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a b s t r a c t   

A library of prefabricated parts and assemblies, i.e. module library, can help a firm in the construction 
industry transition to a more industrialized and product-oriented approach. However, existing approaches 
to manage such libraries are oriented around single-use projects. There is need for a more flexible data 
structure to support storage, analysis and reuse of design information. This paper proposes a graph-based 
approach to develop a module library. The approach includes a graph representation of modules, a graph 
database development, and a graph-based similarity analysis. The proposed approach is validated using a 
prefabricated timber panel system via a web-based application. Implementation demonstrates a more ef-
ficient process for bill of material generation and identifying the impacts of design changes. 

© 2022 The Author(s). Published by Elsevier B.V. 
CC_BY_NC_ND_4.0   

1. Introduction 

Industrialized construction is experiencing a new wave of at-
tention and investment. In a 2019 McKinsey report, the construction 
industry could deliver a $20 billion annual savings and 50% time 
saving if industrialized construction is adopted (Bertram et al., 2019). 
A crucial factor for achieving this goal is DfMA (Design for Manu-
facturing and Assembly). DfMA is originated from advanced manu-
facturing, and is used as the basis in concurrent engineering for cost- 
effective design. The main idea of DfMA is to consider the manu-
facturing and assembly issues in the design phase. DfMA saves de-
sign time and cost through the use of standard common parts, the 
reuse of previously designed details and the application of modular 
design (Anderson, 2003). Industrialized construction adapts this 
strategy of DfMA by developing standard types of prefabricated 
building elements (e.g., panel, component and/or volumetric mod-
ules) and then providing these modules to architects who can then 
fulfill design intentions. The strategy is particularly beneficial for a 
product structure that has a high degree of repeatability and stan-
dardization (Bertram et al., 2019), such as hotels, affordable housing, 
schools, hospitals and so forth. 

However, it is not always easy for the construction industry to 
shift to this new paradigm. The industrialized construction projects 
sometimes suffer from the negative aesthetic perception of “mod-
ular”, “box-like”, or “cookie-cutter” architecture. As a result, de-
signers might not be willing to accept this process due to limited 
design flexibility. Other challenges such as increased capital cost at 
the early adoption stage and lack of manufacturing knowledge for 
designers also restrict the DfMA application in actual projects (Lu 
et al., 2020; Gao et al., 2020). To mitigate these challenges, it is 
critical to provide designers with manufacturing input during their 
design. 

Today, the most common approach to product libraries is to 
provide design flexibility in various configurations by selecting and 
recombining well-designed and engineered building elements from 
product libraries (Cui et al., 2020). Existing construction product li-
braries e.g. NBS library, Open Source Wood, etc, enable designers to 
find similar designs and templates on which to copy or modify. 
However, those libraries contain few prefabricated components, or 
modules, suitable for industrialized construction and do not provide 
easy access for designers to retrieve desired content (Li et al., 2020). 
Some new industrialized construction firms, such as DMD Modular, 
Project Frog, CIMC MBS, etc., start to develop their own module li-
braries as their core products, or product catalog. The module library 
of industrialized construction companies almost falls into three ca-
tegories: volumetric modular, flat-pack and kit-of-parts, according to 
their business strategies (Pullen et al., 2019). These firms claim to 
offer more competitive pricing, expedited project schedules, and 
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increased product quality. Even so, the overall development and 
application of such module libraries are still limited in the broader 
construction sector. 

Even when module libraries are developed, they are done so by 
relying on specialist knowledge and accumulated experience 
(Salama et al., 2017). Although many researchers propose various 
techniques and guidelines to support the module identification 
(Salama et al., 2017; Isaac et al., 2016; Samarasinghe et al., 2019), the 
configuration of modules is often still determined on a project-by- 
project basis (Gosling et al., 2016). However, this can lead to many 
unique typologies of modules that can be difficult to manage. A 
helpful analogy can be found from LEGO Group in the early 2000s, 
when the number of unique piece types reached 12,000 and nearly 
bankrupted the company (Feloni, 2014). Therefore, it is crucial to 
consider the similarity among projects in order to develop a module 
library. The similarity indicates that a standard and adaptable design 
can be applied in multiple projects. The reuse of the modules in 
future projects will lead to the continuous improvement of project 
quality and return of investment made initially inside a single pro-
ject (Tetik et al., 2019). 

To facilitate the reuse of the modules, the design is digitalized as 
building information models (BIM). BIM can provide 3D visualiza-
tion, monitoring, analysis and prediction during the project life 
cycle. Each module can be developed as a BIM file via BIM authoring 
tools, such as Autodesk Revit. A BIM module library consists of di-
verse models for architectural, civil, structural and mechanical ap-
plications. However, a file-based management approach provides 
limited facility for users to extract the data from the respective BIM 
authoring tool beyond simple queries on objects and their properties 
(Solihin et al., 2017). Besides, the query languages introduced so far 
require a high level of knowledge about the IFC (Industry Foundation 
Classes) object model and about data mapping mechanisms 
(Tauscher et al., 2016). Last but not the least, module reuse not only 
requires the search and comparison in terms of parameters but also 
the structural composition, which focuses on relationships between 
different parts of a product. 

