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Summary

Robots can replace humans in repetitive, laborious and dangerous construction

tasks and therefore have strong potential to be widely applied in the Architecture,

Engineering and Construction (AEC) industry. While this is already the case for

prefabrication, robotization is less common on construction sites, e.g., for robotic

assembly. In reality, project cost constraints, human-machine interaction chal-

lenges, and the absence of accurate robotic construction planning have impeded

sufficient advances in on-site robotic construction. What is needed, is a sufficiently

realistic and flexible simulation environment tailored to the AEC industry needs,

including data models, planning algorithms and robots as they are used in this

industry. Such a simulation environment can reduce the cost and improve the fea-

sibility and safety of robotic construction. In the simulation environment, various

studies for robot construction, e.g., construction planning for robotic, robot con-

struction methods, robot navigation in the field, etc., are available without taking

into account the budget of acquisition of real robots, nor the operating techniques

and the safety issues that may arise from the experiments, which greatly reduces

costs and enhances reliability. However, for now, a challenge in these simulation

environments is a lack of accuracy in the robot actions and the data it uses. In

addition, when humans are replaced by robots in construction, existing construc-

tion planning methods must be upgraded and broadened to incorporate robot task

planning descriptions.

This research aims to provide a new environment for robot construction through a

novel robotic construction simulation platform. This platform consists of a BIM-

based construction simulation environment and a component-oriented construc-

tion planning system (smart construction object-SCO). To achieve the BIM-based

robotic construction simulation, this thesis propose a new framework for robotic

construction simulation which integrates open standards, namely the Industry

Foundation Classes (IFC), and tools (e.g., IfcOpenShell) to achieve a generic and

flexible robotic construction simulation environment. With this framework, IFC

files can be automatically converted into the Simulation Description Format (SDF)
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Summary

and generate building components as smart components using the Resource De-

scription Framework (RDF). This eliminates platform-specific limitations of existing

robotic construction simulation platforms. A component-oriented construction

planning approach enables collaborative management of robotic construction.

Using the smart construction object (SCO) approach, diverse construction tasks

are assigned to robots by assigning state and requirements to the components to

drive multiple robots for the assembly of prefabricated components (light weight

constructions). A Robot Construction Action Node (RCAN) is proposed to serve as

middle layer system between the smart component and the robot operating system

(ROS). The RCAN node publishes the construction requirements to the robot for

robot task planning. Eventually, this study applies Reinforcement Learning (RL) for

component-oriented construction planning for automated construction planning

of dynamic construction processes.

The above work is designed primarily for light weight structures. These are com-

monly used for the set-up of indoor and outdoor spaces (e.g., indoor temporary

offices and exhibition fence, bus stations, sun-houses, and etc.). The majority

of these structures’ components are amenable to robotic assembly, therefore the

employment of robots enables faster, safer, and more precise construction. The

reduced size and lighter weight of the light-weight structure also makes it more

suited for current industrial or experimental robots and facilitates its adaptation

to real-world construction scenarios. The simulation platform is validated for the

case of these light weight prefabricated structures.

Key words: Robotic Construction Simulation, Building Information Modelling,

Linked Building Data, Deep Reinforcement Learning
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1 Introduction

1.1 AEC Industry at Present

As one of the oldest engineering industries in human history, the Architecture,

Engineering, and Construction (AEC) industry has a history of nearly 7,000 years [1],

[2]. From relying solely on manual labor in the early days to the widespread use of

various mechanized construction equipment today, humans have been constantly

striving to upgrade their AEC-related technology. Currently, the AEC industry has

become one of the largest industries globally, accounting for 13% of global GDP

and 7% of the global workforce [3]. Rapid technological and cultural advancements,

coupled with population growth, have accelerated urbanization. The foundation

for these developments and visions is the construction industry because it provides

the most fundamental guarantee for human survival: dwelling space. To meet

the demands of rapid development, the AEC industry faces increasingly higher

requirements.

Despite playing a crucial foundational role in future development, the AEC industry

has almost stagnated or even regressed in recent years compared to other industries.

The productivity of the engineering and construction industry has only grown by

1% annually over the past 20 years [3], despite consuming a significant amount

of resources (energy, materials, labor, etc.). It is estimated that half of a country’s

total resources are used for the built environment, for example, infrastructure

and facilities, yet profits are low (only 5%), and budget and schedule overruns are

the norm [4]. While workers in other industries have significantly improved their

productivity, construction workers’ productivity has declined dramatically. These

issues indicate that the AEC industry has reached its technological performance
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limit. As one of the lowest capital-intensive industries with less than 1% of revenue

invested in research and development, due to the low investment-output ratio,

this significantly restricts innovation in AEC technology [3]. Compared to other

industries, if comprehensive reform is not carried out in the current AEC industry,

according to the law of diminishing returns, this will slow down the development

process of human civilization as a whole.

The cause of this problem is related to the characteristics of the AEC industry. As

one of the oldest industries in history, although the production mode of the AEC

industry is constantly being optimized, compared with some modern industries

that have emerged in recent times (manufacturing, chemicals, the Internet, etc.),

the AEC industry still retains a large number of traditional production modes. Its

long history has made the industry rigid and difficult to embrace new technologies,

and more importantly, people have become accustomed to this tradition and are

trapped in it. All parties involved are very scattered, operating in order and based

on individual projects. Suppliers and contractors do not have sufficient coopera-

tion and communication, and knowledge transfer between projects is insufficient.

Compared to other industries (such as manufacturing), the construction process

heavily relies on manual construction and management based on experience, lack-

ing automation and digital production and management. This severely limits the

space for construction optimization and innovation. However, since the current

mode can achieve project implementation, the long-term benefits of research and

development do not match the short-term risks and returns. Therefore, govern-

ments and clients usually do not stimulate or reward innovation. This leads to

competition in prices rather than technology or sustainability, resulting in a decline

in the profits of the AEC industry [5].

While the traditional production mode in the AEC industry can achieve construction

goals, there is considerable room for improvement. Drawing on the experience of

other industries, the key to significant productivity gains lies in the digitalization

and automation of the industry (partially achieved). Due to the characteristics of

the industry, the manufacturing industry is one of the industries with the highest

levels of automation and digitization. Based on robotic automation production

lines and digitized management systems, it has become one of the industries

with the highest productivity levels. In recent years, the logistics industry has

achieved automated sorting, warehousing, and digitized supply chain management,

greatly improving work efficiency. At the same time, some traditional industries,
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such as agriculture, have achieved automated seeding and harvesting, data-driven

agricultural management, significantly improving production efficiency through

the use of digital and automation technology. The AEC industry is also ready to

move towards comprehensive digitalization and automation.

1.2 The current digitalization and automation technologies

in the AEC industry

1.2.1 Building Information Modeling (BIM) - A method for digitizing

Building Information Modeling (BIM) is a method of digitally designing, construct-

ing, and operating buildings [6]. It integrates information from various aspects

of building projects, such as architecture, engineering, materials, and equipment,

to form a comprehensive building information model. This model assists archi-

tects and engineers in collaborating and managing projects more effectively. By

digitizing building information, BIM enables more efficient collaboration and re-

source management, improves the accuracy and quality of design and construction,

reduces errors and repetitive work, and also helps to lower project costs. This tech-

nology is increasingly recognized in the construction industry and is considered

a critical component of digital transformation in building. The most significant

characteristic of BIM is that it is not merely a 3D model but a complete data model

containing building information. This model can include detailed information

on building components such as size, material, thickness, and quality and can

also be integrated with other systems such as structure, electrical, and HVAC for

better analysis of building performance and efficiency. BIM’s advantages include

better visualization and modeling abilities, higher precision and accuracy, better

collaboration and communication, higher efficiency, and lower costs [7]. BIM can

also help predict and resolve potential design and construction issues, reducing

project risks and delays.

With the development of BIM technology, the application of BIM in construction

management is increasing. The advantages of BIM-based construction manage-

ment lie in its ability to accurately display the entire process of building design and

construction and provide a unified information platform for all relevant parties

[7]. BIM-based construction management can simulate construction before con-

struction planning to optimize construction plans and decisions through spatial
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analysis[8], [9], logistics planning[10], [11], and collision detection [12], [13] using

3D models. During construction, BIM technology can update data in real-time,

coordinate the work of all involved parties, predict and resolve potential engineer-

ing issues, and improve construction quality and efficiency [14]. At the same time,

BIM can also be used to monitor and record data on construction sites, achieving

data-driven and digital management throughout the entire process [15].

LBD (Linked Building Data) is a web-based data technology for BIM that describes

and shares information related to buildings to achieve data management and inter-

action throughout the building’s lifecycle [16]. Therefore, LBD can be considered

a type of BIM technology that extends the capabilities of traditional BIM by com-

bining building information modeling with semantic web technology. This enables

building information not only to be used in software applications but also to be

exchanged and shared between different computer systems and web applications.

The development of LBD provides a foundation for the construction industry to

move towards digital twinning [17], [18]. The knowledge base established through

LBD technology can provide more comprehensive data support for robot construc-

tion based on BIM [19].

1.2.2 Robot Construction - Towards automation in construction

In recent years, robotics technology has been researched and applied to construc-

tion in order to achieve automation [20]. Robot construction refers to the use of

computer programs and robotics technology to realize the design, manufacturing,

assembly, and maintenance of buildings. Robot construction can improve the

efficiency and accuracy of the construction industry while reducing labor and time

costs. Robots are applied in the construction of various types of building structures,

such as 3D concrete printers used in prefabricated concrete manufacturing [21],

which can achieve accurate three-dimensional printing through computer control.

Robots are also used in rebar processing and assembling [22], which can accurately

cut and process rebar according to design drawings, thereby improving production

efficiency and quality. Site robots are used to transport and install site materials

and are also used for site inspections [23].

The easiest achievable building structure for robot construction is the prefabricated

building that is oriented towards component assembly [24]. Only the construc-
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tion method based on factory processing and on-site assembly can reduce the

complexity of the site, which can be regarded as a prerequisite for implementing

automated/robotic site construction . Each building component can serve as the

task target of the robot, and the construction tasks required for each component

can serve as the robot’s workflow. The construction of all components can form

a complete construction process to achieve the transformation from low-level to

high-level components and finally form a building. This workflow is consistent

with the characteristics of robots and can maximize their work capacity. Therefore,

research related to component-oriented robot structure assembly [25], [26] and

robot site construction [27], [28] has received increasing attention from researchers

and companies.

1.3 Problem statement

The application of robots in real construction scenarios still faces many challenges,

such as technical, economic, and policy-related issues. Often, robot technology

struggles to adapt to complex construction environments and cannot cope with

the flexibility required [29]. Additionally, the high procurement and maintenance

costs of robots limit the exploration space for researchers. Therefore, there is a

need to address the problem of how to make robot technology "adapt" to con-

struction engineering while reducing the research and development costs of robot

construction. First, the management of robots in the construction environment

needs to be addressed. Unlike the standardized assembly line environment of the

manufacturing industry, robots in the construction industry require a management

system that can recognize the construction environment and plan the construction

tasks of different robots based on construction needs. Second, the economic feasi-

bility of robots in construction is also a factor that needs to be considered. Robot

development costs are high, and the initial high investment is difficult to recover in

the short term. The efficiency and applicability of robots in construction depend

on the type, scale, and construction environment of the building, requiring the

development of different types and functionalities of robots for different buildings

and construction environments. Compared to using robots in the manufacturing

industry with a standardized assembly line, the development costs of construction

robots will be higher.

Of course, these issues do not only appear in the development of construction
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robots. In other industries, robot simulation is widely used to develop robots

more efficiently and economically. Robot simulation refers to the use of computer

simulation technology to simulate the behavior and performance of robots in spe-

cific environments [30]. The purpose of studying robot simulation is to deeply

understand the behavior and decision-making process of robots through simu-

lation experiments, explore the interaction mechanism between robots and the

environment, and optimize the control algorithms and intelligent decision-making

strategies of robots. In addition, robot simulation can also serve as a safe and

low-cost testing method to evaluate the performance, stability, and reliability of

robots in different scenarios. Therefore, in many fields of robot application, such as

industrial automation, service robots, intelligent transportation, etc., the study of

robot simulation has important theoretical and practical value.

It is evident that simulation is one of the methods to solve obstacles in the devel-

opment of robot construction. The advantages that simulations bring to robotics

research are equally applicable to the study of robot construction. By simulating the

process of robot construction, researchers can gain a deeper understanding of the

interactions between various key technologies and components, thereby enhancing

the optimization of robot design and performance. Additionally, in the context of

the high-investment AEC industry, simulation holds a more pronounced cost ad-

vantage over experimentation in real construction environments. Currently, while

simulation methods have been separately applied in the fields of architecture and

robotics, these domains have yet to be integrated. As mentioned above, BIM-based

construction simulation is applied in construction planning and construction man-

agement [31]–[33], while robot simulation is widely used in various industries, such

as manufacturing [34], logistics [35], and medical robots [36]. Therefore, there is a

need to combine construction simulation and robot simulation, further expanding

BIM technology into robot construction simulation, allowing researchers in robot

construction to test, observe and optimize robot construction activities in the field

environment in the same way as other industries, using simulation environments.

1.4 Objectives and Scope

The objective of this PhD study is to establish a novel robotic construction simula-

tion platform, which offers an innovative framework for the development of robotic

construction. This study aims to integrate robot simulation and construction simu-
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lation, providing a generic framework for simulating robotic construction. Through

simulation-based strategies, it extends the range of potential applications for robots

in construction scenarios. Additionally, leveraging the simulated environment and

considering the unique aspects of robotic work, a planning approach suitable for

robot construction is proposed. Researchers and industry professionals can avoid

the high costs and potential safety risks associated with real-world robot construc-

tion research. Simulation enables the exploration of various issues pertinent to

robot construction research. Moreover, based on the methodologies introduced in

this study, planning and control of construction robots in simulated environments

can be realized. This platform comprises of a construction simulation environ-

ment based on Building Information Modelling (BIM) and a construction planning

system that is component-oriented, referred to as the Smart Construction Object

(SCO). Based on the principles of component-oriented construction planning, this

work applies Deep Reinforcement Learning (DRL) to develop a model with the goal

of achieving automatic and rapid planning in dynamic environments, in order to

meet the requirements of robotic construction.

The primary objectives of this thesis are formulated as follows:

1. to provide a generic framework for robot construction simulation by integrat-

ing IFC-based BIM models with robot simulation, as a method for expand-

ing the potential applications of robots in construction scenarios through

simulation-based strategies;

2. to develop a component-oriented multi-robot coordination method for pre-

fabricated structures to enable macro-level robotic construction manage-

ment;

3. to propose the concept of robot construction action node (RCAN) for realizing

the connection between construction activities and robots to achieve micro-

level control of robot actions;

4. to present a DRL-based method to realize real-time assembly planning for

robot-based prefabricated construction.

Because robot construction pertains to the entire construction industry and various

types of construction robots exist, the scope of this study is limited to the simulation
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and planning of lightweight prefabricated structures by robots. This is because

on-site assembly is a primary construction practice characterized by industrialized

and component-oriented features. By prefabricating building elements in manu-

facturing factories and subsequently performing pick up, transfer, and assembly

operations on-site, construction projects can be rapidly and efficiently completed.

This aligns well with the advantages of robots in handling repetitive, tedious, and

time-consuming tasks. Robots can undertake tasks involving repetition, heaviness,

or hazards during the assembly process, thereby enhancing work efficiency and

safety.

1.5 Thesis Outline

This thesis is organized into seven chapters. The current chapter addresses the

challenges of digitization and automation faced by the AEC industry. It briefly

introduces the recent developments of digitization and automation in the AEC

industry. In response to these challenges and issues, the purpose and scope of this

study are proposed. Finally, an outline of the entire thesis is provided in this section.

Figure 1.1 shows the structure of the PhD thesis.

Chapter 2 provides an overview of the relevant backgrounds and works. This study

primarily focuses on the prefabrication and assembly of building components using

robotics, as well as the application of Building Information Modeling (BIM) and

Artificial Intelligence (AI) technologies in robot construction planning and simu-

lation. Therefore, the literature review covers the evolution of robot construction,

the development of BIM in the Architecture, Engineering, and Construction (AEC)

industry, relevant research on the use of BIM in robot construction simulation, and

the application of AI technology in construction planning.

The overall architecture of the robot construction platform that is presented in

this work also displays in Figure 1.1 (Robotic Prefabricated Construction Simula-

tion Platform). This includes the modules that implement each function and the

interaction between each module. The platform consists of four main parts: 1)

BIM-to-ROS transformation procedure, 2) component-based construction robot t

coordina system, 3) Robot construction action node (RCAN) system, and 4) DRL-

based construction decision making system. As shown in the Figure 1.1, each part

corresponds to a chapter in this thesis.
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Background Related works

Formulate the research objective

Chapter 2: Background and

Related works

ROS-based simulator

ROS-based robot

controllers

Smart components

Robotic Prefabricated Construction Simulation Platform

Chapter 3: Component-based

Robot Prefabricated Construction

Simulation Using IFC-Based BIM

model

Robot construction action node

(RCAN) system

Chapter 5 : Data linking and

interaction between BIM and ROS

for flexible robotic construction

planning

DRL-based construction decision

making system

Chapter 6 : DRL for Real-time

Assembly Planning in Robot-

based Prefabricated Construction

Chapter 4 : Component-Oriented

Method of Construction Robot

Coordination 

Component-based construction

robot coordination system

Chapter 5

Chapter 3

Chapter 4

Chapter 6

BIM-to-ROS transformation

procedure

Figure 1.1: The overall architecture of the robot construction platform and the
corresponding chapters.

Chapters 3 to 6 provide detailed descriptions of the corresponding parts shown in

the Figure. These chapter rely directly on published articles [37]–[39]. Chapter 3

provides a novel framework for simulating robotic construction that incorporates

open standard formats and tools to achieve a widely adopted robot simulation

environment [39]. This framework offers a novel approach for converting Industry

Foundation Classes (IFC) files into Simulation Description Format (SDF), which

facilitates the generation of building components as smart components. This ap-

proach mitigates platform-specific constraints in robotic construction simulation

and thus enhances the applicability of Building Information Modeling (BIM) mod-

els.
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Chapter 4 proposes a component-oriented approach for robot construction, which

utilizes the smart construction object (SCO) method (middle part of Figure 1.1)

[37]. This approach assigns diverse construction tasks to robots by specifying the

state and requirements of individual components, thereby enabling multiple robots

to assemble prefabricated components. To validate this approach, this chapter

implemented various robots within a BIM simulation environment and used them

to construct a steel frame based on the SCOs.

Chapter 5 introduces the Robot Construction Action Node (RCAN) as a middle layer

system between the smart component and the robot operating system (ROS). RCAN

decomposes construction planning into individual construction activities for robot

task planning, enabling adaptable construction processes and direct robot control.

This study employs a Linked Building Data (LBD) modeling approach, which is IFC-

compliant, to evaluate this procedure’s effectiveness in linking macro-construction

processes to micro-construction methods.

Chapter 6 introduces DRL-based automated assembly planning for robot-based

prefabricated construction. A Building Information Model (BIM) and open game

engine (pygame 1) are used to create a re-configurable assembly planning simu-

lator for training and testing optimization strategies. The simulator trains DRL

algorithms for the assembly planning problem, which is represented as a Markov

Decision Process (MDP).

As the final chapter of the thesis, Chapter 7 provides a discussion and summary of

the entire research, as well as a future outlook on robot construction and mentions

topics for further research.

1https://www.pygame.org/news
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2 Background and Related work

This Chapter is devoted to an overview of the background and work related to

robot construction simulation. As shown in Figure 1.1, the platform focuses on

construction simulation, robotic construction planning and control, and the ap-

plication of AI in robotic construction planning. Correspondingly, this Chapter

reviews key existing research related to robotics in construction, BIM technologies

in construction and smart construction. Parts of this chapter have been published

in [37]–[39].

This Chapter first provides an overview of the relevant technologies required for

BIM in construction and simulation in Section 2.1. Section 2.2 presents the state-

of-art smart construction technologies which are used in this study. Section 2.3

provides the background and related research on robotic construction. In the final

section, applications related to deep reinforcement learning (DRL) are reviewed.

2.1 Building Information Modelling (BIM)

The idea of Building Information Modeling (BIM) has been around since the 1970s.

Based on the Building Description System from Chuck Eastman, the first software

tools for modeling buildings began to appear in the late 1970s and early 1980s. The

term "building model" in its present usage within the context of Building Infor-

mation Modeling (BIM) was initially introduced in the mid-1980s, specifically in a

paper by Simon Ruffle in 1985 [40]. In 2008, the publication of the BIM Handbook

[6] by Eastman has led to the formalization and maturation of research in the field

of BIM. As the data structure for representing information, the Industry Foundation

Classes (IFC) has been widely accepted and recognized as an official international
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standard, ISO 16739, since 2013 [41]. With the continuous development and im-

provement of BIM technology, it has been widely applied in various aspects of the

AEC industry, giving rise to a plethora of BIM-based research in each of these areas.

Borrmann et al.[42] provide a systematic analysis of the motivation and reasons

for applying BIM, and furthermore give the direction of BIM development. In line

with the requirements of the current study, this Section focuses on reviewing BIM

standards and interoperability, BIM applications in construction planning, and

BIM research in robot construction simulation.

2.1.1 Data technologies in BIM

Industry Foundation Classes (IFC)

The Industry Foundation Classes (IFC) is offered by buildingSMART International

as an open data model for building information, and so it forms a significant in-

strument for building information transmission. The IFC standard defines an IFC

schema in EXPRESS, XSD, and OWL [41]. It allows to store building information as

IFC instance files (SPFF, XML, RDF). The IFC standard is supported by all contem-

porary BIM tools, yet focusing mostly on the SPF format. Several other researchers

have used the IFC format for exchanging building information [43]–[45] and sig-

nificant woks has been devoted on linking IFC data with data from other domains

[46].

As the current common format for BIM model description, object-oriented design

concepts of IFC can be well coupled with the component-oriented construction

of prefabricated construction [37], [47]. It has inspired studies on component-

oriented prefabricated construction related to IFC-based BIM as show below. In

2015, Costa [48] proposed connecting component lists with IFC-based BIM models

through semantic technologies to enable access to component information during

the construction process. Lu [49] demonstrated a BIM-based component-centric

construction planning approach to optimize the construction process while work-

ing with limited resources. To visualize and simulate the construction process, a

method integrating BIM model and construction experience is proposed to address

the assembly sequence planning of components in prefabricated construction [50].

To satisfy the precision and complexity of prefabricated construction and achieve

uniformity in the data flow from component design to manufacturing, Lu et al. [51]
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designed an IFC-based framework to enable the delivery and exchange of informa-

tion for components. Due to its standard and universal qualities, IFC is increasingly

being adopted as a common carrier for building information description and com-

munication. In this study, IFC is utilized as the BIM information format with its

adaptability.

Linked Building Data (LBD)

As the most widespread data exchange file format in the BIM ecosystem, the IFC

standard [52] developed by buildingSMART [53] provides the most fundamental

schema for data exchange in the AEC industry. Futhermore, Pauwels and Terkaj

[16] proposed IfcOWL, which achieves the semantic web representation of the IFC

model by transforming the IFC from EXPRESS to a schema in the Web Ontology

Language (OWL). To further improve the performance of linked data models, the

Building Topology Ontology (BOT) [54] as shown in Figure 2.11 has been developed

to describe the topological relationships between buildings, spaces, and elements

more efficiently based on the best practices of web-based applications. The digital

Figure 2.1: An example: how BOT owl describe zones.

construction ontologies (DiCon) [55] are developed as standardized ontologies

1https://w3clbdcg.github.io/bot/

13



Chapter 2 Background and Related work

for describing the relationship between the construction workflow and individual

actions by sharing, reusing and extending current BIM ontologies. Recently, the

semantic web model has also been used in robotic-related AEC research. Based on

the semantic model generated by IFC, Yin [56] and Chen [57] proposed localization

and automated facility inspection methods for robotic indoor tasks. [58] proposed

the RoboDesign ontology for satisfying hardware design requirements for mobile

inspection robots in a complex building environment. These studies demonstrate

the importance of RDF and OWL technology in the AEC industry, as well as its

potential for application in robotic construction. It is concluded here that BOT can

represent the topological relations of buildings and DiCon to create the construction

task-related semantic web.

2.1.2 BIM in construction management

To date, several studies have investigated integrating BIM and project management

methods (e.g., Work Package (WP), Discrete Event Simulation (DES)) for construc-

tion decision-making. The first comprehensive discussions and analyses of the

advanced Construction Work Package (CWP) emerged with Hamdi [59]. In her

thesis, three types of advanced work package are defined as Construction Work

Package (CWP), Engineering Work Package (EWP) and Installation Work Package

(IWP) to describe the manageable pieces in the construction process. To improve

the work packaging process accurately and efficiently, the integration of BIM data

and mapping matrices are needed to generate the project solution at an early stage

[60]. In the same vein, a fluent BIM data flow with the WP is needed to figure out the

lacking processes in a Resource-Constrained Project Scheduling Problem (RCPSP)

[61]. By integrating BIM and Prefabrication Housing Production (PHP), Li [62], [63]

presented a framework to optimize decision-making efficiency and collaboration

for PHP, which also contains the concept of WP and lean construction. Lu and

Olofsson [64] developed an integrated framework based on Discrete Event Simula-

tion (DES) and BIM aiming at decision support in the construction process. Thus,

BIM-enabled construction provides support for the application of fine-grained

construction planning.

With the development of cyber-physical technology, everything can be treated

as an object with computational intelligence. Taking advantage from the new

technologies, the concept of Smart Construction Objects (SCOs) was defined as
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a construction component with three properties: Awareness, Communication

and Autonomy [65]. Using SCOs, researchers have been able to explore project

management in detail based upon component-level information. Utilizing SCOs,

Niu [66], [67] respectively proposed management methods for construction logistics

and construction equipment. Through the integration of SCOs and advanced WPs,

the framework proposed by Li [68] establishes a proactive constraints-modelling

method for PHP processes. All studies reviewed show that with the development of

BIM technology, the richness of data has led to the study of construction planning

on a smaller scale and the description of the construction process is becoming

more concrete.

