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Abstract

Flexible manufacturing systems are crucial in today’s rapidly evolving manufacturing landscape, characterized by supply chain disruptions, shorter
product lifecycles, and diverse customer demands. Introducing new products necessitates extensive planning efforts, including price estimates,
production cost evaluation and ensuring resilience. This paper presents a comprehensive approach through an integrated digital toolchain for
reconfiguration planning in manufacturing companies, from production feasibility to shop floor execution. The solution leverages data space
connectors to facilitate information exchange between customers and Modular Production (MP) environments. Key features include the STEP
decomposition, resource capability matching, automated assembly line reconfiguration and balancing, as well as the automated integration and
execution of manufacturing processes on the shop floor. This toolchain aims to enable automated data exchange, coordinated order planning, and
efficient shop floor operations, allowing manufacturers to adapt to market changes while maintaining cost-effectiveness and resilience.
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1. Introduction Catena-X tackles multiple limitations within the automotive
sector through use cases, such as MP, Manufacturing-as-a-
Service, or Traceability.

This paper presents a comprehensive approach to reconfig-
uration planning for manufacturing companies, leveraging dig-
ital toolchains and data space connectors [10]. The proposed
methodology offers insights from planning to shop floor execu-
tion through STEP decomposition, capability matching, auto-
mated assembly line design, and flexible shop floor execution.
This study contributes to Industry 4.0 (I4.0) literature by in-
tegrating modern technologies with traditional manufacturing
processes, demonstrating the digitalization potential for manu-
facturing companies.

Modern production industries demand flexible manufactur-
ing systems due to paradigm shifts, global disruptions, and
mass customization [11, 23]. Additionally, shortening prod-
uct lifecycles and demand variety necessitate flexible produc-
tion methods for the automotive supply chain [20]. However,
efficient production reconfiguration remains challenging [12],
where traditional approaches often involve labour-intensive
processes and multi-criteria evaluations. Moreover, machine
breakdowns, labour shortages, and fluctuating demand con-
tinuously challenge the resilience of manufacturing systems,
where cost-effectiveness remains paramount [30]. The Catena-
X Automotive Network [6] offers a collaborative data ecosys-
tem addressing various automotive sector limitations through
automated data exchange, coordination, optimization, interop- 2. Theoretical background
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sive human intervention can result in bottlenecks and errors.
This paper presents an automated toolchain addressing these
challenges. Manufacturers can upload product designs as STEP
files to receive production cost estimates, resource allocation,
and shop floor execution assistance. This approach leverages
digital automation to improve manufacturing efficiency, flexi-
bility, and responsiveness, enabling faster time-to-market and
optimized resource utilization. The following sections intro-
duce the theoretical background for the sequential steps of the
toolchain.

2.1. Step decomposition

The STEP standard enables comprehensive product data rep-
resentation throughout its lifecycle. Computer-Aided Design
(CAD) model decomposition based on STEP enables infor-
mation extraction for process planning. Approaches to gener-
ate process-specific information from CAD models work either
with proprietary CAD data formats, enabling access to model
information but limiting interoperability [21], or use neutral for-
mats like STEP, promoting interoperability and data exchange.
Notable approaches include STEP-compliant Numerical Con-
trol (STEP-NC), extending STEP to include manufacturing-
specific information [25], and feature recognition techniques
analyzing STEP files to extract manufacturing features based
on geometric or topological information [26].

While existing approaches provide valuable insights, they
often need more in-depth information for comprehensive pro-
cess chain integration, and a holistic approach is needed, com-
bining feature recognition, manufacturing process mapping,
and process precedence analysis.

