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Abstract
Modern accelerator facilities generate heterogeneous data

from diagnostics, sensors and simulations, making it difficult
to manage, reproduce, and contextualize results as software
and models evolve. While FAIR principles (Findable, Acces-
sible, Interoperable, Reusable) are increasingly applied to re-
search data, the iterative development of scientific software,
with its rich metadata and benchmarks, rarely follows them.
Small changes in compiler flags, dependencies, or hardware
can alter outcomes, yet are often undocumented. We address
this gap with BenchTune, a telemetry and reporting layer in
C++ and Python that interfaces with the Kadi4Mat (Kadi)
virtual research environment. BenchTune records metadata
for each algorithm run, compiler information, parameters,
metrics and stores it in Kadi as portable, traceable research
artifacts. A project-view plugin in Kadi visualizes the evo-
lution of a research project, linking code versions, datasets,
and benchmark runs into coherent workflows.

As a result, our contribution provides a reproducible
framework that supports FAIR principles for research data,
enabling sustainable and collaborative research in accelera-
tor physics and beyond.

MOTIVATION
The modern landscape of accelerator physics is increas-

ingly defined by the intersection of high-performance hard-
ware and sophisticated software stacks. At the Institute for
Beam Physics and Technology (IBPT), our primary mission
is accelerator research at the Karlsruhe Research Accelerator
(KARA), using it as a test facility for studies with electron
beams, beam diagnostics, and related developments such as
magnet systems.

KARA serves as a critical testbed for novel diagnostics,
beam dynamics studies, and advanced light source applica-
tions, generating large and heterogeneous streams of scien-
tific and technical data even for a medium-sized accelerator.
The accelerator infrastructure alone monitors around 30,000
data points across roughly 900 networked devices, with sen-
sors and controllers operating at diverse update rates. The
resulting data volume already reaches the order of 100 TB.

In accelerator research, workflows can increasingly be
organized from data acquisition through analysis to publi-
cation. In our research environment, the provenance of raw
and processed data is already treated as a central concern and
is addressed according to established FAIR principles [1].
At IBPT, this process has recently been strengthened by the
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adoption of Kadi4Mat [2] (Kadi), a virtual research envi-
ronment that supports the structured organization of data,
metadata, and links between intermediate and final results
within scientific workflows [3].

However, capturing complete algorithm provenance is
significantly harder, yet essential for aligning with FAIR for
Research Software [4–6] (FAIR4RS). This is particularly
true for exploratory research software, which is often devel-
oped and executed on personal workstations, local servers,
or temporary high-performance computing environments.
Although final software versions may eventually be archived
in long-term repositories such as Zenodo, the provenance
of individual software executions is rarely preserved as a
research object in its own right [7]. Such execution-level
provenance extends beyond the source code and includes the
scientific literature motivating the implementation, metadata
describing the execution environment, code variables, run-
time parameters, intermediate results, failures, performance
measurements, and the configuration and build process of
the software artifact. Consequently, important contextual
information about how scientific results were actually pro-
duced is often lost.

This situation reveals a critical FAIR-gap [4–6] in software
driven research. Consider a common scenario: a researcher
produces a set of high-quality plots, pushes the code to a
Git repository, and archives the dataset on Zenodo. Despite
this, a scientist attempting to reproduce the results at a later
stage may still fail. The code in the repository may have
changed since the plots were originally produced, the ex-
act runtime parameters may never have been documented,
and the computation itself may have relied on a specific
compiler version, build configuration, dependency stack, or
hardware platform that is no longer accessible. Moreover,
numerical libraries can exhibit different behavior depend-
ing on machine architecture, compilation flags, or backend
implementations, leading to different outcomes even when
the nominal algorithm remains unchanged. In this sense,
access to source code and input data alone is insufficient
to guarantee reproducibility, as the metadata describing the
software execution, runtime environment, and configuration
has not been properly persisted [8].

Software provenance is particularly important in acceler-
ator physics, where many beam properties cannot be mea-
sured directly but must be reconstructed from heterogeneous
diagnostic data. Many quantities of scientific interest are ob-
tained only through reconstruction processes that combine
time-resolved measurements, acquisition systems, physical
models, and numerical analysis tools. Because the physics
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Figure 1: Overview of the KARA research stack, illustrating
the pipeline from initial sensor data and metadata acquisition
to the persistence of algorithm execution RUNs and their
visualization via the Kadi Project View.

is reconstructed through code, the scientific software often
evolves iteratively alongside the research questions. Sim-
ulation codes, reconstruction pipelines, optimization rou-
tines, and benchmarking scripts are continuously revised
as models improve and new measurements become avail-
able. In practice, these intermediate development steps,
together with their runtime context, are rarely preserved as
first-class research objects. Consequently, the path from raw
measurements to published scientific conclusions remains
only partially documented, while the software itself remains
insufficiently accessible, comparable, and reusable.

The work presented in this paper addresses this gap by
extending provenance tracking beyond traditional data and
metadata records to individual software execution instances,
hereafter denoted as RUNs. In this notation, RUN refers to a
research object representing one execution of research soft-
ware. Our approach persists both the resulting data and the
comprehensive execution metadata of each algorithm run di-
rectly within the Kadi environment. While Kadi is typically
utilized to map direct, explicit relationships between data
files, we extend this paradigm by embedding the execution
RUN as an intermediate node in the provenance chain. Con-
sequently, software execution metadata becomes an integral,
traceable component of the documented research workflow.
To support this approach, we introduce two key tools: Bench-
Tune, which sends run metadata directly to Kadi, and Kadi
Project View, a visual management extension for organizing
and exploring these relationships.