2.1.3 BIM in robot construction simulation

With the increase of digitization of buildings, research attempted to introduce BIM

into the robot operating system (ROS)2 and simulation environment of robots (e.g.,

Gazebo3)[39], [47], [69] in order to achieve the simulation of robot construction

and interaction of BIM with ROS. To enable the BIM model to be used in the

robot simulation environment, the BIM model in IFC format can be converted to

simulation description format (SDF) which can be used to implement physical

simulations in several robot simulators. Kim et al. [47] first showed a manual

conversion process of an IFC wall model. Zhu et al. [39] proposes a complete

process that can split an IFC file into multiple component-oriented IFC files and

extracts the metadata (ID, name, and type), physical properties (mass, moment of

inertia), spatial location information, and geometric information from each IFC file

and transforms them into component-oriented SDF format files. By combining with

LBD technology, building information can be converted into as a semantic graph to

help robots perform tasks such as indoor movement [70], [71], localization [56], [71],

and facility inspection [57]. However, with a dynamic construction environment,

not only the localization but also the content of the construction activities needs to

be dynamic and open for updates.

2https://www.ros.org/
3https://gazebosim.org/home

15



Chapter 2 Background and Related work

2.2 Smart construction

2.2.1 Smart construction object (SCO)

In 1988, the Xerox Palo Alto Research Center proposed the concept of smart objects

(SOs) in an effort to make computers ubiquitous as ordinary objects in daily life and

industrial settings [72]. After that, SOs have been developed greatly in various in-

dustries and during this period SOs were defined with properties of awareness [73],

[74], information-sharing ability [75], [76], traceability [77] and autonomy [76], [77].

As an expansion of SOs in the AEC domain, [65] proposed the concept of smart con-

struction objects (SCOs) in 2016. SCOs define that construction-related resource

objects can be regarded as SOs with the three properties of awareness, commu-

nicativeness and autonomy as desrcibed in Figure 2.2 (a). The SCOs are widely

introduced in smart construction research and supply chain management [66], [78],

construction planning [63], [79], [80], digital twin [81]–[83], safety management

[84], [85], etc. Furthermore, McCabe [86] discusses the advantages and challenges

of unmanned aerial vehicles (UAVs) for indoor tasks in smart buildings with SCOs.

Zhu [37] further broadened the application scenarios of SCOs and proposed the

method of smart component for robotic construction coordination. Based on the

smart component approach, DRL can be applied to component-oriented dynamic

site construction process planning [38].

Further to the above, BIM is increasingly accompanied with Internet of Things

(IoT) research related to prefabricated construction. Such research aims to enable

digitization and automation with higher efficiency [87]. Although a large number of

BIM and IoT-based studies have emerged in recent years, based on the scope of this

study, this thesis mainly reviews mainly re the use of BIM and IoT technologies in

the component-based prefabricated construction process. The Internet of Things

(IoT) technology is introduced into prefabricated construction, and the potential for

building information to be combined with embedded devices to allow construction

4.0 is increasing [88]. Consequently, the concept of smart construction objects

(SCOs) is proposed to enable realistic components to carry their own information

and interaction by embedding hardware (e.g. QR codes), allowing the information

of the components to be interacted with and updated in real time throughout the

construction process [65] as illustrated in Figure 2.2. Based on the concept of SCOs,

Niu [89] further presented several scenarios for their use in smart construction, one

of which added component traceability based on changes in component status to
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fulfill the goal of regulating building processes. Subsequently, SCOs were applied

experimentally in some construction scenarios. Li [63] developed a simulation

of lean construction using BIM, SCOs, and a platform to evaluate it in a partially

prefabricated project. In robotic construction, Zhu [37] established the notion

of SCOs as smart components and suggested a mechanism to guide robots to

cooperate through component’s construction needs. As a consequence, in the robot

construction simulation. It is concluded here that the smart component-based

robotic construction method is a good candidate to be used as the construction

logic.

(a) Three properties of SCOs (b) An application case of BIM with SCO

Figure 2.2: Smart construction object

2.2.2 Automated construction planning

As early as 2002, Balaguer et al. [90] proposed an approach to automate the assembly

of future houses, in which transfer, positioning and assembly were treated as the

main steps of onsite assembly. Through Geometric Reasoning, Hu [91] presented a

component-based automated assembly method for prefabricated buildings. Žaková

et al. [92] attempts to use construction knowledge as input to automate the planning

of the construction process through an ontological reasoning approach. To ensure

construction safety, Rahman [93] proposes a construction planning method with

safety assessment. With the Smart Construction Objects (SCO) proposed in Niu et

al. [65], an increasing number of studies have been implemented to control and

plan the assembly process based on SCOs [37], [94], [95].

As one of the most significant tasks in prefabricated construction, crane-related
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assembly planning requires path generation from the yard location to the target

location and finds the shortest path under the premise of collision-free movement

[96]. Early works on path planning for construction boomed in the early 2000s [97],

[98]. Several studies attempted to achieve near real-time path planning during the

assembly process [99], [100].

2.2.3 BIM-enabled smart construction

The integration of Smart Construction and Building Information Modeling (BIM)

offers advantages in the construction industry [101]. Using BIM, the building can

be represented with rich and accurate three-dimensional information [48] during

construction, and the decision-making processes in construction can be better

supported[102]. As a key technology for the digitization of buildings, BIM leads to

an increase of smart construction research [103], which has been adopted in many

phases of construction [11], [104]–[107].

In prefabricated construction, Li et al. [108] realized monitoring and management

of on-site assembly based on BIM and Internet of Things (IoT). An et al. [109] pro-

posed a BIM-enabled design framework to improve the production and assembly

efficiency of prefab components. Furthermore, the introduction of construction

robots [110] and its integration with BIM further simulate the development of smart

construction. For example, Gambao et al.[111] propose a robotic solution for as-

sembly work in construction. By using the BIM model, Moura [112] proposes a

method for localizing and modeling mobile robots at construction sites. Through

the integration of BIM and robotic systems, Follini [113] proposed a method for

multi-robot collaboration in building construction and maintenance. Considering

the robot-based assembly process of hospitalisation facilities using prefab com-

ponents, Gao et al. [114] developed a set of task and motion planning algorithms

based on BIM-based prototypes. And Chong et al. [115] developed a simulation

framework that integrates BIM and robotics for construction automation, and built

a tool to make operational analysis based on BIM data.

Focusing on the assembly planning in various construction scenarios, Lu and

Olofsson [64] designed a framework to simulate the construction process, which in-

tegrated BIM with discrete event simulation (DES) processing models. Futhermore,

based on BIM, Bortolini [107] presented a site logistics planning for prefabricated
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construction and Ding [116] proposed a task planning method for robotic brick

assembly.

2.3 Robotics in construction

2.3.1 Origin of robotic construction

It was not until the invention of industrial robots in the 1950s and their implemen-

tation in the automotive industry in the 1960s that modern automation featuring

robotics began to emerge. To address the shortage of construction labor due to

an aging population and a lack of interest among younger workers, Japan took the

lead in innovating construction automation and robotics in the 1970s and 1980s.

Companies such as the Shimizu Corporation, Obayashi Corporation, and Takenaka

Corporation, known for their expertise in architecture and engineering, developed

robots and remote-controlled machines for various construction tasks including

excavating, material handling, concrete placement and finishing, fireproofing,

earthworks, and rebar placement.

2.3.2 Robot-Oriented Design (ROD)

The integrated site concept for Robot-Oriented Design (ROD) has been first pro-

posed in the 1980s [117]. There are two main approaches, namely: (1) an approach

based on cooperating STCRs (Single Task Construction Robots), often mimicking

human construction processes, and (2) a factory approach, in which a machine-

based manufacturing process is targeted, on-site or off-site. Bock investigated the

approach based on cooperating STCRs and classified the STCRs in 24 categories for

different specific tasks [118]. Hence, the concept emerged of cooperating STCRs

in which various STCRs are envisioned to work in collaboration and on-site. The

factory approach categorizes 13 systems as an advanced framework for multi-robot

construction to achieve automated construction processes as a manufacturing

process [23]. Further, the Robot-Oriented Design (ROD) was declared as a future

ubiquitous construction method and building technology in the whole Architecture,

Engineering and Construction (AEC) field [20].
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2.3.3 Multiple types of construction robots

With the development of robotic construction, an increasing number of types of

robots are being used in different construction tasks. The ‘Hephaestus’ is a project

aiming to develop a cable robot system for curtain walls’ building, repair and main-

tenance. In this project, multiple types of robots are used in the assembly process

[119]. Additionally, the concept of Multi-Machine Fabrication has been proposed,

which is an integrative design process by utilizing a combination of drones and

industrial robots for fabrication [120]. Furthermore, the in-situ fabricator (IF) as a

single robot can execute multiple tasks during construction thereby also achieving

multi-robot construction [121]. Considering all of these studies, the vast major-

ity of current research on construction robots focuses on a single robot (with a

few achieving more than two) to achieve a specific construction task. These stud-

ies have achieved results, but they are relatively fragmented. Even though some

construction robots have been used in experimental applications, it is difficult to

generalize and combine these different functional construction robots.

2.3.4 Collaborative robots for construction

In recent years, there has been increasing research focus on using collaborative

robots (cobots) for structural assembly. For example, several studies developed

multi-agent assembly systems for truss structures [122]. Nigl et al. [123] presented

a 3D-printed node-and-strut construction system based on the concept of a climb-

ing robot. Another approach was put forward as Shady3D, which aims at robots

gripping the end of components and positioning the component using a single-axis

point for assembly with other components [124]. Kuffner et al. [125] designed an

automatic robot path planning method based on Rapidly-exploring Random Trees

(RRT) which can be used in a lab environment to complete the assembly task by

the cobot with discrete elements. Moreover, modular assembly is also a prevalent

approach for cobot assembly. The components in the modular assembly system are

designed or pre-assembled to make the components apt to connection by robots.

For example, the Automatic Modular Assembly System (AMAS) uses inchworm

type robots to grab specific bricks and then connect them with other bricks [126],

[127]. Similarly, Jenett et al. [128] states that a material-robot system with mobile

robots can assemble cuboctahedral voxels to form various structures. The TERMES

system offers a cooperating working method based on swarm robotics to build
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customized foams [129]. An alternative method of cobot structural assembly is a

self-configuring method that treats robots as structural components to be built by

themselves. A configurable system with unmanned aerial vehicles (UAV) is pro-

posed and used for robotic fabrication and assembly [130]. However, such studies

remain narrow in focus dealing only with one type of cobots to assemble one type

of component. These initial studies need to be scaled up to arrive at multiple types

of robots that can work together, also on more complex projects. It is therefore

necessary to develop a method that can deploy various types of robots to achieve

different structural requirements.

2.3.5 3D printing robots for construction

In addition to robots oriented to assembly for construction, the development of in-

terdisciplinary technologies such as materials science, automation, and digitization

has further diversified the field of robotic construction. Additive manufacturing as

one emerging technology is used in construction, which utilizes digital modeling

and automated manufacturing techniques to construct buildings or building com-

ponents in a layer-by-layer manner [131]. This process typically involves the extru-

sion or spraying of building materials through a nozzle to form a three-dimensional

structure, and a variety of materials can be used, including concrete, plastics, met-

als, and composite materials [21]. MIT developed the digital construction platform

by combining a robotic arm with a 3D printing robot [132]. Wolfs [133] systemat-

ically investigates the structural behavior of concrete in the fresh and hardened

state to simplify the 3D concrete printing process. Mechtcherine [134] provides an

overview of the current production process for 3D concrete printing.

Figure 2.3 displays the current major types of construction robots. Figure 2.3 (a)

shows the concrete floor smoothing robot. It is an STCR robot with a specialized

construction function. The IF robot in Figure 2.3 (b) is an example multi-function

construction robot. Figure 2.3 (c) displays a typical cable robot used for façade

construction. Figure 2.3 (d) shows the 3D concrete printer from the TU/e research

facility. Based on the research scope, as listed in Section 1.4, this study focuses on

STCR (industrial robotic arm, mobile robot) and multi-functional robots (mobile

robotic manipulators) for prefabricated construction.
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(a) Example of STCR -
‘Hephaestus’: the robot for

curtain wall building

(b) In-situ fabricator (IF) -
multi-functional construction

robot

(c) TIM - Robotic timber
assembly platform by
collaborative robots

(d) 3D printing robot from Tu/e

Figure 2.3: Robots for fabrication.

2.3.6 Related robot technologies

Multi-Robot Task Allocation (MRTA)

A literature review was executed on MRTA methods for robotic construction based

on construction planning. In 1980, a seminal article was published entitled ‘The

Contract Net Protocol: High-Level Communication and Control in a Distributed

Problem Solver’ which describes the fundament for most MRTA methods. The

Contract Net Protocol (CNP) [135] has been proposed to achieve a distributed task

assignment method by using a negotiation strategy in multi-agent systems. Based

on the Contract Net Protocol (CNP), two main approaches have been developed to

solve the allocation under different conditions: the market-based approach and

the auction-based approach [136].

The first architecture based on a market-based approach was proposed by Stentz
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and Dias [137] employing a method that is founded on the market mechanism to

realize multi-robot coordination for a given target. By defining the revenue and

cost functions, this architecture can perform specified tasks in a series of possible

plans. A task is decomposed into multiple subtasks, allowing robots to bid and

negotiate to perform these subtasks. Meanwhile, facing one common objective,

the robots can cooperate or compete for their own benefits. In order to achieve the

execution of the complex tasks, Zlot [138] presents a method using a Boolean logic

operator to describe subtasks which are decomposed from the complex task and

allows tasks to trade in a market. Also based on the market-based approach, an

aerial-ground robotic system has been developed to achieve autonomous delivery

through hybrid vehicles [139]. Furthermore, to enable cobots to work under an

unknown dynamic environment, a system called MURDOCH was proposed, which

is an online assignment architecture based on an auction-based approach [140].

Compared to the auction-based method, the market-based method can account

for cost and benefit but also allows for task reassignment [136].

According to this very brief review of MRTA methods, a precise task description is

one of the most critical factors in achieving multi-robot coordination. Therefore,

it is concluded that the widely used traditional construction planning methods,

which use days or floor completion as task units and are adjusted by the project

manager on site, cannot define specific construction tasks for robots, as they are

too coarse and too generic. However, in combination with the study in Chapter

4 and 5 have the potential to achieve a construction task planning method that

is available to construction robots by using the components as the basic units of

the task, combined with BIM-enabled construction planning for a fine-grained

construction process.

Robot simulation in construction

Although there exists research and tools on simulation environments in the re-

spective fields of construction (e.g., Synchro 4D, Naviswork [141]) and robotics

(e,g, Gazebo [142], V-REP [143]), there is not enough research related to simula-

tion of construction robots, in particular its combination of navigation, operation,

planning, and communication. Current studies on construction simulation [115],

[144]–[146] are mainly based on Rhino software and its Grasshopper programming
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plug-in, as well as robot plug-ins based on the Rhino platform 4 supported by rel-

evant robotics companies (e.g. Robot component by ABB 5) (See Figure 2.4 as an

example.). The ETH dfab team [147] has created a more comprehensive frame-

work to enable robot planning and simulation of the construction site, which is

also based on ROS in Grasshopper and Rhino as simulators. Since this simulation

environment focuses primarily on robot task planning, construction planning is

absent.

(a) robotic collaborative construction
in Rhino-based simulator

(b) Simulate robot 3d printing in ABB
studio

Figure 2.4: Current robotic construction simulation

2.4 Deep Reinforcement Learning (DRL)

2.4.1 Preliminary for DRL

Markov Decision Process (MDP) In RL, an agent interacts with an environment

that is modeled as an MDP [148]. It can be represented as (S, A,P,T,R,γ), where

S is the set of states, A is the set of actions, and P is the initial state distribution.

T (st+1|st , at ) is the probability of transitioning from state st to st+1, st , st+1 ∈ S

when action at ∈ A is conducted, R(rt+1|st , at ) is the probability of receiving reward

rt+1 ∈ R after executing action at in state st , and γ ∈ [0,1) is the discount factor.

RL algorithms Value-based RL methods aim to learn the value function of each

state or state-action pair of the optimal policy π. The state value function for a

4https://www.rhino3d.com/
5https://new.abb.com/products/robotics/robotstudio

24



Background and Related work Chapter 2

particular policy π can be denoted as Vπ(s),∀s ∈ S while the state-action value

function is denoted Qπ(s, a),∀s, a ∈ (S, A). In order to find the value functions cor-

responding to the optimal policy π∗, the functions can be updated as : Q(st , at ) ←
Q(st , at )+α[rt+1+γmaxa Q(st+1, a)−Q(st , at )]. The optimal policy is found by act-

ing greedily over the optimal value function at each state π∗(s) = argmaxa Q∗(s, a).

Policy-based methods are methods that directly learn the policy as a parameter-

ized function πθ rather than learn the value function explicitly, where the pa-

rameters of the function are θ. Policy gradients [149] use the update function:

θt+1 = θt +α(Gt − b(St ))∇θπ(At |St ,θt )
π(At |St ,θt ) , where α is the step size, b(St ) is a baseline,

and the return is Gt = rt +γrt+1 +γ2rt+2 +·· · . Actor-Critic (A2C) methods are hy-

brid value-based and policy-based methods that directly learn both the policy

(actor) and the value function (critic) [150]. The update function for actor-critic

is: θt+1 ← θt +α(Rt+1+γV̂ (St+1)−V̂ (St ))∇θπ(At |St ,θt )
π(At |St ,θt ) , where V̂ (.) is a parameterized

estimate of the optimal value function.

2.4.2 DRL in applications

DRL has attracted a lot of attention from diverse real-world applications including

games [151]–[154], robotics [155]–[158], transportation [159], [160], construction

[161], healthcare [162], navigation [163], [164], and etc[165]. These studies are

grounded in domain knowledge and use DRL as a method to solve optimization

and control problems under complex and dynamic environments. For example, in

the area of robot control, James [166] and Mahmood [167] propose a benchmark

for robot learning to solving the problem of robot control planning. Hou [168]

presents DRL methods for solving the assembly problem, and Gu et al. [169]

achieved optimized robotic manipulator control using DRL. And Victor et al. [170]

explores DRL for real-world autonomous systems, providing ideas for applying DRL

to path planning systems for real applications. Although DRL has demonstrated

its potential and effectiveness on solving practical problems in various fields, its

application in construction industry is still rare, leaving many open opportunities.

2.5 Conclusion

The study covers the areas of BIM, smart construction, robotic construction, and

DRL. This Chapter overviews the background of these areas and the related works
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as shown in the left of Figure 2.5, which correspond to the research conducted in

Chapters 3 to 6.

ROS-based simulator

ROS-based robot

controllers

Smart components

Robotic Prefabricated Construction Simulation Platform

Chapter 3: Component-based

Robot Prefabricated Construction

Simulation Using IFC-Based BIM

model

2.1 BIM

Robot construction action node

(RCAN) system

Chapter 5 : Data linking and

interaction between BIM and ROS

for flexible robotic construction

planning

2.3 Robotic in construction

DRL-based construction decision

making system

Chapter 6 : DRL for Real-time

Assembly Planning in Robot-

based Prefabricated Construction

2.4 DRL

Chapter 4 : Component-Oriented

Method of Construction Robot

Coordination 

Component-based construction

robot coordination system

2.2 Smart construction

Chapter 5

Chapter 3

Chapter 4

Chapter 6

BIM-to-ROS transformation

procedure

Figure 2.5: The corresponding background and chapters of the robot construction
platform.

2.5.1 Summary

BIM, a vital technology for the digitization of construction, provides a rich digital

asset for construction research. BIM has become an integral part of the AEC indus-

try, with roots dating back to the 1970s. The development and widespread adoption

of Industry Foundation Classes (IFC) have played a significant role in standardizing

and enabling information exchange within the BIM ecosystem. Linked Building

Data (LBD) are emerging technologies that offer more efficient data exchange and

improved performance. BIM has been applied in various aspects of construction,

including construction planning, project management, and robotic construction

simulation. BIM-based research has shown potential in optimizing construction

processes and improving overall efficiency.

Smart construction has been recently proposed as a way to improve all aspects of the
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AEC industry, including design, construction, maintenance and demolition, using

modern information and communication technologies (such as the Internet of

Things, artificial intelligence, big data, etc.). This study focuses on studies related to

SCO, automated planning and BIM applications in smart construction. The concept

of Smart Construction Objects (SCOs) has been proposed to enable construction-

related resource objects to be regarded as smart objects with the properties of

awareness, communicativeness, and autonomy. SCOs have been applied in various

aspects of smart construction, including supply chain management, construction

planning, digital twinning, and safety management. BIM has been increasingly

accompanied by IoT research related to prefabricated construction, and SCOs have

been applied in combination with BIM to enable realistic components to carry

their own information and interaction. The potential for building information to

be combined with embedded devices to allow construction 4.0 is increasing, and

the use of SCOs in smart construction is expected to further improve construction

efficiency and safety.

Robotic construction is one of the most significant topics in this study. Overall,

since the invention of industrial robots in the 1950s and their application in the

automotive industry in the 1960s, modern automation and robot technology have

emerged. Japan took the lead in innovation in building automation and robot

technology in the 1970s and 1980s, developing robots and remote-controlled ma-

chines for various building tasks to solve the shortage of building labor caused by

aging populations and lack of interest among young workers. The application of

building robots is not limited to specific tasks or types of robots but covers differ-

ent fields of technology, such as materials science, automation, and digitization.

The Chapter summarizes the current research status and challenges in the field of

building robots, emphasizing the need to develop a method that can deploy various

types of robots to meet different structural requirements to promote the further

development and application of building robot technology.

Deep reinforcement learning (DRL) is an innovative algorithm that merges the

principles of reinforcement learning (RL) and deep learning to leverage neural net-

works for computing reinforcement learning outputs. This integration significantly

enhances the performance of reinforcement learning algorithms, enabling them

to surpass human capabilities when tackling intricate problems of a specialized

nature [171]. Due to its powerful advantage in handling dynamic and complex

problems, Deep Reinforcement Learning (DRL) initially emerged in the field of

27



Chapter 2 Background and Related work

game simulations and achieved remarkable results. With further research, it has

increasingly been applied in domains such as robot planning, traffic planning, and

autonomous driving, which involve rapid resolution of complex problems. There-

fore, DRL has the potential to provide decision support for construction planning

in dynamic and complex environments.

2.5.2 Limitations

In conclusion, from the background of robotic construction development and re-

lated work, it can be found that robotic construction, as an important part of smart

construction, is receiving more and more attention from researchers, especially

in prefabricated construction, showing great potential for improving efficiency

and ensuring safety. With the development of digitalization (BIM) and Internet of

Things (SCO) technologies in the AEC industry, these technologies and robotics

have also shown a drive to combine with each other. And with the breakthrough

development of AI technology over the years, AI-related methods are also being

used in construction at an increasingly rapid pace. However, these state-of-art tech-

nologies are still in their initial stages of application in reality, and further research

and development are needed to fully realize their potential.

BIM models provide more comprehensive information beyond geometric data, in-

cluding component types, material specifications, and construction methods. This

additional information can undoubtedly further assist robots in "understanding"

the architecture and construction process, rather than solely relying on geometric

data. Recently, some studies have begun to explore the integration of BIM into robot

simulation, but the process of converting IFC-based BIM models into SDF formats,

which are supported by robot simulation, relies heavily on manual efforts and only

supports specific components. Therefore, research on achieving the automation of

IFC to SDF conversion for loading complete BIM models into robot construction

simulations is an important task.

Traditional construction planning methods are inadequate to meet the require-

ments of robot-oriented smart construction. The majority of current research does

not focus on planning for robot construction. Traditional construction planning is

human-centered, resulting in imprecise descriptions of work tasks and durations,

which are unsuitable for robots. Consequently, the primary approach at present
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involves manually breaking down construction plans into specific tasks and directly

describing these tasks as motion trajectories for the robots, thereby achieving robot

control. While this approach enables control over robots in construction, the lack

of description regarding the construction process and methods hinders effective

collaboration among robots. Through a review, LBD has achieved the correlation of

various aspects of information in AEC. Some studies have employed LBD for linking

indoor navigation robots with BIM, but there is a lack of applications linking both

robotics and construction. Therefore, there is a need to develop a construction

management method tailored specifically to robots to achieve coupling between

construction planning and robot behavior. SCO technology has demonstrated its

potential and has been applied in the construction process control, but it has not

yet been further extended to the control of construction robots. Current SCO sys-

tems are primarily utilized for logistics management in component production and

transportation, component-oriented construction process control, and equipment

maintenance. SCO technology can be further expanded and applied in the control

of construction robots during the construction process.

In addition, by reviewing the development of robotic construction, it can be ob-

served that the main research approach involves the use of real robots for develop-

ment and testing. Although this approach closely aligns with the actual construction

environment, it significantly increases the cost of experiments. Furthermore, due

to the complexity of the construction environment and the large scale of objects

that robots need to handle during construction, real construction robots tend to

have higher prices and pose greater risks. However, during the development phase,

many tests can be conducted in simulations. Once the desired results are obtained

in the simulation, the testing can then be carried out in the real environment.

Nevertheless, this aspect of work is still lacking. The current major research in

construction simulation relies on specific software (such as Rhino, ABB Studio) for

robot construction simulation environments, which not only limits the types of

robots used but also hinders the inclusion of a wider range of architectural inputs

due to the parametric modeling approach.

This chapter also provides an overview of the applications of Deep Reinforcement

Learning (DRL) in different industries. It can be observed that the integration of

DRL with the AEC industry is still limited, which can be attributed to the recent

breakthroughs in DRL methods. From the reviewed studies, it is evident that DRL

excels in precise planning in complex environments. Considering the significant
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constraint of complex environments in robotic construction planning, DRL holds

the potential to be applied in automated construction planning for robot. There-

fore, investigating the implementation of DRL in construction simulation is also a

research question that needs to be addressed.

2.5.3 Proposed platform

Therefore, as illustrated in the Figure 2.5, Chapter 3 presents a framework for realiz-

ing a simulation framework for robot construction based on IFC. This framework

enables automated conversion from IFC to SDF and facilitates component-oriented

robot construction simulation.

