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Abstract
Railway infrastructure systems have recently been en-
hanced through the use of the digital twin (DT) concept,
enabling visualization and control in a virtual environ-
ment while effectively mitigating life cycle costs. This
work provides insights into the development and opera-
tions (DevOps) of a railway DT platform and highlights
the automation and management of asset integration and
processing based on the FMI and SSP interface standards
through the use of the Continuous Integration / Continu-
ous Delivery pipeline technology. This offers long-term
durability, pausability, remote triggering, open-source and
workflow design capabilities, and connectivity to other
tools such as version control systems and code analysis
tools. In this research paper, we present an anti-slip co-
simulation model of a railway vehicle as a use case exam-
ple to demonstrate the pipeline-oriented automation and
management in combination with a version control sys-
tem and code analysis tool within the platform.
Keywords: CI/CD Pipeline, DevOps, FMI, SSP, Automa-
tion and Management, Asset Integration and Processing

1 Introduction
Railways play a crucial role in modern public and freight
transportation due to their cost-effectiveness, energy-
efficiency and eco-friendliness. To reduce life-cycle costs,
conserve energy, and streamline maintenance and moni-
toring for railway operators and infrastructure managers,
railway infrastructure systems are being brought into the
virtual world through the use of the DT concept. As an
example, (Zhou et al. 2022) conceptualized a DT platform
called Rail for Future (R4F), where digital assets (mod-
els and data) from different railway subsystems, including
vehicles, tracks, turnouts, bridges and tunnels, can be in-
tegrated and interoperated with each other. This enables
end-users to control and visually analyze the railway sys-
tem.

There are challenges and limitations to overcome in
railway digitalization. For instance, raw simulation as-
sets of the subsystems cannot be run and easily man-
aged in the DT platform due to their software tool depen-
dence, operating system (OS) incompatibility, relatively

complex model and data structure. The use of interface
standards, offered by Modelica Association, shows great
potential for dealing with the adaptation of the simula-
tion assets to the platform. Some of these standards are
Functional Mock-up Interface, which provides an inter-
face between dynamic simulation models and software as
a ZIP-formatted container (simulation unit called Func-
tional Mock-up Unit (FMU)), is open-source and sup-
ported by more than 200 tools (Functional Mock-up In-
terface (FMI) Standard 2024), and System Structure &
Parameterization, which is used to containerize complex
simulation systems containing one or more FMUs and
ideal for co-simulation use cases (System Structure and
Parameterization (SSP) Standard 2024). This adaptation
process allows the assets to be seamlessly integrated and
processed in the platform. (Kugu et al. 2023) successfully
demonstrated this in their work by using the FMI and SSP
standards. In order to ease the asset integration and pro-
cessing task, we prefer to automate it and improve its man-
agement. This is a challenging mission, that requires com-
prehensive knowledge and experience about the assets, the
task and automation techniques to apply it to the platform.
This paper demonstrates the use of the Continuous Inte-
gration / Continuous Delivery and/or Continuous Deploy-
ment (CI/CD) pipeline technology for automated integra-
tion, processing and management of the assets with the
FMI and SSP standards in the R4F Platform. The technol-
ogy is foreseen as an effective method for the automation,
because it provides workflow design, open-source, de-
livery and/or deployment capabilities, remote-triggering
functions, pausability (ability to stop and wait for human
response), long-term durability and platform compatibil-
ity. Besides, the pipeline software tool can interoperate
and communicate with other software tools such as ver-
sion control systems and code analysis tools, which help
track and store the version of the assets and detect poten-
tial errors, vulnerabilities and redundancies in the codes
belonging to these assets. Thus, version control systems
and code analysis tools are applied to the pipeline in this
work, which effectively boosts the automation and man-
agement of the asset integration and processing task as a
part of the DevOps practice in the platform. Moreover,
there are open-source tools available for these two tech-
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nologies. Considering all the features and open-source
materials, mentioned above, the CI/CD pipeline technol-
ogy is highly preferred for this research work.