By integrating these tools, we provide a framework that
is intended to make research software at KARA as traceable
and reproducible as the physical experiments themselves.

KARA RESEARCH STACK
During beamtime, KARA generates massive, continu-

ous streams of operational data. This routine machine data
and its associated operational metadata are automatically
ingested and persisted in an Apache Cassandra [9] database,
ensuring high throughput time-series logging. However,
data acquired during dedicated research experiments often

follows a more heterogeneous trajectory. Depending on the
workflow, experimental data may be routed to the institute’s
central repository, stored within KIT’s Large Scale Data
Facility (LSDF), or temporarily saved on local researcher
workstations.

In this heterogeneous environment, data and metadata are
not automatically transferred to Kadi. Instead, researchers
decide which artifacts should be persisted in the local Kadi
instance, which is itself connected to the LSDF infrastruc-
ture. For experimental datasets, this archived information
should include not only the acquired data itself, but also
rich metadata describing the experiment and the state of the
accelerator at the time of acquisition.

Once persisted, experimental data typically enters a sec-
ond stage of processing and interpretation. This stage often
involves additional measurements as well as custom research
software developed by the researchers, primarily in Python
and C++. Such software is used for analysis, reconstruc-
tion, simulation, and benchmarking, and therefore forms an
essential part of the scientific workflow [8].

To capture the provenance of these computational steps,
the metadata and outputs produced during individual RUNs
of research software are transferred to Kadi through the
BenchTune library. In this way, each run becomes a traceable
research artifact that links raw data, processed data, runtime
parameters, and execution context. As illustrated in Fig. 1,
this extends the research stack beyond conventional data
storage by introducing algorithm runs as explicit provenance
objects within the workflow.

A key improvement enabled by this research stack is the
ability to use this enriched and dynamic provenance not
only for preservation, but also for inspection and interpre-
tation of the research process itself [3]. Through the Kadi
Project View plugin developed for Kadi, these relationships
can be explored visually, allowing researchers to analyze,
preserve, and communicate the evolution of a project in a
more intuitive and structured way.

BENCHTUNE: RUNs TELEMETRY
BenchTune is a telemetry and reporting layer for C++

and Python that captures system metadata, structures run-
time parameters, and serializes benchmarking results into
portable formats. It supports several output backends, in-
cluding console output, plain-text files, YAML, and JSON,
thereby enabling both human-readable reports and machine-
readable artifacts. The transmission of this metadata payload
to Kadi is optional and can be configured independently of
the local export format.

As a lightweight library, BenchTune can be integrated
directly into existing C++ and Python codes with minimal
effort. Once enabled, it automatically gathers metadata from
the execution environment, including kernel, storage, CPU,
compiler, virtualization, distribution, memory, executable
information, and user-defined parameter values provided by
the code itself. This allows each execution to be documented
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Figure 2: Kadi project view canvas example.
/vskip2mm

as a traceable run enriched with relevant computational con-
text.

The following code snippet shows an example of Bench-
Tune usage in a C++ program.

Listing 1: BenchTune C++ use example.
#include <BenchTuneManager.hpp>
using namespace BenchTune;

BenchTuneConfig cfg;
cfg.name = "RUN name";
cfg.output_directory = "/output/myRUN";
cfg.base_filename = "RUN_local_file";
cfg.description = "This is a RUN of my algorithm.";
// Metadata ingest configuration
cfg.metadata.all = True;
cfg.metadata.system = false;
// Kadi configuration
BenchTuneConfig::KadiOptions kadi;
kadi.enabled = true;
kadi.base_url = "kadi_url";
kadi.access_token = "kadi_token";
kadi.identifier = "record_id_kadi";
cfg.kadi = kadi;
auto benchtune = BenchTuneManager(cfg);
//Add metadata directly from code
benchtune->add("model/parameter", model->parameter);
benchtune->add("magic_number", 42);
// Write file and sent to kadi (if kadi available)
benchtune->close();

KADI PROJECT VIEW
Kadi Project View extends the Kadi environment with

an interactive visual workspace in which researchers can
organize records, collections, and their relationships on a
two-dimensional canvas, as illustrated in Fig. 2. Rather
than navigating research artifacts only through conventional
lists and metadata forms, users can arrange project elements

spatially to reflect the structure and progression of their work.
This includes customizable visibility settings and flexible
canvas interactions such as dragging, zooming, panning,
and annotations. In this way, Kadi Project View provides a
more intuitive representation of complex research projects,
making the evolution of datasets, record versions, and their
interconnections easier to inspect and communicate.

Beyond visualization, Kadi Project View also introduces
analysis-oriented functionality directly into the project can-
vas. Records can be enriched with attached analysis tools
that expose relevant metadata and derived results in an in-
tegrated and accessible manner. This allows users to in-
spect the history of artifacts, compare metadata across runs,
and access associated outputs without leaving the project
context. By combining visual workflow organization with
embedded analysis capabilities, Kadi Project View trans-
forms provenance from a passive record into an active tool
for understanding, comparing, and communicating scientific
work [3, 8].

DISCUSSION
This work shows that treating algorithm RUNs as first-

class research artifacts within Kadi, through BenchTune
and Kadi Project View, advances the implementation of
FAIR4RS principles at KARA. To serve the broader scien-
tific community, future work will deeply integrate the Project
View into the Kadi ecosystem and expand BenchTune to sup-
port additional programming languages.
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