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ABSTRACT
Industry 4.0 promises more efficient decision support systems by enabling the retrieval of data from
various and heterogeneous sources and processing them in appropriatemodels. Consequently, Dig-
ital Shadows are introduced to automate the identification of models for specific issues and retrieve
necessary input data automatically, streamlining decision-making processes. However, the absence
of an architecture containing amodel repository, information onmodel processing, requiredmodel
input data, and their respective source systems poses challenges to implement this automated
process. To address this, we propose a model catalog architecture as the cornerstone of automated
model processing. Therefore, we ascertain the fundamental architectural requirements by delineat-
ing the essential interfaces, gates, and databases involved. These requirements are then translated
into a modular and scalable architecture, facilitating the reuse of repetitive files, such as a translator
acting as a middleware between different source systems. The architecture enables seamless inte-
gration of new models, provided they adhere to standardised definitions. Additionally, we transfer
the architecture into a suitable framework. To validate our concept, we implement an exemplary
model catalog that demonstrates production scheduling in an injection molding shop floor, com-
pleted with a web-based interface and integration of an enterprise resource planning system for
real-time data access.
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1. Introduction

In today’s rapidly evolving industrial landscape, data
has become elemental for driving informed decision-
making and achieving operational excellence (Yin and
Kaynak 2015). The transition from traditional manu-
facturing practices to data-driven approaches has been
accelerated by advances in digital technologies and the
advent of initiatives such as Industry 4.0. These indus-
trial paradigms emphasise the integration of Cyber-
Physical Production Systems (CPPS) or the Industrial
Internet of Things (IIoT) that lead to smart factories
capable of autonomous decision-making and optimisa-
tion (Kaur 2025; Raptis, Passarella, and Conti 2019).
Here, the exponential growth in generated data, cou-
pled with advancements in data processing and analytics,
has transformed the role of data from a passive record
to an active driver of strategic decisions. Modern deci-
sion support systems should process vast amounts of
data to provide real-time insights and give data-driven
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recommendations, enabling industries to improve over-
all efficiency (Tao et al. 2018). Those recommendations
are typically based on adequate models, which pro-
cess the gathered data and transform them into knowl-
edge (Cañas et al. 2021). Extensive model utilisation has
become increasingly important, for example in model-
based system engineering (MBSE), a methodology that
uses models to support the entire lifecycle of a system,
from conception and design to verification and valida-
tion, through to decommissioning. Therefore, models
play a crucial role in decision support (Fernández Pérez
andHernández 2019). Today, data from different systems
is typically gathered and manually pushed into models,
which are also selected manually (Li 2025).

In an Industry 4.0 environment, this process should be
transformed into an automated pull mechanism, wherein
models designed to address predefined decision prob-
lems autonomously retrieve all necessary data from vari-
ous source systems and directly initiate their processing.
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Implementing such a pull mechanism poses several sig-
nificant challenges. Firstly, it necessitates data consis-
tency and seamless integration across diverse software
systems. Currently, many software systems operate as
isolated data silos, often utilising proprietary data for-
mats and lacking automated accessibility for other sys-
tems, particularly when sourced from different vendors.
This leads to errors, data loss during transmission, and
inefficiencies caused by the need for manual re-entry
into different application software, increasing imple-
mentation efforts (Kamm, Jazdi, and Weyrich 2021).
A first step toward addressing these issues is the use
of central data dictionaries, which facilitate standard-
ised data definitions, including metadata and unique
identifiers (Panja, Chakraborty, and Kumar 2020). How-
ever, efficient frameworks and industry-ready solutions
for managing data silos remain absent or insufficiently
implemented. Secondly, models required for data pro-
cessing must be semantically annotated to establish a
direct connection to the necessary input data. While
initial approaches for semantic model annotation exist,
they often fail to incorporate widely accepted standards,
thereby limiting interoperability. Thirdly, a comprehen-
sive data architecture that integrates all essential compo-
nents for a pull-based approach is currently lacking. In
particular, a middleware solution is required to bridge
the gap between models and proprietary software sys-
tems to overcome the challenges posed by different data
silos. Additionally, for broad industrial adoption, this
middleware must be aligned with established standards
to ensure interoperability. Furthermore, legacy systems
with outdated firmware or lack of digital interfaces add
to the complexity. Economic challenges, such as scalabil-
ity and flexibility, also hinder the gradual implementation
of Industry 4.0 in existing production systems. Organisa-
tional and cultural challenges, including skill shortages
and the need for competency development, further ham-
per progress (Bajic et al. 2021). In summary, current
challenges hinder interoperability and the efficiency of
business processes.

To enable interoperability across various industries,
several frameworks have been developed. One such high-
level framework is the European Interoperability Frame-
work, which defines a model to ensure interoperability
across legal, organisational, semantic, and technical lay-
ers (European Union 2017). This high-level framework
acts as a foundation for more detailed frameworks and
infrastructures.

One detailed infrastructure has been developed in the
Cluster of Excellence ‘Internet of Production’ (IoP) at the
RWTH Aachen University, which serves as the founda-
tion for our research. The IoP ensures secure, real-time

access to all relevant data, anytime and anywhere, mak-
ing it a cornerstone of Industry 4.0. It facilitates the
entire product life cycle and enables a fast and valid deci-
sion support by generating and utilising cross-domain
knowledge (Brecher et al. 2024; Pause et al. 2019).

Enabling efficient decision support, theDigital Shadow
was introduced. The Digital Shadow is a concept to
automatically acquire the necessary data from various
applications to efficiently solve a specific task, prevent-
ing errors caused by manual data handling (Becker
et al. 2021). To achieve this, a middleware shouldmanage
and realise the connection to different, proprietary source
systems, allowing the data gathering and forwarding to
the right models (Pause et al. 2019; Schuh et al. 2017).

When applying the concept of Digital Shadows and
adequate middleware to address challenges related to
data silos, it becomes evident that while Digital Shad-
ows have been conceptually modelled, their real-world
implementation remains limited, necessitating further
research. Thus, we introduce the concept of a semantic
model catalog as a repository for diverse models, con-
tributing to form the semantic layer of the European
Interoperability Framework. The novelty of our research
comprises a modular and scalable data architecture for a
model catalog for the manufacturing domain, empower-
ing a Digital Shadow to access requisite models and cor-
responding input data automatically. Hence, the research
question we address in this contribution is as follows:

‘How can we design a data architecture that is modu-
lar and scalable for a model catalog, enabling automatic
acquisition of semantically definedmodels and their cor-
responding input data by Digital Shadows?’

Overall, the key contributions of this work are: (1)
an extension of the Digital Shadow meta-model, (2) the
development of a model signature for semantic model
definition, (3) the design of a translator serving as mid-
dleware for various source systems, and (4) the establish-
ment of a comprehensive data architecture that enables
the automatic processing of models by Digital Shadows
through the integration of the model signature and the
translator. In addition, we provide a general framework
to set up such a model catalog. The methodology and
framework we present are independent of the underly-
ing manufacturing process or the specific decision prob-
lem, so our contribution applies to various domains. To
validate our findings and demonstrate the benefits, we
implement a model catalog specifically for scheduling
problems within an injection molding shopfloor.

The remainder of our contribution is as follows: We
introduce the IoP as the theoretical foundation of our
research with a special focus on Digital Shadows and
its characteristics in Section 2. Then, we explore related
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works in Section 3. Next, we present the Design Sci-
ence Research Methodology (DSRM) as our methodical
approach and outline our concrete work in Section 4.
Afterwards, we detail the general process of using the
model catalog as a sequence diagram and derive require-
ments for an architecture we subsequently built in
Section 5 and introduce a general framework for imple-
menting a model catalog. We demonstrate a real-world
application in Section 6 by scheduling an injectionmold-
ing shopfloor and discuss our results in Section 7. Finally,
we conclude with future research directions in Section 8.

2. Themodel catalog in the context of digital
shadows and the internet of production

The infrastructure of the Internet of Production consists
horizontal cycles and vertical layers and is illustrated in
Figure 1.

