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Abstract

Construction-scale additive manufacturing (AM) is of-
ten executed in decentralised, multi-actor project environ-
ments, where production information is distributed across
heterogeneous systems. This fragmentation hinders au-
tomation, coordination, and life-cycle traceability. This
paper proposes a multi-domain semantic system architec-
ture to support graph-based integration and orchestration
of decentralised AM workflows. The architecture sepa-
rates system topology, functional service interfaces, in-
formation requirements, and runtime provenance. Using
a concrete 3D printing use case, the approach demon-
strates how modular software components can be inte-
grated through a shared digital-twin interface while main-
taining end-to-end traceability of generated and consumed
artefacts.

Introduction

Construction sectors in many developed countries share
persistent structural challenges, including rising costs,
long project durations, shortages of skilled labour, and in-
creasing regulatory requirements related to sustainability
and life-cycle assessment (Abdelalim et al., 2025; Cabeza
et al., 2014). At the same time, the demand for afford-
able housing and resource-efficient construction continues
to grow. These pressures challenge traditional construc-
tion methods and motivate the exploration of alternative
production paradigms (Kedir and Hall, 2021).
Construction-scale additive manufacturing (AM) such as
concrete 3D printing, has emerged as a promising ap-
proach to address some of these challenges (Lim et al.,
2012; Buswell et al., 2018). By enabling digitally driven
fabrication processes for building components, AM offers
potential benefits including reduced labour dependency,
shorter construction times, and material-efficient geome-
tries (Hager et al., 2016). At the same time, the strong re-
liance on digital planning, parameterisation, and process
control introduces complex information dependencies be-
tween design, material definition, and execution.

The implementation of AM on construction scale is usu-
ally integrated within temporary, multi-actor project en-
vironments. Design, material definition, machine control,
and quality assurance are often handled by different stake-
holders and supported by heterogeneous software systems.
As a result, production-related information is generated
across organisational and temporal boundaries, while in-
creasing requirements for documentation and life-cycle as-
sessment demand consistent traceability of design deci-
sions and production-related information (Wu et al., 2016).
While practical challenges that relate to printing hardware

and material behaviour are prominent, efficient data man-
agement and process coordination represent equally sig-
nificant hurdles (Jaskuta et al., 2024). Information is fre-
quently exchanged through isolated files, proprietary soft-
ware tools, or manual handovers, resulting in limited in-
teroperability and weak integration between design, exe-
cution, and as-built documentation. These limitations hin-
der automation, scalability, and the consistent availability
of information required for life-cycle assessment (Cabeza
etal., 2014).

Semantic models and linked data approaches have been
proposed to address these challenges by enabling formal,
machine-interpretable representations of entities, relation-
ships, and dependencies across organisational and system
boundaries. Graph-based representations are particularly
well suited for decentralised settings in which no single
system can act as a central source of truth (Pauwels et al.,
2017).

Despite this potential, the practical use of semantic ap-
proaches in decentralised AM remains limited. Existing
ontologies and data models typically address isolated as-
pects of the process chain, such as geometry, manufactur-
ing activities, or sensor observations (Kirner et al., 2024a),
while lacking a coherent architectural separation between
system integration, functional interfaces, information de-
pendencies, and execution traces. As a result, seman-
tic models often become either difficult to operationalise
or insufficient to support cross-system coordination and
traceability.

This paper addresses this gap by proposing a multi-domain
semantic system architecture for decentralised AM work-
flows. The architecture explicitly separates system topol-
ogy, functional service descriptions, information require-
ments between modules, and runtime provenance. Using
construction-scale concrete 3D printing as a representative
use case, the approach demonstrates how existing seman-
tic standards can be combined into an actionable architec-
ture that supports integration, coordination, and end-to-
end traceability across the AM process chain.

