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—— Abstract

The rapid growth of data in Astrophysics and Cosmology creates significant challenges that require

scalable computing and advanced visualization solutions. Cineca is Italy’s largest supercomputing
center and a leading global provider of high-performance computing (HPC) services. This paper
shows that the integration of the VisIVO scientific visualization framework is with the cloud-based
InterActive Computing (IAC) service at Cineca. This integration enables GPU-accelerated, real-time
visualization on HPC resources via a Jupyter interface in their browser. A new dedicated Python
wrapper and a custom Jupyter kernel enable VisIVO to run smoothly from interactive notebooks,
avoid command-line operations, and visualize data directly on HPC compute nodes. Furthermore, we
enabled cloud-oriented RESTful APIs, built with the Flask framework, to perform VisIVO operations
remotely via simple web services. This setup hides the backend’s complexity and simplifies connections
with other applications. Our framework increases system accessibility, ensures reproducibility of
results, and supports rapid data exploration for large astrophysical simulations. The system was
evaluated using real-world cases, including visual analysis of cosmological simulations generated
using the OpenGadget3 code. Results indicate that the system is scalable and reliable, and that it
facilitates interactive scientific discovery on high-performance computing (HPC) infrastructures.
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1 Introduction

Astrophysical observations and simulation codes on high-performance supercomputers gen-
erate petabytes of data [22]. Managing this data — storing, retrieving, and analyzing it —
presents major challenges critical to scientific progress [17]. Pre-exascale systems enable
new ways to scale High-Performance Computing (HPC) for Astrophysics and Cosmology.
Researchers now need both powerful computation and interactive methods to visualize
results [7]. VisIVO!, the Visualization Interface for the Virtual Observatory is a suite of tools
for high-performance, multidimensional data analysis and visualization in astrophysics [11].
It was first built for distributed systems like grids and clouds [5], and later updated for the
European Open Science Cloud (EOSC) [20, 21] using containerized science gateways.

VisIVO supports interactive and portable workflows [19]. Most recently, it has been
integrated with the cloud-oriented InterActive Computing (IAC?) service [4], which is
available on the Galileo 100 cluster (G1003) [9], at Cineca. This IAC service enables users
to access compute nodes on demand via Jupyter notebooks in a web browser. The IAC
service fundamentally transforms the conventional batch-based HPC access model into a fully
interactive, web-accessible environment. This platform enables users to initiate notebook
sessions directly on compute nodes equipped with GPUs and high-speed interconnects,
thereby facilitating interactive data analysis, real-time visualization, and dynamic simulation
control [3]. By enhancing usability and reducing technical barriers, IAC addresses critical
challenges in HPC accessibility and user engagement. The integration of VisIVO with TAC
further empowers researchers to conduct 3D visualization workflows seamlessly within the
HPC ecosystem, eliminating the need for complex command-line configurations or manual
data transfer. This integration extends the scalability and computational power of HPC to
Jupyter-based environments, promoting reproducible, accessible, and user-centric scientific
workflows.

We embed VisIVO within TAC via lightweight Python wrappers and a custom Jupyter
kernel that automatically loads modules, configures environment variables, and transparently
calls the underlying C++ binaries [22]. This design hides system complexity and delivers
consistent execution across distributed nodes. Additionally, we have developed cloud-oriented
RESTful APT services that expand VisIVO’s capabilities beyond the notebook interface. Built
with lightweight Python frameworks, these APIs enable remote execution of visualization
tasks and provide programmatic and web-based access for large-scale data rendering and
analysis. This work complements the interactive IAC integration by enhancing automation
and laying the foundation for future cloud-HPC hybrid environments.

