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ABSTRACT: While top-down System Engineering supports the definition of system boundaries and interfaces,
practical implementation often proceeds in a bottom-up manner, resulting in the need for model integration of
SysML models. This is currently hindered by inconsistent naming, different abstraction levels, and unclear
interfaces. In this work, a novel approach to integration is proposed, utilizing RDF knowledge graphs and LLM-
driven entity alignment with similarity thresholds to perform semantic fusion. A practical use case shows correct
consolidation based on cosine similarity thresholds.
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1. Introduction

Systems Engineering (SE) is an interdisciplinary approach aimed at supporting the successful
development of complex products by considering all life cycle phases of the system of interest (Sol)
(Walden, 2023). Model-Based Systems Engineering (MBSE) represents a structured application to
support systems engineering activities and to enable a structured, consistent representation of system
elements and their relationships using formal models (Friedenthal et al., 2015). Due to its potential to
enhance system understanding and communication among stakeholders, MBSE has gained increasing
attention in both industry and academia (Berschik et al., 2023). However, despite these advantages,
implementing MBSE in practice is associated with significant challenges that often limit the effective
utilization.

1.1. Model integration challenges in the context of MBSE

When applying MBSE, development decisions and results are stored in a central, coherent system model.
Product characteristics are concretized following a top-down approach, involving the breakdown of the
system for early definition of system boundaries and interfaces in a top-down manner (Walden, 2023).
This aims at defining interfaces down to the lowest system level before the internal behaviour and
structure are determined. In practice, this approach is rarely feasible, as the relevant knowledge needed
for a detailed interface definition is often distributed across different development departments and is
mostly based on experience from previous projects. The definition of the overall vehicle architecture in
the automotive sector, for example, is carried out in parallel in different organizational silos.
Development teams focus on individual subsystems, such as braking or steering, and rarely possess an
integrated view of the overall architecture (Krog et al., 2025). This means that preliminary interfaces are
defined first, but detailed interface modelling can only be done during architecture definition at the lower
subsystem level, without an overarching system architecture in place beforehand. This results in
simultaneous top-down and bottom-up development, which is a suitable approach from both an
efficiency and a risk perspective (Inkermann & Ammersdorfer, 2026) but leads to the existence of
multiple subsystem models. In the absence of an integrated architecture at the higher level, it is difficult to
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assess whether the defined interfaces are compatible, whether they overlap, or are inconsistent.
Consequently, cross-system functionalities, such as recuperation of energy, cannot be reliably evaluated.
This results in the need to integrate different subsystems in order to ensure functionality, check
compatibility of interfaces, or as an input for subsequent development activities. A further scenario in
which model integration is important is cross-project system model reuse (Lange et al., 2018). It has been
stated that a central base, also known as a repository, is vital for efficient reuse (Sivaloganathan &
Shahin, 1999). Therefore, the creation of the repository is achieved by summarizing, i.e., integrating,
different model elements from different system models. For both scenarios, the term system model refers
to SysML-based representations that serve as the data basis for integration, while integration
encompasses their combination, extension, or merging. Model integration is understood as the systematic
consolidation of two or more SysML models, or subsets thereof (e.g., functions or components), into a
single coherent SysML model. During the model integration, challenges arise which are illustrated in
Figure 1 and consist of three distinct ones:

* Insufficient definition of boundaries and interfaces
* Heterogeneous abstraction levels of modelling
* Inconsistent use of descriptions and model names
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Figure 1. Challenge types in the integration of SysML models