2.2. Capability modelling

Accurately describing resource capabilities is crucial for ef-
fective MP, enabling appropriate assignment of manufacturing
steps to resources. Resources offer capabilities, while processes
require specific capabilities. The challenge in production plan-
ning and assembly is matching these required and offered capa-
bilities [24]. In the past, taxonomies were developed especially
for assembly process capabilities [27]. An ontology for mod-
elling assembly tasks and resources is proposed by [28], lack-
ing the modelling of capabilities. As graph structures of classes
and relations, process-agnostic ontologies for both capabilities
and resources are well-suited for implementing such models.
Several methodologies for that have been developed, including
the C4I ontology, which associates defined capabilities with re-
source class individuals [29]. Another approach extends beyond
capability assignment by including skill execution on the shop
floor [18]. The Web Ontology Language (OWL)-based manu-
facturing resource capability ontology MaRCO allows granular
modeling of machine and component capabilities, facilitating
the creation of new combined capabilities [15].

2.3. Assembly line balancing

Assembly Line Balancing (ALB) is crucial for enhancing
productivity by optimizing task distribution among worksta-
tions [17, 5], minimizing idle times or costs. In contrast to an

initial setup, reconfigurable manufacturing systems can lever-
age existing equipment while maintaining flexibility and com-
petitiveness [16, 20]. Automated ALB and reconfiguration opti-
mize resource utilization in these environments, utilizing Cyper
Physical Systems (CPS) and 14.0 concepts [13]. Since ALB
requires advanced product knowledge, including precedence
graphs, production requirements, and available equipment, the
integration of automated ALB could aid manufacturing compa-
nies with efficient reconfiguration planning and cost estimation.
This integration results in improved product quality, competi-
tiveness, and sustainability.

2.4. Automated process integration and execution

The IT infrastructure of modern manufacturing systems of-
ten lacks the flexibility and reconfigurability to keep up with
ever-changing customer demands, so new manufacturing pro-
cesses require manual integration into the control system. To
cope with these requirements, [19] presents an agent-based ar-
chitecture tailored for MP. All entities within the architecture
represent autonomous agents offering various services. To au-
tomatically integrate new production processes into the produc-
tion control, [7] proposes the Production Flow Description Lan-
guage (PFDL). [8] utilizes common OPC UA information mod-
els to create an engine for process execution in distributed man-
ufacturing and assembly systems. Here, the proposed Execution
Engine can automatically find resources on the shop floor and
initiate the execution of process steps on them.

3. Reconfiguration toolchain

The Reconfiguration (ReCo) toolchain aims to enable man-
ufacturers to ascertain the feasibility of fulfilling a requested
order despite increasing variants and reduced production batch
sizes. Additionally, it tries to promote the flexible integration
and execution of manufacturing processes. Subsequently, the
toolchain is divided into two phases: first, the feasibility phase
described in Subsection 3.1, and second, the production phase
detailed in Subsection 3.2, both highlighted in Figure 1. The
feasibility phase evaluates a manufacturer’s capacities, time,
and resources to determine whether an order can be manufac-
tured with the current shop floor setup or if a reconfiguration
is required. The production phase facilitates the automated exe-
cution of manufacturing processes within an agent-based man-
ufacturing architecture, enabling the automated integration of
new processes and the short-time reaction to changes in the ini-
tial production plan. A verification of the ReCo toolchain is pre-
sented in Section 5.

3.1. Feasibility

In the feasibility phase, an automated examination based on
new product requirements (1, in Figure 1) is conducted to en-
sure all manufacturing steps for the requested product can be
carried out within the current shop floor configuration or if a
reconfiguration is necessary. This examination includes the au-
tomated extraction of process information and requirements (3)
from the product specification in the STEP decomposition (2).
Next, possible pieces of equipment are matched into a solution
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Fig. 1. The overall ReCo toolchain flowchart consists of two phases, namely the feasibility and production phase. Feasibility-Phase: Decomposition of the STEP
file and generation of the BoP, comparison of the needed processes with the available capabilities to derive a solution space, and optimization of the assembly line
based for the desired goal (e. g., cost or time). Production-Phase: Order manufacturing based on automated integration and execution of manufacturing processes.

space in the capability matching (4). Then, the assembly line is
optimized based on the Bill of Process (BoP) (5), and an opti-
mization goal (6), in the steps (7 - 11). All modules in the fea-
sibility phase have defined interfaces to ensure communication,
data exchange, and linkage between them.