Another issue to address concerns license management,
which is necessary to obtain permissions for running sim-
ulations of the assets in the pipeline of the platform, since
these assets were previously designed and configured with
an appropriate solver in commercial software tools. Ad-
ditionally, a thorough understanding of pipeline installa-
tion, configuration, and design is needed, which also de-
pends on the physical domain according to (Zampetti et
al. 2023)’s comprehensive study on CI/CD pipeline im-
plementation in a DT for Cyber Physical Systems (CPS)
incl. railways. Moreover, proficiency in installing, con-
figuring version control systems and code analysis tools,
and effectively interoperating the pipeline with them in the
platform is essential.

In this research paper, first, in Section 2, we give
insights about the benefits and limitations of railway
DTs, CI/CD pipeline technology, FMI and SSP standards
through different research examples. Second, in Section 3,
we define the FMI- and SSP-based asset integration and
processing task and its underlying goals. Then, in Sec-
tion 4, we present what kind of advantages the automation
and management of the task bring to stakeholders, how we
apply it to the R4F Platform, how we keep the stakehold-
ers updated through the use of the pipeline, version con-
trol system & code analysis tool methodologies and which
processes we defined and directly applied to the pipeline
in the platform. After that, in Section 5, we show an inter-
esting demonstration of how we automate and manage the
integration and processing of a co-simulation model con-
sisting of a multibody simulation (MBS) model of a rail-
way vehicle, and a Proportional-Integral-Derivative (PID)
controller model for anti-slip traction and vehicle speed
control of the vehicle. In Section 6, we discuss the sim-
ulation comparison results of the use case, and point out
limitations and challenges we encountered while integrat-
ing, processing the assets, then automating and managing
them in the pipeline. Finally, in Section 7, we briefly men-
tion the conclusion of this work and outline future work.

2 Related Work
2.1 Railway Digital Twin
In recent years, railway DTs have increasingly been de-
signed and developed by numerous researchers and engi-
neers to enhance operational, monitoring and maintenance
tasks within the virtual railway environment. For instance,
(Zhang et al. 2021) presented a DT-assisted approach for
fault diagnosis of railway point machines used to oper-
ate turnouts. They emphasized the significance of DTs
in enhancing fault diagnosis processes, thereby improv-
ing the reliability and efficiency of railway operations. In
2022, (Hamarat, Papaelias, and Kaewunruen 2022) intro-
duced a Peridynamics-based DT approach, which could
predict potential fatigue damage in railway turnout cross-

ings by integrating real-time data and simulations, facil-
itating proactive maintenance and improved safety. This
enhancement contributed to assessment and management
of railway infrastructure. Additionally, (Kaewunruen et
al. 2023) proposed employing DTs for managing railway
bridge maintenance, where they monitor and analyze the
structural integrity of railway bridges in real time. Their
study highlighted the role of DTs in improving decision-
making processes related to the maintenance, thereby en-
hancing the overall safety and reliability of railway infras-
tructure systems. As mentioned in Section 1, (Zhou et al.
2022) conceptualized a model-based DT platform called
R4F, capable of simulation, visualization, and predictive
analytics, enabling stakeholders to optimize operations,
maintenance, and resource allocation for comprehensive
management of large-scale railway infrastructure systems.
This advancement improved the efficiency and reliabil-
ity of the system. This paper aims to ease stakeholders’
aforementioned tasks by demonstratively automating and
managing the integration and processing of various rail-
way simulation assets within the platform.

2.2 CI/CD Pipeline for Digital Twins
Many researchers and software engineers prefer CI/CD
pipelines to automate and manage integration, simula-
tion, validation, delivery and deployment processes in a
DT of a physical system as DevOps practices. This ap-
proach facilitates easier analysis, monitoring, and evalu-
ation of the system. For example, (Hugues et al. 2020)
proposed the TwinOps process, which is a combination
of DevOps, DTs and model-based engineering, and used
it for automated code generation, condition monitoring
and data analysis of CPSs. (Villa et al. 2024) used the
CI/CD pipeline technology to reproduce protocol stacks
(e.g. cellular, WiFi) in both physical and digital environ-
ments in real time, which helps researchers to efficiently
and automatically test the protocols in a conceptual DT
for large-scale wireless networking. (Barbie, Hasselbring,
and Hansen 2023) enhanced the automated testing of their
DT prototype for smart farming applications through the
use of the pipeline technology. They noted relatively high
cost and time consumption of the hardware used for the
applications, making simulations a preferable choice over
the hardware for gaining virtual insights into the physical
system via the CI/CD pipeline. Consequently, we aimed
to work with multiple railway simulation assets, intend-
ing to automatically integrate and process them within our
CI/CD pipeline for this work.

