
different time scales from ground level in the LAGO’s network of WCDs [19, 20].
The simulation of EAS development requires significant computational resources
due to the complexity of modeling physical interactions and tracking a large number
of particles interacting with the atmosphere. To address these challenges, the LAGO
Collaboration developed ARTI [10], a toolkit designed to compute and analyze
atmospheric radiation and assess detector responses and their variability [21]. ARTI
calculates the total flux of radiation at any location under dynamic atmospheric and
geomagnetic conditions [10]. It effectively integrates Magneto-Cosmics [22], COR-
SIKA [23], Geant4 [24], and its own analysis and control tools for accounting on the
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interaction of primaries with the EMF, the atmosphere, and the particle detectors
deployed at ground level, respectively. ARTI is included as the first step in our meth-
odology, as it will explain in section 3.

Calculating the expected flux of atmospheric radiation, usually referred as =, at
any geographic position requires long integration times to avoid statistical fluctu-
ations [25]: While a single EAS involves tracking billions of particles during one
single shower’s development in the atmosphere, atmospheric background radiation
results from the interaction of billions of cosmic rays entering the Earth’s atmos-
phere each second, dramatically increasing the computing power needs. Moreover,
to model background radiation effectively, it is crucial to consider not only the inter-
actions involved but also the corresponding atmospheric profile at each location,
which varies over time and influences the EAS’s evolution [26]. Finally, = is also
indirectly affected by variable heliospheric and EMF conditions, as both influence
cosmic ray transport to the atmosphere. ARTI incorporates modules to consider sec-
ular changes and transient disturbances in the EMF’s and can be handled in real time
[27].

Once the secondary particle flux E is obtained, the next step is to determine the
detector response, which is essential for correlating and characterizing the observed
time evolution of signals across the deployed network of WCDs. To achieve this,
typical LAGO detectors have been simulated using the Geant4 simulation frame-
work [10]. Geant4 is a versatile software toolkit widely used in fields such as high-
energy physics [28], medical physics [18], space science [29], and for any applica-
tion related with simulating the passage of particles through matter [24]. It provides
a comprehensive set of tools for modeling complex geometries, tracking particle
interactions with various materials, and visualizing physical processes. However,
implementing Geant4 for different geometries and material types presents certain
challenges due to its complexity.

A central element of the proposed methodology is the comprehensive simulation
process designed to model this atmospheric radiation, as well as simulate the detec-
tor signals and doses. This simulation pipeline is illustrated in Fig. 1, organized in
three distinct stages and each encapsulated in specific Docker containers. At the core
of the pipeline, the so-called onedataSim-SO and onedataSim-S1 virtualized envi-
ronments encapsulate ARTI as the key framework, along with external simulation
tools (CORSIKA,MAGCOS, FLUKA), to allow the calculation of the atmospheric
response and the modeling of the secondary particle flux E, respectively.

The third stage, referred to as onedataSim-S2, complements ARTI by enabling
precise signal and dose simulations for various materials and complex geometries.
While Geant4 is a highly versatile toolkit, its configuration can be challenging for
many applications. To address this, we integrated Meiga [14], a recently developed
tool designed to simplify the use of Geant4. Meiga facilitates the integration of
Geant4 simulations with complex geometry descriptions, advanced 3D visualiza-
tion tools, and validated physical models. It also provides user-friendly interfaces
for managing detector descriptions and simulation execution, significantly enhanc-
ing usability and flexibility. Its modular architecture allows for flexible integration
of simulation models and frameworks, enabling researchers to customize simula-
tions according to their specific requirements. It also streamlines the development
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Fig. 1 The computational workflow of the simulation pipeline presented in this work is divided into three
primary stages: atmospheric radiation modeling (onedataSim-S0), EAS analysis tools (onedataSim-S1),
and signals and dose simulations (onedataSim-S2). The upper containers represent the computation mod-
ules, each encapsulated in Docker, while the lower blocks represent user-level interactions and specific
application cases, such as LAGO and muography, ACORDE, RadPhantom, and NEREIDA. These tools
are designed for deployment in HPC/HTC and cloud environments with container support, facilitating
complex simulations across a wide range of configurations

of Geant4-based applications by introducing middleware layers, making the toolkit
more accessible to non-specialized users and publicly available [30].

Thanks to the modular design and integrated tools provided by Meiga, our 3-stage
pipeline simplifies the development and incorporation of new applications in the
field of radiation interaction. For example, the recently developed RadPhantom [11]
has been seamlessly integrated to simulate the effects of radiation on anthropomor-
phic phantoms, extending the pipeline’s applicability to areas such as medical phys-
ics and radiation protection studies.

This new RadPhantom application is developed to simulate the interaction
between radiation and computational models of the human body. It allows gener-
ating models of a voxelized anthropomorphic phantom following two approaches:
voxelizing geometries from DICOM images or creating a mesh based on the refer-
ence computational models of the adult male and female defined in the ICRP110
publication [11]. The input and output data for the simulations are obtained from
user-defined parameters, such as phantom geometry and composition, using real
anatomical data. Custom methods import information from specific files contain-
ing details about the 142 organs and 53 tissue-related materials associated with
each voxel. A specialized method builds the geometry that allows the adaptation of
variable voxel sizes and the selection of the corresponding number of voxels. This
strategy improves access and memory consumption for geometry optimization and
allows faster navigation through the large number of voxels present in the model.
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Simulation results include the spatial distribution of radiation dose in the human
body, and this information is recorded in a JSON file for further analysis and the
subsequent standardized metadata production.