In this research, we propose to solve these challenges using a 
graph-based approach for module library development. There are 
two key components to our solution. First, we propose the use of a 
graph database – a database that uses graph structures for data 
storage and data manipulation – to store the BIM models of each 
module. Second, we propose to identify similar modules in a graph- 
based module library using a graph similarity analysis. To our 
knowledge, this is the first study on the development of a building 
product library via graph database. 

The paper is organized as follows. In the next section, we conduct 
a literature review on the study of modules, focusing on the reusa-
bility of module libraries in project development. Next, we gen-
eralize the application areas of graph modeling in the construction 
industry. Specifically, we analyze the use of the graph-based ap-
proach for module identification. Then, we introduce the graph da-
tabase for modules’ storage and management. From that, we propose 
a novel graph-based approach for module library development in 
the BIM environment. After that, we gave an illustrative example of 
how the approach is applied to a dataset of timber-framed panels, 
including a description of system architecture and implementation 
results. Finally, we discuss the limitations and future research, and 
conclude with our intended contributions to the literature. 

2. Literature review 

2.1. Modules in construction projects 

Construction literature does not have a consistent definition of a 
module, modular system or modularization (Gosling et al., 2016). In 
many instances, modular is used to refer to volumetric assembly 

units (e.g. factory-prefinished “boxes” that are then transported to 
the construction site). For example, Murtaza et al. (1993) described a 
module as “a volume fitted with all structural elements, finishes, and 
process components that, regardless of system, function, or instal-
ling craft, are designed to occupy that space”. De La Torre et al. 
(1994) defined a module as “a product resulting from a series of 
offsite assembly operations; it is usually the largest transportable 
unit or component of a facility.” 

To solve this ambiguity, we look for similar concepts adopted in 
the manufacturing industry. Salvador categorized five perspectives 
of product modularity, including component commonality, compo-
nent combinability, function binding, interface standardization, and 
loose coupling (Salvador, 2007). Besides the general definition, two 
characteristics of modular products are highlighted: 1) the similarity 
between the physical and functional architecture of the design, and 
2) the minimization of the degree of the coupling between the 
physical and functional components (Ericsson and Erixon, 1999). 

Accordingly, two modularization methods are similarity- and 
coupling-based approaches (Borjesson and Hölttä-Otto, 2014). The 
similarity-based approach to modularization defines modules based 
on similar functions or properties among products to achieve pro-
duct variations, or similar manufacturing methods or suppliers, for 
production efficiency. The coupling-based approach to modulariza-
tion detects modules by maximizing the coupling within the mod-
ules while minimizing the coupling in between the modules. The 
objective is to reduce the amount of interface management, allowing 
changes to one module without impacting others, and reducing re-
ciprocal interdependence between modules in order to minimize 
design feedback (Levitt, 2015; Thompson et al., 2017). 

In this paper, we follow the similarity-based approach and define 
the module in terms of component commonality. To this regard, the 
modular product design problem refers to the designation of any 
main component, such as volumetric elements and wall panels, that 
can benefit from standardized and reusable design in multiple pro-
jects. 

2.2. Module library development 

Due to the loosely-coupled nature of the project-based organi-
zation in conventional construction, design reuse remains an under- 
utilized source to improve project performance (Dubois and Gadde, 
2002). Industrialized construction has the opportunity to reuse de-
sign through the use of a module library of standardized products. 
The library can support the application of product platforms which 
contain common processes and technical solutions shared by mul-
tiple projects (Bonev et al., 2015; Jensen et al., 2014; Peltokorpi et al., 
2018; Jansson et al., 2014), so as to save the design cycle and lower 
production costs. However, current module libraries in the con-
struction industry do not apply any form of big data analytics for the 
development and assessment of design options in industrialized 
construction (Gbadamosi et al., 2020). These design options include 
the configuration of prefab modules, geometry and material of de-
sign parts and components, as well as alternative suppliers and 
manufacturers. Previous scholars study modules mostly by case 
studies (Peltokorpi et al., 2018; Viana et al., 2017) and identify the 
configuration of modules based on their experience and guidelines 
(Salama et al., 2017). To improve efficiency, there is an opportunity to 
apply a graph-based product modeling and graph database tech-
nology for module library management. 

2.3. Graph-based product modeling 

In computer science, a graph is an abstract data structure, con-
sisting of a finite set of nodes and a set of ordered or unordered pairs 
of edges. The structure may also be assigned with certain values to 
each node or edge, such as a categorical label or a numeric value. 

