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Abstract 1]

Abstract

To enhance the standardization of prefabrication, modular design oriented to Design
for Manufacturing and Assembly (DfMA) has been widely adopted in the Architecture,
Engineering, and Construction (AEC) industry in recent years by designing integrated
volumetric modules instead of individual building components for prefabrication and
on-site installation. However, the oversized or overweight modules escalate logistical
challenges, which in turn adversely affect design flexibility, cost control, and
environmental sustainability. Furthermore, standardization leads to a significant
amount of repetitive design work. To narrow these gaps within the context of
prefabricated frame-tube structures, a new design approach is proposed through
modularization and automated transformations, both of which are based on Building
Information Modelling (BIM). In BIM-based modularization, a modularized floorplan is
designed to derive different component-level floorplans that enable designers to
combine both volumetric modules and individual components. These component-level
floor plans are preliminary, while complete component-level floor plans are further
generated through automated transformations, for which a design workflow is
established. In this workflow, building information is initially automatically extracted
from Industrial Foundation Class (IFC) files, further processed, stored in a graph data
model, and retrieved using a graph database. After analyzing and integrating the data
through established transformation rules, an automated BIM-based transformation
scheme is generated. The design of a prefabricated residential building is presented
as a case study to verify the BIM-based modularized design process and the
automated design workflow, and finally, it implements automated transformations by
developing a prototype in the BIM authoring tool. This proposed approach can enhance

design standardization and design efficiency for prefabricated frame-tube structures.
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Zusammenfassung

Um die Standardisierung der Vorfertigung zu verbessern, hat sich die DfMA-orientierte
Modulbauweise in den letzten Jahren in der AEC-Industrie durchgesetzt. Dabei
werden integrierte volumetrische Module anstelle einzelner Gebdudekomponenten fur
die Vorfertigung und die Installation vor Ort entworfen. Die Ubergrof3en oder
Ubergewichtigen Module stellen jedoch eine grol3e logistische Herausforderung dar,
was sich wiederum negativ auf die Flexibilitat des Designs, die Kostenkontrolle und die
Okologische Nachhaltigkeit auswirkt. Dartiber hinaus fuhrt die Standardisierung zu
einem erheblichen Anteil an sich wiederholender Entwurfsarbeit. Um diese Liicken im
Zusammenhang mit vorgefertigten Rohrrahmenkonstruktionen zu schlie3en, wird ein
neuer Entwurfsansatz durch Modularisierung und automatisierte Transformationen
vorgeschlagen, die beide auf BIM basieren. Bei der BIM-basierten Modularisierung
wird ein modularisierter Grundriss entworfen, um verschiedene Grundrisse auf
Komponentenebene abzuleiten, die es den Designern ermdéglichen, sowohl
volumetrische Module als auch einzelne Komponenten zu kombinieren. Diese
Grundrisse auf Komponentenebene sind vorlaufig, wahrend vollstandige Grundrisse
auf Komponentenebene durch automatisierte Transformationen generiert werden, fur
die ein Planungsworkflow eingerichtet wird. In diesem Workflow werden die
Gebaudeinformationen zunachst automatisch aus IFC-Dateien extrahiert,
weiterverarbeitet, in einem Graphdatenmodell gespeichert und Uber eine
Graphdatenbank abgerufen. Nach der Analyse und Integration der Daten durch
festgelegte  Transformationsregeln wird ein  automatisiertes BIM-basiertes
Transformationsschema erstellt. Der Entwurf eines vorgefertigten Wohngebéaudes wird
als Fallstudie vorgestellt, um den BIM-basierten modularisierten Entwurfsprozess und
den automatisierten Entwurfsablauf zu verifizieren, und schlieRlich werden
automatisierte Transformationen durch die Entwicklung eines Prototyps im BIM-
Authoring-Tool implementiert. Der vorgeschlagene Ansatz kann die Standardisierung
des Entwurfs und die Effizienz des Entwurfs fir  vorgefertigte

Rohrrahmenkonstruktionen verbessern.
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1 Introduction and Motivation

As industrial technology matures, prefabricated buildings have become the core
product of construction industrialization. The prefabricated building features mass
production of precast building components in the off-site factory for on-site assembly
(Araz et al.,, 2019; Kim et al., 2015). Compared to cast-in-place construction,
prefabricated construction offers advantages such as reduced energy consumption,
shorter construction periods, and lower labour costs (Jaillon et al., 2014; Li et al., 2014;
Qi et al., 2018). Therefore, numerous countries have implemented policies to promote
it in facilities with standardized structures (Li et al., 2023). The frame-tube structure is
one of the widely used structure types in prefabricated buildings (Zhang et al., 2018;
Bian et al., 2022; Li et al., 2023).

1.1 Introduction

In the realm of prefabricated buildings, the design phase significantly influences up to
80% of the operating costs throughout the building’s lifecycle (Kovacic et al., 2015). To
ensure the above-mentioned benefits of prefabricated buildings, the concept of
manufacturing, incorporating requirements for manufacture and assembly into early-
stage design, known as DfMA, has been borrowed by the AEC industry (Gao et al.,
2020; Lu et al., 2020). However, as a novel design paradigm within the AEC industry,
the specification of DfMA has been underwhelming. Currently, due to a lack of
knowledge regarding manufacture and assembly, the designers primarily rely on
traditional cast-in-situ building design systems, resulting in prefabricated components
that are often oversized, overly diverse, and lacking reusability (Huahai et al., 2019).
This, in turn, complicates subsequent tasks such as mould creation, fabrication, and
installation, ultimately leading to unnecessary additional costs. Thus, a standardized

design process plays a pivotal role in prefabricated buildings.

Standardization revolves around the permutation and combination of different generic
units with as few specific dimensions as possible, yielding a wide array of adaptable
functions and appearances. Within the hierarchy of standardization, modularization
stands out at the highest level (Tatum et al., 1987). While the concept of modularization
initially gained traction for systems or complex products in mechanical manufacturing,

it has since been embraced in the AEC industry to streamline the building design and
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construction process (Huahai et al., 2019; Nascimento et al., 2016). One case is the
adoption of a new off-site construction technology known as Prefabricated Prefinished
Volumetric Construction (PPVC) or Modular Integrated Construction (MIC). It
prefabricates volumetric modular systems in the factory instead of previous panel
systems for on-site installation (Kamali et al., 2017; Wuni et al., 2019). Each volumetric
module therein is an independently operable unit, i.e., a self-contained functional
assembly of individual building components designed for use with other such
assemblies. However, given project planning, schedules, and costs, the production,
transport, and installation of these volumetric modules are limited by their own size,
span, and weight (Tak et al., 2020; Hwang et al. et al., 2018; Laovisutthichai et al.,
2021). Consequently, despite high standardization, the volumetric modular systems
are not the optimal choice for prefabrication. To date, few researchers have explored
modularization as a design strategy to promote the standardization of prefabrication.
This strategy allows for hybrid prefabrication of the volumetric modules and individual

components.

A modern building design cannot be achieved without the support of digitalized
technology (Ma & van Ameijde, 2022). As one of the digital tools, BIM provides an
integrated approach that incorporates parametric elements of the building’s lifecycle
(Park, 2011). It is therefore advocated to digitize the modularized design process into
BIM. By applying BIM authoring tools, designers can parameterize design modules as
spatial placeholders and later replace each of them with prefabricated volumetric
modules and prefabricated components with intelligent properties that dynamically
respond to changes. The reuse of design modules or combinations of design modules
can promote the reuse of prefabricated volumetric modules and prefabricated
components. With the predefined parameters and relationships between modules, a
standardized prefabricated building model is generated. Moreover, the Industrial
Foundation Class (IFC), as a vendor-neutral BIM standard, provides an object-oriented
and semantic data model for storing and exchanging building information (Tang et al.,
2020). The geometric and semantic information of the prefabricated building extracted

from IFC files can support further automation in the design generation.

To further analyze and utilize the modularized building information obtained from IFC
files, some form of representation is required. The graph has been acknowledged as
an adequate representation of complex data structures (Robinson et al., 2015). One

popular form of graph data model is the property graph, which consists of vertices,
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edges, and their attributes (Foote, 2022). Based on graphs, the emerging graph
databases facilitate the storage and querying of data and their complex internal
relationships (Angles, 2012). Specifically, neo4j is one of the main current graph
database frameworks based on property graphs (Saad et al., 2023; Van et al., 2023).
Data retrieved from graph databases are analyzed and integrated for further BIM-
based building design.

Developing construction-centric BIM through manual modelling is both time-consuming
and error-prone (Liu et al., 2018). Therefore, secondary development of BIM is used
for automated modelling. The repetitive use of prefabricated modules or prefabricated
components is accompanied by repetitive design tasks, such as transformations. Plug-
ins for BIM can address domain-specific needs (Saad et al., 2022), which in this study
are automated transformations after integrating and analyzing graph data to generate

complete standardized floor plans for frame-tube structures.

1.2 Thesis Scope

The thesis endeavours to devise a systematic approach to the standardized design of
prefabricated frame-tube structures. The primary aim of this thesis is to explore and
establish a BIM-based design process through modularization and automated

transformation in the context of frame-tube structures.

A key objective is to demonstrate the viability and benefits of incorporating digital
technologies, especially BIM, into modularization and transformation. This involves the
use of BIM for enhancing the standardizing and efficiency of the design phase, a stage
that significantly impacts the operational costs throughout a building’s lifecycle. The
modularization focuses on the integration of standardized, reusable, and parametric
design modules into architectural design to address a critical gap in the current design
practices within the AEC industry. Central to automated transformation is the
development of an automated design workflow, which leverages the extraction of
building information from IFC files, processes this data to create a graph data model,
and utilizes graph databases for efficient retrieval and analysis. Finally, the automated

transformations can be implemented by developing a plug-in for the BIM authoring tool.

Through this thesis, it is anticipated that a more streamlined, cost-effective, and
environmentally sustainable approach to standardized prefabricated building design
will be established, setting a precedent for future projects and studies in this rapidly

evolving field.
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1.3 Thesis Structure

The rest of the paper is organized as follows. Chapter 2 conducts related work on this
study. Chapter 3 describes the modularized design process. By configuring
customized design modules, customized standard space units, customized
modularized floorplans, and customized space unit division schema step by step, the
component-level floorplans can be initially generated. In addition, based on this design
approach, the subsequent design can be automatically completed in the following
chapters. Chapter 4 describes the automated design workflow for automated
transformations. Firstly, building information regarding modules and building
components is extracted from the existing IFC file. Following this, data are further
processed to build a property graph. After the graph is generated, the graph-structured
data is retrieved with a graph database. To this end, data regarding automated
transformations are analyzed and integrated for the implementation of design
automation. In Chapter 5, a case for prefabricated residential building design is
introduced to implement the design automation based on the design modularization.
With the developed prototype in the BIM authoring tool for the automated data
transformation, the complete floorplans of this case are automatically generated.

Chapter 6 concludes the whole thesis and discusses the future work.
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2 Related Work

2.1 Building Modular Design

2.1.1 Modular Buildings

Prefabricated building components are modularized in factories and then transported
to the construction site for installation (Kim & Park, 2013). Buildings generated through
this modular design approach are referred to as modular buildings.

There are several significant advantages to adopting modular buildings, including fast
construction speed, cost-effectiveness, and environmental sustainability. Modular
construction can reduce building time by up to 50% compared to traditional methods
(Xu et al., 2020). Cost savings are also significant in construction waste and improved
resource efficiency (Jaillon & Poon, 2009). Furthermore, modular construction's
contribution to sustainability is underscored by its ability to minimize on-site waste and

reduce the overall carbon footprint of building projects (Gibb & Isack, 2003).

Despite its advantages, modular construction faces several challenges. One major
limitation is the perception of lower quality compared to traditional construction
methods (Rausch et al., 2020). Intra-module and inter-module connections play a key
role in the overall performance and stability of the structure (He et al., 2023) and are
therefore a major challenge in quality control of modular buildings. Additionally,
logistical challenges, such as the transportation of modules and the need for
specialized equipment for assembly, can pose significant constraints (Tam et al., 2004).
Moreover, architectural limitations in terms of design flexibility are highlighted.
Modularization can sometimes restrict creative freedom due to standardization (Parker,
2017).

In the future, modular construction will be closely integrated with technologies, such as
BIM and advanced manufacturing technigques can enhance precision in the fabrication

of modules and offer greater design flexibility (Xiao & Bhola, 2022).

2.1.2 DfMA-Oriented Modular Design

DFMA considers manufacturing early to shorten product development time and ensure

a smooth transition to manufacturing, resulting in faster time to market (Bayoumi, 1999).
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Products generated by DFMA can be quickly assembled from fewer standardized parts.
Parts are designed to be easy to manufacture and common to other designs. The core
principles of DfMA-oriented modular design involve optimizing the design for ease of
manufacturing and assembly. These principles are applied specifically in modular
construction, streamlining the design process (Lu et al., 2021).

DfMA-oriented modular design has found applications in various construction projects.
It is used in residential building projects, noting improvements in construction speed
and quality (Pan et al., 2012). The DfMA-oriented modular design enhances
construction efficiency and worker safety (Lu et al.,, 2017). It is also applied in
sustainable building projects, playing a crucial role in minimizing environmental impact
(Jaillon & Poon, 2009). The reduction in construction waste and improved cost-

effectiveness are key benefits (Tam et al., 2004).

Despite its advantages, DfMA-oriented modular design faces challenges. The adoption
of DfMA in the traditional construction industry faces resistance to change and the
need for skilled labor (Kamar et al., 2011). Increased capital costs in the early adoption
phase and designers' lack of manufacturing knowledge also limit the use of DfMA in

projects (Gao et al., 2020).

Future research should focus on further integrating technology, such as BIM, to
enhance the effectiveness of DfMA in modular construction (Dong et al., 2023). DfMA-
oriented modular design represents a significant step forward in modern construction
methodologies, offering efficiency, sustainability, and cost savings. While challenges
remain, ongoing advancements and research continue to broaden its applications and

effectiveness.

