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Abstract: At present, the low degree of informatization in the construction industry chain is one of
the prominent problems impeding the application efficiency of prefabrication. To break through the
bottleneck of information integration and interaction in the construction process of prefabricated
buildings, this paper proposes a conceptual framework of an Intelligent Construction System for
Prefabricated Buildings based on the Internet of Things (ICSPB-IoT) according to the needs of
government supervision departments, contractors and owners. Then this paper describes the
formation of the “information network” from “information flow”, based on which the operating
mechanism of the ICSPB-IoT is discussed using the method of system engineering analysis. Finally,
the proposed ICSPB-IoT is graded into different implementation levels according to the degree of
intelligence of the Internet of Things information, and the implementation path is proposed for
construction enterprises with different levels of digitalization. The results show that the ICSPB-IoT
provides cross-phase, cross-organizational information interaction for government supervision
departments, contractors and owners to improve the efficiency of communication and collaboration
between them. This paper also provides decision-making support for the design, layout and
implementation of the Internet of Things for prefabrication construction enterprises.

Keywords: IoT; prefabricated buildings; information integration and interaction; intelligent
construction system

1. Introduction

Prefabricated buildings, as one practice of designed building components being made in factories
in advance and then transported to the construction site for assembly, have been widely promoted
across the world as one of sustainable construction methods for their advantages of a short construction
period on-site, high quality, low cost and less energy consumption [1,2]. It has also been reported that
the global prefabricated buildings market was USD 159 billion in 2017, a substantial increase of more
than 20% from the previous year [3], and which is expected to grow at a CAGR (Compound Annual
Growth Rate) of over 8% during the period 2019–2025 [4]. Moreover, it is anticipated that the area of
prefabricated buildings in China will be more than 200 million square meters every year after 2020 [5].

However, with the popularization and application of prefabricated buildings in practice, it is
increasingly found that the low degree of informatization in the construction industry chain is one of
the prominent problems impeding the application efficiency of prefabrication [6,7]. Although some
efforts have been made to facilitate information exchange through various emerging technologies
(e.g., building information model (BIM) [8,9], radio frequency identification technology (RFID) [10,11],
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the global positioning system (GPS) [12]), the integration, interaction and collaboration of the upstream
and downstream enterprises in the industrial chain have not been fully achieved [13]. In addition,
the frequent occurrence of information interruption among different stakeholders makes it very difficult
to control and trace the quality and safety of construction processes [14]. Only if information is shared
at all stages of design, component prefabrication, transportation and assembly, can we effectively
minimize loss and waste in prefabricated buildings.

Under the context of Industry 4.0, a new round of science and technology revolution,
the construction industry faces a historic opportunity to undergo a deep digital transformation
and upgrading [15,16]. The fusion of various emerging information technologies makes intelligent
construction possible. To be specific, intelligent construction can be defined as the next-generation
information technologies characterized by “three modernization” (i.e., digitization, network and
intelligence), which are used to realize the digital transformation of the elements and resources in
construction. This lays a solid foundation for standardized modeling, networked interaction, visual
cognition, high-performance computing and intelligent decision-making in the whole construction
process [17]. On this basis, a highly efficient and coordinated construction with an integration of
project planning, design, build, operation and maintenance can be achieved. This new mode of
construction provides the future development direction of prefabricated buildings. The Internet
of Things (IoT), as a core part of emerging information technologies, integrates many acquisitions,
communication and computing technologies [18]. It not only makes communication between people
more convenient, but also enables the exchanges between people and things as well as things and
things, which drives the integration of human society, information space and the physical world
(i.e., human–machine–object) [19]. Therefore, applying the IoT technology to the intelligent construction
system of prefabricated buildings will significantly contribute to breakthroughs tackling the current
bottleneck in information interaction in prefabricated buildings.

The IoT-based Intelligent Construction System for Prefabricated Buildings (ICSPB-IoT) is a system
which integrates both information science development achievements and modern construction
industry technologies [20]. Specifically, the essence of ICSPB-IoT is to achieve the efficient
management of engineering quality, safety, cost and schedule through the intelligent interconnection and
collaborative interaction of “entities” (i.e., things involved in completing a certain task, such as resource
elements, subsystems, etc.) in the process of prefabricated buildings by comprehensively applying
technologies including RFID, machine vision, sensor, GPS, and network communication. For instance,
through the integrated application of different IoT technologies, it is possible to achieve an intelligent
operation of the position tracking of prefabricated buildings components [12], quality traceability [6],
component manufacturing [21,22], storage [23], transportation and field lifting [8,14]. In particular,
the monitoring of the whole construction process effectively strengthens the coordination and
communication between all stages of prefabricated buildings, which significantly improves the
work efficiency and reduces the occurrence of information asymmetry and interruption. The IoT
helps prefabricated buildings transition toward intelligence and information-oriented development.
Therefore, the systematic exploration into the principles of ICSPB-IoT and operating mechanisms of
ICSPB-IoT is of great theoretical and practical significance for reducing the cost, ensuring the quality
and safety, and promoting the intelligent construction of prefabricated buildings.