J. Cao, D.F. Bucher, D.M. Hall et al. Computers in Industry 139 (2022) 103659 

2 



More advanced graph structures, such as hypergraphs, contain edges 
that can connect any number of nodes. Although a graph can be used 
to represent complex engineering systems (Boccaletti et al., 2006; 
Zawiślak and Rysiński, 2017), there is little research studying graph 
modeling in industrialized construction. 

Existing research using graph-based modeling in building design 
is mostly limited to floorplans and spatial layouts (Wang et al., 2018; 
Wong and Chan, 2009; Strug et al., 2014; Nauata et al., 2020; Strug 
and Ślusarczyk, 2009). Few studies tested the graph representation 
at the granularity of the element level and how it could support 
module library development (Isaac and Navon, 2013). Khalili and 
Chua developed a graph-based modeling approach to group single 
precast elements into higher-level prefabrication assemblies (Khalili 
and Chua, 2013). They searched for all subgraphs exhaustively and 
filtered out the feasible configurations by constructability rules. 
Isaac et al. applied a clustering algorithm to detect optimal config-
urations of modules in a housing unit (Isaac et al., 2016). A hier-
archical clustering algorithm was also taken by Samarasinghe et al. 
to detect modules in mechanical, electrical and plumbing systems 
(Samarasinghe et al., 2019). However, the above approaches are 
based on a single project and detected modules which might not be 
representative for standardization needed in industrialized con-
struction. An increasing number of unique modules might deterio-
rate the production efficiency. In addition, the previous studies 
perform limited similarity analysis for model reuse. Gbadamosi et al. 
(2020) and Li et al. (2020) propose a semantic-based similarity 
analysis to retrieve BIM models. The structural similarity of module 
compositions is not taken into account. Last but not the least, most 
practices store those modules in a file-based system, without easy 
access for designers and manufacturers to edit, update, and reuse. To 
access the data locked inside the BIM tools, previous studies apply a 
DB link from software developers to export BIM data into a relational 
database and present domain-related operations as standardized 
SQL queries (Solihin et al., 2017). Other studies using RDBMS (rela-
tional database management system) develop a database structure 
to integrate data among different software (Solihin et al., 2017; Liu 
and Issa, 2012; Park and Cai, 2017; Wu et al., 2019). However, a re-
lational database is inefficient to store relationships between dif-
ferent elements. 

2.4. Graph database 

Compared with other types of database, such as relational da-
tabase, graph database explicitly builds the dependencies between 
nodes of data. This characteristic enables the representation of 
products exactly as they are in the 3D modeling environment or real 
life. For example, when designers search for similar products, the 
graph database can not only take into account the existence of 
components, but also the structures of the product. Other features of 
using graph database in terms of data structures, query languages 
and integrity constraints have been summarized by Angles (2012). 

Previous studies have introduced the methodologies to extract 
information from a BIM file (Hor et al., 2018; Ismail et al., 2017; 
Ismail and Strug, 2018; van Treeck and Rank, 2007; Isaac et al., 2016). 
However, BIM files are built upon a complicated hierarchical order 
and reference relationships. They also can contain redundant in-
formation. Processing multiple large-scale BIM files is still a time- 
consuming and error-prone task. Previous studies on BIM-to-graph 
transformation do not take into account geometric information 
(Ismail et al., 2017; Ismail and Strug, 2018), which is important for 
module design and manufacturing. Finally, the adjacency relation-
ships between elements are not explicitly defined in the BIM files. In 
this study, we build up an easy and user-friendly interface sup-
porting transformation from BIM into a graph database. The ele-
ments and their attributes can be extracted, and the adjacency 

relationships can be detected automatically. The graph database for 
a module library lay the foundation for design-related tasks. 

3. Graph-based module library approach 

In this section, the proposed graph-based approach for the 
module library development is described. The approach is composed 
of four key steps (Fig. 1):  

1. Determining the system boundary by selecting building elements 
and their attributes as inputs.  

2. Representing the selected module information as a graph and 
conducting the same process for all other modules concurrently.  

3. Importing graph data into the graph database.  
4. Performing graph-based applications, including common graph 

operations, and similar module retrieval. 

3.1. System boundary definition 

The categories of a module library in industrialized construction 
include volumetric modular, flat-pack and kit-of-parts, depending 
on companys’ business strategy (Pullen et al., 2019). To match dif-
ferent strategies, the system boundary is restricted in terms of three 
aspects: building types, elements types, and element attributes for 
the library development. Take timber panelized buildings as an ex-
ample. The input files are a collection of timber panels in different 
shapes. Each timber panel contains various types of elements, in-
cluding framing studs, wallboards, insulation layers, and metal fas-
teners. To simplify the representation of the product, users are able 
to select the elements “framing studs” as the important components. 
Finally, users can select dimensions, material properties, or cost of 
the studs as the element attributes. The selected information is 
stored in a graph database for similar model retrieval and project- 
related queries, such as cost estimation. 

