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Abstract. This paper addresses the limited support for formal requirement definition, traceability, 

and satisfaction in construction projects. While Building Information Modeling (BIM) improves 

data representation, it lacks mechanisms to actively enforce requirement compliance. Model-Based 

Systems Engineering (MBSE) enables explicit requirement modeling but remains largely 

descriptive. To bridge this gap, a requirement-driven synthesis pipeline is proposed, in which SysML 

requirements are transformed into typed graphs and operationalized through graph rewriting rules. 

These rules iteratively construct and adapt design models such that requirement satisfaction emerges 

by construction rather than post hoc verification. The approach is implemented using a Neo4j-based 

graph environment and a parametric modeling pipeline, and demonstrated through a modular bridge 

case study, showing the feasibility of generating consistent, requirement-compliant design models. 

1. Introduction 

As building projects increase in complexity, requirements originating from stakeholders, 

regulations, and design constraints must be consistently defined, refined, and verified across 

multiple representations (Eastman, 2011; Succar, 2009). In current practice, requirement 

management in construction projects is largely handled through manual efforts based on 

document-based workflows, decision matrices, and non-automated coordination. These 

approaches are fragmented, lack semantic rigor, and provide limited support for ensuring that 

requirements are consistently satisfied within evolving building models. As a result, 

inconsistencies, redundancies, and gaps in requirement coverage are often detected late and 

require costly manual resolution (Lopez and Love, 2012). 

While Building Information Modeling (BIM) has significantly improved the representation and 

exchange of building data (Eastman, 2011), it provides only limited support for formal 

requirement definition and traceability. Model-Based Systems Engineering (MBSE), in 

contrast, enables the explicit modeling of requirements and their relationships to system 

elements, for example, through the Systems Modeling Language (SysML) (Friedenthal et al., 

2014; INCOSE, 2023). However, existing MBSE approaches in the construction domain 

primarily support traceability and analysis, but do not provide mechanisms to actively transform 

models into requirement-compliant states. 

To address this limitation, this work introduces a requirement-driven model synthesis pipeline 

in which SysML requirements are not only traced, but operationalized as graph transformation 

rules. These rules iteratively construct a design model by adding and refining system elements 

until requirement satisfaction is achieved by graph construction, rather than verified post hoc. 

Rewriting rules iteratively transform the model by adding or modifying elements such that 

requirement satisfaction is achieved and eventually maintained by construction. The proposed 

approach enables a tighter integration between requirement specification, model 

transformation, and validation within the design process. 
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2. Related Works 

2.1 Model-Based-Systems-Engineering and the Systems Modeling Language 

MBSE replaces document-centric workflows with integrated system models in which structure, 

behavior, constraints, and requirements are explicitly linked. This enables traceability and 

impact analysis across system elements, but does not inherently provide mechanisms for 

deriving design solutions from requirements (Friedenthal et al., 2014; INCOSE, 2023). 

The Systems Modeling Language (SysML) was developed as an extension of the Unified 

Modeling Language (UML) to support MBSE. It provides dedicated diagram types for 

modeling requirements, structure, behavior, and parametric relationships, each representing a 

fundamental aspect of system design. These diagrams offer a standardized and human-readable 

way to capture and relate system information. SysML is widely adopted in industry and research 

as a modeling language for MBSE (Delligatti, 2013; Hause et al, 2006). 

MBSE shares key principles with BIM in the Architecture, Engineering, and Construction 

(AEC) domain, particularly the shift toward centralized, model-based representations as a 

single source of truth (Eastman, 2011). However, the explicit integration of requirements into 

BIM models for automated traceability and validation remains limited in practice. Existing 

research has explored this integration from different perspectives. Keskin et al. (2022) propose 

a digital twin framework that models building requirements using SysML, but does not support 

automated validation against the evolving system state. Bonner et al. (2023) use Natural 

Language Processing and ontologies to establish traceability in model-based design. Arias et 

al. (2022) apply constraint logic programming and justification trees to represent and verify 

requirements and refine BIM models accordingly. 

Despite these advances, an integrated pipeline that supports formal requirement definition, 

automated derivation of design modifications, and continuous validation of these modifications 

against the original requirements remains an open challenge. 

2.2 Graph Representations and Graph Rewriting in Building Information Modeling 

Graph-based representations are increasingly used to manage complex building data in both 

research and industry. BIM data is inherently highly interconnected, spanning geometric, 

semantic, and process-related information across multiple domains and lifecycle phases. Graph 

structures provide a natural and flexible way to represent and query such relationships, enabling 

consistent integration of heterogeneous data sources. 

During the design process, BIM models are not static but extremely dynamic, reflecting the 

ongoing elaboration and refinement process. Graph rewriting provides a formal mechanism to 

represent such transformations. By defining rules consisting of a left-hand side (LHS) pattern 

and a right-hand side (RHS) replacement, modifications to a graph can be specified 

declaratively and applied conditionally. This enables controlled, atomic transformations that 

explicitly encode when and how changes to a model are permitted (Ehrig et al., 2006; 

Rozenberg, 1997). Fig. 1 depicts the process of applying a rule to a host graph H, in order for 

it to be transformed to H’. 