Another crucial aspect to consider is the intercommuni-
cation of the pipeline with other tools, which helped us to
further improve the management of our automated asset
integration and processing task occurring in the pipeline.
For instance, (Kiran et al. 2021) suggested to work with
code analysis tools in their CI/CD pipeline for more reli-
able and secure software development life cycle and De-
vOps. Similarly, (Zampetti et al. 2017) did a relatively ex-
tensive comparative study, where they investigated the us-
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age of several static code analysis tools in a CI pipeline for
static analysis of many different open-source software ap-
plications. They also gave many insights about how effec-
tively the static code analysis tools should be used with the
CI pipeline to detect bugs, errors and warnings in the ap-
plication examples, which is important for us to be aware
of possible failures, redundancies and vulnerabilities in
our asset applications. Besides, (Sethi 2020) proposed to
apply version control system to their CI/CD pipeline for
business intelligence solutions in order developers to keep
tracking and saving source code changes collaboratively.
Based on this, we found the version control system very
promising for tracking and storing our asset applications
with a version control system tool directly connected to
our CI/CD pipeline for this work.

2.3 FMI and SSP Standards for Railways
The FMI and SSP standards are preferred to be used in
many sectors including the railway sector, because these
strongly assist researchers to integrate and manage dif-
ferent railway simulation models in a virtual environment
by providing more tool-independence, file-portability, co-
simulation capability and less data complexity in spite of
particular limitations noted by railway experts.

(Pieper and Obermaisser 2018) introduced a distributed
co-simulation approach for conducting software-in-the-
loop tests of networked railway systems. In this ap-
proach, various subsystems of the railway network could
be simulated independently and in parallel by leveraging
FMI. They also highlighted the potential of FMI in en-
abling collaborative and scalable simulation of the sys-
tems, which is crucial for ensuring their reliability and
safety in operations. (Hotzel Escardo et al. 2021) designed
and developed a train driver behaviour model for railway
co-simulations, demonstrating how train driver behavior
models can be seamlessly integrated with other simula-
tion components, such as infrastructure and rolling stock
models by utilizing FMI. This approach allows for com-
prehensive simulations that capture the interactions be-
tween different elements of railway systems, ultimately
enhancing the understanding of system dynamics, sup-
porting decision-making processes in railway operations,
and planning. Besides, (Zhou et al. 2023) proposed to use
FMI to seamlessly integrate their machine learning based
surrogate model in the R4F Platform. This enables tool-
independency and interoperability with other future mod-
els. (Golightly et al. 2022) noticed several FMI-compliant
simulation tools (e.g. MATLAB/Simulink), used for rail
applications and thus showing great potential of the FMI
standard for the rail sector, while they studied the prac-
ticability of the multi-modelling approach for rail decar-
bonisation systems. On the other hand, they listed a cou-
ple of limitations of the FMI for railways such as lack of
clear presentation, data incompatibilities and intellectual
property (IP) issues related to railway simulation models,
which are surely to be considered while using FMI for
railway applications as well. (Hällqvist et al. 2021) dis-

cussed the utilization of the SSP standard to achieve engi-
neering domain interoperability, particularly focusing on
its application within railway systems. The study high-
lights how SSP facilitates interoperability between vari-
ous engineering domains, including railway systems, by
providing a common standard for describing system com-
ponents and their interactions. By adopting SSP, engi-
neers can enhance collaboration, optimize model integra-
tion processes, and increase the efficiency of complex rail-
way system development and analysis. Finally, (Kugu et
al. 2023) proposed to use both FMI and SSP to integrate
and simulate different railway simulation models such as
an MBS model of a railway vehicle, and residual life time
calculation model of a railway steel bridge in the R4F Plat-
form. They also pointed out the high potential of these
standards for the railway sector, which gave us enormous
inspiration to use the FMI and SSP technologies for our
asset integration and processing task in the CI/CD pipeline
on the platform in this work.