Related Work
Additive manufacturing

Construction-scale AM transfers layer-wise fabrication
principles from industrial AM to the production of build-
ing components and, increasingly, full-scale construction,
with early work on large-scale automated material deposi-
tion such as Contour Crafting and concrete printing sys-
tems (Khoshnevis, 2004; Lim et al., 2012). Over the
past decade, concrete 3D printing (3DCP) has become the
dominant form of construction-scale AM due to its poten-



tial to reduce formwork, enable material-efficient geome-
tries, and increase automation (Buswell et al., 2018).

Typical 3DCP workflows span digital design, toolpath gen-
eration, material preparation, and layer-wise deposition
with subsequent quality assurance. While geometry-to-
machine translation resembles industrial CAM pipelines,
construction-scale AM is strongly influenced by time-
dependent material behaviour, such as buildability and
inter-layer adhesion, which couples digital models, pro-
cess parameters, and execution (Mechtcherine et al.,
2020). Challenges in data management and process co-
ordination include fragmented information flows, limited
interoperability, and insufficient traceability of material
definitions, parameters, and as-built outcomes (Bos et al.,
2016; Jaskuta et al., 2024).

Semantic and ontology-based approaches in AM

To address gaps in data availability, data-centric frame-
works in AM focus on the structured capture of process
information. Deetman et al. introduce a database frame-
work for 3D concrete printing to store cross-disciplinary
process data for analysis and reproducibility focussing on
storage and schema (Deetman et al., 2026).

For semantic integration across tools and domains,
ontology-driven approaches have been suggested to struc-
ture and integrate knowledge in AM. Li and Petzold
present a mixture-of-domain documentation framework
that captures cross-domain knowledge in a shared knowl-
edge graph to support semantic retrieval and question an-
swering across robotics, materials, and BIM domains (Li
and Petzold, 2025). Domain-specific semantic models
have also been introduced, for example for wire arc addi-
tive manufacturing and composite extrusion, to formalise
process knowledge and enable semantic interoperability
across tools (Ahmad et al., 2025). Gouttebroze et al. pro-
pose a semantic standard and process ontology for additive
manufacturing that aligns standard terminology with for-
mal process descriptions (Gouttebroze et al., 2023).

System integration and system-of-systems approaches

The increasing distribution of digital tools in construc-
tion has motivated system-of-systems approaches for inte-
grating heterogeneous services. Hagedorn et al. propose
a system-of-systems architecture for deploying container-
ised construction IT services, focusing on modular integra-
tion and explicit service interfaces across independently
managed components (Hagedorn et al., 2025). In a more
general setting, Feng et al. present an ontology-based ap-
proach for modelling system-of-systems architectures and
operational views to provide a shared semantic foundation
for describing interacting systems (Feng et al., 2023).

These approaches address deployment and architectural
modelling of distributed systems, but do not explicitly
model information dependencies between tools or capture
execution-time provenance needed for traceability across
workflows.

Methodology

This work develops a multo-domain semantic system
architecture to support graph-based coordination and
traceability in decentralised construction-scale AM. The
methodology to achieve this follows four steps: (I) use-
case driven examination of an exemplary AM process
chain and involved software systems, (II) identification
of coordination and traceability concerns across system
boundaries, (IIT) structuring of these concerns into dis-
tinct semantic domains, and (IV) alignment of each do-
main with existing standards and ontologies to form an ex-
tensible architectural framework.

I Use-case driven system examination

To ground the methodology in practice, the approach
starts from a representative decentralised AM workflow
derived from the EU-funded project “Additive To Pre-
dictive Manufacturing” (AM2PM)!. The focus is placed
on a possible design—material-optimisation sub-workflow
that supports predictive and sustainability-driven decision-
making, while abstracting from the physical printing pro-
cess itself. This scoping reflects the intention to exam-
ine information dependencies between software modules
rather than machine control or sensing.