Graph rewriting has been widely investigated in the AEC domain (Kolbeck et al., 2022). Prior 

work demonstrates its applicability for capturing design knowledge, automating modifications 

of parametric building models, and deriving transformation rules from incremental model 

changes for versioning and distribution. However, these approaches primarily focus on 

transforming existing models rather than systematically generating them from formalized 

requirements. 
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Existing approaches primarily operate on already instantiated models and focus on modification 

or optimization. In contrast, this work targets the generation of design structures directly from 

formalized requirements, shifting graph rewriting from a transformation mechanism to a 

synthesis mechanism. 

 

Figure 1: Core principle of graph rewriting rules. A pattern graph L is matched and then 

replaced with the rewrite graph R, transforming the host graph H to H’. Kolbeck et al. (2022) 

2.3 Research Gap and Contribution 

Despite ongoing efforts to transfer MBSE concepts to the AEC and BIM domains, formal 

requirement definition, traceability, and automated satisfaction remain only partially realized. 

Existing approaches lack a mechanism to systematically translate requirements into design 

structures and enforce their satisfaction throughout model evolution. Requirements are typically 

evaluated against models rather than used to construct them. This work addresses this limitation 

by introducing a graph-based synthesis approach in which requirements are encoded as graph 

structures and operationalized through rewriting rules. These rules generate and adapt design 

models such that requirement satisfaction emerges directly from the construction process. 

3. Method 

Fig. 2 shows the pipeline: system requirements are transformed into a graph that serves as 

input for graph rewriting rules. These rules match requirement patterns and add or remove 

nodes representing system components to satisfy them. The resulting graph contains both 

requirements and their corresponding components, including their relationships (e.g., between 

building elements). This enriched graph is then used to generate a CAD/BIM model. The 

approach enables transparent, rule-based automation of requirement satisfaction through 

model validation. 

3.1 System Requirements 

As mentioned earlier, the requirements are defined using MBSE principles in SysML. Fig. 3 

shows a sample requirements diagram (req) outlining basic system requirements for a bridge. 

Note that this diagram is hierarchically structured, indicated by the refine relationships between 

the different levels of requirements. The top-level requirement Bridge is broken down (i.e., 

refined) into more granular aspects, which can also be further refined. This diagram already 

resembles an acyclic graph/tree structure.  



 

 

4 

 

 

Figure 2: Overview of the approach. 

Each requirement carries a name, a textual description, and an ID. The ID acts as a unique 

identifier for graph pattern matching down the line, on the one hand, and to distinguish the 

requirements’ level within the hierarchical structure of the requirement tree. For example, a D2 

requirement is not as high-level a requirement as a D1 requirement. The diagram is intended to 

be created by a user/engineer deeply familiar with the domain and project, and aware of 

stakeholder needs. The resulting requirements are the method not only of user input, but also 

of knowledge transfer from human to computer. 

 

Figure 3: SysML requirement diagram (req) outlining the basic requirements of a planned 

bridge. 

3.2 Graph Transformation 

Once the requirement graph/tree has been created, the graph transformation using a pre-

established rule catalog can commence. The catalog is intended to be domain-specific and 

created in advance by experienced domain experts. The rules always operate according to the 

same principle: match a requirement or a pattern of multiple requirements, and append the 

necessary nodes and relationships to satisfy them. The approach assumes that suitable rewriting 

rules exist that can construct a requirement-compliant model for the given requirement set. If 

we define the requirements on the LHS and the requirements and solution on the RHS, the 

solution will appear in the resulting graph.  
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In Fig. 4, two sample rules are illustrated. (a) matches the Bridge requirement defined in the 

previous section and simply appends a structural decomposition into FunctionalElement nodes, 

which are abstract representations of core bridge components. (b) matches not only the original 

Bridge requirement, in addition to the Load Bearing Structure Requirement, but also further 

decomposes the FunctionalElement subgraph to include a girder.  

