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Abstract: This article aims to systematically summarize the methods for intelligent operation of large
public buildings, the integration and application of related technologies, as well as their development
trends and challenges. (1) Background: In response to the rapid development and future needs of
intelligent operation and maintenance, this study summarizes the development process of intelligent
operation and maintenance in building operations, as well as relevant technical achievements and
challenges; (2) Method: Quantitative and qualitative bibliometric statistical methods were used for
overall analysis; (3) Result: Based on system theory, a B-IRO model was developed, and the current
status of intelligent operation- and maintenance-related technologies and applications was sorted out.
A framework for the entire industry was established, and future development trends were proposed
as further research directions.

Keywords: intelligent operation and maintenance; large public building; digital twin; artificial
intelligence; building sustainability

1. Introduction

Large public buildings refer to individual structures with a total floor area exceeding
20,000 square meters, encompassing various establishments such as hotels, shopping
centers, commercial complexes, and transportation hubs. The energy consumption within
these buildings encompasses a range of factors, including air conditioning systems, lighting,
elevators, office electrical equipment, and other auxiliary devices [1]. Labor costs have
been consistently rising over the years, while the demand for energy efficiency, emissions
reduction, and environmental preservation has become increasingly stringent. Buildings,
being highly energy-intensive complexes, present a formidable challenge for society in
terms of optimizing maintenance solutions for structures with large volumes and complex
functionalities. The field of operation and maintenance management has emerged as a
result of the evolution of traditional property management practices.

In recent years, driven by rapid economic growth and urbanization, and with a par-
ticular focus on enhancing quality of life and working environments, the functionalities
of building entities have become increasingly diverse. Consequently, the management of
building operations and maintenance has transformed into a scientific discipline, transcend-
ing traditional qualitative descriptions and evaluations. It has evolved into a comprehensive
system engineering approach that encompasses the management of crucial resources such
as personnel, facilities, and technology. Moreover, the continuous changes in data through-
out the lifecycle of buildings make digital management an effective means of addressing
these challenges [2].

On the Web of Science platform, the authors searched for articles with the theme of
“Building Operations and Maintenance” and obtained the number of papers published
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per year. A line was drawn based on the number of papers published, as shown in
Figure 1, indicating that the number of research results related to building operations and
maintenance is increasing year by year.
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Figure 1. Number of building operation and maintenance papers retrieved on WOS.

In terms of chronology, the term “Operations” came into being in an article written by
Raouf, A. and Kettunen, O.V. in 1976 [3], which paid attention to the issue of large-scale
apartment operations brought about by urbanization. In 2013, Motawa et al. [4] com-
menced research into building maintenance systems (BMSs) based on building information
modelling (BIM), which is able to record a greater amount of building data, including
maintenance records, work orders, and chain effects of warning faults, and can be used
to ascertain the information acquisition and exchange between the building maintenance
process and personnel. This methodology assists multi-actor building maintenance teams
to capture/retrieve all the relevant information/knowledge related to the maintenance
operations. Nowadays, with increasingly larger office buildings, more and more organi-
zations and companies have started to believe that establishing an efficient equipment
maintenance system is one of the keys to enterprise success and an indispensable part of
business [5,6]. Office staff are increasingly demanding of their working environment, and
with the advent of the 5G era, digital operations systems are the overall trend of devel-
opment in various industries in combination with digital technology [7,8]. As shown in
Figure 2, the evolution process from the automation stage to the intelligent stage of building
operation and maintenance can be observed. Automation and intelligence are two distinct
concepts within a system. Automation refers to the use of computer technology and control
systems to automate tasks without human intervention. It aims to improve efficiency and
reliability by relying on predefined rules and processes. In contrast, intelligence involves
the application of artificial intelligence and machine learning techniques to enable sys-
tems to perceive, understand, and adapt to their environment. Intelligent systems possess
learning capabilities and can make autonomous decisions and actions. While automation
focuses on task execution and efficiency, intelligence emphasizes adaptability, learning, and
autonomous decision-making.

Therefore, our study aimed to achieve the following three objectives:

1.  Primarily based on literature from the past five years, conduct a systematic review of
the relevant literature on intelligent operation and maintenance of buildings. Sum-
marize the characteristics of technologies and their applications, providing a clear
understanding of the current development status.

2. Investigate the current implementation status of intelligent operation and mainte-
nance based on different building sizes and functionalities. Develop an application
framework specifically tailored to the intelligent operation and maintenance of large
public buildings.

3. Summarize the development issues pertaining to intelligent operation and mainte-
nance technologies. From the perspectives of technology, application, and operation,
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identify the challenges faced by intelligent operation and maintenance. Seek break-
through opportunities and provide theoretical references for future development.
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Figure 2. Operation and maintenance development process diagram.

Currently, the intelligent operation and maintenance of buildings is one of the hot
topics in the field of architecture, and research in this area is rapidly increasing. This study
differs from similar research in four main aspects:

1. Specific focus on building types: Buildings can be classified into various types based
on factors such as size and functionality. The maintenance priorities for different types
of buildings also vary significantly. This paper specifically investigates and summa-
rizes the development of maintenance practices in large public buildings. It provides
a systematic overview of their development process, technological advancements,
applications, and outstanding challenges, offering more specific research directions
and practical insights for maintenance personnel in large public buildings.

2. Timely technological summarization: The literature compiled in this paper primarily
includes research outcomes from the past five years. It updates the latest develop-
ments in technologies and their applications, ensuring that subsequent research is
built upon the most up-to-date achievements.