2.2 Prefabricated Frame-Tube Structure

The concept of prefabricated buildings with frame-tube structures has garnered
significant interest in the construction industry due to its efficiency, strength, and
sustainability. The frame-tube structure in prefabricated buildings is a composite
system combining a rigid frame with a central tube. A comprehensive overview of the
structural engineering principles behind this design is provided, emphasizing its ability
to resist lateral loads effectively (Taranath, 2010). The optimal design of high-rise

buildings uses tube structures (Sarkisian, 2016).

Prefabricated buildings with frame-tube structures offer numerous advantages. The
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efficiency and speed of construction are achieved through prefabrication, which has a
positive impact on project timelines and cost management (Lawson et al., 2014). Also,
prefabricated buildings with frame-tube structures have a positive impact on
sustainability, including material efficiency and reduced environmental impact
(Chudley & Greeno, 2018).

The integration of advanced technologies like BIM has further enhanced the
construction of these structures. BIM optimizes the design and fabrication process of
prefabricated frame-core tube structures (Eastman et al., 2011). The application of BIM
facilitates collaboration and streamlining workflows in prefabricated construction
projects (Darko et al., 2020).

Despite their benefits, prefabricated frame-core tube structures face certain challenges.
Due to the complexity of the structural system and the lack of tools, the schematic
design of framed tube structures is a difficult task that relies on the experience and
domain knowledge of specialists (Fei et al., 2022). Traditionally, senior engineers with
sufficient design experience and knowledge are responsible for manually developing
the schematic design based on the layout, height, seismic risk, and wind loads, laying
the groundwork for subsequent design phases. Additionally, planning and coordination

are important to mitigate potential issues (Hamid et al., 2008).

Recent innovations in this field have focused on enhancing structural performance and
adaptability. The integration of green building concepts in frame-core tube structures
promotes environmental sustainability (Yeang, 2007). The potential of smart
technologies and loT enhances the functionality and adaptability of prefabricated
buildings (Casini, 2016). Prefabricated buildings with frame-core tube structures
represent a significant advancement in modern construction, offering benefits in terms
of efficiency, strength, and sustainability. While challenges exist, ongoing innovations

and technological integration continue to enhance their application and performance.
2.3 BIMin Building Design

2.3.1 BIMin Prefabricated Building Design

BIM is a digital representation of a building's physical and functional characteristics. It
has gained prominence in recent years for its potential to enhance the efficiency and
effectiveness of the design and construction processes in the context of prefabricated

building projects.
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BIM technology has found extensive applications in various aspects of prefabricated
building design. BIM has been utilized to create detailed 3D models of prefabricated
components, facilitating accurate assembly and coordination during construction (He
et al.,, 2021). Additionally, BIM has been utilized for clash detection and resolution
(Wang et al., 2018), ensuring that prefabricated elements fit seamlessly into the overall
structure. The adoption of BIM technology in prefabricated building design offers
several significant advantages. Firstly, it enhances collaboration and communication
among project stakeholders (Xiao et al., 2022), leading to improved project outcomes.
Secondly, BIM enables accurate cost estimation and scheduling, resulting in cost-
effectiveness and efficient project management (Chen et al., 2019). Furthermore, it
enhances design flexibility and customization of prefabricated elements (Cui et al.,
2020).

Despite its benefits, BIM in prefabricated building design faces challenges. One key
limitation is the initial investment required for BIM implementation (Sompolgrunk et al.,
2023). Additionally, data interoperability issues between different BIM software
platforms can hinder seamless collaboration (Aldegeily, 2018). Moreover, the learning
curve associated with BIM adoption can be steep for some construction professionals
(Ullah & Witt, 2019).

The future of BIM in prefabricated building design is promising, with ongoing
technological innovations. Integration with augmented reality (AR) and virtual reality
(VR) technologies can provide immersive design and construction experiences (Panya
et al., 2023). Furthermore, the use of artificial intelligence (Al) in BIM can enhance

decision-making and automation in prefabricated construction (Zhang et al., 2022).

2.3.2 Information Extraction from IFC

IFC is an open and standardized data model used to describe, exchange, and share
information typically utilized in the BIM process (Laakso & Kivininiemi, 2012). Various
methodologies have been developed to extract information from IFC for different
purposes. An approach uses a model server for IFC data, enhancing data retrieval and
management (Beetz et al., 2005). Meanwhile, automated information extraction is used
for compliance checking, using rule-based methods to parse IFC files (Beach et al.,
2015). Recent advancements in IFC data extraction emphasize automation and
efficiency. Advanced algorithms for automated data extraction can significantly

improve the accuracy and speed of the process (Solihin & Eastman, 2015). Additionally,
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machine learning techniques are used to enhance the automation of data extraction
from IFC files (Su & An, 2021).

One of the primary challenges in extracting information from IFC is data complexity
and volume. The difficulties in handling the extensive and intricate data within IFC files
can hinder efficient data processing (Tanyer & Aouad, 2005). Similarly, the challenges
in semantic data extraction exist due to the complexity of IFC schemas (Pauwels &
Zhang, 2015). In addition, interoperability remains a key issue in the context of IFC
data extraction. So far, only a few parsers/tools are available for parsing the most
popular IFC STEP physical format (IFC-SPF). At the component level, there are only
three free IFC parsers/tools available (Ma & Liu, 2018), including IFC Engine DLL,
IfcOpenShell (Mulero-Palencia et al., 2021), and xBIM Toolkit (Zhu et al., 2023). Other
higher-level tools are also available, such as BIMServer (Moyano et al., 2021) and
IfcWebServer (Pan & Zhang, 2021). The challenges ensure that IFC data can be
seamlessly integrated and utilized across different software platforms (Underwood &
Isikdag, 2009). The integration of IFC with other data formats can improve

interoperability in BIM processes (Nandavar et al., 2018).

2.3.3 BIM Extension and Customization

With technological advancements, secondary development of BIM has become a key
means to achieve customized solutions and enhance project efficiency. Common BIM
secondary development tools include Revit Application Programming Interface (API)
(Jin & Gambatese, 2019) and Dynamo (Divin, 2020). Some auxiliary tools used for
Revit secondary development are such as Visual Studio, Revit SDK, Revit, Revit Look
up, and AddinManager. The Revit SDK is highlighted as the official software
development kit for Revit, containing help documentation for the Revit API and
examples with source code (Wang & Hu, 2022). These tools enable developers to
create custom plugins and applications to extend the functionality of BIM software. BIM
secondary development primarily utilizes technologies such as the .NET framework
and the C# programming language (Chen et al., 2016). These technologies support
developers in building complex algorithms for data management and automation in

design.

There are three applications for BIM secondary development. Firstly, custom tools
enable project managers to track progress more effectively, allocate resources, and

control costs (Edenhofer et al., 2016). Secondly, secondary development facilitates
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design automation, such as automatically generating construction drawings and model
analysis, significantly improving design efficiency (Kim,2018). A plugin for quantity
calculation is developed based on Revit APL.dIl, Revit APIULdIl, and other interfaces
for Revit, implementing an external command for quantity calculation through
secondary development (Zhang et al., 2022). Thirdly, integrating various data sources
and applications ensures seamless information flow and better project collaboration
within projects (Parn & Edwards, 2017). The Revit API is being used to derive the
parameter data from the Revit model to carry out calculations for analysis and study
on the feasibility of using the Revit API to draft the personnel evacuation program (Fan,
2020).

2.4 Graph in Building Design

2.4.1 Graph, Graph Theory and Graph Database

The integration of graph theory and graph databases in building design and analysis
represents a significant advancement in the field. Graphs provide a powerful tool for
modelling complex relationships and structures, which is essential in architectural
design processes. Graph theory offers a conceptual framework for understanding and
designing the spatial structure of architectural designs. A foundational perspective on
graph theory is used in analyzing architectural spaces, particularly through space
syntax (Hillier & Hanson, 1989). The graph-based analysis is also applied in urban
design and the planning process (Turner, 2007). Graph databases have begun to find
applications in managing architectural data. Graph databases can enhance BIM
effectiveness (Eastman et al., 2011). There is potential for using graph databases to

improve data retrieval and management in BIM processes (Pauwels & Terkaj, 2016).

Graphs provide powerful tools for visualization and simulation in architecture. Graph
theory underpins much of the computational design and simulation (Kalay, 2004). The
collaborative nature of architectural projects benefits significantly from graph theory
and databases. The graph databases enhance collaboration among architects,
engineers, and builders, particularly in large-scale projects (Janssen, 2006). Graph-
based data structures improve interoperability among different software used in

architectural projects (Ramonell et al., 2023).

Despite their benefits, the application of graph theory and databases in architecture

faces challenges. Implementing graph-based systems in architectural design is
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complex (Sengupta, 2011). Future research is likely to focus on integrating advanced
computational methods, like machine learning and Al, with graph-based systems in
architecture (Kepczynska-Walczak, 2016).

Graph theory and graph databases offer significant potential in transforming
architectural design, analysis, and collaboration. Their ability to model complex
relationships and structures makes them invaluable in the architectural field. Future
advancements in this area are expected to further enhance the efficiency, precision,
and creativity in architectural practices.

2.4.2 From IFC to Graph

The transition from IFC to graph-based representations in BIM signifies an
advancement in handling, analyzing, and visualizing construction data. Converting IFC
data into graph-based models offers numerous advantages in terms of data
management and processing. A graph-based approach to IFC data merging has been
proposed that emphasizes the complete preservation of relationships between IFC
entities in graphical data structures. This approach is essential to maintain the integrity
of data relationships during the merging process (Zhao et al., 2020). An interface was
developed to convert 2D floor plans into IFC graphic structures. This development
enhances the case library of architectural graphics and provides architects with a more
comprehensive architectural design and planning tool. The interface bridges the gap
between traditional floor plan design and modern IFC graphic structures (Heger &
Napps, 2023).

Graph databases can represent IFC data more efficiently, making querying and data
processing easier (Khalili & Chua, 2015). Data accessibility and usability are improved
in practical applications and methods of this conversion (Zhu et al., 2023). Furthermore,
graph-based models significantly enhance BIM functionality, especially in data
visualization and interaction. The graph databases facilitate better visualization and
interaction with BIM data, resulting in more efficient project management (Gradisar &
Dolenc, 2021). Building information models are integrated with monitoring data using
graphical data management systems and IFC standard. The focus is on creating an
efficient database management system that supports the integration and
interoperability of different information models, which is critical for higher-level cyber-

physical systems (GradiSar & Dolenc, 2021).

The transition from IFC to graph models is complex. There are technical difficulties in
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accurately mapping IFC models to graph structures (Chen, 2019). In addition, ensuring
data integrity and consistency during the conversion process is also challenging
(Barzegar et al., 2021). Research has been conducted to simplify the complex structure
of IFC graphs, which are a combination of various graph types such as tree and
network structures. However, it is a challenge to accurately interpret these complex

structures to effectively extract and utilize building information (Zhu et al., 2023).
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3 Modularized Design Process

The proposed modularized design process is initiated in the early design planning
stages, as illustrated in Figure 3.1.

Module
Dedicated Modules Tube Modules Corridor Modules
y L \J
Space Unit
Standard Space Units Tube Space Unit Corridor Space Units
¥
Unit Unit
Modularized Floorplan
Tube Units
Tube Units
Corridor Units Space Unit Division Space Unit Division
Schema 1 Schema 2
Corridor Units
Source Standard
functional Units
Y
Objective Standard Source Component-Level Objective Component-Level Objective Standard
functional Units o Floorplan Floorplan - functional Units

Figure 3.1. Modularized Design Process for Prefabricated Frame-Tube Structures

As illustrated in Figure 3.1, a modularized floorplan is generated in the design process
before the generation of component-level floorplans. Design modules are the basic
elements for generating the modularized floor plan. Different design modules make up
different space units, and then different space units make up the modularized floorplan.
For generating a component-level floorplan, the space unit division schemas are
formed depending on the modularized floorplan. In conjunction with different building
units, the space unit division schema can further generate the preliminary component-

level floorplan.
3.1 Design Module

3.1.1 Design Module Definition

In architectural design, design modules function similarly to "Lego" bricks, which are
capable of being assembled into complex structures of varied configurations (Cao et

al., 2022). These design modules serve as preliminary schematics of the design.
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From a technical perspective, design modules are conceptualized as spatial element
proxies during the planning phases. Afterwards, each design module is systematically

substituted with definitive building components to refine and elaborate the floor plan.

3.1.2 Design Module Feature

Shape: The shape of design modules is uniformly specified. All the design modules
are shaped as rectangles in cross-section to form the regular layout of the floor plan.

Dimension: Design modules under the same class can have different dimensions.
Designers tailor the sizes of design modules to suit distinctive design projects, taking
some considerations such as too large a size restricting the possibilities of spatial
configurations and too small a size creating too many joints. With BIM authoring tools,
design modules can be parametrized as elements. Each design module is driven by
parametric dimensions, including length, width, and height. When changing the value

of a parametric dimension, the design module resizes accordingly.

Quantity: Only repeated use of design modules of the same size in one floor plan can
contribute to the reuse of prefabricated components. Modularization needs to ensure

design variety while increasing the number of design modules of the same size.

Elevation: Design modules are configured on a separate level. Vertically, they are
located below all building elements. The elevation of the module is usually the lowest

level that houses the building components.

3.1.3 Design Module Classification

The floor plan of a prefabricated building with a frame-core tube structure can be
divided into three kinds of units: the tube unit, the corridor unit, and the standard
functional units. Correspondingly, in modularization, design modules are organized
into three main classes: tube modules, corridor modules, and dedicated modules. The
dedicated modules are subclassed into basic modules and conjunctive modules.
Design modules of the same class are combined to form specific space units, which
are spatial placeholders for specific building units. The three classes of design modules

are described as follows:
- Tube module

Tube modules are used to assemble the tube space unit, which is the spatial

placeholder for the tube unit of the component-level floor plan. An example of the
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configuration process related to tube modules is illustrated in Figure 3.2.