The paper is organized as follows: Section 2 provides an overview of related works in
interactive and HPC-driven visualization; Section 3 introduces the VisIVO Server modules
and its architecture; Section 4 introduces the InterActive Computing (IAC) service; Section 5
describes the methodology used to integrate VisIVO into the TAC framework, while Section 6
focuses on the development of REST-based visualization APIs; Conclusions and future
developments are discussed in Section 7.

b VisIVO, https://visivo.readthedocs.io/
2 IAC, https://jupyter.gl00.cineca.it/
3 Galileo 100 infrastructure: https://www.hpc.cineca.it/systems/hardware/galileo100/


https://visivo.readthedocs.io/
https://jupyter.g100.cineca.it/
https://www.hpc.cineca.it/systems/hardware/galileo100/

U. Arshad, E. Sciacca, N. Tuccari, F. Pitari, and G. Muscianisi

2 Related Works

Scientific visualization has progressed markedly at scale — especially in astrophysics and
cosmology — where petascale simulations and surveys demand real-time analysis and visual
insight. Although existing tools and platforms provide a solid foundation, just a few let you
do data analysis and visualization in real-time, in one reproducible HPC workflow. Early
pioneers in large-scale HPC visualization, VisIt [8] and ParaView [1] established powerful
frameworks for parallel and remote rendering across distributed systems. Although both
support HPC-friendly client—server models, they typically demand expert configuration and
do not offer native web integration, which constrains usability for many domain scientists.

Interactive web-based platforms have become popular through science gateways and cloud-
centric systems. For instance, [6] gateways have been shown to provide researchers access to
sophisticated astrophysical analysis tools like VisIVO through web portals. Following this, the
NEANTAS Visualization Gateway [21] was developed, incorporating VisIVO into the European
Open Science Cloud (EOSC) using containerized services and Jupyter interfaces. This
work demonstrated that deploying advanced astrophysical visualization on federated cloud
resources is feasible, ensuring reproducibility and cross-platform portability. Nevertheless,
these gateways generally do not deeply integrate with HPC schedulers or support real-time
session control, operating primarily in batch mode or with limited interactivity.

As Jupyter Notebooks have become standard tools for reproducible scientific workflows,
various projects have investigated combining them with high-performance computing resources.
The work of [16] introduced Jupyter as a user interface for scientific computing, and newer
efforts, such as the Fenix infrastructure [4], have adapted this approach specifically for
neuroscience and brain studies. These platforms demonstrated that HPC systems could
be accessed via notebook-driven web portals, though they primarily focused on static data
analysis rather than interactive, GPU-powered visualization.

Here, combining VisIVO with Cineca’s InterActive Computing (IAC) service, as demon-
strated in this study, addresses an important shortfall. This method enables interactive 3D
rendering on HPC nodes and packages VisIVO’s functionality within a specialized Jupyter
kernel via Python wrappers, making it easier for users to access high-performance GPU re-
sources. Unlike [21], this solution removes the necessity for manual module management, SSH
file transfers, or command-line interface rendering. Additionally, it offers live visualization
through VisIVO Viewer and supports complex processing workflows by using pre-configured,
scriptable notebooks. Spack [10] and Ansible [13] are commonly used tools for automating
deployments in HPC software environments, and their application here to merge Python and
C++ tools into unified notebook setups highlights an advanced degree of composability. This
approach converts traditional static command-line workflows into interactive, reproducible
sessions, thereby enhancing both the reproducibility and accessibility of scientific visualization
methods in astrophysics. This method has been applied specifically to astrophysical simula-
tions such as GADGET and to workflows involving density visualization and the examination
of cosmological structures [22], but it might be generalized to any command-line-based
backend tool. Additionally, it enables the use of cloud-based RESTful services and serverless
visualization backends, simplifying HPC complexity without sacrificing efficiency.

3 VislVO Server

VisIVO Server is a collection of software tools built to produce customized 3D visualizations
using astrophysical datasets, handling very large amounts of data with no restrictions on
data dimensions [23]. The primary modules available via the command line are:
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USER DATA Input Datasets VisIVO
Importer

ASCII, CSV, FITS. HDF5, GADGET. etc.

VisIVO Binary Table - VBT

VisIVO Filter
Optional: 0 to N
operations

Data Transformation, Filtering
CLI

Output
VisIVO 3D Visualization

Viewer

Figure 1 VisIVO Server modular architecture and basic workflow involving importer, filter and
view operations.

= VisIVO Importer: transforms user datasets into an efficient internal format called VisIVO
Binary Tables (VBT), supporting a wide range of formats from common data types like
ASCII and CSV to specialized astronomy formats such as FITS, HDF5, and GADGET.

= VisIVO Filter: allows users to process VBT files by applying data transformations,
performing filtering, and other modifications needed before visualization.