This paper is arranged as follows: First, in Section 2, the literature about intelligent developments
in prefabricated buildings, the application of IoT in prefabricated buildings, and the development of
intelligent construction systems is reviewed. Then, the conceptual framework of the ICSPB-IoT is
introduced, and its system compositions are analyzed in Section 3. The operating mechanism of the
ICSPB-IoT in each stage is analyzed in Section 4. Finally, in Section 5, the implementation path of the
ICSPB-IoT is proposed and the difficulties that may be encountered are discussed, which is followed
by a conclusion section in Section 6.
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2. Background

Intelligent construction is an innovative concept in the advancement of the construction
industry [24]. On the one hand, intelligent construction can help construction companies save resources
and increase productivity during construction. On the other hand, the information management,
achieved by using the new technologies (e.g., sensors and controls, cognitive and high-performance
computing, additive manufacturing, advanced material autonomous robots, digital design and
simulation systems) [15], can improve project productivity and quality, reduce project duration
and cost, lessen the complexity of project management, and enhance site safety for promoting
the sustainable development of the construction industry [25,26]. Specifically, Niu et al. [27]
pointed out that the IoT empowers construction resources (e.g., machinery, tools, device, materials,
components, and even temporary or permanent structures) with capacities of sensing, processing and
communication, making them smart construction objects (SCOs) with autonomy, consciousness and
communication. Furthermore, Li et al. [28] combine SCOs with smart gateways to form an intelligent
construction environment, enabling SCOs to perceive and interact with each other. All these laid a
theoretical foundation for the intelligent construction of prefabricated buildings. In some other studies,
the equipment, models and ideas utilized for the intelligent construction of prefabricated buildings
have been invented or proposed. For example, Cho et al. [29] developed a new intelligent construction
lift car toolkit for vertical material movement management at a construction site. Tae-Hong et al. [30]
proposed a supply chain management model for intelligent construction. Xu et al. [6] developed an
intelligent construction management platform for prefabricated buildings based on lean construction
concepts and achieved good results in practice.

With the rapid development of sensors and network information technologies, IoT has played
an essential role in almost all fields [31]. It not only facilitates the visualization and traceability of
workflows, but also promotes information integration and big data analysis [32,33]. The IoT has been
applied at different levels of intelligent construction of prefabricated buildings, such as the unit level
(e.g., prefabricated components), system level (e.g., construction system) and complex system level
(e.g., construction site), as shown in Table 1.

Table 1. The application of Internet of Things (IoT) in different levels in prefabricated buildings.

Application Level Description References

Prefabricated components

Identify, locate and track prefabricated
components through the connectivity of the IoT
to realize the visualization and traceability of
component information and further improve the
prefabricated supply chain system.

[12,34,35]

Construction system

Plan and optimize the construction process
through real-time collection, integration and
interaction of construction production
process information.

[6,8,14,21,36]

Construction site
Realize the intelligent management, control and
optimization of the construction process for the
smart construction site.

[37–40]

Regarding the level of prefabricated components, the IoT, RFID and GPS can help to realize the
functions of identification, tracking, and positioning in construction [12]. Ma et al. [34] improved
the traceability of prefabricated components by a secondary development of Revit to provide a basis
for quality responsibility tracking in the later period, reducing the unnecessary waste of human and
material resources and helping to maximize economic benefits. Similarly, Du et al. [35] proposed
the information tracking and supply mechanism for the prefabricated supply chain to facilitate the
information interaction between the upstream and downstream industry chains. With regard to the
construction system level, Yin et al. [21] developed a prefabricated production management system
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supported by the IoT to control and optimize the production process of prefabricated components.
Hu and Lu [36] designed and implemented a new management system based on the IoT to trace the
manufacturing process, optimize the manufacturing schedule and analyze product quality problems
for controlling product quality. Li et al. [8] designed a platform supported by the IoT to optimize the
workflow of prefabricated structures’ field assembly. In order to further improve the construction
efficiency, a BIM platform supported by the IoT was developed by Xu et al. [6] and Zhong et al. [14] to
realize the visibility and traceability of the construction process and share the information between
stakeholders on the platform. As to the construction site level, Zhou et al. [37] proposed the concept of
a smart construction site and summarized the key elements. For improving construction efficiency
and flexibility, Yu et al. [38] combined technologies of the Internet, 3D scanning, BIM, virtual reality,
augmented reality and IoT technologies to propose a BIM-based field management model that can
more intelligently manage information related to human resources, mechanical and resource allocation,
quality control, site supervision, and safety supervision. Kim et al. [39] place extra emphasis on
achieving task management and real-time information sharing of the construction site. Similarly,
Kochovski and Stankovski [40] developed a reliable edge computing infrastructure and applications
further to support high-quality, intelligent construction environments.

