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ABSTRACT

In the context of Industry 4.0, the concept of Asset Ad-
ministration Shell (AAS) has emerged as a standard-
ized digital representation of assets. As manufactur-
ing environments become increasingly complex, it be-
comes crucial to ensure interoperable and scalable data
exchange throughout the entire life-cycle of its assets.
Simulation models, implemented by discrete event sim-
ulation tools (e.g. FlexSim), play a critical role on the
planning, validation and optimization of manufacturing
systems. However, their integration with standardized
digital asset representations remains limited. This pa-
per proposes a methodology for the integration of AAS
instances with simulation tools to enhance the commu-
nication between physical assets, their digital represen-
tations, and simulation environments. This approach
relies on standardized AAS models to enable consistent
and efficient data exchange, supporting seamless inte-
gration between systems and remaining effective as im-
plementations scale.

INTRODUCTION

The rapid evolution of smart manufacturing systems has
made it crucial to seamlessly integrate numerous compo-
nents into a compatible and efficient production environ-
ment. For instance, Digital Twins (DT), now becoming
the backbone of cyber-physical systems management,
heavily rely on heterogeneous data sources (Zhang et al.
2025). In this context, the Asset Administration Shell
(AAS) emerged as a digital representation of an asset,
which may be a physical, a digital or a logical entity
(Alexopoulos et al. 2025). It enhances syntactical and
semantical interoperability between systems through the

use of a standardized structure in the definition of digital
models (Heppner et al. 2023). The AAS of an asset may
store data related to its properties, its capabilities and
even its status in real-time (Alexopoulos et al. 2025).

Moreover, smart manufacturing environments increas-
ingly depend on advanced decision-support tools to
manage their growing complexity and variability. As
a result of these unpredictable conditions, organizations
start to rely on simulation tools as enablers for the anal-
ysis, prediction and optimization of production systems,
without having to implement changes in the physical
system. By reproducing real production conditions in
a virtual environment, simulation software supports in-
formed decision-making, accelerating production cycles
and reducing both costs, and operational risks (Isania
and Casalino 2025, Gunalan et al. 2026).

Despite the proven effectiveness of simulation tools in
the aforementioned functionalities, these technologies
still face challenges regarding interoperability and scal-
ability in smart manufacturing systems (Zhao et al.
2024a). While several neutral data exchange standards
have been proposed to enable multi-level data exchange
and automated model generation, there is no compre-
hensive data model capable of supporting full-scope in-
teroperability across simulation tools and manufactur-
ing systems (Zhao et al. 2024a). Additionally, simula-
tion platforms demonstrate strong capabilities in model-
ing and optimizing specific value streams, but their per-
formance often declines when models are scaled to mul-
tiple lines, factories, or enterprise-level decision-making
contexts (Isania and Casalino 2025).

To address these challenges, this paper explores the inte-
gration of AASs with discrete event simulation tools, en-
abling a standardized and interoperable data exchange
between manufacturing assets or services and simulation
environments.

This paper is structured as follows: The first section
reviews relevant background and related work on AAS
and simulation interoperability. The following section



presents the proposed integration approach between
AAS data model and simulation tools. The third sec-
tion highlights the main findings from this work and the
final section outlines directions for future research.

BACKGROUND AND RELATED WORK

This section presents the relevant concepts and related
work to this study. It introduces the Asset Administra-
tion Shell and its role in standardized data exchange, re-
views discrete event simulation in smart manufacturing
environments, and discusses existing approaches that
combine Digital Twins, AAS, and simulation-based en-
gineering.

Asset Administration Shell

Initially proposed as part of the Plattform Industrie 4.0
initiative in Germany as the digital representation of a
physical asset in the RAMI 4.0 architecture, the AAS
was developed with the intent of standardizing how as-
sets exchange data and services for Industry 4.0 inter-
operability (Sakurada et al. 2025). The AAS is a stan-
dardized digital representation of an asset in Industry
4.0, designed to provide uniform access to an asset’s in-
formation and services across tools and organizations
(Havur et al. 2025, Pajpach et al. 2025). Since Industry
4.0 architectures require heterogeneous systems, AAS is
often described as a key interoperability enabler because
it provides a standard structure and standardized inter-
faces to access asset data, supporting both file-based ex-
change and API-based interaction (Pajpach et al. 2025,
Kaya et al. 2025). Especially, in DT systems, this is
relevant to keep datasets consistent, addressable and
exchangeable across the asset’s entire lifecycle (Havur
et al. 2025, Zhang et al. 2025).