= VisIVO Viewer: creates interactive 3D graphics from VBTs, enabling users to visually
analyze and explore datasets efficiently.

A standard VisIVO Server workflow progresses through three stages — data preparation,

processing, and visualization (as shown in Figure 1).

4 InterActive Computing service (I1AC)

As the demands of modern scientific workflows increase, there is a need for capabilities
beyond traditional batch-based processing. Fenix* addresses this need for interactive access
to large-scale computing resources by providing a federated set of infrastructure services
that complement traditional batch-oriented HPC systems [2]. Fenix introduces Interactive
Computing Services (IAC) as a core constituent of its architecture. TAC enables users to
access a persistent, low-latency interactive environment, typically via web-based interfaces
such as Jupyter. IAC has been developed with a focus on supporting neuroscience work
in the Human Brain Project (HBP®) and European Brain Research INfrastructure (EB-
RAINS®) communities. This service lets researchers interact with data and run applications
directly, facilitating rapid feedback and accelerating scientific progress. The development

4 Fenix, https://fenix-ri.eu/
> Human Brain Project, https://humanbrainproject.eu/
5 EBRAINS, https://ebrains.eu/
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Figure 2 InterActive Computing VisIVO service implementation at Cineca.

and management of IAC services were a collaborative effort between Cineca and E4, us-
ing the ICE4HPC” software suite. Currently, IAC is available on Cineca’s Galileo 100®
supercomputing platform [22].

An interactive, browser-based interface to HPC delivers two key benefits.

1. Users can launch sessions directly on compute nodes at https://jupyter.gl00.cineca.

it with near-instant startup, bypassing the traditional SSH, batch-queue workflow and
gaining seamless access to graphical visualization tools that are cumbersome in command-
line-only environments.

2. Tt enables real-time control of running workflows — monitoring resource usage [15],
inspecting intermediate results, and adjusting parameters on the fly — avoiding the
unpredictable start times and slow feedback cycles inherent to batch processing.

The Interactive Access and Computing (IAC) framework delivers a secure, end-to-end
interactive HPC experience by routing user authentication and resource requests from a local
browser to a cloud-hosted frontend that isolates the web surface, which then forwards requests
to Slurm to allocate a compute node and launch a Jupyter server with a VisIVO-enabled
Python kernel, as shown in the UML diagram of Figure 2. Users work continuously in
notebooks on that node — running heavy computations directly on HPC resources while
monitoring usage and visualizing intermediate results in real time. Jupyter is chosen for
its single-user server—client model, rich plugin ecosystem (e.g., monitoring tools, featured
dashboards, and interface with other services via jupyter-server-proxy), and broad user
familiarity. Security is enforced by executing orchestration on a dedicated VM in Cineca’s
cloud, running HPC operations as standard user-space Slurm jobs (no root privileges required
on the cluster side), and applying two-factor authentication alongside continuous monitoring,
vulnerability assessments, and penetration testing.

" ICE4HPC, https://www.e4company . com/en/ice4hpc/
8 Galileo 100 infrastructure: https://www.hpc.cineca.it/systems/hardware/galileo100/
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5 Methodology

Integrating a dedicated VisIVO Jupyter kernel into the TAC replaces the old ssh-and-module-
load workflow on G100, eliminating command-line setup and extra steps to fetch PNG outputs.
Users now launch an TAC session, select “VisIVO,” and run commands immediately; outputs
are saved to the session and viewable in the web interface. This streamlines visualization,
improves accessibility, and reduces friction — even though VisIVO, written in C++, isn’t a
native Jupyter target — details of which are described next.

5.1 VisIVO wrappers

VisIVO is implemented in C/C+++, and its compilation generates standalone executable
binaries. Since Jupyter cannot directly embed such binaries in its interface; integration is
achieved through a dedicated Python environment. To enable this, we developed a custom
Python wrapper? that bridges Python with the VisIVO binaries, allowing users to execute
VisIVO commands seamlessly within a Jupyter session. The Python wrapper is intended to
execute a specific command while also handling essential tasks, such as invoking the CLI,
logging activities, and verifying the function arguments.