3.2. Graph representation 

The library is built upon the graph representation of selected 
elements. The graph model has the capacity to represent building 
elements at different levels of detail and at different stages of the 
process (Ślusarczyk et al., 2017). In this study, we apply a labeled 
attributed graph to represent each module, as well as its 

Fig. 1. A approach supporting the development of the module library.  
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components. For example, a timber panel contains studs, headers, 
sills and fasteners. Let us first define a labeled attributed graph. 

Definition 1. A labeled attributed graph over the node set (N) and 
the edge set (E) is a system =G (N, E, L , A )N N , where:  

• N is the node set, representing a set of single building elements.  

• E is the edge set, representing a set of relationships between 
elements, such as adjacency relationships.  

• LN is the label of the node, representing the distinct category of 
building elements, such as exterior walls.  

• AN is the attributes of nodes, representing the properties of the 
building elements, such as cost. 

In order to build such a graph structure, a web-based tool is 
programmed in the present research. The tool is written in Javascript 
using Autodesk Forge, a cloud-based development platform for BIM 
data manipulation, and perform three main operations for the de-
fined graph, including node identity extraction, node similarity 
analysis and edge identity detection. 

3.2.1. Node identity extraction 
This step is aimed to define node identity for graph representa-

tion. A node in a graph refers to a single building element, and node 
attributes refer to its properties. An element in BIM involves a large 
sum of information, including unique element IDs, geometries, lo-
cations, material properties, etc. Through a developed UI (Fig. 2), 
users are able to visualize all element categories within the project. 
Once a category is selected, the related properties can be further 
chosen for extraction. Besides, the interface also enables users to add 
new attributes for other applications. For example, the assembly 
sequence of a module that is not usually modeled in original design 
files can be stored as node attributes to facilitate module assembly. 

3.2.2. Node similarity analysis 
Building elements in different projects might share similar 

properties. For example, a timber stud with a length 1 meter is si-
milar to a stud with a length 1.1 ms. The component similarity has a 
large effect on construction cost and schedule performance (Staub- 
French and Nepal, 2007). To quantify the variations of element types, 
we first compute commonality among elements by establishing a 
common node identity. This step is to compare nodes by in-
corporating properties into a similarity analysis. We apply K-Means 

clustering to determine the distinct element types. K-means is an 
unsupervised learning technique to partition n observations into K 
clusters in which observations belonging to a cluster are similar to 
each other. Then, the elbow method is used to decide the optimal 
number of groups (K). Finally, the elements within each group are 
considered as the same element and renamed as a sub-category. The 
results can be checked by users and updated as well. In this way, we 
promote product standardization at the element level. Fig. 3 shows 
an example of clustering analysis for panel components, which are 
categorized based on element length and type. For instance, there 
are three “2 × 8 SILL” instances, which are further classified into two 
groups, namely 2.1 and 2.2 by length. 

3.2.3. Edge identity detection 
The goal of this step is to define the edges of a graph. An edge 

between a pair of nodes refers to a connection between two ele-
ments. The previous study defines three types of connections be-
tween building components, including direct connections, indirect 
connections, and functional connections (Isaac et al., 2016). Con-
nection types can be specified as edge attributes for more precise 
graph representation. In this study, we apply a 3D collision detection 
algorithm to determine the spatial relationship (connected or dis-
connected) between components. The algorithm consists of the 
following procedures.  

1. Generating a bounding box for each element;  
2. Retrieving the minimal point (lower-left-rear corner of the box) 

and the maximal point (upper-right-front corner of the box)  
3. Iteratively implementing the logic equation between every two 

different bounding boxes as 

Fig. 2. The user interface of node identity extraction.  

Fig. 3. Node categorization by K-means.  
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Min Max , Max Minui vi ui vi

Where i refers to x, y, z coordinates of the minimal point and the 
maximal point. For example, Minux stands for the x coordinate of 
the minimal point of the bounding box u. If the equations are 
satisfied with regard to x, y, z, the two bounding boxes (elements) 
are connected. Otherwise, they are not connected.  

4. Returning an adjacency matrix of a graph. 

3.3. Graph database development 

Finally, the adjacency matrix is transformed into a graph struc-
ture, and the extracted element categories and properties are at-
tached to node labels and node attributes respectively. After the 
designs of BIM files are transformed into graphs, this next step is to 
store them in a graph database. In this study, Neo4j, a widely-used 
graph database, is set up for data storage. As Neo4j is a schema-less 
database, data stored on a disk is all linked lists of fixed-size records. 
More details about the database development are illustrated in  
Section 4.1 by an implementation. 

