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Abstract: Reconfigurable Manufacturing Systems (RMSs) have been proposed to bolster
resilience and to efficiently address rapid changes in customer needs. However, notable obstacles
to their adoption still persist, such as insufficient integration into operations and inadequate
incorporation of distributed control. In this paper, we present a 2-pillar conceptual architecture
for enabling the operational integration of RMSs through interoperable Digital Twins (DTs)
and propose avenues to enhance their capabilities with distributed and global intelligence
technologies. To this end, utilizing DTs based on industrial standards promotes modularity
and integrability. Moreover, it enables leveraging decision support methods and tools that
may consider economic, energy and environmental aspects at different production levels (from
machine level to the whole production system), thus offering a comprehensive framework to
enhance adaptability, resilience, and sustainability in RMS.
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1. INTRODUCTION

Modern manufacturing requires adaptable production sys-
tems capable of swift reconfiguration to promptly adapt to
evolving consumer and societal demands. These systems
must effectively manage disruptions in the supply chain or
other challenges that have become commonplace in recent
years. In this context, Reconfigurable Manufacturing Sys-
tems (RMSs) have been proposed to improve the resilience
and sustainability of production systems. Notably, RMSs
are based on six core principles (Dahmani et al., 2022),
i.e., modularity, scalability, convertibility, diagnosability,
customization, and integrability.

Nevertheless, RMS implementation has not been as suc-
cessful as desired and not without encountering several
issues (Napoleone et al., 2023). Numerous purportedly
modular systems remain largely monolithic in practice,
and even those designed as modular may not reach their
maximum potential due to incomplete integration into
⋆ This research work has been conducted within the framework of
the MODAPTO project (MODULAR MANUFACTURING AND
DISTRIBUTED CONTROL VIA INTEROPERABLE DIGITAL
TWINS), which has received funding from the European Union’s
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operations or a lack of support for distributed control.
The challenge then is to propose a framework and key
technologies to help implement RMS.

To tackle this challenge, we propose a 2-pillar architec-
tural framework for flexible industrial systems that are
composed of production modules enhanced by distributed
intelligence via interoperable Digital Twins (DTs) based
on industrial standards, seamlessly integrated within a
common framework that enables coordination with other
modules and systems. At the same time, we investigate
how to enable intelligence within modular production
schemes for effective design of modules or reconfigurable
production layouts. Hence, motivated by our work on an
ongoing Horizon Europe research project (MODAPTO),
we aim at promoting a combined view of these charac-
teristics to develop practice-based industrial strategies for
reconfiguration (Choi and Xirouchakis, 2015), i.e., ma-
terializing reconfigurability through the joint use of all
principles and not by considering it as an isolated vision
of each one.

The remainder of this paper is organized as follows. Sec-
tion 2 includes the motivation and problem statement in
RMS, Section 3 presents the proposed 2-pillar conceptual
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Pavlos Eirinakis ∗ Benôıt Iung ∗∗ Ioannis Mourtos ∗∗∗

Stathis Plitsos ∗ Ljiljana Stojanovic ∗∗∗∗ George Triantafyllou †

Aleaxandre Voisin ∗∗

∗ Department of Industrial Management and Technology, University of
Piraeus, Piraeus, Greece (e-mail: pavlose@unipi.gr; stathisp@unipi.gr)
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∗∗ Université de Lorraine, CNRS, CRAN, Nancy, France (e-mail:
benoit.iung@univ-lorraine.fr; alexandre.voisin@univ-lorraine.fr)

∗∗∗ ELTRUN Research Lab, Department of Management Science and
Technology, Athens University of Economics and Business, Athens,

Greece (e-mail: mourtos@aueb.gr)
∗∗∗∗ Fraunhofer IOSB, 76131 Karlsruhe, Germany (e-mail:

ljiljana.stojanovic@iosb.fraunhofer.de)
† Athens Technology Centre, Athens, Greece (e-mail:

g.triantafyllou@atc.gr)

Abstract: Reconfigurable Manufacturing Systems (RMSs) have been proposed to bolster
resilience and to efficiently address rapid changes in customer needs. However, notable obstacles
to their adoption still persist, such as insufficient integration into operations and inadequate
incorporation of distributed control. In this paper, we present a 2-pillar conceptual architecture
for enabling the operational integration of RMSs through interoperable Digital Twins (DTs)
and propose avenues to enhance their capabilities with distributed and global intelligence
technologies. To this end, utilizing DTs based on industrial standards promotes modularity
and integrability. Moreover, it enables leveraging decision support methods and tools that
may consider economic, energy and environmental aspects at different production levels (from
machine level to the whole production system), thus offering a comprehensive framework to
enhance adaptability, resilience, and sustainability in RMS.