3 Asset Integration and Processing
The asset integration and processing task plays a signifi-
cant role in enabling various railway use cases to operate
within the R4F Platform. This task comprises two primary
components: Asset Integration and Asset Processing.

The Asset Integration in this work means direct adapta-
tion of the simulation assets consisting of model and data
to the platform through the use of interface technologies
such as FMI and SSP. Before the Asset Integration part,
these assets were manually designed and processed in a
Graphical User Interface (GUI) - supported software tool
(e.g. MATLAB, Simpack,...), which is very handy to cre-
ate, configure, optimize and simulate a physical system.
The system can be a railway vehicle as an example from
the railway sector. Of course, these assets need to be fur-
ther prepared to properly use it with the interfaces in the
platform. In this preparation, input parameters, input and
output channels are defined and assigned to the simula-
tion assets. This is necessary to address the right inputs
and outputs for the asset simulation, so that the input pa-
rameterization and output generation work in a right man-
ner during the asset simulation executed by the pipeline
in the platform. After that, these assets are packed into
FMU and lastly into SSP, where the FMUs are connected
to each other resp. co-simulated. This helps to achieve the
assets as a container in ZIP format including the entire as-
set description (model metadata, parameters, connections,
connectors). This container can technically be analyzed,
simulated in the platform, and therefore makes the assets
independent from their GUI-based default tool as found
out in this work.

Asset Processing occurs subsequent to Asset Integra-
tion. In this case, the assets, integrated with FMI and SSP,
are tested, optimized and then released to be completely
sure that these function in a right manner. For this, nec-
essary software tools, libraries, packages and licenses are
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pre-installed on a computer as first step. After that, codes
of the assets are manually analyzed to find out errors and
then fix bugs. After the code analysis, these assets are sim-
ulated and finally their outputs are generated by executing
a simulation code script on the computer (see the model
simulation approach of (Kugu et al. 2023)). Prior to deliv-
ery, all aspects related to the simulation test undergo peer
review by the Asset Integrator to evaluate the test and de-
termine whether to release the assets.

4 Automation & Management
4.1 Benefits
The asset integration and processing are automated and
managed by the Asset Integrator through the use of the
pipeline, version control system and code analysis tool in
the R4F Platform as previously mentioned in Section 1.
The reason for this is that it brings significant advantages
as follows:

- Time-efficiency in the asset integration and process-
ing through the automation,

- Money-saving, because open-source tools are imple-
mented for the automation and management work,

- Stakeholders need less prior knowledge about the
asset integration and processing through the Asset Inte-
grator’s great contribution to the automation and manage-
ment,

- Long-term durable, pausable and workflow-based
asset integration and processing through the pipeline tech-
nology,

- Better quality control through analysis and valida-
tion processes,

- Better control of the tracking and storage of the
simulation assets between different stakeholders by using
the version control system, therefore easier collaborative
work between them.

4.2 Environment Overview

Figure 1. Simplistic Landscape of the CI/CD Pipeline-based
Automation and Management of the Asset Integration and Pro-
cessing in the R4F Platform.

Figure 1 provides an overview about how, in what kind
of environment and among which layers of the R4F Plat-
form landscape (as outlined in (Zhou et al. 2022)) the asset
integration and processing task is automated and managed
by using the CI/CD pipeline technology. As first step, the

railway raw assets, which are provided from the asset layer
into the integration layer of the platform, are adapted to the
platform through the use of the FMI and SSP within the
scope of the Asset Integration part. Then, as first of the
Asset Processing part, these integrated assets are stored
and tracked in the Asset Integrator’s version control sys-
tem, which is directly connected to a pipeline by using
a Source Code Management (SCM) plugin in order the
pipeline to keep and track these assets in its own server
as well. Of course, the pipeline should be comparable
with the ones in the R4F Platform function layer, where
pipelines for particular functions (e.g., predictive mainte-
nance) are used, because all the assets must work in the
function layer’s pipelines to be able to visualize and con-
trol these assets in the visualization layer of the platform.
Thus, the Asset Integrator initiates a virtual machine (VM)
with Linux OS and then installs a software tool where they
created the pipeline. Besides, the pipeline is directly con-
nected to a code analysis tool installed in the same VM,
so that the tool extracts the codes of the assets from the
pipeline, and then publishes the code analysis results to the
Asset Integrator. In these results, they can detect poten-
tial errors, redundancies, bugs and vulnerabilities, which
helps them to further improve the code quality of the assets
in advance. Finally, the refined assets are delivered to the
version control system of the R4F Platform infrastructure
layer, where the Asset Integrator conducts simulations and
oversees function layer pipelines through pipeline execu-
tion, subject to manual approval.