3.  Introduction of the B-IRO model: By combining systems theory, this study establishes
the B-IRO model, which outlines the technical aspects relevant to the input, interaction,
and output stages of building maintenance systems. This model can serve as a
foundation for further extensions and research.

4. Classification of large public building types: Taking into account building regulations
and dimensional characteristics, this study categorizes large public buildings into five
types. It provides a specific overview of technological applications for each category,
facilitating focused research within subfields.

This paper is structured in six sections. In Section 2, the methods used and the classi-
fication criteria are evaluated. Section 3 describes the results of the bibliometric analysis.
Section 4 discusses the research results regarding the application classification and related
technologies. Section 5 generalizes the industrial development trends and challenges of in-
telligent operations and maintenance applications. Finally, Section 6 provides a conclusion.

2. Materials and Methods

Building maintenance management is a distinctive economic activity that encompasses
comprehensive maintenance, operation, and upkeep of buildings throughout their service
life. It involves the implementation of a complete set of rules and technical operating speci-
fications to ensure the fulfillment of the building’s functional requirements and safeguard
its assets. Building maintenance operations can be viewed as a framework that guides the
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administration and sustainability of a building, as well as the establishment of an effective
maintenance plan [9]. Intelligent operation and maintenance is a comprehensive embodi-
ment of a series of technologies that is directly related to, or intersected with, intelligent
cities, intelligent buildings, construction management, personnel management, equipment
use, and so on. Research on current intelligent operations is more based on intelligent
buildings, which can be divided into two main types of “intelligent” buildings [10]. The On-
line Oxford Dictionary’s definition is “A home fitted with lighting, heating, and electronic
devices [that] can be remotely controlled via smartphone or computer. The most common
commercial products are preset functions using a remote control to program behaviors
for different engineering systems”. This is an early definition of intelligent buildings,
which have now developed more comprehensive applications with the development of the
Internet of Things [11]. Upon being combined with BIM, the Internet of Things provides
abundant new data sources for BIM [12,13], enabling a more comprehensive data analysis.

However, due to the many legacy automation systems already in place in old buildings
and markets, new approaches related to the Internet of Things are often challenged and
lead to considerable differences between different smart building systems, from software
to hardware [14].

According to the information presented in this section, the relationship between
Intelligent Building, Smart City, and Intelligent Operation and Maintenance is illustrated in
Figure 3.

Smart City Intelligent Operation
and Maintenance

Intelligent Building

smart home

intelligent transportation execution control
intelligent medical personnel management
intelligent security device management

Figure 3. Smart operation and maintenance collection diagram.

This study retrospectively adopted a functional classification of architecture and
utilized a mixed research approach incorporating quantitative and qualitative methods to
comprehensively analyze the implementation of smart maintenance in the building industry.
Given the rapidly evolving nature of smart maintenance, articles published within the past
5 years were selected as the review period, aiming to capture the latest advancements and
insights in the field. This timeframe is deemed appropriate considering the cutting-edge
and contemporary nature of smart maintenance applications. By employing literature
metrics and statistical analysis, this review aims to characterize the prevailing technology
trends, research findings, and the utilization of smart maintenance and related information
technologies across various stages. The approach employed in this review integrates
literature summarization with systems theory, enabling a comprehensive understanding of
the subject matter.

2.1. Literature Summarization Method

During the current research stage, we primarily conducted searches for relevant
developments using the China National Knowledge Infrastructure (CNKI) and the Web of
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Science (WoS). In terms of technological advancements, this study aims to summarize the
latest achievements. Therefore, the database used was WoS, with a search period of the
past six years (2016-2021) after publication. A total of 6314 articles related to the keyword
“building maintenance” were searched, and 13,678 articles related to “smart building
systems” were searched. Among them, there were a significant number of patents and
articles outside the field of architecture. Among the selected articles, 38 were chosen based
on the most recent publication date, 64 were selected based on technological advancements,
22 were chosen based on high citation counts, and 17 were selected based on relevance
to other topics. Among these articles, 33 focused on energy efficiency, 15 focused on
management, 10 focused on risk control, and 83 focused on technology.

In order to elucidate the progress of technological applications, this article has drawn
a technical combination diagram. Each key technology is a dimension, and each dimension
can serve as a separate starting point for the development of the intelligent building field.
The expansion of dimensions requires the integration of other technologies to achieve new
application breakthrough nodes.

2.2. System Theory Approach

By combining relevant methods from systems theory in terms of system summation,
this article studies the mutual relationship between the overall system and the constituents
of the overall system from a holistic perspective, fundamentally elucidating its structure,
function, behavior, and dynamics to gain an overall understanding of the system for
achieving optimal objectives.

3. Current Situation and Trends
3.1. The Development of Intelligent Operation and Maintenance

The emergence of smart building maintenance has garnered significant attention across
various sectors. It represents a novel technological approach that leverages advanced tools
and data to promptly identify and monitor building maintenance requirements, facilitating
efficient management through timely and accurate information dissemination. It is worth
noting that building maintenance constitutes one of the most costly industrial processes in
contemporary times [15]. Within the building life cycle, approximately 30% of the overall
management cost is attributed to maintenance [16].

The rapid development of computer technology has enabled comprehensive digital-
ization of construction-related management, and the term “Building Information Model”
has seen rapid progress in the decades since it was first proposed by van Nederveen and
Tolman [17] in 1992.