3.1.1. Step decomposition

Based on the proposed methods of [21, 4, 3], the STEP de-
composition primarily uses PythonOCC for 3D product model
data processing and thus obtains more in-depth information for
comprehensive process chain integration. It imports a STEP-
based product model and a pre-filled BoP, which is enriched
and passed to subsequent modules. A product instance is cre-
ated for each imported product model, with a Part class instance
for each product solid. High-level assembly features, such as
cylindrical or screw contact relationships between parts, consist
of low-level features (e. g., part name, volume, surfaces) identi-
fied by PythonOCC methods [4, 3]. These relationships repre-
sent necessary assembly processes: plane contacts and cylin-
drical contacts require separation, handling, and positioning.
Screw connections require the process type joining.

Each Part is moved iteratively along contact surfaces to
identify the assembly processes, checking for collisions. A nxn
collision matrix stores the information for n Parts in a product
model for each possible direction. The precedence graph is then
derived from the collision matrix and enhanced with required
process types (separation, handling, positioning, joining). All
derived information from the STEP decomposition improves
the BoP, providing process information and precedence rela-
tionships for the subsequent capability matching module.

3.1.2. Capability matching

The resource database for capability matching uses an
adapted MaRCO ontology [15] to meet production require-
ments. Due to the flexibility of the ontology approach, we can
model different process types, including assembly or screwing,
as part of the production processes (similar to machining). Re-
sources and capabilities are distinct; IndividualDevices aggre-
gate into DeviceCombinations, and SingleCapabilities merge
into CombinedCapabilities. The hasCapability relation links

resources to capabilities, and CombinedCapabilities are clas-
sified under a taxonomy of manufacturing and assembly pro-
cesses. During matching, offered and required capabilities are
considered. Process steps in the BoP specify required meth-
ods via the taxonomy. A SPARQL query on the Knowledge
Graph identifies related DeviceCombinations and/or Individu-
alDevices based on ontology relations. If additional properties
define the process, only resources meeting these properties are
returned and incorporated into the BoP. The matching assesses
feasibility, and optimality is determined in the balancing pro-
cess.

3.1.3. Assembly line reconfiguration

Manufacturing companies often reconfigure existing lines
rather than setting up new ones [22]. To reconfigure an existing
assembly line, available production equipment is represented in
the equipment ontology (11, in Figure 1), which is filtered based
on task requirements and capabilities in the capability match-
ing module to generate solution spaces for each task (7). These
spaces contain available reconfiguration equipment with asso-
ciated costs, including investment costs, reconfiguration costs,
and savings. The reconfiguration costs include assembly, dis-
assembly, and moving times for every piece of equipment, al-
lowing companies to account for hard-to-move or immovable
production equipment. Additionally, it can include energy con-
sumption, maintenance costs, or other variable costs. Using the
assembly graph and process information derived by the STEP
decomposition, stored in the BoP (5), and an optimization goal
(6), the assembly line reconfiguration (8) is executed. Optimiza-
tion goals include minimizing costs, maximizing efficiency, or
reducing the amount of workstations. The result is a new task
assignment for equipment and workstations (9), which will be
used to reconfigure the existing assembly line (10) and update
the equipment ontology.

Automated assembly line balancing and reconfiguration sig-
nificantly impact manufacturers’ competitiveness, where slight
deviations in the assignment lead to substantial investments.
Consequently, the exact Integer Programming reconfiguration
approach of [2, 1] is applied in the ReCo toolchain. The assign-
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ment result is stored in a product-unique BoP for future use,
allowing for manual adaptations in the resource selection.

3.2. Production

The production phase targets the automated integration and
execution of manufacturing processes through multiple agents
orchestrating the physical assets on the shop floor. A poten-
tial shop floor reconfiguration resulting from the feasibility
phase ensures that the available resources provide the required
capabilities to manufacture the specified process. All entities
involved in the production phase are illustrated in Figure 1.
Agents are implemented as OPC UA servers, so that their com-
munication is accomplished with OPC UA method calls, value
subscriptions and events.