Another application of our methodology is the simulation of the expected flux of
high-energy atmospheric muons—a subset of highly penetrating particles observed
in all extensive air showers (EAS)—and their subsequent interaction with hundreds
to thousands of meters of rock. This also includes modeling the expected response
of various detector modules. This application is specifically designed for muography
techniques, which are widely used in fields such as volcanology [12, 15] and mining
prospecting [14].

As it is also shown in Fig. 1, two new applications of the presented methodol-
ogy currently in development are ACORDE and NEREIDA. ACORDE (Application
COde for the Radiation Dose Estimation) is designed to calculate radiation doses for
humans in high-radiation environments, such as those encountered during commer-
cial flights [31], providing critical insights into the exposure of crew and passengers
to cosmic radiation. On the other hand, the NEREIDA framework (NEutrones Rdpi-
dos para la Explotacion de Instalaciones con Dispositivos Atémicos, meaning fast
neutrons for the operation of facilities with atomic devices) focuses on calculating
the expected radiation doses inside nuclear facilities that utilize fast neutrons from
natural or artificial sources. This framework is particularly suited for environments
with complex geometries and high-energy radiation, extending the pipeline’s capa-
bilities to industrial and safety applications [32].

2.2 Redefining data practices: FAIR standardization, management, and universal
access in related fields

The CERN production is a main example of HEP pipelines that massively make use
of software related to this work, such as Geant4. Every experiment in the collider is
characterized by their bigger numbers, orders of magnitude over the LAGO compu-
tation, which could suggest replicating their mechanisms. Unfortunately these tools
are not flexible enough to be used in other areas [33]. The exception is DIRAC [34],
a workflow manager developed under the umbrella of the LHCb detector, but usa-
ble for general tasks, even has been adapted to virtualization environments. In this
sense, the CernVM-FS was used, currently a containerized image of LHC software,
but never characterized by its good performance [35]. Moreover, the majority of
LHC production is far away of complaint with FAIR principles due to the enormous
data continuously generated and stored in disk (>45 PB) and tapes (>80 PB), while
only the published results are at the HEPdata repository [36]. As a proof, a recent
doctoral thesis [37] describes the lack of FAIRness in LHCb production and pro-
poses improvements.

Worldwide, the predominant trend is storing datasets in a “data lake,” usually
based on object-buckets that follow the Amazon “S3” approach. Regardless of the
storage backend, additional middleware layers are needed to force accomplishing the
FAIR principles in the data lake. The Harvard Dataverse and Zenodo are examples
of generic repositories for datasets. The former makes direct use of S3, but Zenodo
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is supported by the EOS cluster at CERN. Although their backends are suitable for
many computing tasks, these kinds of repositories are not designed for curating files
that will appear in the backend after arbitrary calculations.

Therefore, specialized systems are required regarding how the data are managed
before their publication. Also, the European consortiums put faith in federated plat-
forms and collaboration. In this sense, a general-purpose distributed storage that
accomplishes both characteristics is DataHub/OneData, which is used in this work.
However, certain workflows require an improved specialization. For example, on
the field of astroparticle and astronomy, ESCAPE project stand of their preliminary
efforts in FAIRification [38], including the virtualization of CORSIKA runs and
the use of the metadata, proposed by the International Virtual Observatory Alliance
(IVOA). Other examples are the workflows devoted to processing medical data to
ensure anonymity, but maintaining the FAIR compliant [39]. Five projects have been
supported by EU funds in the last four years that massively manage real DICOM
images and their diagnostics [40]. Their objective is building workflows that extract
knowledge of the images without the need of copying them to third parties. Ontol-
ogies, provenance, linking, and other FAIR recommendations are now mandatory
in order to build virtual knowledge graphs that enable artificial intelligence based
tools, but without disclosing personal data.

Furthermore, the re-assembly of manufacturing pipelines is of the main interest
for the industry [41] and it is also based on the virtual knowledge graphs that define
digital twins [42].

2.3 The case of the LAGO Collaboration

The complexity and size of the LAGO Collaboration, its related services and
extended applications, require a unified approach based on open science paradigms
to address various challenges, such as data management and resource sharing across
all the collaboration [5]. To ensure interoperability and accessibility, LAGO inte-
grates OneData and the European Open Science Cloud (EOSC) into its framework,
utilizing standardized schemes such as JSON-LD and DCAT-AP2 for metadata. To
manage these processes effectively, a data management plan (DMP) has been devel-
oped [43], serving as a comprehensive guide, outlining protocols for data genera-
tion, preservation, and publication. Standardized schemes and protocols ensure the
interoperability and accessibility of research data, facilitating collaboration among
project members and external stakeholders while adhering to the FAIR principles.

A key component of this approach is the establishment of a virtual organization
(VO), which is foundational in e-Science for enabling and easing collaboration by
federating resources. The VO identifies members, compiles their permissions, and
provides access to available resources. To ensure compatibility, flexibility, independ-
ence, and long-term support in Latin America via Red Clara, LAGO created its VO
using the GEANT Perun service. The Perun instance integrates the EduTeams [44]
service as the identity provider (IdP), grouping the community under the “LAGO-
AAI” denomination [45].
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EduTeams follows the SAML?2 standard for identity delegation, making it com-
patible with most institutional IdPs, including EGI Check-in [46], the prevalent IdP
in EOSC. Despite this compatibility, role delegation is not completely transparent,
and EOSC/EGI requires registration to redirect support contacts in case of failures.
Consequently, EduTeams’s “LAGO-AAI” was mapped to “lagoproject.net” [47] at
EGIL

Among the cloud storage services available in EOSC, EGI DataHub [48] was
selected to enable universal access to data from any computational platform with
internet access. Based on OneData, a globally distributed cloud file system, it uses
EGI Check-in as the primary IdP for login [49]. However, internal security relies
on user-based tokens and ACLs, granting access to shared storage spaces and direc-
tories. Ownership of specific tokens allows both software and scientists to search,
access, or modify data and metadata via FUSE mounts and REST APIs (CDMI and
proprietary). While DataHub provides the service head, the storage servers are sup-
ported by LAGO collaborators, enabling the self-organization of replicas and spatial
locality to computing facilities. Moreover, it allows adding private spaces for spe-
cific research projects, inside and outside the LAGO-VO. This capability will be of
importance for the related radiation-matter tools and their workflows described in
subsect. 2.4.