Tube Modules Tube Space Unit Tube Unit
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Figure 3.2. Configuration Process related to Tube Modules
- Corridor modules
Corridor modules are used to assemble the corridor space unit, which is the

placeholder for the corridor unit of the component-level floor plan. An example of the

configuration process related to corridor modules is illustrated in Figure 3.3.

Corridor Modules Corridor Space Unit Corridor Unit
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Figure 3.3. Configuration Process related to Corridor Modules

The walls and doors illustrated in the corridor unit of Figure 3.2 are shared parts of the
tube unit or standard functional units and, therefore, do not appear repetitively in the

complete floor plan.
- Dedicated Modules

Dedicated modules are used to assemble standard space units, which are spatial
placeholders for standard functional units of the component-level floor plan. Dedicated
modules are the critical design objects in modular design. They are configured for the
main objectives of modular design: Firstly, to promote the reuse of prefabricated
components, dedicated modules of the same size are reused. Secondly, to increase
the multiplicity of standard space units, dedicated modules of varied sizes are

combined. Thirdly, to generate an adaptable floor layout, different standard space units
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are reused and integrated in a well-organized manner, and further to this, without
changing the dimension, quantity or position of modules, standard space units on the
field can be flexibly disassembled and reassembled to switch space unit division
schemes. To compromise all the above three objectives simultaneously, dedicated
modules are subdivided to add additional constraint rules. In modularization, the
dedicated modules are further divided into two subclasses: basic modules and
conjunctive modules. An example of the configuration process related to dedicated

modules is illustrated in Figure 3.4.

Standard Space Units Standard Functional Units

Dedicated Modules
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= Unit 3: x1
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Figure 3.4. Configuration Process related to Dedicated Modules

Basic modules serve as the identifier of each standardized space unit since one
standard space unit has one and only one basic module. As illustrated in Figure 3.3, a
single basic module can represent a separate standard space unit. Conjunctive
modules combined with the basic module to increase the diversity of standard space
units. They can be used multiple times in varied sizes within the same unit. They can
also have the same dimensions as the basic module. In addition, conjunctive modules
play a role in spatial articulation to maintain the coherence and compactness of the

design. Of note, conjunctive modules cannot form a unit without the basic module.
3.2 Standard Space Unit

3.2.1 Standard Space Unit Definition

The standard space unit is the spatial placeholder for the standard functional unit of
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the component-level floor plan. The standard space unit is non-actual building space.

3.2.2 Standard Space Unit Composition

The standard space unit is a basic module or a combination of dedicated modules. The
basic module is unique and irreplaceable within one space unit., while conjunctive

modules are auxiliary elements within the same space.

3.2.3 Standard Space Unit Variant

The standard space unit variant is a relative concept. If a standard space unit is known,
then the standard space units formed from it by transformations, including translation,
rotation and/or mirroring, are all variants of it. A standard space unit and its variants

are illustrated in Figure 3.5.

’_{>

Standard Space Unit 1 Standard Space Unit 1- Variant 1 Standard Space Unit 1- Variant 2

Figure 3.5 A Standard Space Unit and Its Variants

As illustrated in Figure 3.5, variant 1 is obtained by mirroring standard space unit 1,
and variant 2 is obtained by rotating standard space unit 1 by 90 degrees

counterclockwise.

3.2.4 Standard Space Unit Library

The standard space unit library collects the standard space units and their variants
under all space unit division schemes for a specific modularized floor plan. The
formation of the module library depends on the designer's preferences and the user's

needs.

3.2.5 Standard Space Unit Classification

After the space division schemes are selected in the modularized design, all standard
space units are classified into source space units and objective space units. Source

space units are the spatial placeholders for the source standard functional units of the
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component-level floor plan. Objective pace units are the spatial placeholders for the

source standard functional units of the component-level floor plan.

3.3 Modularized Floorplan

The initial task through the modularized design is to generate a modularized floor
layout, as illustrated in Figure 3.6.
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Size 1(x4) :Variant 1 Variant 1 Variant 2 :
Lvreressssssnnnnsd : Unit 2-
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Corridor Modules Corridor Space Unit
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Figure 3.6. Modularized Floor Layout Configuration Process

3.3.1 Modularized Floorplan Configuration
The configuration process of the modularized floor layout includes the following steps:

- Configure the dimension and quantity of design modules by the design module
category. All the design modules under the same subclass can be of multiple different

dimensions. Design modules under the same subclass can appear multiple times
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within a standard space unit except for the basic module. Notably, the basic module is

unique within a unit.

- Combine the design modules into standard space units of different shapes, which are
placeholders for standard functional spaces of the building. Therein, the variant is the
result of mirroring or/and rotating an original standard space unit, e.g., Unit 1-Variant
1 can be the result of rotating Unit 1 by 90° or 180° counterclockwise, and Unit 2-
Variant 1 can be the result of rotating Unit 2 by 90° counterclockwise and then mirroring
it. Furthermore, since the individual design modules are rectangles, the shape of the

standard space units can only be a rectangle, or a polygon composed of rectangles.

- Select the tube space unit, the corridor space unit, and a plurality of standard space
units from the standard space unit library. One standard space unit can be used

multiple times.

- Combine the selected space units into a modularized floor plan: Locate the tube
space unit firstly at or near the centre of the floor plan; Then distribute the standard
space units on the outside within the floor plan. Finally, the corridor space unit is

sandwiched in between.

3.3.2 Space Unit Division Schema

In a stereotyped floor plan, the dimensions, quantity, and position of design modules
are fixed, but the type and quantity of standard space units can vary depending on the
different scenarios of module combinations. Based on the example in Figure 3.6, three

feasible space unit division schemes are illustrated in Figure 3.7

| = | - - -

Schema 1 Sechma 2 Schema 3

Figure 3.7 Three Space Unit Division Schemes based on Figure 3.6.

The occurrences of standard space units per space unit division schema are illustrated
in Table 3-1.
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Table 3-1. Occurrences of Different Standard Space Units per Schema

Standard Space Unit Occurrences of Different Standard Space Units per Schema

Type Schema 1 Schema 2 Schema 3
Unit 1 5 3 4
Unit 1 - Variant 1 2 4 2
Unit 2 2 1 0
Unit 2 - Variant 1 1 0 1
Unit 2- Variant 2 1 0 0
Unit 2 -Variant 3 0 1 2
Unit 3 0 2 1

All the standard space units listed in Table 3-1 are from the standard space unit library
in Figure 3.6. It can be seen from Table 3-1 that not only the same schemes, but also
different schemes share the same standard space units several times. Further, the
same standard space units and their variants can be replaced with standard functional

units, which have the same internal layout to support prefabrication.

However, multiple occurrences of the same internal layouts within standard functional
units also mean a lot of repetitive design work for the designer. To increase the
diversity of spatial design, multiple standard space division units' schemes are usually
used in the same building project. Considering this, an automated design process is
proposed to port the internal layout from one space unit into another by transformations,
such as translation, rotation, and mirroring. This transformation can occur within the

same schema or from one schema to another.
3.4 Standard Functional Unit

3.4.1 Standard Functional Unit Definition

A standard functional unit is an actual building space with a specific architectural
function. For prefabricated buildings, the internal layout of standard functional units has
a high degree of repeatability.

3.4.2 Standard Functional Unit Composition

As illustrated in Figure 3.8, the standard functional unit consists of two parts: the
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internal layout and the outlined walls. The internal layout of a standard functional unit
is composed of different building components, while the outline walls are drawn along

the edges of the corresponding standard space unit.
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Figure 3.8. The Configuration of One Standard Functional Space Unit

3.4.3 Standard Functional Unit Classification

All standard functional units are classified into source standard functional units and
objective functional units. The source standard functional unit is the unit whose internal
layout is finished by the designer in the preliminary component-level floor plan. It is
located on the source floor. Its internal layout is the object of automated transformation.
The objective standard functional unit is the unit whose internal layout is empty in the
preliminary component-level floor plans. It is located on both the source floor and the

objective floor. It is the objective of automated transformation.

3.5 Preliminary Component-Level Foorplan

Preliminary component-level floorplans are the results of designing through
modularization and the prerequisites for automated transformations. The preliminary
component-level floorplans contain all the elements to be transformed and the

necessary elements related to the transformation.

3.5.1 Component-Level Floorplan Classification

Component-level floorplans are classified into the source floor and the objective floor.
Notably, objective standard functional units can exist on the source floor, but source

standard functional units cannot exist on the objective floor.
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3.5.2 Component-Level Design Rule

Based on the modularized floor layout, the designer can conduct a component-level
design on the upper floors, where general design rules for the component-level
floorplan compatible with the modularized design layout are proposed as follows:

- The centerlines of all exterior walls on the upper levels are arranged along the edges
of rectangular design modules on the lowest level.

- The centerlines or extensions of partial interior walls on the upper levels are arranged

along the edges of rectangular design modules on the lowest level.

- The individual prefabricated floor slabs on the upper levels cover the internal area
held by design modules on the lowest level.

3.5.3 Preliminary Component-Level Floorplan Configuration

In the preliminary floor plans, the following building components are configured:

- Building components for all source standard functional units, including contour walls

and internal layouts
- Contour walls for all objective standard functional units

- Building components for the tube unit and corridor units, including contour walls and

internal layouts

By accessing the internal layout of the source standard functional unit, the internal

layout of the matching objective standard functional unit can be automatically filled.
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4 Automated Design Workflow

The main task of design automation refers to the automated transformation of the
internal layout of the source standard functional unit into the matching objective
standard functional units. To realize this task, the following data need to be
automatically obtained:

- ldentification data matching the source standard functional unit and the target

standard functional unit.
- The building components within each source standard functional unit.
- The specific transformation type, such as translation, rotation, and mirroring.

- The paired reference points for both the source standard functional unit and the

objective standard functional unit

In this chapter, the key information related to transformations is obtained through the
design workflow. Based on the modularized design process, the design workflow
provides a theoretical basis for the implementation of automated design of

prefabricated buildings featuring frame-core tube structures.

4.1 Data Extraction from IFC

The first step in the design workflow is to extract the required component information
from the IFC file regarding modules, slabs, furniture, assembled rooms, walls and
doors.

4.1.1 Storey Data Extraction

Storeys are under the entity “IfcStorey”. In the IFC hierarchy, the entity inheritance is:

- IfcRoot-IfcObjectDefinition-1fcObject-IfcProduct-lIfcSpatialElement-

IfcSpatialStructureElement-IfcStorey
The storey elevation is extracted from the IFC file by filtering another attribute, “Name”

of IfcStorey, where the actual name of the storey is user-specified.

4.1.2 Module Data Extraction

Modules are custom non-building three-dimensional components under the entity
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“IfcBuildingElementProxy”. In the IFC hierarchy, the entity inheritance is:
- IfcRoot-IfcObjectDefinition-l1fcObject-IfcProduct-IfcElement-IfcBuildingElement-
IfcBuildingElementProxy

Three attributes of module are extracted from the IFC File: IFC_GUID global_id_m,

center coordinates (x,,, y,), and dimensions (l,,, w,,), as illustrated in Figure 5.1.

|= Length ‘

4 Module Attribute 1:
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- Tube Modules - Corridor Modules - Basic Modules - Canjunctive Modules

Module Alternatives:

Figure 5.1. Module Information Extracted from IFC File
IFC_GUID is the unique ID of each module, which acts as an identifier. Center
coordinates represent the central point of a module's rectangular cross-section on the
floor plane, while dimensions refer to its length and width. Coordinates and dimensions
are invoked together as vital parameters for calculating connectivity and accessibility
between building spaces carried above modules, as well as for capturing building
components within the building spaces carried above modules. A partial code to

access the three types of data for one module is illustrated in Figure 6.7.

81. | global id m = module.Globalld

82. | x_m = module.BbjectPlacement.RelativePlacement.Location.Coordinates[@]

83. | y_m = module.BbjectPlacement.RelativePlacement.Location.Coordinates[1]

84. | 1 m = module.IsDefinedBy[2].RelatingPropertyDefinition.HasProperties[8].NominalValue.wrappedValue
85. | w_m = module.IsDefinedBy[2].RelatingPropertyDefinition.HasProperties[1].NominalValue.uwrappedvalue

Figure 5.2. Partial Code for Data Extraction of One Module from IFC 2x3 Coordination View 2.0

4.1.3 Slab Data Extraction

Slabs are under the IFC entity “IfcSlab”. In the IFC hierarchy, the entity inheritance is:
- IfcRoot-IfcObjectDefinition-1fcObject-IfcProduct-lIfcElement-IfcBuildingElement-
IfcSlab

Three types of slab data are extracted from the IFC file: IFC_GUID global_id_s, the
elevation e, and center coordinates (xg, ys). A partial code to access the data of one

slab is illustrated in Figure 5.3.
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81. | global id s = slab.Globalld

82. | e s = slab.0ObjectPlacement.PlacementRelTo.RelativePlacement.Llocation.Coordinates[2]

83. | x_s = round{slab.Representation.Representations[@].Items[8].Position.location.Coordinates[8])
84. | y_s = round{slab.Representation.Representations[8].Items[8].Position.lLocation.Coordinates[1])

Figure 5.3. Partial Code for Data Extraction of One Slab from IFC 2x3 Coordination View 2.0

4.1.4 Furniture Data Extraction

Furniture is under the IFC entity “IfcFurnishingElement”. In the IFC hierarchy, the entity
inheritance is:

- IfcRoot-1fcObjectDefinition-IfcObject-lIfcProduct-IfcElement-IfcFurnishingElement

Three types of furniture data are extracted from the IFC file: IFC_GUID global_id_f,
the elevation e;, and the specific coordinates (xf, yf) placing each furnishing element.