Horizontally, the infrastructure includes the life cycle
of the product that spans from the development cycle
over the production cycle till the user cycle. Each cycle
requires distinct decisions, from optimal product designs
to cost-efficient production processes. Usually, various
software applications are available, such as Manufactur-
ing Execution Systems (MES) or Plant Data Acquisi-
tion (PDA), each containing different raw data. Data
(or updates) from one application is often required in
another, e.g. the quantity of a finished job recorded
via PDA must be directly visible in the MES. Ver-
tically, the IoP infrastructure allows so called Smart

Experts the purposeful use of data from application
software or in a raw format, to tackle for example
event-driven decisions, autonomous actions, or adap-
tive processes. Therefore, data has to become Smart
Data that is enriched with semantics defining their con-
text. Using contextualised Smart Data, a middleware
can orchestrate data flows from proprietary source sys-
tems and provide appropriate models for their process-
ing. In the IoP infrastructure, this middleware is called
Middleware+. The ‘+’ denotes its evolution from a sim-
ple component towards a semantically enriched one. In
our contribution, we introduce the concept of a seman-
tic model catalog as a repository for various models as
a concrete realisation of a Middleware+ within the IoP
infrastructure.

In the context of Industry 4.0, different concepts and
technologies have evolved. In the IoP, we focus on the
Digital Shadow as a data trace to assist Smart Experts.
Considering publications dealing with novel digital con-
cepts reveal that, beside Digital Shadows, most promi-
nent concepts are Digital Models and Digital Twins, e.g.
in van der Valk et al. (2022) or Sjarov et al. (2020). Digital
Models are digital representations of entities in a sim-
plified and pragmatic manner (Stachowiak 1973). They
facilitate the integration with other digital systems and
tools, enhancing adaptability across various applications
and environments. In contrast, Digital Twins are com-
prehensive virtual replicas of assets that contain detailed
asset information (Jones et al. 2020). However, for pur-
poseful decision support, only a subset of Digital Twin

Figure 1. The infrastructure of the IoP demonstrating the need for data-based decision support, based on Schuh et al. (2017).
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Figure 2. The DS meta-model, based on Becker et al. (2021).

data is typically required. Managing a fully detailed Dig-
ital Twin for a specific purpose can be impractical. To
address this challenge, the Digital Shadow was intro-
duced as a lightweight entity that consolidates only the
data necessary for a specific decision support task from
various source systems. Digital Shadows aggregate and
structure production data to improve decision making
and operational efficiency. Their primary function is to
ensure that the right information is delivered to the
right place at the right time, thereby optimising infor-
mation flow acrossmanufacturing systems (Bauernhansl,
Hartleif, and Felix 2018; Braun et al. 2023). For these rea-
sons, Digital Shadows are well-suited to addressing our
specific requirements.

Considering this, we follow the definition of Bibow
et al. (2020), that the Digital Shadow is ‘a set of tempo-
ral data traces and/or their aggregation and abstraction
collected concerning a system for a specific purpose with
respect to the original system.’ Thus, a Digital Shadow
is the element that contains a result to provide purpose-
driven decision support by using appropriate models
processed with the right data. Figure 2 introduces the
(reduced) meta-model of the Digital Shadow as UML
class diagram.

The term ‘Digital Shadow’ stands for an Asset, func-
tioning as a Source for data. Assets encompass var-
ious elements of interest, such as production machin-
ery. System Properties define the characteristics
of these sources, ideally in a unique and semanticmanner
to facilitate interoperable asset communication. These
sources generate data, resulting in DataPoints and
corresponding MetaData, including details such as
data creation timestamps. Aggregating all data points
forms a DataTrace. The trigger for data collection
is determined by the Purpose, which may be set by
either humans or software systems. Furthermore, the
Purpose also plays a crucial role in selecting Models
that are suitable for addressing the decision problem
(Becker et al. 2021). Notably, the Digital Shadow is not
restricted to specific model types (e.g. simulation or

behaviour models); an overview of existing model types
is provided in acatech –National Academy of Science and
Engineering (2021).

A fundamental characteristic of Digital Shadows is
that they do not directly influence the system. Rather,
they provide decision support for subsequent processes
(Kritzinger et al. 2018). While previous research defines
the scope and key components of Digital Shadows, it
lacks a concrete architecture that is essential for automat-
ically identifying relevant data and models for decision
support. In this contribution, we demonstrate how, based
on a given Purpose, the Digital Shadow can identify
appropriate models and their required input data to sup-
port decision-making.Our proposed solution enables the
creation of versatile model catalogs that are independent
of the underlying manufacturing processes.

3. Related work

In this section, we examine the current state of research
regarding architectures and blueprints for managing dis-
tributed data silos and establishing semantic (reference)
model catalogs.

Hirsch, Hoher, andHuber (2023) propose an architec-
ture that exclusively focuses on the utilisation ofOPCUA.
To achieve this, they developed an OPC UA Query
Model, which enables structured data retrieval from var-
ious sources by equipping them with OPC UA servers.
However, in contrast to Digital Shadows, their work is
limited exclusively to OPC UA.

Ameziane et al. (2022) developed the I4.0 Core Infor-
mation Model, which comprises various submodels pri-
marily derived from IEC 62264 (), such as models for
equipment, products, and processes. These submodels
are implemented as knowledge graphs, where extracted
data is instantiated. A key distinction from Digital Shad-
ows is that their solution does not connect directly to
original systems, such as ERP systems, to retrieve live
data.

Xing (2024) aims to address database heterogeneity
from the perspective of in storage formats. The pro-
posed solution employs predefined agents for multiple
databases, transforming their content intoXML format to
ensure format interoperability. By defining an XMLDoc-
ument Type Definition (DTD), semantic interoperability
could potentially be achieved. Hernández et al. (2023)
propose a methodology based on data lakes. Data lakes
represent a modern concept in which data is included in
its raw form and processed as needed, whereas ERP sys-
tems store structured, validated, and processed data in
real time for operational efficiency. However, while the
authors acknowledge the necessity of populating the data
lake and addressing queries with relevant data, they only



INTERNATIONAL JOURNAL OF PRODUCTION RESEARCH 5

state that semantic considerations are required. However,
in contrast to our approach, both contributions do not
establish a methodology or a blueprint for realising a
semantic data integration.

In the field of model catalogs, examples can be found
in various domains, such as the energy sector (González
and Uslar 2012), the design of machines, particularly
mechanisms for motion transfer (i.a., VDI 2727 Part
1:1991-05 1991), business processmodels (Yan,Dijkman,
and Grefen 2012), or business process analysis models
(Pidun and Felden 2010). In addition, we compare the
current state of research with the actual meta-model of
the Digital Shadow to identify potential gaps.

Fettke and Loos (2002) provide a blueprint for a ref-
erence model catalog independent of the underlying
domain. Their blueprint acts only as a structure for a
repository and does not have a claim to realise data
gathering or interconnecting models. In addition, Fettke
and Loos (2003) suggest a classification methodology to
establish domain-specific classification schemes formod-
els. They highlight the importance of standardisedmodel
descriptions to make the models findable in the system.
Their contributions serve as a cornerstone for the general
requirements of annotating models and their manage-
ment, which also should be considered in creatingDigital
Shadows, especially in including semantics in the form of
metadata.

Zarate et al. (2022) built an abstract architecture of a
Knowledge to Environment platform consisting of build-
ing blocks for utilising data and model catalogs, e.g.
access control, import/export tools, and version control
manager. However, challenges and details for the con-
crete implementation of the building blocks remain open.
Another high-level reference architecture for leveraging
model repositories for digital twins was developed by
Lehner et al. (2020). Their architecture also consists of
general building blocks, e.g. model repository or com-
munication middleware, that allow the identification of
models and their connection with underlying systems to
receive data. The architecture is designed for software-
independent communication of the introduced building
blocks. Due to the high level of detail, concrete deriva-
tions regarding their implementation are not possible,
but are valuable as first foundation for our architecture.
Since both contributions centralise on the implementa-
tion of a running system, utilisingmodels with semantics
and metadata is not in their focus.