The wrapper provides command-specific functions — VisIVOImporter, VisIVOFilter, and
VisIVOViewer — that share a common design pattern (here below we will show the importer
as an example), enabling seamless execution of VisIVO commands from a Python session.

def importer(input_file, *flags, mpi=False, tasks=None, fformat=None, out=None,
volume=None, compx=None, [...]):

The design deliberately hides the VisIVO command-line from users delegating the VisIVO
command line execution to an ad-hoc function (_corefunction):

command = "VisIVOImporter"
_corefunction(command, input_file, *flags, mpi=mpi, tasks=tasks, options=options)

The _corefunction validates the types of options passed from the outer wrapper, converts
booleans into flag-only options and all other parameters into key—value options, then appends
the input file to finalize the command; execution runs either with MPI or in serial mode
based on the mpi and tasks settings. Additionally, integrating the Pillow library with the
VisIVO kernel improves image handling — especially PNGs — by rendering outputs directly
inside the Jupyter session, eliminating command-line viewers and manual file retrieval. This
makes image generation and inspection faster and simpler, so users can stay focused on
analysis rather than setup.

5.2 IAC Deployment

To deploy the framework, VisIVO was first compiled system-wide, with a Spack [10]. A
Spack module enforces the OSMesa backend across graphical libraries such as VTK and
GLEW. This enforcement ensures correct image output in TAC through off-screen rendering
with OSMesa, which is crucial because the system lacks an active windowing system and
only the web front end is operational. Then, a conda environment was provisioned with
Ansible [13] on the TAC backend nodes to host the VisIVO Python wrappers (described in
the previous Section 5.1), optionally adding Pillow, NumPy, and Matplotlib for smoother

9 VisIVO Python Wrapper: https://github.com/VisIVOLab/VisIVOPythonWrapper
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SPACE OpenGadget3 Visualization

import visivo
import matplotlib.pyplot as plt
import matplotlib.image as mpimg
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( @ O 1 Import GADGET data
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In [2]: visivo.importer(*/g160 work/CNHPC IACtest/space data/snap 092.6", fformat="gadget”, out="/g108 work/CNHPC IACtest/tes
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™ = M ) Create a density volume
= ] an

', % In (3

visivo.filter("/g100_work/CNHPC_IACtest/testspace/NewTableHALO.bin", op="pointdistribute’, resolution="384 384 384",

Visualize the volume rendering

Figure 3 TAC VisIVO framework deployment and sample notebook to visualize OpenGadget3
data.

visualization. Ansible deploys the conda environment to each backend node’s local storage
(not the parallel file system) to avoid login slowdowns from many small file reads during
Jupyter initialization; the inventory explicitly lists all service nodes, and the login node acts
as the Ansible control host.

After that, the VisIVO Python wrappers were installed. With the wrappers in place,
users can invoke VisIVOImporter, VisIVOFilter, and VisIVOViewer directly from Python,
simplifying analysis and visualization workflows. Finally, the Jupyter ipykernel was custom-
ized to execute a bash prolog that loads the Spack VisIVO module and exports the necessary
environment variables, making the VisIVO kernel immediately available in notebook and
console sessions.

This deployment is being tested within the SPACE!? project to interactively visualize the
cosmological snapshots of two simulation codes, namely OpenGadget3 [12] and ChaNGa [14],
in GADGET and Tipsy format respectively, as shown in Figure 3.

6 Automated pipeline using VisIVO

A second target for our codebase is pipeline-style automation, which is essential for high-
throughput science (e.g., weather forecasting, tsunami alerts, satellite data management),
where multiple servers interact in cascades that eventually trigger HPC jobs.
initiating these interactions depends on site-specific HPC access policies, no standard method
exists; in our earlier IAC use case, we overcame this by using Cloud-HPC coupling, which
allows us to expose web services typically disallowed on HPC clusters. Extending that idea,
we propose embedding standard web REST APIs into HPC workflows to provide secure,
scalable, and reproducible automation from submission to result retrieval. REST makes

Because

0SPACE project: https://www.space-coe.eu/
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services client-agnostic, so requests can be sent from the command line (e.g., curl) or any
web front end without server-side changes. Similar needs arise in projects like Terabit [24, 25]
(rapid earthquake simulations) and GATA [17] (post-processing large astronomical datasets),
where pipelines coordinate data flows from remote sources (telescopes, seismic sensors)
through interconnected steps but still lack a general approach — REST APIs are a strong
candidate standard. To prototype this, we used our VisIVO codebases to simulate a pipeline
that automatically post-processes simulation data using the cloud-hosted VisIVO REST API.

