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Abstract
The numerical solution of the Vlasov–Fokker–Planck

(VFP) equation is a well-established method to simulate
the dynamics of electron bunches in storage rings, including
their self-interaction through wake fields. Inovesa is an effi-
cient VFP solver that enables accurate simulations of phase
space evolution, capturing phenomena such as coherent syn-
chrotron radiation (CSR) and the micro-bunching instability
on standard desktop hardware.

Building on this foundation, we introduce Inovesalib, a
redesigned and extensible library version of Inovesa that
exposes the core VFP solver as a modular C++ API and
provides a Python wrapper for seamless integration into user
workflows. Inovesalib decouples the solver core from appli-
cation logic and offers a plugin architecture that allows users
to implement custom algorithms without modifying the un-
derlying solver. The redesigned structure turns Inovesa from
a standalone application into a flexible simulation frame-
work, suitable for integration into optimization pipelines,
machine learning workflows, and custom tools. We present
the library architecture and demonstrate its use in both C++
and Python.

INTRODUCTION
The dynamics of electron bunches in storage rings are

governed by complex interactions between the beam and
its electromagnetic environment. The phase space density
evolution of an electron bunch is of particular relevance
for understanding collective effects caused by perturbations
through wake fields [1], or equivalently, through the beam
coupling impedance. These interactions give rise to phenom-
ena such as coherent synchrotron radiation (CSR) and micro-
bunching instabilities, which can significantly degrade beam
quality, reduce beam lifetime, and limit the performance of
synchrotron radiation facilities [2, 3]. Specifically, the lon-
gitudinal dynamics can be described by the Vlasov-Fokker-
Planck equation (VFPE), given in Eq. (1), which models
the particle density of a bunch in the phase space and in
time [3, 4].
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Here, 𝜓 denotes the phase space density, 𝐻 is the Hamil-
tonian of the system, 𝑞 and 𝑝 are the canonical position
and momentum coordinates, respectively, and 𝛽𝑑 and 𝐷

represent the damping and diffusion coefficients.
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To solve this equation efficiently in practice, Inovesa was
developed as a runtime-efficient VFPE solver for desktop-
class hardware. The original code base, developed by Schön-
feldt at KIT [5], combined a discretized longitudinal phase
space model with optimized numerical operators and paral-
lelization, making systematic micro-bunching studies prac-
tical on standard workstations within minutes rather than
days.

Since its introduction, Inovesa has been applied in a wide
range of scientific studies. Steinmann et al. [6] used Inovesa
to compare time-resolved THz spectroscopic measurements
at KARA with VFP simulations, thereby relating measured
bursting dynamics to simulated longitudinal substructures
and threshold behavior. Schönfeldt et al. [7] used Inovesa to
investigate how the CSR impedance contributes to the syn-
chronous phase shift at KARA, connecting the solver to an
experimentally accessible machine observable. In a related
study, Funkner et al. [8] developed a non-destructive longitu-
dinal phase space density tomography method, qualitatively
validating their reconstructed dynamics against Inovesa sim-
ulations driven by KARA machine parameters.

Inovesa has also been used to interpret parameter-
dependent instability studies. Brosi et al. [9] analyzed the
effect of a damping wiggler on the micro-bunching instability
at KARA and used Inovesa simulations to study how changes
in damping time modify the temporal burst pattern of the
emitted CSR. Boltz et al. [10] employed Inovesa for passive
particle tracking in order to study how CSR wake fields per-
turb synchrotron motion and may seed micro-structures in
longitudinal phase space. Expanding its application, Brosi
et al. [11] utilized Inovesa as a primary VFP solver in a
cross-code comparison between SOLEIL and KARA. Most
recently, Brosi et al. [12] applied it at MAX IV to investigate
microwave instabilities under varying intra-beam scatter-
ing (IBS) conditions, finding good qualitative agreement
between simulation and experiment. These studies high-
light the role of Inovesa as a reference tool for comparative
and interpretive numerical studies, extending its use beyond
individual simulation cases.