Even though previous research has investigated the application of the IoT in the intelligent
construction of prefabricated buildings, most studies are limited at one or two aspects of the IoT.
In fact, an ICSPB-IoT is a complex system with various goals. The quality traceability system, assembly
service system or supply chain management system investigated by previous studies is just one
of the application tasks, while a high-level ICSPB-IoT should achieve an all-around, multisystem
or multiplatform interaction and integration. Besides, the service objects, application stages and
functions of the IoT in the previous studies are relatively single-mentioned, and most of them are
gathered at the component production and on-site assembly stage. A high-level ICSPB-IoT should
provide a series of services (e.g., integration design, lean production, transparent transportation,
visual assembly, and intelligent building) for the lifecycle of the prefabricated buildings, which covers
all participants, including the government, contractors, and owners. Therefore, despite many efforts,
there are still knowledge gaps. Specifically, they can be summarized as the following research problems
and corresponding solutions in this paper. First: how to develop an information management
system that can serve the participants of prefabricated buildings, so as to enhance the ability to make
collaborative decisions. The ICSPB-IoT proposed in this paper is an integrated decision-making
service system for data collection, processing and analysis of prefabricated buildings, which enables
governments, contractors and owners to interact with information in the ICSPB-IoT for controlling the
progress of the project in real-time. Then: how to realize the information exchange and functional
service of the participants by the ICSPB-IoT. This article discusses the functional requirements of
each participant, and then divides the system into three blocks to serve the government, contractors,
and owners. The data of the three blocks are all derived from the project level information center,
which provides support for the information exchange between the participants to achieve an integrated
design, lean production, transparent transportation, visualization assembly, intelligent building and
other goals. Finally: how to implement the ICSPB-IoT to promote the intelligent development of
prefabricated buildings. This article, based on the existing research, divides the ICSPB-IoT into six
levels according to the intelligence of information, and determines ten steps to implement an ICSPB-IoT.
This provides a reference value for prefabricated construction companies to set up an ICSPB-IoT.

3. Development of the ICSPB-IoT Conceptual Framework

An ICSPB-IoT, as a complex project with multiple entities, systems and functions, provides
many platforms for users to improve the effective coordination and precise control of the construction
processes. The ICSPB-IoT aims to ensure that the information of the whole construction process is
always in a shared environment to optimize construction management, improve engineering quality
and minimize prefabricated building costs. In order to avoid the readers’ misunderstanding of the
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participants’ management tasks caused by the distinctiveness in the systems and cultural backgrounds
of different countries, this paper takes China as an example to classify the participants, including
owners, government regulators and contractors (subcontractors), and explains their main tasks, as
shown in Table 2. The design of an ICSPB-IoT should consider the functional requirements of the users.

Table 2. The main tasks of participants.

Participants Tasks Main Experience Stage

Owners

Responsible for the whole process
management of the project, including

interorganizational coordination,
material and craftwork supervision, cost

control, on-site decision-making, etc.

All stages

Government regulators
Manage and supervise the overall

quality and safety production of local
construction projects.

Component production and lifting stage

C
on

tr
ac

to
rs

(S
ub

co
nt

ra
ct

or
s)

Designers

Mainly responsible for providing design
drawings to the owners, coordinating
and completing design changes from
the constructors and manufacturers.

Design stage

Constructors

Mainly control the quality, schedule and
cost in the construction process, and

manage the construction contract,
information and site safety.

Lifting stage

Supervisors
Entrusted and authorized by the owner

to supervise and manage the whole
construction project.

Lifting stage

Component
manufacturers

Make prefabricated parts according to
design documents. Component production stage

Logistics carriers Delivery of prefabricated parts to the
construction site. Transportation stage

3.1. Demand Analysis of the Main Stakeholders

From the owners’ point of view, engineering quality is one of their most important objectives [41],
and intelligence is the key to improving the quality [42,43]. To be specific, traditionally, it is extremely
difficult for owners to know whether the building has hidden safety hazards just from the appearance.
Hence, it is crucial to realize the whole process of information traceability from design to complete
acceptance. Driven by the IoT technology, “digital + physical” (i.e., digital engineering product)
delivery can be realized, which not only meets the owner’s demand for accessing the building’s
quality information, but also serves as a tool to monitor the quality of the building from the initial
construction stage. Besides, the IoT-based building and digital connectivity mechanism enable the
real-time monitoring and remote control of building components.