3.4. Graph database applications 

Once the database is developed, common operations, such as 
insertion, deletion, update and selection, can be implemented in 
Cypher query language to visit data efficiently. Cypher is like SQL a 
declarative, textual query language, but for graphs. Besides, custo-
mized functions can be developed for domain applications. To sup-
port module library reuse, we build a customized function to enable 
similar module retrieval based on graph similarity analysis. 

3.4.1. Common database operations 
Storing BIM data in the graph database has advantages over other 

database systems. First, the graph database can help create a better 
representation of the bill of materials from design and engineering 
data sources. Since a product is represented as a graph, the com-
ponents for manufacturing the product can be easily obtained by 
traversing all nodes of a graph, while RDBMS and other NoSQL da-
tabases typically see significant performance degradation when 
traversing data beyond three levels of hierarchical depth (Rathle, 
2020). Apart from the product data, the supply chain data, such as 
suppliers, customer data, such as claims, can also be stored as nodes 
and connected to the component nodes in the graph. With such a 
demand-product-supply view of BOM, the communication among 
sales teams, engineering teams, manufacturers, and suppliers can be 
sped up. Second, the graph database can help manage design 
changes. Changes in a construction project can occur during the 
design of building components. The changes can have direct impacts 
on the components which belong to the same system or indirect 
impacts on components which belong to different systems. The in-
terdependency between components can be represented as an at-
tribute of the edges. Once a component is revised, a real-time alert 
will be triggered to notify the users of the affected components, 
which are connected by the changed component. The functionality 
benefits the BIM users as BIM only offer visualization of the new 
model design without highlighting the components that are affected 
by the changed components (Moayeri et al., 2017). 

3.4.2. Graph similarity analysis 
In graph theory, two techniques can be used to conduct graph 

similarity analysis: 1. graph edit distance (GED) and 2. maximum 
common subgraphs (MCS). In this research, we use a GED-based 
similarity analysis. The graph edit distance is first proposed by  
Sanfeliu and Fu (1983). It is defined as the transformation from the 
input graph to the target graph by six operations, including insertion, 

deletion and substitution of nodes and edges. Mathematically, the 
GED is formalized as follows: 

Definition 2. The graph edit distance between graph G1 and graph 
G2 is defined as: 

= … =GED(G1, G2) min c(e )(e , , e ) P(G1,G2) i 1
k

i1 k (1) 

where P(G1, G2) refers to the set of operations transforming G1 to 
G2. Practically, it can embody the assembly operations needed to 
manufacture a product. The fewer operations needed, the more 
similar the two products are. To indicate the similarity clearly, the 
GED is further converted into the similarity score between (0,1]. The 
conversion is performed as: 

=
+

enormalized GED(G1, G2)

GED G G
G G

( 1, 2)
| 1| | 2|

2 (2)  

A widely used method to compute GED is A* algorithm (Riesen 
et al., 2007). However, the A* algorithm suffers from high memory 
consumption, as it explores all possible mappings between two 
graphs. The problem is even evident for large graphs. Considering 
the building assemblies usually contain many components, the GED 
computation might take a long time. Many improved solutions have 
been proposed in the literature. In this study, we apply an upgraded 
A* algorithm which uses a depth-first search strategy with less 
memory and computation time (Abu-Aisheh et al., 2015). The algo-
rithm is packed in the Python NetworkX. 

3.4.3. Similar module retrieval 
This function is to retrieve similar modules according to users’ 

input design. Modules with similar structures might serve for the 
same design intention. Compared with the traditional keyword 
search approach, the graph-based search can involve more structural 
information by taking advantage of the graph data structure. For 
prefabricated assemblies, not only the geometry data but compo-
nents data, such as the bill of materials (BOM), are crucial to de-
termine the similarity in terms of manufacturing cost and time. The 
retrieval is achieved by calculating the normalized GED score be-
tween the users’ input design with the modules in the library. The 
similar design is ranked by the GED score from high to low as output. 
Additionally, by calculating the GED scores, the pairs of modules 
with GED scores that exceed a threshold can be categorized as the 
same group. For mass customization, it is important for companies 
to manage the trade-off between the variability and economy by 
controlling the number of modules in the same category. 

For the effective reuse of modules in the database, the library also 
incorporates a multi-criteria similarity analysis according to users’ 
demands. In the case of complex modules, designers not only con-
sider the product structural similarity, but also building-related 
performances (e.g., cost, loading capacity, footprint, etc.) to satisfy 
local building regulations and project-specific requirements. Those 
performances can be derived from the element properties in the 
empirical formula. For example, the load capacity of a timber panel 
is one of the important design factors. The capacity is dependent on 
panel length, height, stud spacing, sheathing nail spacing, sheathing 
thickness, presence of drywall and opening, and different support 
conditions (Quayyum, 2020). With the properties stored in the da-
tabase, we can perform a parameter-based model to calculate load 
capacity for each panel. Then, the reuse query can be encoded as a 
vector of metrics that signify the preferred performance of the 
product. Final outputs of module candidates can thus be retrieved by 
mapping user queries to product properties. 