From an Industry 4.0 perspective, interoperability is the
capability of heterogeneous cyber-physical systems to
exchange information/services and to use what is ex-
changed effectively, and is typically divided into two di-
mensions: syntactic interoperability and semantic inter-
operability (Huang et al. 2021). The first one is related
to the systems’ capability of technically exchange data,
for instance through standardized protocols. The latter
represents the system’s ability to understand the mean-
ing of external data (e.g. identifiers) (Havur et al. 2025,
Huang et al. 2021).

Conceptually, an AAS is a container with a unique iden-
tifier that organizes all relevant information about an as-
set into modular parts called submodels (Pajpach et al.
2025). A submodel represents the aggregation of char-
acteristics of an asset. Within each submodel, there
are submodel elements, which hold values, references
or even express relationships with other entities (Paj-
pach et al. 2025, Huang et al. 2021). Currently, there
are several submodel templates approved and published
by the Industrial Digital Twin Association (IDTA) in

their GitHub repository!. It is highly recommended to
use these templates as they provide standardized fields,
which emphasize semantic interoperability. Addition-
ally, a key mechanism here is the Data Specification IEC
61360 template, which aligns AAS concept definitions
with the IEC 61360 data model (Kaya et al. 2025).
There are two kinds of AAS: template and instance. A
template refers to the definition of what an AAS of a
certain asset type must contain, for example, required
fields, specific semantics and submodel structure. Then,
based on the template, concrete AAS and submodel in-
stances are created and populated with values related
to a specific asset (Pajpach et al. 2025).

AAS information can be exchanged in multiple stan-
dardized ways, heavily contributing to syntactic interop-
erability. Firstly, focusing on file-based storage, there is
the AASX package (Industrial Digital Twin Association
- IDTA) 2024), which is a generic package file format
specially tailored to the AAS structure. This kind of
file can be created, updated and viewed using the AASX
Package Explorer? tool. Then, it is also possible to store
AAS in serialized file formats, namely JSON(JavaScript
Object Notation) and XML(Extensible Markup Lan-
guage). In this case, the JSON format is generally
preferable as it is commonly used to cleanly map HTTP
payloads, useful in REST-based implementations (Pa-
jpach et al. 2025, Kaya et al. 2025). Lastly, from an
implementation standpoint, Eclipse BaSyx? is an open-
source middleware specifically built to manage AAS
data through the use of HTTP/REST interfaces. BaSyx
also provides SDKs, for example, to integrate with
Python and Java applications, which support practical
implementations of AAS-based environments.

DES in Smart Manufacturing

The growing need for flexible and smart manufactur-
ing processes has emphasized the role of simulation —
particularly Discrete Event Simulation (DES) — as a
core decision-support approach for designing, evaluat-
ing, and improving production systems (Schutz et al.
2025, De Felice et al. 2025). DES is a widely used
methodology, characterized by its discrete nature, mean-
ing that the model’s state changes as events occur and is
therefore represented by a series of specific occurrences
connected to a point in time (Schutz et al. 2025). DES
tools are key enablers of DT systems, as they can act as
a bridge between the physical and digital environments,
enabling scenario testing without affecting the physical
system (Santos et al. 2024). In fact, they are mainly
used to test hypothetical scenarios, optimize processes,
analyze performance, identify bottlenecks, and predict

Thttps://github.com/admin-shell-io/submodel-templates
accessed on 28/01/2026

?https://github.com/admin-shell-io/
aasx-package-explorer accessed on 28/01/2026

3https://basyx.org/ accessed on 28/01/2026



the behavior of complex systems (Isania and Casalino
2025, Schutz et al. 2025). Organizations benefit from
these capabilities to efficiently manage the performance
of their systems, reduce implementation risks and costs,
and to be more flexible when faced with increasing mar-
ket demands and variability (Monek and Fischer 2023,
De Felice et al. 2025).

Despite the clear advantages of simulation tools, they
also present some challenges, namely standardization,
interoperability and scalability. Firstly, a recurring chal-
lenge is the lack of a comprehensive data model. Al-
though there are multiple industrial standards and stan-
dard data exchange standards, the literature suggests
that semantic interoperability is still not achieved in
DES tools (Zhao et al. 2024a). Secondly, interoperabil-
ity is a major struggle in smart manufacturing simula-
tion, mainly because these models must be able to con-
nect with diversified systems across organizations (e.g.
at Supply Chain level) and shop-floor systems (Zhao
et al. 2024a). Lastly, the dynamic and complex char-
acteristics of smart manufacturing environments create
higher scalability demands; simulation models must re-
main reliable and efficient while also being able to re-
ceive larger volumes of data. This issue also relates
to the topics previously mentioned, regarding heteroge-
neous systems and data sources. DES is increasingly in-
tegrated with real-time data and IoT, raising challenges
for scaling from isolated models to broader factory and
Supply Chain (SC) digital representations (Monek and
Fischer 2023, De Felice et al. 2025).