To achieve the planning and management of robot construction, this study com-

bines SCO, MRTA, and LBD to propose a robot construction management frame-

work based on smart components. The framework (see Figure 2.5) consists of higher

level planning, which encompasses the construction process of the components,

and lower level controlling, which governs the specific construction behavior of

the robots. Based on SCO and MRTA, Chapter 4 presents a coordination method

for construction robots that is oriented towards smart components. In Chapter

5, utilizing SCO and LBD, the concept of RCAN is introduced, which enables con-

trol of robot actions based on construction method information associated with

components.

Therefore, this study employs DRL as shown in Figure 2.5 for the generation of

automated construction processes, aiming to assist component-oriented robot

collaboration in dynamic and intricate construction environments.
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3 Component-based Robot Prefabricated 
Construction Simulation Using IFC-Based 
Building Information Models

This Chapter has been published before as an article in Automation in Construction:

A. Zhu, P. Pauwels, and B. De Vries, “Component-based robot prefabricated con-

struction simulation using ifc-based building information models” [39]. This work

forms the basis of our proposed system, namely for the BIM-to-ROS transformation

procedure (upper layer in Figure. 1.1).

Despite the widespread usage of Building Information Modelling (BIM) based sim-

ulation in the construction industry, robot construction simulation environments

are built on particular modeling tools and can only be simulated with certain robot

models. This not only limits construction robot development and also makes it

difficult to directly share building information with robots, which impedes the

study of robotic construction. To overcome this problem, this chapter proposes a

new framework for robotic construction simulation which integrates open stan-

dard formats and tools to achieve a commonly used robot simulation environment.

This chapter provides a new approach to automatically convert IFC to simulation

description format (SDF) and generate building components as smart components,

which eliminates platform-specific limitations on robotic construction simulation,

which further expands the utilization of BIM models.

3.1 Introduction

Since the 1990s, the productivity of the Architecture, Engineering and Construction

(AEC) industry has decreased every year, compared to the growth in the efficiency

of the manufacturing industry [20]. A major factor for the growth of efficiency in the
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manufacturing industry is their development and use of automated robots [172].

Factory-based manufacturing lines allow to upscale fabrication in the manufactur-

ing industry. This finds its way to some parts of the AEC industry, in particular for

prefabrication of components in safe and controlled factory environments. How-

ever, the majority of the AEC industry has customized production lines that are

often labor-intensive, manual, and on-site. Even when components can be prefab-

ricated, a lot of on-site labour and assembly processes need to happen. In other

words, the AEC industry is a labor-driven industry with constraints of conventional

technology that make it difficult for robotic technologies difficult to intervene, and

this is one important factor that stops the AEC industry from increasing its highly

needed construction efficiency [28].

Several research and development (R&D) efforts in recent years nevertheless in-

vestigate this problem, and look into the application of robotic construction in the

AEC industry as one of its most important trends for the future development and

industrialization [25]. As [173] argued, in the future, throughout the AEC industry,

robots will play a prominent role, in prefabricated off-site construction, automated

assembly, and specialised on-site operations. This chapter looks particularly into

the challenge of robotic component-oriented, assembly-based on-site construction.

The main hypothesis for this challenge is that components can be prefabricated

off-site by robots through a large number of repetitive tasks with high precision

[174], and on-site assembly can then be robotized as well by transferring, positioning,

and connecting the required components. Several attempts have been made to au-

tomate robotic construction assembly, including the assembly of wood structures

based on robotic arms [175], [176]; component transfer using automated tower

cranes [177]; automated positioning and installation robots for steel beams [178];

and cable-driven robots for facade installation [179]. These studies demonstrate

the functionality of robots to fulfill construction demands in different scenarios.

Current obstacles to robotic construction (assembly) include, but are not limited

to: project cost limits, human-machine interaction issues, and compliance with

construction regulations [180]. A safe environment in which workers and robots

can safely operate together is not easy to guarantee, leading to high costs and chal-

lenging regulations. To counter this high risk, it is argued in this work that a reliable

and good construction simulation environment is needed, where different scenarios

for robot operations in construction projects can be simulated before they are

actually put in practice. This lack of a robot construction simulation environment
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is one of the most significant obstacles to the advancement of robotic construction

[121]. The importance of simulation in various industries cannot be overstated, es-

pecially when faced with large, complex and potentially costly tasks [181]. For both

construction and robots, R&D is expensive, time-consuming, and potentially risky.

Realistic simulations can assist us in spotting potential problems before we take

actions, thereby enhancing our prediction and planning capabilities and lowering

the probability of mission failure by a substantial margin. In the construction field,

with the growth of Building Information Modelling (BIM) technology, the construc-

tion industry is rapidly digitizing all aspects of design, construction, operation, and

maintenance. Thus, there is no lack of simulation platforms for buildings, whether

for visualization or process simulation [182]. However, present simulations in the

construction industry are not properly connected with robotic simulations, and

as stated by [103], BIM information and robot models need to be better combined

with robotic simulations, which is the key target for this study.

Existing tools that incorporate robotic building simulations with BIM have limita-

tions. Those simulation tools are mostly based on developed plug-ins for specific

software (such as Rhino, ABB studio) and are used for vendor-specific robots. Be-

cause of the diversity of design software, it is difficult to transfer complete BIM

information that is not based on an open standard (e.g., IFC), and similarly, it is

difficult for specific software for robotics companies to meet the demands for cus-

tom robot functionality in R&D for construction. Particularly for present research

in robot construction, a common open simulation environment would enable the

rapid creation and testing of more construction-oriented robot prototypes, hence

achieving the merger of the AEC domain and robotics industries.

The AEC and the robotics industry have their own open standards. In the AEC

industry, the Industry Foundation Classes (IFC)1 is the open specification for build-

ing digital assets advocated by the international community buildingSMART2,

and it has been recognized as the ISO standard for data interaction. IFC is an

object-oriented data model, and can be effectively utilized for the description of

component-oriented construction processes [37]. As open source robotics software,

the robot operation system (ROS)3 provides not only a standard robot framework

but also a wealth of resources (e.g., robot shape descriptions, common algorithm

1https://www.iso.org/standard/70303.html
2https://www.buildingsmart.org/
3https://www.ros.org/
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implementations, physical simulations), an open community, and extensibility

for industrial robots (ROS-industrial4). With the common resources of the ROS

framework, users can personalize their robots with a variety of capabilities. There-

fore, a growing number of research and new robotics companies utilize ROS as

their R&D platform. Gazebo5 is not only compatible with ROS as an open source

simulation program for robotics development, but its sophisticated physics engine

also provides a platform for realistic simulation. Although both the robotics and

AEC industries have well-established open data standards, an open source simula-

tor based on physics engines can extend the efficiency of using BIM models to a

more extensive scale (not only for describing geometric information, but also for

simulating the physical properties of building components). However, there is no

approach that enables the addition of complete IFC-based BIM models to the ROS

platform in order to simulate generic robotic construction. It is therefore essen-

tial to produce a simulation approach based on open standards and open source

software for robot-BIM interaction simulation in order to break the information

isolation between BIM and robot models in simulation.

The main goal of this chapter is to present a new approach for a universal robotic

construction simulation by integrating ROS and BIM in an open simulator envi-

ronment. The proposed framework can expand the efficiency of using BIM by

generating a simulated construction environment with details of building compo-

nents using IFC-based BIM models. Through a robot construction simulation case

study for light steel frame, we present in this chapter the entire process from BIM

model production to construction task scheduling and construction simulation.

Our main contributions are summarized as follows:

• a new approach for component-based robotic construction simulation, which

can remedy the limitations of software and robot types in current simulations,

• a pipeline to automatically convert IFC to simulation description format

(SDF), which can bridge the gap between BIM models and physics engine-

based simulation,

• validation tests for component-based robotic construction with a simulated

light steel frame construction scenario.

4https://rosindustrial.org/
5https://gazebosim.org
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The chapter is organized as follows: after this introduction, we provide a literature

review of related studies in Section 2. In Section 3, we highlighted the objectives

of the study as well as the scope. In Section 4, we present our proposed robotic

construction simulation framework. In Section 5, we demonstrate the application of

the framework through a case study of the on-site assembly of a light steel structure.

In Section 6, we discuss our work and clarify current limitations. In the last Section,

we conclude and point out the future work.

3.2 Objective and scope

As indicated in the introduction, the lack of a uniform approach for integrating

building information with robot information for simulation prohibits the effec-

tiveness of adopting BIM models and the variety of robot models in existing con-

struction simulations. This can be solved by expressing both the BIM models and

the robot models relying on an open standard format and unifying the formats

in order to generate a universal simulation environment. Therefore, this study

proposes a generalized component-based robot construction simulation method.

A prototype framework is implemented to simulate the robot construction process

by splitting the component-oriented BIM files in IFC format and converting them

into SDF-based smart components (see Section 3.3 and Fig. 3.1).

The purpose of this study is to provide a generic framework for robot construction

simulation as a way for expanding the potential for varied robotic applications in

construction scenarios via a simulation-based strategy. Furthermore, the study

proposes an approach that facilitates the participation of more stakeholders, partic-

ularly researchers in the construction and robotics industries, in the development

and testing of prototype construction robots through simulation.

The scope of this study is restricted to the simulation of prefabricated construction

by robots due to the industrialized and component-oriented features of prefabri-

cation is the main construction behavior is transfer and assembly. Therefore, this

study mainly focuses on the implementation of the robot on-site prefabricated

construction processes, excluding the actual robot grasping, assembly-related tech-

nical details. The simulation of the specific construction behavior of the robot is

available in other works [183].

35



Chapter 3 Component-based Robotic Construction Simulation Using IFC

Shape repesentation

Shape repesentation
SDF-

based 

BIM 

model

IFC-based 

BIM 

model

URDF-

based 

robot 

model

IFC to SDF 

convertor

Component-

based 

splitter

Component-based 

construction 

planning system

Gazebo  simulator

Robot operation 

system (ROS)

Construction information

Control information

Component ID and 
construction requirements

 Construction 

sequences

Figure 3.1: Framework of robot construction simulation.

3.3 Framework of IFC-based robot construction simulation

In this section, we present a systematic description of the IFC-based robot construc-

tion simulation. We provide a general overview of the framework (Section 3.3.1), an

introduction to the relevant formats (Section 3.3.2), and then make an overall elab-

oration of each part of the framework (Section 3.3.3, Section 3.3.4, Section 3.3.5).

3.3.1 Framework overview

The two core issues for implementing component-oriented robotic construction

simulation are: 1. how to realize the interaction between building information and

robots and 2. how to connect to a set of control algorithms that can be used for

robots to perform construction. To resolve the above two issues, our framework

performs primarily two functions: 1. the implementation of BIM data in the robot

simulation environment, and 2. the implementation of a ROS-based component-

oriented robot construction method. In this framework, as shown in Figure 3.1, IFC
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is to be adopted as the standard format for BIM model input, and the IFC-based

Simulation Definition Format (SDF) for the description of BIM models in a robot

simulation platform. The SDF format is crucial for robot simulation, as a result, the

BIM information essential for the construction will be parsed and converted into

SDF (left in Figure 3.1). In addition, the smart component-oriented construction

planning system is included in the framework as a controller for robot construction

(top-right in Figure 3.1). The third and last part of the framework is the specific

robot description in the Unified Robot Description Format (URDF) which describes

the robot(s) used for construction (bottom-right in Figure 3.1). Thus, the framework

consists of three main parts: (1) extract, transform and load (ETL) procedure of IFC

to SDF, (2) the smart component-oriented construction planning system, and (3)

ROS-based simulation.

3.3.2 Formats

In this part, we will briefly discuss the two kinds of data that are of use to our system.

Industry Foundation Classes (IFC) IFC, as a standard format to describe building

information models, describes all the information of a building model in a .ifc

file. As a STEP-based format [41]6, the IFC file has 2 sections: HEADER and DATA;

the HEADER section contains general information about the file itself, the DATA

section contains a list of entities, each with an integer index, type name, and a list of

parameters, and the set of available entities. The IFC provides powerful semantics

for describing the AEC domain. Because the object of this study is the independent

building components, the IFC entities and their relationships are the focus of our

research. The core structure of a standard IFC format file is shown in Figure 3.2.

A typical IFC file contains: IfcProject, IfcSite, IfcBuilding, and IfcProduct. The

first three attributes describe the project hierarchy, information about the project,

information about the building site, and information about the building on the

site, respectively. The IfcProject is used to describe the project information, and

every IFC file needs to contain the project information. IfcSite is used to describe

the information of the site where the project is located, including the size and

location of the site. IfcBuilding is used to describe the overall building information,

and the role is to link the complete information of building components to the

6http://technical.buildingsmart.org/standards/ifc/
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building. Therefore, an IfcProduct has a relative placement within the IfcBuilding.

The relationship three components are described by an IfcRelAggregates entity.

After that, all information about the building product is described by IfcProduct

and linked to its corresponding IfcBuilding or IfcBuildStory or IfcSpace by the

property IfcRelContainedinSpatialStructure. In IfcProduct, the building entities are

described by IfcBuildingElement, for example: beams (IfcBeam), slabs (IfcSlab),

walls (IfcWall), columns (IfcColumn) are all subclasses of IfcBuildingElement.

IfcProject

IfcSite

IfcBuilding

IfcRelAggregates

IfcRelAggregates

1:n

1:n

IfcRelContainedinSpatialStructure

IfcProduct

1:n

Figure 3.2: The structure of IFC.

Simulation Definition Format (SDF) Simulation Description Format (SDF)7 in

XML format, as supported by the robot simulator Gazebo8, is commonly used to

describe non-robotic objects in a simulation. Thus, SDF can express the objects

in a BIM model, but in a robot simulation environment. An SDF-based model

7http://sdformat.org/
8https://gazebosim.org/
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simulation environment usually contains two parts: world and model, which are

used to realize the simulation for the environment and the objects, and are stored

in separate folders on the system. The world is represented by a .world file, which

is mainly used to model physical properties (e.g., light, gravity, wind, etc.) and

terrain descriptions throughout the environment. Also all model files need to be

declared in the world file and describe their world coordinates. Therefore, the world

file can be considered as a description of the site environment (See Figure 3.3 (a)).

The model is used to simulate the objects, and each object has a single folder that

contains three parts: the configuration file, the meshes folder, and the model.sdf

file as shown in Figure 3.3 (a). The .config file includes the standard information

(version, author and model name) as a configuration, the meshes folder stores the

3D geometry and the information of objects is described in the model.sdf file. In

the SDF file, as displayed in Figure 3.3 (b), the model allows to define the semantics

and properties (e.g., name, pose, mass, inertia, etc.), shape representation (DAE or

STL supported), and collision parameters. Therefore, SDF can be regarded as an

appropriate format for describing construction component information.

<?xml version="1.0" ?>

<sdf version="1.5">

  <world name="default">

    <physics type="ode">

      ...

    </physics>

    

    <scene>

      ...

    </scene>

    <light name="spotlight">

      ...

    </light>

    <include>

        <uri>model 1 file path</uri>

     </include>

.

.

.

    <include>

        <uri>model N file path</uri>

     </include>

  </world>

</sdf>

SDF model files

(a) World file

<?xml version="1.0" ?>

<sdf version="1.5">

  <model name="model name">

    <pose>ifc object's global location</pose>

    <static>false</static>

        <link name = 'ifc object's guid'>

            <inertial>

                <mass>mass of ifc object</mass>

            </inertial>

            <collision name='collision'>

                <geometry>

                    <mesh>

                        <uri>mesh file path</uri>

                    </mesh>

                </geometry>

            </collision>

            <visual name='visual'>

                <geometry>

                    <mesh>

                        <uri>mesh file path</uri>

                    </mesh>

                </geometry>

            </visual>

        </link>

  </model>

</sdf>

Link to DAE file

Semantics and properties 
from  IFC file

(b) Model file

Figure 3.3: SDF format.
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3.3.3 ETL: from IFC to robot world

Handling IFC models

IFC describes the entire building through a unified file. In order to satisfy the

SDF format and to realize the component-oriented construction process, the IFC

file of a complete building needs to be split into multiple IFCs according to the

components, so that each IFC file describes the information of only one component

independently. To ensure that the required construction objects are reasonably

split up, this study follows a 2-step process:

1. Determination of the splitting objects: In the present study, this study fo-

cuses only on the objects that need to be built. In our case, those are the

IfcBuildingElement objects that need to be split.

2. Execution splitting: By declaring the IFC type of an entity, this study can get

all the information of that entity through IfcOpenShell9. For example, if this

study need to split out all the beams, this study can find out all the beams in

that model by indexing IfcBeam in IfcOpenShell and generating a separate

IFC file for each IfcBeam.

this study implemented the above steps into a splitting system for IFC files based

on IfcOpenShell. This system uses the process as shown in Figure 3.4. First, the

system will find the required objects (such as a beam, column, etc.) and index the

properties corresponding to the objects. After that, it creates a new IFC file for each

object, imports the original IFC header file, and the attributes of IfcProject, IfcSite,

and IfcBuilding corresponding to the object, and the entity attributes describing

the object. After that, it iterates through all the attributes corresponding to the

found objects and imports them into the new IFC files corresponding to each

object. When all attribute values have been extracted, the splitting process of an

object is finished. With this method, this study can split the information from any

component that this study need into a separate IFC file for further usage.

9http://ifcopenshell.org
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Import IFC file

Extract the basic information of 

the IFC file to create the 

standard file

Iterate over the IfcProducts 

Check if it is a 

IfcBuildingElement

Traverse out all attributes for 

the IfcBuildingElements

Write the IfcBuildingElement and 

attributes in the standard file to 

create a new IFC file

Check if all 

IfcBuildingElement 

are split 

No

Yes

No

Finish

Figure 3.4: The process of splitting IFC files.

Creating SDF from IFC

For simulated construction, the most important information provided by IFC for

one component is: (1) the GUID (used to find the component), (2) the global loca-

tion in the building (used as the target location for construction), (3) the geometric

information (used for collision detection and display), and (4) the properties (used

to simulate the real-world physical environment). In order to automatically extract

the above information from the IFC files (per object) and generate the SDF files

(Figure 3.5), this study proposes a process and developed a Python-based imple-
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mentation of the converter10 of IFC to SDF. In Section 3.3.2, this study introduced

the basic format of IFC and SDF, so to achieve automated mapping of IFC into SDF,

which should first establish the relationship between IFC and SDF data structures.

For a BIM model, mainly transforming the shape representation of an object to the

SDF format is complex and needs to be described by referencing a graphical format

(e.g., DAE or STL). All other information can be described directly in SDF. Therefore,

the IFC file to be converted is divided into two parts: semantic information (the

GUID, the global location and properties) and geometric information (designed

BIM model in DAE or STL format).

Convert IFC to Collada
and save to meshes

folder as new DAE files

Check if it is a
IfcSite

Generate standard
model.sdf and

model.config file

Write information from
IFC into model.sdf and

model.config file

Generate a world file and
write information from

IFC 

Import IFC-based
model foler

Generate meshse folder

Iterate through all IFC
files in the folder

World file

Link model file and
gloabl placement into

world file

Check if all files
converted

No

Finish

Yes

Figure 3.5: The process of conversion IFC to SDF.

As shown in Figure 3.3 (b), one SDF model file includes the meta information (name,

placement and static checking) and link information (link’s name, properties and

10https://github.com/ISBE-TUe/ifc_to_sdf
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ETL
IFC splitter

IFC to SDF 

converter

Section 4.3.1

Section 4.3.2

Figure 3.6: The example BIM models in Gazebo.

geometry). In the SDF model, a model can be made of multiple links (e.g., a robot

can be composed of several rigid bodies). Because building components are the

basic unit of a building after it has been subdivided, when defining IFC using SDF,

each model comprises a single link in our proposed system. Consequently, the

GUID information of the entity in IFC can be converted to SDF as both model name

and link. This permits the indexing of ROS environment components using GUID.

Meanwhile, through IfcObjectPlacement, we can get the location information of

the component in the building, and therefore map to the pose tag in SDF format.

Finally, to make the simulation more realistic to the physical environment, we also

need to map the physical property information of the entities in the IFC to the SDF.

For example, in Figure 3.3 (b), we can extract the weight from IfcQuantityWeight

and map it to the mass tag in SDF.

To operate in a visualized physical environment, each object needs to define its

geometric information for visualization and collision detection (Figure 3.3 (b)).

In the SDF format, the object can be described with basic geometry (e.g, box,

sphere, cylinder), however, SDF format does not support the design of models, so

these basic geometries are generally not used to generate complex geometries (e.g.,

complex surfaces, deformations generated by Boolean operations, combinations

of multiple geometries, etc.). In order for the designed 3D model to be used in the
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simulation environment, the SDF format supports the import of the designed 3D

models through the DAE or STL format with a mesh tag. Therefore, when dealing

with the geometric information of IFC, it is necessary to convert the IFC format

into a DAE or STL format. With the help of IfcOpenShell, we can convert the IFC

of each component split into the DAE and store it in the meshes folder only for

the corresponding component. Therefore, a DAE model will be generated for each

component model. Eventually, the generated DAE model needs to be imported

into the SDF model via the mesh tag. With the cases demonstrated in Figure 3.6, it

shows few examples that the IFC model is converted into SDF files and loaded in

Gazebo.

3.3.4 Smart component-oriented construction planning system

In this section, we describe how to define SDF-based components as smart com-

ponents and implement the integration of smart component-based construction

planning [37] into a ROS-based simulation.

Creating smart components

As a construction-oriented extension of the SCO [65], the smart component gives

the component autonomy, awareness, and communication in the construction

process, thus realizing the intelligence of the component [37]. The smart compo-

nent defines the state of the component in different construction processes and the

corresponding construction requirements, and gives each component the ability to

communicate with the robot so that the component can guide the robot to achieve

construction according to its own construction requirements. Consequently, each

component has its own state machine to present, record, and update its status.

Also, the unique GUID facilitates the interaction between model information and

state machine information. For example, when the component is transferred to the

target location, the component will return its current coordinates in the simulation

environment to determine whether it is consistent with the target location, and if so,

the component will return its own GUID to index its corresponding state machine

and thus update its state and publish the new state. This allows the component

to update its state according to its own spatial changes while sharing it with other

objects.
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Figure 3.7: The system for interaction between components and robots for con-
struction planning system.

Smart component-based construction planning

Smart component-oriented prefabricated construction on-site is the process of

transferring prefabricated components from the yard to the construction location

and assembling them, which means that the construction task is completed when

all components are built. Thus, the whole construction planning can be treated

as two steps: construction sequence and assembly planning. The construction se-

quence requires the planning of the sequence of all components (work breakdown

structure), and the assembly planning involves the planning of the construction

tasks of each independent component. According to different construction require-

ments and construction planning methods (e.g., time priority, cost priority, task

priority), different construction procedures can be generated. The creation of the

construction sequence is out of scope for this study, and we only use it as a stan-

dard input file (XML). Therefore, only when the current component publishes its

status as built, the planning system will release the next component’s construction

requirements to the robot and guide it to execute a new round of construction. In
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assembly planning, based on the concept of smart component [37], the construc-

tion task of each component can be mapped to the component state, so that we

can use the construction state of the component to guide the robot to execute the

corresponding work.

3.3.5 ROS-based simulation

Using the smart component-based construction planning in Section 3.3.4, here we

introduce the method into the ROS-based robot simulation environment11 which

contains ROS to provide robot control and Gazebo to provide a physics engine-

based visualization simulator. When the SDF-based components are imported into

Gazebo, using the interaction mechanism between Gazebo and ROS, we designed

a system as demonstrated in Figure 3.7 to implement the interaction between the

components and the robots as well as the simulation of the construction. When it is

the turn of a component to be built, the id and current state of the component will be

published to the system, which will assign the required task to the executable robot

based on the current state of the component, and then publish the corresponding

id of the robot to ROS to control the robot to execute the task. At the same time,

ROS will interact with Gazebo in real time to control the robot in the simulated

environment. When the robot executes a task in the simulation environment,

the system receives feedback and extracts the information of the component in

the simulated environment and compares it with the task requirements of the

component to check if it is consistent (e.g., when the component is transferred to a

target location, the system checks if the position of the component in the simulated

environment is consistent with its position in the original BIM model). If it is, the

state machine corresponding to the component will be updated and the new state

will be published to the ROS to guide the robot to execute the new task. If it is not

consistent, the robot will repeat the task and return an unsuccessful state for the

user to detect the construction. When the robot finishes construction tasks, the

component changes status to ‘constructed’ and the robot status changes to ‘idle’.

After that, the system will go back to the first step and loop the above procedure

until the construction is completed.

11https://wiki.ros.org/gazebo-ros-pkgs
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3.4 Case study

In this section, we will demonstrate the specific implementation from model import

to construction simulation as described in the framework using a scenario in which

a single robot builds a light steel structure. Based on our framework, we need

to realize the linkage of the BIM model, construction robot, and construction

simulation, thus we will also address these three factors in the case study.

• BIM model creation and processing: we first create a light steel frame in Revit

similar to a greenhouse and export it to an IFC4 file. Then, using the approach

described in Section 3.3, we transform the IFC model into an SDF model

folder, and ultimately the model can be used in a Gazebo simulation.

• Robot model selection and application: for simulation, we utilize the husky

robot12, which is recommended by ROS. The husky robot, being a ROS-based

robot, has reliable performance in the ROS environment and offers high com-

patibility and expandability (customizable sensors, robotic arms, and other

hardware). In this simulation, the robot has four states: “detect component

position", “pick up", “identify component target location" and “assemble".

The study of specific methods of execution of the robot’s picking up and

assembly tasks is not in the scope of this study.

• Smart component-based robot construction simulation: with the commu-

nication mechanism of ROS, we realize the interaction between the compo-

nents of the light steel frame and the robot, and also design a state machine

to realize the construction process.

3.4.1 BIM model creation and processing

Lightweight steel structures are employed in a variety of small-scale building ap-

plications, including sun shelters, bus stops, and functional temporary structures.

The individual components are excellent for robotic construction because of their

lightweight, small size, and ease of assembly. At the same time, the present gen-

eral robot model has certain payload and size limitations; thus, we chose a light

steel structure model for simulation in this scenario. We certainly aim to extend

12https://clearpathrobotics.com/
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additional BIM models (see Figure 3.6) for simulation with the further growth of

construction robot research and development.