From the perspective of the contractors, information sharing is the prerequisite for the work to be
carried out effectively, and benefit maximization is their key goal [6,14]. The resource elements (e.g., man,
machine, material, method, environment), as the carrier of project information, have the characteristics
of nonsynchronization, different resource properties, and mutual restraints [44]. Accordingly, to ensure
the efficient coordination of the project and minimize construction costs, the ICPSB-IoT must be able to
collect, transmit and process the resource element information to support the information exchange
between the users in a timely manner. In addition, the ICPSB-IoT can also track and monitor the quality
and supply chains of components. Once problems are uncovered, the alarm will be immediately
triggered and the intelligent decision can be made. Moreover, the ICSPB-IoT should integrate
technologies such as intelligent algorithms, artificial intelligence, and cloud computing to complete
the schematic design of the component production, lifting and distribution (e.g., problems such as
component production process, lifting sequence and transportation path optimization). Eventually,
the ICPSB-IoT will become an integrated decision service system for the lifecycle data collection,
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processing, and analysis of prefabricated buildings, which will facilitate collaborative operations
among contractors.

From the government regulators’ standpoint, engineering quality and safety are the bottom
lines [41,45]. In order to build a safe construction environment, the ICSPB-IoT must be able to visually
and trace, in a timely manner, the entire process of construction to ensure that the regulatory department
can query the process quality and safety at any time.

3.2. Establishment of the ICSPB-IoT Framework

Based on the above demand analysis, the ICSPB-IoT should comprise four systems, namely,
the Project-level Information Integration Center (PIIC), IoT-BIM-based Database (IBD), Government
Monitoring and Traceability System (GMTS), and Digital Information System for Engineering Products
(DISEP).

The PIIC directly collects, classifies, and processes information about the status and attributes of
construction resource elements at various stages across project design, manufacturing, transportation,
and hoisting, to achieve full transparency of the environment, data and workers’ behavior during the
construction process. This is an open system with standard data interfaces, and the “plug and play”
form makes it applicable to every prefabricated building project. An IoT standard system supporting
the intelligent construction of prefabricated buildings must be established firstly, including the unified
operation standard, the standard of IoT information collection and transmission, the interaction
standard among the participants, etc. Finally, these standards form the ICSPB-IoT standard system to
guide participants to adopt the IoT.

The IBD, which is often managed by a third-party supervisor, is often used to regulate the
construction process and facilitate information interactions between contractors. It includes two
aspects of data, namely industry-standard data related to safety, quality, technology, cost, duration and
other design parameters, and real-time data providing decision support for users. Then, the comparative
analysis results of the above two data sources are transmitted to the GMTS and the contractors’ OA
(Office Automation) systems. If there are irregular operations, the regulatory authorities can require
prompt corrections. Besides, combined with the two aspects of data, contractors can develop their own
subsystems to support their business, such as the material supply management subsystem, project
quality traceability subsystem, engineering safety early warning subsystem, component production
planning scheduling subsystem, etc. (see Table 3 for detail).

The GMTS established by the government supervision department is the supervision platform of
the whole prefabricated buildings industry, which aims to control the quality and safety of the whole
process of prefabricated building projects. The system establishes an industry-unified quality and
safety database which integrates all aspects of prefabricated building data. The GMTS obtains data on
each contractor’s subsystems in real-time by interacting with the IBD of the contractors. Then the data
are uploaded to the quality and safety database for a comparative analysis. Finally, unqualified work
information will be identified and then immediately fed back to the responsible party to find out the
cause and corresponding corrections will be required.

The DISEP is a system for the construction of digital engineering products of prefabricated
buildings by supervisors. The DISEP obtains first-hand information directly from the PIIC (including
materials used, construction process, etc.). Building-related information that is not directly available
from the PIIC (e.g., the stress resistance which can only be obtained through experiments conducted by
manufacturers) can be obtained through connecting with various contractors through the IBD to ensure
that the digital engineering products are true mirror images of the physical products. Then, the owners
can query the comprehensive information of prefabricated buildings based on digital engineering
products. They only need to click on the product component to trace all attributes from the factory to
the final building, such as the compression resistance, bending resistance, and node connection process
of the component. Besides, before the completion and acceptance of the building, the contractors
can establish a two-way interoperability mechanism between digital engineering products and final
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buildings with the supports of RFID, sensors, AI (Artificial Intelligence) and other IoT technologies.
This mechanism can realize the real-time tracking and monitoring of the building status. When faults
or quality problems occur, the root cause can be quickly targeted and documented.