6.1 Deployment as a service

To achieve integration with pipelines via the cloud-based REST API, we integrated Flask [18]
into our original code, i.e., the VisIVO Python wrappers described in Section 5.1. The choice
of Flask is a perfect match for the implementation. Flask enables the rapid deployment of a
web server using minimal Python code.

app = Flask(__name__)
if __name__ == "__main__":
app.run(host=’0.0.0.0’, port=5000, debug=True)

It processes requests and generates responses based on the application’s configuration.
Developers can specify the server’s network address and port. In development mode, the
application reloads automatically upon code modification, ensuring immediate updates, and
provides detailed error messages through an interactive debugger.

Qapp.route(’/some_endpoint’, methods=[’POST’, ’GET’])
def some_endpoint():

Flask provides function decorators that make it easy to implement REST API endpoints.
This feature aligns well with our starting code, which is organized around three core functions.
Using Flask decorators, we can clearly map each function to a specific endpoint, simplifying
the creation of REST APIs for the cloud-hosted server.

The REST API runs on a virtual machine in the OpenStack-based Cineca ADA cloud!!;
this is because bare-metal execution on the HPC cluster of web services is typically discouraged
due to an higher probability of security issues that might affect such services, with the risk
of compromising the security of the cluster. We set up VisIVO inside a Docker container
dedicated to this service; while not strictly necessary, this cloud-friendly approach offers
greater convenience and portability compared to a traditional installation. Alongside the
container, we created a dedicated Python virtual environment to host the server, ensuring
that REST API dependencies are cleanly managed. Together, these steps deliver an isolated,
efficient backend layer specifically designed to support the reliable, scalable use of the
application’s REST API.

The primary goal is to provide a language-agnostic interface that abstracts system
complexity via standard REST APIs. Currently, the “Import” action operates only on the
cloud web server which serves as the system’s control layer for handling user input, request
validation, and secure REST interactions. To fully realize our aim, we plan to offload these
operations to the HPC cluster. In the future, with shared storage, computation will be
colocated with data — improving performance, scalability, and reliability on high-performance
infrastructure.

M ADA cloud, https://www.hpc.cineca.it/systems/hardware/ada-cloud/
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7 Conclusions and Future Works

This study describes how the VisIVO scientific visualization framework was integrated
into Cineca’s InterActive Computing (IAC) service to create an interactive, scalable, and
reproducible visualization environment directly on HPC systems. The integration transformed
VisIVO from a command-line, batch-based tool into a web-accessible, browser-driven platform
that supports complex 3D visualizations within Jupyter notebooks using GPU nodes. Python
wrappers and a dedicated Jupyter kernel make it easier for users to interact and run VisIVO
commands manual configuration or module loading. These updates speed up visualization,
provide clear HPC access, and help scientists analyze data more quickly. Cloud-based
RESTful APIs built with Flask now let users run VisIVO remotely through web services,
which simplifies the backend and makes it easier to connect with other applications. Overall,
this paper showcases how conventional visualization software can be adapted into modern
HPC-native solutions that combine high performance with user-friendly accessibility. The
framework was tested on real astrophysics workloads, such as the ones from the SPACE project,
and handled them smoothly, efficiently scaling and reliably visualizing very large, complex
datasets. These trials demonstrated its ability to connect traditional batch supercomputing
with real-time, interactive analysis.

In the future, the next step is to exploit the cloud-hosted REST API with VAST’s
multi-protocol shared storage so the web front end can read cluster-generated data directly —
no data movement — possibly via VAST’s object-storage interface for extra flexibility. The
REST API will require proper authentication, likely token-based. Once shared storage is
active, a REST workflow similar to IAC can submit VisIVO jobs to the cluster’s batch
system, moving computation to the data. This should boost throughput and I/0 efficiency
while keeping security tight by not exposing any web server from the cluster.

Declaration on Generative Al
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