DataHub provides a REST API for requesting PiDs for every checked sub-catalog
or dataset to ensure proper referencing, using B2ZHANDLE [50], a web service man-
aging a vast number of PiDs in Handle.net. It will expose a landing page for external
access to the data and LAGO metadata in DCAT-AP2/JSON-LD format. However,
DataHub currently offers only the OAI-PMH interface, requiring metadata to be for-
matted in Dublin Core/XML for association with Handle.net’s PiD. Once metadata
is included in the OAI-PMH file, it can be automatically harvested by external actors
like B2FIND [51], a simplified fork of a CKAN repository oriented toward scientific
communities. B2FIND allows external researchers to explore the catalogs of differ-
ent virtual organizations, constraining searches to visual geographic boxes, which is
of significant interest to the LAGO Collaboration.

OnedataSim is the piece of software in charge of managing the execution of the
underlying scientific applications, checking inputs and outputs, generating the main
metadata, integrating the one produced by the calculations and finally, performing
the needed actions to publish these results. This software is containerized, as well
as the inner applications, allowing the continuous development and integration (CD/
CD) [52] of every layer.

Thus, using onedataSim with a public object cloud storage allows resuming
stopped or failed calculations, saving computing time. Moreover, it provides the
ubiquity of the execution on any platform with NAT and virtualization enabled,
such as high-performance computing (HPC) and high-throughput computing (HTC)
facilities, such as supercomputers, Beowulf clusters, or Kubernetes, cloud-based
environments, and even workstations, in a standardized manner.

These resources can be on-premises or deployed in public Infrastructure-as-a-
Service (IaaS) clouds or offered through Platform-as-a-Service (PaaS). The use of
batch workload manager systems, such as Slurm, is common for these computations.
OnedataSim simplifies computation for researchers, who only need their personal
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tokens to delegate data/metadata management to onedataSim and subsequently
access them on the EGI DataHub cloud storage. While some calculations are per-
formed locally on private clusters, the simulation production is currently supported
by EGI FedCloud [53]. This federated cloud, offered by EOSC, requires tools to
elastically build pre-configured virtual infrastructures, such as the infrastructure
manager (IM) [54] and the elastic cloud computing cluster (EC3) [55]. These tools
are easily used by researchers to build virtual clusters with Docker support. Finally,
to leverage the increasing capabilities available at e-Science clouds, the onedataSim
production was integrated into the European Open Scientific Cloud (EOSC) [5, 52].

2.4 Modular tools for modeling radiation interaction

The described radiation-matter interaction applications require a vast amount of
computational and storage resources, as well as the standardization of the process to
publish and reuse the generated results.

Initially developed for the LAGO project, the original pipeline based on ARTI
has been significantly extended through the addition of the Meiga toolkit, which
facilitates a broader range of applications while maintaining a streamlined simula-
tion workflow. The ARTI and Meiga toolkit can be conceptualized as a hierarchical
pipeline, progressing through multiple stages, where the output of one stage are the
inputs for the next one. OnedataSim encapsulated ARTI and all its dependencies
in three Docker containers, onedataSim-S0, onedataSim-S1, collectively known as
onedataSim/ARTI, and onedataSim-S2, also called onedataSim/Meiga, allowing for
the generation of standard metadata and providing the correct mechanisms for pub-
lication, using the LAGO DMP [43] to ensure all the digital assets complying with
the FAIR principles [12].

This pipeline enables the sequential generation of three distinct datasets within
the LAGO observatory, with each stage encapsulated in a Docker container. The
first stage, onedataSim-SO0, produces the SO dataset, which consists of raw data gen-
erated from the interaction of primary cosmic rays with the atmosphere. In the sec-
ond stage, onedataSim-S1 processes the SO dataset to generate the S1 dataset, repre-
senting E, the expected flux of secondary particles. The final stage, onedataSim-S2,
involves simulating the detector response to the particle flux E. Collectively, these
datasets are used by LAGO for understanding and calibrating the performance of
astroparticle detectors deployed across the globe.

To extend the pipeline to a broader range of applications, the onedataSim-S2
Docker container includes the full suite of Meiga tools, encompassing but not lim-
ited to the original detector simulations. By doing this, the pipeline now supports a
wider variety of configurations while maintaining full backward compatibility with
data from earlier ARTI stages. This upgrade also introduces greater flexibility, ena-
bling more complex simulations, adaptation to various detector types and geome-
tries, and seamless integration of new radiation interaction applications.

Additionally, this integration enables the leveraging of the standardized onedata-
Sim-S0 and onedataSim-S1 FAIR-compliant data catalogs stored in DataHub, facili-
tating the reuse of simulations performed under the previous schema.
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As another application example, by combining onedataSim/ARTI capacity to
simulate the interaction of high-energy particles within the Earth’s atmosphere with
RadPhantom’s capabilities to simulate the interaction of radiation with the human
body, we developed ACORDE [31], a workflow built to calculate the radiation dose
absorbed by aircraft crew and passengers during commercial flights. This inte-
gration not only improves our understanding of the effects of cosmic radiation on
human health but also facilitates the development of appropriate shielding strategies
to ensure the safety of people exposed to this type of radiation during commercial
flights.