In the light steel frame construction (Figure 3.8), there are 9 independent foundation

components, 9 column components, and 10 beam components. The designer has

to export the model to the standard format of IFC4 once it has been constructed in

the modeling software (here we use Revit), and then the IFC file can be converted

to SDF format using the approach described in Section 3.3.

BIM model of structure Components

Figure 3.8: The system for interaction between components and robots for con-
struction tasks.

Initially, the system reads the IFC file’s header information, as well as IfcProject,

IfcSite, and IfcBuilding information, to create a standard template file for IFC.

Then, the information of the components in the model is extracted and inserted

into copies of this standard template file to produce IFC files that describe each

component separately. Therefore, the system will traverse the model, locate each in-

dividual component, extract its information, and write it into the standard template

file, finally splitting the original IFC file into 28 independent IFC files that primarily

include component information. After that, the 28 component geometries are

converted into DAE format for Gazebo display and collision detection. At this stage,

all the components will correspond to two files, respectively, the IFC file containing

all the information and a DAE file dedicated to describing the shape.

Now, the conversion from IFC to SDF takes place. Similarly, before converting each

component, the system extracts the basic project information (guid, name, type) to
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Mobile base

Hokuyo sensor

Figure 3.9: The simulation environment includes the Husky robot that picks up
components based on their state from the yard, and places and assembles them.

create a standard SDF folder including the configuration file, SDF file, and mesh

folder and then writes the basic project information into the configuration file and

SDF file. The system then turns the IFC files of 28 components to SDF folders, as

described previously. Furthermore, we need to utilize the information from IfcSite

to construct the world file, which involves integrating the path of the component

file into the world file and declaring the component’s world coordinates for the

global environment.

This process implements our model from design to simulation in the Gazebo. Using

IfcOpenShell, we created a python-based system to automate the conversion of IFC

to SDF13.

3.4.2 Robot model selection and application

To implement the robot’s functions, we used an open-source general-purpose robot

in this case, namely the Husky robot. The Husky robot, as shown in Figure 3.9, is

an open-source mobile robot with a standard mobile base and a range of extra

sensors that work with the ROS package to construct maps, maneuver, and avoid

obstacles in a simulation environment. Based on the features of prefabricated

construction, the robot needs to perform the following tasks in construction: 1. find

the component to be built, 2. pick up the component, 3. deliver the component to

the target location, 4. assemble the component, and avoid obstacles throughout the

13https://github.com/ISBE-TUe/ifc_to_sdf
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process to ensure the safety of the construction process. We will use the semantic

label (“pick up" and “assemble") for describing the picking up and assembling

activities, as stated previously. As a result, in the simulation environment, robot

functions need to integrate navigation and obstacle avoidance.

In general, the navigation stack obtains information from the odometer and sensors

on the robot to compute the action data required by the robot in that environment

and returns it to the robot for execution. The following packages, which will be

briefly explained in the following, are mostly employed in the navigation stack

architecture to perform mobile base control, spatial location positioning, and path

planning, respectively. To move the robot in the global environment, the move

base function package14 is used to accept the intended movement information

and execute it by matching the robot base coordinates with the world coordinates.

As a tool to realize robot spatial location, the AMCL package15 is used on the

probabilistic algorithm for robot tracking based on a particle filter to realize robot

location on a global map. In this case, global and local planners deployed for

both path planning tasks in order to accomplish global path optimization and

real-time obstacle avoidance, and function packages with different algorithms can

be used in the planner based on the user’s needs. Meanwhile, we use the global

planner based on the A* algorithm [184] and the local planner based on the dynamic

window algorithm [185]. With the above configuration, the Husky robot can achieve

autonomous navigation in the Gazebo environment to perform the construction

tasks required by the building components.

3.4.3 Smart component-based robot construction simulation

In this section, we document how to set up a simulation environment and create

a component-oriented construction task publishing system using the ROS com-

munication mechanism to create a smart component-based robot construction

simulation. The construction scenario is based on a designed environment, as

indicated in Figure 3.10.

We designate a yard area and arrange the required building components in the

center square of the environment. The construction goal for the robot is to assemble

14http://wiki.ros.org/move_base
15http://wiki.ros.org/amcl
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Yard area to place un-

constructed components

Construction area to 

build the structure Robot initial 

position

Figure 3.10: The simulated construction scenario includes a yard where all to be
built components are collected, a robot initial position, and the area where the
structure needs to be built.

components from the yard into the structure in the central square. To begin, we

need to initialize the environment, which includes defining the yard location, as

well as the appropriate poses of components and the robot’s initial position. In

practice, the components are usually stacked horizontally, so components are

designed to be stacked uniformly in the yard area as shown in the figure. The robot’s

initial position should be similar to a construction site’s temporary rest area, or a

place where the robot can be repaired and charged. Consequently, we assign that

the bottom right (blue area) in the environment depicted in Figure 3.10 is the robot

repair and charging area as the initial position for the robot.

The suggested simulation environment consists of two main parts, namely a visu-

alization in the rviz application16, and a simulation engine in Gazebo. These are

standard tools for robot simulation, and the contribution of our work lies mainly

in connecting the BIM environment better with these simulation tools. The rviz

16http://wiki.ros.org/rviz
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Rviz environment Gazebo environment

Local path 

Global path 

Figure 3.11: Rviz and Gazebo are used in the suggested simulation environment.

application17 is mainly used to visualize the performance of the ROS function pack-

ages. The rviz environment (left in Figure 3.11) includes the following parts: (1)

the known map information of the robot (grey), (2) the location of the objects and

their collision volume in the environment scanned by the laser (black lines and

the light blue areas), (3) the inflation factor that is used to represent the safety

range of collision detection (dark blue), (4) the global paths planned (green lines),

and (5) the local paths planned by the laser in real-time according to the current

environment (red lines). The right side of Figure 3.10 shows the Gazebo simulation

environment, which is used to simulate the real-world scenario using ROS.

After the environment has been initialized, the robot construction simulation can be

executed. Based on the process of Section 3.3.4, we constructed the state machine

system illustrated in Figure 3.12 to accomplish the automated construction based

on the components’ construction tasks. The process shown in Figure 3.12 functions

as follows: when the previous component is completed, the system accepts the

information and duties of the unbuilt component as the next task to the robot

(top-left). The system then sends the task to the robot (top-right), which accepts it

and proceeds to the component’s position in the yard to pick up the component

(bottom-right). When a component is picked up, it enters the state of needing to

17http://wiki.ros.org/rviz
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Check if the 

component ready 

for construct

Move to yard

Pick up target 

component

Move to 

component's 

target location

Assemble the 

component

Check if all 

components 

constructed Yes

No
No

End

Yes

Start

Complete the previous task 
and receive a new task

Arrive at yard and pick 
up the component

Deliver the component 
to the target location

Assemble the current component 
and receive another new task

Figure 3.12: The construction process goes in four steps: (1) receiving a task; (2)
giving task to robot; (3) pick up component from yard; and (4) deliver and place
component in target location.

be transferred. The system accepts the component’s target position and sends it to

the robot, and the robot begins the transfer task once it reaches the target location

(bottom-left). The component’s state switches to ’assemble’ when the robot reaches

the target place, and the robot receives the task from the system and performs

the assembly work. When the assembly work is accomplished, the component’s

construction task is completed (top-left).

With the presented state machine control, a simulation environment is created

where the robot can automate the construction of smart component-based con-

struction and realize the construction work of assembling the components into the

target structure. As this simulation environment mimicks real robot behaviour by

its embedding of ROS, the resulting process can be executed also in a real-world

environment, yet this has not been tested.
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3.5 Discussion

As a result of the rapid advancement of robotics, robot-based construction is viewed

as one of the potential future solutions for achieving efficient construction. Due to

the unique features of the construction industry, such as long construction cycles,

large-scale construction, large amounts of investment, and multiple stakeholders,

as well as the high costs of development and production in the robotics industry,

robots are not widely used in actual construction projects. Despite the fact that

the simulation and the actual scenario will diverge, construction simulation can

provide novel concepts and platforms for robotic construction research and appli-

cations. For stakeholders in the construction industry attempting to apply robots

to real-world construction, an open standard simulation can cost-effectively test

and optimize the development of robotic construction, while a physics-engine sim-

ulation environment can provide a realistic and intuitive representation of robots

in construction. It also benefits from the use of open standards (IFC, SDF and etc.)

and tools (ifcopenshell, ROS and Gazebo) that can reduce some of the constraints

imposed by the modeling software on the user and enable the assessment and

adoption of the method by relevant researchers.

Several limitations remain in this study to achieve a more comprehensive simu-

lation of robot construction. First, this study abstracted the construction actions

(“pick up" and “assembly") in case study. As a construction planning, the ab-

straction of specific construction tasks is reasonable, but in real-world scenarios,

the robot requires motion planning for grasping and assembly actions in order

to achieve more accurate simulation. Second, due to the diversity of building

types and the complexity of the corresponding construction processes (especially

cast-in-place), the focus in this study is only on prefabricated construction-based

robotic construction simulation as a prototype for starting, but further expansion

to more building types is needed to satisfy a wider range of construction simulation

demands.

3.6 Conclusions

This study presents a method for using IFC-based BIM models in a robotic simula-

tion environment and executing automated construction simulations based on the

notion of component-oriented construction. The proposed framework integrates
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an IFC-based ETL processing, a construction controller based on smart compo-

nents and a ROS-based simulation platform. It leverages BIM models in a robotic

aspect to achieve the IFC-based BIM models in robotic prefabricated construction

simulation. Different from the previous construction simulations, this concept

relieves the dependence on specific software. Based on the open standard, expands

robot types and facilitates customized construction robots for robotic construction

research.

55



4 Smart Component-Oriented Method of 
Construction Robot Coordination for 
Prefabricated Housing

This Chapter has been published before as an article in Automation in Construction:

A. Zhu, P. Pauwels, and B. De Vries, “Smart component-oriented method of construc-

tion robot coordination for prefabricated housing” [37]. This work forms part of the

construction management system for higher level controlling for the proposed sys-

tem, namely for the component-oriented construction robot coordination system

(middle layer in Fig. 1.1).

Although achievements have been made in research on robotic construction for

specific construction tasks, robots are still not capable of working together to

accomplish multiple construction tasks. To achieve this goal it is necessary to

study how to realize robot coordination in prefabricated construction. This chapter

proposes a component-oriented robot construction approach. Using the smart

construction object (SCO) approach, diverse construction tasks are assigned to

robots by assigning state and requirements to the components to drive multiple

robots for the assembly of prefabricated housing as an example of light-weight

prefabricated structures. Within a prototype BIM simulation environment, this

chapter implemented multiple different robots to complete the construction of a

steel frame based on the SCOs.

4.1 Introduction

In recent years, an increasing amount research on robotic construction shows vari-

ous advantages such as improving safety, reduction of construction time, and higher

quality control [186], [187]. However, the adoption of construction robots has been
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very limited. As a result, the expected benefits are not reached, which is problematic

in a time with a demand for mass-scale construction and renovation (e.g. prefabri-

cated housing production - PHP) with high levels of efficiency and quality. Several

studies research this phenomenon with various respects, such as limitations of

robotic technologies, commercial risks, and constraining of construction [28], [29],

[121].

4.1.1 Lacking coordination method

One of the reasons mentioned for the above problem is the lack of a coordination

method for construction robots to achieve on-site automation. While robotics (e.g.,

robotic arms, 3D printing, etc.) are increasingly being used in the construction

process, current research is focused on solving isolated construction tasks using

single robots. In the construction of a prefabricated house, each construction task

is regarded as an independent event.

For example, [27] proposed the Single-Task Construction Robots (STCRs) which

can assist workers in achieving one specific construction task. Depending on the

function, STCRs are defined according to 24 categories containing 200 independent

systems. Among them, the relevant ones for site prefabrication include: mobile

robots, site logistics robots, robots for positioning of components, and robots for

building structure assembly. However, each task is part of a continuous construc-

tion process. Therefore, when introducing a large number of robots with different

functions into the construction process, it is necessary not only to consider the

distribution of robots that perform independent construction tasks, but also to

coordinate multiple single robots that can complete different construction tasks.

4.1.2 Automated construction for prefabricated housing production
(PHP)

In the context of construction 4.0 [188], prefabricated housing production (PHP) has

been proposed as an innovative construction method to promote the efficiency of

construction by integrating design, prefabrication, and construction and to achieve

full management and automation of the prefabricated construction process [63].

As the two main methods of prefabrication, on-site prefabrication is the assembly

of components on the site, while off-site prefabrication is constituted from factory
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assembly of components to form rooms or housing units, which are assembled on

the site. In any case, the scale of construction is far bigger than that of traditional

manufacturing: both components as well as construction projects are often larger in

size. As a result, construction automation can hardly be done in a stationary space

like most manufacturing, and we still need on-site work. To address this issue, [27]

introduce On-Site Manufacturing (ONM), which is defined by them as the process

of low-level to high-level assembly of components on a site by using fixed or mobile

automated machines/robots, rather than the traditional construction process. They

claim that the adoption of On-Site Manufacturing (ONM) can potentially achieve

large-scale automation of construction processes.

4.1.3 Robot categories for automated construction sites

Collaborative robotic manipulation is commonly categorized into fixed manipula-

tors, mobile robots and mobile manipulators [189].

A fixed manipulator is a manipulator in which the workstation is fixed. In the

manufacturing industry, the use of fixed manipulators has been an unprecedented

success that benefits from well accommodated workshops and orderly production

lines [26]. The production of sophisticated products can be robust and rapid by

establishing a standard assembly line with robots working independently.

A mobile robot is a robot that has the capability of moving and navigating through

its surroundings. Mobile robots also significantly improve the efficiency of the

logistics industry in warehousing management [190]. Yet, both fixed manipulators

and mobile robots are less fit for the large-size, difficult to predict and very dynamic

environment that exists in construction industry. These large-size construction

environments make it difficult to achieve an entire construction process on an

assembly line or in a warehouse.

The third type of robot, namely the mobile manipulators, which are robots that com-

bine a manipulator with a mobile platform for mobile operation, could therefore be

considered as the primary choice of robots used in the construction processes con-

sidered here. Because of their manipulator function, they are excellent candidates

to automate the many actions that need to be done on a construction site.
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4.1.4 The necessity of construction robots coordination

Despite many efforts, it is still challenging to complete an entirely autonomous

construction process on-site through construction robots, with regard to both

transport and manipulator functions. [29] has conducted a systematic study on

the challenges of robots in construction. In addition to high implementation costs,

immature robot technology and other factors, the lack of reliable robots’ control

and coordination methods for construction robots during the construction process

is one of the most significant challenges to realize robot construction.

Although it is obvious that control and coordination methods for industrial robots

have been widely used in manufacturing, they are difficult to implement directly in

construction. One of the significant differences between the construction industry

and manufacturing is that the complex and open construction environment makes

the construction process dynamic. [121] mentioned that the construction process

is incredibly complex, so the construction robots need scalable controls.

In other words, industrial robots in manufacturing execute tasks at fixed locations

or in less variable environments, while the coordination of multiple robots in con-

struction (Multiple Robot Coordination - MRC) needs to support the construction

tasks under varying construction circumstances in different projects. Hence, in the

case of On-Site Manufacturing (ONM), there is a gap between this MRC planning

and construction (site) management. This chapter assumes that bridging this gap

will lead to a more automated construction site, in which multiple coordinated

robots work together to perform their tasks.

4.1.5 Bridging robot planning (e.g. MRC) and construction management

So far, numerous studies have included methods for multi-robot coordination

(MRC). As a critical element of MRC, task planning is used to figure out how to

deploy tasks to robots. This task planning is divided into two aspects: task decom-

position (TD) and task allocation (TA) [136]. TD relates to breaking down an entire

project into several subtasks that can be achieved by different robots with their

functions [191]. The definition of TD is similar to the work breakdown structure

(WBS), which decomposes tasks into manageable pieces that are called Construc-

tion Work Package (CWP) [59]. TA relates to the allocation of workers to the tasks in

this construction process.
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Task allocation (TA) can be considered as a typical NP-hard problem. Traditional

construction management mostly depends on construction managers who heuristi-

cally create and adjust the on-site construction processes based on their experience

[192]. If the construction managers need also to take robots into account, then

the TD and TA planning remain highly needed, yet they need to include robots to

perform specific tasks, and task decomposition will change depending on robot

capabilities. Hence, it is necessary to extend the construction planning and include

the Multi-Robot Task Planning (MRTP). As such, it is possible to create optimal

planning of working processes that include tasks for robots [193].

With the booming development and adoption of Building Information Modeling

(BIM) technology, construction planning simulation can be performed with more

lower-level details. In fact, these BIM models provide an excellent product break-

down structure, which can form the basis of planning based on work breakdown

structure. Many studies aim at the creation of a construction planning based on

BIM models. For instance, [192] presented a Just-in-Time (JIT) based lean construc-

tion method that integrates BIM data. Lu [64] introduced Discrete Event Simulation

(DES) in combination with BIM models as a framework to achieve automation

of resource allocations (similar to TA). Furthermore, the introduction of smart

construction objects (SCOs) [65] allows construction information to be directly

embedded into the physical components (IoT for construction elements, RFID tags,

etc.), which potentially makes construction tasks more flexible and independent

(lean construction). Further, by integrating SCOs and Construction Work Packages

(CWPs), Li [194] proposed the Smart Work Packaging (SWP), which implements

constraint management in prefabricated housing production (PHP).

Most of today’s multi-robot TA (MRTA) methods are based on the Contract Net

Protocol (CNP) model, which is a negotiation system for multi-agents systems [135].

For prefabrication, the number of components and their final target positions are

constrained, thus in construction task allocation, this is a deterministic problem

without target exploration. However, it is necessary to consider not only the effi-

ciency of the robot to execute each task but also whether the execution of each task

can improve the overall construction efficiency. One of the MRTA methods, namely

the market-based method, is a method of allocating tasks that mimic bidding in

the marketplace to establish the balancing of costs and revenues of individuals and

teams to achieve competitive bidding [137], and it can therefore be considered as

an appropriate framework to adopt MRTA in construction. It calculates not only
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the cost of tasks done by robots, but also the revenue of these tasks.

4.1.6 A component-oriented method for construction robot coordina-
tion

Based on the above, the aim in this chapter to bridge between multi-robot coordi-

nation (MRC) and the available research on construction planning, in particular

BIM and lean construction, and thereby to achieve a TD method in construction.

This study aims to rely on the market-based TA method in our proposed MRC

method. This will allow us to find a balance between the efficiency of robots and

the requirements in construction processes.

This study aims to develop a component-oriented multi-robot coordination method

for PHP. In this method, the component is used to bridge between construction tasks

and robots. The tasks which are decomposed from work packages are assigned to

components (mapping between work breakdown structure and product breakdown

structure), and each component is treated as an independent task.

4.2 Definition of attributes of SCOs

The concept of Smart Objects (SOs) derives from the concept of ubiquitous comput-

ing. In 2016, Niu [65] expanded the idea of Smart Objects into Smart Construction

Objects (SCOs). As the fundamental construction blocks for future construction,

the concept of SCOs defines that the resources (e.g., machinery, devices, and ma-

terials) in construction can be given intelligence as objects [65]. Thus, each SCO

can have independent information and different functions. By combining with

IoT technology, SCOs enable data interaction between different objects in the con-

struction process. In several prefabricated construction studies, SCOs are applied

in construction Logistics and Supply-Chain Management (LSCM), safety manage-

ment, facilities management, etc. In the study of the SCOs-enabled construction

process, prefabricated components are considered as SCOs and installed with smart

hardware (e.g., microcontroller, RFID) to track the components’ spatial and timing

information during the construction processes, thus achieving lean construction

and improving the overall construction efficiency [63], [66], [84]. The concept of

SCOs as a future construction method needs more applications to be tested and

refined; however, its reliability is demonstrated in the current application in specific
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projects and simulation environments.In our approach, the components have to

carry their information, interact with the construction robot for their construction

tasks, and alter their state according to the construction requirements. The three

core properties of SCOs enable the definition of the components in our methods.

Three core properties of SCOs are proposed: Awareness, Autonomy and Commu-

nication. This section describes how to define such SCOs in the case of structural

constructions. We hereby distinguish specifically between Component and their

ConnectionNodes and inherit attribute from construction object (see partial UML

Class Diagram in Figure 4.1).

ConstructionObject

+ReceiveInformation()
+IdentifyInformation()
+UpdateState()
+UpdateRequirement()
+PublishRequirement()
+IdentifyCurrentPosition()

Component

-componentWeight:Float

-connectionNode:ConnectionNode[]

-componentState:String
-componentRequirement:String

-nodeNumber:Integer

ConnectionNode
-assemblyPointNumber:Integer
-assemblyMethod:Stringhas

1 *

-id:Interger

-objectType:String
-relativeObjectIDs:Interger[]

-name:String

-nodeState:String
-nodeRequirement:String

Figure 4.1: UML Class Diagram for a SCO

Awareness

The awareness of components refers to the real-time state of the components and

their perception of the environment. These can be defined in different ways. As

mentioned in Section 4.3, the construction process is considered in this study as a
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sequence of discrete events. Even if there is a correlation between components, the

tasks of each component are independent. Therefore, in addition to the definition

of SCO awareness (such as ID, Name, ObjectType, RelativeObjectIDs, etc.) in Figure

4.1 , we assign all construction tasks related to the component as awareness. The

breakdown of construction tasks is detailed in Section 4.3.

For example, a column (Component) is connected to other components at the foot

(ConnectionNode) and the top (ConnectionNode) of the column. The foot of the

column has six (AssemblyPointNumber: six) bolt anchor (AssemblyMethod:bolt)

nodes to the foundation, and the top of the column is connected to two beams,

each of which also has six bolt anchor nodes. Therefore, the awareness of the

column includes Component and ConnectionNode, both of which are subclasses

of a common ConstructionObject class. The properties of the ConstructionObject

include:

• The ID, Name, and ObjectType from the BIM model,

• The RelativeObjectIDs records the IDs of the relative components (foundation

and the two beams in this example)

For each ConstructionObject, we furthermore assume the availability of spatial

information and shape information. This spatial information is divided into two

parts: the current position of the column during construction and the position of

the column after it is built from the BIM model. This shape information is used to

represent the shape of the component and this data will load from the BIM model.

The information is kept out of the UML class diagram in Figure 4.1.

The properties in Component include:

• The ComponentWeight from BIM model,

• The NodeNumber represents how many connection nodes the component

contains (three in this example),

• The ComponentState (e.g, InTransit, WorkingInPosition, etc, see Section 4.3

in details) is the current construction state of the component.
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• The ComponentRequirement (e.g, NeedToTransfer, NeedToPosition, etc, see

Section 4.3 in details) is the construction requirement under the current

componentState.

• For each Component, a number of ConnectionNodes can be assigned, and

they are stored in an array of ConnectionNode objects.

Futhermore, each ConnectionNode has the following properties:

• The AssemblyPointNumber indicates how many nodes a ConnectionNode

has to connect to (six for this example),

• The AssemblyMethod indicates what method is used to assemble (bolt in this

example).

• The NodeState (e.g, InLocation, WorkInPosition, etc, see Section 4.3 in de-

tails) is used to describe the state of the ConnectionNode under current

componentState.

• The NodeRequirement (e.g, NeedToPosition, NeedToAssembly, etc, see Sec-

tion 4.3 in details) is the construction requirement of the component’s con-

nection node under the current NodeState.

The functions in ConstructionObject are used to interact with information, update

state and determine the current position of the Component and ConnectionNode.

Communication

Communication is the ability to output information based on awareness. The

output in this method is divided into two parts: in the first part, output requirements

of SCOs as Communication functions in Figure 4.1. We allow Component and

ConnectionNode are both inherit functions from construction object, so both of

them can release the construction requirement to the robot as a construction

task (see Section 4.3.1); in the second part, the state of the component is used for

planning the construction process (see Section 4.3).

For example, when an assembly task is needed from the component in the construc-

tion area, the preconditions will be determined first. If the assembly component
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is not on the final location, it will be searched in the yard area as the state of a

component is ‘OnYard’. At this time, components that meet the requirements will

release the requirement ‘NeedToTransfer’ to the robots.

Autonomy

Autonomy is an alternative approach to SCO communication that allows compo-

nents to act autonomously according to predefined rules. In this case, the compo-

nent is the target object of both the construction tasks and the robot tasks, so the

consistency between the construction task and the robot task should be guaran-

teed, and the autonomy of the component should be constrained and maintained.

Component autonomy under construction implies the change of the state of the

component when a robot realizes construction requirements of the component.

For example, when a robot from the yard loads a component, the transport task

starts. The state of the component should be updated after the robot action is com-

pleted. The state of components changes from the state ‘OnYard’ to state ‘InTransit’,

and the requirement of components changes from the state ‘NeedToTransfer’ to

the state ‘NeedToPosition’.

4.3 Construction TD for the construction of SCOs

The second part of the method is the construction task decomposition for SCOs.

We distinguish hereby the overall policy for component-oriented construction

(Section 4.3) and the more detailed breakdown method for construction tasks

(Section 4.3).

Component-oriented construction regulation

Different from cast-in-place construction, prefabricated construction relies mainly

on the assembly of components. Components are prefabricated and assembled

on-site. Therefore, the construction method in this case is the process of moving

components from the yard area to the position requiring assembly in the structure

and assembling them. In order for the robot to perform such a construction process,

we need to implement a breakdown of the process, which is transformed into a
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sequence of actions that robots can execute.

In this study, we follow the theory of SCOs with main characteristics: Awareness,

Communication and Autonomy - [65]. Among others, the component’s spatial in-

formation includes two parts, the initial placement and the target placement. Since

the BIM model has already been completed, we can directly access the component’s

spatial position in the completed structure, taken as the target placement. To simu-

late the construction process, we assume that the component has not started to

be built, which is the component’s initial state: ‘OnYard’. The construction process

is to transport the components from the initial placement to the target placement

and accomplish the assembly, while the component state changes from an initial

state (‘OnYard’) to a final state (‘Assembled’). Such awareness includes the position

of components in space, representation of components, connection relationship

between components, and state of components. By comparing the component’s

awareness in the construction process with the component’s awareness under the

completed structure, it is possible to update the component’s status and require-

ments, and to publish a construction task to the robot. Besides awareness, the

SCO also possesses autonomy and communication (see Section 4.2 for more detail).