 

Figure 4: Sample rewriting rules concerning functional decomposition 

This way, the building model is elaborated, and the necessary model components are added to 

the graph as more requirements are captured by the rewriting rules. To arrive at a graph state 

that can be interpreted and rendered as a geometric model, additional rule applications are 

needed to achieve the desired level of granularity. Fig 5. illustrates how BuildingElement nodes 

can be further decomposed into modules based on a requirement that modular construction 

should be used: 

 

Figure 5: Rewriting Rule for decomposing a girder into separate modules based on the 

modular construction requirement 

3.3 Geometric Model Generation 

Once the appropriate rules have been applied to satisfy all requirements and a model graph has 

been created, the graph can be used to generate a geometric model from the BuildingElement 

nodes, which represent tangible geometric components. Each BuildingElement node contains 

the following information: (1) a reference to a parametric geometry, (2) dimensional parameters 

for said geometry, and (3) information regarding its neighboring BuildingElements in the form 

of interfaces relationships. The relationships store not only which two elements are adjacent, 
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but also which surfaces are meant to be joined.  Based on these three data components, a 

geometric solid can be created from the parametric geometry and dimensions, and, following 

this, be transformed to correctly interface with its neighboring elements, such as a girder module 

interfacing with its corresponding abutment. This happens for each BuildingElement, iteratively 

assembling the model structure one element at a time by calculating the transformation matrix 

between the interfacing surfaces and applying it to the boundary representation.  

 

Figure 6: Interface definitions, along with their relationships, calculate a transformation 

matrix to be applied to the geometry. 

4. Case Study 

Based on the developed approach, a case study was created to demonstrate its viability and 

capability. It encompasses a basic requirement definition based on the diagram in Fig. 3, a rule 

catalog including but not limited to the rules illustrated in Figs. 4 and 5, as well as a building 

element set containing basic parametric modules for the domain of modular bridge construction.  

4.1 Module Catalog 

The module catalog was defined using Grasshopper for Rhino, a visual programming software 

for creating parametric geometries. Each module receives one or more dimensional input 

parameters (e.g., length, width, offsets, angles) and outputs one solid geometry and one or more 

interface surfaces. The module catalog includes definitions for girder modules, abutment 

modules, bridge cap modules, and foundation modules, each with its own set of dimensional 

parameters and interface surface definitions. The modules were developed following the 

Richtzeichnungen für Ingenieurbauten (RiZ-ING) (BMDV, 2023), a set of standardized 

engineering drawings used in German infrastructure projects, defining typical design details 

and construction practices for civil structures. While the modules draw inspiration from these 

drawings, the level of detail was decreased for simplicity. 

4.2 Implementation Architecture 

The SysML diagram shown in Fig. 3 was modeled using the open-source modeling tool 

Gaphor, which generates a fully compliant SysML 1.6 model from user-created diagrams. With 

the included graph Python package, the model contents can be programmatically read and 

transformed into a graph representation. Given the prevalence of graph databases and Labeled 

Property Graphs (LPGs) in related research (Esser et al., 2023), Neo4j was chosen as the graph 

database management system.  
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Since Neo4j and its corresponding query language, Cypher, do not support formal algebraic 

graph rewriting such as the Double-Pushout (Ehrig et al., 1973), a rule-to-Cypher serialization 

pipeline was created to mitigate this issue. Rules are first formally defined in a strict Double-

Pushout shape, defining both the LHS and the RHS, and a graph-interface k that describes the 

“overlap” between them. Since each of these components can be represented as a graph, they 

are implemented using networkx.MultiDiGraph instances. Based on the overlap between LHS 

and k (which nodes/relationships need to be deleted) and between k and RHS (which 

nodes/relationships need to be added), a Cypher query is serialized in text form and can be 

applied to the existing host graph in the Neo4j database, transforming the graph according to 

the rewriting rule. The resulting graph is parsed into its BuildingElement nodes, and their 

containing parametric and interfacing information is aggregated and passed to a geometric 

resolver that computes the transformation matrices for each element. The geometric 

computation is done by a Rhino.Compute server, which can take Grasshopper definition files 

as inputs and return three-dimensional geometry. Rhino.Compute is handed the reference to the 

grasshopper file, all associated dimensional parameters, and the transformation matrix for each 

building element in order to compute a fully modeled geometry. 

4.3 Results 

The requirements, in conjunction with the rule and module catalog, have been used as inputs to 

the aforementioned implementation. Starting from a simple tree-like requirement graph in 

Neo4j, it was automatically transformed using Cypher rewriting rules and finally converted into 

a 3D model in Rhino.Compute. The resulting graph structure contains both requirement and 

design elements, with explicit relationships encoding satisfaction and decomposition. The 

generated 3D model demonstrates that the rewriting process produces geometrically consistent 

assemblies. However, the current implementation is limited to predefined rule sets and does not 

yet support automated conflict resolution between competing requirements. 

 

Figure 7: Resulting transformed graph in Neo4j and its corresponding 3D model in Rhino, 

resembling a basic modular bridge.  

5. Conclusion and Future Works 

This work demonstrates that integrating MBSE with graph rewriting enables a shift from 

passive requirement verification to active, requirement-driven model synthesis. By encoding 

requirements as executable transformation rules, design models can be constructed to satisfy 

constraints by design, improving traceability and consistency. The case study confirms the 

approach's feasibility, though current limitations include reliance on predefined rule sets and 

the lack of automated conflict resolution. Future work should focus on expanding rule 

generation, handling conflicting requirements, and developing a rule-application strategy to 

make the approach more scalable for larger rule sets. 
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