Based on our unattended methodology, ACORDE starts by identifying the flight
from a JSON list provided by the user and automatically extracting relevant informa-
tion from public databases, and dividing the flight into takeoff, cruise, and landing
stages. The cruise stage is further segmented based on the flight’s duration, with
each segment defined by geographic coordinates and UTC time. ACORDE then
extracts the local atmospheric profile, EMF value, and directional rigidity-cutoff
tensor [27] for each waypoint to calculate the expected atmospheric radiation. The
final stage involves using a Geant4 model of Airbus A320/A330/A350 fuselages and
RadPhantom to propagate secondary particles and calculate the absorbed, equiva-
lent, and effective doses received by people onboard the aircraft along the flight.
ACORDE’s include several simulated radiation detectors used in the industry, such
as the Gamma Scout [56] for comparison with onboard measurements, and also the
CARI7-A tool [57] being the standard tool used in the industry for dose calculations
to be used as the reference.

As will be discussed in the next section, the extended computational capabilities
provided by the implementation of this methodology have made the development
of a wide range of applications feasible. This integration also allows for the utiliza-
tion of computational infrastructures that were previously inaccessible, substantially
increasing the statistical significance of previous results. Some of these applications
will be described in detail in section 3, demonstrating the significant impact of one-
dataSim in enhancing our understanding and capabilities in astroparticle physics and
radiation-matter interaction domains.

3 Results and discussion
3.1 Regular pipeline: continuous computational usage in production

Since the development of our methodology and its first implementation for the
standardized simulation of WCD responses at different sites of the LAGO Collab-
oration, an extensive use of EOSC resources was performed. This usage is docu-
mented in the EGI Accounting portal [58]. A summary of the yearly statistics from
January 2021 to September 2024 is shown in Table 1.

Within the “lagoproject.net” VO, originally intended for the exploitation of one-
dataSim in federated clouds, significant resources were consumed on EGI FedCloud.
The collaboration was included in the Top 10 ranking based on a combination of
sustained usage metrics, which go further the CPU consumption. In particular, our
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Table 1 Production statistics of
the LAGO virtual organization

(VO) on the EGI FedCloud Metric 2021 2022 2023 2024* Acc.  Top(%)
infrastructure. The last column

displays the absolute usage and ~ CPU years* 1503 1652 2000 1148 630.5 10(6.3)
the ranking position within the TBMemory* 360 1134 17.1 246 1911 2(22.4)
top 10 users of the infrastructure
TB Scratched* 825 3685 70.6 809 601.6 1(36.1)
TB Stored’ 2.4 7.8 1.9 2.3 144 -5

Total

*Metrics until September 2024

VO achieved the Top 2 in memory usage and Top 1 in temporal I/O operations
(scratch operations) during this period. The statistics are comparable to established
communities like the “fusion” VO, also included in this Top 10. Additionally, the
resource usage increased during the pre-production phase starting in early 2021.
This phase utilized over 280 CPU. Years across 2,241 virtual machines but they
were not included in the accounting due to a testing VO was used.

The simulations for the production pipeline stored via DataHub, which are
marked as complete, are spending 14.4 TB, though part of this data is under a mini-
mum of 1-year embargo before being publicly disclosed. Examining the metrics in
Table 1, we observe variability due to different types of computations scheduled
during various periods. The computational requirements for each simulation depend
on the type of sensors simulated, site altitude, geomagnetic location, environmental
conditions, and energy ranges considered. For example, memory requirements were
higher in 2022 and 2024 due to detailed simulations of expected background radia-
tion at high-altitude sites [59], and detector responses to low-energy muon decay
for WCD sensor calibration [60]. On the other hand, first quarter of 2024 was used
for training procedures required by machine-learning-based clustering algorithms in
order to enhance sensor capabilities at remote sites, leveraging the edge computing
schema in LAGO [61].

In terms of data availability, B2ZFIND currently hosts 428 published records from
37 LAGO sites, occupying 6.9 TB, which represents nearly half of the total storage
used in DataHub for the regular LAGO production. Note that other workflows can
also add the results of their specific simulation’ steps into this storage, but there are
not included in Table 1. Researchers can access these datasets through the dedicated
LAGO Collaboration section on B2FIND [62]. The WCDs modeling with Geant4
and Meiga has made possible to accurately simulate the response of these detec-
tors to different types of radiation. This includes, e.g., simulating the virtual sensor
response to 26 h of atmospheric radiation flux in Bariloche during winter, and up to
7 days of background response in different atmospheric conditions for studying the
possible development of new WCD at remote sites in the Andean range, such as in
the Chimborazo mountain in Ecuador, at 5500 m of altitude above sea level or the
Imata region in Peru. For example, one can be selected from the B2FIND database
for the projected detector at the new LAGO site 1ma[63], which will be deployed at
coordinates 15°51°S, 71°5°W, at an altitude of 4600 m above sea level near Imata in
the department of Arequipa, Peru. This site is managed by the Comisién Nacional
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de Investigacién y Desarrollo Aeroespacial (CONIDA), one of the Peruvian institu-
tions in the LAGO Collaboration. Also, it is important to notice that this data cata-
log can now be easily cited in any future research based on this dataset by using its
corresponding persistent identifier [64]. Figure 2 illustrates the spatial coverage and
some publicly available catalogs, including their metadata and persistent identifiers.