The considered sub-workflow couples material design,
structural optimisation, and life-cycle assessment. A con-
crete mix design module produces a mix specification that
includes, among others, cement content and material prop-
erties such as compressive strength. The cement compo-
nent of the mix is linked to environmental product dec-
laration (EPD) data, enabling the association of embod-
ied CO, emissions with the mix composition. These ma-
terial properties are required inputs for a shape optimisa-
tion module, which aims to minimise material usage for a
slab structure by exploiting the mechanical performance
of both the printed lost formwork and the subsequently
poured concrete. Equipment type, staff, material quanti-
ties and other practical parameters are assessed in a simu-
lation module. The involved modules and their interac-
tions are illustrated in a simplified manner in Figure 1,
where modules interact with a decentralized graph-based
integration domain. Brown arrows represent two-way in-
teraction between a module and the integration domain,
and contain data conversion. Solid green arrows repre-
sent semantic relationships between concepts in a mod-
ule, whereas dotted green arrows represent mappings be-
tween such semantic concepts. An optimization module
that feeds a control module is using the integration domain.
The latter is not the primary focus of this work.

Based on the material parameters and structural require-
ments, the optimisation module determines an efficient ge-
ometry, which directly influences the amount of material
to be printed and cast. Whether material quantities are
later measured during printing or estimated through pre-
dictive simulation is outside the scope of this work. In-

"https://www.am2pm-project.eu/



stead, attention is placed on how the required information
is made available and propagated across modules. Given
access to both the optimised geometry and the concrete
mix specification, a life-cycle assessment (LCA) module
can estimate the environmental impact of the slab, domi-
nated by cement-related emissions.

In such a setting, changes in concrete composition affect
structural behaviour, geometric optimisation results, ma-
terial quantities, and downstream environmental assess-
ments. These interdependencies are realised across multi-
ple software modules that operate independently but rely
on shared information artefacts.
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Figure 1: Simplified AM2PM module interaction.

II Coordination and traceability concerns

From the use-case driven system examination, a set of
recurring and characteristic coordination and traceabil-
ity concerns emerge. These concerns arise from the fact
that multiple independent software systems contribute to a
shared production outcome, while relying on different rep-
resentations, responsibilities, and temporal perspectives
on the same information artefacts.

A first class of concerns relates to information dependen-
cies across system boundaries. Design artefacts, material
definitions, optimisation results, and environmental data
are produced and consumed by different modules, often at
different points in time. Dependencies between these arte-
facts are typically implicit, making it difficult to determine
whether all required inputs are available, which upstream
changes necessitate recomputation, or which downstream
results are affected by modifications in design or material
parameters. Such dependencies are relevant at design time
and influence validation, scheduling, and coordination de-
cisions before any execution takes place.

A second class of concerns concerns traceability across
execution and decision contexts. Results generated during
execution, simulation, or optimisation need to be traceable
back to the design-time inputs, assumptions, and configu-
rations that led to them. This traceability extends beyond
runtime logging and includes the ability to associate out-
puts with the specific versions of input artefacts and sys-

tem configurations that were in effect when they were pro-
duced. Without explicit representation of these relations, it
becomes difficult to support reproducibility, accountabil-
ity, and life-cycle assessment in workflows where respon-
sibilities and data are distributed across multiple systems.
Addressing these issues requires a structuring of system-
related knowledge that separates stable system descrip-
tions, information dependencies, and execution-time
records.

III Derivation of the semantic architecture

The identified coordination and traceability concerns can-
not be handled well within a single, undifferentiated se-
mantic model. Design-time dependencies, stable system
descriptions, and execution-time records differ in how long
they remain valid, who is responsible for them, and how
often they change. Treating these aspects in the same way
risks either mixing volatile execution data into long-lived
system descriptions or failing to represent dependencies
that are needed for coordination before execution.

To address this, the proposed architecture separates seman-
tic responsibilities into four domains with distinct scope,
temporality, and mutability (see Table 1). The domains
distinguish between system structure (D), functional in-
terfaces between systems (D2), information requirements
and dependencies (D3), and provenance records of con-
crete executions (D4). This separation follows patterns
observed in the use-case driven examination rather than
assumptions imposed by a specific ontology.