Keywords: Reconfigurable Manufacturing System; Distributed Control; Digital Twin; AAS;
Standardization

1. INTRODUCTION

Modern manufacturing requires adaptable production sys-
tems capable of swift reconfiguration to promptly adapt to
evolving consumer and societal demands. These systems
must effectively manage disruptions in the supply chain or
other challenges that have become commonplace in recent
years. In this context, Reconfigurable Manufacturing Sys-
tems (RMSs) have been proposed to improve the resilience
and sustainability of production systems. Notably, RMSs
are based on six core principles (Dahmani et al., 2022),
i.e., modularity, scalability, convertibility, diagnosability,
customization, and integrability.

Nevertheless, RMS implementation has not been as suc-
cessful as desired and not without encountering several
issues (Napoleone et al., 2023). Numerous purportedly
modular systems remain largely monolithic in practice,
and even those designed as modular may not reach their
maximum potential due to incomplete integration into
⋆ This research work has been conducted within the framework of
the MODAPTO project (MODULAR MANUFACTURING AND
DISTRIBUTED CONTROL VIA INTEROPERABLE DIGITAL
TWINS), which has received funding from the European Union’s
Horizon Europe program under grant agreement No 101091996.

operations or a lack of support for distributed control.
The challenge then is to propose a framework and key
technologies to help implement RMS.

To tackle this challenge, we propose a 2-pillar architec-
tural framework for flexible industrial systems that are
composed of production modules enhanced by distributed
intelligence via interoperable Digital Twins (DTs) based
on industrial standards, seamlessly integrated within a
common framework that enables coordination with other
modules and systems. At the same time, we investigate
how to enable intelligence within modular production
schemes for effective design of modules or reconfigurable
production layouts. Hence, motivated by our work on an
ongoing Horizon Europe research project (MODAPTO),
we aim at promoting a combined view of these charac-
teristics to develop practice-based industrial strategies for
reconfiguration (Choi and Xirouchakis, 2015), i.e., ma-
terializing reconfigurability through the joint use of all
principles and not by considering it as an isolated vision
of each one.

The remainder of this paper is organized as follows. Sec-
tion 2 includes the motivation and problem statement in
RMS, Section 3 presents the proposed 2-pillar conceptual

Copyright © 2024 The Authors. This is an open access article under the CC BY-NC-ND license  
(https://creativecommons.org/licenses/by-nc-nd/4.0/)



338	 Pavlos Eirinakis  et al. / IFAC PapersOnLine 58-19 (2024) 337–342

architecture, the role of each one of its different compo-
nents and their interplay, Section 4 provides a discus-
sion on some of the key enablers of our approach, while
Section 5 concludes the paper with a brief discussion on
avenues for further work.

2. PROBLEM STATEMENT AND MOTIVATION

RMSs have encountered limited adoption within the in-
dustry despite their substantial value proposition, as evi-
denced by various implementations demonstrating consid-
erable potential. A primary factor contributing to this con-
strained adoption is the absence of adequate methodolo-
gies to facilitate their practical development, particularly
concerning modularity (Brunoe et al., 2021). Modularity
encompasses both the physical and functional aspects of a
module. Current methodologies for achieving modularity,
such as the Design Structure Matrix (DSM) and Modular
Function Deployment (MFD), are predominantly static in
nature. This static nature presents a pressing challenge in
the transition from conventional manufacturing to RMS,
as it inhibits the virtual design from dynamically evolving
in tandem with real-world conditions (Zhang et al., 2019).
Addressing this issue necessitates the integration of real-
time information into the initial model, thereby enabling
the virtual design to adapt in accordance with actual
operational circumstances.

On the research side, work on RMS primarily focuses
on modularity and scalability, neglecting diagnosability,
customization, integrability, and convertibility (Yelles-
Chaouche et al., 2021). Moreover, only a few RMS ap-
proaches have considered all six characteristics due to the
complexity of modeling and evaluating performance (Bor-
tolini et al., 2018). In addition, while much work evaluates
manufacturing system performance economically, consid-
ering productivity, production rate, resource utilization,
reliability, and availability, few studies assess RMS perfor-
mance from a sustainability perspective, considering eco-
nomic, environmental, and societal aspects simultaneously
(Choi and Xirouchakis, 2015).