In 2008, IBM put forward the concept of a “Smarter Planet”, which quickly became a
major strategy for cities around the world to transform their economic development paths,
promote industrial upgrading, and revive the economy [18]. Figure 4 shows the integration
of civil engineering and information technology disciplines. The integration of architectural
engineering and information technology gives rise to interdisciplinary fields or application
scenarios, as depicted in Figure 4. The diagram represents the profound development of
the foundational disciplines on the left and right sides, and the resulting cross-disciplinary
outcomes are rapidly emerging. It provides opportunities to explore further application
scenarios within this intersection.

In 2010, Liu Yang et al. [19] designed a data center environmental monitoring system
to achieve process improvement, energy efficiency, and emissions reduction and seek the
goal of green intelligence in data center operations. High-precision PDUs were adopted for
real-time collection of terminal information from the system, and PUE intelligent analysis
was conducted on the collected information, enabling full-cycle monitoring and itemized
metering of power in the machine room, providing effective technical support and moni-
toring means for the establishment of a new type of green intelligent machine room. Due
to the early informatization construction in the power industry and the potential reduction
in reliability due to the aging of power equipment, intelligent control emerged earlier



Sustainability 2023, 15, 9680

6 of 28

in this industry [20], including in production systems, marketing systems, equipment,
application systems, continuous monitoring of power customers, power assets, and power
operations through intelligence. Building intelligence systems are gradually expanding
to cover a wider range of building types. The application of IoT technology has laid the
foundation for intelligent buildings. In 2011, He Wei [21] realized remote monitoring and
management of mobile base stations through the Internet of Things. After obtaining more
and more information from sensors, a data network is formed and BIM begins to play
its role. The application of modern building operation and maintenance combined with
building information modeling (BIM) in building construction, planning, management, and
safety management is developing rapidly [22]. With the use of this new tool, the overall
mode of operation and maintenance is also changing. Sun, C.S. et al. [23] applied BIM
technology to building operation and maintenance, established a database of equipment
operation parameters, and achieved real-time monitoring of equipment information up-
dates, equipment maintenance, and fault handling during the operation phase. With the
development of artificial intelligence technology, more related algorithms are introduced
into building operation and maintenance.

Practical Application Practical Application
Residential Environment Green Building Application Software
Engineering Operation Intelligent Internet of Things
.. And Maintenance Construction .
Civil Information

Engineering

Material Characteristics

Disaster Prevention and
Earthquake Resistance @~ ...

Structural Stress * Smart Home * Big Data TeChn0|Ogy

Intelligent Operation

) Artificial Intelligence
And Maintenance

Machine Learning

Frontiers of Disciplines Frontiers of Disciplines

Figure 4. Development map of the combination of civil engineering and information technology.

In 2015, Nakama et al. [24] proposed a method for collecting and managing build-
ing information data based on IoT technology, aiming to realize energy savings, prolong
the service life of the building, improve the satisfaction of facility users, and reduce the
operating cost. By automatically inputting sensor information into the BIM (building
information modeling) system and linking it to the 3D model, it facilitates the acquisi-
tion of large amounts of information for building operations and maintenance. In 2016,
Che-Ghani et al. [25] studied the factors that can maximize the reduction in operational
and maintenance costs, illustrating the operational and maintenance costs for residential
buildings and their influential factors. Furthermore, it was stated that a comprehensive
assessment of these factors is needed to ensure optimal amounts of steady investment. In
2017, Dabtala, O. [26] investigated the time-saving advantages of a BIM model associated
with real-time operational information in facility management (FM) practices in the lifecycle
of a building, and explored the application of real-time data-driven BIM models in the
main duties of operation control and maintenance in two FM departments.

With the rapid development of BIM, great changes have taken place in the construction
industry, greatly enhancing the level of digitalization and intelligence. M. Deng et al. [27]
have detailed and summarized the roles of BIM in the different stages of construction
in their article. At the initial stage, it was mostly applied in construction, and with the
increasing data volume, digital delivery could be realized to assist in post-construction
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operations. It was the combination of BIM and IoT technologies that truly made the
operations stage enter into automation and intelligence.

Based on the inductive diagram in this review, Figure 5 summarizes the develop-
ment of the construction industry with the introduction of BIM and its integration with
different technologies.

Standardization Level 6
+
Digital Twins Level 5

> | B
cll-4l:

+
Decision Making SgE &
Data-based Prediction Art'.f'CIaI Level 4
_____ Intelligence
-
= . N . Q=20
Real-Time Visualization T T
Real-Time Monitoring (¢ == -] ) Sensors Level 3
...... O < O
+
FM
Operation . .
Estimation Simulation Level 2

Sim-Based Preicction

ZZANRY

S
Concept Design Building
Constuction : Level 1
Scheduling C Informa_tlon
Modeling

Figure 5. Advanced map of building informatization.

In 2017, Tao et al. [28] combined cloud computing, the Internet of Things, big data,
mobile interconnect, artificial intelligence, etc., proposing a digital twin workshop. In
2018, Liu Weijia and Li Boquan [29] combined machine learning with the existing In-
ternet of Things and big data to build the architecture of disaster recovery systems.
Liu Zhansheng et al. [30] applied digital twins to Winter Olympic venues, achieving three-
dimensional visual, fire alarm, indoor personnel positioning, and evacuation route plan-
ning functions.