By separating these concerns, each domain can be mod-
elled at an appropriate level of abstraction. System topol-
ogy and interfaces change slowly and support integration,
information requirements capture dependencies that must
be known before execution, and provenance records doc-
ument what actually happened. This allows the domains
to evolve independently while remaining linked, which is
essential in decentralised workflows with multiple inter-
acting systems.

IV Ontology selection and integration strategy

The proposed architecture is instantiated using a deliber-
ately small set of established ontologies, selected for their
conceptual fit with individual domains rather than for ex-
haustive domain coverage. This choice defines a minimal
semantic starting point. Fig. 2 shows the integration of
these ontologies.

System topology (D1)

At the system topology domain, structural relation-
ships between software components are represented us-
ing SAREF for System (SAREF4SYST, prefix s4syst)
(Lefrangois, 2019). It provides explicit concepts for sys-
tems, connection points, and connections, making it suit-
able for modelling decentralised software modules and
their integration while focussing on a relatively stable sys-
tem structure that aligns with the slow-changing nature of
topology descriptions.



Table 1: Domain separation and according to scope, temporality and mutability (non-exhaustive).

Domain Scope Temporality Mutability
D1: System topology system structure mostly static slow

D2: Functional description interface mostly static slow

D3: Information requirements workflow dependency logical medium
D4: Provenance and traceability execution record historical immutable

Functional service description (D2)

Functional interfaces are described using the W3C Web
of Things (WoT) Thing Description (prefix td) (Charpe-
nay et al., 2023). Thing Descriptions provide a machine-
interpretable, declarative description of interaction affor-
dances exposed by a system, including properties, actions,
and events. In this architecture, the Digital Twin interface
is represented as a td: Thing whose affordances describe
access to shared project artefacts (e.g., concrete mix speci-
fications, optimisation results) without prescribing orches-
tration logic or encoding execution-time provenance. This
makes WoT TD suitable for complex, decentralised mod-
ule ecosystems while keeping the functional contract sep-
arated from design-time information dependencies (D3)
and runtime traces (D4).

Information requirements and dependencies (D3)
Design-time information dependencies are captured in
the information requirement domain using the IoC Pro-
cess Ontology (prefix ioc) (Kirner et al., 2024b) in
alignment with the WoT (Charpenay et al., 2023). An
ioc:Process is aligned with a td:Thing, while spe-
cific operations are modelled as WoT affordances. In-
formation requirements are specified at the level of
these affordances using ioc:hasInputInformation
and ioc:hasOutputInformation to indicate which
ioc:Information artefacts are required or produced by
a given action, independent of their runtime access or
generation (e.g. a topology optimisation action requiring
a concrete mix specification). Information artefacts are
treated as logical coordination objects supporting depen-
dency reasoning, completeness checks, and change impact
analysis prior to execution. Artefacts may be described
using domain ontologies, but their internal semantics are
not modelled at this domain. The separation of D3 from
execution-time provenance enables validation and orches-
tration without reliance on historical execution data. In
practice, explicitly modelled information requirements can
be validated using SHACL shapes (Knublauch and Kon-
tokostas, 2017). The domain itself may require future ex-
tensions by more formal requirement or constraint ontolo-
gies.

Provenance and traceability (D4)

Execution-time behaviour and traceability are represented
using the W3C Provenance Ontology PROV-O (prefix
prov:) (Lebo et al., 2013). PROV-O provides a stan-
dard model for representing activities, entities, and agents,
and for expressing how information artefacts are gener-
ated, used, and derived over time. In the proposed architec-

Table 2: Overview of used ontologies for the proposed semantic
architecture.