4.3 Followed Approach
Figure 2 reveals the exact methodology to realize the au-
tomation and management of the asset integration and pro-
cessing task, where the Asset Integrator plays their main
part, in the pipeline. First, they get the raw prototypical
simulation assets from the Asset Provider as usual. Af-
ter manually preparing these assets as mentioned in Sec-
tion 3, the Asset Integrator uses their Command Line In-
terface (CLI) tool, which is very handy to execute com-
mands without any GUI in background. In the CLI, they
start a shell script, which is a text file and contains a se-
quence of commands to be executed for process automa-
tion in the CLI. As first step, this script pushes all the as-
sets (pre-asset), configuration files (pre-configs), includ-
ing necessary software libraries and packages for the as-
set simulation, and a pipeline code, defining the work-
flow of the pipeline, to the integration layer’s version con-
trol system software repository by using the Git command
(see Git Documentation (2024)). Besides, the shell script
pushes notification to all the stakeholders via email by us-
ing an open-source mail transfer agent software to inform
them about the pipeline execution start. One notification
email is sent to the Asset Integrator and includes four
links with corresponding port numbers belonging to the
pipeline, code analysis tool, version control system and
pipeline console output, helping them to directly moni-
tor and handle the whole progress of the asset integration
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Main Procedure Followed
1 Start the Shell Script
2 Push Pre-Assets and Notifi-

cation
3 Remotely Trigger Pipeline
4 Provide Input for Simulation
5 Start the FMI-based SSP

Simulation
6 Generate Results
7 Manually Approve the Deliv-

ery
8 Deliver Asset

Figure 2. Overview of the Automation and Management Environment.

and processing. Another email is redirected to the Asset
Provider, and includes only the pipeline start message, not
the four links due to the IP protection of the pipeline au-
tomation methodology. After the pushing step, the shell
script triggers the pipeline remotely through the use of
the pipeline server’s token so that the pipeline starts au-
tomatically and extracts all the pre-asset, pre-configs and
pipeline code through the SCM from the Asset Integra-
tor’s version control system. After that, the principal in-
put parameterization, asset simulation and its output gen-
eration occur one after the other in the pipeline. In the
meantime, all the codes related to the pre-asset are auto-
matically reviewed by the Asset Integrator’s code analy-
sis tool. Then, the Asset Integrator checks the code anal-
ysis results, pipeline console outputs and simulation re-
sults, generated as curves and output files for data analy-
sis and validation purposes, after getting the Manual Ap-
proval message with the pipeline link as an email automat-
ically sent from the pipeline. It should be noted that the
manual checking process can be fully automated in future
as (Reiterer, Schiffer, and Schwaiger 2023) did Key Per-
formance Indicator evaluation and quality check by using
post-processing tools in their work. After they finish to
adapt the simulation of the FMI- and SSP-standardized as-
set to the pipeline, they decide to deliver the asset as final
asset, and its belonging log file (pipeline console output)
directly to the infrastructure layer’s version control system
through another push command execution by the pipeline
like the previous one in the shell script. If the pushing suc-
ceeds, a Delivery message is automatically sent to all the
stakeholders via email in order to inform them about the
asset delivery.

4.4 Designed Workflow of the Pipeline

In this subsection, the workflow, designed and applied to
the pipeline through the use of the pipeline code, is further
concretized and described by defining main processes and

their sub-processes. First, we automatically integrate our
asset application into the R4F Platform through the use
of the version control system, FMI and a couple of Linux
commands in the pipeline within the Build process in or-
der to be able to test the application there. After the Build,
in the Test process, we do semi-automated testing and val-
idation of the whole application by using the FMI, SSP,
code analysis tool and Linux commands in the pipeline for
quality assurance of the asset simulation in the platform. If
the simulation shows relatively high resilience, code qual-
ity and result consistency, the Asset Integrator decides to
deliver the final asset to the infrastructure layer’s version
control system software repository, which happens in the
Deliver process. Otherwise, the asset application requires
further improvement and development, leading to the en-
tire automated asset integration and processing starting
again from the Build process.