To address the rather static nature of RMS, it is imperative
to construct RMS upon modules based on DT technol-
ogy, leveraging real-time data to dynamically model their
current behavior. This approach facilitates the continuous
assessment and validation of modularity throughout the
lifecycle of the RMS. Dynamically, in this context, requires
accounting for the RMS and its modules evolving over
time, including potential degradation, thereby enabling
more precise optimization and simulation for supporting
optimal decision-making and evaluating alternative main-
tenance and production scheduling policies based on the
present state of each module and the RMS.

Additionally, there is a necessity to advocate for a holis-
tic approach that integrates all six characteristics in the
development of a system-practice-based reconfiguration.
This entails modeling not only the rules supporting each
individual characteristic but also the rules governing the
interactions among them. Consequently, achieving the ap-
propriate level of reconfigurability necessitates the simul-
taneous application of both sets of rules, rather than
treating reconfigurability as an isolated consideration for
each characteristic.

Further, the evaluation of reconfigurability performance
and indicators should be conducted within a framework
that encompasses economic, environmental (e.g., energy
consumption, energy efficiency), and societal aspects. This
sustainability perspective on manufacturing extends to
implementing holistic approaches across product, process,
and system domains, recognizing their interconnection and
mutual influence. Embracing such holistic sustainability
performance perspectives is crucial for persuading indus-
trial stakeholders to embrace and implement the technolo-
gies enabling RMS.

3. A 2-PILLAR ARCHITECTURAL FRAMEWORK

In this section, we present a comprehensive framework
for modular manufacturing that may accommodate the
specific requirements of various production modules, pro-
cesses, and manufacturers, regardless of their scale. The
proposed conceptual architecture facilitates the integra-
tion of high-level design principles, the ability to reconfig-
ure manufacturing setups, and the optimization of produc-
tion processes. Our approach relies on the implementation
of distributed intelligence and control mechanisms, allow-
ing for the management of individual modules through
interoperable DTs. These capabilities enhance the flexibil-
ity, efficiency, and adaptability of modular manufacturing
systems across diverse industrial contexts.

The proposed architectural framework consists of two pil-
lars (Figure 1). Pillar 1 implements distributive intelli-
gence and control through interoperable DTs. To this end,
the DTs in this pillar are equipped with control functional-
ities, local intelligence, and decision support mechanisms,
enabling them to attain self-awareness and facilitate co-
ordination with other modules. This is achieved through
an interoperability framework adhering to industrial stan-
dards. Pillar 2 facilitates strategic decision-making per-
taining to the design, reconfiguration and efficient opera-
tion of the whole production system, informed by both
data and insights derived from the module-level. This
pillar integrates expertise from the production domain and
develops a decision support framework at the production
level, tailored for modular manufacturing.

With respect to Pillar 1, the entity Distributed Control
via DTs is introduced as a means to enable distributed
intelligence and control for production modules. A module
refers to a manufacturing component equipped with its
own control system and corresponding DT. These DTs
serve as interfaces that facilitate the utilization of a mod-
ule’s embedded control functionalities in an interoperable
manner, while also enhancing its capabilities through the
provision of additional distributed intelligence tools. The
DTs are designed to be based on Asset Administration
Shell (AAS). This establishes an encapsulation framework
around each asset and its respective control, thereby pro-
moting interoperability and interface standardization. By
leveraging this encapsulation, modules are empowered to
incorporate various functionalities such as control, mon-
itoring, optimization, simulation, self-awareness and an-
alytics. These distributed functionalities transform each
module into a self-contained entity with capabilities in
control, intelligence, and self-awareness.

The Interoperability Framework & Standards entity serves
as the conduit between the proposed framework and other
manufacturing systems, such as other production modules,
information systems, and manufacturing processes. It re-
lies on open interfaces adhering to industrial standards
to facilitate interoperability between physical and digital
assets within manufacturing operations. Additionally, it
facilitates distributed coordination of modules by mapping
standardized interfaces to proprietary ones.

With respect to Pillar 2, the Modularity Support Services
entity encompasses several key components crucial for the
efficient operation and management at the system/line
level. Firstly, the Service Operation component serves as
a centralized repository for all system services, managing
their deployment and resource allocation. Secondly, the
Event Management component handles internal communi-
cation through the Message Bus and event processing via
the Event Controller. Thirdly, the Collective Intelligence
component integrates various services capable of process-
ing data from multiple production modules, enabling sim-
ulation, optimization, predictive maintenance, and ana-
lytics on a global scale. This facilitates a comprehensive
understanding of the entire production process, enabling
distributed control while maintaining a holistic perspec-
tive. Hence, this component supports co-simulation, global
optimization, predictive maintenance, and sustainability
analytics, incorporating data from diverse sources to en-
hance decision-making and system performance.