4. Test case 

In order to verify the validity of our proposed approach, we have 
developed a prototype system for a timber panel library (shown in  

J. Cao, D.F. Bucher, D.M. Hall et al. Computers in Industry 139 (2022) 103659 

5 



Fig. 4). The library is originated from an industrialized construction 
firm in the United States, mainly focusing on timber construction. 
Their projects consist of prefabricated timber panels, that are com-
bined in various configurations to create mass-customized buildings. 
The technical configurator (Fig. 5) is supported by a library of 3D 
models in Autodesk Revit, 2D engineering drawings in AutoCAD, and 
technical documents that define all relevant design regulations. 
Using the configurator, the architects can first define the space 
boundary and room partitions on a grid system. Then, they select 
panel types from the library and place them in panel slots. Finally, a 

structural analysis engine in the backend will check the design based 
on local building regulations. The prototype aims at supporting the 
panel library storage, sharing, and reuse. 

4.1. Complexity and relevance 

As a simple example, we select a timber-framed panel product 
for a test case. Timber prefabricated panels are an increasingly 
popular and utilized industrialized building system (Staib et al., 
2008). The panel consists of multiple parts and sub-assemblies, 

Fig. 4. Example of an existing timber panel library used by industrialized construction firm.  

Fig. 5. Example of a technical configurator for timber-panelized buildings.  
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making it a good case to demonstrate structural complexity. A high- 
level fabricated panel integrates structural frames, insulations, ser-
vices, vapor control layers, internal linings, doors and windows, 
joineries and claddings. In the test case, we limit the components of 
a panel to the structural frame. By doing so, we do not lose the 
generality because the structural diversity of panels mostly lies in 
the frame layout and geometry. To be specific, the stud type, mate-
rial, dimensions, and spatial relationship are studied in illustrated 
applications. For more complex building products, such as pre-
fabricated pods, more components and properties need to be taken 
into consideration. The design process requires collaboration among 
different trades. This might require data integration among different 
trades’ databases. 

4.2. System architecture and data model 

The global system architecture, as well as the data model were 
developed with a focus on modularity and exemplary characteristics. 
Specifically, we aim for a prototype that is reproducible by others 
and presents the main concepts of development in a simple way. 
Globally, the prototype was implemented with a three-tier archi-
tecture, using the relatively new mono repository (monorepo) ap-
proach. This provides for all applications and libraries to be 
contained in the same repository and benefits the development with 
easy dependency management. Changes can be easily verified across 
all affected parts of the system. Our prototype includes a frontend 
based on the Angular framework and the backend implemented in 
NestJS. We use a graph-based database solution, in our case Neo4J, 
connecting to the backend. It consists not of tables, but of the data 
nodes with the properties and the edges accounting for relations. 

Upon launching the platform, the backend ensures that the input 
model is retrieved from Autodesk Forge. The geometry and proper-
ties are processed and decoupled from each other. Geometry is ex-
tracted by Forge Viewer API and sent directly to the frontend, while 
properties are extracted by Forge Model Derivative API and im-
plemented by casting into the Parts class. Next, the generated objects 
are stored as nodes in the database. At this point, the edges between 
the nodes are not obtained yet. A 3D collision detection algorithm is 
performed to calculate the neighbors of the objects via the UUID 
(Universally Unique Identifier). Derived from this calculation, objects 
of the Relation class are created as two connected node pairs and 
added to the database. Finally, a complete graph representation has 

been created. Fig. 6 shows an example of timber panel model and 
corresponding graph representation. The backend can now access 
the data and perform design-related tasks. The frontend can connect 
the geometry to parts with relations for visualization and show the 
results of the processed tasks. Fig. 7 shows the system architecture 
and Fig. 8 shows the data processing workflow. 

4.3. Application and results 

The application tier of the prototype processes the main func-
tionalities. This research mainly paid attention to the design-related 
tasks, including the bill-of-materials (BOM) generation, identifica-
tion of impacts of design changes, and similar model retrieval. More 
application services, such as cost analysis, could be added to the 
prototype to support the module library reuse. 

4.3.1. Bill-of-materials generation 
The bill-of-materials (BOM) is the key to information systems 

within industrialized construction. A BOM can define a product as 
they are designed, as they are ordered, as they are built and as they 
are maintained. It acts as a bridge connecting islands of information, 
such as MRP (Material Resource Planning), ERP (Enterprise Resource 
Planning), and PDM (Product Data Management). Those systems 
share the same information as BOM with different views. 