A partial code to access the data of one furnishing element is illustrated in Figure 5.4.

@l. | global_id f = furniture.Globalld

2. | e_f = furniture.ObjectPlacement.PlacementRelTo.RelativePlacement.Location.Coordinates[2]
3. | x_f = round(furniture.Representation.Representations[@].Items[@].Position.Location.Coordinates[@])
a4, | y_f = round(furniture.Representation.Representations[@].Items[@].Position.Location.Coordinates[1])

Figure 4.4. Partial Code for Data Extraction of One Furnishing from IFC 2x3 Coordination View 2.0

4.1.5 Assembled Room Data Extraction

The assembled rooms are prefabricated volumetric modules in the prefabricated
building. All components inside the room are prefabricated and assembled into a
standardized whole in the factory and then transported to the construction site. Rooms
like bathrooms and kitchens are usually designed as assembled rooms. In the same

way as modules, assembly rooms are under the entity “IfcBuildingElementProxy”.

Three types of assembled room data are extracted from the IFC File is: IFC_GUID
global_id_r, the elevation e,, and the center coordinates (x,,y,). A partial code to

access the data of one assembled room is illustrated in Figure 4.5.

81. | global id r = room.GlobalId

82. | e_r = room.0ObjectPlacement.PlacementRelTo.RelativePlacement.Llocation.Coordinates[2]

83. | x_r = round(room.Representation.Representations[@].Items[®].Position.lLocation.Coordinates[8])
84. | y_r = round(room.Representation.Representations[@].Items[8].Position.location.Coordinates[1])

Figure 4.5. Partial Code for Data Extraction of One Assembled Room from IFC 2x3 Coordination View 2.0

4.1.6 Wall Data Extraction

Walls are under the IFC entity “IfcWall’. In the IFC hierarchy, the entity inheritance is:
- IfcRoot-IfcObjectDefinition-IfcObject-IfcProduct-IfcElement-IfcWall



Automated Design Workflow 33

4 types of wall data are extracted from the IFC is: IFC_GUID global_id_r, the elevation
ey, length [, , direction ratio r,, and coordinates (x,,,v,,) of the starting point for
drawing each wall. The direction ratio varies in different ways of drawing the wall.
Notably, the direction ratio r, for walls drawn from left to right is not directly available.

A partial code to access the data of one wall is illustrated in Figure 4.6.

@l. | global_id w = wall.Globalld

82. | e_w= wall.BbjectPlacement.PlacementRelTo.RelativePlacement.lLocation.Coordinates[2]
83. | ®x_w = wall.8bjectPlacement.RelativePlacement.location.Coordinates[@]

84. | y_w = wall.8bjectPlacement.RelativePlacement.location.Coordinates[1]

85. | 1 w = wall.Representation.Representations[1].Items[@].SweptArea.XDim
a6. wall.wall.ObjectPlacement.RelativePlacement.RefDirection.DirectionRatios

Figure 4.6. Partial Code for Data Extraction of One Wall from IFC 2x3 Coordination View 2.0

4.1.7 Door Data Extraction

Doors are under the IFC entities “IfcOpeningElement” and “IfcDoor”. The inheritance

of the two entities are as follows:

- IfcRoot-1fcObjectDefinition-1fcObject-IfcProduct-IfcElement-IfcBuildingElement-
IfcDoor
- IfcRoot-IfcObjectDefinition-1fcObject-IfcProduct-lIfcElement-IfcFeatureElement-

IfcFeatureElementSubtraction-IfcOpeningElement

Notably, since doors are attached to walls, doors can be accessed as an attribute of
walls. 2 types of door data are extracted from the IFC is: family type ¢,, and distance
d,, to the starting coordinate of the wall. A partial code to access the data of one door

attached to the wall is illustrated in Figure 4.7.

81. | op = wall.HasOpenings[@]
82. | d op= op.RelatedOpeningElement.BbjectPlacement.RelativePlacement.Location.Coordinates[8]
83. | t_op= op.RelatedOpeningElement.Name.split(":")[1]

Figure 4.7. Partial Code for Data Extraction of One Door attached to the Wall from IFC 2x3 Coordination View 2.0

4.2 Data Processing for Graph Data Model

Data processing is a crucial step in the transition from building information to graph

data. It involves:

- Establish relationships between modules, including connectivity and accessibility.
- Integrate building components: slabs, furniture, assembled rooms, and walls into
each dedicated module within the source standard functional space.

- Integrate building components: walls into the accessibility between two dedicated
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modules.

With the extracted and processed data, the final graph data model can meet the

requirements for further data analysis.

4.2.1 Building Components Attributed to the Module

Slabs, furniture, and assembled rooms on the source floor are subdivided and

assigned to the corresponding dedicated modules by following two steps. Firstly, the

components regarding slabs, furniture, and assembled rooms are firstly filtered by the

source floor elevation. After that, they are further filtered by following filter conditions,

where the subscript ¢ represents “component” and m represents “module”.
X; € (xm—l?m, xm+l?m)

€Y
Yc € (Ym_WTm: Ym+Wz_m)

Wallls on the source floor are subdivided and assigned to the corresponding dedicated
modules by following three steps. Firstly, the walls are firstly filtered by the source floor
elevation. Then, 4 types of walls are filtered out depending on different direction ratios:
horizontal walls drawn from left to right (“left drawn walls”), horizontal walls drawn from
right to left (“right drawn walls”), vertical walls drawn from the bottom to the top (“up
drawn walls”), and vertical walls drawn from the top to the bottom (“down drawn walls”).
After that, different types of walls are further filtered by different conditions as follows,
where the subscript w represents “wall” and m represents “module”. And notably, the

maximum and minimum wall widths w,, ,,;, and w,, .4, are user-input data.

- “down drawn wall”:

(xw € (xm—l7m+w , xm+l7m —Wwémin)
i Yw € m — WTm - Wwémi", Ym + M;—m + Wwémi"] (2)
Yw = Ly € [Ym = me - Wwémi". Y + Wz—m + Wwémi")
- “up drawn wall”:
Yw € [Vm — % — Wwémm, m + Wz—m + Wwémin) (3)
ot € = Bmin W Wi
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- “left drawn wall”:

lm l’l’w_min lm l’l‘w_min
xWE(xm—?— > ,xm+7+ > ]
w. w ; w w :
yw E (y Zm | Wémm ) y 2m Wéml‘l’l) (4)
l Wy i l ;
XW lW E [x ;n Wémm, | ;n | Wémln)
- “right drawn wall”:
l Wiy i l Wy mi
XW E [X ;n Wémm ) X | ;n | Wémm)
w. w ; w w i
yW E (y 2171. | Wémm, y | 2m Wémln) (5)
l Wiy i l Wy mi
.XW | lW e (X ;n Wémm, x | ;n | wémln]

4.2.2 Connectivity between Modules

The connectivity between modules is the prerequisite for the connectivity and
accessibility between and within building units. Regarding 4 different types of modules,

the connectivity between modules has 10 kinds:

- The connectivity between tube modules

- The connectivity between the tube module and the corridor module

- The connectivity between the tube module and the basic module

- The connectivity between the tube module and the conjunctive module
- The connectivity between corridor modules

- The connectivity between the corridor module and the basic module

- The connectivity between the corridor module and the conjunctive module
- The connectivity between basic modules

- The connectivity between the basic module and the conjunctive module
- The connectivity between conjunctive modules

The connectivity information between two modules is represented in Figure 4.7, where
module 1 has center coordinates (x;,y;), width w; and length [, and module 2 has
center coordinates (x,,y,), width w, and length [,. Depending on the different relative

positions of modules, the connectivity can be determined as follows:
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- If the relative position is “Down&Up” or “Up&Down”, modulel and module 2 that
satisfy the following two conditions are connected:

1+,

. <0 ©)
|)’2_)’1|—@=0

|, — x| —

- If the relative position is “Left&Right” or “Right&Left”, module 1 and module 2 that

satisfy the following two conditions are connected:

I, +1
|, — 29| — 12 2=0

wy + w, (7)
Y2 =yl = ———<0

l— Module 2
12/2

End peint

Start point

1.2/2
Module 2

Start point

Relative Position of Module 1 and Module 2 : Relative Position of Module 1 and Module 2:
Down & Up Left & Right

Start point

Start point End point
1 2/2
- w 2/2
(x 2,y 2 -
Module 2
Relative Position of Module 1 and Module 2 Relative Position of Module 1 and Module 2:
Up & Down Right & Left

Figure 4.7. Connectivity between Module 1and Module 2 under the 4 Kinds of Relative Positions

As illustrated in Figure 4.7, the connectivity between module 1 and module 2 has 2
attributes: the angle a and the co-edge with a start point (x,,y.1) and an endpoint
(x¢2,Ye2). The angle a is a directed angle formed by counterclockwise rotation from the
positive direction of x-axis to the directed line segment starting at the centre point of

module 1 and ending at the centre point of module 2. Generally, a € (—180,+180].
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The co-edge under different relative positions can be calculated as follows:

If the relative position between module 1 and module 2 are “Down&Up” or
“‘Up&Down”:

Xe1,Xep are selected from 4 values: x; — 1/21; x;+ 1/21 x, —1/21, x, +
1/21,, where x,, is equal to the second one of the four values sorted in increasing

order and x,, is equal to the third one of the four values sorted in increasing order.

Ye1,Ye2 are selected from 4 values:y; — 1/2wy y1 + 1/2w; v, —1/2w, ype +
1/2 w,, where y,,,y., are both equal to the second one or the third one of the four
values sorted in increasing order. Specifically, for “Down&Up”: y,1 = Vo2 = V1 +
1/2 W1 = Vimz — 1/2 wy,,, and for “Up&Down”™: y,; =y, = vy, —1/2w; = y, +
1/2w,.

If the relative position between module 1 and module 2 are “Left&Right” or
‘Right&Left”:

Xe1,Xep are selected from 4 values: x; — 1/21; x;+ 1/21 x, —1/21, x, +
1/21,, where x,,, x,, are both equal to the second one or the third one of the four
values sorted in increasing order. Specifically, for “Left&Right”: x.q = x,, = x; +
1/21; = x, —1/21,, and for “Right&Left”: x,; = x.p = %, —1/21 = x, + 1/21,.

Ye1,Yer are selected from 4 values: y; — 1/2w; y; + 1/2w; ¥, —1/2w, y, +
1/2 w,, where y,, is equal to the second one of the four values sorted in increasing

order and y,, is equal to the third one of the four values sorted in increasing order.

4.2.3 Accessibility between Modules

Since modules are not actual architectural space, they do not have any accessibility to

each other, but the corresponding architectural space in the upper part of the module

may have. Therefore, accessibility is considered as a relationship between modules,

where the real purpose is to study the accessibility of the upper building space. In

addition, due to different space unit division schemes for different floors, accessibility

is analyzed accordingly.

Regarding 4 types of modules, the accessibility is classified into 4 kinds:

- Accessibility between the tube modules

- Accessibility between the tube module and the corridor module
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- Accessibility between the corridor module and the dedicated module, or called,
accessibility between the corridor module and the standard space unit.

- Accessibility between the dedicated modules, or called, accessibility within the
standard space unit.

For the first kinds of accessibility between two modules, one condition must be meet:
the two modules are connected to each other.

For the second and third kinds of accessibility between two modules, one condition
must be met: at least one opening on the co-edge of the connected modules.
Depending on different relative positions between modules, different types of walls,
and the distance of the door to its attaching wall, different conditions to determine the

accessibility are illustrated as follows.
- Relative Position: “Down&Up” or “Up&Down”
There are two types of walls: “left drawn walls” and “right drawn walls” on the co-edge.

Firstly, the two types of walls are filtered by the following condition, where the subscript

w represents the wall and the subscript el represents the start point of the co-edge:

Yw = Ye1 (8)

Secondly, depending on different wall types, the openings on the co-edge are filtered

by different conditions, where the subscript op represents the opening:
“left drawn walls”:

Xy — dop € [Xe1, Xe2] 9
“right drawn walls”:

Xy + dop € [Xe1, Xer] (10)
Modules can access each other If at least one opening satisfies the above conditions.
- Relative Position: “Left&Right” or “Right&Left”
There are two types of walls: “down drawn walls” and “up drawn walls” on the co-edge.
Firstly, the two types of walls are further filtered by the following condition:

Xy = X1 (11)

Secondly, depending on different wall types, the openings on the co-edge are filtered

by different conditions:
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“down drawn walls”:

Yw — dop € [yelJyeZ] (12)
“‘up drawn walls”:

Yw t+ dop € [YelJyeZ] (13)

Modules can access each other If at least one opening satisfies the above

conditions.

For the accessibility within the standard space unit, one of the following conditions
must be met: at least one opening is on the co-edge of the connected modules, walls
don’t completely cover the co-edge. Depending on different relative positions between
modules, different types of walls, and the distance of the door to its attaching wall,
different conditions to determine the accessibility are illustrated as follows.

- Relative Position: “Down&Up” or “Up&Down”

There are two types of walls: “left drawn walls” and “right drawn walls” on the co-edge.
To fulfil the first condition, equations are the same as the equations (8)-(10). To fulfil

the second condition, the steps are as follows:
Firstly, the two types of walls are filtered by the condition same as the equation (10).

Secondly, instead of determine accessibility, inaccessibility is determined by the
following different conditions, where the subscript w1 represents the left end point of
the wall, w2 represents the right end point of the wall, el represents the start point of
the co-edge, and e2 represents the end point of the co-edge. And notably, w,,;,, and

Wiy FEpresents the minimum and maximum wall width, which are user-input data.