The first challenge results from the insufficient definition of subsystem boundaries and interfaces. This may
lead to overlapping structures or redundancies in the overall system architecture (Fosse & Delp, 2013). If
interfaces are not defined correctly, a subsystem may be part of multiple other systems, leading to
duplication of design. The second challenge concerns heterogeneous levels of modelling detail and
abstraction. Subsystems are often developed using different conventions, resulting in incompatible model
depths that hinder seamless integration (Trujillo et al., 2020). For example, functions can be defined at
different, ambiguous system levels, making uniform integration not possible. The third challenge arises
from inconsistent naming of elements. In the absence of uniform naming conventions, identical real-world
entities may be represented by different terms or, conversely, the same term may refer to different elements
across subsystems. This is particularly problematic when elements appear in multiple diagram types, for
example as swim lane components in activity diagrams and as structural elements in internal block
diagrams (Schumacher & Inkermann, 2023). These challenges impede the integration of consistent
architectural models and thereby limit their effective use for design definition. Overall, it can be concluded
that current integration difficulties significantly complicate MBSE implementation, both in bottom-up
development environments and in model reuse scenarios. Against this background, the present work
explicitly focuses on the systematic support for model integration in MBSE, which serves as the basis for
the research objectives and questions outlined in the following section.
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1.2. Research objective and questions

The objective of this work is to reduce semantic ambiguities and inconsistencies arising from
heterogeneous naming and representation of SysML models in the context of MBSE. This is achieved by
enabling a semantic comparison of system element names, thereby facilitating more efficient and
consistent model integration. For this purpose, methods for integration are employed, as they provide a
structured basis for applying entity alignment techniques and offer flexibility for extending
functionalities such as semantic comparison and element fusion. Based on this objective, the following
research questions are addressed:

* RQ1: How can the systematic consolidation of two or more SysML models in the course of model
integration be supported?
* RQ2: How can the integration of semantically divergent SysML elements be enabled?

Answering these research questions contributes to improving the integration of SysML models for both
subsequent development activities and cross-project reuse. In this scientific work, the following
procedure was followed. Based on a review of existing literature on model integration in MBSE a
research gap was identified. A solution was developed conceptually based on an established procedure,
and an implementation was carried out using an industry near example. The remainder of this paper is
structured as follows. Chapter 2 presents an overview of existing integration approaches in MBSE, as
well as an introduction to knowledge graphs and entity alignment using Large Language Models.
Chapter 3 describes the proposed method, including its purpose, procedural steps, and expected benefits.
Chapter 4 demonstrates the technical implementation, followed by a summary in Chapter 5. Finally,
Chapter 6 discusses the limitations of the work and outlines directions for further research.

2. Model integration and semantic fusion in MBSE

This section establishes the conceptual and methodological foundation for addressing the research
objective, reviewing and critically assessing existing approaches to model integration in MBSE. Most
existing work on model integration in MBSE focuses on the interoperability between SysML and other
modelling tools rather than on the systematic integration of multiple SysML models. A prominent
example is the integration of SysML with Simulink models, which is primarily aimed at enabling co-
simulation and tool interoperability (Cao et al., 2011; Kapos et al., 2021). In these approaches, model
integration is typically understood as a technical interface problem between different modelling
languages rather than as a semantic consolidation of heterogeneous SysML structures. Other
contributions interpret model integration as an extension of SysML with additional analytical
capabilities, such as safety and reliability (S&R) analysis (Hu et al., 2023; Z. Li et al., 2025). While these
approaches enhance the expressiveness of SysML, they do not explicitly address the integration of
independently developed subsystem models that exhibit divergent naming conventions, modelling
depths, and structural semantics. Model integration is also considered within broader MBSE process
chains, in which SysML models serve as intermediate artefacts supporting downstream activities
(Schumacher et al., 2025). In such cases, integration is embedded in predefined workflows and
presupposes a high degree of consistency between models, thereby avoiding the integration challenges
illustrated in Figure 1. With regard to model reuse, element bases have been introduced, for example for
the creation of functional libraries (Spiitz et al., 2023) or architecture databases (Slobin et al., 2024).
Figure 2 shows a proposal for a generic reuse process for system models in MBSE which is comprised of
five steps in total: (1) provision of the models, (2) determination of reusable elements, (3) insertion into
the target system model, (4) adaptation of the elements to the target model, and (5) validation of
functionality. Here the creation of functional libraries and architecture databases is included in the first
step. However, these approaches often assume either pre-aligned data, i.e., data sets that have already
been prepared for reuse, or the construction of a central database independent of existing SysML models.
Consequently, they provide limited support for integrating existing heterogeneous SysML models
originating for instance from different organizational contexts. A critical limitation of the aforementioned
approaches is that they typically operate under conditions of minor or non-existent semantic conflicts
between models (Trujillo et al., 2020). As a result, they circumvent the core challenges of heterogeneous
model integration, such as inconsistent naming, ambiguous semantics, and structural divergence. Their
applicability is therefore restricted when confronted with diverse datasets that reflect realistic industrial
conditions. Based on this analysis it can be concluded, that there is a lack of approaches that explicitly
address the semantic integration of heterogeneous SysML models exhibiting substantial differences in
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Figure 2. Cross-project reuse process of system models