4.4.1 Build

1) Checkout SCM: Connection of the Asset Integrator’s
version control system to the CI/CD pipeline through
SCM.
2) Update Software: Update necessary software pack-
ages, libraries and tools for the asset simulation in the
pipeline.
3) Build FMU: Automated packaging railway simulation
assets into the FMUs.

4.4.2 Test

4) Analyze Codes: Scan source codes related to the assets
with the code analysis tool.
5) Validate FMU: Check, if the FMUs work properly.
6) Gather Info FMU: Extract all metadata from the
FMUs to display these data in the pipeline console out-
put.
7) Update SSP: Load the FMUs into an example SSP file.
8) Simulate SSP: Test the FMI-based SSP co-simulation
of the assets.
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9) Generate Results: Publish results in different formats
for data analysis and result validation.
10) Manual Approval: Notify the Asset Integrator about
the completed asset simulation in order them to approve
the asset delivery.

4.4.3 Deliver

11) Deliver Asset: Release the whole asset application to
the infrastructure layer’s version control system and then
inform all the stakeholders about it as confirmation.

5 Use Case: Anti-Slip Traction & Ve-
hicle Speed Control System

In the following use case, we established a traction con-
trol alongside a vehicle speed control for an existing MBS
train model, having two bogies with four wheel sets (two
wheel sets per bogie), based on the Manchester Bench-
mark (Iwnicki 1998), designed in the commercial soft-
ware tool Simpack from Dassault Systèmes, and provided
by Virtual Vehicle Research GmbH. This control is able
to keep the longitudinal slip of each train wheelset on a
constant user input value, while simultaneously control-
ling the vehicle speed based on a linear function with user
input variables. The purpose of this use case is to enhance
the extent of usage of the already existing train model by
providing the option of simulating scenarios that are closer
related to actual situations, such as accelerating and brak-
ing the vehicle for arrival and departure at different train
stations.

For the anti-slip traction control, the MBS model was

co-simulated with a control model based on a PID con-
troller and designed in MATLAB/Simulink. It was estab-
lished through the use of the SIMAT method, which serves
as a co-simulation interface between the Simpack server
and MATLAB client. This interface was implemented as a
SIMAT block, representing the MBS model, and directly
connected its input and output channels to the input and
output ports of the PID controller model in Simulink. The
controller model uses the current vehicle speed and four
wheel speeds of the four wheel sets in the two respective
bogies as inputs. By calculating the current slip and the
deviation to the desired slip, which is processed by the PID
controller, the controller model generates an output signal.
This output signal then results in an additional torque on
the axis of the respective wheel sets, thus braking or ac-
celerating the wheels. The vehicle speed control was im-
plemented as a polynomial 1st order MATLAB function,
with acceleration input variable as the slope parameter and
the initial vehicle speed input variable as the offset param-
eter. The eventual outputs of this control were the vehicle
position, speed and acceleration, which were handed over
to the MBS vehicle model as constraints for its speed con-
trol. (for more information about the physical structure
and implementation of the co-simulation model see (Zhou
et al. 2024))

To integrate this model into the R4F Platform we used
an open-source library for Simulink called FMI Kit for
Simulink (see GitHub - FMI Kit for Simulink (2024)).
This facilitated the packaging of the PID-based Simulink
controller model into an FMU file, which is directly ex-
ecutable in the platform. After defining the input and

Figure 3. An Overview of the Physical Structure of the Anti-Slip Co-Simulation Model Adapted to the R4F Platform with FMI/SSP.
(see (Zhou et al. 2024))
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Figure 4. Automated Integration and Processing of the Anti-Slip Co-Simulation Model.

output channels of the MBS model in Simpack, we eas-
ily exported the model to the FMU by using Simpack
itself. Then, we connected these two FMU files in
Model.CONNECT, which is a co-simulation tool and pro-
vided from AVL List GmbH, to each other. Within the
tool, we conducted tests to verify the co-simulation of
these two models. After that, we used Model.CONNECT
to pack the entire co-simulation model into an SSP exam-
ple file, which contains the whole system structure and
parameter description files with system metadata, con-
nectors (input and output channels), connections and two
FMU components belonging to these two models. Figure
3 shows an overview of the physical structure, input and
output flow, described in the previous paragraph and oc-
curring between the two FMU components in the SSP, of
the entire co-simulation model.