After the initial configuration, digital models can be adjusted in real time to the
constructive variants of the physical detectors just by changing the corresponding
JSON configuration file, allowing an accurate simulation for different configurations
including the release of FAIR data in public or private repositories. Overall, the sus-
tained use of EOSC resources and the detailed simulations performed highlight the
capabilities of our adaptable tool in managing and utilizing high-performance com-
puting environments for the simulations of the detectors response in an unattended
way after the initial configuration. This approach has significantly contributed to the
advancement of radiation interaction physics research and the development of new
tools and methodologies for data analysis and sensor calibration.

\'\\ & Datasets © About

= Q

LAGO

The LAGO (Latin American Giant Obser 428 datasets fou nd Order by: = Relevance v
vatory) project is an extended Astropart

icle Observatory at global scale. It is mai
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branches of. S0_pam_60_77402_QGSII_flat_defaults
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located in Pamplona, Colombia, on the 7.22 latitude,..
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Spatial Coverage pd Canada, on the 46.46 latitude, -81.17 longitude, but.
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located in Imata, Peru, on the -15.841 latitude,
S0_ppet_15552000_200000.0_77402_QGSII_volu_HEcuts_defaults
This Catalogue contains a complete LAGO (S0) plain simulation for a virtual detector called as ‘ppet’ located in Peteroa,
Argentina, on the -35.25 latitude, -70.57 longitude,
® contributors
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Temporal Coverage b
o ik This Catalogue contains a complete LAGO (S0) plain simulation for the LAGO "sac’ site managed by the CNEA institution;
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Fig.2 A view of the first records of the data sensors from the 428 published by the LAGO Collaboration
and harvested by B2FIND. The spatial coverage of the published dataset is illustrated on the map, cor-
responding to the LAGO Observatory sites [65]
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3.2 Radiation doses estimation in voxelized phantom models

To demonstrate the adaptability and robustness of our methodology, we applied
the same approach to develop the RadPhantom module within onedataSim-S2. As
explained in Sect. 2, this implementation allowed us to simulate the interaction of
different types of particle beam radiation with voxelized models of human phantoms
at HPC/HTC and cloud infrastructures. In this example, the RadPhantom application
was tested using primary types of radiation typically used in oncology radiation-
based therapies: photons (y), electrons (e™), and protons (p) [11]. Additionally, and
to exemplify the versatility of this application, neutron beams were also injected for
applications in, e.g., boron neutron capture therapies [66]. Each particle beam was
generated from a fixed position at the Cartesian coordinates (8.00, —13.57,43.60) cm
centered on the phantom model’s geometry, corresponding to the patient chest.
The flexibility of our tool enabled precise positioning and control over the radia-
tion sources, and even varying both in position and in the beam energy during the
irradiation.

As a first approximation, similarly to the one performed in [11], the absorbed
dose produced for initial beams of 10° photons, electrons, and protons was recorded
for each voxel of the phantom. This detailed dosimetry information is crucial for
assessing the radiation exposure and potential biological effects on the target, e.g.,
a tumor, and its surrounding tissues. Moreover, it enables calibrating the required
beam for real treatments, which allows checking the accuracy of outputs through the
next paragraphs and, simultaneously, the computational scalability and usability of
the application, explained at the end of this subsection. Thus, the results of these first
experiments are summarized in Table 2, where the absorbed dose values per incident
particle were obtained directly from the three-dimensional mesh output file resulting
from the RadPhantom application. The absorbed dose per particle as a function of
depth was calculated by integrating all doses per voxel in each plane along the corti-
cal plane (Y axis) of the voxelized model. Then, the total dose in the cortical plane,
which varies depending on the distance in the Y axis (sagittal axis from the front to
the back of the phantom), was determined. An example of the trajectory of the pro-
ton beams along the Y axis (sagittal axis) in a positive direction (front to back of the
phantom) is illustrated in the top-left panel of Fig. 3. The images demonstrate the
distribution of the absorbed dose in a flat cortex, resulting from a cut along the lon-
gitudinal axis of the ICRP110 reference adult male model (slices 165 with respect to
the Z axis direction, from the feet to the head of the phantom).

Table2 Absorbed dose, i.e., the deposited energy in the tissues measured in joules per unit of mass, or
grays (Gy), obtained after the irradiation of the anthropomorphic phantom with 103 particles within typi-
cal energy ranges in radiation-based oncology treatments

Particles (103 beam) Absorbed dose range Incident energy range
Photons 232 uGy - 1668 uGy 1 MeV - 15 MeV
Electrons 1988 uGy - 8778 uGy 5 MeV - 20 MeV
Protons 21525 uGy - 52537 uGy 50 MeV - 125 MeV
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Fig. 3 Results from twelve tests using the RadPhantom application, showing absorbed dose per particle
as a function of depth. Incident particles are targeted at a specific region of the chest in the ICRP110
adult male reference model. Top left: total absorbed dose per voxel for two proton beams with different
energies. Top right, bottom left, and bottom right: dose deposition for four photons, electrons, and pro-
ton beams, with energies ranging from 1 MeV to 15 MeV, 5 MeV to 20 MeV, and 50 MeV to 125 MeV,

respectively

To validate the simulation’s behavior under different radiation conditions and
assess the scalability of our model, we performed 10 series of 12 tests on each of
the six different computing infrastructures listed in Table 3, resulting in a total of
720 tests. For each test, we used the same configuration described earlier, calcu-
lating the absorbed dose in grays (Gy) produced by ten initial beams of 10, 107,
and 108 protons, photons, electrons, and neutrons for each voxel, and measured the