As a result, the SCO component can also propose new construction requirements

according to the state changes in the tasks, in order to realize a dynamic construc-

tion based on SCO. All proposed construction processes will be aggregated into a

process that satisfies the requirements of all components.

The construction planning based on SCOs is organised as follows:

1. Traverse the components on the construction site which have published their

requirements for a construction task.

2. Match component requirements to the current construction tasks.

3. Publish the components’ requirements corresponding to the construction

tasks.

Breakdown the construction tasks for SCOs

In the above procedure, construction tasks are broken down into smaller tasks, and

all components have relationships with other components. We treat components as
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the targets for the construction task breakdown. Components are associated with

construction tasks. Construction tasks are assigned to components with different

properties through the SCO method. In our method, components publish tasks

to be executed by robots. The construction process in the case of prefabrication

and on-site assembly can be summarized as: 1. Transport task: transfer the compo-

nents from the yard to the structure; 2. Positioning task: Locate the components’

positions; 3. Assembly task: Assemble the components.

Since the individual construction tasks are assigned to a component, two properties

are needed for every component and their nodes: 1. the states of the Component

and ConnectionNode are used to indicate the current state of the component and

its connection nodes, 2. requirements of the Component and ConnectionNode

are used to represent the construction tasks required for the component and its

connection nodes in their current state. In the case of on-site assembly, we can

distinguish three construction tasks with properties. These three construction tasks

are displayed diagrammatically in a UML State chart diagram in Figure 4.2. The

transport task aims to transfer the component from the storage yard to the final

location on the construction site. Therefore, during the transport, the possible

states of a component are: ‘OnYard’, ‘InTransit’ and ‘Arrived’; and the requirement

of a component is: ‘NeedToTransfer’. Once the component has arrived to the right

location, the component will enter the positioning task. In the positioning task, the

component and its nodes need to wait in the arrived position while the positioning

robot has not reached the working position. When the positioning robot reaches the

position and starts positioning work, the component enters the ‘WorkingInPosition-

ing’ state. When the positioning is complete, the positioning task of the component

is finished. So, the possible states of a component and its nodes are: ‘InLocation’,

‘WorkingInPositioning’, ‘PositionFixed’; and the requirement of a component and

its nodes is ‘NeedToPosition’. When the position is fixed, the assembly work starts.

The assembly task aims to assemble the connected components into a structure.

In the assembly task, the component have to wait for the assembly robot to reach

the correct construction position, after which the assembly work is executed and

completed. When the assembly task is completed, the construction task for the

component is finished and the component’s state is assembled and there are no

further requirements. So, in an assembly task, the states of the component and its

nodes are: ‘WaitForAssembly’, ‘WorkingInAssembly’, ‘Assembled’; the requirements

of the component and its nodes is: ‘NeedToAssemble’.
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The state and requirements of the node should be consistent with the components,

but in assembly state there are sometimes differences. For example, when construc-

tion is performed on a column and the foot of the column is already connected

to the foundation, the state of the foot nodeState is ‘Assembled’ and there is no

construction requirement; however, the top of the column is not yet connected

to the beam and the nodeState is ‘WaitForAssembly’ and nodeRequirement is

’NeedToAssemble’. At this time, componentRequirement is still ‘WaitForAssem-

bly’,componentRequirement is ‘NeedToAssemble’, only when all ConnectionNodes

are ‘Assembled’, the componentState changes to ‘Assembled’.

Figure 4.2: Statechart diagram for the smart construction object
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4.3.1 Introduction of the Construction TD into a MRTA process

Stentz and Dias [137] proposed a market-based approach for task allocation (TA)

in 1999 (MRTA), which defines possible construction plans with cost functions for

each task. This method divides a continuous task into subtasks and allows the

robot to bid and negotiate to perform these subtasks. The objective is to optimize

task allocation by using individual robots that cooperate and compete. Different

from other robot task allocation, the market-based approach takes not only the

work cost of the robot into account but also the benefit from the task (reward). In

construction processes, not only the work cost of the robots but also the time cost

should be considered. To achieve this, task allocation for the construction robot

can be used based on the market-based method.

In our approach, we treat the SCOs’ requirements as specified tasks and treat each

construction task that is needed to assemble the component to become part of

the final structure as a subtask. For this purpose, we adjust the definitions of

revenue and cost from the market-based approach. The execution time of the

construction task is treated as the cost of the task, and the operation time of the

robot actions is treated as the cost of the robot. When the two costs for the whole

construction process add up to a minimum value, robot task allocation with the

shortest construction time is found.

In Section 4.3, the construction process is defined as three tasks: transport, position-

ing and assembly. This allows the actions of the robots to be allocated according to

these three tasks. In a transport task, the requirement of the component only con-

sists of a single task. When the positioning task and assembly task are performed,

construction tasks of the component are further divided into the construction tasks

of each connection node, and the construction requirements of each connection

node are released as independent tasks. The requirements of every component on

the construction site are published as the tasks. The robots that can complete the

tasks of these components are matched using the market-based method to execute

the tasks. While a component is in progress, the task is terminated unless a state of

emergency (collision, etc.) occurs. A component cannot change the requirements

or state while it is in progress, nor can it publish a new task until the current task is

finished. The process of robot task allocation is as follows and Figure 4.3 displays

the full Flowchart diagram for task allocation.
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Figure 4.3: Flowchart diagram for task allocation
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1. Transport task: The creation of transport tasks is always accompanied by

the requirement for components. A transport task occurs when one node of

a component has already been assembled but the other node needs to be

connected to its associated component (e.g. the foot of a column is already

connected to the foundation and the top of the column needs to be connected

to the beam). Before the transport task is published by the component, it will

be determined that the other component to be connected has been delivered

to the specified location as a determination process. If it has already been

transported to the specified location, it is an arrived connection component

(ACC); if it has not yet been delivered to the specified location, it is a required

connection component (RCC). If the component is an ACC, the transport

task will not occur and the component will issue a ’NeedToPosition’ demand

to match the positioning robot. When a component is detected as RCC, the

system searches the yard for the location of the component and publishes

the transport requirement for the component to the transport robot. The

robots will calculate their respective positions to reach the component and

the robot with the lowest bidding price can perform the task.

2. Positioning task: When a component arrives to its final location, the require-

ment of the component is changed to ‘NeedToPosition’, which information is

published to the positioning robots. The robot that can execute the position-

ing task will calculate the distance between the position of the component

and its own position as the cost of the robot. This information is used to

calculate the minimum cost and determine the robot task to become part

of the construction execution plan. When entering the positioning task, the

component opens up the state, requirements, and location of its connec-

tion nodes, which are used to implement the component positioning and

assembly tasks.

3. Assembly task: When the component position is fixed, the component pub-

lishes the assembly task and the connection method of each node. The

assembly robot will first identify the connection method of the node. The

robot that matches the required funcionality will calculate the time required

according to the distance between its own position and the component’s

final location. To calculate the total cost of the robot action, the number

of nodes which need to be connected are also considered. When all of the

component’s nodes (ConnectionNode) are ‘Assembled’, the component state
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will be updated to connected to indicate that the component’s construction

tasks are finished.

4.4 The BIM and robot models in simulation

To validate the method, a construction simulation based on a steel frame is devel-

oped in a BIM environment. We present first the use case BIM model (Section 4.4.1),

then how component relationships are represented in this BIM model. We show

how this data can be transformed from IFC into SCOs (Section 4.4.2). Finally, we

explain the robot model (Section 4.4.3) and the entire simulation of construction

processes (Section 4.5).

4.4.1 The use case BIM model

We develop a simple simulation environment that contains a construction area

and a steel frame (Figure 4.4). The simple model is primarily used to test the

component-oriented construction of the robotic coordination, without considering

the optimization of the structure, and is only used to realize the application of the

existing BIM model. Therefore, we assume that the model is built by a professional

structural designer and meets our modeling requirements.

The steel frame consists of two levels: level 1 contains the footings, plates; level 2

contains the beams and clip angles. Level 1 is located at the base of the columns,

and level 2 is at the top of the columns. The four steel columns are W250x73, length

4,000mm, weight 289.81kg. The four steel beams are W310x38.7, span 2846mm

and 3500mm, weight 105.49kg and 134.39kg (Figure 4.5). The BIM model of the

structure has been designed based on the requirements of the method and it is

necessary to declare the connections of the components. The case is modeled

using Revit 2021 and contains the site, footings, steel columns, steel beams and the

connection methods of components.

In Revit 2021, we use the Connection method of the Steel tool to implement the

connection between components. The base plate is bolted to the column and

isolated footing. The beams and columns are bolted to each other via clip angles.

We use this model to simulate the process of transporting components from the yard
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Figure 4.4: Layout of construction environment

Figure 4.5: Components’ specification in Revit
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to the placement in structure, and then connecting them to a complete structure

by multiple robots working together and generating a sequential construction

process. The position of the component in the BIM model is the components’

placement in structure, and the initial position of the components in the yard area

can be initialized by the user. The specific construction process will be expressed

into component requirements using the methods described in Section 3. In this

process, the robot will interact with the SCOs in the environment (beams, columns,

connections) to obtain the specific construction steps that need to be executed by

multiple robots at each step of the construction process. The specific simulation

process is described in Section 4.5.

4.4.2 Component Relationships via IFC

The Industry Foundation Classes (IFC), the international open BIM standard, sup-

ports a vendor-neutral representation of BIM models. Hence, we used this format

(IFC4) to represent the Revit data. Furthermore, ifcopenshell 1 is an open source

software library that can be used to work with the IFC information using python.

Hence, we will use Python in combination with IFC to realize the method.

In Section 4.2, we introduced construction-oriented smart construction objects

(SCO), which are SCOs that contain a Component object and ConnectionNode

objects. The component object is used to describe the properties of the compo-

nent itself, and the connection node objects are used to describe the connections

between the components. In particular, there is some information that we can

get from the IFC. For the component object, we can get directly from the IFC: the

Component’s ID (GlobalID), the Component’s name (Name), the Component’s type

(ObjectType), the componentWeight (Weight), the component’s spatial information

(PlacementInStructure) and the component’s shape information (ShapeRepresen-

tation).

In order to establish ConnectionNode objects and establish SCO-oriented com-

ponent connection relationships, we need to utilize IfcRelConnectsWithRealizin-

gElements. IfcRelConnectsWithRealizingElements is used in IFC to describe the

relationship between two elements (RelatingElement and RelatedElement) in a

unified format. Figure 4.6 shows the hierarchy of IfcRelConnectsWithRealizingEle-

1http://ifcopenshell.org/
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ments in IFC and the attributes it contains. IfcRoot (attributes: 1-4) is the basic

information of the connection relationship in IFC format and attributes: 5-9 can

be used to establish connection node objects and connection relationships. Con-

nectionGeometry is used to describe the shape of the connection, RelatingElement

is the connected component (e.g., beam, column), RelatedElement is the connec-

tor (e.g., plate, clip), RealizingElements are the connecting parts (e.g., bolt), and

ConnectionType is the connection method. For the node object, we can get directly

from the IfcRelConnectsWithRealizingElements: the number of connection points

(the number of RealizingElements), the connection methods (ConnectionType)

and the position of the connected node in space (the position of each Realizin-

gElement). Since IfcRelConnectsWithRealizingElements describes a unique set

of connection relationships between component (RelatingElement) and connec-

tor (RelatedElement), we can generate a new ID of ConnectionNode to identify a

unique ConnectionNode object by combining the GlobalID of RelatingElement and

the GlobalID of RelatedElement. Furthermore, since components with a connec-

tion relationship to each other will use the same connector, we can determine the

connection relationship by pairing the same connector.

IfcRoot: 1.GlobalID, 2.OwnerHistory, 3.Name, 4.Description

 IfcRelationship

  IfcRelConnects

   IfcRelConnectsElements: 5.ConnectionGeometry, 6.RelatingElement, 7.RelatedElement

    IfcRelConnectsWithRealizingElements: 8.RealizingElements, 9.ConnectionType

IFCRELCONNECTSWITHREALIZINGELEMENTS Attributes

Figure 4.6: Attribute inheritance of IfcRelConnectsWithRealizingElements

In our case, the foundation and columns define the connection between the com-

ponents via plates, and the beams and columns define the connection between

the components via angle clips, which are mechanically fastened by bolts. So, for a

beam-column node fastened with a bolt via an angle clip, the connection is split

into a column and an angle clip connection and a beam and an angle clip con-

nection. The column and the angle clip are the related elements and the relating

element, respectively, which are connected by bolts. Therefore, we can relate a

component to a component by the relationship between the connector (e.g plates,

angle clips) and the component. When the relationship of the components is con-

firmed, it will be determined whether the relationship between the components or

between the connected nodes of the components is established. If we are estab-

lishing a connection between components, in case of creating component objects,
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the system will create two SCOs and will assign the properties of IfcRoot in these

two RelatingElement to SCOs respectively. Simultaneously, the system will assign

the GlobalId of the connected components to each other’s RelativeObjectIDs. In

case of creating connected node objects of components, two node objects will

be created and the IDs of respective RelatingElement and RelatedElement will be

merged to generate new IDs to be assigned to node objects respectively, and then

the properties in IfcRoot will be assigned to node objects respectively. Finally, the

Nodes’ ID of the connected node is assigned to the RelativeObjectIDs of the other

node. Figure 4.7 shows a flow diagram that indicates how this information can be

loaded, leading to SCOs with all required information.

4.4.3 The robots’ model

As indicated before in Section 4.3.1, robot tasks are classified here as transportation,

positioning and assembly depending on the type of work they perform. Transporta-

tion robots are robots that transfer components from the yard to their placement in

the building structure. Positioning robots are robots that help in positioning the

component in space to align the points on the nodes of the component to satisfy

the connection requirements before performing the assembly. Assembly robots

can execute assembly or welding work.

In the robot task allocation problem, the task allocation is based only on the specifi-

cation of the robot. A robot can only be allocated those tasks that it can perform.

The specification of a robot will give different definitions depending on the ap-

plication scenario. Also, different robot companies will give their own standards.

However, there are some basic specifications that are defined both at the design and

manufacturing of the robot [195], [196]. In conjunction with the requirements of

the construction task, we have selected specifications for construction robots that

execute diverse tasks. This has led to a simplified UML Class diagram for robots

as depicted in Figure 4.8. In the transport process, we want the components to be

transported safely and quickly to their intended location, so the specification of the

mobile robot should include: payload and robot movement speed. The size of the

components needs to be considered, so we should also consider platform size for

mobile robot. The freedom of the manipulator, the motion range, the vertical reach

and the horizontal reach are also important specifications in order to achieve the

transport of the component to any position in the structure.
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Figure 4.7: Flowchart for how to convert IfcRelConnectsWithRealizingElements to
SCOs
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Figure 4.8: UML class diagram for robots.
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When a component is transported to a location in the structure, it is necessary

to assemble the nodes of the component, which requires a robot with accurate,

safe and fast positioning and assembly capabilities. Therefore, we take the above

mentioned specifications from real robots to simulate different types of robots. We

define the parameter model of the robot according to the construction process. The

main parameters of the manipulator are: payload defines the weight of the robot

arm so that we can judge the weight of the component to be gripped by the arm;

motion range defines the working range of the arm so that we can judge whether

the component can be placed in the required space by the arm; handling capacity

defines the amount of time the arm needs to complete a job to estimate the time

needed to complete a construction task.

The platform size defines the size of the robot’s placing area so that one can deter-

mine whether the size of the component can be loaded or not. The main parameters

of a mobile manipulator are the parameters of the manipulator (above three), plus

the parameters of mobile.

Currently, in this case, the functionality of the robot will be abstracted to the robot’s

performance parameters, regardless of its actual execution methods. When the

performance parameters of the robot satisfy the construction requirements of the

component, the robot is considered to be able to perform the job. For example, if

we need to transport a W310x38.7 steel beam with a weight of 173kg and a span

of 4000mm, we need the payload parameter of the robot to be greater than the

mass of the component and the platform of the transporting robot to be greater

than the dimensions of the component. For positioning and assembly tasks, we

require a robot with a payload that is sufficient to perform the gripping and with

a manipulator motion range that is sufficient to transport the component to the

placement in space.

In order to simulate diverse construction possibilities, the virtual robots listed in

Table 4.1 are defined based on the abstracted robot mobile and manipulator parts

and the three performances of each part, with only two correlated constraints

for each type of robot. The payload and average speed of the mobile robot are

negatively correlated, while the motion range, payload and handling capacity of

the manipulator are negatively correlated. We only tested the robot using the

parameters in Table 4.1, which can be customized depending on the performance

of the actual robot.
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Robot Types
Mobile Manipulator

Carry load Average speed Platform size Payload Motion range Handling capacity
Transport robot 1 300kg 0.5m/s 4mx1m NA NA NA
Transport robot 2 300kg 0.8m/s 4mx1m NA NA NA

Positioning robot 1 NA 1.0m/s NA 300kg 4m 120s/node
Positioning robot 2 NA 1.0m/s NA 300kg 4m 60/node
Assembly robot 1 NA 1.0m/s NA NA 4m 1points/60s
Assembly robot 2 NA 1.0m/s NA NA 4m 1points/30s

Table 4.1: The virtual robots used in this experiment, including their features.

4.5 Simulation of construction process

All above components are included in a system that allows simulating construction

processes. This system is built in Python, it can import IFC files and generate the

SCOs defined in the method, as well as custom-build the robot model according

to the given parameters. The simulation process in the system has three phases

(Figure 4.9). The first phase is the import and generation of the model, the second

phase is the initialization of the components and the robot, and the third phase

is the simulation of the build process. Figure 4.9 displays the full UML Activity

diagram for simulation process.

Figure 4.9: Simulation process as deployed by our system.
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4.5.1 Phase 1: model generation

At first, we built our test model with Revit and used the connect method in Revit to

establish connection relationship to the components. We then exported the file in

IFC4 format. Afterwards, we imported the model’s IFC file into the python environ-

ment via ifcopenshell to facilitate access to the site and component information in

our method. The system divided the information from IFC into site information

and component information, and converted them to satisfy the requirements of

our method:

• The site needs to be initialized and divided into a construction area and a yard

area, which happens as part of the Python code. The size of each functional

area can be customized according to the project needs.

• Based on the approach in section 4.4.2, the system will convert the com-

ponents in the IFC (e.g., ifcBeam, ifcColumn) into SCOs. In our case, the

structural components: four foundations, four beams and four columns,

will be converted into SCOs. Connectors such as plates, angle clips, will be

defined as connection nodes in SCOs.

4.5.2 Phase 2: initialization of robots and components

After the SCOs are generated by the system, the initialization phase begins. Initial-

ization requires defining the state and the requirements of the components and

the initial state of the robot, as well as their initial positions. Our method currently

only simulates the construction process above ground, so the footing is considered

to be already built on the site. The initial state of the footings is ‘PositionFixed’,

their requirement is the need for assembly, and their initial positions are the spatial

positions of the components in the model.

The initial positions of the unbuilt components (in this case, beams and columns)

are at the initial state (‘OnYard’), and their requirements are at the state ‘NeedTo-

Transfer’. Similarly, the robot state is the initial system-defined state: all robots are

idle at the initial state, their initial position is defined by the user, yet within the

yard area only. It is also necessary to initialize the construction floor, the number of

components to be constructed, and the components that have been constructed.

This is used to determine the current construction progress.
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In our case, the spatial position of the component in transit is abstracted as the

midpoint of the component, and the spatial position of the connection node in

positioning and transit is the center of the node point (Figure 4.10). The spatial

position of the robot is the abstraction of the center of the robot’s bottom surface in

space.

Component connection node position

Component position

Figure 4.10: Definition of the available positions for a component

As shown in Figure 4.11, we have initialized the component positions, robot posi-

tions and the construction area for the selected case. These parameters need to be

customized according to the user’s needs (cfr. other available cases).

4.5.3 Phase 3: simulation of build process

When the initialization is complete, the construction phase of the simulation begins.

A component will be constructed in three stages: transportation, positioning, and

assembly. There are three levels of judgment of construction completion. First,

for a single component, the construction of the component is complete when all

connected nodes are connected. For a single floor, construction is complete when

all the connecting nodes are connected except for the one that connects to the

vertical structure on the next floor. For the entire structure, when all components

are connected, the construction of the entire structure is complete. The flow of con-

struction is based on the sequence of floors, and the next floor can be constructed

only when the current floor is completed. The corresponding python-code for this

simulation process is given in Listing 4.1.
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X (mm)

Y(mm)

0

(3000,1500) (10500,1500)

(3000,8000) (10500,8000)

Constrcution area

Component initial

position area

Robot initial 

position area

(18500,11000)

(18500,8000)

(18500,6000)

(18500,4000)

(12500,11000)

(12500,8000)

(12500,6000)

(12500,4000)

Figure 4.11: Initial position plane showing all positions of all available components
and robots.

Listing 4.1: Python-code that shows how the system determines when to move to

the next level of construction.

1 def CheckFloor(currentFloorComponents , currentTotalNodesNumbers):
2 #Iterate through all components of the current level
3 for component in currentFloorComponents:
4 #check component ’s node
5 for node in component [1]:
6 #check if node belong to this level and component in station
7 if node.nodeLevel == currentFloor and node.currentState == ’

Assembled ’ and node not in finishedNode:
8 #add node to finished list
9 finishedNodeList.append(node)

10 #if all nodes in this floor assembled
11 if len(finishedNodeList) == currentTotalNodesNumbers:
12 currentFloor += 1
13 return currentFloor

When the construction simulation starts, in the first step (top-left of Figure 4.9), SCO

components on the site publish their requirements to the interactive platform, and

the system determines whether the current requirements of the component can

be met based on the determination process. If the request meets the requirements

(middle of Figure 4.9), the system determines which task type belongs to transport,

positioning, and assembly, then adds the construction task to the array of the
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corresponding construction task, and records the number of times the task was

published, as well as its priority. If the request does not meet the requirement, the

request is not accepted in this round.

When a construction task is ranked according to priority, it is then issued to the

robot for matching according to priority. Using the free market approach (Sec-

tion 4.3.1), the robot will match whether or not it can complete the build task based

on its performance, and if so, calculate the time required to complete the task and

provide feedback to the interactive platform. The interactive platform selects the

robot with the shortest predicted construction time based on the robot’s bidding

price, and then assigns the component to the robot, establishing the relationship

between the robot and the component. When all tasks are assigned, the state of the

component changes to the next state, the robot state changes from idle to working,

and the robots will each start executing the task. When the task is completed, the

component state changes to the next state, and if the component is incomplete, a

new request is sent to the interactive platform. If no new component is received,

the robot moves to the yard nearest to the component to secure the construction

area. While updating the status and requirements, the component and the robot

need to be updated with the latest position information.

In each task step, the platform prints out the floor where this construction step

is situated, the total number of steps performed, the tasks to be performed, the

components being performed, the robots performing the task, and the time needed

to complete the task. Listing 4.2 shows an example of how this information is

printed.

Listing 4.2: The system displays the status of the construction process simulation.

1 ------------------------------------------------
2 Start a new construction step , NO.20, in 2 floor
3 ------------------------------------------------
4 Get components requirement from site
5

6 Publish transport requirements to robot
7 TransportRobot 12 is working for component :3$ PVtuH 856aO5znieudXmh , total

work time is 15.04s
8 Current progress: Robot is unloading
9 Component: 3$PVtuH 856aO5znieudXmh is arrived , TransportRobot 12 is free

for next work
10 TransportRobot 11 is working for component :0cj3XrufL6dAjrVT 48UNpN , total

work time is 30.69s
11 Current progress: Robot is unloading
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12 Component: 0cj3XrufL6dAjrVT 48UNpN is arrived , TransportRobot 11 is free
for next work

13

14 Publish positioning requirements to robot
15 PositioningRobot 22 is positioning for nodes:2G$VGn2rT60B9v8wrT2c$P1Z4

TeylFjEWxSPs $0FQ5I7,2tuDcUp6P0i992 YTExwrg 11Z4TeylFjEWxSPs $0FQ5I7,
total work time is 66.01s

16 Current progress: PositioningRobot 22 is coming
17

18 Publish assembly requirements to robot
19 AssemblyRobot 32 is finding nodes: 2G$VGn2rT60B9v8wrT2c$P1Z4TeylFjEWxSPs

$0FQ5I7 and 2tuDcUp6P0i992 YTExwrg 11Z4TeylFjEWxSPs $0FQ5I7, total work
time is 66.11s

20 Current progress: AssemblyRobot 32 is coming

At the end of each task step, the construction status of the floor is judged, and

if the construction of that floor is judged to be complete, the next floor will start

simulation. When the current floor is the last floor and the construction of that floor

is finished, the number of completed components is verified, and the construction

is complete if all components are connected.

4.5.4 Summary: trial simulation results

For the construction simulation process and system, two scenarios were designed

to compare the impact on the construction schedule with a different number and

types of robots participating. We used the virtual robots in Table 4.1 for simulation.

In the first scenario, only robot 1 for each type of construction task is included, and

the performance of those robots is assessed. In the second scenario, each type of

construction task can be performed by two robots (both robot 1 and robot 2), and

each robot can perform all construction tasks, but the performance of the robot

is varied. In Table 4.2, we compare the construction step, construction time, and

construction time per robot spent in these two scenarios to see the coordination of

multiple robots in construction.

We can find that when two robots work in collaboration, their construction steps

and construction time are reduced and the construction efficiency is improved.

This simple sample is mainly used to verify that the method of this chapter achieves

the coordination of the robots in the construction process.
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scenario 1 scenario 2

Transport
robot 1

Total steps 26 12
Total time 200s 52s

Transport
robot 2

Total steps Not involved 12
Total time Not involved 102s

Positioning
robot 1

Total steps 40 20
Total time 2543s 1270s

Positioning
robot 2

Total steps Not involved 20
Total time Not involved 668s

Assembly
robot 1

Total steps 42 20
Total time 7343s 3700s

Assembly
robot 2

Total steps Not involved 20
Total time Not involved 1850s

Overview of
construction

Total steps 49 27
Total time 9868s 5072s

Table 4.2: Comparison of scenario 1 and scenario 2 in terms of total steps and total
time.