Figure 4 illustrates the complete implementation of the
use case in our CI/CD pipeline with the FMI, SSP stan-
dards, code analysis tool and version control system soft-
ware repositories. Before the pipeline execution, first, the
Simpack MBS model and Simulink PID controller model
are manually processed by the Asset Integrator, by which
scenario parameters (e.g., initial vehicle speed, desired

slip, vehicle acceleration, etc.) given by the user are de-
fined and configured. Besides, necessary input and out-
put channels are created for their further interconnection
and output generation. Following the manual processing,
the pipeline extracts all asset files, including pre-configs,
the PID controller model, MBS model, pipeline code, in-
put JSON file, simulation results from the SIMAT, SSP
example file, simulation code script, and use case spe-
cific result generator, from the Asset Integrator’s reposi-
tory through the SCM. Then, the pipeline updates all the
software libraries and packages from the pre-configs in its
server with a software package manager. For the Build
FMU step, we preferred to use libraries and modules from
the pre-configs, belonging to the open-source FMI Kit
for Simulink, the commercial software tools Simpack and
MATLAB without GUI, which helps us to overcome the
OS dependency of the FMUs in the platform. In the next
step, the source codes of the asset (incl. the simulation
code script, use case specific code generator and some
of the pre-configs) are analyzed and right after that their
analysis reports are published in the code analysis tool.
By using the FMPy Python package (see GitHub - FMPy
(2024)), the two FMUs are easily validated and then their
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metadata are directly extracted from themselves. After
the pipeline updates the example SSP with these FMUs
through Linux command executions, it directly executes
the simulation code script to simulate the SSP as a black-
box. For simulation purposes, we once again employ
FMPy again and further developed the simulation code
script, belonging to the SSP subfolder of the FMPy, for
input parameterization and output generation. During the
simulation testing progress, first, the input JSON, simula-
tion results from SIMAT, and the SSP, containing the SSD
system structure, SSV parameter files and FMUs, are read
by the code script, then the simulation runs with a fixed
step size and solver. Finally, the CSV results are gener-
ated for data analysis through the execution of the use case
specific result generator code script, which generates val-
idation curves and output JSON based on R4F standards.
Penultimately, the Asset Integrator receives an email from
the pipeline with its link, where they check all the console
outputs, code analysis and simulation results. If satisfied
with the entire asset integration and processing test, they
deliver all asset files, including the SSP simulation results,
and pipeline console outputs (excluding the pipeline code
due to IP protection), to the version control system repos-
itory of the R4F Platform infrastructure layer.

6 Results and Discussion
In this section, first, we shortly discuss the simulation re-
sults coming from the FMI-based SSP simulation of the
anti-slip traction & vehicle speed control co-simulation
use case executed by the pipeline. Then, we address diffi-
culties and challenges we faced related to the license man-
agement, pipeline configuration, automation and manage-
ment of the asset integration and processing task in the
pipeline on the R4F Platform.

6.1 Simulation Results

Figure 5. Result Validation and Optimization of the Anti-Slip
Use Case in the CI/CD Pipeline.

In the left side of Figure 5, two different SIMAT and
SSP simulation results of the pre-asset, belonging to the

anti-slip use case, are displayed. These are actual val-
ues of the vehicle speed and longitudinal wheel slip of
the first wheel set of the vehicle, which characterize the
anti-slip use case. In the right side, the new SSP simu-
lation results, coming from the final asset, are compared
with the same SIMAT outputs after a demonstrative opti-
mization of the SSP results by decreasing the simulation
step size by a factor of ten, as previously discovered for
this work. By this optimization, we aimed to reduce the
unexpectedly arising little oscillations, differing from the
SIMAT results and addressed with red circles in the figure.
Besides that, the slip outputs give comprehensive insights
about the anti-slip behavior of the model, which actually
works well in the CI/CD pipeline, as realized in the fig-
ure. Lastly, it is remarkable that the constant acceleration
of the vehicle functions in a right manner according to the
relatively linear increase of the vehicle speed outputs.