The Production Knowledge Base entity serves as the repos-
itory of the production process knowledge. In addition to
storing production data, it facilitates vertical interaction
with other entities, components, and modules within the
proposed framework. In this regard, it maintains both the
current production schema and any proposed alterations
for evaluation, whether in a real or simulated environment.
This enables the examination of various modular produc-
tion scenarios thus supporting reconfiguration decisions.

Finally, the Modular Production Toolkit entity serves as
the interface for end-users to design, reconfigure and op-
timize production at various levels, from single modules
to entire modular production lines. It utilizes Collective
Intelligence feature from the Modular Support Services to
optimize and simulate production processes, facilitating
the evaluation of different production scenarios to inform
design and reconfiguration decisions. Access to the Pro-
duction Knowledge Base entity is necessary for obtaining
or updating information relevant to the production schema
and domain knowledge. Furthermore, the toolkit enables
virtual commissioning and analysis of new production
modules, allowing for production simulation and aiding in
industrial decision-making regarding their adoption and
integration into production processes.

These two pillars encompass five core entities each of them
leveraging key RMS enabler:

• Pillar 1: “Distributed Control via DTs” and “Inter-
operability Framework & Standards”.

• Pillar 2: “Modularity Support Toolkit”, “Modularity
Support Services”, & “Production Knowledge Base”.

Our approach is motivated by real-life manufacturing en-
vironments. A representative such setting assumes flex-

ible assembly lines comprising production modules with
redesign and reconfiguration functionalities. The core busi-
ness goal is to guarantee a delivery time regardless of
the customization ordered by the customer; there is also
the need to create new production modules. The (typ-
ical) RMS problems are line-balancing and reconfigura-
tion, automatic line set-up, personnel allocation, and real-
time routing of products through the intra-logistics sys-
tems (possibly relying on AGVs or robots). Our approach
supports redesign and reconfiguration decisions through
simulation and optimization before launching a production
order, also incorporating predictive maintenance needs,
while also increasing the stability of the flow rate in
the assembly lines. The improvements accomplished are
measurable through a variety of performance indicators,
including assembly flow lead time, capacity (orders per
day), productivity (orders per employee), machine or mod-
ule utilization, and assembly flow-rate stability. Techni-
cally, these require specifying standardized interface for
new modules that include also energy and sustainability
metrics and process-wide DTs equipped with simulation
and optimisation capabilities. The next section describe
in more details these key RMS eneblers.

4. KEY RMS ENABLERS AND RESEARCH VISION

To tackle these above mentioned challenges, we leverage 5
key RMS enablers each of them providing beyond state-
of-the-art facilitators.

4.1 DT standards for modularity and distributed control

DTs have recently emerged as a solution to enhance mod-
ularity (Haddou Benderbal et al., 2020). Nonetheless, DTs
are typically developed as isolated entities, lacking collab-
orative capabilities, necessitating a transition from propri-
etary to standardized DTs. In a recent study (Jacoby and
Usländer, 2020), various DT and Internet of Things (IoT)
standards were evaluated, with the AAS identified as the
sole DT standard with a robust industrial focus. Notably,
the AAS specification explicitly accommodates industry-
specific protocols such as OPC-UA. Correspondingly, the
Industrial DT Association 1 contends that AAS represents
the technical embodiment of DTs for Industry 4.0, fos-
tering cross-vendor interoperability and accessibility for
all assets (Bader et al., 2022). Consequently, leveraging
AAS can expedite DT adoption and streamline DT de-
velopment, integration, and collaboration. Furthermore,
standardizing DT building blocks is imperative to ensure
the reusability and scalability of DT components (see
ISO/DIS 23247-1).

To achieve interoperability, we rely on the utilization of
diverse standards for DTs. Specifically, module DTs will
adhere to the AAS specification, while the DT service
components will conform to the ISO 23247 DT reference
architecture for manufacturing. These standards ensure
both syntactic and semantic interoperability among DTs
and within individual DTs, respectively. To establish in-
teroperability at the lower interfaces of DTs, namely those
interfacing with physical entities/processes, methods and
tools for configuration will be developed. This entails lever-
aging existing OPC UA servers through the application of
1 https://idtwin.org/en/
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The Interoperability Framework & Standards entity serves
as the conduit between the proposed framework and other
manufacturing systems, such as other production modules,
information systems, and manufacturing processes. It re-
lies on open interfaces adhering to industrial standards
to facilitate interoperability between physical and digital
assets within manufacturing operations. Additionally, it
facilitates distributed coordination of modules by mapping
standardized interfaces to proprietary ones.