More recent work used Inovesa for hardware-oriented
design, impedance manipulation, and control-oriented ma-
chine learning studies. Maier et al. [13] simulated the impact
of corrugated structures on the longitudinal beam dynamics
and emitted CSR power at KARA, and subsequently studied
how these effects depend on bunch length conditions in low
momentum compaction operation [14]. Wang et al. [15]
used Inovesa as the CSR simulation environment for accel-
erated deep reinforcement learning aimed at fast feedback
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of beam dynamics at KARA, showing that Inovesa can also
serve as a simulation backend for low latency control system
development.

The original Inovesa software was primarily organized
as an application, which is suitable for batch runs and
command-line studies but restrictive when the solver must
be embedded into other software. Modern use cases such
as optimization loops, machine learning workflows, online
analysis tools, and custom graphical interfaces require pro-
grammatic access while allowing configuration, data export,
runtime control, and alternative numerical realizations to
evolve independently.

Inovesalib addresses this transition from application to
framework. It preserves the validated Inovesa solver path
[16], but reorganizes the software into a modular library
with explicit interfaces for models, observers, controllers,
and algorithms via plugin loading. In practical terms, the
same physical problem can now be solved through a compact
C++ API, dynamically loaded algorithm implementations,
or Python bindings, making the solver easier to integrate,
extend, and maintain.

ARCHITECTURE

Inovesalib is organized as a modular scientific software
framework built around the validated numerical foundations
of Inovesa. Its architecture separates solver execution, pa-
rameter models, diagnostics, runtime control, and algorith-
mic extension into distinct layers, ensuring that each compo-
nent can evolve independently while remaining connected
through stable interfaces.

Inovesa

At the core of Inovesalib lies the existing Inovesa VFP
solver, now encapsulated in the Inovesa class as a
reusable library component. This class follows a facade
pattern that preserves the validated Inovesa numerical work-
flow while exposing it through a compact object interface
for external applications, analysis pipelines, and Python-
based workflows. In this way, the established solver kernel
is reorganized into a form with explicit and reusable state
management, runtime control, and data access.

The time evolution is carried out in the main iteration loop
within the Inovesa class. For each step, the wake potential
is updated, and the transport is performed by sequentially
applying the numerical operators to the phase space state
in the order of wake, RF, drift, and Fokker-Planck [16,17].
This realizes the operator-splitting scheme in a form that
remains close to the validated implementation while making
the solver accessible through a stable library API. In addition,
the Inovesalib supports selective operator refresh during
runtime, so that controller-driven parameter changes can
update the affected numerical maps without rebuilding the
full solver instance.

Parameter models
Inovesalib introduces an explicit parameter model layer

that separates simulation parameter configuration from
solver execution. In this software context, a model is not the
physical dynamics model itself, but a typed container for the
physical, numerical, and execution parameters consumed by
Inovesa and related algorithms. All parameter models derive
from the abstract ModelBase, which provides a structured
interface for describing, validating, and accessing simula-
tion parameters at runtime through an explicit schema. This
schema defines the stable interface through which a concrete
parameter model interacts with the framework.

A key design feature is the separation between the param-
eter schema and the parameter values. Here, the schema
denotes the metadata that describes the available parameters,
such as their names, mutability, units, grouping, and value
types. The method describeAttributes() publishes this
schema, whereas the actual parameter values remain stored
in the concrete model instance and are accessed through
getAttribute() and setAttribute(). This separation
provides a stable interface for controllers, observers, algo-
rithms, and Python bindings, while leaving each parameter
model free to choose its internal representation. In this way,
parameter models define a clear boundary between parame-
ter specification and solver implementation.

Observers
Output generation and diagnostics are decoupled from the

numerical solver through an observer pattern. All observer
implementations derive from the common ObserverBase,
which provides the minimal polymorphic interface used to
attach output-side components to the solver. This separation
prevents simulation code from being entangled with file I/O,
visualization, benchmarking, or communication back-ends,
and makes it possible to combine several output pathways
with the same solver run.

Several observer families are already implemented, includ-
ing InovesaLegacy for asynchronous HDF5 [18] output,
ZeroMQ [19] for streaming phase space and projection ar-
rays, and additional observer implementations for plot gener-
ation and metadata reporting. Together, they allow the same
physics core to be reused in batch simulations, interactive
applications, and performance studies without modifying
the solver logic.

Controllers
Complementary to the observer layer, controllers provide

a mechanism for influencing the solver during runtime. Their
purpose is not to consume output, but to modify the model or
trigger solver updates while the simulation is running. This
is particularly relevant for interactive steering, parameter
scans with feedback, and future hardware-oriented or online
applications.