In contrast, the Model Identity Card (MIC) was
introduced to semantically characterise general simula-
tion models. The MIC contains relevant properties and
metadata such as a description, the datatype, and the
multiplicity (SystemX 2020). On this basis, a specifica-
tion for Asset Administration Shells (AAS) was built,

which enlarged the previous work. The AAS acts as one
implementation of digital twins (IDTA 02005-1-0 2022).
Reflecting the currentmeta-model of the Digital Shadow,
it can be identified that a semantic annotation of models
is currently not present.

Including semantics in their model catalog was made
by Barcelos et al. (2022). They present a FAIR Model
Catalog for Ontology-Driven Conceptual Modelling
Research. This model catalog aims to pave the way for
efficient ontology engineering, software design, and con-
ceptual modelling, providing a central and standard-
based repository. The schema of the model catalog is
built on established vocabularies, e.g. Friend of a Friend
(FOAF). They use a Uniform Resource Identifier (URI)
to uniquely specify models and corresponding files.
Although theoretically possible, they do not consider the
automatic gathering of models. Furthermore, connec-
tions to underlying databases are not part of their archi-
tecture. Bayer, Ames, and Cleveland (2021) introduce a
web-based Model Catalog architecture based on open-
access software. Their architecture consists of a cloud
storage for the models, a Model Repository, and a Model
Viewer. After receiving a list including all models from
the cloud storage, the user can select a suitable model in
the model repository. Finally, the model viewer fetches
the model file from the cloud storage and displays the
result. Although the models are defined with metadata
for fetching and filtering purposes, they disregard using
FAIR data descriptions, which hinders the model cata-
logs’ scalability. Tsay et al. (2022) created the AI Model
Metadata eXtractor (AIMMX) library that mines model-
specific metadata of AI models from software reposito-
ries in a simple and standardised manner. The extractor
fetches model documentation, python files, model def-
initions, etc. from different sources. To ensure a stan-
dardised description of AI model metadata, they utilise a
schema based on Amershi et al. (2019), which addresses
high-level information such as the application domain.
The authors finally implement a web-based model cata-
log for AI models. This model catalog serves as a reposi-
tory; hence, data extraction from underlying systems and
direct model execution are not required.

In the domain of MBSE, some approaches for anno-
tating models were already present. Jacobs et al. (2022)
introduce a model classification framework to support
engineers in finding appropriate models efficiently. This
framework consists of three axes, i.e. the system scope,
the model purpose, and the modelling fidelity. The sys-
tem scope specifies the general domain models required,
e.g. electric machines or bearings. The model purpose
includes all models for a particular task or area, e.g. pro-
ductivity or lifetime estimation. Finally, the modelling
fidelity determines the required accuracy of the model,
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e.g. first estimations or exact solution calculation. Based
on this, Spütz et al. (2022) present a classification of simu-
lationmodels for themodel-based design of plastic-metal
hybrid joints in the form of a SysML meta-model. This
meta-model classifies the domain models by introducing
a standardised structure and specifying their integration
and linkage to the underlying system model so that inte-
grating new domain models can be performed more effi-
ciently. Similar to the Digital Shadow meta-model from
Becker et al. (2021), the authors specify the intended
application of the models.

Husung et al. (2023) introduce the concept of model
signatures that contain meta information of the mod-
els. Those signatures define the model’s field of applica-
tion by defining its purpose and fidelity. Therefore, their
model signatures contain the required data flow and the
model’s encoding information. The authors highlight the
importance of standardised meta information without
providing detailed elaboration. Moreover, dealing with
data acquisition fromunderlying production systemswas
not part of their contribution.

Concluding the current state of research, the general
concept of model catalogs and their building blocks are
already established. Also, it can be identified that the
relatedwork considers semantic annotation of theirmod-
els and model catalogs respectively. However, their stan-
dardisation is only based on proprietary standards, which
complicates interoperable behaviour. TheDigital Shadow
meta-model also does not dictate a standard to be used.
Thus, approaches such as themodel signature currently is
missing in theDigital Shadowmeta-model. Furthermore,
an executable Digital Shadow that addresses the chal-
lenge of different data silos is not established yet. In our

contribution, we build on this related work and extend it
to a first proof of concept that is independent from the
underlying domain.

4. Methodology

In addressing our research question, we adopted the
Design Science Research Methodology (DSRM) pro-
posed by Hevner et al. (2004) and expanded upon by Pef-
fers et al. (2007). Thismethodology was chosen for its eli-
gibility on practically implementing theoretical research
through tangible artifacts. Figure 3 illustrates the DSRM
processmodel, enhancedwith our content. Next, we offer
a detailed breakdown of each specific step.

Identify Problem & Motivate:In the first phase of the
DSRM, the problem that needs to be addressed is identi-
fied and the motivation for our research is outlined. Our
current research centres on the semantic foundations
of Industry 4.0, specifically focussing on establishing an
interoperable shopfloor. One element is decision support
systems, where suitable models and corresponding input
data are provided automatically with the help of Digi-
tal Shadows, depending on a decision-makers’ objective.
We investigated and found that such a decision support
system is not currently present. Key challenges include
the absence of domain-specific model repositories and
inadequate interoperability between models and source
systems providing input data, hinder efficient decision-
support for users. The concept of Digital Shadows has
not yet been translated from high-level perspective into a
more detailed architecture, fostering the requirements for
a practical implementation. A significant shortcoming
exists in missing requirements and building blocks that

Figure 3. DSRM process model, based on Peffers et al. (2007), extended with our content.
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finally establish the data flow fromvarious source systems
to the requesting models. These gaps hinder the effec-
tive use and integration of Digital Shadows into existing
systems and processes.

Define Objectives of a Solution:In the second phase,
specific objectives for a solution are defined to solve the
identified problems. From a problem-centric perspective,
our objective is to develop an architecture for a modular
and scalable model catalog. This architecture is domain-
independent and can be transferred and implemented
into multiple use cases.

Design & Development:The third phase, Design &
Development, involves the creation of artifacts. An arti-
fact is a concrete construct designed to address a specific
problem or need. It can take various forms, such as a
model, method, framework, algorithm, etc., and serves
as the core innovation developed during the research
process. During this phase, we delineated the general
workflow and engaged stakeholders crucial to the model
catalog and derived essential requirements for its imple-
mentation. This artifact acts like a guideline of other
users setting up a model catalog infrastructure for their
applications. In addition, we have enhanced the Digital
Shadow meta-model with missing but relevant classes.
Subsequently, we built the model catalogs’ data architec-
ture that lists and depicts the functions in detail. The
main parts of this architecture are the Model Signature,
acting as a set of standardised metadata for models, and
a Translator that allows a flexible connection to different
source systems, also in a standardisedmanner. Finally, we
propose a framework encompassing specific software and
tools applicable to the model catalog implementation.

Demonstration:In the followingDemonstration phase,
the developed artifacts are applied in a real-world or sim-
ulated environment to show its utility in solving the prob-
lem. To validate our theoretical research, we created a ‘lab
of labs’ demonstrator. This demonstrator allows us to test
our approach through a practical use case: production
planning within the Injection Molding (IM) domain.

Evaluation:Next, the Evaluation phase assesses the
artifact’s performance by comparing its outcomes to the
defined objectives, identifying strengths, weaknesses, and
opportunities for refinement. Here, we compared our
expectations with the actual result. More specifically, we
check if changes in the Model Signature, i.e. changing
data points to be gathered and their source system(s), lead
to the desired behaviour in the extraction flow.

Communication:Our research results in a collection of
recommendations, architectural blueprints, and a pub-
licly accessible GitHub1 repository hosting the demon-
strator code. These artifacts facilitate future implementa-
tions, enabling researchers and practitioners to build on
our contribution.

5. Model catalog

This section presents the overall process of utilising the
model catalog and the derived requirements. Therefore,
we first we figure out the single stakeholders that are
involved in the operative decision-making process and
model the steps that have to be processed. In the follow-
ing, we point out requirements for the implementation
of the model catalog. After this, we present the extension
of the Digital Shadow meta-model with missing classes
that describes a model semantically and syntactically.
Based on this, we derive a comprehensive model catalog
architecture and subsequently build a framework for its
possible implementation.