The Path for Standardization - DES Tools and
Integration Challenges

Commercial DES tools are frequently used to imple-
ment the simulation layer in Indstry 4.0 manufactur-
ing systems. As previously mentioned, within DT-
based systems, simulation tools play a key role in con-
necting the physical and digital domains, allowing for
replication, analysis and optimization of system behav-
ior across different decision-making levels (Santos et al.
2024). Among these tools, FlexSim?* is the one that
will be used in this study. FlexSim provides a powerful
simulation environment for manufacturing, supporting
3D modeling of production systems and the ability to
run experimental scenarios (Isania and Casalino 2025).
The tool has been widely applied in manufacturing con-
texts to visualize production dynamics, evaluate work-
flow efficiency, and optimize resource allocation before
the real-world implementation, contributing to reduced
costs and accelerated production cycles (Lewicki et al.
2024). This program offers the ability to connect to
external systems, including the ability to execute exter-
nal code using FlexScript®. This versatility is essential

4https://www.flexsim.com/ accessed on 28/01/2026
Shttps://docs.flexsim.com/en/24.1/Reference/
DeveloperAdvancedUser/ConnectingToExternalCode/

in Industry 4.0 environments, for instance, to perform
the integration of simulation models with various data
sources and software components (e.g. real-time data
exchange via IoT infrastructures) (De Felice et al. 2025,
Monek and Fischer 2023).

Despite these capabilities, the integration of simulation
tools with manufacturing systems is mainly domain-
specific, including manual data input, file-based data
exchanges and custom APIs. Some studies report that
integration techniques often rely on very specific and
proprietary data models, leading to limited interoper-
ability and difficulties when integrating simulations with
other systems (Krenczyk et al. 2018, Zhao et al. 2024a).
In Zhao et al. (2024b), the authors highlight that, al-
though there are multiple industrial standardized data
formats exists, a comprehensive data model capable of
supporting full-scope interoperability in DES is yet to
be established. Another evidence of these challenges is
shown in Shi et al. (2026), where the authors explain
how existing DT implementations often struggle from
limited semantic consistency and scalability, as data is
manually configured and tightly coupled to specific tools
or applications.

Overall, the literature highlights that simulation models
often remain isolated, difficult to reuse, and challeng-
ing to scale beyond a certain scope. This research gap
extends to the absence of standardized asset represen-
tations, semantic consistency, and reliable integration
mechanisms for DES tools in smart manufacturing sys-
tems.

PROPOSED APPROACH

This work proposes an AAS-based integration approach
to connect external decision-support applications — such
as warehouse management systems, real-time monitor-
ing systems or optimization algorithms — with FlexSim
discrete event simulation in a modular and reusable way.
Although this study focuses on the FlexSim software, it
aims to be replicable with other DES tools. The core
idea is to use AAS models as a standardized digital
representation for simulation scenarios data exchange
(parameters and results), decoupling simulation models
from tool specific data formats. The following section
presents some brief guidelines for the definition of AAS
models, along with an example of an AAS model of a
supply chain structure. After that, the proposed sys-
tem architecture is introduced, including some technol-
ogy suggestions. The third section shows a sequence
diagram showing the flow of data and the role of each
entity of the system in this process.

ConnectingToExternalCode.html accessed on 28/01/2026



AAS and Semantics Definition

The first step to define an AAS model is to prepare tem-
plates of the data, which define the characteristics of the
assets that will be represented. In practice, the main
distinctions between an AAS template and instance is
the assetKind property — assigned type in templates and
instance for instances. Similarly, the submodels have a
field, named kind, which can be of value template or
instance. Additionally, the two kinds of submodels dif-
fer since the instances’ properties and fields are assigned
value, while the templates only specify the type of prop-
erties. The creation of AAS and submodel instances
can be done through the BaSyx’s registry feature using
APIs.

As previously mentioned, in the AAS context it is heav-
ily encouraged to, when possible, use template submod-
els published and approved by the IDTA, along with
well defined industry-specific standards. The AAS evi-
ronment’s semantic interoperabilty is improved by ref-
erencing existing semantics — using the Semanticld field
— or by locally creating semantics as ConceptDescrip-
tions with unique identifiers (Industrial Digital Twin
Association - IDTA) 2023). By grounding submodel el-
ements in established semantic references, the AAS en-
sures that exchanged data is not only machine-readable
but also machine-understandable, which is essential for
semantic interoperability across heterogeneous tools and
organizations.