Table 3. Subsystem developed by contractors.

Subsystem Owner Subsystem Name Function

Manufacturer

Component Production Planning
Scheduling Subsystem

Collect the information of resource elements in
real-time by using RFID and other sensing

technologies, and dynamically track and optimize
the production activities.

Component Production Quality
Control Subsystem

Integrate the information collected by sensing
devices into the BIM system in a timely manner and
check the parameters of the component production

process to control the quality of components.

Material supplier Material Supply Management Subsystem

Collect and analyze the real-time information of
material supply and inventory on the construction

site to ensure, in a timely manner, that the supply of
materials by using the IoT and intelligent algorithm.

Logistics carrier Component Transportation Dispatch
Management Subsystem

Track and optimize the transport route by using
RFID, GPS and geographic information system (GIS).

Constructor

Project Quality Traceability Subsystem
Upload and analyze the data detected sensors to

control the construction quality by using the IoT and
intelligent algorithm.

Engineering Safety Early
Warning Subsystem

Collect and analyze the information (e.g., working
height, safety facilities, environment) in real-time by
the IoT, and make the early warning according the

danger level.

Construction Site Resource Element
Management Subsystem

Track and collect the resource elements by RFID and
analyze resource requirements systematically to

make optimal resource allocation.

Designer Integrated Design Subsystem

According to the real-time information of the
IoT-BIM-based database, the problems fed back in
the downstream phase are dealt with in a timely

manner to realize the collaboration of
design–manufacturing–construction.

Supervisor

Engineering Digital
Management Subsystem

Proofread the authenticity of building data and build
the digital engineering product according to the

real-time information of IoT-BIM-based database.

Monitoring and Early Warning Subsystem
Monitor and control the quality, safety and progress
of the construction site by combining RFID, machine

vision and other technologies with the IoT.

Given the above discussion of functional requirements and system composition concerning
government regulators, contractors and owners, and in the light of the IoT system in other industries [46],
the framework of the ICSPB-IoT is proposed as shown in Figure 1.
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4. The Operating Mechanism of the ICSPB-IoT

Based on the ICPSB-IoT, which has been built and structured in the previous sections, this
section will further explore how to operate this system from the perspective of “information flow” to
“information network”.

4.1. “Information Flow” to “Information Network”

An ICSPB-IoT is a complex dynamic system integrating various information flows such as people
flow, things flow, and control flow [47]. Moreover, from a vertical perspective, the practice of ICSPB-IoT
can be divided into various stages including design, component production, transportation, lifting, and
product delivery. The information flows drive the operation of ICSPB-IoT, ensuring the cooperation and
coordination across stages and participants, and are critical to the achievement of different goals such as
an integrated design, lean production, transparent transportation, and visual assembly. Furthermore,
in each stage of the construction process, information flows in two ways, that is, each participant not
only transmits information to others, but also obtains information from others.

Under the government-established system of intelligent construction for prefabricated buildings
and the IoT industry standard, contractors establish subsystems that receive and transmit information to
one another, forming a stream of “information flow”. Moreover, the “information flow” is crisscrossed
and interwoven to form an “information network”, as presented in Figure 2. With the advancement of
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the construction process, the number of participants corresponding to the network nodes increases,
and industry standards promote the unification of each node, ensuring the success of information
reception and transmission. Compared with the information flow in traditional prefabricated buildings,
the “information network” of ICSPB-IoT has real-time dynamics, complete accuracy, traceability and
visibility. Based on the ICPSB-IoT “information network”, this study further discusses the operation
mechanism of the ICPSB-IoT as follows.
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4.2. Operating Mechanism