With respect to Pillar 2, the Modularity Support Services
entity encompasses several key components crucial for the
efficient operation and management at the system/line
level. Firstly, the Service Operation component serves as
a centralized repository for all system services, managing
their deployment and resource allocation. Secondly, the
Event Management component handles internal communi-
cation through the Message Bus and event processing via
the Event Controller. Thirdly, the Collective Intelligence
component integrates various services capable of process-
ing data from multiple production modules, enabling sim-
ulation, optimization, predictive maintenance, and ana-
lytics on a global scale. This facilitates a comprehensive
understanding of the entire production process, enabling
distributed control while maintaining a holistic perspec-
tive. Hence, this component supports co-simulation, global
optimization, predictive maintenance, and sustainability
analytics, incorporating data from diverse sources to en-
hance decision-making and system performance.

The Production Knowledge Base entity serves as the repos-
itory of the production process knowledge. In addition to
storing production data, it facilitates vertical interaction
with other entities, components, and modules within the
proposed framework. In this regard, it maintains both the
current production schema and any proposed alterations
for evaluation, whether in a real or simulated environment.
This enables the examination of various modular produc-
tion scenarios thus supporting reconfiguration decisions.

Finally, the Modular Production Toolkit entity serves as
the interface for end-users to design, reconfigure and op-
timize production at various levels, from single modules
to entire modular production lines. It utilizes Collective
Intelligence feature from the Modular Support Services to
optimize and simulate production processes, facilitating
the evaluation of different production scenarios to inform
design and reconfiguration decisions. Access to the Pro-
duction Knowledge Base entity is necessary for obtaining
or updating information relevant to the production schema
and domain knowledge. Furthermore, the toolkit enables
virtual commissioning and analysis of new production
modules, allowing for production simulation and aiding in
industrial decision-making regarding their adoption and
integration into production processes.

These two pillars encompass five core entities each of them
leveraging key RMS enabler:

• Pillar 1: “Distributed Control via DTs” and “Inter-
operability Framework & Standards”.

• Pillar 2: “Modularity Support Toolkit”, “Modularity
Support Services”, & “Production Knowledge Base”.

Our approach is motivated by real-life manufacturing en-
vironments. A representative such setting assumes flex-

ible assembly lines comprising production modules with
redesign and reconfiguration functionalities. The core busi-
ness goal is to guarantee a delivery time regardless of
the customization ordered by the customer; there is also
the need to create new production modules. The (typ-
ical) RMS problems are line-balancing and reconfigura-
tion, automatic line set-up, personnel allocation, and real-
time routing of products through the intra-logistics sys-
tems (possibly relying on AGVs or robots). Our approach
supports redesign and reconfiguration decisions through
simulation and optimization before launching a production
order, also incorporating predictive maintenance needs,
while also increasing the stability of the flow rate in
the assembly lines. The improvements accomplished are
measurable through a variety of performance indicators,
including assembly flow lead time, capacity (orders per
day), productivity (orders per employee), machine or mod-
ule utilization, and assembly flow-rate stability. Techni-
cally, these require specifying standardized interface for
new modules that include also energy and sustainability
metrics and process-wide DTs equipped with simulation
and optimisation capabilities. The next section describe
in more details these key RMS eneblers.

4. KEY RMS ENABLERS AND RESEARCH VISION

To tackle these above mentioned challenges, we leverage 5
key RMS enablers each of them providing beyond state-
of-the-art facilitators.

4.1 DT standards for modularity and distributed control

DTs have recently emerged as a solution to enhance mod-
ularity (Haddou Benderbal et al., 2020). Nonetheless, DTs
are typically developed as isolated entities, lacking collab-
orative capabilities, necessitating a transition from propri-
etary to standardized DTs. In a recent study (Jacoby and
Usländer, 2020), various DT and Internet of Things (IoT)
standards were evaluated, with the AAS identified as the
sole DT standard with a robust industrial focus. Notably,
the AAS specification explicitly accommodates industry-
specific protocols such as OPC-UA. Correspondingly, the
Industrial DT Association 1 contends that AAS represents
the technical embodiment of DTs for Industry 4.0, fos-
tering cross-vendor interoperability and accessibility for
all assets (Bader et al., 2022). Consequently, leveraging
AAS can expedite DT adoption and streamline DT de-
velopment, integration, and collaboration. Furthermore,
standardizing DT building blocks is imperative to ensure
the reusability and scalability of DT components (see
ISO/DIS 23247-1).