5.1. Model catalog sequence

A user’s interaction with the model catalog involves
several interfaces, gateways, and databases. Figure 4
presents a high-level view of the sequential process
for accessing models from the catalog, fetching the
required data, performing pre and postprocessing,
and forwarding the result to the user. Subsequent
sections delve deeper into individual steps, provid-
ing detailed insights and potential implementation
strategies.

In the first step, users have to specify the domain of
interest so a search engine can retrieve the correct model
catalog from a database. This step is significant since
different model catalogs contain different semantics and
must be separated. If no model catalog of the domain
is available, users receive a notification, leading to the
termination of the process. However, this step becomes
redundant if users can directly access the correct model
catalog, such as when it is available as an encapsulated
program. Upon obtaining the desired model catalog,
users proceed to specify their purpose. This specifica-
tion can manifest in various ways: predefined filters, e.g.
drop-down selections or checkboxes, predefined queries
tailored to specific purposes, or free-text search queries
as in search engines. Based on the specified purpose and
inputs, the search engine scans for models that meet
the criteria. If no results match the search criteria, users
receive a notification, terminating the process. Other-
wise, themodel catalog retrieves suitablemodels from the
model database. Each model is distinguished by a meta
file functioning similar to an identity card, the so-called
‘model signature’. It contains metadata that describe the
context and adds relevant information about the model.
The metadata is used at the same time to help make the
model more easily findable given a search query. The
model catalog matches the user-specified search with the
metadata of each model to retrieve the relevant ones.
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Figure 4. Model catalog sequence diagram.

Users can refine their model selection by considering
only specific models if multiple options are suitable.

Subsequently, the model catalog collects required
input data from the corresponding sources if the model
needs data for computation, like mathematical optimisa-
tion algorithms. This process efficiently navigates multi-
ple databases to gather essential input data. Depending
on the diverse output formats from databases, prepro-
cessing of collected data might be necessary. Ideally, pre-
processing algorithms are modularised for reuse. Post
model execution, potential postprocessing steps, such as
reverting algorithm-generated job numbers to job names
aligning with the originating ERP, may occur. Finally, the
model catalog presents the results to users, who have the
option to implement suggestions or decline the offered
decision support.

5.2. Requirements for themodel catalog

This subsection introduces the fundamental require-
ments derived from the general workflow illustrating
the process of acquiring appropriate models for spe-
cific purposes within the model catalog. The listed ele-
mentary requirements (RQMT) are crucial considera-
tions for formulating the framework and its subsequent
implementation.

RQMT 1: Digital availability of models.To effectively
execute models, they must exist in the virtual realm in
a standardised data format, such as a Python or Java file.
Unlike simulation or CAD models, often human exper-
tise in decision-making is not formalised as algorithms,
which are digitally available. We obtained this insight
through a review of literature focussed on scheduling
models tailored for the injection molding domain (Gan-
nouni et al. 2024). Ensuring the digital availability of
all models enables their execution and computational
processing within a software system.

RQMT2: Standardisedmodel definition.The automatic
gathering of suitable models in the model catalog aligns
with the user’s set goals. This automated process relies
on a framework that defines characteristics unique to
each model, serving as a crucial link between the user
interface, the model catalog, and individual models. The
international standard IEC 61360-1, which details data
element types alongside a classification scheme, proves
to be an ideal option for creating standardised model
definitions (DIN EN 61360-1:2018-07 2018). This stan-
dard covers meta properties grouped into identification,
semantic, administrative, and value properties, under-
standable by both humans and computer systems. By util-
ising predefined properties from IEC 61360-1, it ensures
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a universal understanding and prevents the creation
of varying meta properties, ensuring compatibility and
scalability. Standardised definitions provide models with
independence, separating them from the underlying soft-
ware systems that provide input data, given that these sys-
tems follow standardised conventions (refer to RQMT 4).

RQMT 3: Input data from established data sources.For
models reliant on input data, it is imperative to establish
connectivity to accessible data sources that contain the
required information as data points, e.g. from source sys-
tems such as ERP. Directly sourcing necessary input data
from these systems offers several advantages: it ensures
the use of actual information, reduces the risk of errors
in copying and pasting, and expedites the data input
process. A crucial criterion for these data sources is
the presence of an application programming interface
(API) facilitating straightforward connections to the data
source.

RQMT 4: Standardised input data.Similar to RQMT 2,
standardised definitions are crucial not only for models
but also for input data, specifically in the form of unique
identifiers. These identifiers act as a bridge between the
model catalog and the source system, ensuring accurate
data retrieval, as they are present for every term. Addi-
tionally, utilising standardised terminology enhances the
universally applicable understanding within a particular
domain and ensures a consistent nomenclature. More-
over, they enable interoperable behaviour between mod-
els and source systems, allowing the automatic gathering
of necessary input data. The use of identifiers eliminates
the need for manual configuration to link data points
from source systems to models. To enable this automatic
data transfer, a configured middleware is required (refer
to RQMT 5).

RQMT 5: Established middleware as system connec-
tor.Enabling the automatic import of accurate data into
selected models necessitates the presence of a middle-
ware, a fundamental component for automating data
gathering for model execution. When all elements, such
as the user interface, model catalog, models, middleware,
and data, are described using common and standardised
metadata, seamless communication and efficient data
transfer between these elements become achievable. An
inherent challenge arises from the existence of multi-
ple data sources, each with its distinct API, resulting
in varied connectivity options. Consequently, an indi-
vidual middleware is required for each data source to
facilitate their connection. However, due to a standard-
ised definition of data points, the middleware can be
initially defined and then reused with minimal configu-
ration adjustments, likemodifying user login credentials.
Vendors could offer suchmiddleware and corresponding
updates for commercial software systems such as ERP.

Once the middleware is established, specifying the pre-
cise path to location of the data points for users becomes
unnecessary.

RQMT 6: Consideration of pre- and postprocessing.To
effectively utilise the selected models with gathered input
data, ensuring a harmonisation between the input data
format and the format utilised within the model may be
necessary. One notable instance involves aligning dates,
whichmight exist in various formats (e.g. DD.MM.YYYY
or MM/DD/YY). Similar scenarios pertain to schedul-
ing models. These models often calculate start dates and
job durations relative to a reference point (e.g. the start
date of job A is 0, the start date of job B is 18, and
so forth). This necessitates preprocessing where data is
transformed into relative values, and postprocessing after
model execution to convert resulting relative values back
into date formats for use by production schedulers. Sim-
ilar to predefined middleware that facilitates asset con-
nections, modules can be established for standardised,
repetitive preprocessing and postprocessing tasks.

RQMT 7: Dealing with models as black boxes.Users,
focussed solely on receiving decision support for specific
problems, do not necessitate insight into the precise algo-
rithmswithin amodel. Therefore, both themodel catalog
and the content within these models can operate as black
boxes for users, given their sole focus on specifying the
purpose requiring decision support. The development
and definition of models might lead to the emergence of
new business areas centred around standard models (e.g.
lot sizes) or ‘model-as-a-service.’ Additionally, a Digital
Shadow itself does not require insights regarding the effi-
ciency of a model, e.g. its runtime, as it primarily focuses
on the accuracy and relevance of the decision support
provided.

RQMT 8: Ability for adjusting model selection.Once
the purpose is specified, the Digital Shadow gathers all
relevant models from the model catalog that match the
selection criteria. Users should have the ability to refine
their model selection by deselecting individual models.
An example of this scenario could be enhanced knowl-
edge that users have about a special situation that is not
considered within amodel and thus leads to its exclusion.
Thus, the model catalog should allow users to refine the
selected models.

RQMT 9: Leaving ultimate decision-making to users.In
certain domains and for specific decision-making require-
ments, there might be multiple optimal solutions avail-
able for a given problem, such as in production schedul-
ing scenarios. In these cases, the Digital Shadow must
display all feasible optimal solutions, enabling users to
select the most suitable option for implementation. It is
important to note that the Digital Shadow only serves
as decision support and does not directly impact the
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actual system. Implementation decisions are made exclu-
sively by users or through the executionwithin a software
system by users.