For the design stage of an ICSPB-IoT, the goal is to coordinate design, manufacturing and
construction, as shown in Figure 3. Firstly, according to the owner’s needs, a function and
performance-oriented approach should be adopted by the designer to develop the design model.
Based on this model, a force analysis and collision detection through software (e.g., Glodon and
ANSYS) are conducted to generate parameters for the manufacturing and construction in the ICSPB-IoT.
Then, manufacturers need to conduct a comparative analysis between the production information
of prefabricated components (e.g., materials, production processes, components quality) and design
parameters to ensure quality in the manufacturing process. Meanwhile, the constructor should transmit
the construction information on-site (e.g., location information of mechanical systems, pipeline and
equipment, on-site space collision, on-site construction and design conflicts) comprehensively and
accurately in real-time to the integrated design subsystem to facilitate the designer to make technical
changes in time. In the environment of the IoT, the information interaction between the entire design,
manufacturing and construction processes is realized, which ensures the integrated construction
approach of design–manufacturing–assembly.
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In the component production stage of an ICSPB-IoT, in addition to the quality control system
of prefabricated components for collaborative design, manufacturers also need to have a production
scheduling system to achieve lean production goals. For example, a lean production system of precast
concrete components has been developed by Li et al. [28]. In the context of the IoT, RFID, sensors
and other equipment can record the entire process of component production, collecting information
in each production process. Then, the quality inspection information of prefabricated components
will be transmitted to the IBD, to realize the coordination between upstream design and downstream
construction process. In addition, the construction site and workshop information related to the
inventory, production process, and resource configuration are integrated into the component production
planning scheduling subsystem. Based on this, eight wastes (e.g., overproduction, defects, motion,
material movement, waiting, excess inventory, overprocessing, correction) can be eliminated, so as to
achieve the goal of maximizing benefits, as shown in Figure 4.
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In the transportation phase, the transparency of real-time information should be achieved.
Logistics trucks should be equipped with GPS positioning systems, RFID, sensors and wireless
communication systems. Once the electronic waybill is transmitted to the component transportation
scheduling management subsystem, the order information will be matched with the information in the
cataloguing vehicle, GIS and E-Map to find the best delivery scheme. In addition, in the transportation
process, the RFID tag of the vehicle, the building component RFID tag and the driver ID card are
connected to the IBD, so that the contractors can obtain the real-time information of vehicle number,
driver, cargo list, and driving route. More importantly, the ICSPB-IoT can calculate the estimated
arrival time accurately, and then the on-site management staff can initiate the unloading preparation
work (e.g., lifting appliances and personnel arrangements, site cleaning, storage space arrangements)
according to the arrival time of components to save time.

The on-site hoisting stage gathers almost all participants, including the manufacturer, transporter,
supervisor, material supplier, constructor, officer and owner, so the information exchange between
various parties is particularly important in this stage. For instance, in order to ensure the quality and
safety of construction, the GMTS needs to perform an intelligent analysis of field operations based on
the quality and safety database. Meanwhile, besides supervising the site, the supervisors also need to
obtain information related to the building quality for setting up the digital engineering product in the
DISEP. Besides, the constructors should not only ensure quality and safety, but also accurately control
the resource management of the construction site and production plan activities to pursue maximum
benefits. The construction site involves the information collection, processing and interaction of high
volume, multisource and complex characteristics, which means effective information interactions
among project participants are difficult. The ICPSB-IoT offers the possibility to address this issue.
First of all, supported by RFID, sensors, GPS and other IoT technologies, the system can transform the
construction resource elements into intelligent construction objects (SCOs) that have the characteristics
of awareness, communicativeness and autonomy [27]. In addition, the entire information is connected
to the construction site resource element management subsystem in real-time. The construction
resources are reasonably allocated and scheduled with the principle of cost minimization. Then,
the information in the upstream stage (e.g., fabrication process, structural performance, transportation
time, etc.), as well as the information on-site (e.g., component quality, hoisting process, node connection,
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material, etc.) are collected and transmitted to the project quality traceability subsystem by using the
data transmitter. This facilitates constructors to carry out intelligent on-site management.

Moreover, the safety supervision information of on-site workers, including the working height,
the wearing conditions of the seat belts, helmets and safety nets, are transmitted to the engineering
safety early warning subsystem in real-time to reduce the occurrence of safety accidents. Finally,
these subsystems are connected to the GMTS and the monitoring and early warning system. Once quality
problems and hidden safety hazards are discovered, the system will immediately activate the alarm.
The entire on-site assembly process is in a visual state. In addition to the constructors’ comprehensive
management and control of the construction process by using the systems, the government and
supervisors can also use the systems to promptly correct inappropriate behaviors that do not meet
standards during the construction process, minimizing losses and ensuring the quality.

Concerning the final product delivery stage, its operation mechanism is shown in Figure 5.
The supervisors obtain the engineering data corresponding to the physical building from the IBD
in real-time, and then the digital engineering products are completed synchronously in DISEP. The
constructor uses RFID, sensors, artificial intelligence and other IoT technologies to connect the physical
engineering products with the digital engineering products in an all-round manner, including physical
space location, quality status, usage, operating status and other information of SCOs, which enables
prefabricated buildings to become smart buildings.
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5. The Implementation Path of the ICSPB-IoT

5.1. Implementation Path

Based on the above operating mechanism, it can be seen that the key of an ICSPB-IoT is to develop
an industry chain that integrates with the IoT information chain. From the perspective of the IoT
information chain, the ICSPB-IoT can be divided into six systems according to the level of information
intelligence [48], including facility system, network integration system, information integration system,
data integration system, visual integration system, and application integration system. As shown in
Figure 6, enterprises can build the systems according to the following ten steps:
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Step 1: Build SCOs. Binding construction resource elements to different RFIDs, sensors and other
equipment to transform them to SCOs.

