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Abstract—The High-Performance Computing (HPC) commu-
nity struggles with reproducibility due to complex software
stacks, heterogeneous hardware, and expensive validation cycles.
This contribution presents a layered reproducibility strategy in
which Feel++ provides a traceable software supply chain and
Ktirio Urban Buildings (KUB) builds on it to manage versioned
urban-building data, executable simulations, and checksum-
verifiable result artifacts. Feel++ treats continuous integration
(CI) plans, CMake presets, packaging manifests, public software
metadata, operations commands, containers, software bill of
materials (SBOM)/provenance metadata, and Feel++ Bench-
marking reports for Feel++ and KUB cases as repository-owned
artifacts. KUB applies this foundation to City Energy Model
Database (CEMDB) datasets, manifests, Findable, Accessible,
Interoperable, and Reusable (FAIR) packaging, and verifiable
outputs for computationally expensive simulations. The case
study shifts reproducibility from late manual packaging to an
artifact chain linking source commits, packages, containers,
benchmark configurations, dataset versions, provenance records,
and generated results.

Index Terms—High-performance computing, reproducibility,
continuous benchmarking, software provenance, containeriza-
tion, urban building simulation.

I. INTRODUCTION

The HiDALGO?2 project focuses on accurate and fast sim-
ulations addressing global challenges. Within this framework,
the Ktirio Urban Buildings (KUB) pilot models building
energy dynamics from a building scale to a city scale through
City Energy Model (CEM) simulations. KUB depends on
Feel++, a C++ library for solving a large range of partial
differential equations using Galerkin methods [1]. Feel++ is
available as open-source software at https://github.com/feelpp/
feelpp and archived on Zenodo [2]. KUB reproducibility
is therefore inseparable from Feel++ reproducibility: Feel++
continuous integration (CI), operations tooling, package meta-
data, public software metadata, and container-generation logic
determine which numerical software stack can be rebuilt,
audited, and reused by the pilot.

Deploying such complex applications across diverse super-
computing environments frequently leads to inconsistencies
and dependency conflicts. To efficiently simulate city-scale

domains, the underlying computational meshes and associated
data must be partitioned and distributed across multiple nodes.
Consequently, subtle variations in Message Passing Interface
(MPI) implementations, hardware interconnects, and parti-
tioning libraries across different clusters severely complicate
portability, acting as a major barrier to scientific progress.

Current high-performance computing (HPC) reproducibility
practice combines several strands. Reproducible computational
research emphasizes recording code, parameters, data, and ex-
ecution context [3]; artifact packaging tools such as ReproZip
capture runnable experiments after the fact [4]; HPC soft-
ware environments rely on package managers, containers, and
system-aware testing to control portability and performance
variability [5]-[8]; and Findable, Accessible, Interoperable,
and Reusable (FAIR), software bill of materials (SBOM), and
provenance practices address data reuse and software supply-
chain transparency [9]-[11]. This paper is positioned at the
intersection of these strands: it connects repository-owned
software supply-chain records, continuous correctness and per-
formance benchmarking, and KUB data/run evidence so that
minimal reproducible experiments and expensive simulation
artifacts are inspectable.

To address these methodological and technical challenges,
this contribution treats sustainable reproducibility as a layered
artifact chain integrated into the software lifecycle. Repro-
ducibility here includes not only rebuilding and rerunning
the software, but also reproducing and comparing perfor-
mance behavior across European High-Performance Com-
puting (EuroHPC) systems; Feel++ Benchmarking, avail-
able as open-source software at https://github.com/feelpp/
benchmarking and archived on Zenodo [12], provides this
performance-reproducibility layer for both Feel++ and KUB
cases. The contributions are: (i) a Feel++ foundation based
on repository-owned continuous integration and continuous
deployment (CI/CD), build presets, operations commands,
packages, images, performance benchmarking, and public
metadata; (ii) a KUB data and execution layer using City En-
ergy Model Database (CEMDB) layouts, manifests, schemas,



and checksums for urban-building inputs and outputs; and (iii)
a stakeholder-oriented path for users, clients, partners, decision
makers, and technical evaluators linking source commits,
packages, containers, benchmark configurations, performance
reports, dataset versions, provenance records, and generated
results.