3.2.1. Conceptual design

The required input for the production phase is a product-
unique BoP (5, in Figure 1) that contains all required process
steps, with further information about the process steps attached
to them, such as resources to execute them or execution pa-
rameters. Based on the principles of the SWAP-IT architec-
ture [19], a software architecture for MP systems is deployed,
which provides a set of Process Agents (14), where each of
these agents is responsible for the process control of exactly
one order. Besides, the architecture specifies Registry Agents
(15), which support the discovery of resources for specific pro-
cess steps, and Assignment Agents (16) to reallocate scheduled
process steps in case of unexpected delays or machine failures.
Based on a semantically common OPC UA information model,
all Physical Assets (18) in the shop floor are integrated into
the architecture so that the capabilities of these assets can be
leveraged during manufacturing processes. Each shop floor as-
set is represented by an individual Shop Floor Agent (17). Since
the deployed software components' of the architecture require a
PFDL description of the process, the production phase always
begins with the generation of a PFDL (13) from the BoP (5).
Here, an Order Agent (12), transforms the BoP into a PFDL and
spawns a new Process Agent, which then executes the order.

The BoP contains a precedence graph enriched with process-
specific parameters. However, the architecture of the manufac-
turing system is not able to process this BoP format directly,
so that an additional transformation step is required, where the
BoP is translated into a PFDL. Here, one specific sequence of
process steps is generated from the precedence graph, resolv-
ing possible degrees of freedom. Manufacturing skills are piv-
otal features for distributed manufacturing systems since they
enable the execution of resource capabilities through CPS. To
utilize skills in manufacturing processes, a control level can
connect to these CPS to orchestrate skills and thus, execute pro-
cesses. For the production phase, Shop Floor Agents (17, in Fig-
ure 1) are implemented as individual CPS that offer the asset’s
(18) skills to the system. Each Process Agent thrives on com-
pleting an individual order by orchestrating the offered skills on
the CPS.

! https://github.com/swap-it/demo-scenario
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Fig. 2. Interaction between Order Agents, Process Agents, Registry Agents, As-
signment Agents, and Shop Floor Agents to execute a process step.

3.2.2. Order execution

Five types of entities form the core of a process’s execu-
tion. A Process Agent is generated for each arriving order by
the Order Agent. Shop Floor Agents represent Physical Assets
and offer capabilities as services. Assignment Agents reallocate
process steps when initially assigned resources are unavailable.
Each Shop Floor Agent registers itself to a Registry Agent to be-
come visible for process step executions. The latter also maps
specific information such as its current execution state, service,
or queue and provides lists of available Shop Floor Agents to
Process Agents, filtered based on the product’s characteristic
(e. g., weight). The interaction between these entities for a pro-
cess step execution is illustrated in Figure 2.

Process Agents generate process controls from the PFDL
definition and schedule services. After the service scheduling,
the Process Agent checks the BoP specified resource availabil-
ity, and if unavailable, requests alternative resources from a
Registry Agent. An Assignment Agent then selects a new asset
based on specific strategies (e. g., the number of queue elements
of the Shop Floor Agents) and returns one asset to the Process
Agent. If the resource is available, the Process Agent initiates
the execution of the service. After the completion of the service
execution, the Shop Floor Agent returns the result, and the next
service is scheduled.

4. Data space connection

Data space technologies like the Eclipse Dataspace Connec-
tor (EDC) [9] enable secure, sovereign data exchange between
organizations. Catena-X leverages the EDC to create market-
places for data exchange across value chains, using standards
that define data models for specific information types. Two
such standards® for MP systems are the Request-for-Quotation
(RFQ) (inquiry for production orders) and the Shopfloor Infor-
mation Service (SIS) (shop floor data provision). The SIS in-
cludes production tracking and forecast data models®. Utilizing
these standards, the ReCo toolchain enables automated interac-
tion between requesting partners and MPs. Figure 3 illustrates
the complete system structure.