terminology, structure, and level of abstraction. This gap motivates the exploration of alternative
mechanisms capable of supporting robust, scalable, and semantically grounded model integration.

2.1. Entity alignment in knowledge graphs

A knowledge graph (KG) consists of entities and their relations, represented as nodes and edges
respectively (Hogan et al., 2022). Information can be stored in various formats; however, this work
utilises the Resource Description Framework (RDF)! in Turtle format, in which data is represented as
triples consisting of subject, predicate, and object (Firber et al., 2017). RDF was selected instead of
alternative representations, such as property graphs, due to its formal semantics, reasoning capabilities,
and compatibility with established semantic technologies (Besta et al., 2024). Entity alignment (EA)
refers to the process of identifying semantically equivalent entities across different KGs that represent the
same real-world objects (Cheng et al., 2025; Liu et al., 2022). In the context of this work, EA is applied to
identify corresponding SysML elements originating from different subsystem models that may differ in
naming, structure, or level of abstraction. This step is essential for enabling reliable integration, as it
provides the basis for the subsequent consolidation and fusion of aligned elements into a unified SysML
model. Traditional EA methods typically rely on supervised learning approaches, including translation-
based embeddings and Graph Neural Networks (GNNs), which require labelled training data (Q. Li et al.,
2023). Such requirements limit their applicability in engineering contexts where annotated datasets are
rarely available. Recent research therefore explores end-to-end EA frameworks driven by Large
Language Models (LLMs) (Z. Li et al., 2025), which enable semantic comparison without extensive
manual annotation (Cheng et al., 2025; Jiang et al., 2024). For example, the EasyEA architecture first
summarises KG information using LLMs to capture entity semantics, then integrates multi-dimensional
features, and finally applies hierarchical candidate selection to identify aligned entity pairs (Cheng et al.,
2025). These approaches demonstrate robustness in heterogeneous and large-scale scenarios, making
them particularly relevant for SysML model integration across organisational boundaries.

2.2. Semantic fusion of elements

Semantic fusion builds upon the results of entity alignment by merging aligned entities and their
associated information into a single coherent representation. Within the scope of this work, semantic
fusion represents the process through which semantically corresponding SysML elements are
consolidated to form an integrated and unambiguous system model. This step transforms aligned
element pairs into structurally and semantically consistent architectural structures suitable for reuse in
subsequent development activities. State-of-the-art fusion approaches indicate that combining
topological context with logical consistency rules significantly improves the integrity and completeness
of merged knowledge representations (Lin et al., 2023). Furthermore, the integration of LLMs with KG
fusion techniques enables the enrichment of structured data through context-aware reasoning while
preserving semantic coherence (Pan et al., 2024). Advanced multimodal fusion approaches incorporate
relational, structural, and textual information simultaneously, with methods demonstrating improved
performance through link-aware aggregation mechanisms. In this work, semantic fusion is therefore not

! https://www.w3.org/RDF/
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treated as a generic data aggregation step, but as a targeted mechanism for constructing a unified system
model from SysML models. Together with entity alignment, it forms the operational backbone of the
proposed integration approach.