Section II presents the layered reproducibility strategy:
Feel++ provides the repository-owned software supply chain
through CI/CD, CMake presets, operations tooling, public
metadata validation, package generation, Open Container
Initiative (OCI)/Apptainer artifacts, and SBOM/provenance
preparation; Feel++ Benchmarking [12] then supports con-
tinuous correctness and performance benchmarking for both
Feel++ and KUB cases. Section III focuses on the KUB data
and execution evidence, describing the CEMDB layout, ver-
sioned datasets, run manifests, provenance records, schemas,
checksums, and artifacts used to make expensive simulations
inspectable without requiring full reruns.

II. LAYERED REPRODUCIBILITY STRATEGY

Achieving sustainable reproducibility requires separating
the generic numerical software supply chain from the domain-
specific application and data record. In our strategy, Feel++
provides the reusable HPC foundation and KUB consumes
that foundation to execute city-energy simulations and pre-
serve their evidence. This keeps the software environment,
benchmark definition, dataset layout, and run record connected
without making KUB responsible for rebuilding the entire
numerical stack.

A. Feel++ Reproducibility Foundation

The software stack required for Feel++ and KUB relies
on Boost, Gmsh, PETSc, SLEPc, Eigen, ParMetis, MPI, and
related libraries. Host-specific modules and local build recipes
are fragile because compiler versions, operating-system up-
dates, interconnect drivers, and partitioning libraries vary
across clusters. Feel++ therefore treats the execution environ-
ment as a repository-derived artifact: OCI images [6] are built
from declared package and image metadata, tested in CI, and
executed on HPC systems through Apptainer [7].

The Feel++ development repository makes CI
and packaging state part of the source tree so that
package definitions, image recipes, and metadata are
pinned to the software source they build. The target
catalog is declared in .github/plan-ci.json;
reproducible build and test workflows are encoded in
CMakePresets. json; packaged components are declared
in packaging/manifest/components.toml; and
ops/ commands generate packages, Spack environments,
Dev Container profiles, Docker Bake contexts, and version
data. In particular, fpp-pkg, fpp-spack, fpp-version,
and fpp-dev resolve package versions, inspect repository-
owned Spack environments, generate development containers,
and prepare image build contexts; package workflows
upload artifacts and publish Debian/Ubuntu repository
snapshots through the Feel++ Advanced Package Tool (APT)

infrastructure. The public metadata CLI fpp-ip, where
IP denotes public intellectual-property metadata, records
software identity, license signals, component and dependency
inventories, Docker and Apptainer inventories, release
metadata, deterministic YAML/JavaScript Object Notation
(JSON) exports, and source metrics. This metadata strategy
supports Software Package Data Exchange (SPDX) 3.0.1 and
CycloneDX SBOM exports, together with provenance records
for Docker and Apptainer artifacts identified by immutable
digests or file hashes.

B. Feel++ Benchmarking and Continuous Benchmarking

Feel++ Benchmarking addresses continuous benchmarking
by consuming the built software artifacts rather than
redefining the environment, and it applies to both
core Feel++ benchmarks and KUB CEM cases. The
feelpp.benchmarking repository implements a
Python layer around ReFrame-HPC [8], is available at
https://github.com/feelpp/benchmarking, and is archived on
Zenodo [12]. A benchmark run is described by JSON-
controlled machine, benchmark, and report configurations
whose schemas validate the executable, timeout, resource
request, platform, input files, optional Girder dependencies,
parameter sweeps, sanity rules, scalability files, and report
contents. At runtime, feelpp-benchmarking-exec
pulls the declared Apptainer image when re-
quired, downloads declared remote inputs, invokes
ReFrame, and writes reframe_report. json;
feelpp-benchmarking-render turns reports into
an Antora dashboard [13]. Machine configurations for
EuroHPC systems such as Karolina, MeluXina, Discoverer,
and Vega separate scheduler, module, launcher, and container
details from the benchmark itself.