In 2019, Yang, C.S. et al. [31] employed machine learning and data mining techniques
to help develop a predictive model from past building operation and maintenance data with
the aim of reducing the consumption of heating, ventilation, and air conditioning (HVAC)
while maintaining occupants’ comfort, thus significantly improving the performance of
building operations. Additionally, in 2021, Bouabdallaoui, Y. et al. [32] proposed a machine
learning-based predictive maintenance framework aiming to provide guidelines for imple-
menting predictive maintenance for building installations. With the continuously improved
economic level, people’s definition of high-quality life is continually being refreshed.

The concept of digital twins is being proposed more and more, but one major problem
currently is that digital twins are difficult to be mass-produced and standardized, and
are mostly exclusively customized for single projects, which also greatly restricts their
rapid development and application in the market. Currently, at Level 5, the development
of digital twins is still in its early stages and still needs to be integrated with modern
technologies such as AR, VR, MR, GNSS, ML, DL and so on; additionally, it must be
demonstrated through engineering applications for data dimensionality reduction and
standardization to better show its role.
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3.2. Article Classification Statistics

Based on the searched articles under the topics of “building” and “system”, literature
from the past five years (from 2019 to 2023) was selected for bulk screening. 1000 articles
with the highest comprehensive ranking were selected, and their keywords were recorded
for co-occurrence analysis and using VOSviewer, as shown in Figures 6 and 7. The keywords
with higher co-occurrence are performance, design, system, coupling, and optimization.
The country with the highest co-occurrence is China.
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Based on the WoS data, the source journals of related literature are organized according
to the number of times they were included, from most to least. As shown in Table 1, it
is obvious that energy-related journals are more concerned about research on building-
related systems.

Table 1. Names of relevant journals and corresponding number of articles published.

Sort Journal Title Quantity
1 Sustainability 3230
2 Energies 3020
3 IEEE Access 2813
4 Construction and Building Materials 2080
5 Applied Sciences-Basel 2039
6 Sensors 1850
7 Proceedings of SPIE 1698
8 Journal of Building Engineering 1684
9 Energy and Buildings 1674
10 Building and Environment 1451
11 Lecture Notes in Computer Science 1436
12 Journal of Cleaner Production 1264

13 Applied Energy 1250
14 Energy 1209
15 Scientific Reports 1168
16 IOP Conference Series: Materials Science and Engineering 937
17 Buildings 935
18 IOP Conference Series: Earth and Environmental Science 855
19 International Journal of Environmental Research and Public Health 846
20 Remote Sensing 821
21 Engineering Structures 810
22 Science of The Total Environment 764
23 Renewable Energy 752
24 Journal of Physics: Conference Series 749
25 Applied Thermal Engineering 724

As shown in Figure 8, performing a keyword co-occurrence search with the keywords
“building” and “operation and maintenance” on 650 relevant research articles published
in the Web of Science after 2013, it was found that “system” was the most frequently
occurring keyword from the top fourteen keywords. It had been used 61 times from 2015
to the present day. The other prominent keywords were “model”, “facility management”,
“design”, and “framework”. It can be observed that the current research on building
operations and maintenance focuses on the proposal of frameworks and systems from a
global perspective, and is mostly applied to equipment management. Building operations
and maintenance mainly set up a building information model (BIM) and operate the
building through such model. At present, the most common building types that are
operated and maintained are residential buildings and green buildings. As is illustrated in
Figure 9, energy consumption has consistently been a topic of significance in the operation
and maintenance of buildings. From 2015 to 2017, people paid close attention to the
equipment management of residential buildings, while from 2017 to 2019, their focus
shifted to energy management of office buildings. In the past two years, digital twinning
technology has been playing an important role in building operations and maintenance,
and its popularity has been steadily increasing.
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Top 7 Keywords with the Strongest Citation Bursts

Kevwords Year Strength Begin End 2013 - 2023
facilities management 2015 3.63 2015 2016 ——
residential building 2015 2.63 2015 2017 —
energy 2017 2.84 2017 2019 Pr—
life cycle cost 2017 2.84 2017 2019 ——
office building 2018 4.56 2018 2019 r—
energy performance 2019 2.57 2019 2020 —
digital twin 2020 3.52 2020 2023 E—

Figure 9. Keyword emergence chart.