Figure 1 illustrated the AAS template created represent
a Site. The BaSyx AAS UI shows, on the left, the AASs
that describe the Supply Chain, Sites, Transports and
Transportation Tasks. For the selected Site AAS, multi-
ple submodels are available, describing and structuring
the information required to characterize the asset and
its connection with the other AASs. To ensure trace-
ability and semantic consistency, these models: (i) have
consistent identifiers (same structure for every AAS and
submodel); (ii) are defined using submodel templates
(e.g. Asset Location); (iii) and are associated with lo-
cally defined semantics, such as Coordinated Universal
Time (UTC) associated with timestamps in the Sched-
ule submodel.

Proposed Architecture

The architecture diagram shown in figure 2, presents
the high-level design of a DT-based system with focus
on the AAS and simulation layers.

Firstly, the AAS management layer is implemented
using an Eclipse BaSyx AAS server/registry coupled
with a non-relational database (using MongoDB) for
storage. In this context, the use of MongoDB is relevant
since it provides flexible and schemaless data persistence
for various objects in JSON format, including AAS in-
stances, templates, and submodels. The external ap-
plications module represents other systems of the DT
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Figure 1: Template for the Site AAS on the Eclipse
BaSyx Ul

environment, including the application frontend, back-
end, a relational database and business logic. The con-
nection between this component and the AAS server al-
lows for CRUD operations, both relevant for simulation-
related tasks, and for other DT functionalities like mon-
itoring.

The simulation adapter service, implemented in
Python and seen in the intersection of the simula-
tion and AAS layers, serves as a bridge between the
AAS representation and FlexSim’s execution require-
ments. This component has two main responsibilities:
(i) AAS CRUD operations, including retrieval of in-
stances for scenario parameters, and insertion or up-
date of instances according to simulation results; and
(ii) conversion from AAS JSON structures into FlexSim-
compatible data structures. This service is implemented
to be flexible and adaptable to any AAS and submodels
mapping.

Then, on the simulation layer side, the FlexSim sim-
ulation software is the core platform responsible for
running simulations. In combination with this module,
the proposed architecture presents a FlexSim integra-
tion script implemented with FlexScript, that acts as
the interface between the simulation model and exter-
nal code, namely, the simulation adapter service. More-
over, in the diagram it is possible to see a connection
between the FlexSim component and external applica-
tions, namely the backend. This is the channel that trig-
gers simulation runs and transports their results back
to the DT core business logic component so they can be
processed.

The goal of combining the AAS standardized digital rep-
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Figure 2: Architecture diagram for the proposed approach

resentation, persistent information support, and a inde-
pendent simulation-based layer with flexible adapters is
to reduce integration efforts, while also improving inter-
operability between tools and system scalability in com-
plex heterogeneous environments that deal with simula-
tion tasks.

Expected System Interaction And Data Flow

Figure 3 describes the expected interaction between sys-
tems and specifies the data flow of the proposed ap-
proach.

The execution starts when the external applications sub-
mit a simulation scenario request — Phase 1. The user
initiates this call by specifying the required parameters
using the system’s user interface. This information is
then passed to the application’s backend, that is respon-
sible for identifying the relevant AASs for the simulation
run and passing them to FlexSim. Although this initial
data exchange is essential, it is omitted from the se-
quence diagram to reduce complexity and keep the focus
on the proposed AAS-FlexSim integration. Upon re-
ceiving the request, FlexSim uses the integration script
(FlexScript) to retrieve the necessary input data. In this
stage — Phase 2 —, this script’s main purpose is to act as
a bridge between the simulation model and external ser-
vices, namely the simulation adapter services (service in

Python). At this point, this module loops through the
list of required AASs and submodels, and retrieves them

from the database using standardized HTTP requests to
the AAS Server.

In Phase 3, responsible for the conversion of AAS to
arrays, the simulation adapter first aggregates the re-
trieved AAS and submodel payloads into a single AAS-
compliant JSON object. This step is crucial because
FlexSim does not consume AAS semantic structures (ei-
ther in JSON or .aasx) as parameters. The adapter then
converts the AAS and submodels JSON into an array,
which are then passed as a response to the FlexScript
service — starting Phase 4. The script receives the con-
verted parameter arrays and maps them to FlexSim’s
internal data structures, by populating tables and set-
ting the corresponding parameters. Once the simulation
software has the correct configuration, the simulation
model can execute the run.