The same tool therefore makes performance reproducibil-
ity measurable over time. For Feel++, it records whether
reusable numerical components, packages, containers, and
launcher configurations remain executable and comparable
across systems. For KUB, it binds the same runtime artifacts
to CEM-specific benchmark descriptions, declared input data,
resource requests, sanity checks, performance records, and
reports. The workflow can run benchmarks directly or through
Slurm, upload reports to Girder, and stage dashboard updates
through auditable pull requests. Feel++ Benchmarking is thus
used to monitor performance evolution, detect regressions, and
compare execution behavior across EuroHPC systems for both
Feel++ and KUB.

C. KUB Application and Data Layer

KUB is the application layer built on top of the Feel++
foundation. Its CI/CD workflows build and test the Python
package and C++ CEM executable, generate Docker and
Apptainer artifacts, publish package artifacts, and run CEM
simulations that upload result directories. In practice, the main
workflow builds the wheel, runs Python tests, builds the C++
code, packages Debian artifacts, and builds container images;
the CEM simulation workflow downloads declared remote
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Fig. 1. Layered reproducibility workflow: Feel++ supplies the software
artifact chain, while KUB adds domain data and run evidence.

TABLE I
STAKEHOLDER-ORIENTED ARTIFACT PATH.
Step Evidence
Source state Git tag or commit, .github/plan-ci.json,

CMakePresets. json, public metadata export
Debian/Ubuntu package, Spack environment, OCI image,
Apptainer image file, digest or hash

Feel++ or KUB feelpp-benchmarking JSON,
reframe_report. json, dashboard entry
cemdb/locations/<id>/versions. json,
v<version>/manifest.json, DVC or remote
source metadata
simulations/.../manifest.json, setup sum-
mary, provenance record

HDFS5/Parquet artifacts, schema identifiers, SHA-256 and
composite hashes

Software artifact

Benchmark check

KUB dataset

KUB run

Result validation

data, runs feelpp_kub_cem, uses feelppdb as part of
the simulation run output, uploads the resulting CEMDB
location results, and summarizes the produced manifest. KUB
therefore uses Feel++ executables and containers, but adds
domain-specific reproducibility records: versioned CEMDB
location datasets, preprocessing caches, single and ensemble
run directories, setup summaries, provenance records, and
hashed Hierarchical Data Format 5 (HDFS5)/Parquet outputs.

This split gives stakeholders a concrete path through the
artifact chain. The Feel++ layer answers which numerical
software, package set, and image were used; the shared
feelpp-benchmarking layer records the Feel++ or KUB
benchmark configuration and report; and the KUB layer
answers which city dataset, preprocessing state, simulation
setup, output files, schemas, and checksums were produced.
Fig. 1 summarizes this dependency from source-code changes
to benchmark and CEMDB evidence.

The result is not a single container recipe but a traceable
relation between source commits, CI targets, package and im-
age identifiers, public metadata, benchmark reports, CEMDB
dataset versions, and run manifests.

III. KUB DATA MANAGEMENT AND RUN EVIDENCE

Software traceability is only useful for KUB if the urban
data and generated results are also described precisely. KUB

therefore uses CEMDB as the source of record for loca-
tion datasets, preprocessing caches, simulator resources, and
simulation runs. In the C++ code, the PathManager class
is the single path authority and separates shared simulator
resources from location data, standalone runs, ensemble runs,
and per-member ensemble outputs. In the Python layer, dataset
commands generate, pack, synchronize, version, and validate
CEMDB manifests.