Ontology Main classes and purpose

D1: s4syst: s4syst:System, s4syst: Connection/Point
System topology: software modules and
connections (Lefrancois, 2019)

D2: td: td:Thing, td: PropertyAffordance,
td:ActionAffordance, td: EventAffordance
Functional interfaces: interaction affor-
dances and specific endpoints
(Charpenay et al., 2023)

D3: ioc: ioc:Process, ioc:Information
Information requirement: Expresses design-
time input/output dependencies (Kirner
et al., 2024b) validated using SHACL
(Knublauch and Kontokostas, 2017)

D4: prov: prov:Entity, prov:Activity, prov:Agent
Immutable execution history:  Branches
with used/generated artefacts and responsi-

ble agents for traceability
(Lebo et al., 2013)

ture, provenance is used exclusively to record immutable
execution histories, linking concrete runs of distributed
modules to the specific input artefacts and system config-
urations that produced them. This makes PROV-O well
suited for auditability, reproducibility, and life-cycle rele-
vant traceability, while remaining strictly separated from
coordination and dependency modelling.

Cross-domain integration principles

The architecture deliberately avoids merging ontologies or
introducing inheritance relations across domains. Each
domain defines its own relations and responsibilities,
while instances may be referenced across domains when
appropriate (e.g. a software system described at the topol-
ogy domain acting as a provenance agent at runtime).
Relations that describe execution-time behaviour are ex-
pressed exclusively at the provenance domain. This sepa-
ration prevents semantic overlap between design-time co-
ordination and runtime history, while allowing referenced
domain ontologies to evolve independently.

The selected vocabularies are not assumed to be sufficient
in the long term. Instead, the architecture is designed to
allow extensions and the integration of additional domain-
specific ontologies as requirements evolve. Table 2 sum-
marises the ontologies and standards used at each domain
of the proposed architecture and their respective roles.
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Figure 2: System integration using proposed ontologies, including a demonstrator instantiation

Evaluation and Demonstrator

Having defined the semantic architecture and its ontology
alignment, the evaluation demonstrates its instantiation in
the AM2PM use case through RDF instances, exemplary
SPARQL queries, and a visualised provenance-aware in-
formation flow, and presents the semantic model together
with its implementation in a platform prototype.

Instance-level semantic model for the AM2PM use case

The system and topology domain (D1) instantiates
the Digital Twin Orchestrator as a s4syst:System
and td:Thing.  Exemplarily, the material design,
topology optimisation, and LCA modules are attached
via s4syst:hasSubSystem. Interactions between
these components are mediated through an explicit
s4syst:Connection, enabling the model to describe
both structural composition and communication paths
without mixing functional roles. Each module is addition-
ally a prov: Agent, allowing execution responsibilities to
be linked directly to provenance records.

The interaction domain (D2) is realised by a
td:ActionAffordance bound to an HTTP endpoint via
hctl:hasTarget and htv:methodName. The action is
linked through wp4-ext:hasReferenceProcess, con-
necting the API operation to the abstract process descrip-
tion. Its payload is constrained by td:hasInputSchema
and td:hasOutputSchema, where inputs such as :geom-
etry and :mixRequirements are defined as IRIs, enforcing
a by-reference data exchange pattern. This separates
interface invocation from data ownership and allows
the same service interface to operate over distributed or
externally managed artefacts.

The information domain (D3) specifies required
and produced artefacts independently of execu-
tion. The reference process declares its con-
tract using ioc:hasInputInformation and
ioc:hasOutputInformation, linking, for exam-
ple, to inst:Geometrylnfo, inst:ConcreteMixReqlInfo, and
inst:OptimisedGeometrylnfo. Each information object
is annotated with dcterms:conformsTo to reference
a SHACL shape, enabling validation of the referenced
resources without embedding the data into the invocation
payload. As a result, information completeness and
structural validity can be checked before execution and
reused consistently.