RQMT 10: Handling dynamic and heterogeneous man-
ufacturing setups.The Digital Shadow must provide
robust mechanisms for real-time data synchronisation
and latency management to maintain accuracy and effi-
ciency in fast-changing production setups, while also
ensuring seamless integration of heterogeneous data
sources and an adaptive response to unexpected changes
in the manufacturing environment. This means that the
architecture is not tailored to one specific domain but can
address different ones.

In essence, establishing an automated process for
model and data gathering across diverse sources using
Digital Shadows relies fundamentally on standardised
definitions for individual components. The IEC 61360-1
standard offers properties for delineating the character-
istics, semantics, and identification of models and data
points in themetadata form. This standardised definition
ensures the scalability and independence of the model
catalog from a single use case within a single company.
Finally, only users affect the real system, as the Digital
Shadow is only present for giving decision support.

5.3. Model catalog data architecture

Before we introduce the comprehensive model catalog
data architecture, we first provide an update of theDigital
Shadow meta-model.

5.3.1. Extension of the digital shadowmeta-model
The current version of the Digital Shadow meta-model
permits the definition of a Source’s properties through
System Properties. However, existing models are
not defined semantically, resulting in the inability of Dig-
ital Shadows to automatically identify suitable models

based on a specified Purpose. To address this limi-
tation, we extend the meta-model to incorporate this
capability. Figure 5 presents the updated meta-model.

To ensure that a Digital Shadow selects appropri-
ate models for a given Purpose, two model specifi-
cations must be defined: semantic annotation and syn-
tactic annotation. The semantic annotation is imple-
mented through the ModelSignature. This com-
ponent enables the Digital Shadow to determine what
models are suitable for fulfilling a specified Purpose,
which data are required as input for model processing,
and where this data are located. Additionally, the system
responsible for executing themodel requires information
on how themodel can be processed, such as the program-
ming language or execution environment. This infor-
mation is specified within the ModelDependencies.
The repository that stores and manages the models
is referred to as the ModelCatalog. The next sec-
tions will present the possible structure and content of
the ModelSignature and ModelDependencies,
along with their integration into a comprehensive data
architecture for a model catalog.

5.3.2. Data architecture
After pointing out the general requirements and their
general solution approach in combination with the
expandedmeta-model, we translate them to a data archi-
tecture independent of underlying software and pro-
grams. Figure 6 illustrates the data architecture.

We built the architecture by establishing discrete
building blocks, each responsible for a specific, encap-
sulated function. One aim is to achieve a highly modu-
lar and scalable architecture, minimising programmers’
configuration efforts. Therefore, we organise the func-
tions into different containers and identify three types of
functions:

Figure 5. Updated digital shadowmeta-model, extended with classes for semantic model annotation.
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Figure 6. High-level data architecture of the model catalog.

(1) Functions related to a specific model, e.g. its input
data.

(2) Functions unrelated to a specific model, e.g. user
credentials for a database.

(3) Functions created and maintained by external
organisations, e.g. a database connector.

In addition to the Model, which encompasses the
algorithm, three distinct containers facilitate the accu-
rate processing of the model. The Model Signature
(according toHusung et al. 2023) encapsulates all seman-
tic data relevant to the model, linking it directly to a
specificmodel.Within this container, thePurpose clas-
sifies the application domain of the model, the Input
Data defines the necessary data for computation and
its sources, and Processing options determine
whether preprocessing of input data or postprocessing
of the algorithm’s outcome is required, referencing the
corresponding file. A single model may possess various
Model Signatures owing to differing databases or
the necessity for distinct preprocessing and postprocess-
ing methods depending on the database’s output format.

The Model Signature, particularly the
Purpose, is the trigger for aggregating suitable mod-
els. Initially, an operator specifies the purpose (c.f. Figure
6, 1.), denoting the required decision support, using
a Graphical User Interface (GUI). We assume that an
adequate GUI is previously developed by programmers.
Upon user selection, a search engine scans the Model
Signature database within all model catalogs, com-
paring the user’s input with defined Purpose values to
satisfy the search purpose. To ensure a scalablemodel cat-
alog, standardising the GUI’s input forms and Purpose
values is crucial. Ideally, these values are centrally regis-
teredwithin a commondata dictionary, providing unique
identifiers and ensuring universal comprehension across
the community. Consequently, when new models align-
ing with this standardised definition are added to the
model catalog, the search engine can seamlessly retrieve
them without requiring code adjustments.

Following the identification of suitable models by the
search engine, the verification of technical capabilities
for model processing is necessary (2.). This verification
is handled by the Model Dependencies container,
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encompassing all technical details required for a model’s
processing within a system. It describes the model’s
Programming language, Data format, or
Exception handling. Since these characteristics
are intrinsic to a model, only one Model Dependen
cies container exists per model, invariably linked to a
specific model.

The Model Executor serves as the pivotal ele-
ment executing all required functions. Upon validat-
ing the technical capabilities for model processing, the
Get Data function (3.) within this container under-
takes the necessary steps for data retrieval. Initially, it
gathers login data for the database (DB) specified in the
Model Signature through DB Login. This func-
tion, housing general database endpoints and user cre-
dentials, can be reused for other models accessing the
same database. As DB Login contains sensitive user
data, its handling requires special attention to data secu-
rity, which is beyond the scope of our contribution. Sub-
sequently, the Get Data function requests the neces-
sary data as outlined in the Input Data within the
Model Signature container. Similar to standardis-
ing thePurpose for defining amodel’s application area,
standardisation of Input Data within a shared data
dictionary is crucial for interoperability.

A Translator, acting as a middleware, is one of
the key elements for ensuring the interoperability, mod-
ularity, and scalability across different systems. Since the
Translator is a central element in achieving interop-
erability, we highlight the translation process in Figure 7.

The Translator should be supplied by the ven-
dor of a software system and takes the form of a basic
translation table. It contains, on one side, the centrally
registered format of the data point in the form of a unique
identifier, and on the other side, it provides its corre-
sponding name in the proprietary source system. The
first key function of the Translator is to convert
these identifiers into the format of the source systems,
independent of the designations of the data points that
were made in the model signatures (cf. Figure 7(a)). For
example, the data point ’Delivery Date’ refers to the date
on which the product was received by the customer. In
Model Signature 1, this data point is called ‘deliv_date’,
while in Model Signature 2, the data point with the same
meaning is labelled as ‘date’. The Translator stan-
dardises these varying designations, making them inde-
pendent of the underlying source system. Conversely, the
specific naming conventions within different source sys-
tems are irrelevant; the same attribute may be termed
‘Delivery Date’ in one system and ‘Shipping Date’ in
another. To address these inconsistencies, common data
dictionaries are established, housing properties in a stan-
dardised manner, and augmented with metadata. These

dictionaries consolidate different names of a property
under a single identifier. For instance, in ECLASS,2 a
notable common data dictionary, the property ’Delivery
Date’ might be assigned an identifier such as 0173-1#02-
ABH165#002. Utilising these identifiers eliminates the
need to use the specific name given by the source system.

The second key function is to integratemultiple source
systems (cf. Figure 7(b)). As the required model input
data may be stored across different systems, such as
delivery dates and job durations, it is essential to auto-
matically address the correct source systems. This can
be achieved by assigning a unique identifier to each
source system, for instance, ‘Source System1’ and ‘Source
System 2’. For modularity and scalability, new source
systems can be integrated as illustrated in Figure 7(b),
where a new ‘Source System 3’ replaces the previous
ones. In this scenario, themodel catalog architecture only
requires updating the source system’s ‘id’ in the model
signature file.