A. CEMDB Layout and Dataset Versions

A location dataset is organized under
cemdb/locations/<id>/. The wversions.json
file selects the active  dataset  version, while
v<version>/manifest.json records the dataset

name, schema version, KUB compatibility, source metadata,
directories, contents, and checksums. The versioned directory
contains the concrete inputs used by CEM runs: geo/
for geographic information system (GIS) data and meshes,

weather/ and air-quality/ for time-dependent
environmental data, scenarios/ for schedules and
building-use mappings, and preprocessing/ for

partitioned static inputs. Large location archives can be
referenced through Data Version Control (DVC) pointers [14]
to remote stores, while the local CEMDB layout remains the
execution contract.

B. Run Records and Verifiable Outputs

Each execution I isolated under
simulations/single/<run_id>/ or
simulations/ensemble/<run_id>/. The run

directory contains a manifest, setup summary, provenance
record, and database artifacts. The manifest records the run id,
run type, status, artifact base, referenced files, and generated
outputs. The provenance record captures the Feel++ and KUB
versions, command line, Git commit, branch and dirty state,
MPI world size, backend, host, and Coordinated Universal
Time (UTC) timestamps.

Generated outputs are not described only by filenames.
HDFS5 artifacts store building metadata and time series, while
Parquet artifacts store global and building-level key perfor-
mance indicator (KPI) summaries. Manifest entries attach
schema identifiers, schema versions, SHA-256 hashes, and, for
partitioned outputs, per-file hashes plus a composite hash. The
Python manifest validator checks referenced files and hashes,
and strict validation requires schema and checksum metadata.
This lets stakeholders inspect or validate the result package
without relying on the original HPC filesystem.

C. Artifacts for Expensive Simulations

City-scale and ensemble simulations are too expensive to
rerun routinely for every evaluation. KUB therefore preserves
reusable intermediate and summary artifacts: preprocessing
stores partitioned GIS, mesh, weather, scenario, and build-
ing metadata inputs; simulator resources are isolated from
run outputs; and ensemble/statistics code writes lightweight
Parquet KPI summaries for downstream analysis. Minimal



feelpp-benchmarking cases can still exercise the exe-
cutable and container environment, while CEMDB manifests
and hashes preserve the evidence for larger runs.

This creates two reproduction modes. The minimal mode
reruns selected Feel++ or KUB benchmark cases to check that
the tagged source state, package or image, EuroHPC execution
configuration, remote inputs, executable, and report generation
still work together [15]. The full-evidence mode is used
for expensive city-scale and ensemble simulations: instead
of rerunning every case during evaluation, it validates the
archived CEMDB run directory through manifests, provenance
records, schemas, and hashes, with targeted reruns only when
deeper verification is required.

IV. CONCLUSION

This paper presents a layered reproducibility strategy for
the HiDALGO2 KUB pilot. Feel++ supplies the software
artifact chain: CI plans, CMake presets, operations commands,
packages, containers, public metadata, SBOM/provenance
preparation, and Apptainer deployment. Feel++ Benchmarking
records executable and performance evidence for Feel++ and
KUB cases, while KUB adds CEMDB datasets, preprocessing
state, manifests, provenance, and hashed HDF5/Parquet out-
puts.

The artifact under evaluation is therefore more than a
container image: it relates source commits, software pack-
ages, runtime images, benchmark reports, dataset versions,
run manifests, and checksums. Stakeholders can inspect pack-
age or image identifiers, run a minimal Feel++ or KUB
feelpp-benchmarking case, and validate KUB outputs
through manifest and hash records. Larger city-scale runs
remain inspectable through preprocessing caches, KPI sum-
maries, provenance, and checksums.

The main lesson is that HPC reproducibility cannot be
reduced to containerization alone. Containers constrain the
software environment, but scheduler policy, filesystems, MPI
stacks, datasets, and execution cost remain part of the prob-
lem. The next step is to extend this artifact chain to hy-
brid CPU/GPU and exascale execution, where accelerator
drivers, GPU runtimes, topology, scheduler placement, mem-
ory hierarchy, container bind mounts, and MPI/GPU com-
munication paths also affect correctness and performance.
The strategy therefore needs accelerator-aware metadata for
container runtime options, device visibility, node topology,
compiler/runtime versions, and performance counters.
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