Tal:fl‘e 3 List O,f computing Platform Processor (2 x Intel Xeon) Microarch.
facilities used in this work,
grouped by their processor EOSC node E5-2650v3 @ 2.3GHz 10¢ Haswell
family. The different building
phases of Xula and ACME ACME-1 E5-2640v3 @ 2.60GHz 8¢
clusters are distinguished as Xula-1 Gold 6148 @ 2.40GHz 20c Skylake
well a regular node of EOSC ACME-2 Gold 6138 @ 2.00GHz 20c
FedCloud s indicated Turgalium Gold 6254 @ 3.10GHz 18¢ Cascadelake
Xula-2
ACME-3 Gold 6230 @ 2.10GHz 20c
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total execution time. The results enabled us to observe the behavior of dose distri-
bution as a function of the type and energy of the particles, providing a detailed
analysis that closely resembles the conditions of clinical radiotherapy treatments.

As a result, distinct characteristics of the average deposited dose at varying
depths were observed for each primary radiation beam. For photons, the absorbed
dose increases gradually with depth as the radiation penetrates the phantom,
reaching a peak at a distance from the chest surface that depends on the photon’s
initial energy. This behavior is illustrated in the top-right panel of Fig. 3, where
interactions such as the photoelectric effect, Compton scattering, and pair produc-
tion are shown, with Compton scattering being the dominant process within this
medium and energy range. Unlike the smooth curves seen in models composed
of a single material, minor fluctuations (small peaks) appear in the dose curve.
These are caused by radiation interacting with tissues of varying densities, such
as the rib bones in the chest.

When comparing the average absorbed dose curves of photon and electron
beams, the latter show a faster rise, as seen in the lower left panel of Fig. 3. This
is characteristic of charged particles such as electrons, which have stronger inter-
actions with the medium. However, for electron beams in the 5 MeV to 20 MeV
energy range, this increase becomes more gradual at higher energies, reflect-
ing a broader dose distribution along the penetration depth. As electron energy
increases, secondary photons generated by Bremsstrahlung penetrate deeper
into the phantom, making the electron dose distribution resemble that of photon
beams.

The energy deposition of protons also shows the expected behavior, with a slow
increment with penetration depth, reaching a maximum at a specific depth known as
the Bragg peak. This characteristic behavior of charged particles is shown in the bot-
tom-right panel of Fig. 3. By comparing different energy values of the incident pro-
ton beam in the range of 50 to 125 MeYV, different absorbed dose peaks are observed.
These differences reflect the changes in tissue density that the radiation beam passes
through. The position of the Bragg peak corresponds well with the expected depth
obtained from analytical methods and other conventional Monte Carlo simulations.

For a more comprehensive comparison, proton and neutron beams could be con-
sidered. Proton beams, for example, are known for their distinctive Bragg peak,
which concentrates their energy at a specific depth, while neutron beams, due to
their interactions with atomic nuclei, produce a more complex and dispersed dose
pattern throughout the medium.

As commented, these tests will also be used to check the computational scalabil-
ity of RadPhantom in onedataSim-S2 in a standalone way. Note again that we per-
formed 12 tests compound of 10 series on the different computing infrastructures
listed in Table 3 but excluding Turgalium, i.e., 720 runs comprising beams of 100,
107, and 108 protons, photons, electrons, and neutrons.

Thus, the scalability of the system was evaluated, revealing that the model scales
linearly with increasing deposited dose, as shown in Fig. 4. However, when ana-
lyzing performance in terms of useful computation, the processing time (CPU - h)
per unit of absorbed dose (Gy) slightly decreases or, at least, remains constant.
This demonstrates that the relationship between the administered dose and the
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Fig. 4 Computing performance 10°
for the executed tests, measured
inCPU - h Gy‘l, compared
across the different computing
architectures listed in Table 3
for various particle types. The
performance of EOSC Cloud
Haswell, ACME-1 Haswell,
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computational resources required can be predicted, regardless of the experiment size
or the number of particles simulated.

This measurement of performance based on the utility of the results is of impor-
tance, because in the real-world physicians will make use of the tool for verify-
ing that a certain dose is absorbed, which entails computational costs in time and
money. As well as for the LAGO implementation, the use of virtualized containers
for onedataSim-S2 should enable the scalability and flexibility in federated cloud
environments such as the European Open Science Cloud and public cloud platforms
like Amazon Web Services, Azure, or Google Cloud. This will makes it easier for
the scientific community and for the development of clinical applications to access
the RadPhantom application.

Therefore, these tests also aimed to assess the suitability of using virtualized
environments on reserved or shared resources. As shown in Fig. 4, the performance
of each infrastructure is more dependent on its underlying configuration than on the
use of virtualization itself. When normalizing results based on processor speeds,
we can more effectively compare executions across systems with the same micro-
architecture. For example, comparing Apptainer executions on ACME-1 with
Docker executions on a fully virtualized kernel-based virtual machine (KVM), such
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as the one provided by EOSC FedCloud, reveals only a modest speedup of 2-10%
for longer executions (107 — 10® particles). Both platforms are reserving the whole
node for the computation, which allows their direct comparison. However, shorter
executions (10 particles) experience a significant performance penalty on ACME-1,
-2, and -3. This behavior is due to the initialization overhead imposed in the ACME
facility, where many libraries are loaded by default when the job starts in the com-
puting node. The overhead is observable with shorter jobs as the 10° ones, but negli-
gible for long jobs. Xula-1 and -2 do not have this problem but they suffer for others.
Xula is a heavy-loaded supercomputer used by several research groups, and conse-
quently, it follows a non-exclusive policy per execution. Additionally, Turbo Boost is
enabled. These imply a variability in the performance [67, 68], being more evident
with the longer runs, principally with the 108 tests for electrons and neutrons. There-
fore, virtualization does not appear to be a critical factor in performance. This find-
ing highlights the flexibility of the RadPhantom platform to adapt to various com-
puting environments without compromising performance. Therefore, depending on
the needed, the medical or research institution can assess to support local computing
facilities or to paid for exclusive resources in a public cloud.