2 https://catena-x.net/de/standard-library
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Fig. 4. The example product consists of four additively manufactured parts,
machined after printing and assembled in a dual-arm robot cell.

The process starts with a customer’s RFQ, evaluated in the
feasibility phase and responded to with an offer. Upon ac-
ceptance, a reconfiguration plan is computed and applied to
the shop floor. The BoP is generated from the RFQ’s STEP
file, then transformed to a PFDL by the Order Agent. Using
OPC UA communication between all agents, the Order Agent
accesses all manufacturing process information. Shop Floor
Agents provide SIS data, controlling physical assets and pro-
cess parameters. The Registry Agent aids communication be-
tween Order and Shop Floor Agents, estimating order comple-
tion based on asset queues and processing times. Finally, the
Order Agent can publish these data to customers, based on the
agreed subscription.

5. Application scenario

To evaluate and confirm the module integration, data ex-
change efficiency, and the overall capabilities of the combined
modules, the ReCo toolchain was verified by simulation and
implemented on a real-world Cognitive Production Systems
demonstrator on the shop floor of Fraunhofer IWU. The mod-
ules are validated using a sample product to link product design
and shop floor reconfiguration with physical production while
considering the Catena-X ecosystem, see Figure 4.

Including multiple 3D-printed parts, the product requires
post-processing and assembly processes. Considering the shop
floor capabilities, the toolchain’s STEP decomposition, capa-
bility matching, and balancing components generate a product-
specific BoP in the feasibility phase, based on the official as-

Fig. 5. In Visual Components a virtual environment of the shop floor was es-
tablished in which the automated order processing was tested. The model com-
prises all involved machines (1: SEAMHex 3D printer, 2: mobile robot, 3: CNC
milling machine, 4: dual-arm robots).

pect model®. Starting from the BoP, a PFDL is generated so
that the order can be manufactured in the production phase as
soon as the order is placed. A virtual environment in Visual
Components was used to evaluate this automated order process-
ing, depicted in Figure 5. The simulation model was employed
to prove the proposed concept and to validate the model. By
simulating various production scenarios, the model provided
insights into potential bottlenecks and resource allocation, and
the validation has demonstrated the proposed toolchain’s practi-
cal applicability in an exemplary environment. However, more
evaluations in more complex manufacturing environments are
required to fully validate the model’s robustness, ensuring it re-
mains a reliable tool for modern production challenges. Yet, this
is a step towards an automated toolchain, which can be applied
from product design to transparent and traceable production.

6. Conclusion and outlook

Manufacturing companies face significant challenges due to
supply chain disruptions, shorter product lifecycles, and de-
mand variety, necessitating a shift towards flexible manufactur-
ing systems. However, traditional planning processes for new
products are time-consuming and resource-intensive. Addition-
ally, efficient line reconfiguration and optimized production ex-
ecution are crucial for maintaining competitiveness and over-
coming capacity limitations, enabled by automated data ex-
change and coordinated planning.

This paper presents a two-phase approach to reconfigura-
tion planning and shop floor execution, introducing the ReCo
toolchain with data space connectors in the Catena-X network.
Customers can gain valuable insights before the start of the pro-
duction, utilizing the Catena-X BoP data model for an increased
production understanding. The approach includes a feasibility
phase, deriving production process information through STEP
decomposition and production resource capability matching.
Additional assembly line design, reconfiguration, and balancing
in the feasibility phase can optimize production costs within a
consistent toolchain. The production phase automates the inte-
gration and execution of the process on the shop floor through

3 https://github.com/eclipse-tractusx
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management of physical production resources. The toolchain
is validated through an application scenario demonstrating op-
timization across the ReCo toolchain steps. This streamlined
planning process is a step towards real-time adjustments, pro-
duction flexibility, resilience, and cost-effectiveness.

Future work could expand the toolchain’s capabilities, in-
corporating advanced analytics, predictive maintenance, and
industry-specific modules. Identified shortcomings include the
limited support for multi-product production lines, and the use
of two different data formats, BoP and PFDL. A new format
could investigate combining PFDL and BoP advantages.
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