3.3. Basic Technology Development

In 2020, J.J. Mares et al. [33] proposed a hierarchical clustering-based short-term fore-
casting method for energy demand. This method employs dynamic time warping as the
similarity metric and integrates it with artificial neural networks (ANNSs). Clusters of
days of each type allow the definition of typical curves. ANNs are employed to take
into account the weather sensitivity, revising the preliminary forecasts from the clustering
stage. S.H. Yoon et al. [34] proposed a learning control for an adaptive networked-based
controller for investigating the control performance of air-supply conditions to maintain the
indoor thermal comfort level. In the process, a thermal supply model was employed, which
combined with the geometric shape of the building, the outside temperature, and the charac-
teristics of the occupants, to calculate the air supply conditions for either heating or cooling
based on the air volume and temperature. Correa-Jullian et al. [35] utilized a straight-
forward and flexible reinforcement learning (RL) tabular Q-learning framework in order
to identify the optimal operation plan of a solar-thermal system based on action-reward
feedback. For the inspection of pavement infrastructure, Xiang, X.Z. et al. [36] proposed an
end-to-end trainable deep convolutional neural network for automated crack detection in
pavement surfaces and parsing. An encoder-decoder architecture was adopted to construct
the network, and a pyramid model was used to exploit global contextual information for
complex crack topologies. In addition, spatial channel grouping attention modules are
introduced in the coding-decoding network to mine crack features. Furthermore, dilated
convolution is used to reduce the loss of crack details caused by pooling operations in
the encoder network. Qu et al. [37] combine Internet of Things (IoT) technology, informa-
tion technology (IT), and operation technology (OT) to construct a cloud platform, which
is capable of sensing, analyzing, and integrating the key information of green building
groups and making the most of various information and data resources. Hu, Z.Z. et al. [38]
proposed that the completion information model for engineering project delivery should
not only contain geometric information and necessary construction-related data, but also
built-in information useful for intelligent management. Based on building information
modeling (BIM) technology, a set of automatic establishment, equipment grouping, and
identification schemes for MEP system logic chains, as well as a conversion algorithm of
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BIM information for GIS map models have been proposed to achieve the digital integration
of MEP-related information. In recent years, digital twin (DT) technology has been increas-
ingly proposed and applied in the field of intelligent building. Peng, Y. et al. [39] proposed
a technical and management innovation method based on the DT concept and “Continuous
Life Cycle Integration”, and reported on a successful case project of a large hospital. The
methods proposed by Du, J. et al. [40] include using digital twin modeling pairs to simulate
complex tasks, using virtual reality (VR), and considering different information formats
and contents in virtual reality simulation. Hossain, M.A. et al. [41] proposed an intelligent
BIM-integrated risk review system using the DfS knowledge base to aid designers in iden-
tifying the risks associated with design elements and the required design characteristics,
so as to avoid any unexpected delays or cost-intensive design changes in the later phases
of projects, thus mitigating risks. Sun, G.D. et al. [42] proposed an embedded sensor- and
wireless network technology-based corrosion monitoring framework, CoCoMo, aiming to
realize long-term and controllable corrosion monitoring.

According to the literature surveyed, intelligent operation and maintenance have con-
tinuously combined multiple technologies, including data collecting terminals composed
in the Internet of Things system [11], artificial intelligence algorithms as data organizing
terminals [43], machine learning/deep learning as data learning and prediction termi-
nals [44,45], and AV/VR/MR/XR and other applications on terminal equipment as data
result presentation terminals [46,47].

By combining various technologies, breakthroughs can be achieved by integrating
them on the basis of individual technologies. This approach involves multiple aspects of
smart maintenance. Based on existing literature [48-75] and interviews with experts in
the field, we have compiled and summarized some common technology combinations, as
shown in Figure 10.

Gesture Virtual Improt\{e Smart energy- Smart Dynamic Intelligent
Modeling Training ?ﬁr}l‘i’:n'gf saving Furniture ~ Navigation ~Construction
o ) High Precision X
Component Building Virtual Prefabricated Temperature Automatic Smart
Visualization ~ Simulation Building Control Strategies Construction
High-
Location Panoramic Accgracy Regional Smart
Services Map Positioning ~ Purification Transportation
Internet of Visual High speed Intelligent
Everything interaction control Interaction

Realistic  Virtual Control  High speed

interaction Feedback
Data Cloud VR
lightweight
Mixed
Reality
»
S) 3 S N & @ "
) N ) o O S 5
& & & & ® & & & RIS NG
o & St N o F® V&
o & o N N N S 8
X O S SCEEEE
Qg? o [
b

Figure 10. Technical combination diagram [48-75]. Own elaboration.
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Digital twins are a comprehensive intelligent operation and maintenance technology
that integrates multiple functions and are currently one of the most comprehensive ways
to achieve intelligent operation and maintenance. The digital twin-related technology
framework is shown in Figure 11, and new technologies are constantly being expanded to
achieve comprehensive twin functions.
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Figure 11. Technical combination diagram.

4. Application of Information Technology
4.1. Application Overview

The IRO model is a systems theory model commonly used in industrial design. This
paper applies it to the field of building operation and maintenance, and sorts out the
contents of input, relationship, and output. Based on the current status of related tech-
nologies for intelligent operation and maintenance of integrated buildings and possible
development directions, this study integrates a deeply penetrative intelligent operation
and maintenance platform framework, as shown in Figure 12. From an overall perspective,
it is possible to integrate a B-IRO (building-input relation output) model for the intelligent
operation and maintenance system based on digital twin technology, including the input of
the system, the linkages in the process, and the final output.

I R O

\ 4

Input Relation Output
Factors Environment and Function and
Procedures implementation

Figure 12. IRO development path.

The input phase mainly includes the use of sensors for data collection and manual
instruction input. The accuracy of traditional green building energy consumption data
collection systems is not high. Wang, C. et al. [76] optimized a green building energy
consumption data collection system based on biological nanosensors. Using the original
AD9280 chip data acquisition sensor chip, the energy data sampling circuit is designed
based on the structure of the attenuation circuit. The RS-485 communication interface meter
is connected to the data collector reflecting building energy consumption to complete the
system hardware design. Now buildings often use smart meter and other data collection
devices to identify building-related content, which is a huge and growing user group.

The relation phase is where the “intelligence” of the intelligent system lies, which first
transmits data to the computer accurately and efficiently through the Internet of Things,
and then automatically processes the data. Processing relies on high-performance hardware
equipment and specific algorithms. The transmission process uses embedded technologies
such as TCP/IP, GSM, ZigBee, and NB-IoT, as well as wide-area network communication
technologies. Based on the sensor system, with system configuration as the foundation
and embedded single-chip microcomputer as the core, various network communication
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technologies complement each other to complete the information collection and acquisition
work [77].