Subsequently, the Connect and fetch data
container working as the API of the software system
establishes the database connection based onDB Login
and retrieves the required input data. The application of
a Translator and a Connect and fetch data
module within a specific software system abstracts users
from the necessity of comprehending the underlying
database structure, allowing them to treat the source sys-
tems as black boxes. In an Industry 4.0 context, these
modules are typically developed and maintained by soft-
ware system vendors. The sole responsibility of users is
specifying the correct identifier associated with a data
point from a common data dictionary and identify-
ing the source system. This implies that utilising the
Translator in conjunction with a Connect and
fetch data container, provided by vendors, promotes
a modular and scalable configuration. This is because the
connection to underlying source systems can be estab-
lished with minimal effort by the user.

Based on the Processing options within
Model Signatures, the executor runs necessary
Preprocessing before engaging the model itself.
Finally, after potential Postprocessing, the Dis
play results function furnishes decision support
for operators to either implement or disregard the out-
comes.With the help of the architecture, Digital Shadows
now rely on a fundamental framework for overcoming
data silos and process models regarding a predefined
purpose automatically. However, since Digital Shadows
never affect the system, a function of our architecture
that implements the results automatically is absent. In
our architecture, the execution steps for each model
are uniform. As the logic for defining required input
data or underlying databases is externalised, the Model

https://eclass.eu/en
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Figure 7. Key functions of the translator. (a) Conversion of identifiers into the source systems’ format and (b) Integration of a new source
system.

Executor is not bound to a specific model and can be
arbitrarily reused. In Section 6, we illustrate this architec-
ture with a concrete example.

5.4. Model catalog framework

In this section, we propose a framework tailored for
implementing themodel catalog and its seamless integra-
tion with Digital Shadows, as depicted in Figure 8.

To facilitate user interaction, we adopted Angular3
to create the GUI. Leveraging Nebular’s pre-built GUI

library, we tailored a template that suits our needs.
For the backend infrastructure, we harnessed Flask,4 a
Python-based web framework. Efficient model search
and retrieval of necessary data were orchestrated through
elasticsearch.5

All essential file categories, encompassing models,
meta files associated with the models, scripts for pre-
and postprocessing, middleware, and configuration files,
were housed within Minio,6 an object store. Minio’s
structure, enabling storage within designated ‘buckets’
for each file category, aligns well with our setup.

https://angular.io/
https://flask.palletsprojects.com/en/3.0.x/
https://min.io/
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Figure 8. Model catalog framework we used for the implemen-
tation.

For a realistic demonstration mirroring real-world
applications, we integrated odoo,7 a widely recognised
ERP system within the industry. Beyond its compre-
hensive transactional capabilities formanaging shopfloor
activities, odoo furnishes a user-friendly API for seam-
less data exchange and offers extensive customisation
options.

A key advantage of our proposed framework is its scal-
ability. All components have been containerised using
Docker, allowing for seamless deployment on cloud
infrastructures, whether on-premises or in enterprise
environments. This containerised architecture ensures
that the framework can dynamically scale based on
demand, efficiently handling varying volumes of data,
models, and processing requirements. By leveraging con-
tainer orchestration solutions such as Kubernetes, the
system can automatically adjust resources, ensuring opti-
mal performance and resilience.

Our implemented conceptual architecture, provid-
ing a comprehensive model catalog setup, is accessible
on GitHub,8 offering insights into the implementation
details and enabling further exploration.

As already highlighted in Section 2, the proposed
architecture and the derived framework focus on the
model, its purpose, and system properties. Therefore,
it allows the seamless integration into Digital Shadows
through the represented meta-model.

6. Real-world application: production
scheduling of an injectionmolding shopfloor

Decision support from a Digital Shadow using the model
catalog’s architecture and framework we introduced in
the previous sections is independent of the underlying

manufacturing process or the domain. Each manufac-
turing or decision process is individually characterised
by varied models that can be easily integrated with
their model signatures, which eases their findability and
accessibility.

In this section, we instantiated the proposed archi-
tecture to show which dependencies and requirements
regarding a standardised description are necessary and
where to apply them. Therefore, we present a real-world
application in the form of a single-objective produc-
tion scheduling problem within the injection molding
domain to demonstrate how a decision support system
is provided with the required data for processing deci-
sion support. Here, we use a model catalog that we built
in a previous contribution,which proposes a blueprint for
schedulingmodels (Gannouni et al. 2024).More complex
scenarios, such as multi-objective scheduling or other
scenarios, e.g. data gathering to provide them for other
applications, can be addressed similarly by integrating
models and their corresponding model signatures, so it
is applicable to various applications and industries.

6.1. Use case overview

In this scenario, a production scheduler strives to arrange
the given jobs optimally. Depending on the production
scheduler’s purpose, various optimal sequences of jobs
can be identified. For instance, prioritising the minimal
makespan for completing all jobs might yield a differ-
ent sequence compared to prioritising the reduction of
deviations in job completion times from customer due
dates. In addition, the shopfloor configuration and con-
straints play a significant role in production scheduling
since they influence the possible number of schedules.
For an unambiguous definition of a production schedul-
ing problem that considers different machine environ-
ments, constraints, and objectives, Graham et al. (1979)
introduced a three-field notation in the form of α | β | γ .
Here,

• α: stands for the machine environment, e.g. single
machine or flow shop,

• β : characterises the job’s constraints, e.g. sequence-
dependent setup times

• γ : defines the objective function, e.g. minimising the
makespan.

In this specific scenario, the objective is to determine
the optimal job schedule for a single-machine environ-
ment. The primary goal is to minimise the maximum
makespan while considering sequence-dependent setup
times, denoted by the previously introduced Graham
notation (1 | si,j | Cmax). The graphical representation in

https://www.odoo.com/
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Figure 9 visually depicts the entire process. Figure 9(a)
displays the initial job order as present in the ERP sys-
tem. Meanwhile, Figure 9(b) shows the job duration, and
Figure 9(c) illustrates the setup times. Here, we assume a
given pre-established setup matrix valid for our use case

(typically, in practice, the analysis involves a comparison
among different products rather than focussing on the
specific job names9 originating from the ERP system. For
clarity and better comprehension, we have utilised the job
names in this setup matrix). Finally, Figure 9(d) displays

Figure 9. Use case data for scheduling an injectionmolding shopfloor. (a) The initial schedule. (b) Duration of the jobs. (c)Matrix of setup
times for the products and (d) The optimised schedule.
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the optimal schedule aftermodel execution. The schedul-
ing optimisation corresponds to solving the Traveling
Salesman Problem.

The initial schedule processing, as depicted in Figure
9(a), results in an overall makespan of 2,265 time units,
with non-value-adding setup activities consuming 275
time units. Examination of the setup matrix presented
in Figure 9(c) reveals that the setup duration from prod-
uct A to product Bmay differ from the reverse transition.
This discrepancy is a common occurrence in setup pro-
cesses of injection molding machines, caused by temper-
ature adjustments and raw plastic material changes dur-
ing cleaning procedures (Burghoff 1983; Hüttner 1979).
The optimised schedule (cf. Figure 9(d)), prioritises min-
imising the maximum makespan, effectively reducing
setup times for the specified jobs. This refined schedule
reflects a makespan of 2230 time units, marking a 13%
reduction of the overall setup time compared to the initial
schedule.

6.2. Instantiation of the architecture

In order to illustrate the practical application of our
architecture (cf. Figure 10), we proceed by instantiating
its functions. We display the necessary files for imple-
mentation and present their exemplary content using

pseudo-code, employing the use case previously intro-
duced. The outcome of this instantiation for the real-
world application scenario introduced before is repre-
sented in Figure 10.

The GUI provides the options for selecting the pur-
pose in the form of the Graham notation elements. How-
ever, the values of these purpose_properties are
not yet centrally registered in a common data definition.
Therefore, in our prior work, we standardised the Gra-
ham notation elements and assigned them unique iden-
tifiers (Gannouni et al. 2024). For property identifica-
tion, we use the Internationalised Resource Identifier
(IRI) since it ensures unique and simple identification
(Fensel, Kerrigan, and Zaremba 2008). As our research
originates from the Cluster of Excellence ‘Internet of
Production’ at the RWTH Aachen University, we deter-
mine https://iop.rwth-aachen.de/PPC/1/1/propertyName
as a unique identifier according to RFC 3987 (Berners-
Lee 2005; VDI 2193 Part 1:2020-04 2020). Here, PPC
stands for Production Planning and Control, while
the numbers indicate the version and revision of the
property.