If there is only one wall in the filtered results and this wall covers the co-edge between

modules:
Whin
Xw1 = Xep T
14
> Whin ( )
Xw2 = Xez — >

If there is n walls in the filtered results and any one of them covers the co-edge
between modules:

Win

2 (15)

Winin

2

i
X1 S X1 +

i
Xwz = Xeg —
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If there is n walls in the filtered results and these walls jointed together to cover the co-

edge between modules:

(xwl < Xep t+ r;in
X1 = Xez — W;in

¢ bt —xl, € (0, Wingy | (16)
Xiz € [xel +Wn£l;xe2 - Wr;ax]

\x\l;v+11 € [xel +%»xe2 - Wr;ax]

Thirdly, the two modules can access each other, if none of the cases described in the
second step are fulfilled.

- Relative Position: “Left&Right” or “Right&Left”

There are two types of walls: “down drawn walls” and “up drawn walls” on the co-edge.
To fulfil the first condition, equations are the same as the equations (11)-(13). To fulfil

the second condition, the steps are as follows:
Firstly, the two types of walls are filtered by the condition same as the equation (11).

Secondly, instead of determine accessibility, inaccessibility is determined by the

following different conditions:

If there is only one wall in the filtered results and this wall covers the co-edge between

modules:
W .
Ywi SVe1 T+ T;m
W 17)
min
Ywz = Vez2 — >

If there is n walls in the filtered results and any one of them covers the co-edge

between modules:

. Wi
Vo < yer +
Wo (18)
i min
yWZ 2 yeZ - 2

If there is n walls in the filtered results and these walls jointed together to cover the co-

edge between modules:
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W .
( y\}n S Ver T r;m
W .
Vw1 = Yez — r;m
) Y\fv+11 - Y\fvz € (0, Wmax] (19)
. w, w,
Vi € [Ver = Yer ~ ’;‘”]
. w, w,
Y55 € |yer = Yer ~ ’;‘”]

Thirdly, the two modules can access each other, if none of the cases described in the
second step are fulfilled.

4.2.4 Building Components Attributed to the Accessibility

Walls on the source floor are subdivided and assigned to the corresponding
accessibility between dedicated modules by following three steps. Firstly, the walls are
firstly filtered by the source floor elevation. Then, 4 types of walls are filtered out
depending on different direction ratios: “left drawn walls”, “right drawn walls”, “up drawn
walls”, and “down drawn walls”. After that, different types of walls are further filtered by
different conditions under different relative position between the two mutually
accessible dedicated modules as follows, where the subscript w represents “wall”, m1
represents “module 17, m2 represents “module 2”, el represents the start point of the
co-edge, and e2 represents the end point of the co-edge. And notably, the maximum

and minimum wall widths w,, i and wy, 1,4, are user-input data.

- Relative Position: “Down &Up” or “Up&Down”, Wall Type: “down drawn walls”:

W, i W, i
(xw € (xel + wémlee2 _ wémln)
w. W, i w. W i
4 Yu € Om1 =5 + =55, Yy + -+ 5] (20)
W2 W, i W2 W i
[ = € [y = 2 = Memin W Mo
or
W, i W, i
X, € (xﬂ + w_me'xe2 _ wémm)
w. W, i w. W, i
Yw € (Ymz — ; =+ W;"m, Ymz t 2’" =+ Wé"""] (21)
W1 W, i W1 W i
Yw = lw € [Ym1 — ;1 - Wémm' Ym1 t 72n - Wémm)

- Relative Position: “Down &Up” or “Up&Down”, Wall Type: “up drawn walls”:
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%% 7 W, i
X, € (x€1 + wémm'xt?2 . wémm)
W2 Wy mi W2 Wuw mi
Yo € ing — oz Momin g,y Moma Vo min (22)
W. W, i W. W, i
Yw + lw € (le - ;nl + Wémm, Ym1 + ;nl + Wémm]

or
W, i %% i
X, € (xel + W_me'xez _ wémm)
W1 Wy mi W1 Wy mi
Yw € [yml - ;n - Wzmm; Ym1 + ;n - Wzmm) (23)
w. W, i w. W i
Yw + lw € (sz - ;nZ + Wémm; Ym2 + ;nZ + Wémm]

- Relative Position: “Down &Up” or “Up&Down”, Wall Type: “left drawn walls”:

W, i W, i
{xw c (xel n wémlee2 n wémm] (24)
Yw = Ve1 OT Yy = Ye2
or
W, i W, i
{xw - lw € [xel - Wémm 1 Xe2 — Wémm) (25)
Yw = Ve1 O Yy = Ye2
- Relative Position: “Down &Up” or “Up&Down”, Wall Type: “right drawn walls”:
W, i W, i
{xw c [xe1 _ wémln  Xoy — wémln) (26)
Yw = VYer OT Yy = Ye2
or
W, i W, i
{xw + Ly € (on + 50 X + =] 27
Yw = Ye1r O Yy = Ye2

- Relative Position: “Left &Right” or “Right&Left”, Wall Type: “down drawn walls”:

{xw = Xg1 OT Xy = Xpo

Wy _min Wy _min 28
Yw € Wer + = Yez + ——1 (28)

or

Wy _min Wy _min 29
Yw — le[Yel_TJYeZ_ é ) ( )

{xw = Xg1 OT Xy = Xpo

- Relative Position: “Left &Right” or “Right&Left”, Wall Type: “up drawn walls”:
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Xy = Xe1 O Xy, = X2
{yw € [Yer — 2,y — =21 (30)
or
Xw = Xe1 OT Xy, = Xe2
{yw + Ly € (Ver + szm‘",yez + WW;”""] (31)

- Relative Position: “Left &Right” or “Right&Left”’, Wall Type: “left drawn walls”:

ml Wy _min lml Wy _min
Xw € (xml 2 -t 2 ;xm1+7+ 2 ]
lmZ Wy _min lmZ Wy _min
x —_ = ;, X + —_— - (32)
Wy, _min Ww_min
Yw € (yel 2 s YVe2 — 2
or
m2 Wy _min lmZ Wy _min
Xw € (xmz 2 -t 2 :xm2+7+ 2 ]
lml Wy _min lml Wy _min
[x - X1t —— (33)
Wy, _min Ww_min
Yw € (yel — 1 Ve2 — 2

- Relative Position: “Left &Right” or “Right&Left”, Wall Type: “right drawn walls”:

ml Wy _min lml Wy _min
Dem1 === == ¥ma ¥ 57 =)
lmZ Wy _min lmZ Wy _min
Xy + L, € (x — Xy +—— ——— (34)
w ( m2 2 2 m2 2 2 ]
w min Ww_min
Yw € (yel 2 — 1 Ye2 — 2 )
or
lmZ Wy _min lm2 Wy _min
Yo € Pma =757 = 5 M 57 =)
l Wy mi l Wy mi
X+ Ly € Gty — by Mo ot Mg (35)
| 2 2 2 2
Ww_min Ww_min
\Ww € Wer t = Ver ==, )

4.3 Graph Representation of Building design

After data extraction and processing, a property graph can be modelled. A property
graph includes three main elements: nodes, relationships, and their properties. The
correspondence between the building-related data and the graph elements in this

graph data model are as follows:

- Nodes: Modules
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- Node Properties: Module attributes
- Relationships: Connectivity and accessibility between modules

- Relationship Properties: Connectivity attributes and accessibility attributes

The configurations for each type of graph data are described in the following
subsections.

4.3.1 Graph Node and Node Properties

4 types of modules correspond to 4 types of graph nodes. The configuration of all graph
nodes is illustrated in Table 4-1.

Table 4-1 Graph Node Configuration

Node Label Node Property
Tube_Module global_id, type_name = “tube_module”
Corridor_Module global_id, type_name= “corridor_module”
Basic_ Module global_id, type_name = “basic_module”, components

Conjunctive_Module global_id, type _name = “conjunctive_module”, components

As illustrated in Table 4-1, tube modules are labelled as “Tube_Module”, corridor
modules are labelled as “Corridor_Module”, basic modules are labelled as “Basic
Module”, and conjunctive modules are labelled as “Conjunctive_Module”. All nodes
have two properties: “global _id” and “type name”, and nodes with the label

“Basic_Module” and “Conjunctive_Module” have one more property: “components”.
Three types of node properties are defined as follows:
- global_id: IFC_GUID of the module. It serves as the primary key of the node.

- type_name: the type of the module. It is used as the node caption to enhance legibility

in the graph database console.

- components: the IFC_GUIDS list of building components under the dedicated module,

including slabs, furnishing elements, assembled rooms, and walls with attached doors.

The type and example value of the node properties are illustrated in Table 4-2.
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Table 4-2 Graph Node Properties

Node Property Type Value

global_id string e.g., 0Z3tKe7qv7jOUiPpOaCHLt6

tube _module/corridor_module/
type_name string
basic_module/conjunctive_module

e.g., [25013GdfrCxOtkrZjNE2EX,

components strin
P 9l 2t746mC715HuU6IDClnoumy, ...]

4.3.2 Graph Relationship and Relationship Properties
There are three relationship types in this graph data model:

- the connectivity between corresponds to a graph relationship type.
- the accessibility within the source floor corresponds to a graph relationship type.

- the accessibility within the objective floor corresponds to a graph relationship type.

Regarding different relationship types and different attached nodes, the graph

relationship configuration is illustrated in Table 4-3.
Three types of relationship properties are defined as follows:

- angle: A directed angle is formed by counterclockwise rotation from the positive
direction of the x-axis to the directed line segment, starting at the centre point of the
basic module and ending at the centre point of the conjunctive module. It is used to
determine the transformation type from one source standard functional unit to one

corresponding objective standard functional unit.

- door_family_type: It is the family type of door that can access the corridor from the
standard function unit or the standard function unit from the corridor. It is used to match

the source standard functional unit and the objective standard functional unit.

- components: This is the IFC_GUID list of walls with attached doors under the

accessibility between dedicated modules within the source floor.
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Table 4-3 Graph Relationship Configuration

Relationship: CONNECTS

Start Node End Node Relationship Property
Tube_Module Tube_Module
Tube_Module Corridor_Module
Tube_Module Basic_ Module
Tube_Module Conjunctive_Module

Corridor_Module
Corridor_Module
Corridor_Module
Basic_ Module
Basic_ Module

Conjunctive_Module

Corridor_Module
Basic_ Module
Conjunctive_Module
Basic_ Module
Conjunctive_Module

Conjunctive_Module

angle

Relationship: ACCESSES _1

Start Node End Node Relationship Property
Tube_Module Tube_Module
Tube_Module Corridor_Module

Corridor_Module
Corridor_Module
Corridor_Module
Basic_Module

Conjunctive_Module

Corridor_Module
Basic_Module
Conjunctive_Module
Conjunctive_Module

Conjunctive_Module

door_family_type
door_family_type
components

components

Relationship: ACCESSES 2

Start Node End Node Relationship Property
Tube_Module Tube_Module
Tube_Module Corridor_Module

Corridor_Module
Corridor_Module
Corridor_Module
Basic_Module

Conjunctive_Module

Corridor_Module
Basic_Module
Conjunctive_Module
Conjunctive_Module

Conjunctive_Module

door_family type
door_family_type
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In Table 4-3, the relationship “CONNETS” between the node “Basic_Module” and the
node “Conjunctive_Module” has one property: “angle”. 2 relationships have the
property “components”, which are the relationship “ACCESSES_1” between the node
‘Basic_Module” and the node “Conjunctive_Module” and the relationship
‘“ACCESSES_1" between two “Conjunctive_Module” nodes. 4 relationships have the
property “door_family_type”, which are the relationship “ACCESSES_1” between the
node “Corridor Module” and the node “Basic_Module”, the relationship
‘ACCESSES_1" between the node “Corridor_Module” and the node
“‘Conjunctive_Module”, the relationship “ACCESSES 2" between the node
“Corridor_Module” and the node “Basic_Module”, and the relationship “ACCESSES 2"

between the node “Corridor_Module” and the node “Conjunctive_Module”
The type and example value of the relationship properties are illustrated in Table 4-4.

Table 4-4 Graph Relationship Property

Node Property Type Value

angle € (—180°,180°]

angle float
e.g., - 120.07°
door_family type  string e.g., ZM1121 1
. e.g., [25013GdfrCxOtkrZjNE2EX,
components string []

2t746mC715Hu6IDClInou, ...]

4.4 Data Retrieval with Graph Database

Data retrieval from the database is a pivotal step in realizing design automation. For
the proposed modularized design process for prefabricated building floorplans
featuring frame-tube structures, the greater the number of modules, the more intricate
the relationships between them become. This complexity results in cumbersome tasks
related to data querying. The graph database excels particularly in handling intricate
relationships among entities. Consequently, with the graph database, a thorough
traversal of the relationships between modules can be provided to retrieve the needed

datasets precisely and efficiently.
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4.4.1 Data Queries for the Source Floor

According to the space unit division schema of the source floor, 2 queries (Query 1
and Query 2) are performed to obtain the following 3 types of data. The process is
illustrated as Figure 4.8.

- All modules of the standard space unit for each source standard functional unit.

- All building components of the internal layout for each source standard functional
unit.