4.6 Conclusions

In this chapter, we relied on the concept of SCOs, a new definition of construction

components, to realize a method that can transform construction tasks into tasks

that can be allocated to robots. This chapter furthermore aimed to enable and

achieve robot coordination. After a literature review on the topic, we have defined

a method, which was afterwards implemented and tested on a mock-up use case.

In our method, we rely heavily on SCOs. We give them construction state and

connection properties in our simulation system, while allowing the components

to make construction demand release and state transfers. We implemented the

method in a simple Python-based simulation environment that is able to load IFC

data from widely available BIM software.

The SCO-based approach, which assigns awareness, communicativeness and au-

tonomy properties to components, enables a prefabricated construction method

based on component requirements. This makes it possible to manage the con-

struction process at a smaller scale, making it more accurate and controllable. At

the same time, smart components can achieve autonomous interaction with other
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objects (e.g. robots, other components) or systems. Also, SCO component state can

be automatically updated, providing a possible method for controlling robots to

achieve automatic construction.

IFC4 can provide accurate and comprehensive information, realizing a method

of unified description and delivery of BIM information. Through IFC, we not

only obtain the physical information of the building components, but also the

connection relationships between the components and the construction method.

This is useful data that can easily be collected from available BIM models and used

for robot task allocation planning.
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5 Robot Construction Action Node (RCAN): 
Data linking and interaction between BIM 
and ROS for flexible robotic construction 
planning

This Chapter has been submitted before as an article in Automation in Construction:

A. Zhu, P. Pauwels, E. Torta, H. Zhang and B. De Vries, “Robot Construction Ac-

tion Node (RCAN): Data linking and interaction between BIM and ROS for flexible

robotic construction planning”. This work forms part of the construction man-

agement system for lower level controlling of the proposed system, namely for

the Robot Construction Action Node (RCAN) system (middle layer in Figure 1.1).

The transition to robotic construction necessitates advanced planning approaches

to meet the specific requirements for successful robot deployment. Robots require

precise information (position, velocity, force, etc.) to execute tasks reliably. Existing

research focuses on robot-oriented construction processes but lacks real-time plan-

ning integration with building and construction information. To overcome these

challenges, this Chapter proposes the Robot Construction Action Node (RCAN),

serving as a middle layer system between BIM-based smart components and the

Robot Operating System (ROS). RCAN breaks down construction planning into or-

dered activities for flexible adaptation and direct robot control. By assigning these

construction activities to components, the macro construction process is linked to

the micro construction methods. This procedure is tested and evaluated using a

Linked Building Data (LBD) data modelling approach. The proposed solution is

validated through three robot construction scenarios in an earlier built simulation

environment.
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5.1 Introduction

As a labor intensive industry, construction works frequently require workers to

perform dirty, repetitive and dangerous tasks [28]. As a result, the construction

industry is facing a shortage of practitioners, especially skilled workers [197]. Due

to their specific features, robots have the potential to assist during dangerous

construction task to alleviate the burden for worker. Robots have the potential to

liberate human from dangerous construction tasks and allow them to perform safer

and more innovative works [198]. [199] points out that construction industry is an

ideal field for a robotic revolution. In the future, robotics can be imagined to be

fully applied throughout the construction industry for automation of construction

[20]. However, the high implementation cost, incompatibility with traditional

construction workflow and immature construction robotics technology greatly

limit the research and development of robot construction [29], [121].

One problem is obvious from the standpoint of the construction industry: when

the performer of construction shifts from humans to robots, traditional construc-

tion planning methods must be altered and expanded to accommodate the task

planning for robots. Because robots lack the powerful cognitive abilities of humans,

they require accurate and clear information to reliably perform their assigned tasks

[200]. Hence, the creation of a robot construction plan requires not only a detailed

declaration of the sequence of tasks in each stage, but also a description of the

details of task execution. For example, the size of the gripping object, the trajectory

of the end-effector, the exact 3D coordinates for navigation [47] need to be precisely

described. While conventional construction planning methods can only model and

manage to a limited extent these detailed tasks, Discrete Event Simulation (DES) has

been used as an effective method to more accurately break down and characterize

construction tasks [201]. By integrating the concept of smart construction objects

(SCOs) [65] and DES, [37] further proposed the concept of the smart component to

realize a component-driven construction planning method for robotic construction

by linking the construction details with the building components.

A Building Information Model (BIM), which is a digital model of a physical asset,

provides a centralized view of a project by integrating all documentation, data, and

processes linked to it in one place. BIM is widely used in project planning [64], pro-

cess management [202], construction visualization [203], etc. Since the emergence

of research on robotic construction, BIM technology has also been introduced into
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the study of robotic construction planning [47] and robotic construction simulation

[115]. However, in the current studies, information from the building models is

applied as independent and static input, which hampers the AEC information from

interacting with the robotic system. In a complex construction environment, the

independence of the information makes it difficult for the robot to adjust its behav-

ior to changes in a dynamic construction plan. Meanwhile, the lack of information

linkage also prevents to further mine the data for the potential relationship between

the robot and the construction, procedure and characteristics.

Technologies of linked data have been widely combined with BIM to become Linked

Building Data (LBD) in recent years [16], [46]. Linked data technologies (e.g., RDF

graphs) allow graph-based data structures and the efficient integration of building

data of multiple domains (decision-making, control system, products, etc.) [204]–

[206]. Ontologies provide the logical schemas for the associated data. With the

proposed LBD ontologies such as BOT [54], DICE [55], and BRICK [207], the infor-

mation about building metadata, construction processes, and facility management

in AEC can be linked and combined in a more systematic and formalised manner.

To eliminate the barriers to robot control caused by information isolation in robotic

construction, relying on LBD technologies, the goal of this chapter is to propose a

smart component-oriented construction information interaction method for BIM

and robotics. In our method, the construction planning is split into the smallest dis-

crete events of the robot. Based on the concept of the smart component, the robotic

construction LBD graph is formed by associating the BIM model described by IFC

with component-oriented construction planning. This chapter proposes specifi-

cally the concept of a Robot Construction Action Node (RCAN) which is designed as

a middle layer system to realize the connection between the robotic construction

LBD graph and the robot operation system (ROS). As such, this method distin-

guished from earlier works that combine BIM models and robotics [19], [70]. The

RCAN-based construction planning permits flexible adaptation of the construction

process and is directly employed for robot control. This chapter also illustrate a

robot construction case in a simulation environment for validation.

Following this introduction, in Section 5.2, we present the concept of RCAN, intro-

duce the properties of RCAN and how RCAN enables the construction information

to interact with the robot during the construction processes. In Section 5.3, we

demonstrate the application of RCAN through three cases in a simulated on-site
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assembly scenario for light steel components. Section 6.5 discusses the potential

challenges and opportunities presented by RCAN for robotic construction. In the

last Section, we conclude and point out future work.

5.2 RCANs: Interaction between smart component and robot

for dynamic construction

Smart components and robots are communicative and autonomous in nature. How-

ever, the existing research lacks an integrated approach to facilitate the seamless

interaction of their respective information, which is crucial for the robot to receive

pertinent building information and construction requirements of the component.

Furthermore, in a complex construction environment, the construction require-

ments of the component (such as construction location and construction process)

can be influenced by the surrounding conditions. Therefore, it is necessary for the

component to interact with the robot not only to provide guidance for the robot’s

tasks but also to possess dynamic capabilities that can be adjusted in real time.

To achieve dynamic and real-time interaction between the smart component and

the robot during construction processes, we therefore propose the concept of a

robot construction action node (RCAN). RCAN is designed as a system for the data

communication and interaction between BIM-based smart component and the

ROS system at the micro level (specific construction activities) using in construction

process management. Figure 5.1 provides an overview of the relationship between

components, construction activities, RCAN, ROS, and the robots. The construction

schedule specifies the construction sequence of components, and each component

is composed of multiple construction activities. The role of RCAN is to facilitate

information exchange between construction activities and ROS, in order to drive

the robots to perform the construction tasks.

We introduce the concept of RCAN in Section 5.2.1 and give a prototype process of

how to generate an RCAN node in Section 5.2.2. In the last Section, we illustrate

how RCANs work in a complete construction process for a component.
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Figure 5.1: The functional overview of RCAN system.

5.2.1 The robot construction action node (RCAN)

This section introduces RCAN from three aspects: definition in Section 5.2.1, func-

tion in Section 5.2.1 and implementation in Section 5.2.1.

The definition of RCAN

The interaction between smart components and robots in a dynamic construction

environment requires that the robots performing the construction tasks can be syn-

chronized and adjusted when changes in construction activities occur. More specif-

ically, in the case of robotic assembly of prefabricated components, a component-

oriented process takes place, and change in the construction progress can be

tracked by changes in states of construction components. Therefore, by linking

the construction information to the components in the construction process and
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making them smart components [37], it is feasible to realize component-oriented

construction activity management in the construction process. Meanwhile, the

robot must be able to perceive the environment and identify the objects and tasks

that need to be targeted for task execution. Therefore, to achieve dynamic planning

of robots in construction, it is crucial to establish synchronous communication

between component-oriented construction activities information (components

are the objects for robots and construction activities are the tasks for robots) and

the ROS system. This means that real-time information on construction activities

should be communicated to the robot system in a synchronized and timely manner.

According to the above requirements, there is the need for a middle layer between

smart components and robots which can process the construction information

published by smart components and robots, allocate the construction activities to

the robots, drive the execution script for robots and share the robot status to the

smart component. Therefore, the definition of RCAN is a system as a middle layer

that has construction activities-based task allocation and robot-driven services and

can establish synchronized “indirect point-to-point communication" between the

construction activities of the smart component and the ROS. The RCAN system

consists of the RCAN generation system and the RCAN node. The RCAN generation

system is used to generate RCAN nodes based on the relationship between con-

struction activities and robots. The RCAN node is responsible for the one-to-one

communication between the construction activity and the robot.

To achieve the functions in the definition, the RCAN is composed of the Application

Programming Interface (API) for connecting different systems, Message broker

for transferring the messages and Services for dealing with the data. The specific

functions of each part are explained in detail in the Section 5.2.1.

The functions of RCAN

The RCAN generation system can allocate construction activities for robots and

instantiate RCAN nodes, and the RCAN node can receive, publish and process

data for the communication between components and robots in different data

formats during the construction processes. When the smart component publishes

a message, the RCAN generation system first receives the construction information

published by the component and allocates the construction activity to the robot
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using the task allocator. The construction activity’s name, the robot’s name and the

specific construction information (component name, robot name, target location)

are input into RCAN node generator to generate the RCAN node. The RCAN node

can run the script to actuate the robot to execute the construction activity using the

robot executor. When the robot sends a message, the RCAN node can receive the

status information returned by the robot after the execution is completed, and send

the status information to the smart component to enable the smart component

to update the status. As shown in Figure 5.2, the API, Message broker and Service

that compose RCAN introduced in the Section 5.2.1 respectively realize the above

functions. The specific functions of each of these three modules are described

below:

Figure 5.2: The three modules of RCAN system.

1. API: The function of the API is to realize the interaction and communication

between systems. Since the RCAN needs to connect to the smart components,

ROS, and database, there are three APIs in RCAN: the smart component API,

ROS API, and Database API.
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(a) Smart component API: The smart component API is used to implement

the data interaction between the RCAN and the smart component. The

main functions are: 1. receive construction information from smart

component, 2. publish the received construction activity information

to task allocator, 3. publish the robot status information to smart com-

ponent.

(b) ROS API: ROS API is used to implement the data interaction between

RCAN and ROS. The API is based on the original ROS API, and its main

functions are: 1. receive the robot state information from ROS, 2. send

the received robot state to the state manager, and 3. drive the ROS

scripts generated by the robot executor.

(c) Database API: The function of RCAN to Database API is to connect to

the database and realize the operation of RCAN to the database.

2. Message broker: Message broker is used for message delivery and processing

which contains three modules: Receiver, Sender and Router.

(a) Receiver: Receiver is used to receive and process messages. The receiver

takes messages from the message producers (external: smart compo-

nent, ROS and database, internal: each part of RCAN) and serializes the

data.

(b) Sender: Sender is used to send messages. The messages can be sent

internally between each part in the RCAN or externally to smart compo-

nents, ROS and databases.

(c) Router: Router is responsible for delivering messages to the correspond-

ing part of the RCAN. When the message is accepted by the receiver, the

route distributes it to the specified part according to the demand of the

message.

3. Services: Services are used to process the received information and consists

of three modules for allocating construction activities to robots, executing

the ROS and manage the states.

(a) Task allocator: Task allocator is used to assign construction activities

to robots. A preliminary workflow of the task allocator is demonstrated

in Figure 5.3. Here we assume that the construction activities required

95



Chapter 5 RCAN: Towards Flexible Robotic Construction Planning

for the construction of a prefabricated component are: ‘Moving to com-

ponent’, ‘Picking up’, ‘Moving to target’ and ‘Assembling’, and the task

allocator matches the corresponding capable robots according to these

activities.

(b) RCAN node generator: Robot executor is responsible for generating the

relevant robot execution script based on the robot type matched by the

allocator .

(c) Robot executor: Robot executor is responsible for importing the neces-

sary packages to drive the ROS system in order to execute the construc-

tion activity.

(d) State Manager: The state manager is used to manage the execution state

returned by the robot. When the manager receives the successful state

of the robot’s task execution, the state is sent to the smart component.

If the robot fails to complete the task and returns a ‘failed’ state, the

manager returns a warning to notify the technician for verification.

Based on the above functions, the RCAN system enables the interaction with com-

ponents and ROS and the processing of data. The next Section describes how the

functional modules can be integrated to achieve the interaction between RCAN-

based smart components and the ROS system.

The implementation of RCAN

The RCAN implementation process as shown in Figure 5.4 is divided into three

steps: 1. matching the construction activity with the robot, 2. instantiating the

RCAN node, and 3. implementing the RCAN node. Firstly, we aim to establish a

correspondence between construction activities and the capabilities of robots as

shown in Figure 5.4 (Step 1), in order to clarify which robots possess the ability to

execute specific construction tasks. Due to the fact that the relationship between

automated construction activities and the development of robotic capabilities is

not the primary focus of this study, we match this relationship manually in this

study. As shown in Figure 5.4 (Step 2), when a component needs to be built, the

component publishes the currently required construction activity to the RCAN

generation system. The function of the RCAN generation system is to match the

construction activity with the robot through the task allocator and instantiate an
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Figure 5.3: The workflow for the task allocator.

RCAN node (component ID, construction activity, robot type and ROS script for

97



Chapter 5 RCAN: Towards Flexible Robotic Construction Planning

robot) that connects the smart component to the ROS system with the matching

result. The interaction mechanism between the RCAN-based smart component

and ROS is displayed in Figure 5.4 (Step 3). The instantiated RCAN node interacts

with the component and the ROS system through the smart component API and

the ROS API. The robot executor drives the scripts of the matched robots, and

the state manager manages the working status of the robots. Therefore, when the

construction activity is received by the RCAN node, the construction information is

programmed into the corresponding ROS script through the robot executor, and

the robot is driven to execute the construction activity through the ROS API. After

the robot executes the build activity, it will send the current state to the RCAN node.

The state manager will process the received robot’s state and publish it to the smart

component.

Through the RCAN node, construction activity and robot relationships are estab-

lished and correspond one-to-one, so that the reorganization of construction ac-

tivities has no impact on data communication. Hence, when the content of the

construction activity changes (such as the position of a component), the updated

information can be concurrently published to the robot by RCAN. Section 5.2.2

provide a prototype process to explain how to create an RCAN node.

5.2.2 RCAN node instantiation: a prototype process

Since the RCAN generation system requires specific component information, con-

struction information and robot information to instantiate the RCAN node, the

RCAN node instantiation is determined by the information needed by the robot

during the construction process, and requires to establish the links of components,

construction activities and robots. Therefore, this section first describes the data re-

quired to create an RCAN node and then shows the specific process of instantiating

an RCAN node.

Data for robotic construction

We consider the assembly of prefabricated components, which is the process of

transporting all components from the yard to the target location and installing them

within the boundaries of the site, resulting in the expected structure. Therefore,

information regarding the building model, the site model, the construction plan,
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and the robot are required to operate the robot for the construction.

1. BIM for smart component information. The primary purpose of building

information is to extract the shape representation and properties from com-

ponents to generate smart components and make them suitable for physical

simulation. The site model provides two aspects of information. The site

plan can provide dimensional information for the navigation map, and the

site layout can provide the specific location of the yard. In the AEC domain,

information about the building and the site can be obtained from a BIM

model. BIM models can be built using a variety of applications, allowing

designers to create precise 3D building elements and customize attributes.

Thus, the geometric and semantic information of the building and site can

be modeled by BIM tools and stored in an IFC file [7].

2. Construction planning for robot. The minimum requirement for any robot

to perform a task is the need for a well-defined goal (spatial coordinates,

forces, moments, etc.). Hence, the construction activities have to be further

broken down into multiple discrete events until robot can achieve a well-

defined goal. For example, the construction activity of installing column

1 needs to be broken down into moving to column 1, positioning to pick

up column 1, picking up column 1, transporting column 1 to the target

location, positioning to install column 1, and installing. While the activities

are provided, the corresponding spatial coordinates of the activity need to be

listed for the robot’s execution. As shown in Table 1, besides the data defined

in the traditional construction plan (activity name, time stamp, etc.), it is

necessary to declare the execution information required by the robot for each

activity (e.g., weight of the component, section dimensions, target position,

etc.). When the information is not included in the BIM model, it needs to be

provided in a different way.

3. Robots for construction. The current industrial robots are mainly classified

into mobile robots and manipulators with grippers. These two can also be

combined to become mobile manipulators. The information for describing

the above robots includes: basic attributes (e.g., id, name, type); physical

attributes (e.g., mass, size, moment of inertia, etc.); and technical specifi-

cations, which are provided to describe the type of work and capabilities

of different types of robots. Table 2 lists mobile robots, manipulators and
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Properties Description
Activity name For declaring the name of the construction activity instance
Time stamp For declaring the start time and end time for this activity

Component weight For matching the weight of the component to a robot with the
appropriate payload and carry capacity

Section dimensions For matching gripper of the same size
Goal position For providing goal positions for robot execution

Table 5.1: Properties for robotic construction planning

grippers and the construction activities they are used for.

Robots Construction activities
Mobile base For performing mobility-related tasks, specifically “Move to com-

ponent" and “Transport" in the construction activity
Robot manipulator For moving a gripper to the goal position, specifically “Position",

“Pick up" and “Install" in the construction activity
Gripper For performing the final picking up or installation, specifically

“Pick up" and “Install" in the construction activity

Table 5.2: Robot types and their construction activities

Instantiation process of RCAN node

In the previous Section5.2.2, we defined the requirements for the data. These pieces

of information are extracted from BIM models, construction schedules, and robot

models. They are then transformed and fused into an RDF-based knowledge graph

and simulated environment that can be used for robot construction simulation.

Based on the prepared data, this section describes how to link these data and the

instantiation process of the RCAN node. Once the construction information of

the components and the robot information are determined, the task allocator can

output the matching result. The correspondence between construction activities

and robot functions is declared to enable importing the appropriate APIs in the ROS

system. The data of a smart component for RCAN generation consists of the infor-

mation about the component in the BIM model and the construction activity of the

component in the construction schedule. It is therefore necessary to link the BIM

data with the construction activity information in a component-oriented method

using RDF graphs which is SOTA. Meanwhile, benefiting from the research of LBD,

the topological relationships of IFC-based BIM information can be described by
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the BOT ontology1, and the relationship of construction-related attributes can also

be described by the DICE ontology2. The workflow for creating this RDF-based

graph is depicted in Figure 5.5. In the first step, all the component attributes in
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Extract
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Figure 5.5: The process of linking BIM and construction data.

the IFC are extracted, and the relationships between the component attributes are

described using the RDF. After that, all the spatial information of the components

in IFC is extracted, and the topological relationship between the components is de-

scribed using the BOT ontology. Then, the construction information corresponding

to the components is extracted, and the logical relationships in the construction

1https://w3c-lbd-cg.github.io/bot/
2https://digitalconstruction.github.io/v/0.3/index.html
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activities are described using the DICE ontology. Finally, the construction state

features need to link to construction activities for exposing the component’s state

during construction processes. By using IfcOpenShell3, Pandas4 and RDFlib5, we

developed a tool to realize the automated conversion of IFC-based BIM models and

csv-based construction to RDF graph schedules. As a result, the BIM model and the

construction schedule information are interlinked using a normal LBD approach,

thereby focusing on the components and activities as linking pins.

When the RDF graph is completed, the RCAN generation system obtains the con-

struction information of the component through the RDF graph and instantiates

an RCAN node. When a component needs to be executed, its Guid and construc-

tion information (component Guid, construction name and target position) are

published to the RCAN generation system. The information (robot name and the

ROS script that drives the robot) is matched to the robot that can perform the

construction activity. The specific construction information and robot information

is then entered into the RCAN node to complete the instantiation.

5.2.3 RCAN-based smart component and robot interaction during con-
struction

Figure 5.6 shows the interaction between the construction activities and the ROS

system during the construction process realized through RCAN nodes. The smart

component publishes the construction information to the RCAN generation system

to generate the RCAN nodes when construction begins. The system creates a

new node and processes the activity information according to the Section 5.2.2

procedure. When RCAN nodes are generated, then each construction activity of

the component establishes an interaction capability with the corresponding robot.

Then, the RCAN node connects to the smart component and ROS, which receives

the construction activity and publishes the task information to the corresponding

robot. For each construction activity, the RCAN node process waits until the robot

returns the execution result. As soon as the RCAN node receives the execution

result, it will continue the process and publish the result to the smart component.

After receiving the result from the respective RCAN node, the smart component

3https://ifcopenshell.org/
4https://pandas.pydata.org/
5https://rdflib.dev/
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Figure 5.6: The interaction between smart components and robots by using RCANs
during robotic construction process

will update the construction state of this activity and then publish the subsequent

construction activity to execute its RCAN node.

5.3 Case study

This section provides three experiments in a simulation environment that are used

to demonstrate how the RCAN system described in Section 5.2 enables the interac-

tion of construction activity data with robot actions under dynamic construction

requirements as well as the operation of RCAN nodes throughout the entire robotic

construction process for components. Among diverse potential construction tasks,

this case study concentrates on light-weight structure assembly by a ROS-based

mobile manipulator.
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5.3.1 Set up the components and robots

The components are modeled in Revit and are shown in Figure 5.7 (footings and

columns). The popular experimental ROS-compatible robot, Husky manipulation6

30
0.

00

20
00

.0

3D view Top view Front view

Figure 5.7: The Column and footing for the robotic construction scenario

was chosen since its work ability fits the selected construction scenarios. As in-

dicated in Figure 5.8, the husky UR5 is integrated by a husky base for mobility, a

universal robot 5 (UR5) as a manipulator, two 2D LiDaR scanners set to the front

and back of the husky base, and a gripper is designed as a simple prototype accord-

ing to the section size of components to achieve the pick up function. The right

side of Figure 5.8 shows the details of the gripper. This integrated robot can achieve

the functions of a movement based on navigation, pick up and place in 6 degrees of

freedom, and avoidance of obstacles.

6https://clearpathrobotics.com/husky-ugv-mobile-manipulation/
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Husky mobile base
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Figure 5.8: The description of UR-5 husky robot

5.3.2 Generate the data for RCAN-based construction simulation

The full process to generate the simulated environment and RDF graph for compo-

nents is illustrated in Figure 5.9. The BIM model is exported from Revit software as

an IFC file. As shown in Figure 5.9, the information in IFC needs to be extracted and

converted into SDF for the geometric information and attributes of the BIM model

to be applied in the robotic simulator. IFC to SDF conversion is achieved through a

self-developed transformer tool7. Simultaneous localization and mapping (SLAM)

is the current mainstream technology for robot navigation. During the start-up of

SLAM, a global map with the boundary area can be provided to improve navigation

accuracy. Move_base is a ROS-based SLAM navigation framework that supports

the input of 2D planar data in PGM format to the map server as an initial map for

navigation. Since there is a lack of IFC to PGM tools, a feasible process is shown

in Figure 5.9: first converting IFC to DWG format, and then converting DWG to

PGM to generate the SLAM map for navigation. Alternative conversion methods are

discussed in [208]. The construction activities of the components follow the basic

steps of “transfer", “position" and “install" of prefabricated construction. Thus, the

construction plan is designed not only with the time schedule but also with the

additional information (activity instance, component sequence, activity sequence

7https://github.com/ISBETUe/ifc_to_sdf
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Figure 5.9: The ETL processing for RCAN and simulated construction environment
generation

and goals) which is described in Section 5.2.2. The IFC file also needs to be in-

tegrated with the CSV file of the construction schedule and follow the processes

from Section 5.2.2 to generate the RDF graph for the smart component as shown in

Figure 5.10.

Once the smart components and robots are prepared, the content of the construc-

tion activity and the function of the robot are then determined for establishing the

relationship paradigm for RCAN. In this case, the “Move to component" and “Trans-

port" actions are charged by the mobile robot (husky). The “Position for picking up"

and “Position for installing" are the preparation actions before the execution of the

“Pick up" or “Install" actions and require the manipulator to deliver the gripper to

the working position. Thus, the UR5 is responsible for both activities. The gripper

executes “Pick up" and “Install" actions, and after “Pick up" or “Install" actions, the
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Figure 5.10: The RDF graph for the smart component

manipulator needs to return to an initial pose. So, the gripper and UR5 sequentially

execute these two activities. The relationship of the construction activity serves for

task allocation when the RCAN node is instantiated.