To generate the whole picture in Figure 5, we used
matplotlib, which is a Python library for visualization
(see (Hunter 2007)). In general, the SSP simulation in
the pipeline shows relatively consistent outputs with the
SIMAT results by successfully optimizing the simulation.
This also proves the success of our work with the pipeline
at the end.

6.2 Challenges and Limitations
Software License Management: As mentioned in Sec-
tion 1, we need software licenses, which are commercial
and allow us to run the asset simulations after modeling
the assets in their software. In the use case example, we
needed the Simpack license to simulate the MBS model,
and the MATLAB license to simulate the PID model for
the SIMAT co-simulation. For the SSP co-simulation in
the pipeline, we needed only the Simpack license and had
to connect our VM to the Simpack license server through
the use of the Virtual Private Network service by logging
in with our username and password. Moreover, we used
these licenses to automatically build the FMUs of these
models in the pipeline without opening any GUI window.
In addition, we had a Model.CONNECT license, by which
we built the SSP example file of the complete anti-slip co-
simulation model once as mentioned in Section 5.
Pipeline Installation and Configuration: To implement
the pipeline in a right manner, we as Asset Integrator
needed much know-how and experience with DevOps
practices regarding to the CI/CD pipeline technology. Es-
pecially, it was very important to get to know how to in-
stall and configure the VM, software tools, packages, li-
braries, and then interoperate them with each other in har-
mony. For this work, we decided to use plugins in the
pipeline server for the interoperation, code analysis tool
for code analysis, version control system for asset track-
ing and storing, CLI for pipeline remote control, mailing,
asset pushing, and basic execution commands, belonging
to the software tools, packages and libraries, to apply the
sub-processes defined in Subsection 4.4 to the pipeline.
Automation Testing: After providing the necessary soft-
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ware licenses, installing and configuring our pipeline, we
needed to test the entire asset integration and processing
incl. the asset simulation as automated in the pipeline.
Therefore, we always needed to do research, find out pos-
sible ways and then try them step by step to make every
sub-process, implemented in the pipeline code, working in
a right manner. Besides, there are use case specific limita-
tions for the simulation test in the pipeline. For example,
the anti-slip use case shows smaller oscillations by refin-
ing the simulation step size, which significantly improves
the quality of the simulation results while increasing the
simulation runtime on the contrary as previously discov-
ered in this work.

7 Conclusion and Outlook
Based on our experience, the CI/CD pipeline technology
is practical and interactive for automating and managing
the entire FMI- and SSP-based asset integration and pro-
cessing with the version control system and code analy-
sis tool in a collaborative work environment on the R4F
Platform. In addition, the FMI and SSP standards greatly
facilitated the adaptive simulation of the assets in the plat-
form, specifically in terms of tool independence, asset de-
scription and file portability. This was also demonstrated
in the work of (Kugu et al. 2023). Furthermore, we suc-
cessfully co-simulated multiple FMUs as one SSP for the
anti-slip use case, which has shown relatively consistent
results based on the validation curves in Figure 5. For
this succession, we encountered challenges and restric-
tions related to the license management, pipeline config-
uration, automation and management of the asset integra-
tion and processing task in the pipeline on the platform,
which should not be neglected.

In future, we plan to fully automate the asset integra-
tion and processing task by automating the model prepa-
ration and validation processes in the pipeline. In addi-
tion, we consider combining the automation and manage-
ment approach with the dynamical and auto-pipeline gen-
eration (see (Reiterer, Schiffer, and Benedikt 2022)) and
visualization prototype to enhance the DevOps practice in
the platform. Furthermore, we plan to find out solutions
to completely ensure the IP protection of the simulation
models in the platform. We plan to simulate these mod-
els as servers connected to the pipeline without uploading
them into the platform.
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