To achieve interoperability, we rely on the utilization of
diverse standards for DTs. Specifically, module DTs will
adhere to the AAS specification, while the DT service
components will conform to the ISO 23247 DT reference
architecture for manufacturing. These standards ensure
both syntactic and semantic interoperability among DTs
and within individual DTs, respectively. To establish in-
teroperability at the lower interfaces of DTs, namely those
interfacing with physical entities/processes, methods and
tools for configuration will be developed. This entails lever-
aging existing OPC UA servers through the application of
1 https://idtwin.org/en/
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Fig. 1. Conceptual Architecture based on two pillars

selected OPC UA companion specifications, and/or creat-
ing an OPC-UA onboarding tool to map proprietary OPC-
UA information models to DT models. Additionally, we
will establish mappings between AAS DTs and other non-
AAS interfaces and develop an engine capable of executing
these mappings dynamically 2 .

4.2 Modules towards DT-enabled sustainability

Resource utilization plays a pivotal role in both produc-
tion processes and sustainability evaluations. Methods em-
ployed for sustainability evaluation using DTs typically
concentrate on either a modul-level approach or encompass
broader systemic designs (Carvalho and da Silva, 2021).
Typically, the utilization of resources in production cells or
across entire production lines is assessed and scrutinized,
often focusing on electrical energy consumption. For in-
stance, efforts may aim at reducing energy consumption
peaks while maintaining delivery time constraints (Drath,
2021). Simultaneously, the life cycle of a product is system-
atically evaluated concerning factors such as product qual-
ity, pricing, and user-friendliness, following well-defined
trajectories (see ISO 14040/14044).

The goal is to develop innovative production modules tar-
geting sectors like automotive and aerospace, where such
modules are currently lacking. The novelty lies not only
in the modules themselves but also in the integration of
DTs, facilitating the assessment of data essential for sus-
tainability analysis and Life Cycle Assessment (LCA), in-
cluding carbon footprint. This integration will enhance the
accuracy of relating resource consumption and emissions
to specific production tasks or characteristics, which can

2 https://github.com/FraunhoferIOSB/FAAAST-Service

then be linked to the resulting products. This transparency
will pave the way for the development of guidelines and
optimization tools for production, driven by sustainability
considerations.

4.3 Self-awareness and predictive maintenance

The use of Predictive Maintenance (PM) can achieve
cost cuts of 25%-30% and reduce downtime by 35%-
45% (Sullivan et al., 2010). Despite periodic mainte-
nance’s perceived flaws, it remains the norm. PM at the
module level adds self-awareness, including self-diagnosis,
self-prognosis, and self-decision capabilities (Lee et al.,
2014). However, scarcity of real-world data poses chal-
lenges (Fink et al., 2020). At the production system level,
self-awareness modules optimize production scheduling
dynamically (Polenghi et al., 2022). However, balancing
system-level responsiveness with module-level longevity
remains a challenge (Li et al., 2019). Enabling maintenance
decisions at the line level dynamically, leveraging grouping,
structural considerations, and stochastic component inter-
actions, may benefit multicomponent systems (Zhao et al.,
2022). Yet, challenges like dimensionality and the absence
of component-level cost information persist. Sustainability
criteria are rarely integrated into maintenance decisions,
with cost and availability typically prioritized.

At the module level, we endeavor to equip corresponding
DTs with self-awareness capabilities using Deep Learning
(DL) models (Chaoub et al., 2021). To tackle data scarcity
challenge, three strategies are envisioned. Firstly, data
augmentation for time series, a technique that has received
limited attention in PM and warrants further exploration
to leverage its full potential (Gay et al., 2022). Secondly,
transfer learning, despite facing challenges due to the

paucity of available datasets. Lastly, Federated Learning
(Kairouz et al., 2021), which not only addresses data
scarcity but also offers advantages such as data privacy.
However, it necessitates managing communication and
resource limitations at the module level. At the production
system level, we aims to incorporate dynamic scheduling
of maintenance actions for multi-component systems while
addressing the issue of dimensionality overload. Recent
advancements in Deep Reinforcement Learning employing
multi-agents, exemplified by the branching dueling Q-
network algorithm (Do et al., 2024), appear promising for
tackling higher dimensional problems. PM optimization
will consider not only equipment cost and availability but
also sustainability criteria and resource interdependencies.