5.3.3 Experiments: RCAN-based robotic construction under three differ-
ent tasks

We designed three experiments to demonstrate the functionality of the RCAN sys-

tem. These three experiments, with Experiment 1 as the baseline, showcase the

flexibility and reusability of the RCAN system under different construction require-

ments of different components by changing the type and construction process

of the target component. In Experiment 1 (Figure 5.11), the target component to

be constructed is a column component, and the construction requirement is that

the robot needs to grip the target component and place it at the target position

for assembly. Experiment 2 (Figure 5.11) demonstrates that RCAN nodes can be

combined into different construction processes, the target component in the exper-

iment is the same as in Experiment 1, but with different construction requirements.
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Figure 5.11: The scenarios for the three experiments of RCAN system.
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In this experiment, after the robot grips the target component, it needs to transport

the component to the target position before assembly. Experiment 3 (Figure 5.11)

displays that a construction process composed of multiple RCAN nodes can be

applied to different types of components, the construction requirements of the

target component in the experiment are the same as in Experiment 1, but the com-

ponent type is a footing. The component also needs to be gripped by the robot and

transported to the target position for assembly. The following describes how the

RCAN nodes implement the interaction between the components and the robot in

the three experiments:

1. In Experiment 1, the column component needs to be gripped by the robot and

placed into a footing for assembly. As the target location for the placement of

this component falls within the operating range of the robot manipulator, the

robot’s mobile base is not utilized during the construction process. Thus, to

build the component, the robot needs to first move to its location, then move

the manipulator to the target position for gripping the component, pick up

the component, move the manipulator to the target position for assembling,

and finally complete the assembly. To enable the robot to carry out this

construction process, the necessary construction activities for the component

are: “Move to component", “Position for picking up", “Pick up", “Position for

Installing", and “Install". Each construction activity uses a corresponding

RCAN node for the interaction between the component and the robot.

To illustrate the interaction process between components and robots, we

take the construction activity of “Pick up" as a case study (See Figure 5.12).

Firstly, the smart component sends the ID of the component (the ID for the

component is “267VPu8ab9991QBA3MI3UN"), the name of the construction

activity (“Pick up"), and the target position of the activity (target position:

[0.0, -0.75, 0.45]) to the RCAN generation system to generate an instantiated

RCAN node responsible for the “Pick up" activity of the component. During

the construction process, when the previous “Position for picking" activity is

completed, the robot will provide feedback to the corresponding RCAN node

about its completion status. The RCAN node will then send the completion

status to the component. Upon receiving the completion status, the smart

component’s state machine will transfer the construction activity to “Pick

up" and publish it to the corresponding RCAN node. The RCAN node will

execute the construction activity by running a ROS script to drive the robot.
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Finally, upon completion of the “Pick up" activity, the robot will publish the

finished information to the component via the RCAN node. Meanwhile, as

Figure 5.12: An interaction process to describe how activity “Pick up" communicate
with robot through RCAN

described in Section 5.2.3, the sequence of the RCAN can control the robot to

perform the complete component-oriented construction processes. Similar

to “Pick up", various construction activities can be published to the robot for

execution through its instantiated RCAN node. By arranging these construc-

tion activities in an ordered sequence, the ordered RCAN nodes can achieve

the interaction between robots and activities for complete construction pro-

cesses.

2. Experiment 2 demonstrates that RCAN nodes can generate different con-

struction processes based on variations in the construction activity of the

components. Unlike Experiment 1, the target position of the components

in Experiment 2 was beyond the operation range of the robot manipulator.
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Consequently, the component had to be transported to the target location

for assembly, requiring the robot to grip the component, transport it to the

target position, and then proceed with assembly. Therefore, the RCAN nodes

with previously generated construction activities, similar to Experiment 1,

only required the addition of new construction activity information to the

nodes. However, since the construction process for the components required

the addition of a “Transport" activity, the RCAN generation system needed to

generate an RCAN node specific to this activity. In the "Transport" activity,

the robot required mobile base movement, requiring the RCAN generation

system to generate ROS scripts to drive the mobile base.

3. Experiment 3 illustrates the versatility of the RCAN nodes generated from the

same construction activity, as they were utilized for different components.

The construction activity and process in Experiment 3 were identical to those

in Experiment 2, except that the component constructed was a footing. For a

robot, the target object for execution and the goal location of each task can

vary, while the process for task execution remains unchanged. Therefore,

updating the construction information of each RCAN node corresponding

to each construction activity (component ID and target location) is suffi-

cient to achieve the construction process, where the robot grips the footing,

transports it, and places it at the target location.

5.3.4 Results

This Section presents the results of the three experiments. Since Gazebo is used

for conducting realistic robot functionality validation and simulation in a virtual

environment, in this chapter, we used the robot operation results in Gazebo to

verify whether the RCAN node has achieved interaction between components and

robots, as well as whether the components have been constructed properly.

The results of one construction activity are shown in Figure 5.13, where the left figure

on top shows the ROS system connecting to the moveit API for the manipulator’s

motion planning and feedback of the execution result. The right figure on top

illustrates the robot’s action in Gazebo, demonstrating the execution outcome

of the construction activity. The figure on the bottom displays a system used to

monitor the execution status of RCAN nodes, printing out the execution status of

each node to demonstrate the interaction process between the components and
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the robot, including the component publishing construction activity information,

driving ROS API, and updating construction activity based on the robot’s feedback.

From the log in Figure 5.13 (left side on top), it can be observed that the ROS system

connected with the moveit API (used to control the manipulator and gripper)

according to the construction activities, driving the robot to complete the tasks

successfully. Afterwards, the interaction log from bottom of Figure 5.13 shows that

the robot returned the execution result, and the component’s construction activity

was updated to the next one. This process shows that the RCAN node achieved the

interaction between components and robots.

Figure 5.13: The exemplar construction activity is employed to demonstrate the
results of RCAN node operation.

Figure 5.14 shows the results of the three experiments where a robot executes each

construction activity under the interaction of RCAN nodes, and illustrates the com-

plete construction process consisting of multiple RCAN nodes. The labels in “RCAN

nodes for construction activities" lines indicate the corresponding construction

activity of each RCAN node, and the images below each label show the results of
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the robot’s construction activity execution under the drive of the RCAN node. As

shown in the figure, the robot successfully executed each construction activity

in each experiment, thereby achieving the execution of the entire construction

process. Furthermore, from the comparison between Experiment 1 and Experi-

ment 2, it can be seen that RCAN nodes can be flexibly added to the construction

process. Comparing Experiment 2 and Experiment 3 shows that RCAN nodes with

the same construction activity can be used on different components as long as the

construction information is changed.

The three experiments and their corresponding results demonstrate that the RCAN

system is capable of facilitating interactions between different components and

robots, while accommodating varying construction requirements.

5.4 Discussion

Robotic construction is undoubtedly one of the most promising methods to en-

hance the efficiency of the construction industry, which will solve long-standing

problems in the construction industry such as labor shortages, inefficient con-

struction, and dangerous in construction. However, automation in construction

demands robots that can perform precise construction tasks and adapt activities

to construction requirements when confronted with a complex construction en-

vironment. By establishing a one-to-one communication between independent

construction activities and robots, while allowing them to interact in real time,

RCAN nodes can contribute to accuracy the construction activity data and dynamic

updates of construction activities of robots in construction. With RCAN nodes,

construction information can be edited on the basis of the original and react to

the robot execution simultaneously, increasing the flexibility of robots during the

construction.

Given that the RCAN system is in the prototype stage of development, several

limitations and challenges need to be discussed. Firstly, the current RCAN node

has a limitation in exception handling. When a robot encounters an error or fails

to execute an activity, the state manager of the RCAN node raises a warning and

throws an exception for the technician to process. However, excessive manual

operations considerably reduce the advantages of robotic construction, and some

exceptions can be resolved through automated systems. Therefore, in order to
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Figure 5.14: Construction results of robots in Gazebo based on different construc-
tion requirements in three experiments.
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achieve automated construction, corresponding automated resolution procedures

need to be designed for the exception results returned during robot execution.

Additionally, it is necessary to incorporate the experience of the robotics industry

to establish a hierarchy of exceptions that can be used to determine the level of

human intervention required during robotic construction.

Generating RCAN nodes requires BIM information that poses a challenge for both

designers and construction managers. Traditional construction planning is based

on people-centric decision-making, which means that developing detailed plans

for construction methods is not always necessary. With adequate training, con-

struction crews can understand and break down construction plans, allowing them

to execute construction activities step by step. However, RCAN demands more

information, such as component dimensions and weight, as well as the pick up

point for manipulators. This information is essential for robot matching and the

generation of motion and path planning. Consequently, further research is required

to develop an ontology that can be used to describe robotic construction, and to

create BIM software that can simplify the effort of robot-oriented construction

planning.

As robotics construction involves multiple domains, there are common open ques-

tions across various disciplines and industries. In this chapter, we demonstrate

the functionality of RCAN system through a simulated construction scenario. How-

ever, the actual application scenario for RCANs is in real-world construction en-

vironments. The simulation largely obscures the issues of message latency and

concurrency in the real world. Therefore, developing an efficient communication

mechanism is a key factor in determining the effectiveness of using RCANs. The

construction information in RCANs is derived from the planning phase and can be

executed reliably in the simulation environment. However, when the digital twin

is established, this information may still not be aligned with the real environment.

Before the widespread implementation of RCAN system, it is also necessary to

resolve the coupling of BIM information with reality.

5.5 Conclusions

The development of robotic construction has been hindered by the lack of auton-

omy in robots, which prevents them from performing tasks in dynamic construction
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environments. This study aims to define a canonical RCAN system, which has the

potential to solve such dilemmas. By creating smart, component-oriented infor-

mation interaction between construction activities and robots, the RCAN node

enables construction activities to guide robot task planning, including path plan-

ning and motion planning. Based on the features of smart components, which are

autonomous and communicative in construction, RCANs allow the tasks and states

of the components during the construction process to directly influence the robot’s

behavior. This allows for dynamic planning of robot behavior in the construction

environment.

This chapter defines the prototype of the RCAN system and demonstrates its gen-

eration processes and functions. We also suggest the basic information used for

robot construction activities in an RCAN node and realize the linkage between the

component information and the construction activity information through the

RDF graph. To illustrate, we present three cases: 1) RCAN-based communication

between BIM and robots, 2) a complete construction process composed of RCANs,

and 3) RCANs applied in a changing construction process.
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6 Deep Reinforcement Learning for 
Real-time Assembly Planning in 
Robot-based Prefabricated Construction

This Chapter has been published before as an article in IEEE Transactions on

Automation Science and Engineering:

A. Zhu, T. Dai, G. Xu, P. Pauwels, B. De Vries and M.Fang “Deep Reinforcement Learn-

ing for Real-time Assembly Planning in Robot-based Prefabricated Construction”

[38]. This work uses the DRL method to assist the construction robot coordination

system in making decisions about the construction process, namely for the DRL-

based construction process supported decision making system (lower layer in Fig-

ure 1.1).

The adoption of robotics is promising to improve the efficiency, quality, and safety

of prefabricated construction. Besides technologies that improve the capability of

a single robot, the automated assembly planning for robots at construction sites

is vital for further improving the efficiency and promoting robots into practices.

However, considering the highly dynamic and uncertain nature of a construction

environment, and the varied scenarios in different construction sites, it is always

challenging to make appropriate and up-to-date assembly plans. Therefore, this

chapter proposes a Deep Reinforcement Learning (DRL) based method for auto-

mated assembly planning in robot-based prefabricated construction. Specifically,

a re-configurable simulator for assembly planning is developed based on a Build-

ing Information Model (BIM) and an open game engine, which could support the

training and testing of various optimization methods. Furthermore, the assembly

planning problem is modelled as a Markov Decision Process (MDP) and a set of DRL

algorithms are developed and trained using the simulator. Finally, experimental

case studies in four typical scenarios are conducted, and the performance of our

proposed methods have been verified, which can also serve as benchmarks for
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future research works within the community of automated construction.

6.1 Introduction

Prefabricated construction has been widely adopted around the world as it could

bring many benefits including high efficiency, low cost, improved quality, and re-

duced waste [209]. Furthermore, along with the introduction of construction 4.0

[210] and construction servitization [211], many efforts have been made on the

digitization and automation of prefabricated construction, from prefab produc-

tion [212], prefabrication transportation [213], to on-site assembly [108]. However,

the practices of automated prefabricated construction are still far from satisfac-

tory, especially for the on-site assembly part. According to our investigations in

Guangdong-Hong Kong-Macao Greater Bay Area, manual works and traditional

decision-making methods based on expert knowledge still dominate the on-site

assembly processes, which have been identified as major obstructions for fully

reaping the benefits of prefabricated construction and further improving efficiency

in construction planning and execution.

In recent years, along with the development of autonomous systems and tool-sets

of Artificial Intelligence (AI), there is a trend of adopting robots in construction

systems to improve the efficiency, quality, and safety of on-site assembly [37],

[214]–[216]. Many works have been done on designing new types of robots for

specific tasks in diverse scenarios [217], automation technologies [218], decision-

making models [219], [220], and human-robot collaboration strategies [221]–[223].

However, automated and real-time assembly planning methods for robots in pre-

fabricated construction have been rarely studied as the foundation of improving

the construction efficiency and lowering the cost.

The on-site assembly planning for robot-based prefabricated construction is com-

plex and challenging. Firstly, it requires seamless cooperation among resources,

equipment, and tasks with multiple objectives (e.g. efficiency, quality, and safety)

and strict constraints (e.g. sequence of assembly and obstacle-free assembly paths),

which are difficult to model. Secondly, the assembly processes vary a lot among

different construction scenarios in terms of construction site layouts, construction

tasks, prefab types, and the number of robots, which often leads to time-consuming

and difficult to develop scenario-specific models for assembly planning. Thirdly, the
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assembly processes are highly dynamic with many uncertainties, such as availabil-

ity of prefab elements and changing readiness states of robots. These uncertainties

require the planning of decisions to be nearly real-time.

Recent advances in DRL provide promising opportunities to address the above

challenges, and this technology has been successfully adopted to solve complex and

dynamic optimization and control problems, such as the Vehicle Routing Problem

(VRP) [159], traffic signal control [160], job shop scheduling [224], and multi-robot

systems [225]. However, DRL is still seldom used to solve the planning issues for on-

site prefab assembly, especially under the robot-based scenarios. Several questions

remain open for discussion: (1) How to model the on-site assembly processes

and build a flexible simulation environment for diverse prefabricated construction

scenarios? (2) How to develop the optimization model and corresponding DRL-

based assembly planning method to generate effective solutions? and (3) to what

extent is the DRL-based method superior to traditional methods?

To address the above questions, this study develops a re-configurable assembly sim-

ulator and proposes DRL-based methods to realize real-time assembly planning for

robot-based prefabricated construction. Specifically, through modelling the basic

elements and common activities in diverse prefabricated construction scenarios,

a flexible simulator is developed based on Building Information Modelling (BIM)

technology and an open game engine. It could be configured for various scenarios,

simulate fine-grained actions of construction robots, and support the training and

testing of optimization algorithms. Furthermore, the assembly planning problem

is modelled as a Markov Decision Process (MDP) and a set of DRL algorithms are

developed and trained to realize real-time decision-making of assembly planning,

which could well cope with the dynamics of on-site assembly processes. Further-

more, experimental case studies are conducted in four scenarios to evaluate the

effectiveness of the proposed methods, whose performance can serve as standard-

ized benchmarks within the community of automated construction.

The contributions of this study lie in the following three aspects:

1. This work builds the computational environment for adopting DRL in on-site

operations of prefabricated construction, which provides a flexible test-bed

and bridges the gap between DRL and decision-making in construction.
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2. This work proposes planning methods based on DRL, which could well cope

with scenario complexity and dynamics and be applied in many other fields.

3. This work provides a set of benchmarks for assembly planning in robot-based

prefabricated construction, which could facilitate the design and evaluation

of advanced planning approaches.

The remainder of this chapter is structured as follows. Section II reviews relevant

literature, and Section III presents the design of the simulation environment. Sec-

tion IV models the on-site assembly planning problem and explains the DRL-based

methods. Section V gives the experimental case studies and evaluates the perfor-

mance of the proposed methods. Section VI concludes the whole chapter and

points out future research directions.

6.2 Reconfigurable simulator for Assembly Operations

In order to investigate the use of DRL for real-time construction planning, a flexible

and simple simulation environment for robot-enabled prefabricated construction

is developed, as illustrated in Figure 6.1.

(a) Assembly work in
construction

(b) Assembly task in our
simplified simulation

Figure 6.1: Overview of our construction simulations.

6.2.1 Scenario Description

In prefabricated construction, a building is constructed by assembling individual

prefab components together according to the construction plan. The assembly

process consists of three steps. Firstly, component are transferred from the yard
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to the designed position in the building. Secondly, each connection node of each

component is positioned to ensure the accurate connection location. And thirdly,

the prefab components are connected (also called fixing the assembly).

To facilitate the adoption of robots for prefab components assembly, the construc-

tion tasks of each prefab component in above three steps are defined as states of the

component. Then the robot can identify the current status of components based

on their states, and take actions accordingly. The process is depicted as follows:

1. When a component is in the yard, its state is set as ‘initial state’. It requires

the robot to perform the task of transporting the component from yard to the

build location.

2. When the component is being transported, its state is set to ‘in transit’ and

no other robot is needed.

3. When the component arrives at the build position, its state is set to ‘arrived’,

which requires a robot to perform the assembly task.

4. When the component is assembled, its state is set to ‘assembled’, which

indicates that the assembly of the component is completed.

Meanwhile, two sets of requirements should be considered when designing the

simulator.

Safety requirements: In the practice of prefabricated construction, collision of

prefab components during delivery is one of the main causes of engineering acci-

dents. Thus collision of components is not allowed in the simulator. Furthermore,

a minimum distance requirement between the construction area and the yard

area is always required to ensure the safety of prefab components and workers.

Therefore, in the simulator, the yard cannot be located within the construction area.

Furthermore, in practice, all the construction activities should be performed in the

designated area, so all the prefab components in the simulator cannot be moved or

assembled outside given areas.

Assembly requirements: According to the basic rules in prefabricated construction,

vertical components (columns) should be erected before horizontal components

(beams). Therefore, each component will be checked for compliance with the
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construction requirements before it is built. Also, in practice, workers will adjust

the orientation of the components before the components are lifted to improve the

assembly efficiency, which will also be considered in the simulator.

Finally, six actions in three-dimensional (3D) space are designed to simulate the

movement of components during the transfer by the tower crane. These six actions

are up, down, left, right, forward, and backward. Each action moves the component

one unit distance in the specified direction and each component can only perform

one of these six movements at one time.

6.2.2 Simulator Development

Common construction simulation software (e.g. Synchro) typically focuses on

visual simulation, using planned Gantt charts for simulation or manual modeling

of the construction process with 3D visualisation features. These tools usually

lack automatic planning capabilities and cannot provide interfaces for training

RL policies. Therefore, a new simulation environment for DRL-based assembly

planning is developed in this work, as illustrated in Figure 6.1. To describe the

component-oriented prefabricated construction assembly process, this study uses

3D grids to simulate the construction environment and a simplified BIM model

to represent the prefab components, and the focus is put on the construction

tasks, assembly processes, and the DRL performance evaluation. Meanwhile, each

component has independent construction requirements, and the assembly policy

is planned under the constraints of environments and rules of construction.

The construction environment in our simulator is shown in Figure 6.2. The envi-

ronment consists of three parts: component entities, construction site, and target.

There are two types of component entities, namely, columns and beams; the area

of the site is also divided into two types, they are yard and construction area, to

comply with the safety requirements; and the construction target contains the

target positions of prefab components.

Based on the above analysis, the simulator is developed using pygame1 and py-

OpenGL2. In the simulator, the basic unit is a 1×1×1 cube (dimensionless voxel).

Each cube is defined by its spatial information as well as a number of state at-

1https://www.pygame.org/news
2http://pyopengl.sourceforge.net/
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(a) (b)

(c)

Component target position

Arrived

Assembled

Initial state

In transit

Yard area Construction area

Component’s states:

Simulation environment:
Component inital position

Figure 6.2: Environment settings in construction simulations.

tributes. Based on the basic unit cube, a construction environment can be built

with X ×Y ×Z cubes (length × width × height).

As illustrated in Figure 6.2, a gray cube-composite area is a construction yard and

a cyan cube-composite area is a construction area. Yard and construction area

size are represented by the number of cubes. For example, if the length of a yard

is 15 and the width is 10, then the yard consists of 15 × 10 cubes. Similarly, the

components are formed by basic unit cubes. For example, the orange cube in

Figure 6.2 (a) is a column with length 4. Since each component has four states,

various colors are used to indicate the different states of the components to show

the changes in the components during the construction process. Specifically, as

shown in Figure 6.2 (a), orange is used to indicate the ‘initial state’ of the component,

as shown in Figure 6.2 (b), blue is used to indicate the ‘in transit’ of the component,

as shown in Figure 6.2 (c), green is used to indicate ‘arrived’ of the component, and

pink to indicate that the nodes of the component are ‘assembled’. Also, to better

show the target of the construction, we use orange wireframe to indicate the initial

position of the component and pink wireframe to indicate the target position of the

component.
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The simulator requires the user to initialize the following information:

1. Site information: the user needs to set the dimensions of the construction

environment, construction area and yard area, respectively.

2. Component information: the user needs to declare the number of compo-

nents, the type of each component (column or beam), the dimensions, and

the starting and target positions of components.

In practice, the target position of components should be fixed and can be imported

from the real BIM model, while their initial positions still need to be configured by

users. Such information (initial position) can be retrieved using 4D BIM planning

tools that include a full construction procedure. Taking this into account, the

remainder of this work focuses on the execution of the DRL policy itself.

6.3 DRL for Assembly Planning

In this section, the DRL methods for assembly planning will be discussed based on

the proposed simulator.

After the construction assembly process is transformed into RL executable states,

actions and rewards, the simulation environment can be connected with RL algo-

rithms for generating assembly planning policies. Figure 6.3 shows the framework

of the simulation environment interacting with the RL agent. In this framework,

simulation data will be converted as RL agent observable structure and then sent

to the RL agent. Based on the input, the RL agent will select an action using the

current policy. The action is evaluated by the reward feedback from the simulation,

and the construction environment will be updated and passed to the RL agent again

until the assembly process ends.

The assembly planning process of prefabricated construction is modelled as MDP.

In the following, the states, actions, and rewards in the MDP model will be discussed

in more detail.

States

The states or observations of a construction environment are defined as a tensor

of shape W ∗L∗d , where W indicates the width and L indicates the length of the
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Input state

DRL policy Action Simulation 
Environment

Agent

Observe state

Reward

Figure 6.3: Framework of DRL for Assembly Planning.

environment. The variable d refers to a 6-tuple that encodes the features and status

of each cube using 6 integer values:

1. a scalar indicates the height (Zi ) of the component on the yard;

2. a scalar (0 or 1) indicates whether the number of transit steps of the building

component is more than a predefined maximum step, if there is a building

component in that location;

3. a scalar indicates the number of steps that have been moved;

4. a scalar represents the height (Zt ) of the component;

5. a scalar indicates the height (Zt a r ) of the component’s target position if it

belongs to the target, or else 0;

6. a scalar expresses the number of components that have completed the plan-

ning.

Actions

An action is an operation on a component by a crane. We define that a component

can be executed in six directions: forward, backward, left, right, up, and down. Then

we have six actions a ∈ [0,1,2,3,4,5], where each number indicates an operation

with a direction.

Rewards
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The design of rewards is one of the critical factors affecting the success and ef-

ficiency of learning. In practice, construction projects are often expected to be

completed in the fastest yet most reasonable amount of time. In the simulation

environment, the time factor is transformed into the number of steps to finish the

assembly. Thus, the objective is to achieve the construction task with as few steps

(t) as possible. According to the above requirements, our design for the reward

structure is as following:

1. To minimize the number of component actions, we set the agent to receive

a basic reward (r0, and r0 = −1 in practice) for every step (action). Based on

this design, the agent needs to finish the construction with the least number

of steps (t ) to maximize the total reward;

2. To avoid over-exploration by the agent in learning the construction of individ-

ual components, we impose a limit on the number of steps each component

can take to build. Here, we set a threshold (ε) for the maximum number of

steps (t ), and when the execution steps of a single component are larger than

the threshold, each step executed after that component will be subject to a

double basic reward (r0 = −2);

3. When each component is well constructed, the agent will receive a positive

reward, and when all components are well constructed, the agent will receive

a larger positive reward;

4. A progressive reward mechanism is used to guide the agent to complete the

construction task, that is, the more components are built, the agent will

receive more rewards.

The reward is summarized as following:

R =
C∑

i =1

T∑
t=0

Rci ,t (6.1)

where Rci ,t represents the rewards of a single component. i is the index of the

component and t is the total step of the component.
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Rci ,t is defined as:

Rci ,t =

t ∗ r0
ci

+ i ∗ ci , t ≤ ε
ε∗ r0

ci
+2∗ (t −ε)∗ r0

ci
+ i ∗ ci , t > ε

(6.2)

where ci represents the serial number of the component during the assembly

process, i represents the index of the component.

For example, the first component to be constructed is marked as c1 with serial

number 1, and the n-th component to be assembled is marked as cn with serial

number n. t is the number of steps for each component. When the component

is not moving, t is 0; when the component starts moving, t is the number of the

steps of the component. ε is the step threshold for each component. n is a constant

that can be specified as a positive integer as the number of components in the

environment increases, and we use it to increase the reward each component

receives for completing the assembly and to decrease the penalty the component

receives for each step it moves.

6.4 Experimental Case Study

In this section, an experimental case study with four scenarios that are commonly

used in the practice of prefabricated construction is conducted to verify the perfor-

mance of the proposed simulator and methods.

6.4.1 Scenarios

We consider four typical scenarios that are widely adopted in the practice of pre-

fabricated construction, as illustrated in Figure 6.8. Based on these four real-life

scenarios, four corresponding simulation scenarios were developed, as shown in

Figure 6.13.