The main controller currently implemented in Inovesalib
is the ZMQ model control. It receives JSON-encoded
commands, validates requested changes against the model
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schema, and applies accepted updates during iteration.
These changes can selectively refresh the RF, drift, Fokker-
Planck, or wake operators, depending on which parameters
have been modified. This architecture keeps runtime steer-
ing outside the numerical core while preserving consistency
between the model state and the active operator chain.

Algorithm Plugins
InovesaLib adopts a plugin-based architecture to orga-

nize families of solver algorithms. For the Inovesa VFP
solver, this is expressed through the APIVFPAlgorithm in-
terface, which defines the common contract for all VFP
solver strategies. In this way, multiple VFP algorithms can
address the same problem through a shared interface. This
makes the framework inherently extensible: the core solver
is treated merely as a baseline implementation. Researchers
can optionally develop plugins to introduce entirely new
types of algorithms, such as novel numerical schemes, data-
driven methods, or alternative physics models, expanding
the library’s capabilities without ever modifying the core
codebase.

This design follows the strategy pattern: at runtime, the
framework selects and instantiates a concrete algorithm.
These algorithms are compiled as independent shared li-
braries and loaded dynamically, with each one registered
under a unique string identifier. Consequently, researchers
can seamlessly swap, benchmark, and deploy different math-
ematical approaches for a given physical problem without
altering or recompiling the underlying framework infrastruc-
ture.

EXAMPLES
This section presents short code snippets illustrating the

main usage patterns of Inovesalib in C++ and Python, show-
ing how models, solvers, observers, and related components
interact in typical workflows.

C++
The first example illustrates the high-level usage path,

where an Inovesa instance is created from a configured
model, observers and controllers are attached, and the simu-
lation is executed. This reflects the most direct application-
level workflow.

Listing 1: High-level workflow with Inovesa.
#include "inovesalib/Inovesalib.h"
int main() {

inovesalib::InovesaModel param_model;
inovesalib::Inovesa solver(param_model);
inovesalib::LegacyObserver observer;
inovesalib::ZmqModelController controller;
solver.addObserver(&observer);
solver.addController(&controller);
solver.iterate(10000);

}

The second example shows the algorithm/strategy-oriented
path. Here, the selected algorithm plugin is passed explicitly
at construction time through SolverVFP, emphasizing how

the execution strategy is chosen independently from model
and observers.

Listing 2: Algorithm-oriented workflow with explicit strat-
egy selection.
#include "inovesalib/Inovesalib.h"
int main() {

inovesalib::InovesaModel param_model;
vector<inovesalib::ObserverBase*> observers;
vector<inovesalib::ControllerBase*> controllers;
inovesalib::LegacyObserver observer;
inovesalib::ZmqModelController controller;
observers.push_back(observer);
controllers.push_back(controller);
string algorithm = "InovesaLegacy";
inovesalib::SolverVFP solver(algorithm, observers,
controllers, &param_model);

solver.iterate(10000);
}

Python
The current version of the Python wrapper follows the

same high-level idea as the C++ code: a parameter model
is created, a solver instance is configured, observers are
attached, and the simulation is executed. The snippet below
shows a practical workflow.

Listing 3: Minimal Python example.
import inovesalib as inl

param_model = inl.model("InovesaLegacy")
param_model.grid_size = 256
param_model.beam_current = 8.5e-4
solver = inl.Inovesa(param_model)
observer = inl.InovesaLegacyObserver()
solver.addObserver(observer)
solver.iterate(10000)

CONCLUSION
Inovesalib extends the established Inovesa Vlasov–

Fokker–Planck solver into a modular software framework
while preserving its validated numerical core. By defining
explicit interfaces for solver execution, parameter models,
plugins, observers, controllers, and Python bindings, the
same simulation engine can be reused beyond the original
standalone application workflow.

The refactoring maintains continuity with previous
physics studies while enabling new forms of integration
through a compact user interface and a plugin mechanism
for developers. Ongoing work focuses on a differentiable
VFP solver that supports both forward simulation and gra-
dient propagation for inverse problems and optimization
workflows. Access to the Inovesalib codebase is available
upon request to the corresponding author.
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