Haidar, N. et al. [78] compared the performances of different algorithms in energy
consumption analysis through experiments with 8 sensors measured at 20-min intervals
or 5 sensors measured with 15-min intervals, showing that the random forest algorithm
was the most suitable machine learning algorithm. The availability of large amounts
of building operational data has propelled the development of advanced data-driven
prediction methods for building energy prediction. Existing data-driven predictive methods
are typically customized for individual buildings, and their performance is greatly affected
by the amount and quality of the training data. Fan, C. et al. [79] proposed a transfer
learning-based approach for predicting building energy demand a day in advance. It aimed
to research the potential of transfer learning in different scenarios possessing different
implementation strategies. Compared to independent models, the transfer learning-based
approach can reduce about 15% to 78% of the prediction errors. Zhang, H.J. et al. [80]
applied digital twin technology, which had been initially utilized in the aerospace industry,
to the workshop. This technology can be traced back to the Apollo program of the US
National Aeronautics and Space Administration, in which two identical spacecrafts were
constructed [81], and one remained on earth to simulate the condition of the other in outer
space, relying on massive sensing and timely data transmission and processing.

The output phase visualizes the results to give the participants a better understanding
of their implications, as well as to direct their next course of action. The main display meth-
ods consist of augmented reality (AR), virtual reality (VR), monitors, and warning lights,
etc. With the advancement of augmented reality (AR) technology, sensors, the Internet of
Things (IoT), the physical world, and the virtual world are now able to connect and access
various information about physical parts in real time. Carneiro, J.P. et al. [82] proposed a
connection between the building environment data (sensor readings) and AR technology
by which occupants can explore and visualize the energy consumption information of office
equipment and building systems and interact with it. Sun, Hao et al. [83] gave a summary
of the working principle of the Open Graphics Library (OpenGL) and analyzed the charac-
teristics of VR data from the perspective of building characteristics. Hou, G.Y. et al. [84]
linked elements in the building information model (BIM) with sensors, system mapped the
monitored regions with the BIM model, and then visualized the sensors and monitored
regions in the BIM platform. Meanwhile, a Web-BIM application was developed by linking
database and back-end controls through a Web Ul interface to visualize monitoring data
and generate automatic pre-warnings. To integrate the Internet of Things (IoT) technology,
the indicator lights were automatically controlled based on the real-time sensor data.

By summarizing the information above, a detailed B-IRO model (shown in Figure 13)
can be obtained, which can be combined according to research and application requirements.

4.2. Intelligent Operation and Maintenance Applications for Buildings of Different Sizes

Due to geographical and cultural differences amongst countries, different types of
constructions can be identified by external appearances in different countries. Large
public buildings refer to those buildings which are used for public activities, governmental
institutions, or other large organizational activities. People classify them according to
their functions in daily life, such as schools, hospitals, commercial centers, exhibition halls,
culture centers, libraries, religious buildings, conference centers, stadiums, apartment
buildings, commercial buildings, etc. Although there is no unified standard due to its
multiple functions, the building type can be classified into five categories in combination
with the content of the Unified Standard for Civil Building Design in China and integrated
applications: (1) low-rise buildings; (2) high-rise buildings; (3) super high-rise buildings;
(4) underground buildings; and (5) transportation function buildings, as shown in Figure 14.
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Figure 14. Dimensional classification diagram of buildings.

4.2.1. Low-Rise Buildings Applications

Large low-rise buildings include stadiums, shopping malls, logistics warehouses,
parks, etc. This type of building usually corresponds to a large flow of people, and
personnel in and out are concentrated. Large venues generally use steel structures and
have high seismic grades. Therefore, the maintenance mainly focuses on monitoring
personnel and energy saving strategies for large spaces. Liu Zhansheng et al. [30] used
BIM and the Internet of Things to build a digital twin model for evacuation, spatial
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integration, and indoor environment and personnel location information, and used the
Dijkstra algorithm for evacuation path planning. The Skeleton and Bobsleigh Stadium for
the 2020 Beijing Winter Olympics is an example of such a building, and this model has well
realized the functions of real-time environmental information collection, three-dimensional
visualization of indoor layout, fire alarm and indoor personnel positioning, and evacuation
route planning. H. Li et al. [85] used fiber Bragg grating sensors, inclinometers, and
accelerometers to measure the necessary structural information, developing a structural
health monitoring system for the domed roof of Dalian Sports Hall. Many physical variables
have been synchronously collected with the realization of augmented reality (AR), which
emphasized interactive performance for a variety of devices to be controlled in processing
sites. J. Egger et al. [86] summarized the role of AR in smart manufacturing. The digital
twin concept has been widely applied and studied in factories. Hu, C.M. et al. [87] verified
the feasibility of the digital twin in the production of complex electronic equipment with
an application example of an intelligent workshop. The results showed that the production
process based on digital twins achieved scheduling optimization, precise logistics delivery,
and online monitoring of equipment, providing an effective approach to the intelligent
operation of the production workshop.