3. Conceptual approach for semantically supported model integration

In this chapter, the proposed concept for supporting the integration of heterogeneous SysML models
through KG-based semantic analysis is introduced. In contrast to existing approaches, the presented
concept explicitly targets semantic inconsistencies arising from divergent naming conventions,
modelling practices, and structural representations. The proposed approach operationalizes the research
objectives by combining entity alignment and semantic fusion into a structured integration concept
applicable to realistic MBSE environments. The contribution of this chapter lies in the definition of a
reusable, semantically grounded conceptual framework that enables the identification, evaluation, and
consolidation of semantically equivalent SysML elements across independently developed models. This
framework establishes the methodological foundation for a prototype implementation and subsequent
evaluation, directly supporting RQ1 and RQ2 by (i) providing a systematic mechanism for model
integration and (ii) enabling differentiated integration strategies based on the type and degree of semantic
divergence. An overview of the developed concept is illustrated in Figure 3.

SysML RDF

Source Models
O |Attr|buteH Value |
] |k B [xmi:typeH block

> [con. typeH derive
Export

‘ %)
= 1 ln B

—+—p ||Attribute]{ Value |

EasyEA adaption
xm| type = block 3

a" Ay oo aln
321 an .o
nl an2 b

xmi:type = requlrement
by by --- by,
b21 b22 e bzn

RDF Graph : ¢ e
Integrated Model by by .- by,
- B = I

ez Imp@ ¥ r_g; ‘Ll'
< < I

@ XML-File Integrated RDF Graph gf Glossary | User Input

Figure 3. Developed approach for model integration using semantic fusion

The proposed concept is structured into four phases. Which are based on the initial EasyEA framework
(Cheng et al., 2025) and extended with a fourth step to allow for KG merging. Once the system model is
exported as XML file, the proposed concept automatically carries out the following steps. It takes SysML
models as both input and output, ensuring compatibility with existing MBSE toolchains. The first phase
consists of the structured extraction of relevant information from SysML models provided in XML
format. Relevant information (RI) depicted as a document in red in figure three, such as system elements,
relationships, and attributes, is isolated and stored in a separate data structure to ensure flexibility with
respect to implementation-specific requirements and future extensions. This abstraction layer decouples
the conceptual integration logic from concrete implementation details and supports controlled data
transformation. In the second phase, the extracted information is transformed into a KG representation.
System elements are modelled as nodes, while relationships are represented as edges. Additional
metadata, including element attributes such as xmi:type, is preserved to maintain semantic context and
enable type-consistent comparison in subsequent phases. This transformation establishes the semantic
data foundation required for KG-based analysis. The third phase focuses on semantic similarity
assessment, which operationalises the entity alignment principles discussed in Section 2.2. Each node is
evaluated against other nodes of identical element types using an extended entity alignment procedure
that incorporates the EasyEA method.
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Beyond structural comparison, semantic relationships between element names are analysed using LLMs,
and cosine similarity measures are computed to quantify semantic proximity. The resulting similarity values
are stored in NxN similarity matrices, with values ranging from -1 (negative correlation) to +1 (positive
correlation). Type-based segregation ensures that only semantically and structurally compatible elements are
compared, thereby preventing unintended grouping of dissimilar element categories. The fourth phase
introduces a structured decision logic for integration based on the calculated similarity values. Three distinct
integration scenarios are distinguished. High similarity values indicate strong semantic equivalence,
allowing for the automatic merging of elements. Low similarity values signify semantic divergence,
resulting in the preservation of separate entities. Intermediate similarity values indicate ambiguity and trigger
context-sensitive decision mechanisms were element names are compared against an existing glossary. This
glossary, whether based on company-specific definitions or domain-specific, contains a number of terms that
have been clearly defined and supplemented with synonyms. If a corresponding entry exists, standardised
terminology defined withing the glossary is applied; otherwise, combined naming strategies are used and
user validation is initiated. The final phase involves the transformation of the integrated KG back into
SysML-compliant XML format. An XML template is employed to re-instantiate the integrated elements in a
form compatible with standard SysML tools. The newly integrated elements are initially embedded as
structural components within the system model and may subsequently be visualised within the
corresponding diagrams by the user. This ensures practical applicability while maintaining separation
between semantic integration and graphical representation. Overall, the proposed concept establishes a
structured, semantically grounded integration workflow that bridges the gap between heterogeneous SysML
model representations and unified architectural consistency. By systematically combining KG transforma-
tion, entity alignment, and semantic fusion, the approach provides a robust foundation for scalable, traceable,
and reusable model integration in MBSE environments, thereby addressing the limitations identified in
Chapter 2 and advancing the state of the art in SysML model integration.