The provenance domain (D4) models specific process
executions as prov:Activity and links them to the
reference process via prov:hadPlan. Used inputs
are instantiated with prov:used, generated results with
prov:wasGeneratedBy, and input-result dependencies
with prov:wasDerivedFrom, making the full deriva-
tion chain between input versions and outputs explicitly
queryable. Input and output artefacts are represented as
prov:Entity. As example, revising a concrete mix pa-
rameter such as its compressive strength results in a new
mix entity that is prov:used in a subsequent optimisa-
tion run. This leads to a modified optimised geometry,
which in turn affects the life-cycle assessment results de-
rived from that geometry. The corresponding result enti-
ties can be linked via prov:wasRevisionOf, while pre-
serving prov:wasDerivedFrom relations to the exact in-
put versions, enabling causal tracing of how changes in
material parameters propagate through optimisation and
LCA.



Query-based semantic analysis

To demonstrate the usability of the proposed approach, a
set of simple questions covering all four domains is an-
swered using SPARQL queries. The queries reflect typical
information needs of users and software agents interacting
with the Digital Twin system. Listing 1 shows the addi-
tional prefixes used.

Listing 1: Additional prefixes for subsequent SPARQL queries.

dcterms:<http://purl.org/dc/terms/>

hctl: <https://www.w3.org/2019/wot/hypermedia#>
: htv: <http://www.w3.org/2011/http#>

4+ omg: <https://w3id.org/omg#>

sh: <http://www.w3.org/ns/shacl#>

The first question addresses the system topology (D1):
Which modules exist and how are they connected? The
corresponding SPARQL query (Listing 2) returns all con-
nected modules with their labels and descriptions and
serves as an entry point for discovering the current system
structure.

Listing 2: Query for retrieving all connected modules (D1).

I SELECT 7subsystem 7label 7description
> WHERE {
?syst s4syst:hasSubSystem 7subsystem;
4 s4syst:connectedThrough ?connection.
5 7subsystem rdfs:label 7label;
o dcterms:description ?description;
s4syst:connectedThrough ?connection .}

The second question focuses on the available interac-
tion methods, such as callable API endpoints (D2). Us-
ing one of the modules identified in Listing 2, the
question is: Which actions can be invoked on the
TopologyOptimiser module and what input do they ex-
pect? The query returns the available actions, for ex-
ample inst:RunOptimisationForm, an HTTP POST form
that triggers the topology optimisation. Labels and
dcterms:description support not only invocation but
also discovery of these endpoints, for instance by software
agents or agent-based toolchains.

Listing 3: Query to the form for a specific affordance (D2).

1 SELECT 7action 7actionl 7actionDesc ?method 7target
?contentT
» WHERE {
inst:TopologyOptimiserModule td:hasActionAffordance
?7action.
OPTIONAL {?action rdfs:label 7actionl.}
s OPTIONAL {?action dcterms:description ?actionDesc.}

7 7action td:hasForm 7form.

s OPTIONAL {?form htv:methodName ?method.}

o OPTIONAL {?form hctl:hasTarget ?target.}

10 OPTIONAL {?form hctl:forContentType ?contentT.l}}

The third question addresses information requirements and
constraints (D3): What is the needed content of infroma-
tion the input needs to perform the requested action? How
must it be sturctured? Starting from the action identified
in Listing 3, the query follows its link to the associated
ioc:ReferenceProcess (aligned to prov:Plan). Us-
ing ioc:hasInputInformation, it retrieves the strcture
of the required information artefacts together with their
SHACL-based constraints. The use of D3 and the required
domain ontologies to concisely describe the expected data
structures is subject to future work.

Listing 4: Query to retrieve information requirements.

| SELECT 7info ?fieldName 7dataT 7shape
> WHERE {
inst:0OptimisationAction ioc:hasReferenceProcess 7
proc.
+  ?proc ioc:hasInputInformation 7info.
5 OPTIONAL {?info rdfs:label ?fieldName.}
6 OPTIONAL {?info td:datatype ?datatT.}
7 OPTIONAL {?info dcterms:conformsTo ?shape.}}

The fourth question addresses provenance after a process
execution (D4): Which executions produced which results,
and which data influenced these outcomes? In the exam-
ple query, the resulting omg: Geometry is used as an en-
try point to retrieve the activity that generated it and the
associated execution context. This includes the used in-
put data, the reference process or plan that was followed,
and the responsible module (prov:Agent), in this case
inst:TopologyOptimiser. For simulation workflows,
this supports comparing outputs produced under the same
reference process but with different inputs, enabling sys-
tematic analysis of how parameter changes affect the re-
sults e.g. for additive manufacturing.