Phase 5 begins at the end of the simulation run, where
FlexSim produces raw results, that may include KPIs,
event logs or output tables, depending on the simulation
model and its configuration. These simulation outputs
are passed to the application’s backend, where they are
parsed and structured into AAS data, with the prede-
fined JSON configuration. Moreover, this step is respon-
sible for the data storage in the persistence database.
Similarly to the loop block of phase 2, the insertion



External Applications Simulation SW
(DT Services) (FlexSim)

Integration Script
(FlexScript) (Python)

AAS Server
(Eclipse BaSyx)

Sim. Adapter Service NoSQL DB

(MongoDB)

PHASE 1 — Simulation

i |
Request Initiation 1Simulation scenario request:

—'(AAS IDs + scenario config) .

Request data (AAS Ids)

'
'
'
'
'
'
'

.

PHASE 2 — Parameter
Retrieval via AAS

Call to external code
I ——

:
loop [for each AAS identifier] /|
Request AAS/sm by Id
————p|

Get AAS/sm by Id

| AASISubmodels(JSON)

AAS-compliant JSON

PHASE 3 — Data Transformation
(AAS — FlexSim)

Aggregate AASs
and submodels
to single JSON

Convert AAS

JSON to flat

Converted parameter arrays
arrays

PHASE 4 — Simulation Execution

Set input arrays
to internal Tables

Map arrays
to internal tables

) Run simulation
model

PHASE 5 — Results Transformation Raw Simulation Results |

(FlexSim — AAS) and Persistence T
Parse and setup 1
AAS data (JSON),

loop [for each AAS identifier] /;
I

Insert/Update AAS andisubmodels by Id
I

|
|
.
- |
.
. |
. .
. .
. .
. .
. .
. ,
. .
. ,
. .
. ,
. .
. .
. .
. .
. .
. ,
. .
. ,
. .
. .
. .
. .
. .
. .
. .
. .
. ,
. .
. .
. .
.
. .
. .
. .
. .
. .
. .
. .
. .
. .
. .
. .
.
.

PATCH/POST

AAS/sm by Id

Confirmation

PHASE 6 — Results Delivery Parse AAS data

readable data

i
i

f

i

'

. ) i

and simulation
results to human-|
'

i

i

i

'

i

!

-

Figure 3: Sequence Diagram for the proposed approach

of AAS and submodels resultant from the simulation
is done sequentially by issuing standardized HTTP re-
quests to the BaSyx AAS server, which inserts or up-
dates (based on the need) in the MondoDB database.
Finally, Phase 6 is in charge of delivering the simulation
results to the user, and closes the expected flow of the
proposed approach Here, the raw AASs are translated
into a human-readable format suitable for visualization
and analysis in the user interface.

Overall, the goal of this sequence is to create a repeat-
able and reliable way to process simulation requests and
results using standardized data structures. By clearly
separating the different steps in independent compo-
nents, the workflow can remain interoperable across di-

verse systems and easier to extend as new data or sim-
ulation scenarios are introduced.

CONCLUSION

This work presents an AAS-based approach to integrate
standardized digital asset representations with FlexSim
discrete-event simulation, aiming to improve interoper-
ability and scalability in heterogeneous Industry 4.0 en-
vironments. Regarding technologies, the proposed ar-
chitecture uses Eclipse BaSyx and MongoDB to manage
and store AASs, submodels and concept descriptions,
along with a Python-based simulation adapter to con-
nect with FlexSim. Furthermore, the presented data



flow demonstrates how AAS can be integrated with the
simulation software in complex systems. This sequence
of simulation scenario definition, execution, and result
management, enables external applications to execute
simulations and consume outcomes through a standard-
ized interface.

FUTURE RESEARCH

Given the conceptual nature of this work, the next steps
will focus on the implementation of the proposed ap-
proach in a real case study. It will also be applied in a
broad scope, including supply chain and shop floor as-
sets, addressing the data and interoperability gaps be-
tween them. As previously mentioned, the AAS models
representing these components are already implemented
and will be leveraged in the DT-based system to store,
monitor and simulate hypothetical scenarios.
Validation will be extended to more realistic scenar-
ios, assessing scalability, interoperability across hetero-
geneous tools via semantic AAS interfaces, and main-
tainability through modular evolution over time. The
architecture will also be enhanced with AI multi-agent
decision support and a natural-language layer, leverag-
ing AAS semantics to improve grounding, transparency,
and traceability.

In summary, these next steps will consolidate the pro-
posed architecture into a robust foundation for inter-
operable simulation while enabling intelligent, agent-
assisted decision support built on standardized AAS in-
terfaces.
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