- All modules of the standard space unit for each objective standard functional unit
on the source floor.

e
(: Corridor_Module) global_id | door_family_typeo]-—=

% e ccord i (1= 1..01)
MATCH =2 door_family_type ith Standard Functinal Unit
xRy | R [: ACCESSES_1] Record 2 | | global_id | door_family_type {i=1,..n1)
% ) e Record3 | | global_id| door_family_type
WHERE y: Basic_Module|Conjunctive_Module = = Walls with the Door
sl  on the Outline of
= y.global_id AS global_id [Record n1| ¥ global_id | door_family_type the Standard Space Unit
r.door_family_type AS door_family_type ¥ ith internal layout Source
is not empty Standard
v (e e Lom oy ith Standard Space Unit Functinal
global_id global_ids = [global_id, global _id, ..... ] olobal_id of module 1 Unit
component_as = [components, components, b unique bal id
Record 1 ponent_as = [comp P 1 et t#{ global_id of module 2 b1
‘component_bs = [components, components, .....] © global_id of module
global_ids = [global_id, global_id, ..... ] b global_id of module n3 obj
X ({global_id: $global_id}) |« = Standard
MATCH = Record 2| component_as = [components, components, ... © RS- Functinal
= R [: ACCESSES_170...] - layout is empty Unit
p=X-R-Y n2 paths — component_bs = [components, components, 1 ith Internal Layout
Y () 'n2 recards
global_id of component 1

o y: Basic_Module|Conjunctive_Module and J_::;im‘::“s +e=| global_id of component 2
NOT ‘corridor_module’ IN [a IN nodes(p)|a.type_name] global_id of component ...
[a IN nodes|p)|a.global_id] AS global_ids global_ids = [global_id, global_id, ... Cribie e i)
RETURN [alN ] AS its_as Record n2| component_as = [components, components, ...... ] b—
[© IN relationshi its] AS . bs  bs= \ ] p—1

Figure 4.8. Data Retrieval based on Query 1 and Query 2

Query 1: Query all the paths with the relationship "ACCESSES 1" between a
“Corridor_Module” node and a node, where the node is either “Basic_Module” or
“Conjunctive_Module”. The query returns one record for each path that includes the

property "global_id" of the node and the property "door_family_type" of the relationship.

In Query 1, the returned node is one of the modules that makes up one standard space
unit, while the returned property “door_family type” is the family type of the door, which
is attached to the wall on the outline of one corresponding standard functional unit.
Generally, if the number of an object is defined by the symbol N, ..:, the quantitative

relationship between the above related objects is illustrated below:

Nrecord = Nreturned_node = Ndoor_family_type standard_space_unit — Nstandard_functional_unit

Query 2: Query all the paths which contain the node with the property “global_id”
obtained from Query 1. On each path, all relationships are "ACCESSES 1" and each

node is either “Basic_Module” or “Conjunctive_Module”. The query returns one record
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for each path that includes the property "global_id" for all nodes, the property
"component” for all nodes, and the property "component” for all relationships.

Query 2 is looped until all nodes in Query 1 are utilized. Aggregating all paths of one
guery, all unique nodes form one entire standard space unit, while all unique building
components make up the internal layout of one source standard functional unit after
data processing of the non-empty component sets. Notably, if all component sets are
empty, the standard functional unit is an objective unit. If not, the standard functional

unit is a source unit.

From all modules of the standard space unit for each source standard functional unit,
the basic module can be filtered out. Then 2 queries (Query 3 and Query 4) are

performed to obtain the following type of data. The process is illustrated as Figure 4.9.

- For the standard space unit of each source standard functional unit on the source
floor, the property "angle” of the connectivity relationship between the basic module
and its accessible conjunctive modules.

Records From Query 4 After n2"n1 Loops
for Source Standard Space Units

Loop Unit Record

Basic Module 2 —
From the Source Standard Space Unit conjunctive_id| angle
! £ fi L (=] v

Unit 1 Basic Module: global id __ Jo—ere Hl T - x {global_id: $global_id_1}) ; ive_id| angle

Unit 2 Basic Module: global id MATCH N angle
g PXRAY r: CONNECTS] = e

ETE

Basic Module: global id

<

(v (global_id: Sglobal_id_2})

o d| angle
+ conjunctive_id
n2+2 2 | basic_jalconiunctive id| angle
x. global_id_1 AS basic_id n2'ntloops | e angle
F)

Lt
Records From Query 3 y.global_id_2 AS conjunctive_id n2-2 _ld| angle
RETURN -

_id | angle
e Record 1 | global_id o rangle AS angle id| angle
p=X-R-Y L [ ACCESSES_1] n2 paths _IRecord 2 | | global_id —

2 toc

: , angle
¥ {y: Conjunctive_Module) Record 3 | | global_id id | angle

Unit n1 Basic Module: global_id v - o WHERE

X | (: Basic_Module {global_id: Sgiobal_id}] |=

. n2*(n1-1) +1 conjunctive_id | angle
RETURN y.global_id Record n2{ ¥ global_id Record 1| basic_id | conjunctive_id| angle nzia) ezl o o [conlunciive id] angle
- angle

WHERE

Loop n2'n1 conjunctive_id | angle

Figure 4.9. Data Retrieval based on Query 3 and Query 4

Query 3: Query all the paths with the relationship "ACCESSES 1" between a
“Basic_Module” node and a “Conjunctive_Module” node, where the property “global_id”
of the “Basic_Module” node is specified from a standard space unit of the source
standard functional unit (called the source standard space unit in Figure 4.9.). The
query returns one record for each relationship that includes the property “global_id” of

the “Conjunctive_Module” node.

Query 3 is looped until all “Basic_Module” nodes of source standard space units are
utilized. By performing the query once, all “Conjunctive_Module” nodes accessed to

the basic module within one standard space unit can be retrieved.

Query 4: Query one path with the relationship “CONNECTS” between a
“Basic_Module” node and a “Conjunctive_Module” node, where the “Basic_Module”
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node is same as the one in Query 3, and the “Conjunctive_Module” node is same as
the one of each returned record after Query 3. The query returns one record for the
path that includes the property “global_id” of the “Basic_Module” node, the property
“global_id” of the “Conjunctive_Module” node, and the property “angle” of the

relationship.

Query 4 is embedded within a dual-layered loop structure. The number of iterations in
the outer loop is determined by the number of basic modules, while the number of
iterations in the inner loop is determined by the number of returned records from Query
3. Atfter all loops, the angle between the basic module and any conjunctive module
connected to it within each source standard space unit are obtained.

From all modules of the standard space unit for each objective standard functional unit
of the source floor, the basic module can be filtered. Then 2 queries (Query 5 and
Query 6) are performed to obtain the following type of data. The process is illustrated
as Figure 4.10.

- Forthe standard space unit of each objective standard functional unit on the source
floor, the property "angle" of the connectivity relationship between the basic

module and its accessible conjunctive modules.

Records From Query 6 After n2*n1 Loops for
B e
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Unit 1 Basic Module: global id

Unit 2 Basic Module: global id J

1 onjunctive_id
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MATCH 2 conjunctive_id| angle
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Basic Module: global_id
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ty {global_id: $global_id_2})
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Unit n1 Basic Module: global_id id | angle
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Q nZ'n1 Records =
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(y: Conjunctive_Module) Record 3 | | global_id 1 poth 4 1 record o angle
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(: Basic_Module {global_id: $global_id}) |=-

Record 1| global_id |o rangle AS angle
[ ACCESSES_1] w2 pethe _[Facord @] [[pioBald

MATCH
p=X-R-Y

<|=

WHERE conjunctive_id | angle

RETURN y.global_id Record n3 ¥ global_id Record 1| basic_id | conjunctive_id [ angle n2*(n1-1) +1 conjunctive_id | angle
n2'(n1-1) +2| g Lconiunctive_id| angle
angle
Loop n2"n1 conjunctive_id | angle

Figure 4.10. Data Retrieval Based on Query 5 and Query 6

Query 5: Query all the paths with the relationship "ACCESSES 1" between a
“Basic_Module” node and a “Conjunctive_Module” node, where the property “global_id”
of the “Basic_Module” node is specified from a standard space unit of the objective
standard functional unit (called the objective standard space unit in Figure 4.10) on the
source floor. The query returns one record for each relationship that includes the

property “global_id” of the “Conjunctive_Module” node.

Query 5 is looped until all “Basic_Module” nodes of the objective standard space units
are utilized. By performing the query once, all “Conjunctive_Module” nodes accessed
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to the basic module within one standard space unit can be retrieved.

Query 6: Query one path with the relationship “CONNECTS” between a
“Basic_Module” node and a “Conjunctive_Module” node, where the “Basic_Module”
node is same as the one in Query 5, and the “Conjunctive_Module” node is same as
the one of each returned record after Query 5. The query returns one record for the
path that includes the property “global_id” of the “Basic_Module” node, the property
“global_id” of the “Conjunctive_Module” node, and the property “angle” of the

relationship.

Query 6 is embedded within a dual-layered loop structure. The number of iterations in
the outer loop is determined by the number of basic modules, while the number of
iterations in the inner loop is determined by the number of returned records from Query
5. Atfter all loops, the angle between the basic module and any conjunctive module
connected to it within each objective standard space unit of the source floor are
obtained.

4.4.2 Data Queries for the Objective Floor

According to the space unit division schema of the objective floor, 2 queries (Query 7
and Query 8) are performed to obtain the following type of data. The process is

illustrated as Figure 4.11.

- All modules of the standard space unit for each objective standard functional unit

on the objective floor.

X (: Corridor_Module) (B A B
MATCH . - Record i (i=1,..n1)
p=xRY | R [: ACCESSES 2] ot pathe Record 1 [’y global id | door family type [ororrr =i G

Y (y) T records Record 2 | | global_id| door_family_type Standard Functinal Unit

. @i=1,..n1)
WHERE | y: Basic Module|Conjunctive_Module 8 | ||| s L) | Cle el e
- — Record i (i = 1,..n1)
y.global id global id Q= Mo ) e Walls with the Door
RETURN " Record n1| ¥ global_id| door family type ™ on the Outline of
r.door family type the Standard Space Unit
)
e
({global_id: $global_id}) - global_id of module 1
MATCH - unique -
p=X-R-Y R [: ACCESSES_270..] Records om Que slements global_id of module 2
n2 paths —

i ) Pz records ™| Record 1 | global_ids = [global_id, giobal_id, ......] JE HED =
EE y: Basic_Module|Conjunctive_Module and Record 2 | global_ids = [global_id, global_id, ...... ] global_id of module n3

NOT ‘corridor_module’ IN [a IN nodes(p)|a.type_name] | [ global ids = [global id, global id, ......]
RETURN [a IN nodes(p)|a.global_id] AS global_ids Record n2| global_ids = [global_id, global_id, ......]

Figure 4.11. Data Retrieval based on Query 7 and Query 8

Query 7: Query all the paths with the relationship "ACCESSES_ 2" between a
“Corridor_Module” node and a node, where the node is either “Basic_Module” or
“Conjunctive_Module”. The query returns one record for each path that includes the
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property "global_id" of the node and the property "door_family_type" of the relationship.

In Query 7, the returned node is one of the modules that makes up one standard space
unit, while the returned property “door_family_type” is the family type of the door, which
is attached to the wall on the outline of one corresponding standard functional unit.
Generally, if the number of an object is defined by the symbol N,y ..., the quantitative

relationship between the above related objects is illustrated below:

Nrecord = Nreturned_node = Ndaor_family_type standard_space_unit — Nstandard_functional_unit

Query 8: Query all the paths which contain the node with the property “global_id”
obtained from Query 7. On each path, all relationships are "ACCESSES_2" and each
node is either “Basic_Module” or “Conjunctive_Module”. The query returns one record

for each path that includes the property "global_id" for all nodes.

Query 8 is looped until all nodes in Query 7 are utilized. Aggregating all paths of one
qguery, all uniqgue nodes together form one entire standard space unit. Since all
standard function units on the objective floor lack their internal layout, the units are

objective units.

From all modules of the standard space unit for each objective standard functional unit
of the objective floor, the basic module can be filtered. Then 2 queries (Query 9 and
Query 10) are performed to obtain the following type of data. The process is illustrated

as Figure 4.12.

- For the standard space unit of each objective standard functional unit on the
objective floor, the property "angle" of the connectivity relationship between the

basic module and its accessible conjunctive modules.
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RETURN y.global_id Record n3 ¥global_id

Loop n2'n1

Figure 4.12. Data Retrieval Based on Query 9 and Query 10

Query 9: Query all the paths with the relationship "ACCESSES_ 2" between a

“Basic_Module” node and a “Conjunctive_Module” node, where the property “global_id”
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of the “Basic_Module” node is specified from a standard space unit of the objective
standard functional unit (called the objective standard space unit in Figure 4.12.) on
the objective floor. The query returns one record for each relationship that includes the

property “global_id” of the “Conjunctive_Module” node.

Query 9 is looped until all “Basic_Module” nodes of the objective standard space units
are utilized. By performing the query once, all “Conjunctive_Module” nodes accessed

to the basic module within one standard space unit can be retrieved.

Query 10: Query one path with the relationship “CONNECTS” between a
“Basic_Module” node and a “Conjunctive_Module” node, where the “Basic_Module”
node is same as the one in Query 9, and the “Conjunctive_Module” node is same as
the one of each returned record after Query 9. The query returns one record for the
path that includes the property “global_id” of the “Basic_Module” node, the property
“global_id” of the “Conjunctive_Module” node, and the property “angle” of the

relationship.

Query 10 is embedded within a dual-layered loop structure. The number of iterations
in the outer loop is determined by the number of basic modules, while the number of
iterations in the inner loop is determined by the number of returned records from Query
9. After all loops, the angle between the basic module and any conjunctive module
connected to it within each objective standard space unit of the objective floor are

obtained.
4.5 Data Transformation

4.5.1 Transformation Object

The objects of transformation are internal layouts of all source standard functional units.
Each Internal layout consists of slabs, furnishing elements, assembled rooms, and
walls with attached doors. The objects can be automatically obtained by following the

steps in the previous sections.

4.5.2 Transformation Type

The internal layout of a source standard functional unit can be transformed into an
objective standard functional unit if the doors attached to the wall on the outline of the
source standard functional unit and the objective standard functional unit belong to the

same door family type.
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The automated design process in this study considers the following basic

transformations:

- Translation

- Vertical Mirror

- Horizontal Mirror

- 90-degree Counterclockwise Rotation
- 180-degree Counterclockwise Rotation
- 270-degree Counterclockwise Rotation

From a source unit to an objective unit, the actual transformation may also be a
combination of the basic transformations listed above. Since some different
combinations lead to the same result, e.g., the combination “a vertical mirror after a
270-degree counterclockwise rotation” is equivalent to the combination “a horizontal
mirror after a 90-degree counterclockwise rotation”, only one of them is selected.