Scenario 1: Assembly planning with dynamic site layout In prefabricated con-

struction, although the layout of the construction site is pre-determined, it can in

very rare cases be changed due to the dynamics of weather, design requirements,

and schedule modification. This happens rarely, as contractors aim to stick to the
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Figure 6.4: Assembly planning with
dynamic site layout

Figure 6.5: Assembly planning with
interchangeable standardized com-
ponents

Figure 6.6: Assembly planning with
dynamic site layout and interchange-
able standardized components

Figure 6.7: Assembly planning in
crowded spaces with obstacles

Figure 6.8: Realistic applications correspondence of our scenarios.

plan. Yet, in this case, the supply point of components will be re-located to satisfy

the new layout [226], and the new supply point requires a new assembly path. As

the scenario in Figure 6.4 shows, the prefabricated wall panel is unique: its location

in the building is determined and the components need to be transferred from the

yard location to their unique location in the building. However, in a dynamic layout

scenario, the initial location can be anywhere in the yard, as shown in Figure 6.9.
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Initial location randomly
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Column 2
Beam 1

Column 1 target Column 2 target

Beam 1 target

Figure 6.9: Assembly planning with
dynamic site layout

Beam 1

Initial location fixed

Column 1

C
olum

n 2

Beam 1 target

Columns’ target

Figure 6.10: Assembly planning with
interchangeable standardized com-
ponents

Initial location randomly

Beam 1

Column 1

C
olum

n 2

Beam 1 target

Columns’ target

Figure 6.11: Assembly planning with
dynamic site layout and interchange-
able standardized components

Initial location fixed

Components’ target
Buildings

Buildings

Figure 6.12: Assembly planning in
crowded spaces with obstacles

Figure 6.13: Benchmarks based on four scenarios.

Scenario 2: Assembly planning with interchangeable standardized components

With the development of prefabricated buildings and the requirement of sustain-

able construction, interchangeable standardized components are gradually used

in actual construction. The recently released ISO 208873 also promotes designing

interchangeable and standard size components [227]. It should be noted that this

type of component is mostly used in steel-based prefabrication but has not been

3https://www.iso.org/standard/69370.html
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widely used in prefabricated concrete construction, especially in pre-assembly

scenarios for off-site modular housing or on-site light steel housing. Standardized

components are usually stored in the required locations, but their target locations

may be multiple [228], which means they can be assembled in different locations

in the structure. For example, as shown in Figure 6.5 4, the standardized truss is

interchangeable, so it does not need to be assembled at a unique location in the

structure. Any location that satisfies the structural requirements can be used as the

target location for this standardized component. Figure 6.10 shows the simulation

environment of scenario 2. The initial positions of components are fixed and we

allow the target positions of the same standardized components to be interchange-

able. For example, the target position of Column 1 can be any of the columns’

targets.

Scenario 3: Assembly planning with dynamic site layout and interchangeable

standardized components Scenarios 1 and 2 describe assembly processes that

limit only the initial or target locations, while construction sites are often more

complex, and both the initial and target locations of components can be changed

to improve construction efficiency and safety [229]. In particular, many steel struc-

tures are of essentially the same design, but when similar projects are built on

different sites, the location of the components on the site may change depend-

ing on the site environment while the same size and type of components can be

placed in any location that conforms to the structural requirements. For exam-

ple, in Figure 6.6 5, there are many buildings of the same structure. During the

construction processes, the location of the components in the yard changes and

the same types of these components can be assembled at any location that meets

structural requirements. Scenario 3 is shown in Figure 6.11. The initial positions

of components are random, while their target positions are interchangeable. For

example, the initial position of Column 1 will be randomly placed in the field, and

its target position can also be any of the columns’ targets.

Scenario 4: Assembly planning in crowded spaces with obstacles Construction

sites are always complex environments that involve many components and equip-

ment, and should consider both efficiency and safety. Collisions should therefore

4http://www.leoncn.com/news/556.html
5https://www.dwgg88.com/xyzx/wjgjgdbqtj_1.html
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be avoided [230], especially in the construction sites located in the urban areas, as

shown in Figure 6.7 6. Therefore, in Scenario 4 shown in Figure 6.12, some obstacles

are added to simulate the potential collisions in the construction processes.

The black wire-frame indicates other buildings in the construction site, which are

obstacles under construction.

(a) Env1 (b) Env2 (c) Env3 (d) Env4

Figure 6.14: Four environments, ranging from simple to more complex.

6.4.2 Environments

In addition to the four scenarios given in Fig. 6.13, four environments are designed

for each scenario. The main differences between these environments are the differ-

ent target construction buildings, from simple to complex. This is mainly used to

simulate the planning of different levels of complexity of structures in the above

construction scenarios. The complexity of the structure here is reflected in the num-

ber of components, and the increase in the number of components to be planned

indicates a more complex structure as displayed in in Figure 6.14.

The total construction environment measures 15 × 15 units in length and width and

8 units in height where we use x, y, and z to represent the length, width, and height

of the site, respectively. Construction areas are different for different environments

(blue areas): Envs 1 and 2 are x ∈ (9,15) and y ∈ (6,13); Env 3 is x ∈ (8,15) and

y ∈ (8,15); Env 4 is x ∈ (8,15) and y ∈ (5,15). The length of the beam is 3 units, the

length of the column is 4 units. The settings for each environment are as follows.

• Env1: The target structure is made up of two columns and one beam, and

one column has been built. The controller needs to plan for the remaining

one column and one beam;

6https://www.building.co.uk/news
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• Env2: The target structure is identical to the target structure in Env1, except

that the controller needs to plan for two columns and a beam;

• Env3: The target structure consists of four columns and four beams. The

controller needs to plan for eight components;

• Env4: he target structure has more components, namely six columns and

seven beams. The controller needs to plan for all thirteen components.

6.4.3 Setup and Candidate Controllers

There are 4× 4 situations in total (4 environments; 4 scenarios), and in our ex-

periment, controllers are set up to learn each of these 16 situations. They are

also evaluated separately for each situation. The evaluation results are plotted

in Figure 6.15 based on repeated runs with 15 different seeds. For each of the 16

situations, the 4 following candidate controllers are evaluated for the DRL; and the

four controllers are plotted in Figure 6.15. The solid lines are the mean rewards over

10 episodes, and the shaded area represents the corresponding standard errors in

Figure 6.15. The hyperparameters and training details are given in the appendix

A.1.

• DQN [171]: The vanilla deep Q network (DQN), which is an off-policy RL

algorithm;

• DDQN [231]: Double DQN (DDQN) employs two Q-value functions to reduce

the over-estimation problem in the original DQN algorithm;

• A2C [232]: A2C utilizes multiple CPUs to collect experiences from separate

environments to reduce the correlations between samples and enable faster

learning;

• PPO [155]: PPO adopts a clip function to restrict the change of policy in each

update which leads to a stable training.

6.4.4 Results

Table 6.1 shows the resulting average return/reward values and their standard errors

for each of the DRL algorithms and environments. As can be seen in this Table, in
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Figure 6.15: Comparison between RL algorithms in all environments with different
scenarios.

the first two environments, which only have 2 and 3 components to manipulate

(Env1 and Env2), the value-based algorithms (DQN and DDQN) perform better than

policy-based methods. More specifically, in Env1, DQN and DDQN achieve similar

performance. In Env2, DQN outperforms DDQN in 3 out of 4 scenarios. For policy-

based methods, PPO outperforms A2C in all scenarios. In Env3 and Env4, which

have 8 and 13 components to manipulate, PPO achieves the best performance

among all methods. DQN has better performance than DDQN. A2C has the worst

performance in all scenarios. In general, PPO achieves better performance in

more complex environments. This is because PPO utilises a clipped surrogate

objective to constrain the variation of policy in each update, which could prevent
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the performance drop during training. In addition, PPO is more robust to the

hyperparameter setting.

Table 6.1: Mean rewards ± standard errors over 15 random seeds in the last 100
episodes on all environments. The best results are in bold.

DQN DDQN A2C PPO

E1S1 -5.16±0.49 -4.27±0.42 -42.57±15.60 -19.03±7.34
E1S2 -2.94±0.14 -4.36±0.99 -140.61±16.07 -55.46±12.13
E1S3 -2.62±0.30 -2.62±0.32 -97.42±7.01 -46.89±8.86
E1S4 -3.37±0.32 -3.16±0.14 -161.02±13.10 -57.80±13.09

E2S1 -12.40±3.76 -18.42±5.90 -95.45±10.49 -48.87±2.73
E2S2 -47.27±7.94 -21.76±5.90 -153.80±7.35 -52.17±5.67
E2S3 -6.16±0.40 -12.27±5.75 -110.95±13.17 -38.93±4.42
E2S4 -32.36±7.09 -38.63±7.83 -123.76±9.77 -54.40±7.64

E3S1 -277.28±10.29 -409.16±15.14 -543.08±11.76 -204.94±33.17
E3S2 -232.77±12.97 -319.96±34.05 -535.54±17.38 -183.85±41.07
E3S3 -258.80±8.06 -373.12±16.29 -415.12±28.28 -111.22±6.13
E3S4 -239.68±10.29 -362.18±28.83 -527.82±16.68 140.18±7.48

E4S1 -907.31±25.98 -1091.58±17.01 -1148.31±13.42 -466.27±70.70
E4S2 -593.04±28.46 -978.52±47.37 -1160.99±4.69 -437.76±89.00
E4S3 -900.72±15.95 -1080.51±9.15 -1127.31±9.10 -388.21±58.61
E4S4 -614.14±24.60 -1022.09±24.89 -1160.34±7.75 -300.97±57.27

Furthermore, Figure 6.15 presents the learning curve of each of the controller al-

gorithms. In Env1, value-based methods (DQN and DDQN) converge to higher

performance quickly (average reward is around -4.). On the other hand, policy-

based methods (A2C and PPO) converge to a relatively low performance. In Env2,

PPO has a faster or similar convergence rate than value-based methods at the begin-

ning of training. However, value-based method perform better at the end of training.

In Env3 and Env4, the performance of PPO increases with increasing number of

timesteps and outperforms other baselines in all scenarios. DQN also demonstrates

this tendency and achieves the second best performance in all scenarios. DDQN

has a tendency to improve performance at the beginning. However, its performance

starts to decrease at around 0.5 million timesteps. A2C has the worst performance

in all environments.
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As far as these simplified environments are concerned, RL provides helpful assis-

tance in the problem of assembly planning during the construction process. For

example, in Scenario 1, when the initial position of a component changes, the

component can still rapidly output a legal path based on trained deep neural mod-

els, avoiding recalculation of the path planning. The RL algorithm can be well

employed in path planning along with collision analysis, which solves shortest path

and collision-free planning at the same time.

6.5 Discussion

According to the experimental results presented above, the proposed methods work

well in different cases and could learn the optimal assembly policies efficiently,

which provides new perspectives on the assembly planning in prefabricated con-

struction. Currently, we experiment with the application of the DRL algorithm to

the construction planning problem through a simplified simulation. As some of

our benchmark results illustrate, in certain cases, the agent learns construction

policies, while in others, the agent struggles to learn an optimal policy as the num-

ber of components grows. So, in the present scenarios with fewer components, our

framework enables agents to carry out assembly planning using construction rules,

which offers a fresh perspective on the assembly planning problem.

However, there are also some limitations. On one hand, the proposed methods

are evaluated in simplified simulation scenarios with relatively limited types of

components. In future research, it needs to be evaluated for its applicability and

robustness in combination with realistic BIM models and realistic construction

schedules (4D BIM and construction logs). Such evaluation particularly needs to

investigate opportunities for making this work better scalable.

Furthermore, it needs to be mentioned that the assembly planning policy needs

to be re-trained whenever one changes to a new scenario. As this costs time and

resources, it becomes undesirable to go through highly dynamic and complex con-

struction sites that change scenarios too frequently. This is anyhow also desirable

in any construction site in general.
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6.6 Conclusions

In this chapter, we have designed a simplified simulation environment to simu-

late robot-based construction processes and how they can be planned using DRL.

In this simulation environment, we considered four construction scenarios and

four construction environments (simple to complex). We used these 16 cases (4

times 4) to set up basic performance benchmarks in terms of available DRL-based

controllers. Although these benchmarks are simplified for now, it is foreseen that

(D)RL has great potential to improve construction planning in construction sites

that are expected to be dynamic. Our results show that DQN and DDQN generally

outperform the other DRL algorithms for our case scenarios and environments.
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7.1 Summary

The Architecture, Engineering, and Construction (AEC) industry has the potential

to significantly benefit from the use of robots for repetitive, laborious, and haz-

ardous tasks. While prefabrication has seen success in using robots, on-site robotic

construction, such as robotic assembly, is less common due to cost constraints,

challenges in human-machine interaction, and the absence of accurate robotic

construction planning. To address these challenges, a realistic and flexible simula-

tion environment tailored to the AEC industry needs is necessary, including data

models, planning algorithms, and robots used in the industry. Such a simulation

environment can reduce costs and improve the feasibility and safety of robotic con-

struction, enabling the exploration of various studies for robot construction, such

as construction planning, construction methods, and robot navigation. Therefore,

the main focuses of implementing such a robot construction simulation platform

are: 1. How to realize data interaction between BIM and robots, 2. How to imple-

ment construction methods suitable for robots, 3. How to use advanced algorithms

for dynamic construction planning.

Accordingly, this study presents a novel robotic construction simulation platform

that consists of a Building Information Modeling (BIM)-based construction sim-

ulation environment and a smart construction object (SCO)-based construction

planning system. The proposed framework integrates open standards and tools

to achieve a generic and flexible robotic construction simulation environment,

eliminating platform-specific limitations. The SCO approach enables collaborative

management of robotic construction by assigning construction tasks to robots and
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by assigning states and requirements to components. A Robot Construction Action

Node (RCAN) system is proposed to serve as a communication bridge between the

smart component and the robot operating system (ROS), enabling dynamic plan-

ning of robot behavior in the construction environment. Reinforcement learning is

also applied for component-oriented construction planning of dynamic construc-

tion processes.

In conclusion, the proposed robotic construction simulation platform offers a

promising solution for addressing challenges encountered in on-site robotic con-

struction by providing a realistic and flexible simulation environment tailored to

the AEC industry needs. The integration of open standards and tools enables

a generic and flexible robotic construction simulation environment, while the

component-oriented construction planning system enables collaborative man-

agement of robotic construction. The RCAN system facilitates smart, component-

oriented information exchange between robots and construction activities, en-

abling dynamic planning of robot behavior in the construction environment.

7.2 Academic contributions

The studies reported in the dissertation make distinct academic contributions to

multiple domains, including BIM-based robotic construction simulation (realized

by BIM-to-ROS transformation procedure), component-based smart construction

(realized by a component-based construction robot coordination system with the

Robot construction action node (RCAN) system), and DRL-based in construction

planning (realized by DRL-based construction decision making system).

BIM-to-ROS transformation procedure

Chapter 3 proposes a novel method for utilizing Industry Foundation Classes (IFC)-

based Building Information Modeling (BIM) models in a robotic simulation en-

vironment, aimed at enabling automated construction simulations through the

concept of component-oriented construction. The proposed framework integrates

several components, including an IFC-based Extract, Transform and Load (ETL)

processing module, a construction controller based on smart components, and a

simulation platform based on Robot Operating System (ROS). By leveraging BIM

models from a robotic standpoint, the framework enables IFC-based BIM models
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to be utilized in robotic prefabricated construction simulations. Unlike prior con-

struction simulations, this concept eliminates the need for specific software and is

based on open standards. This approach enables the utilization of a wider range of

robot types and facilitates the development of customized construction robots for

use in robotic construction research.

Component-based construction robot coordination system

Chapter 4 presents a new definition of construction components, which aims to

establish a method for converting construction tasks into tasks that are suitable for

allocation to robots. By utilizing this approach, construction tasks can be optimized

to better align with the capabilities of robots, thereby enhancing efficiency and

productivity in construction projects. The SCO-based approach is a method of pre-

fabricated construction that assigns awareness, communicativeness, and autonomy

properties to components. This approach allows for the management of construc-

tion processes at a smaller scale, resulting in greater precision and control. Smart

components can interact autonomously with other objects or systems, and their

state can be automatically updated, providing a potential method for controlling

robots in automatic construction. In addition, IFC4 can provide a unified method

for describing and delivering BIM information accurately and comprehensively.

This enables the collection of physical information about building components,

as well as the connection relationships between components and construction

methods. Such data is readily available from BIM models and can be used for robot

task allocation planning.

Robot construction action node (RCAN) system

Chapter 5 defines the concept of a canonical RCAN system, which can potentially

solve various challenges in construction activities. By facilitating smart, component-

oriented information interaction between robots and construction activities, the

RCAN node enables construction activities to guide robot task planning, including

path planning and motion planning. The use of smart components, which are

autonomous and communicative in construction, allows the tasks and states of

the components during the construction process to directly influence the robot’s

behavior, enabling dynamic planning of robot behavior in the construction en-

vironment. The chapter defines the prototype of the RCAN system, including its
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generation processes and functions. Basic information used for robot construction

activities in an RCAN node is suggested, and the linkage between the component

information and the construction activity information is realized through the RDF

graph.

DRL-based construction decision making system

Chapter 6 describes the development of a simplified simulation environment for

simulating robot-based construction processes and planning using DRL. The sim-

ulation environment includes four construction scenarios and four construction

environments, ranging from simple to complex. This study utilized these 16 cases

to establish initial benchmarks for DRL-based controllers in terms of performance.

While the benchmarks are currently simplified, the potential of (D)RL in enhancing

construction planning in dynamic construction sites is evident. Our findings indi-

cate that DQN and DDQN generally exhibit better performance compared to other

DRL algorithms in the tested construction scenarios and environments.

7.3 Societal implications

The studies in this dissertation can support robotic construction developers and

researchers, including construction robot designers, construction managers, and

community groups, at various stages of robotic construction for simulation and

planning. The following paragraphs explain the societal implications of these

studies.

The IFC-based robot construction simulation framework proposed in Chapter 3 can

assist research teams and companies in the field of robot construction to achieve

low-cost and rapid simulation of prototype concepts (such as construction robots

and robot construction methods). This framework is based on the open-source IFC

standard format, the ROS system, and the Gazebo simulation environment, thus

breaking software restrictions for construction and robot simulations. Additionally,

this framework further expands the usage scenarios of BIM models by connecting

the BIM ecosystem with robots. The BIM model generated by the design team can

be exported in IFC standard format and used in the robot simulation environment

based on this framework, thereby avoiding potential inconsistencies in the sec-

ondary modeling process and improving the utilization rate of BIM models. This
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not only provides a more flexible and open simulation environment for researchers

and developers in the field of robot construction but also enhances research and

development efficiency and reduces development costs.

Chapter 4 proposes a new definition of construction components that can be

utilized to optimize construction tasks for robots, thereby enhancing efficiency

and productivity in construction projects. Smart components can interact au-

tonomously with other objects or systems, and their state can be automatically

updated, providing a potential method for controlling robots in automatic con-

struction. The use of IFC4 provides a unified method for describing and delivering

BIM information accurately and comprehensively, enabling the collection of phys-

ical information about building components and the connection relationships

between components and construction methods. This work contributes to the de-

velopment of robot-assisted construction by providing a framework for optimizing

construction tasks and enabling the use of smart components for greater control

and precision.

The work presented in Chapter 5 contributes to the practical application of robot

construction by proposing new methods for converting construction activities into

robot tasks that are suitable for robots and developing a canonical RCAN system

for smart and autonomous interaction between robots and construction activities.

These methods enhance the efficiency and productivity of construction projects by

optimizing construction tasks to align better with the capabilities of robots. The

RCAN system allows for dynamic planning of robot behavior in the construction en-

vironment, enabling the tasks and states of smart components to directly influence

the robot’s behavior, including path planning and motion planning. The proposed

methods utilize BIM information accurately and comprehensively, providing a

unified method for describing and delivering physical information about building

components and their construction methods, which can be used for robot task

allocation planning during construction.

Chapter 6 is conducted based on the comprehensive analysis of real-life assembly

planning processes in prefabricated construction, and the methods proposed could

bring many benefits to practitioners. Firstly, the proposed simulator could be easily

re-configured to simulate diverse scenarios, which can be used to evaluate and

verify the operations’ optimization methods and new construction technologies.

Secondly, the proposed DRL-based optimization methods can be directly adopted
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in various robot-based construction scenarios, and can also be tailored to support

the assembly planning in traditional human-based or human-robot construction

environments. Thirdly, the proposed DRL methods and their performance in

the four typical scenarios can serve as benchmarks for proposing new advanced

construction technologies and optimization methods in assembly planning.

7.4 Limitations

This study provides a novel architecture for the research of robotic construction

simulation, which consists of a BIM-based robotic construction simulation and a

component-oriented approach to robotic construction planning and control. How-

ever, the research of robotic construction simulation and even robotic construction

are in their infancy. Several limitations remain in this study to achieve a more

comprehensive simulation of robot construction.

The scope of this study is limited to robotic construction simulation using pre-

fabricated components, which does not fully represent the diversity of building

types and complex construction processes. While this approach provides a valuable

starting point, it is important to acknowledge that the findings of this study are

not applicable to all types of construction projects. For instance, cast-in-place

buildings involve complex processes that are not captured in a simulation focused

solely on prefabricated components. To meet the growing demand for construction

simulation and develop a more comprehensive understanding of the construction

process, it is necessary to expand the scope of this study. This can be achieved by

including other building types and a wider variety of construction equipment. By

doing so, people can gain a deeper insight into the challenges and opportunities

associated with construction simulation and develop more effective strategies for

optimizing the construction process. Therefore, while the focus on robotic con-

struction simulation with prefabricated components is a valuable area of research,

it is important to recognize that other types of construction processes and equip-

ment should also be considered in order to provide a more accurate representation

of the construction industry as a whole.

Although the study has provided a manual designed construction processes and ac-

tions for robots, these procedures and actions only offer a limited demonstration of

essential processes and construction methods in the industry and cannot compre-
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hensively represent the entirety of real-world construction processes and methods.

Thus, further research is necessary to investigate complete construction processes

and methods in reality, and standardize construction procedures and methods for

robots based on their specific characteristics. However, standardization of construc-

tion procedures and methods for robots is not without limitations. For instance,

robots face limitations in terms of intelligence and flexibility, potentially resulting

in poor performance when dealing with complex or uncertain construction en-

vironments. Therefore, during the standardization of robot construction, careful

consideration of these limitations is imperative, and the technical capabilities of

robots must be evaluated and selected rationally.

This study introduces the DRL method to automatically generate a construction

planning for robot in Chapter 6. The evaluation was conducted using simplified

simulation scenarios that do not fully capture the complexity of real-world construc-

tion projects. Thus, to validate the effectiveness and robustness of the proposed

methods, it is crucial to evaluate them using realistic BIM models and construction

schedules, including 4D BIM and construction logs, which enable the capture of

the dynamic nature of construction activities and the interactions between project

components. It is also essential to explore opportunities to enhance the scalability

of the proposed methods for larger and more complex construction projects. This

could involve leveraging advances in computing technology and data management

techniques, such as cloud computing and big data analytics. Furthermore, inves-

tigating the potential impact of project parameters, such as size, duration, and

complexity, on the proposed methods’ performance is also critical. In summary,

while the proposed methods have demonstrated promise in simplified simulation

scenarios, their effectiveness and scalability require further validation using real-

istic BIM models and construction schedules, while considering various project

parameters.

7.5 Recommendations for future research

The application of robots in the construction industry has achieved certain suc-

cesses, but their operations and interactions with the surrounding environment

are much more complex in actual construction scenarios. To better simulate the

operations of robots in real construction settings, it is necessary to further deepen

robot construction simulation to enhance its realism. This includes adding more
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details, considering more environmental factors, creating more complex scenarios,

and applying more sophisticated physics models, among others. By continuously

optimizing and deepening robot construction simulation, the feasibility and effec-

tiveness of robot construction technology can be better verified, providing better

support and reference for practical applications. Therefore, further research can be

focused on the four aspects of standardisation, collaborative robots, multimodal

data use, and real-world integration.

7.5.1 Standardisation

To better achieve the simulation and practical application of robot construction, it

is necessary to establish standards for modeling robot construction. Such standard

should include aspects such as the accuracy of the model, standardization of data

formats, consistency of simulation software, and consideration of the collaboration

between robots and other building models, such as BIM models and 3D mod-

els. Only by establishing a unified standard can the development and application

of robot construction technology be better promoted, and support for industry

standardization be provided.

7.5.2 Collaborative robots

Collaboration in robot construction is an important research area, and further

investigation is needed to explore more efficient methods. By combining emerging

technologies such as artificial intelligence, more efficient collaboration methods for

robot construction can be explored. For instance, deep learning can be utilized to

achieve autonomous control and decision-making during the construction process.

Moreover, collaborative teamwork among robots can improve the efficiency and

quality of robot construction.

7.5.3 Multimodal data use

In addition to establishing a central system for managing robot collaborative con-

struction, it is also necessary to enhance the individual robot’s awareness of build-

ings and construction. In this study, the cognitive ability is achieved by providing

robots with semantics and target parameters to explain construction. However, it

145



Chapter Conclusion

should also be expanded to encompass multimodal by using LBD technology which

can can describe all information (e.g., images, speech, video, and other modalities)

in a graph. To this end, a multimodal large-scale model needs to be established to

support the comprehensive development of robot construction cognition in the

AEC industry. This model will provide various building and construction-related

data required for robot collaborative construction, and improve the robot’s compre-

hensive awareness of construction through multimodal information input, further

enhancing the efficiency and quality of robot construction.

7.5.4 Real-world integration

Validating the robot construction simulation by integrating it with the real-world

environment is essential for applying it to actual construction processes. Com-

paring simulated scenarios with real-world conditions allows for the assessment

of the accuracy and reliability of the simulation, as well as for the adjustment of

simulation parameters to achieve better results. Additionally, the integration of

simulated and real environments enables developers and engineers to better under-

stand the operation and performance of robots in the actual environment, further

enhancing the efficiency and quality of robot construction. Therefore, integrating

the simulation with reality is an indispensable part of robot construction research

and a critical prerequisite for achieving automated robot construction.
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A.1 Experiment Setup

Hyperparameters and training details of baseline RL algorithms are given below:

• DQN and DDQN: batch size is 64, replay memory size is 50000, target network

update frequency is 500, learning rate is 0.0005, initial exploration ratio is 1,

final exploration ratio is 0.02, discount factor is 0.9 for Env1 and Env2, and

0.8 for Env3 and Env4.

• A2C: number of workers is 16, steps per worker in each rollout is 5, learning

rate is 0.0007, discount factor is 0.9, GAE coefficient is 0.95, entropy coefficient

is 0.01.

• PPO: number of workers is 16, batch size is 64, steps per worker in each rollout

is 125, learning rate is 0.0003, discount factor is 0.9, GAE coefficient is 0.95,

entropy coefficient is 0.1, update epochs is 4.

The code of the study in Chapter 6 is publicly available at: https://github.com/hyintell/drl-

assembly-planning.
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