Step 2: Establish a data acquisition system, which is used for real-time and automatic collection of
data in different work scenarios. PIIC is a part of it.

Step 3: Collect data from SCOs through the data acquisition system.
Step 4: Establish a network integration system to achieve the interconnectivity among unit layers,

production line layers, working space layers and enterprise layers. In the unit layer, the signals
between SCOs are transmitted through a PLC (Programmable Logic Controller) and the data in the
construction process are collected by adopting RFID receivers. The production line layer means that
the control system of interconnected SCOs collects data through RFID receivers and then transmits
the data to the production line control system by wired optical fiber (Internet) or wireless Internet of
Things (such as NB-IoT, Narrow Band Internet of Things). The working space layer mainly refers
to the assembly site and fabrication workshop for prefabricated components. Through wired and
wireless networks, the working space system is connected to the enterprise system to realize the
information interconnection between enterprises. The enterprise layer denotes the connection between
the operating systems of the government, contractors and owners and is realized through the Internet.

Step 5: Connect SCOs through the network integration system.
Step 6: Establish an information integration system. Achieving information interoperability

between the unit layer, production line layer, working space layer, and enterprise layer ultimately
enables contractors to operate, process, and analyze information from subsystem to subsystem.
The information system at the unit layer mainly includes the SCOs control system, the SCOs management
system and the data acquisition system which can be integrated with the construction process, materials,
transportation and storage information systems at the production line layer through intelligent gateways
and PLCs. This realizes the production material supply management, component production quality
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management, and construction schedule management. The information system at the working space
layer includes the manufacturing execution system, logistics execution system and on-site assembly
execution system. The enterprise layer information system mainly includes the GMTS and DISEP.

Step 7: Transmit the collected data to the information integration system through the network
integration system.

Step 8: Establish a data integration and analysis system. The collected data are stored in the IBD
and transferred to contractors’ subsystems for analysis.

Step 9: Establish a visual integration system. Enterprises could build transparent and visual
management display platforms for the entire system from the perspective of the unit layer, production
line layer and working space layer.

Step 10: Establish a multilayered application integration system. The unit layer is utilized to
analyze and control the operating state for SCOs. The production line layer is used for the optimization,
testing and analysis of the production line. The working space layer is the control and management
system of the smart construction site or intelligent workshop. The enterprise layer system mainly
manages and controls the information that the government, contractors and owner value.

5.2. Discussion

In essence, building information management can be regarded as a process of driving intelligent
construction based on available information. The existing industrial intelligent systems generally
include three dimensions: lifecycle dimension, system hierarchy dimension and intelligent feature
dimension [49]. The ICPSB-IoT is an integrated decision-supporting system for full lifecycle data
collection, processing, and analysis of prefabricated buildings. The decision-making service is related
to the specific service requirements of the engineering application. For different users, the content
of the service and the required decision-making subsystem are also different [50]. In comparison,
an ICSPB-IoT is more comprehensive, which is suitable for the needs of the government, contractors
and owners. The tripartite project level engineering information is mostly derived from the PIIC and
IBD to ensure the unity of the data source. Meanwhile, SCOs at the unit layer of ICSPB-IoT can enhance
the functionality of the BIM [27]. The SCOs can collect information, in a timely manner, on the physical
status and surrounding environment with awareness and communication, which could actively,
frequently, and accurately synchronize construction and production information with BIM elements,
laying the foundation for the interoperability of the ICSPB-IoT. In addition, the main systems and
subsystems of ICSPB-IoT are interconnected, with the functions of receiving/transmitting, controlling,
debugging and storing. They can be regarded as network “nodes” and extension components of the
construction IoT. SCOs, as construction resources augmented with AI, are the basic components of the
construction IoT [27]. In the IoT paradigm, the connections of SCOs, subsystems and systems can be
established based on specific mechanisms or protocols [7]. Once the network system is established, as
SCOs continuously sense, record and share real-time information, the subsystem connected to SCOs
will also be activated in the ICSPB-IoT. Eventually, the ICSPB-IoT network composed of subsystems
can remain active. The IoT shared services at all stages (e.g., integrated design, lean production,
transparent transportation, visual assembly, and intelligent building) can be realized based on the
ICSPB-IoT between different parties.