Eventually, all possible transformations considered in this study are as follows:

- Translation

- Translation + Vertical Mirror

- Translation + Horizontal Mirror

- Translation + 90-degree Counterclockwise Rotation

- Translation + 180-degree Counterclockwise Rotation

- Translation + 270-degree Counterclockwise Rotation

- Translation + 90-degree Counterclockwise Rotation + Vertical Mirror

- Translation + 90-degree Counterclockwise Rotation + Horizontal Mirror

Notably, “no translation” is regarded as a translation where the translation vector has

no length.

45.3 Transformation Rule

The internal layout of a source standard functional unit can be transformed into an
objective standard functional unit if the doors attached to the wall on the outline of the
source standard functional unit and the objective standard functional unit belong to the

same door family type.

The transformation rules are established to determine the transformation type from the

source standard space unit to the objective standard space unit. The property “angle”
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of the connectivity between the basic module and any accessible conjunctive module

within the unit is the key constraint variable for the transformation rules.

Within a unit, a basic module may access one or more conjunctive modules, which
also implies the existence of one or more related connectivity. On the premise that the
internal layout of a known source unit is able to be transformed into a known objective
unit if the properties “angle” under the related connectivity in the source unit are
included in set X and the properties “angle” under the related connectivity in the
objective unit are included in set Y, then there must be a bijective function between set
X and set Y such that each element of either set is paired with exactly one element of
the other set. The mathematical expression is as follows:

Vx€A3IyeEB- f(x)=y (36)
VyeB,AlxeA- fl(y)=x (37)
Specifically, different transformations lead to different bijective functions.

If the transformation from a known source unit to a known objective unit is a

“Translation”, the bijection function is as follows:
f(x) = x, x € (—180,180] (38)

If the transformation from a known source unit to a known objective unit is “Translation
+ Horizontal Mirror”, the bijection function is as follows:

—x —180,x € (—180,0)

fG= {—x +180, x € [0,180] (39)

If the transformation from a known source unit to a known objective unit is a
“Translation + Vertical Mirror”, the bijection function is as follows:

—x,x € (—180,180)

fe) = {180, x = 180 (40)

If the transformation from a known source unit to a known objective unit is a
“Translation + 90-degree Counterclockwise Rotation”, the bijection function is as
follows:

x +90,x € (—180,90]

fe) = {x — 270, x € (90,180) (41)

If the transformation from a known source unit to a known objective unit is a
“Translation + 180-degree Counterclockwise Rotation”, the bijection function is as

follows:
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x +180,x € (—180,0]

fo) = {x — 180, x € (0,180] (42)

If the transformation from a known source unit to a known objective unit is a
“Translation + 270-degree Counterclockwise Rotation”, the bijection function is as
follows:

x + 270, x € (—180,—-90]

A {x — 90, x € (~90,180] (43)

If the transformation from a known source unit to a known objective unit is a
“Translation + 90-degree Counterclockwise Rotation + Horizontal Mirror”, the bijection
function is as follows:

—x —270,x € (—180,—-90)

fe) = { — x 490, x € [=90,180] (44)

If the transformation from a known source unit to a known objective unit is a
“Translation + 90-degree Counterclockwise Rotation + Vertical Mirror”, the bijection
function is as follows:

—x—90,x € (—180,90)

) = { — x 4270, x € [90,180] (45)

According to the previous definition of angle, the interval of the independent variable x
is always between (-180, 180] in the above bijective functions. Furthermore, in bijective
functions, the function in each interval is regarded as a transformation rule, expressed
uniformly as f(x) = kx + b, where k is the slope, and b is the y-intercept. By using

this uniform expression, all the transformation rules are illustrated in Table 4-5.

Notably, if there is only one basic module without any conjunctive module within the

transformed unit, the transform type can be any type listed above.

45.4 Transformation Reference Points

To realize the transformation of an internal layout of the source unit, besides
determining the type of transformation from the source unit to the matching objective
unit according to the transformation rules, the reference points for the transformation
need to be determined. Reference points are a pair of two points that provide a

reference for the transformation.

In this thesis, the centre points of basic modules are used as reference units. Since

the basic module of each unit is unique, the reference points can be identified after
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matching the source unit and objective unit.

Transformation operations, including rotation, translation, and mirroring, can be
performed automatically from the source unit to the objective unit according to the
positional coordinates of the reference.

Table 4-5. Transformation Rules

Angle(y)
From Objective Unit

Angle(x) _ y = kx+b Transformation Type
From Source Unit
k b

X € (—180,180] 1 0 Translation
X € (=180,0) -1 -180 Translation +
x € [0,180] 1 180 Horizontal Mirror
x € (-180,180) -1 0 Translation +
x = 180 0 180 Vertical Mirror
x € (—180,90] 1 90 _

Translation +
X € (90,180] 1 2270 90-degree Counterclockwise Rotation
X € (=180, 0] 1 180 .

Translation +
x € (0,180] 1 -180 180-degree Counterclockwise Rotation
X € (—=180,-90] 1 270 .

Translation +
x € (=90, 180] 1 -90 270-degree Counterclockwise Rotation
X € (—180,-90) -1 -270 Translation +

90-degree Counterclockwise Rotation
x € [-90,180] 1 90 + Horizontal Mirror
X € (—180,90) -1 -90 Translation +

90-degree Counterclockwise Rotation
x € [90,180] -1 270

+ Vertical Mirror
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5 Case Study and Result

The case study validates the proposed modularized design and the design automation
based on the automated design workflow. The case is a high-rise prefabricated
residential building project with a frame-tube structure in the design phase. The main

steps of the case study are illustrated below:

- Design the preliminary floorplans for this case based on the modularized design

presented in Chapter 3.

- Create graph data models by transiting building information into graph information
regarding Chapter 4.1, Chapter 4.2, and Chapter 4.3.

- Generate a complete floor plan generation scheme as a file in .csv format regarding
Chapter 4.4 and Chapter 4.5.

- Generate a Revit Addin using Revit APl under C# Project and implement the
automated transformation within Revit Model regarding Chapter 4.5.
5.1 Preliminary Floorplan Design

The BIM authoring tool Autodesk Revit 2023 is used to configure floor plans for the
project. Based on the modularization proposed in the previous chapter, the initial
design task is to configure modules for the project. As illustrated in Table 5-1, modules

are configured by different types, colours, dimensions, and quantities.

Table 5-1. Module Configurations

Module Dimensions (mm)
Module Type Module Color Quantity
Length Width Height

Tube Module Grey 7500 6900 3000 1

11400 2400 3000 1

Corridor Module Light Beige

4500 4500 3000 1
Dedicated Basic Module Dark Blue 6900 6900 3000 6
Modules

Conjunctive Module Light Blue 4500 4500 3000 3
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After the module configuration, space units are designed by one module or combining
modules of the same type. In this case, the tube space unit is formed by one tube
module, while two corridor space units are formed by two corridor modules of different
sizes each. The key point of the space unit configuration is multiple standard space
units that consist of dedicated modules. The library of standard space units and their
variants is illustrated in Figure 5.1.

Unit 1 Unit 2 Unit 3

Unit 1- Variant 1 Unit 1- Variant 2 Unit 1- Variant 3 Unit 1- Variant 4

Figure 5.1. Standard Space Unit Library

After the standard space unit configuration, the modularized floor layout is illustrated
in Figure 5.2.

Figure 5.2 Modularized Floor Plan
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Notably, the modularized floor plan is designed on a separate storey, which is lower
than all the house plans. The tube module is placed at or near the centre within the
floor plan, and the two corridor modules are sandwiched between the dedicated
modules and the tube module. Further, the modularized layout is refined by
combinations of different standard space units selected from the standard space unit
library. Therefore, based on the modularized layout, the space unit division schemes

both for the source floor and for the objective floor are illustrated in Figure 5.3.

Space Unit Division Schema for the Source Floor Space Unit Division Schema for the Objective Floor

Figure 5.3. Space Unit Division Schemes

For the two space unit division schemes, the occurrences of different standard space

units selected from the library are illustrated in Table 5-2.

Table 5-2. Occurrences of Different Standard Space Units per Schema

Standard Space Unit Occurrences of Different Standard Space Units per Schema

Type For the Source Floor For the Objective Floor
Unit 1 1 1
Unit 1 - Variant 1 0 1
Unit 1 - Variant 2 1 1
Unit 1 - Variant 3 1 0
Unit 1 - Variant 4 0 1
Unit 2 2 2

Unit 3 1 0
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Table 5-2 shows that at least one unit is selected as a source standard space unit from
the Unit 1 type and its variants under the unit space division scheme for the source
floor, while at least one unit is selected as a source standard space unit from the Unit
2 type. Since the unit under the Unit 3 type is unique and there is no variant of this type,
it is a source standard space unit that does not involve automated transformations.
After all source units are identified, the remaining standard space units on the source

floor and all standard space units on the objective floor are all objective units.

With all kinds of space units, the corresponding component-level units can be
generated. The configuration of the tube unit and corridor unit on the source and

objective floors is illustrated in Figure 5.4.

Corridor Space Unit Corridor Unit

Tube Space Unit Tube Unit

el

Figure 5.4. Configuration of the tube unit and corridor

As shown in Figure 5.4, the tube space unit corresponds to the tube unit, while 2
corridor space units correspond to 2 corridor units. The configuration of all source

standard functional units on the source floor is illustrated in Figure 5.5.

Source Standard Space Unit
1 2 3

| l I

Source Standard Functional Unit
3

IIEE)

A

Ja
~ (L2l _L

0913

Figure 5.5 Configuration of all source standard functional units
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In Figure 5.5, 4 source standard space units correspond to 4 source functional space
units. Specifically, in Figure 5.5, the 15t source standard space unit and the 3" source
standard space unit are from the Unit 1 type and its variants illustrated in Figure 5.1,
the 2" source standard space unit is from the Unit 2 type illustrated in Figure 5.1, and
the 4" source standard space unit is from the Unit 3 type illustrated in Figure 5.1. The
corresponding source standard functional units all have a unique door that enables the
units to access one of both corridor units. The door is attached to the wall on the
contour of the source standard function space. Of note, different units are labelled with
different family type names of the door as follows:

- Source Standard Functional Unit 1: ZM1121 1
- Source Standard Functional Unit 2: ZM1121 2
- Source Standard Functional Unit 3: ZM1121 3
- Source Standard Functional Unit 4: ZM1121 4
By giving an objective standard functional unit the same family type of the door as a
source standard functional unit, the source standard functional unit is then paired with
the objective standard functional unit, which means that the internal layout of the
source standard functional unit can be transformed into the objective standard
functional unit. Such pairings are performed when drawing walls with the door on the

contour of all objective standard functional units.

After finishing the configuration of all units, the preliminary component-level source and

objective floor plans are formed, as illustrated in Figure 5.6:

[ focten
Liing Room
q [N | N T w7
‘Comdor 012 Gonidor 2121 2}
s P N | e

9

[c]|E)] Bedoon

PA R
Dz 3 Illﬂg
Comdor
F vl
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S

Source Floor Plan Objective Floor Plan

Figure 5.6. Configuration of Preliminary Component-Level Floor Plans
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The two floor plans above are preliminary results completed by the designer before
entering the automated design process. The preliminary results are categorized into
preliminary source floorplans and preliminary objective floorplans. As previously
mentioned, the concepts of source and objective floors are relatively contingent on the
presence of source standard functional units on the source floor that corresponds to
the objective standard functional units on the objective floor.

The tube unit and corridor units have been designed on both source and objective
floors. The subjects awaiting transformation are the interior layouts of the source
standard functional units, including furniture, assembled rooms, slabs, and walls with
attached doors, all situated on the source floor. Transformations are bifurcated into two
primary categories: One is the transformation of the internal layout of source standard
functional units on the source floor to the matching objective standard functional units
on the same floor, and the other is the transformation of the internal layout of source
standard functional units on the source floor to the matching objective standard

functional units on the objective floor.

All requisite information for these transformations is analyzed and retrieved based on
the property graph and the Neo4j graph database, as outlined in Section 5.2. The
transformation schemes determining specific transformation types, such as translation,

rotation, and mirroring, are generated in Section 5.3.

5.2 Graph Visualization

A Neo4j graph database was initialized using Docker Compose within the PyCharm
integrated development environment. Access to the database's web interface, the
Neo4j Browser, was facilitated through the URL http://localhost:7474/, as indicated in
the PyCharm dashboard. The Neo4j Browser serves as a web-based interface for
interaction with the Neod4j database. Authentication to the Neo4j database was
achieved using credentials specified in the Docker Compose configuration file. Once
authenticated, the Neo4j Browser interface, depicted in Figure 5.7, allowed for the
visualization of the graph data. This web-based platform provided the necessary tools

for visual and interactive exploration of the graph database.
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Figure 5.7. Interface of the Created Graph Database in the Neo4j Browser.