4.2.2. High-Rise Buildings Applications

High-rise buildings show more functional zoning and are the preferred sites for large-
scale enterprise offices, making them a primary building type for current smart building
applications and a multi-disciplinary synthesis [88]. As people’s requirements of indoor
environment quality continue to increase, the current focus lies on automating various
related facilities of buildings such as water supply and drainage, building heating, air
conditioning, building electric power supply, and building lighting in order to meet the
needs of the building users. Building facilities constitute the foundation for realizing intelli-
gent, safe, comfortable, and convenient operations of smart buildings, and are also the key
research object of energy-saving in smart buildings. Yin, C.L. et al. [89] proposed to retrofit
existing office buildings to achieve comprehensive management of offices and safety and
to strengthen the automatic monitoring in parking lota, including the occupancy rate and
traffic monitoring. Yu, L. et al. [90] made use of the Internet of Things to manage power
supply and electricity consumption in a building. Yan, H.R. et al. [91] utilized a distributed
system design to address regional isolation characteristics, and implemented an Aplo
real-time database system to ensure efficiency and real-time properties from a technical
background perspective. Furthermore, collected application historical data, such as data
control analyses and recommendations, user usage habits analyses, etc., have been estab-
lished. Wang, M. et al. [92] proposed an intelligent building operations and management
cloud ecosystem based on the Internet of Things (IoT) and cloud computing technologies.
Through building operations and management applications, the cloud ecosystem can pro-
vide monitoring, control, management, and real-time optimization services for intelligent
buildings in the city. Y. Sheikhnejad et al. [93] proposed an advanced predictive control
system based on advanced simulation and optimization algorithms to maintain predefined
comfort and improve users’ comfort. Peng, Y. et al. [39] combined the application of digital
twins in hospitals, enabling managers to acquire an overall understanding of the hospital’s
detailed status through visual management, and to promptly receive facility diagnoses and
operation proposals by lowering energy consumption, avoiding facility failure, reducing
the number of requests for repair, and improving the quality of daily maintenance.

4.2.3. Super High-Rise Buildings Applications

In accordance with the Chinese “Unified Standard for Civil Construction Design”,
buildings higher than 100 m exceed the standards of high-rise buildings. The new standard
of the World High-rise Building Association is buildings higher than 300 m. With the severe
shortage of urban land resources in recent decades, the construction of super-high-rise
buildings has become one of the main development orientations of modern buildings [94].
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So far, more than 4674 super high-rise buildings over 150 m have been built around the
world. With the continuous construction of these buildings, the safety of the structure has
been an increasing concern among all walks of life. During the operation of super high-rise
buildings, environmental impacts and equipment degradation, abnormal loads, etc., may
lead to damages in the local area of the building structure, which will inevitably lead to
performance degradation or even failure after accumulation, seriously threatening the lives
and property of the state and the people. Hence, implementation of structure damage
identification and structural health monitoring (SHM) is of essential significance for the
supertall structures in order to timely detect possible structure damage and guarantee struc-
ture safety as well as make an early warning of the potential threats and disadvantages for
different kinds of structures. SHM attempts to keep track of and assess the events, anoma-
lies, and degradation or damage during the structure operation process by measuring the
running and loading environment as well as the key responses of the structure [95,96] and
diagnose the state of the structure at any time of its life cycle. With the development of
intelligent and wireless sensing technologies, these practices have been gradually applied
to the field of supertall buildings. At the early stage, Ni, Y.Q. [97] designed a complex
SHM system that integrates construction and in-service monitoring and implemented
it on the Guangzhou New TV Tower (GNTVT). Su, ].Z. et al. [98] adopted a GPS-based
SHM system for real-time monitoring of the Shanghai Tower during construction and
operation. Li Q.S. et al. [99] installed a wind-driven monitoring system in the Hong Kong
International Financial Center Building to research wind effects, dynamic characteristics,
and the performance of the building during typhoon periods. Liu, T. et al. [100] adopted
Real-Time Kinematic—Global Navigation Satellite System (RTK-GNSS) sensors to investi-
gate the dynamic characteristics of the under-construction Tianjin 117 high-rise building.
The Peace and Finance Center (PAFC), with an overall height of 600 m, being the fourth
highest building in the world, is equipped with an integrated structure health monitoring
(SHM) system [101] which consists of 553 sensors. This system is designed based on the
modular design method, introducing the research activities and selection results of the
SHM system equipped with PAFC, including monitoring vertical deformations of various
structural components, verifying the effectiveness of the active tuned mass damper system,
as well as verifying various damage recognition methods.

4.2.4. Underground Space Applications

Underground structures are buildings built in rock or soil layers. They are the products
of the rapid development of modern cities and play an important role in easing the contra-
dictions and improving the living environment of cities, as well as opening up new areas of
human life, such as underground streets, underground commercial centers, and subways.
The buildings used for business purposes are generally matched with their ground struc-
tures, and the operation and maintenance are synchronized with the aboveground parts. At
present, most of the applications of underground space combined with operation and main-
tenance management are focused on tunnels. Lee, P.C. et al. [102] proposed an integrated
system of building information modeling (BIM) and the Geographic Information System
(GIS) to improve the performance of current maintenance and management systems. The
system framework of BIM-3DGIS was proposed, and the required maintenance and man-
agement functions were developed according to practical requirements. Wang, M.Z. [103]
conducted a comprehensive review of the research on underground infrastructure construc-
tion and operation & maintenance (O&M) with digital technology as the focus. Combining
digital and computer technology, he introduced a new integrated solution to improve the
efficiency and level of urban construction management. In the future, research trends are
projected to include digital twins of underground infrastructure, quality and uncertainty
assessment of data, data-driven and semi-supervised learning, predictive maintenance,
and fully automated robotic systems for inspection and maintenance. Yin, X.F. et al. [104]
proposed a new framework, supported by BIM, to promote the sustainable operation of
public tunnels, and organized the data requirements and management workflows for the
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operation of public tunnels. Wang et al. [105] proposed taking surface vertical settlement,
structural stress, crack displacement, and contact pressure as early warning indicators of an
underground comprehensive pipeline structure during the period of active ground cracking.
Hai, N. et al. [106] introduced ontology technology and knowledge base construction into
comprehensive corridor risk management, building an ontology-based integrated corridor
risk knowledge base. Based on the established risk knowledge base, a Bayesian network
was constructed for risk factor identification and risk assessment. Tanoli, W.A. et al. [107]
proposed a new method for modelling underground public facilities by machine-guided
systems to provide visual guidance for operators. This method helps to avoid catastrophic
public facility shutdown accidents and facilitate safe excavation operations and provides
safety control values and warning standards based on the analysis results.