4. Technical implementation and case study

This chapter details the technical implementation of the proposed concept and demonstrates its applicability
by an illustrative case study. The focus is on the concrete toolchain and execution of the approach. The
implementation aims to demonstrate the feasibility of the proposed integration logic and to illustrate how
semantically heterogeneous SysML models can be consolidated within a KG-based framework.

4.1. Execution of the integration pipeline

The technical implementation employs a modular toolchain designed to ensure transparency,
reproducibility, and extensibility. SysML models serve as the primary input and are initially exported
from Enterprise Architect as XML files, allowing for systematic parsing and transformation. Declarative
mapping of XML structures to semantic representations is achieved using YARRRML, a human-
readable mapping language that facilitates maintainability of the transformation rules. The generated
mappings are processed using RMLMapper to create the RDF graphs in Turtle format. YARRRML was
selected due to its clarity and flexibility in representing complex mapping rules, while RMLMapper was
chosen for its compatibility with RDF standards and its capacity to handle heterogeneous data sources.
The technical pipeline corresponding to the conceptual phases introduced in Chapter 3 is illustrated in
Figure 4, including the used packages and pyhton libaries. In the first phase, SysML XML files are parsed
and transformed into RDF graphs via the defined YARRRML mappings. This phase results in a
semantically annotated KG representation of each SysML model, capturing entities, relationships, and
structural attributes required for subsequent analysis. In the second stage, entity alignment is performed,
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Figure 4. Pipeline for SysML model integration
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further establishing the EasyEA approach. While other approaches for semantic comparison, such as
wpath exists (Zhu & Iglesias, 2017), EasyEA was chosen because it enables the application with the
support of LLMs even for small data sets.

In this application, ChatGPT-5.1 was employed to enrich node representations by synthesizing
contextual information derived from element names, requirements, functions, and relational context.
These enriched representations are transformed into vector embeddings, and cosine similarity scores are
calculated to quantify semantic proximity between entity pairs. The third stage applies similarity-based
decision thresholds to determine integration actions. For this implementation, cosine similarity values
were determined based on a separate dataset comprising subsystems of a lawnmower. After manually
verifying the correctness of the results, the values were set for the final dataset as follows. A cosine
similarity value of 0.87 and above was considered an indication of strong semantic equivalence and
allowed for automatic merging. Similarity values between 0.87 and 0.5 were classified as ambiguous and
were subject to manual validation by the researcher. Values below 0.5 were interpreted as semantically
divergent and were consequently not merged. These thresholds were again tested and reflect a trade-off
between integration precision and risk of incorrect fusion. The final stage consists of consolidating
aligned entities into a unified knowledge graph. This process eliminates redundant nodes while
preserving all unique structural and relational information. The resulting integrated KG serves as the
semantic representation of the combined system architecture and forms the basis for transformation back
into SysML format.

4.2. Case study description

The implementation was evaluated using two simplified SysML models consisting of a reduced number
of elements and connections representing subsystems of a vehicle drive system: a brake system model
and a steering system model. Both models contained overlapping functional and structural elements,
including requirements and sensor-related components, but exhibited divergent naming conventions and
structural representations. The brake system model included subsystems such as a “Sensor system” and a
torque sensor, as well as a brake wear sensor. The steering system model contained a subsystem labelled
Sensors comprising a torque sensor and a steering wheel sensor. The objective of the case study was to
assess whether the implementation could correctly identify and semantically align equivalent elements
despite inconsistent naming and structural variation.