Listing 5: Query to retrieve provenance information after a
sucessfull process execution.

I SELECT 7activityl 7inputs 7?result 7agentl
> WHERE {
?result a omg:Geometry.
1 7result prov:wasGeneratedBy 7activity.
5 7activity prov:used 7inputs;
6 prov:hadPlan ?reference;
7 prov:wasAssociatedWith 7agent.
s OPTIONAL { 7activity rdfs:label 7activityl.}
o OPTIONAL { 7agent rdfs:label ?agentl.}}

The presented questions can be asked independently, for
example by different systems or software agents with dis-
tinct responsibilities. They can also be applied in the given
sequence, progressing from a general understanding of the
system, to concrete instructions for its use, to its informa-
tion requirements and constraints, and finally to the inter-
pretation of its outputs. This progression is essential for
supporting simulation workflows and, ultimately, can en-
able future predictive manufacturing applications.
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Figure 3: Web platform linking original and optimised geometry to multi-domain semantic data.

Platform-based visualisation and comparison

To demonstrate what the multi-domain semantic architec-
ture can achieve for user-facing applications, the presented
exemplary A-Box is stored in a triple store of a linked data—
based web platform. The application exposes a query end-
point that can be controlled by its viewer component (see
Fig. 3). On the left, a SPARQL query is used to retrieve
the output of an optimisation run involving the concrete
mixing, topology optimisation, and LCA modules. Here,
we focus on the query logic of D3 and D4. The 3D viewer
shows in transparent (as hint) the original, non-optimised
geometry and highlights the results of the optimised run.
Below, the query results are shown in a table, so users can
access relevant information about the completed optimisa-
tion run, such as its IRI, the used cement mix, the time the
geometry was generated and resulting CO,-equivalent.

Results & Discussion

The evaluation shows that the semantic integration of dis-
tributed modules, information requirements, and prove-
nance records enables the comparison of two variants that
satisfy the same functional and structural requirements
while differing in material usage and CO;-equivalent
emissions, and that a simple web-based 3D viewer can
make these differences accessible to users.

Beyond this specific example, queries across domains il-
lustrate how the approach supports typical coordination
and analysis tasks, such as discovering available modules,
checking required information, and tracing how results
were produced. This indicates that the architecture is not
limited to a single workflow, but can serve as a general in-
tegration pattern to enable system-of-systems approaches.
At the same time, the study also reveals clear limitations.
The current evaluation is restricted in scale, while the mod-

elling effort is significant, especially for defining informa-
tion requirements and maintaining alignments between vo-
cabularies. Constraints are currently limited to basic val-
idation and need to be refined to remain both precise and
usable in practice. In addition, issues such as governance,
trust, and security were not addressed, but may become
critical in cross-organisational settings. In short, the ap-
proach can be a viable basis for coordination and traceabil-
ity in decentralised AM workflows, but its practical adop-
tion depends on reducing modelling effort, strengthening
constraint definitions, and validating the approach in larger
and more heterogeneous settings.

Conclusion

This paper presented a multi-domain semantic architecture
for decentralised additive manufacturing workflows. The
approach separates system structure, interfaces, informa-
tion requirements, and provenance. The evaluation shows
that this separation supports integration, comparison of re-
sults, and traceability across tools. The current work is
limited to a prototype and a small use case. Future work
will address larger and more distributed system landscapes
in AM, where coordination may also involve agentic Al
components. Building on this, simulation-based work-
flows that rely on explicit system and information mod-
elling will be developed, with the goal of supporting pre-
dictive manufacturing (PM).
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