3.3 Dose estimation in commercial flights

Designed to calculate the radiation dose absorbed by aircraft crew and passengers
during commercial flights, ACORDE is another implementation of our simulations’
pipeline leveraging the robust foundations of our methodological approach, which
allows the execution of complex workflows in an unattended way and able to pro-
duce FAIR compatible data and metadata without further user intervention.

The ACORDE workflow starts by identifying the flight and retrieving relevant
data from public databases. The cruise stage is divided into segments based on the
flight’s duration, with each segment characterized by geographic coordinates, alti-
tude, and UTC time. For each waypoint, local atmospheric profiles, geomagnetic
field (EMF) values, and directional rigidity-cutoff tensors are extracted to calculate
the expected atmospheric radiation. A Geant4 model of the Airbus A320, A330, and
A350 fuselage, combined with a simplified anthropomorphic phantom based on the
RadPhantom model, is then used to simulate the propagation of secondary parti-
cles and calculate the absorbed, equivalent, and effective doses received by individu-
als onboard the aircraft. While the already introduced absorbed dose, measured in
grays, quantifies the energy deposited by radiation per unit mass, the equivalent dose
and effective dose, both measured in sieverts (Sv), account for the biological effects
of radiation. The equivalent dose adjusts for the type of radiation, while the effective
dose further adjusts for the sensitivity of different tissues, providing a more compre-
hensive measure of the potential biological impact on human health.

During the initial development of ACORDE, we categorized the analyzed flights
into three groups based on their duration: short (less than 2 h), intermediate (between
2 and 4 h), and long (more than 4 h). When comparing the radiation doses calcu-
lated by ACORDE and CARI7-A [57], systematic differences were observed. For
short flights, the absolute differences in dose (AE) ranged from ([—1.3, 1.9] uSv),
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with relative differences (AEy) reaching up to (+50%). Similarly, for intermediate
flights, the absolute differences were within ([—4.0, 8.6] #Sv), and the relative differ-
ences could be as high as (+70%). However, these average absolute differences are
statistically compatible with zero within a 1-sigma confidence interval.

For long flights, more pronounced systematic differences were observed. Out of
113 long flights, the average absolute dose difference was (+30.1 + 22.1) uSv, and
the relative difference was (+43.5 + 36.5)%. These differences were notably higher
for a subset of 37 special long flights compared to the remaining 76 regular long
flights. The special flights, including near-polar routes, such as, e.g., New York to
Hong Kong, occurred during a period of heightened solar activity, which led to
geomagnetic storms and complex interplanetary coronal mass ejections (iCMEs)
interacting with the Earth’s magnetosphere. During these special flights, the aver-
age absolute difference in dose was (47.5 + 10.9 uSv), with a relative difference of
(48.2 + 5.1%). These results highlight the impact of solar activity on radiation dose
calculations. For further details, readers are encouraged to consult the original pub-
lication [31], which provides a step-by-step explanation of ACORDE’s workflow for
a sample flight as well as detailed information about these special flights and the
resulting dose differences.

As an example of ACORDE’s implementation in a high-throughput computing
(HTC) environment, we present the use case of the Xula and Turgalium HPC/HTC
superclusters at CIEMAT, following the implementation exhibited in Fig. 1. Starting
with a simple list of flights, identified by the company-specific flight number and
date, ACORDE retrieves the flight path from public databases. It then determines
the takeoff, cruise, and landing stages, segments the flight path, and gathers the way-
point characteristics—such as altitude, the geomagnetic field (EMF) vector, and the
instantaneous local atmospheric profile. These steps generate the input files for the
onedataSim-SO0 stage, requiring approximately 2 CPU - h per flight and a few mega-
bytes of storage.

Although some of these calculations are of interest to the LAGO Collaboration,
the results are primarily relevant to airlines and institutions that require radiation
exposure estimates for flights. Thus, Turgalium supercluster in Trujillo, Spain, was
used as private facility to compute the onedataSim-SO and onedataSim-S1 stages
of the workflow. For this purpose, specialized daemons are deployed to manage the
control and execution of the simulations. The computational demand for these stages
is roughly 77 CPU - h per waypoint, or about 150 CPU - h per hour of flight at cruise
altitude. For takeoff and landing waypoints, the computational demand decreases to
approximately 100 CPU - h due to the lower altitudes, which reduce the impact of
background radiation calculations. The storage requirements are about 21 gigabytes
per hour of flight.

Once the SO and S1 stages are completed, the resulting data and metadata are
automatically uploaded to cloud storage. Subsequently, the Xula supercluster in
Madrid, Spain, is used to execute onedataSim-S2. In this stage, dedicated dae-
mons manage the workflow autonomously, downloading the S1 outputs to simu-
late the effects of the aircraft fuselage and calculate the radiation doses absorbed
by the anthropomorphic models inside the aircraft. This stage is the most com-
putationally demanding, requiring an average of 220 CPU - h per hour of cruise
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time and 40 CPU - h for takeoff and landing waypoints. Despite the complexity,
the output generated is relatively small, typically only a few megabytes per flight.
This distributed setup was specifically chosen to make full use of the available
computational resources and improve overall efficiency per flight.