After the user has specified the shopfloor conditions
on the GUI, the search engine searches the purpose_
properties (c.f. Figure 10, line 1) of all model signa-
tures. In our use case, three purpose_properties

Figure 10. Instantiated data architecture using pseudo-code.
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(2–4) are relevant that representing the shopfloor config-
uration. The search engine retrieves all models matching
the input selection based on the purpose. Now, themodel
executor receives the information (16) regarding the
input data (6), i.e. thejob_name andjob_duration.
The designation of these variables (7 and 10) is freely
selectable since they do not affect further processes. We
recommend using the same designation as in the model
to ensure a uniform appearance that reduces misunder-
standings. In contrast, the values in (8–9) and (11–12)
must not be freely chosen. Here, (8) and (11) contain
the identifier from a common data dictionary, which are
the basis for an interoperable model catalog, using by the
translator. Additionally, odoo was specified as a source
for the corresponding data points. Using this informa-
tion, in the next step (17), the login credentials for the
odoo database are fetched.

Since odoo is not equippedwith standardised property
names and identifiers, a translator is required to trans-
late the IRI of the required input data into the odoo
format. Here, the importance of standardised properties
can be identified as the identifier in (8) and (28) as well
as (11) and (30) matches so that the translation pro-
cess can proceed without human intervention. In (31),
the translator returns the database property names, so
fetching the required data automatically is possible in
the next step. Besides the odoo property designation,
the previously collected information of the odoo login
credentials is used to establish the connection to odoo
and fetch the right data. In our use case, pre- and post-
processing of the data is required. The corresponding
files are also specified in the model signature (14) and
(15). During preprocessing, the fetched job names from
odoo are transformed into integer numbers. The reason
is that the models’ optimisation algorithm in (38) inter-
prets the jobs as continuous integer numbers, starting
with one. Since the odoo job names follow the pattern
WH/MO/number, the algorithm cannot handle the odoo
format. We directly integrate the setup matrix (37) into
the production scheduling model for our demonstrator.
However, a separation could be advantageous to max-
imise the modularity of this implementation. In return,
after the model has calculated the optimal schedule, the
postprocessor has to translate the job designation into
integers back to the original odoo format so a human can
rearrange the jobs after the result is published (23).

Summarised, we demonstrate that with the help of
standardised properties, a modular model catalog that
serves as decision-support for operators can be imple-
mented. In addition, the architecture is designed for low
setup and maintenance effort, so the barriers to integrat-
ing themodel catalog are low. In the following subsection,
we show the real implementation of this demonstrator.

6.3. Demonstration

When accessing the web interface, users first have select
the purpose, the Digital Shadow has to fulfill. As our
demonstrator focuses on production scheduling, deci-
sion makers select the shopfloor conditions following
Graham’s notation elements. Referring to the use case
description in Section 6.1, the input parameters for this
demonstration are Single machine (1), Sequence depen-
dent setup times (si,j), andMakespan (Cmax), as shown in
the initial screen in Figure 11.

After selecting shopfloor conditions, the search engine
retrieves models aligning with the corresponding pur-
pose that is defined in the model signatures (Figure 12).

Simultaneously, a connection to the underlying data
base (in our case, odoo) is established, offering real-
time visualisation of jobs currently active in the system.
The real-time data can be seen in the right area. This
stage enables the production scheduler tomanually refine
the identified models in the left area). By accessing the
‘Details’ button, the content of the corresponding model
signature file is revealed in the middle area. For our
demonstrator, we use odoo 15.0+e (Enterprise Edition).
Additionally, data such as job duration, quantity, and sta-
tus are readily accessible. Executing the model triggers
the algorithm to compute the optimal job order based on
the provided ERP data (Figure 13).

The pertinent ERP system information reappears in
the left box. In the right box, the production sched-
uler receives decision-support in the form of an optimal
job order, which is concomitant to the expected result
pointed out in Figure 9(d). As the Digital Shadow oper-
ates independently of the real system, the production
scheduler is responsible for executing job rearrangements
or rejecting the proposed order. Additionally, the pro-
duction scheduler gains meta information, including the
considered jobs from the ERP, the model name, the solu-
tion status, and the objective.

Successful execution of the algorithm mandates pre-
processing of input data. As the algorithm processes
integer values representing individual jobs rather than
job names, converting job names to integers is neces-
sary. Conversely, the production scheduler necessitates
job names to identify the relevant jobs in the ERP, thus
requiring conversion of integer values back to their orig-
inal job names. The tools for pre- and postprocessing are
automatically gathered and executed, requiring no inter-
vention from the production planner. For those inter-
ested in the algorithm’s insights, a comprehensive exe-
cution log is available. In our use case, the execution log
documents the operations conducted by the optimisation
models and aids in the development of solutions and the
debugging in the case of inconsistencies.

https://www.odoo.com/
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Figure 11. The initial screen of the GUI where the production scheduler can specify the purpose according to the Graham notation.

Figure 12. Details of the selected model and live data of the jobs from the ERP.

In comparison to other approaches, our architecture
accelerates decision support for the given scheduling
problem. Users are no longer required to identify an
appropriate model concerning their scheduling objec-
tives, log in to the ERP system, search for the nec-
essary input data from each production order within

the odoo system, or manually input these values into
a model interface. Our architecture offers substantial
time savings and reduces the occurrence of errors and
media breaks, depending on the number of production
orders and the user’s familiarity with the odoo ERP
system.
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Figure 13. Result in the form of an optimal schedule.

7. Discussion

Successfully running our designed decision-support sys-
tem requires several key prerequisites, which we discuss
below. Additionally, we provide solution approaches for
the single points we discuss.

Standardised domain description required: The scal-
ability and modularity of our decision support archi-
tecture rely on a unified, standardised domain descrip-
tion. Establishing this requires a common data dictio-
nary to ensure FAIR (Findable, Accessible, Interopera-
ble, Reusable) data properties (Wilkinson et al. 2016). A
crucial aspect involves incorporating unique identifiers,
such as the International Registration Data Identifier
(IRDI) or IRI, within the models’ meta files to ensure the
retrieval of relevant data points. Moreover, software ven-
dors, e.g. ERP providers, also should equip their systems
with standardised properties or at least have to provide
and maintain middleware in the form of translators that
map between IRDI or IRI notation and vendor-specific
formats. Here, the presence of comprehensive Common
Data Dictionaries (CDD) is pivotal for automatic and
interoperable data extraction from subsystems such as
ERP, ensuring data integrity through standardised defini-
tions. Regarding a standardised domain description, we
anticipate that the content of CDDwill expand soon since
multiple initiatives currently support their enhancement
in multiple ongoing initiatives. For our domain, we have
already specified the domain properties, whereby some of
them are currently under standardisation as IDTA spec-
ification and will be available at ECLASS, allowing reuse
across industries from injection molding to PPC.

Standardised model syntax: The models adhere to
a particular syntax necessary for accurate processing.
Within this contribution, we present an initial executable
syntax. Nevertheless, regardless of whether this proposal
is accepted or another is chosen, achieving consensus
on a definitive structure is essential for modularity. We
believe that if influential companies in the market align
on a single syntax, it is likely to gain widespread adop-
tion, potentially evolving into an industry standard or
guideline.

Consideration of semantics: When a Digital Shadow
gathers data fromdifferent systems, semantic consistency
is crucial. Harmonizing units, such as weights or lengths,
is critical to prevent inaccuracies and wrong results. To
overcome this challenge, a preprocessor can validate that
the input data or digital twins, which comprise metadata
such as the Asset Administration Shell (AAS), are appli-
cable. Using the AAS is concomitant with standardised
metadata regarding IEC 61360-1, which also specifies the
unit of ameasure. Furthermore, theAAS ensures fair data
principles since the contained properties have originated
from a CDD (Marcon et al. 2018).