It is foreseeable that ICSPB-IoT will gradually achieve industry standardization and enter the
market in the future, forming a complete ecosystem. However, there are still many challenges to
overcome. The first challenge is interoperability. System programs in different environments should
interoperate and exchange information at all layers, including the unit layer SCOs, the production
line layer subsystem, the working space system, and the enterprise layer systems. The intelligence
of the system largely depends on the ability of information exchange between them. The highly
dispersed nature of buildings leads to the increase in system diversity, and it is tough for a single
enterprise to guide the industry to achieve technological progress [51]. The device deployments are
usually decentralized and mixed, which is a potential challenge for achieving the interoperability of
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an ICSPB-IoT [52]. Secondly, for the construction industry, it has been slow in the adoption of new
technologies. Before receiving obvious benefits, companies will particularly hesitate to invest in this
area [53,54]. This conservative approach will hinder the study and adoption of ICSPB-IoT. Additionally,
an ICSPB-IoT is a complex system with multiple subsystems. As the number of devices connected to
the communication network increases, the security and privacy issues of the system become potential
challenges [52]. The security of the IoT system depends on the technology, protocols and security
mechanisms implemented by the system and equipment, and any system may be subject to certain
types of attacks [55]. Strong security standards and mechanisms should be developed for ICSPB-IoT in
time to respond to emerging threats.

6. Conclusions

This paper firstly proposes a conceptual framework for an ICSPB-IoT by considering the application
needs of government, contractors and owners. On this basis, this paper investigates the operation
mechanism of an ICSPB-IoT at various stages from integrated design, lean manufacturing, transparent
transportation, to intelligent construction. Finally, according to the IoT information chain, this paper
divides the ICSPB-IoT into six levels and ten steps and builds the system according to the path from
the unit layer, production line layer, workspace layer, to the enterprise layer. The results show that
the ICSPB-IoT framework, subsystems and development paths proposed in this paper can provide
decision support for construction enterprises and governments and provide references for improving
and perfecting the intelligent construction system.

This study has theoretical and practical contributions to existing knowledge. Theoretically,
the ICSPB-IoT is based on existing research to improve the lifecycle information management of
prefabricated buildings. First, the framework and system of the ICSPB-IoT proposed in this paper
provide an integrated service platform for users of prefabricated buildings. Then, by analyzing the
flow of information in each stage, this paper expounds on the operation mechanism of ICSPB-IoT to
improve the collaboration and communication ability between users. Finally, the development path
of the ICSPB-IoT proposed in this article provides a reference for application developers. In practice,
an ICSPB-IoT is a system that serves the cross-stage, cross-organizational cooperation and collaboration
of all participants in prefabricated buildings to achieve goals at various stages such as integrated
design, lean production, transparent transportation, visual assembly, and intelligent architecture.
In addition, government departments can visually monitor the quality and safety of projects based on
the ICSPB-IoT. Furthermore, contractors can not only share information, but also further control their
own business based on the subsystem of the ICSPB-IoT. For owners, ICSPB-IoT can provide digital
engineering products corresponding to the building, tracking the quality and equipment in operation
and maintenance stage of the building. Although different countries have distinctive systems and
cultures—this paper takes China as an example to classify the participants—the service objects of the
ICSPB-IoT covers almost all participants of prefabricated buildings, which in fact provides a framework
for information sharing throughout the construction process. The stages and management tasks of
prefabricated construction projects are similar in other countries. Thus, they can apply ICSPB-IoT to
facilitate information sharing between organizations during construction according to their respective
engineering management ways. For example, Europe and the America are powerful countries in
industrialization and information technology in the world, their prefabricated buildings urgently need
information systems to promote the development of integration. Governments, public agencies or
housing associations of Europe and America can refer to the research model in this paper to realize the
informatization of the prefabricated buildings construction chain.

This study attempts to explore the development of ICSPB-IoT. At present, this field of research
is still in its infancy. Therefore, there are several limitations to be further studied in the future. First,
the effectiveness and practicability of the ICSPB-IoT proposed in this paper need to be investigated in
practice. Future studies could be carried out from the following aspects: (1) Research on the construction
and integration of subsystems based on the full lifecycle of prefabricated buildings, including the
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integration and collaboration of systems between design, manufacturing, supply, assembly and service.
For example, the digital engineering products servicing the owners can be realized by using the digital
twin, which has a research foundation in the manufacturing field [56]. (2) Integrate industry standards
of prefabricated buildings into ICSPB-IoT to standardize the operations, behaviors and data formats of
the system to further improve the efficiency of construction.
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