Neo4j Python Driver 4.14 is used here to interact with the Neo4j database. Two steps

are performed to generate the graph data model in the neo4j database as follows:

Firstly, a class is created to encompass methods for establishing and closing a

connection to the Neo4j database, then creating, and adding nodes, relationships, and

their attributes. In these methods, cypher query statements are embedded. Partial

class functions are illustrated as examples in Figure 5.8.

from necd4j import GraphDatabase

class App:

def _ init_ (self, uri, username, password):
self.driver = GraphDatabase.driver(uri, auth=(username, password))

def close(self):
self.driver.close()

def add_basic_module(self, global_id, components, type_name="basic_module’):
with self.driver.session() as session:
session.execute_write(self.create_basic_node, global_id, components, type_name)

f@staticmethod
def create_basic_node(tx, global_id, components, type_name):
tx.run("CREATE (m:Basic_Module "
"{global id: $global id, components: %components, "
“type_name: $type_name})”,
global_id=global_id, components=components, type_name=type_name)

def add_basic_conjunct_connectivity(self, global id_a, global_id_b, angle, relative_position):
with self.driver.session() as session:
session.execute_write(self.basic_conjunct_relationship, global_id_a, global_id_b, angle, relative_position)

@staticmethod
def basic_conjunct_relationship(tx, global_id_a, global_id_b, angle, relative_position):
tx.run{"MATCH (a:Basic_Module {global_id: $global_id_a})"
"MATCH (b:Conjunctive Module {global id: $global id b})"
"MERGE (a)-[:CONNECTS {angle: $angle, relative_position: $relative position}]-(b)",
global_id_a=global_id_a, global_id_b=global_id_b, angle=angle, relative_position=relative_position)

Figure 5.8. Partial Cod of Class Methods for Interaction with Neo4j Database.
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As illustrated in Figure 5.8, the class is initialized with a Neo4j driver to connect to the
Neo4] database. The close method is used to close the driver connection. The
“create_basic_node” static method represents a transaction function that executes a
Cypher query to create a node labelled as “Basic_Module” with three properties:
“global_id”, “components”, and “type_name” with a default value of ‘basic_module’.
The “add_basic_module” method adds a “Basic_Module” node to the graph database.
It uses the transaction function “create basic _node” within a session to execute the
Cypher query. The “basic_conjunct_relationship” static method represents a
transaction function that executes a Cypher query. The query matches nodes with
specific global_id properties for both “Basic_Module” and “Conjunctive_Module” labels.
It then creates a relationship “CONNECTS” between these nodes with properties
“angle” and “relative_position”. The method “add_basic_conjunct_connectivity” is used
to add connectivity between a node labelled as “Basic_Module” and another labelled
as “Conjunctive_Module” in the graph database. It uses a transaction function,

“basic_conjunct_relationship”, within a session to execute a Cypher query.

Secondly, all methods for interaction with the Neo4j Database are executed. A partial

code for implementing the operation corresponding to the above figure is illustrated in

Figure 5.9.

e1.

82. | scheme = "bolt’

83. | host_name = "localhost”

a4. port = 7687

85. | url = f"{scheme}://{host_name}:{port}”

86. | username = "n

a7. password = "Xyz@531!

88. | app = neo4j_driver.App(url, username, password)

a9,

18.

11. | for basic_module in basic_meodule data:

12. app.add_basic_module(basic_module[ 'IFC_GUID'],

13. a.getComponentsOfModule(basic_module, elevation 1, wall width_max, wall_width_min))
14.

15.

16. | for 1 in range(len(basic_conjunct_module_connectivity)}):

17. if basic_cenjunct_module connectivity[i][2] == 1:

18. app.add_basic_conjunct_connectivity(basic_conjunct_module_connectivity[i][@],
19. basic_conjunct_module connectivity[i][1],
28. basic_conjunct_module_connectivity[i][6].
21. basic_conjunct_module connectivity[i][3])
22.

23. | app.close()

24.

Figure 5.9. Partial Code of Executing the Methods in Figure 3.2.4

Through the above two steps, the graph data model for this case can be automatically
generated. In the Neo4j browser, by executing the cypher statement match(n) return

n, the graph can be displayed. All nodes and relationships of the graph are illustrated
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in Figure 5.10.
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Figure 5.10. Graph Data Model Visualization

5.3 Automated Transformation Implementation

By applying the transformation rules, a file in CSV format can be exported from the
PyCharm project that includes a transformation scheme to generate a complete design
for the case. The transformation scheme is illustrated in Figure 5.11.

basic_module_source (1) source_x (2) source_... house_components (4) basic_module_objective (5)  objective_x (6) objective_y (7) floor_name (8) transform (9)
basic_module_source source_x source_y ho ompenen 1 t

1

ts asic_ e_objective objective_x objective_y floor_name transform

0Z3tKe7qu7j0UiPpOaCHLf -16446 10389 1854 10389 House Planl Translation + Horizontal Mirror
2

0Z3tKe7qu7j0UiPpOaCHLf -16446 10389 1854 10389 House Plan2 Translation + Horizontal Mirror
3

0Z3tKe7qu7j0UiPpBaCHLf -16446 10389 Lf  -16446 10389 House Plan2 Translation
4

BZ3tKe7qu7j0UiPpBaCHLF -16446 10389 -9996 -7911 House Plan2 Translation + Vertical Mirror
5

0Z3tKe7qu7j0UiPpBaCHt6 -96 3489 36df thrZNE2D1  -14496 3489 House Planl Any
6

0Z3tKe7qu7j0UiPpBaCHt6 -96 3489 -96 3489 House Plan2 Any
7

0Z3tKe7qu7j0UiPpBaCHt6 -96 3489 -3896 -3411 House Plan2 Any
8

BZ3tKe7qv7j0UiPpBaCHSD -3896 -3411 36df TRrZINE2D]  -14496 3489 House Plan2 Translation + Horizental Mirror
9

Figure 5.11 Generated CSV File for Automated Transformation

As illustrated in Figure 5.11, the solution information is as follows:

- IFC_GUID and centre coordinates of the base module in the source standard
functional unit
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- All the components within the internal layout of the source standard functional unit

- IFC_GUID and centre coordinates of the basic module in the matching objective

standard functional unit

- The name of the floor where the matching objective standard functional unit is
located.

- The type of transformation from the source standard functional unit to the matching
objective standard functional unit.

Since one standard space unit has only one basic module in the case study, the
transformation type regarding it is illustrated as "Any" in the CSV file. In this context,
the designer needs to manually change the transformation type to a specific type in
the CSV file. Otherwise, the transformation is not executed. A feasible change is

implemented as follows:

"Any" of the 6th row in the above figure is changed to "Translation + 270-degree-

Counterclockweise Rotation".
"Any" of the 7th row in the above figure is changed to "Translation".
"Any" of the 8th row in the above figure is changed to "Translation".

After that, the transformation is implemented in the Revit interface to generate

complete source and objective floor plans automatically. The tools used are as follows:

- Specify the IDE Microsoft Visual Studio 2019, where a new class library project is
created, C# is selected as the programming language, and .Net Framework 4.8 is
specified for compilation. The project is used for CSV file reading and Revit Add-in

development.

- Use ReVitAPI in the project, as illustrated in Figure 5.12. By using Revit API, a series
of interactive operations with Revit can be performed, including translation, rotation,

and mirroring between different views.

Figure 5.12. Using ReVitAPI under the IDE Microsoft Visual Studio 2019
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- Two plug-in tools are used to assist in Revit Addin development, as illustrated in
Figure 5.13: RevitLookUp and AddinManager. RevitLookUp is used for intuitive and
fast access to detailed information about build elements, and AddinManager is used
for efficient loading and running of the results of the development.

ﬂ BeHG-& -2 S2-A0A G- LE-< Autodesk Revit 2023 - MA-Case Study.rvt - Floor Plan: House Plan2

Architecture  Structure  Steel Precast Systems Insert  Annotate  Analyze  Massing & Site  Collaborate  View Manage Add-Ins  Madify -

[y 5 o % (k)

Modify| Transmit model(s) About  Convert RFA Add-in Manager  Revitlookup
to Formlt M T
Select = eTransmit Formlt Converter  External Tools Revit Lookup

Figure 5.13. Revit plug-in tools: RevitLookUp and AddinManager

After executing the project, a .ddl file is generated. The interface of the project with
execution results is illustrated in Figure 5.14.

81% - & Noissues found &~ Ln:134 Ch:44 SPC  CRLF
Show output from: | Build &« E m
Build started -
1> Build started: Project! RevitProject MA Configuration! Debug Any CFI
150 \Fragran (x86) i orasoft Visual Studio\2019\Connunt ty\WEEni]d\DurrentiBin soft Common Curvent¥ersion targets(2203,5): warning WB32T0° There was a nismatoh between the processor architesture of the praject being huilt
15C: \Prozr MShuil

Current¥ersion targets(2203,6): warning MSB3270; There was o mismateh between the processor architectwre of the preject being built —

A cramat | £ L
1> Revi tBrojeot M —3| C:\Uzer=\16939} sourcalr apos\Revi tPx ojeot Mi\bin\Dabug\Ravi tProject A dl1 |
Build 1 succeeded T FmTed T =Fireed

Figure 5.14. .ddl File Generation From the Visual Studio Project

By using Revit Add-in Manager, the generated Addin from the coding project can be
loaded into Revit as illustrated in Figure 5.15.

/> Revit Add In Manager 1.5.2 - a

X
Search...
Load Command | Load App | Startup | Listener |

E [¥]RevitProject MAdIl
M RevitProject MA.MA

Run

=
a
o
o

z
:
H

EE

Ol Version () Current Version  Save Addin

Source Floor Plan

B e N A R Ty

Figure 5.15. .ddl File Loading into Revit

By clicking “run” button illustrated in Figure 5.16, the Addin can be successfully
executed, as illustrated in Figure 5.17.
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AddinManager - Tip

Transformation is finished

Figure 5.17. Customized Task Dialog at the end of Transformation

The generated compete source and objective floors are illustrated in Figure 5.18.

Source Floor Plan Objective Floor Plan
Figure 5.18. Automated Generation of Complete Floorplans

As the transformation scheme illustrated in Figure 5.11, the coordinates of the basic
module within a source standard space unit determine the starting point of individual
transformation, while the coordinates of the basic module within a matching objective
standard space unit determine the ending point of individual transformation. Notably,
the transformations of the internal layout of source standard functional units within the
source floor are directly executed. However, transformations from the source floor to
the objective floor additionally require a copying process. Upon completion of all
transformations, a complete source floorplan and a complete objective floorplan are

generated.

The programming project "Automated Design Workflow" is hosted on GitLab,

accessible via the link https://gitlab.com/Yingz123/automated-design-workflow.git, and

the programming project "Revit-Addin for Automated Transformation" is hosted on
GitLab, accessible via the link https://gitlab.com/Yingz123/revit-addin-for-automated-

transformation.qit.



https://gitlab.com/Yingz123/automated-design-workflow.git
https://gitlab.com/Yingz123/revit-addin-for-automated-transformation.git
https://gitlab.com/Yingz123/revit-addin-for-automated-transformation.git
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6 Discussion

6.1 Conclusion

One of the key findings of this study is the pivotal role of digital technologies,
particularly BIM, in enhancing the standardization and efficiency of the design phase
in prefabricated construction. The implementation of BIM has been illustrated to be
instrumental in streamlining the design process, allowing for greater flexibility,

accuracy, and resource optimization.

The thesis has demonstrated the effectiveness of integrating modularization into the
BIM-based architectural design process, thereby addressing a vital need within the
AEC industry. It has highlighted the benefits of modularization in its ability to promote
the reuse of prefabricated components and prefabricated volumetric modules. In
addition, the thesis has also established the feasibility of an automated design
workflow, which contributes to the automated design process with IFC file extraction,

the graph data model, and graph database.

This thesis provides valuable insights and practical solutions to some of the most
pressing challenges in prefabricated construction. It establishes a foundation for future
research and development in this field, paving the way for more efficient, sustainable,
and cost-effective construction practices. The implications of this research are far-
reaching, offering a roadmap for the AEC industry to evolve and adapt in an era

increasingly defined by digital innovation and environmental consciousness.

6.2 Limitation

While this thesis has provided valuable insights into the architectural design process
for prefabricated buildings, several limitations must be acknowledged to contextualize

its findings and implications.

Scope of Application: The research primarily focuses on the design and construction
of prefabricated frame-core tube structure buildings. Consequently, the findings and
methodologies developed may not be directly applicable or fully transferable to other
types of construction projects, such as low-rise residential buildings or specialized

architectural structures.
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Dependency on Digital Technologies: The proposed design process heavily relies on
advanced digital technologies, particularly Building Information Modeling (BIM) and
graph databases. This reliance presupposes a certain level of technological
infrastructure and expertise, which may not be readily available in all construction
contexts, especially in regions with limited technological advancement.

Complexity of Implementation: The implementation of an automated design workflow,
while advantageous, introduces a layer of complexity in terms of software proficiency,
data management, and integration with existing construction practices. This complexity
could pose challenges, particularly for firms or professionals unfamiliar with these
technologies.

Empirical Validation: The research would benefit from more extensive empirical testing
and real-world case studies. While theoretical and initial practical applications have
been explored, broader implementation and testing would provide deeper insights into

the practicality and scalability of the proposed design process.

Consideration of External Factors: Factors such as regulatory environments, market
dynamics, and socio-economic conditions, which can significantly influence the
adoption and success of prefabricated construction methods, have not been
extensively explored in this thesis. These external factors play a crucial role in the

practical application of the research findings.

Sustainability Considerations: Although the study touches on the potential
environmental benefits of modular design, a detailed analysis of the sustainability
aspects, including life cycle assessment and carbon footprint analysis, has not been
conducted. Such an analysis is critical to fully understand the environmental impact of

the proposed design process.

By acknowledging these limitations, the research presents a transparent overview of
its scope and applicability. Addressing these limitations in future studies would further
enhance the understanding and efficacy of the modularized design process in

prefabricated construction.

6.3 Outlook

This thesis sets a foundation for future exploration and innovation in the field of

prefabricated design and construction. The research has opened several avenues for
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further study and development, which are crucial for advancing the industry. The
following outlines the potential future directions:

Integration with emerging technologies: Exploring the integration of newer digital
technologies, such as artificial intelligence, machine learning, and advanced data
analytics, with the current BIM-based design process could lead to even more
sophisticated and efficient design solutions. This could further automate aspects of the

design process and enable more personalized and optimized construction outcomes.

Sustainability and environmental impact assessment: Future research should also
focus on a comprehensive sustainability assessment of the modularized design
process. This includes evaluating the environmental impact, resource efficiency, and

life cycle analysis of buildings designed using this approach.

Economic analysis and market viability: Analyzing the economic aspects, such as cost-
effectiveness, return on investment, and market viability, is essential. Future studies
could explore the economic implications of adopting the approach, providing a more

complete picture of its feasibility and attractiveness to stakeholders.
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