4.4 Optimization for modular production

Optimization methods for modular manufacturing need
to be able to incorporate flexibility, while dealing with
uncertainty. Further, in settings where multi-DTs aim at
optimizing different, conflicting goals, practical algorithms
are needed to make better decisions. Optimization prob-
lems that arise in the above context typically concern
resource-aware production planning and scheduling with
single/multiple criteria(Ünal et al., 2020) as well as line
balancing (Kucukkoc and Zhang, 2016). Most such prob-
lems are computationally intractable as they generalize
well-known NP-hard problems.

The goal is to equip DTs with optimization tools that
incorporate Mixed Integer Linear Programming (MILP)
techniques and heuristics, facilitating provably near-optimal
solutions in reasonable time. To accommodate flexibil-
ity and adaptability, decision-making scenarios fraught
with uncertainties must be considered. Multi-stage ad-
justable robust optimization Bertsimas and Georghiou
(2018) emerges as a viable approach, wherein a subset of
decision variables is predetermined prior to the realization
of uncertain parameters. This strategy proves particularly
effective in domains where maintaining stability in initial
schedules is imperative (Letsios et al., 2021).

Moreover, PM models will be seamlessly integrated into
production scheduling (Zonta et al., 2022). In addition,
the methodology should address deviations in human be-
havior stemming from employee actions through human-
centric machine learning mechanisms (Sun et al., 2022).
These mechanisms serve to evaluate and predict employee
behavior, thereby integrating them into the optimization
process, resulting in enhanced performance assurances.
Another focal point involves the concurrent optimization
of Modular Product Design (MPD) alongside RMS con-
figuration and layout (Campos Sabioni et al., 2022). This
approach aligns MPD with RMS flexibility, thus enabling
the effective provision of mass-customized products.

4.5 Hybrid Models and AI for co-Simulation

Simulation has a long history of use in production, mainly
applied during system design but also to support daily
operations (Negahban and Smith, 2014). Hybrid models
(Karagiannis and Woitsch, 2014) address both the need
for human expert interpretation as well as AI interpreta-
tion (e.g., formal correctness, completeness and expressive-
ness). This can be achieved by using semi-formal models

as “mediators” that link the strict formalized AI-oriented
models with less formalized but intuitive and graphical
human-oriented ones. For example, Business Process Mod-
elling Notation (BPMN) is typically used for processes and
can act as such a mediator, as it can be extended e.g., with
Decision Model and Notation (DMN) 3 for decision logic
or integration of formal models for simulation and ML.

The goal is to advance hybrid modeling in production
line operations by making models interpretable by AI
algorithms. Bridging the semantic gap between human-
centric and AI-centric models is crucial. Human-centered
methods have historically mediated this gap, but exploring
knowledge-based algorithms can help speed up complex
system configuration. These hybrid models will undergo
physical experimentation to seamlessly integrate physical
and digital considerations, including DTs and data from
various sources. A “reliability value” metadata will accom-
pany data descriptions, indicating confidence levels based
on sensor measurements, calculations, or approximations.
This transparency concept aims to enhance acceptance.
Additionally, AI will augment simulations, using semantic
pattern recognition,and rule-based algorithms to improve
simulation speed and quality.

5. FURTHER WORK

Motivated by real manufacturing needs, we investigate
how to support RMS adoption through key enablers that
cover different facets and dimensions, assembling a breadth
of techniques under a unifying 2-pillar architectural view
and highlighting the progress required in specific tech-
nical domains. The user requirement elicitation process
performed within MODAPTO, the project that motivates
this study, is already providing strong validation for our
conceptual framework. Data-driven evidence of the efficacy
of our combined approach is hence the main focus of our
ongoing research. Additional topics include optimization,
simulation, and other methods for generic RMS-related
problems, the integrated use of simulation and optimiza-
tion for real-time support of plant managers, the deploy-
ment of novel PM strategies as well as the development
of AAS sub-model templates for such tools to further
facilitate DT integration and tool re-usability. In addi-
tion, a relationship to the Capacities-Skills-Services model
(Köcher et al., 2023) could enable a more standardized
framework and then promote its adoption.
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paucity of available datasets. Lastly, Federated Learning
(Kairouz et al., 2021), which not only addresses data
scarcity but also offers advantages such as data privacy.
However, it necessitates managing communication and
resource limitations at the module level. At the production
system level, we aims to incorporate dynamic scheduling
of maintenance actions for multi-component systems while
addressing the issue of dimensionality overload. Recent
advancements in Deep Reinforcement Learning employing
multi-agents, exemplified by the branching dueling Q-
network algorithm (Do et al., 2024), appear promising for
tackling higher dimensional problems. PM optimization
will consider not only equipment cost and availability but
also sustainability criteria and resource interdependencies.