Creation of pre- and postprocessing files: Pre- and post-
processing are critical for ensuring that algorithms and
production schedulers correctly interpret input and out-
put data. The number of necessary files depends on the
specific preprocessing and postprocessing tasks. Ideally,
these files should be reusable across multiple instances.
For example, in our demonstrator, transforming job
names into numerical values serves as a reusable pre-
processing step. As Industry 4.0 evolves, we anticipate
increased reliance on model-driven decision making,

https://eclass.eu/en
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creating opportunities for new business models, such as
model-creation-as-a-service. Platforms like the odoo app
store10 illustrate this trend, offering third-party applica-
tions and highlighting the potential for a growing mar-
ketplace centred on model-based tools and services.

Presence ofmodel files:Themodels and algorithms that
should be executed have to be present as a file, which is
compatible with the model catalog architecture. In our
previous research, we provided a foundational basis for
the understanding of standardised scheduling models.
Again, providing models taking into account standard-
ised notation elements can also be a business model that
emerged through Industry 4.0 (Mukhopadhyay, Pingali,
and Satyam 2022).

Finding a suitable model classification: The model cat-
alog we introduced is tailored exclusively to production
scheduling, primarily emphasizing the Graham notation
within its GUI. In our scenario, defining the Digital
Shadow’s purpose for gathering the right models and
data was straightforward since scheduling models can be
characterised commonly and explicitly using theGraham
notation. However, since different domains contain dif-
ferent purposes, finding a suitable model classification
can be challenging. To address this, experts fromdifferent
companies can participate in workshops to discuss and
establish a common model classification.

Computing complex problems: Due to numerous pos-
sible solutions within job scheduling, this task is highly
complex and requires long computational times, espe-
cially when aiming to solve a given problem optimally.
Our demonstrator, centred on data architecture, presents
a simplified example by addressing a scenario encom-
passing five jobs and a single machine on a single stage,
resulting in 5! = 120 possible schedules. However, com-
plexity increases significantly with more machines and
intricate shopfloor configurations, such as open shops
where job operations lack determinism. Finding an opti-
mal solution becomes significantly challenging within
reasonable computational time. In such cases, the com-
putational feasibility of attaining an optimal solutionmay
become impractical. Hence, heuristics can be used as
an initially preprocessing step to quickly generate sat-
isfactory solutions before trying to solve the problem
optimally. This strategic use of heuristic methods aims
to navigate the computational challenges inherent in
highly complex job scheduling scenarios, offering viable
solutions within reasonable computational constraints
(Ruiz 2019).

Consideration of security aspects: In our architectural
framework, we have given negligible attention to security
aspects. Nevertheless, maintaining a secure environment
that restricts access only to authorised users necessitates
the management of user credentials for the underlying

software systems. This ensures that only authenticated
and authorised users can interact with the system, forti-
fying the integrity and security of the software infrastruc-
ture. One prominent protocol for authorisation is OAuth,
allowing third-party applications to access user resources
without exposing user credentials (Hardt 2012).

Different programming languages: The majority of
files we have generated to construct the architecture
are Python scripts. Given Python’s widespread adoption
and compatibility with the odoo database, this choice
was strategic. However, working with multiple program-
ming languages introduces challenges, such as differ-
ences in data parsing and processing. We addressed this
challenge by introducing Model Dependencies, but as
more programming languages or tools are involved,more
dependencies need to be managed within the system
architecture.

Technology neutral: Since different frameworks for
data processing in different domains exist, it is beneficial
when developed concepts and solutions are independent
from them. Although we demonstrate our concept in the
context of PPC in the injection molding domain, it can
be applied as a possible implementation for a semantic
middleware in other frameworks.

Limitations of the demonstrator:The demonstrator pri-
marily aims to showcase the benefits of utilising stan-
dardised data elements. As such, it is not a comprehensive
software solution and lacks key industrial functionalities.
For instance, in our demonstrator, the data from all cur-
rent manufacturing orders in the ERP system is retrieved
without filtering capabilities. Since implementing such
functionality is an engineering task rather than a research
question, we did not include it in our scope of study.

8. Conclusion and outlook

The rise of Industry 4.0 is concomitant with increased
data and model-driven decision-support. In the era of
Industry 4.0, Digital Shadows are established to automate
the retrieval of models for specific decision-making sce-
narios along with the corresponding input data, a task
previously undertaken manually. However, current pub-
lications only focus on modelling the Digital Shadow,
describe its benefits, challenges, or general behaviour, or
present use cases on a high level without deep technical
details. Thus, an implementation approach that reveals
missing classes and the design of specific building blocks
for their processing was absent, leading to the fact that
no domain-independent Digital Shadow currently exists
that fulfills the goal.

To close this gap, we first have illustrated the model
catalog’s interfaces, gates, and databases through a
sequence diagram. Leveraging this diagram, we have
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identified the necessary requirements for an inclusive
model catalog. Then we enhanced the current Digital
Shadow meta-model from our prior publication (Becker
et al. 2021) with classes for annotating models. Based on
this, we developed a comprehensive data architecture and
an associated implementation framework. Notably, these
requisites, architecture, and framework are independent
of specific manufacturing processes, aiding developers in
constructing a model catalog tailored to their domain.
The architecture’s strengths lies in its modularity and
scalability, permitting the definition of subtasks (such as
database login or translation to proprietary formats) just
once for reuse across various models. Furthermore, the
architecture realises the seamless addition of newmodels
via standardised property definitions without necessi-
tating the rework of the entire structure. In our archi-
tecture, we leverage standard identifiers recommended
in IEC 61360-1 and utilise ECLASS as a common data
dictionary.

We have instantiated a web-based demonstrative
model catalog for scheduling purposes to validate our
data architecture. Therefore, we utilise a predefined
model catalog for production planning and control
tasks within the injection molding domain, which we
have established before (Gannouni et al. 2024). This
model catalog empowers production schedulers to select
shop floor specifications, encompassing machine envi-
ronments, constraints, and objective functions, retrieving
models that align with these criteria. Since this model
catalog is based on standardised model annotation, as
proposed in this contribution, we have demonstrated
that our architecture can seamlessly process such pre-
defined models. Consequently, the architecture ensures
modularity, as the integration of new models poses no
challenges. Additionally, real-time data from odoo, an
underlying ERP system, is utilised for model compu-
tation in our demonstrator. Our findings indicate that
production schedulers benefit from automaticmodel and
data retrieval, resulting in accelerated computation and
decreased errors (e.g. from typographical mistakes). The
incorporation of ERP data fosters the accuracy of com-
putational results. The methodology for implementing
the model catalog, along with the demonstrative archi-
tecture and framework for a scheduling model catalog,
serves as a blueprint for developing other model cat-
alogs with various purposes. Consequently, our find-
ings are not confined to a specific domain but can
be applied across different manufacturing sectors and
applications.

Further work is the transfer of the architecture into
specific technologies. Here, the Asset Administration
Shell AAS serves as a potential technology since it

includes relevant properties of an asset in a standardised
manner and currently undergo international standard-
isation. Based on that, the architecture can be a build-
ing block for the establishment of data ecosystems. Data
ecosystems are networks of data sources and technolo-
gies that interact to manage and utilise data to be used
in services across enterprise borders (Hrustek, Mekovec,
and Alexopolus 2023). Another important area of fur-
ther work is to integrate security mechanisms into the
architecture, ensuring users’ access and execution align
strictly with their authorisation levels. Also, it is essen-
tial to address how the architecture manages latency
and data synchronisation issues. Specifically, the mech-
anisms ensuring data accuracy during model execution
in rapidly changing production environments need to be
thoroughly investigated.

Notes

1. https://github.com/psapel/DS-ModelCatalog-Implemen
tation.

2. https://eclass.eu/en.
3. https://angular.io/.
4. https://flask.palletsprojects.com/en/3.0.x/.
5. https://www.elastic.co/.
6. https://min.io/.
7. https://www.odoo.com/.
8. https://github.com/psapel/DS-ModelCatalog-Implemen

tation.
9. Pattern of odoo jobs: WH = Warehouse, MO = Manu-

facturing Order, incremental job number.
10. https://apps.odoo.com/apps.
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