In existing BIM applications, a BOM is generated by selecting 
element categories and filtering all individuals within those cate-
gories. In a large construction project, such an approach cannot 
automatically display the assembly-part relationship. For example, it 
is difficult for production managers to know which specific parts 
under the “stud” category are used in “Panel A205”, and further 
conduct quality inspection. By comparison, an assembly is stored as 
a graph and all associated components are stored as nodes. Fig. 9 
shows the manufacturing BOM of “Panel A205”, which comprises a 
collection of components, together with the required quantities. To 
support the production process, the BOM also contains product 
specifications, such as raw material, cutting length, etc. 

4.3.2. Identification of impacts of design changes 
Existing BIM applications are not capable of automatically 

manifesting the effect of a design change, unless the change violates 
a rigid constraint, such as a clash. As a result, designers need to keep 
the changes in mind and check the effects manually. Instead, with 

Fig. 6. Graph representation of a panel where nodes represent structural studs and edges represent connection relationships.  
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the graph model, the element dependencies, such as physical ad-
jacency, are explicitly represented and stored as edges. The de-
pendency modeling assists designers to identify the components 
affected by a proposed change. In this case, the panels comprise 
studs, headers, sills, plates, and fasteners. Changing any of the 
components will directly affect its nearby components. The effect 
can be indicated by the neighborhood of the changed node. A 
transaction will be implemented in the graph database to perform 
the changes made. The affected building elements can be visualized 
through the interface. As an example in Fig. 10, the size of the header 
(light blue) is changed, the studs on the top of the header and on the 
two ends of the header are affected and colored in red. If the change 
is made by mistake, the designers can easily recover the results 
committed by the transaction and maintain consistency with the 
data stored in the backend. 

4.3.3. Similar model retrieval 
The similar model retrieval in the existing product library is built 

upon the attribute-based approach. For example, a query like “a 
timber panel with an opening” takes material and architectural 
features into account. By matching the attributes given by users’ 
requests and product information, similar products are obtained. 
However, this approach does not consider the structural similarity 

and therefore is not efficient for complex assemblies analysis, such 
as framed panels. As a result, the same query will return all panels 
in Fig. 9. 

To demonstrate the proposed approach is effective to retrieve 
similar models, we attempt to set a target model and return a set of 
similar models. Fig. 11 provides a sample of the results. The panel 
models in the first column are used as targets, and a set of similar 
models from the library are retrieved in the following columns. In 
the first two rows, the targets are panels with window openings. The 
difference between the two targets is the window width. In the last 
two rows, the targets are panels with door openings. The difference 
is the door width. The type of the opening (window or door) and the 
width of the opening affects the stud framing of the panels. Espe-
cially around the opening area, a double stud is needed. To help 
users find the most similar models, the outputs are ranked based on 
the GED score (below) from high to low. In this study, we filtered out 
the outputs with GED scores lower than 0.6. From the results, it is 
clear that the retrieved models belong to the same types of target 
panels and share a similar structure and geometry. One thing needs 
to be noted. The threshold of GED score can be determined by users 
and is dependent on the model types. If we lower the threshold of 
GED score, the panels that belong to different types will be regarded 
as similar ones. However, this will not affect the search results. 

Fig. 7. System architecture.  
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5. Limitation and future research 

The study offers a novel graph-based approach for module library 
development. Previous studies neglect the importance of the reuse 
of the prefabricated modules due to the loosely coupled nature of 
construction projects (Dubois and Gadde, 2002). Industrialized 
construction shares a degree of repeatability and standardization 
(Bertram et al., 2019). Therefore, by developing such module li-
braries, industrialized construction firms can speed up their project 
development cycle and boost their productivity. To continue the 
research on product library development, we provide the following 
discussion on the limitations and future research. 

5.1. An industry product platform 

The industrialized construction industry is seeking a platform 
solution that can be deployed across multiple projects and sectors 
(Cao et al., 2021). This platform consists of a scalable module library. 
Previous studies demonstrated that a BIM product repository can 
simplify the design process and improve product efficiency 
(Gbadamosi et al., 2020; Nath et al., 2015). To support models’ 
storing, sharing, and reuse, this research builds upon a collection of 
BIM models and establish a graph-based approach. However, in our 
developed prototype, the library is limited to one specific company 
doing timber panelized construction. To achieve a supply-chain 

Fig. 8. Data processing workflow.  
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ecosystem to enable mass customization, a platform would need to 
be developed that enabled products from multiple companies to be 
added to this platform and shared with the industry. When com-
pared to existing product libraries such as NBS Library, the use of a 
graph-based approach can help recommend specific complementary 
products to help develop a module library. This idea is aligned with 
the “Platform Design Programme” initiated by Construction 
Innovation Hub. The industry participants can form an alliance and 
engage in the supply chain network. A decentralized framework can 
be utilized to build the industrial level platform (Jiang et al., 2021), to 
facilitate cross-enterprise information sharing among multiple sta-
keholders with transparency and security. In that case, when clients 
attempt to launch industrialized buildings on the platform, they can 
easily retrieve the manufacturing quote, as well as an estimated 
production schedule, from different companies. 