4.4 Optimization for modular production

Optimization methods for modular manufacturing need
to be able to incorporate flexibility, while dealing with
uncertainty. Further, in settings where multi-DTs aim at
optimizing different, conflicting goals, practical algorithms
are needed to make better decisions. Optimization prob-
lems that arise in the above context typically concern
resource-aware production planning and scheduling with
single/multiple criteria(Ünal et al., 2020) as well as line
balancing (Kucukkoc and Zhang, 2016). Most such prob-
lems are computationally intractable as they generalize
well-known NP-hard problems.

The goal is to equip DTs with optimization tools that
incorporate Mixed Integer Linear Programming (MILP)
techniques and heuristics, facilitating provably near-optimal
solutions in reasonable time. To accommodate flexibil-
ity and adaptability, decision-making scenarios fraught
with uncertainties must be considered. Multi-stage ad-
justable robust optimization Bertsimas and Georghiou
(2018) emerges as a viable approach, wherein a subset of
decision variables is predetermined prior to the realization
of uncertain parameters. This strategy proves particularly
effective in domains where maintaining stability in initial
schedules is imperative (Letsios et al., 2021).

Moreover, PM models will be seamlessly integrated into
production scheduling (Zonta et al., 2022). In addition,
the methodology should address deviations in human be-
havior stemming from employee actions through human-
centric machine learning mechanisms (Sun et al., 2022).
These mechanisms serve to evaluate and predict employee
behavior, thereby integrating them into the optimization
process, resulting in enhanced performance assurances.
Another focal point involves the concurrent optimization
of Modular Product Design (MPD) alongside RMS con-
figuration and layout (Campos Sabioni et al., 2022). This
approach aligns MPD with RMS flexibility, thus enabling
the effective provision of mass-customized products.

4.5 Hybrid Models and AI for co-Simulation

Simulation has a long history of use in production, mainly
applied during system design but also to support daily
operations (Negahban and Smith, 2014). Hybrid models
(Karagiannis and Woitsch, 2014) address both the need
for human expert interpretation as well as AI interpreta-
tion (e.g., formal correctness, completeness and expressive-
ness). This can be achieved by using semi-formal models

as “mediators” that link the strict formalized AI-oriented
models with less formalized but intuitive and graphical
human-oriented ones. For example, Business Process Mod-
elling Notation (BPMN) is typically used for processes and
can act as such a mediator, as it can be extended e.g., with
Decision Model and Notation (DMN) 3 for decision logic
or integration of formal models for simulation and ML.

The goal is to advance hybrid modeling in production
line operations by making models interpretable by AI
algorithms. Bridging the semantic gap between human-
centric and AI-centric models is crucial. Human-centered
methods have historically mediated this gap, but exploring
knowledge-based algorithms can help speed up complex
system configuration. These hybrid models will undergo
physical experimentation to seamlessly integrate physical
and digital considerations, including DTs and data from
various sources. A “reliability value” metadata will accom-
pany data descriptions, indicating confidence levels based
on sensor measurements, calculations, or approximations.
This transparency concept aims to enhance acceptance.
Additionally, AI will augment simulations, using semantic
pattern recognition,and rule-based algorithms to improve
simulation speed and quality.

5. FURTHER WORK

Motivated by real manufacturing needs, we investigate
how to support RMS adoption through key enablers that
cover different facets and dimensions, assembling a breadth
of techniques under a unifying 2-pillar architectural view
and highlighting the progress required in specific tech-
nical domains. The user requirement elicitation process
performed within MODAPTO, the project that motivates
this study, is already providing strong validation for our
conceptual framework. Data-driven evidence of the efficacy
of our combined approach is hence the main focus of our
ongoing research. Additional topics include optimization,
simulation, and other methods for generic RMS-related
problems, the integrated use of simulation and optimiza-
tion for real-time support of plant managers, the deploy-
ment of novel PM strategies as well as the development
of AAS sub-model templates for such tools to further
facilitate DT integration and tool re-usability. In addi-
tion, a relationship to the Capacities-Skills-Services model
(Köcher et al., 2023) could enable a more standardized
framework and then promote its adoption.
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