Once the onedataSim stages are completed, ACORDE takes control, calculat-
ing the total radiation doses for the entire flight. Additionally, it compares these
results with the standard dose calculations from CARI7-A for validation pur-
poses. The final step generates output data and metadata, including detailed infor-
mation about the flight and the calculated doses, with a minimal computational
demand of 1 CPU - h per flight and only a few kilobytes of additional storage.

Considering all the computational steps described, each flight requires approx-
imately 370 CPU - h per hour of cruise time and 145 CPU - h for takeoff, landing,
and additional processing such as desktop calculations. In terms of storage, the
simulations demand an average of 21 GB per hour of flight of intermediate data.
To illustrate, for a long-haul flight like British Airways flight BAS, which trav-
els from Heathrow Airport in London, UK, to Haneda Airport in Tokyo, Japan,
with an average total flight duration of 13 h and 50 min, the full dose calculation
would require around 4,955 CPU - h and approximately 290 GB of storage space.
This substantial computational demand highlights the importance of HPC/HTC
environments to ensure efficient processing and completion within a reasonable
time frame.

To date, including both this new extension and the original study [31], more
than 600 flights have been analyzed using this methodology, the majority of
which are long-haul flights. These two studies have covered approximately 7,000
flight hours, requiring 2.6 million CPU - h, processing over 150 TiB of interme-
diate data and producing about 3 GiB of final, FAIR-capable data and metadata
catalogs. All of this has been achieved automatically, with no user interaction
beyond the initial selection of flights to be analyzed.

This robust and scalable methodology has laid the groundwork for further
research, which is already underway. Ongoing investigations aim to extend the
significance of our initial findings by improving the models used for dose calcu-
lations. These improvements include enhancements to the computational imple-
mentation, including parallel execution, the integration of new aircraft models,
and the incorporation of the more detailed voxelized RadPhantom models. Addi-
tionally, we are working on implementing standardized vocabularies to ensure
that ACORDE fully complies with the FAIR principles.

By adopting FAIR data principles, our tool not only enhance the transpar-
ency and reproducibility of radiation dose calculations but also will facilitate the
development of effective protection strategies for individuals exposed to cosmic
radiation during commercial flights. The integration of these principles will pro-
vide a reliable basis for future research and radioprotection policy-making.

The ongoing integration highlights the importance of comprehensive, unat-
tended, and automated platforms in advancing our understanding of cosmic
radiation’s effects on human health and improving safety measures for affected
populations. The ability to handle such high levels of computation underscores
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the robustness of the described methodology in delivering accurate and reliable
radiation dose calculations in real-world scenarios.

4 Conclusions and future work

In this study, we show our methodology for the integration and convergence of
data-driven simulations complying with open science practices on either virtual
and/or physical infrastructure. This complete tool has been successfully tested in
the calculation in a semi-autonomous way of Monte Carlo simulations involving
interaction of radiation with matter. This tool addresses the significant challenges
posed by the complexity and volume of data generated in large-scale computing
environments, particularly in the field of radiation-matter interaction, posing then
a very demanding and tough testing environment. By using advanced methodolo-
gies and frameworks, our tool effectively integrates and automates complex work-
flows, ensuring the generation of data and metadata that are fully compliant with
FAIR principles.

In addition, scientific impact has been provided in the field where the testing
environment was exploited. Thus, the implementation of onedataSim within this
framework has enabled a wide range of applications, from detecting astrophysical
gamma sources to monitoring space weather phenomena and estimating radia-
tion exposure during commercial flights. The hierarchical simulation approach,
encapsulated in containers, has allowed for efficient and scalable computations
across various high-performance computing (HPC) and cloud environments. One
of the applications, RadPhantom, highlights the versatility and robustness of our
tool. By enabling precise simulations of particle interactions with human phan-
toms and various media, these applications contribute significantly to fields such
as medical physics and radiation protection, as for example, ACORDE, where
we demonstrate the practical effectiveness of our framework in calculating radia-
tion doses absorbed by aircraft crew and passengers. This application, based on
our unattended methodology, showcases the tool’s ability to handle complex,
segmented flight data and produce accurate radiation dose calculations using
advanced simulation models.

The successful integration of these tools and methodologies into federated
cloud environments like the European Open Science Cloud (EOSC) underscores
the importance of automated and scalable solutions in modern scientific research.
Our tool improves the execution of simulations by simplifying workflows, auto-
mating processes, and ensuring compliance with FAIR principles, thereby
enhancing usability and reproducibility across diverse computational environ-
ments, and can be applied to a wide range of numerical methods and scientific
fields.

Moving forward, future work is focusing on further refining the computational
models and extending the tool’s capabilities for the calculation of the expected
doses in nuclear facilities where neutron radiation is produced. Continuous
improvements in data management practices and computational efficiency will be
prioritized to support the evolving needs of the scientific community.
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The methodology presented in this study demonstrates significant potential
for application beyond radiation-matter interaction simulations, offering a versa-
tile framework that can be adapted to a wide range of scientific domains where
large-scale simulations and complex data workflows are required. By integrating
automation, scalability, and compliance with FAIR principles, this tool enhances
transparency, reproducibility, and collaboration in open science. As the scientific
community continues to embrace open science, tools like ours will be crucial in
driving forward research efforts, fostering interdisciplinary collaboration, and
ensuring that data and methodologies remain accessible and reusable for future
innovations.
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