5.2. Product variety derivation and auditing 

An increasing number of unique modules in the library might 
deteriorate product efficiency. In this research, we conduct a similar 
model retrieval to compare the new design with the existing ones. If 
a high degree of similarity exists, the new design will not be added 
to the library as a unique module to maintain economies of scale. 
Furthermore, if a firm has completed multiple projects and wishes to 
reduce the number of unique modules, they can use the model re-
trieval to audit their existing library. When several modules de-
monstrate similarity, this can facilitate a structured and data-driven 
conversation about which modules to keep and which to remove 
from the library. 

For a company that wishes to begin the development of a module 
library (or to begin a new product line), there is an opportunity to 

Fig. 9. The manufacturing BOM of the panel “A205”.  

Fig. 10. The red studs are affected when the blue header is changed [the model view (left) and database view (right)].  
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automate the development of new modules with increasing product 
variety. Previous studies have demonstrated the graph-based mod-
eling can be used for automatic product variety derivation, but most 
are limited in the floor plan generation (Wang et al., 2018; Wong and 
Chan, 2009; Strug et al., 2014; Nauata et al., 2020). To extend the 
application to the modular building design, graph grammars can be 
implemented on the graph represented modules as future research. 
The graph grammars denote a series of graph transformations from 
base products to a set of distinct end products. The typical trans-
formations include attaching, removing, swapping and scaling (Du 
et al., 2002) existing modules. These grammars will be triggered by 
the customer-selected product features or project requirements. As a 
result, a quick response to the clients’ needs can be generated by 
configuring modules from the library. 

5.3. Multi-criteria reuse analysis 

For the module library reuse in new projects, multiple decision- 
making factors need to be considered, such as cost, lead time of 
production, etc. for different project settings. Other performance 
simulations can be added with a similar approach, such as LCA 
analysis (Hollberg et al., 2020). This lightweight solution replaces the 
process of importing CAD models into authorized software for 
running simulation. As a result, it mitigates error-prone data ex-
change and unnecessary remodeling. However, we do not explore an 
optimal module selection under multiple criteria, especially among 

different types of modular products, such as timber panels versus 
volumetric modules. For volumetric modules, there exist different 
decision-making factors affecting the module selection (Hwang 
et al., 2018). Therefore, to facilitate module library reuse, the next 
step is to build a recommendation system incorporating key deci-
sion-making factors for industrialized building design. It is beneficial 
for clients to be notified of the optimal product when there exist 
hundreds of product choices. 

6. Conclusion 

Industrialized construction offers a faster completion time, better 
quality and is more environmental-friendly than traditional con-
struction (Ferdous et al., 2019), especially for projects with a degree 
of standardization. An increasing number of stakeholders adopt this 
approach by delivering their projects from design to manufacturing 
and assembly. Modular products owned by industrialized con-
struction firms is a set of prefabricated components, including vo-
lumetric modules, flat-packs and kit-of-parts (Pullen et al., 2019). 
Although the categorization of modules (Gosling et al., 2016), as well 
as a variety of modules’ designs (Liew et al., 2019; Lawson and 
Ogden, 2008), have been illustrated in previous studies, the appli-
cation of a module library is not being deployed at scale. Not all 
clients are aware of using them crossing multiple projects. One of 
the significant reasons is a lack of a sharable industry product 
platform where stakeholders can easily obtain modules and adapt 

Fig. 11. Similar panels retrieval based on GED score calculation.  
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them to new project settings. As a result, modules are mostly de-
veloped project by project, losing the benefits of economies of scale. 

To enable the adoption of industrialized construction by a greater 
segment of the industry, this research proposes a graph-based ap-
proach based on the BIM environment to support the storage, 
sharing and reuse of the module library. This paper attempts to 
make several contributions to the literature. Most importantly, we 
apply a graph database for module library development. A collection 
of modules can be stored as graphs in the database. Graph modeling 
has been used in many applications related to project design and 
control, such as floor planning, space navigation and modular design. 
Considering those applications are usually built independently and 
supported by different systems, the development of a graph data-
base for module library will facilitate those applications in terms of 
common information management. Besides, to support module 
reuse in future projects, we create three application scenarios where 
a module library can be used for design-related tasks, including BOM 
generation, identification of impacts of design change, and similar 
module retrieval. Finally, a prototype system built upon web tech-
nology is developed and implemented in a timber panel system of an 
industrialized construction firm. This makes the first step towards 
the development of a shared, industry-wide product platform for 
mass customization. 
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