4.3. Integration results and interpretation

The components in the integrated KG are shown in Figure 5. The implementation successfully identified
semantically equivalent elements across both subsystem models and consolidated them into unified
nodes where appropriate. The requirement recuperation was detected in both models despite differences
in naming and descriptive context and was merged into a single requirement node. Similarly, the
elements sensor system and sensors were aligned and consolidated, reflecting their functional
equivalence at the subsystem level. At the component level, the elements forque sensor and torque
sensors were also correctly identified as semantically equivalent and merged. In contrast, elements such
as the brake wear sensor and the steering wheel sensor, which represented distinct functional roles, were
retained as separate nodes, preserving necessary system differentiation.
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Figure 5. Integrated knowledge graph after semantic fusion
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These results demonstrate the ability to distinguish between semantically equivalent and divergent
elements, thereby supporting both automated integration and controlled differentiation. While certain
decisions required manual validation in ambiguous cases, the overall pipeline illustrates the viability of
the proposed approach for supporting RQ1 by enabling the systematic integration of multiple SysML
models and RQ2 by providing differentiated integration strategies based on semantic similarity.
Nevertheless, the case study also reveals limitations. The reliance on manually validated thresholds and
the dependency on modelling quality indicate the need for further refinement and scale testing.

5. Conclusions, limitations, and future research

This work set out to support the integration of heterogeneous SysML models in the context of MBSE by
introducing a semantically grounded approach based on KG, entity alignment, and semantic fusion. The
primary objective was to facilitate the consolidation of independently developed SysML models and to
provide structured alternatives for action based on detected differences between model elements. With
regard to RQI, this research demonstrated that SysML model integration can be systematically enabled
through a KG-based workflow that transforms model elements into semantically enriched representations
and applies entity alignment mechanisms to identify equivalent elements across models. The
implementation showed that semantically corresponding elements, despite heterogeneous naming and
modelling practices, can be reliably identified and consolidated into a unified architectural
representation. Considering RQ?2, the proposed approach introduced a differentiated decision logic
based on similarity thresholds. This enabled the distinction between automatic fusion, manual validation,
and preservation of separate elements, thereby offering structured integration strategies tailored to the
degree of semantic divergence. The central scientific contribution of this work lies in the development
and demonstration of a reusable conceptual and technical approach that bridges the gap identified in the
state of the art between syntactic integration mechanisms and the need for semantically robust model
integration in realistic MBSE environments. By integrating KG technologies and LLM-based entity
alignment, this work advances current practices and provides a foundation for scalable and traceable
SysML model integration.

Despite demonstrating feasibility, several limitations constrain the current contribution. Methodologically,
the approach focuses primarily on semantic comparison and does not yet address structural consistency
checking, behavioural compatibility, or interface integrity, which remain critical aspects of comprehensive
system integration. Reliance on empirically determined cosine similarity thresholds introduces uncertainty
about their optimality and transferability to other datasets or industrial contexts. From a technical perspective,
the implementation is limited by the extent of information that can be extracted from XML-based SysML
representations, thereby restricting coverage of the full SysML language spectrum. Additionally, the dataset
used in the case study reflects a simplified subsystem scenario and does not capture the complexity,
hierarchical depth, and variability typical of large-scale industrial models. As a result, conclusions regarding
scalability and generalisability must be interpreted with caution. Furthermore, the integration process partially
depends on manual validation in ambiguous cases, which limits automation and introduces subjectivity.
Compared to existing approaches, the presented method provides greater semantic flexibility but lacks the
automated consistency checks and large-scale validation seen in more mature integration frameworks.
Future research should focus on formalising the proposed approach as a fully defined method, including a
systematic specification of requirements, functions, and evaluation criteria. A key direction involves the
extension of the concept to incorporate structural and behavioural consistency analysis, such as interface
compatibility and dependency verification, thereby addressing the full spectrum of MBSE integration
challenges highlighted in Chapter 1. Moreover, future work should aim at automating threshold calibration
through adaptive or learning-based mechanisms to reduce reliance on empirically defined parameters.
Quantitative evaluation metrics, such as precision, recall, and alignment accuracy, should be introduced to
enable objective assessment and benchmarking against existing integration approaches. Additional research
opportunities include the integration of domain ontologies for improved semantic grounding, the
exploration of fully automated fusion strategies using LLLM-driven reasoning, and the validation of the
approach within real industrial MBSE workflows. These developments will enhance both the practical
applicability and the scientific maturity of semantically supported SysML model integration.
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