4.2.5. Traffic Function Building Applications

Abohassan, Ahmed et al. [108] studied the interdependent relationships between
weather variables, maintenance operations, road friction, and collisions to evaluate the ef-
fects of car control operations on icy and snowy road conditions. Li, H. et al. [109] presented
a genetic algorithm based on characteristics of a stationless shared mobility system and de-
signed the coding method and fitness function and optimized the multi-objective problems
to achieve system deviation and minimum cost. Donadio, F. et al. [110] introduced a case of
artificial intelligence and cooperative robots improving airport operations, saving mainte-
nance time, and increasing the traceability of maintenance operations. Liu, Y.Y. et al. [111]
investigated the influence of carbon dioxide emission on the maintenance management of
highway pavement and proposed to reduce carbon emission through reasonable opera-
tions. Jensen, J.S. [112] highlights the importance of asset management systems that provide
precise and current performance information for cost-optimal operations, utilizing digital
technologies for the realization of mobility for bridge maintenance, aiming to maximize
reliability and availability and minimize costs and environmental impacts. Shim, C.S. [113]
develops the bridge maintenance system using the concept of digital twin modeling for
more reliable decision-making. The need for a 3D digital model is to be exchanged and
updated with data from each stakeholder throughout the life cycle of the project, including
design, construction, operation, and maintenance. Lee, ] K. [114] investigated the potential
of utilizing unmanned aerial vehicle (UAV) and 3D scanning images for replacing existing
difficult-to-execute detection methods concerning maintenance of pre-stressed concrete
bridges, and demonstrated the feasibility of such approaches, thereby further confirming
the potential of man-machine collaboration. Li et al. [115] employed BIM, GIS, mobile
Internet, cloud, and other technological means, combining the practical requirements and
professional knowledge of bridge maintenance and management and adopting component
sub-division, as well as the standardization and customization of a large number of mainte-
nance and management standards. He developed a system for lifelong maintenance and
management, covering all its functions and assets, thereby providing services for patrol,
bridge operations reviews, preventive maintenance, and process recording and thereby en-
hancing efficiency and standards of maintenance and management. Li et al. also proposed
a Bayesian parameter estimation method for assessing the seismic brittleness of regional
beam bridges and arranging their maintenance plans, which helps bridge designers and
managers better understand the influencing parameters associated with different compo-
nents and conduct maintenance management work. Farahani, B.V. et al. [116] proposed
a design method which is based on the collection of the three-dimensional geometry of a
tunnel and monitoring of it over time to detect potential signals of structural faults and
return the exact position of the monitoring equipment to be deployed.

4.3. Application Value

Smart building maintenance systems can generate social benefits in many aspects of the
construction field. According to public data, taking the building operation and maintenance
demand in China as an example (according to the Guohai Securities calculation), in 2030, the
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area of residential and non-residential property management in China will be 27.2 billion
square meters and 11.7 billion square meters, respectively, with a total market size of
213 trillion yuan. The China Building Materials Federation predicted that by 2025, the
market size of green buildings in China is expected to exceed 900 billion yuan, with an
annual compound growth rate of about 5%. According to statistics released by the 36Kr
platform, the market size of security monitoring has exceeded 640 billion. Moreover, digital
intelligent operation and maintenance not only can accomplish the above tasks, but also
can continuously collect real-time building data, which can provide value in areas such
as predicting building risks, combining building insurance, urban energy dispatch, and
serving as the data foundation of drones, etc. Whether from an economic point of view or
an effectiveness point of view, the application value will increase tremendously.

5. Trends and Challenges

In the rapidly developing field of intelligent operations and maintenance, there are still
numerous challenges to be solved. This paper summarizes the following challenges that
need to be addressed, taking into account the literature content and industry development.

5.1. High Precision Inspection of Building Structures

In recent years, the concept of refined testing has been introduced into the construc-
tion industry in order to provide more accurate and efficient testing methods to detect
and analyze the safety and reliability of construction structures with the least time and
resources consumed. More and more construction structural testing methods are being
implemented with new data processing technologies; for example, a mobile tunnel scan-
ning system integrated with scanner, inertial measurement unit (IMU), and railroad car,
was demonstrated by Sun, J. et al. [117] in recent years. Global Navigation Satellite System
(GNSS) time and system hardware calibrations are used to synchronize the time and space
information of the system; the control points in the tunnels are used to correct the attitude
and speed to improve the accuracy of absolute positioning; meanwhile, in another article,
Gui, Z.C. et al. [118] introduced a new robot system for airport pavement inspection tasks,
which was based on the data acquisition system of a wheeled robot, and provided high
precision pavement inspection results with lower time and labor costs, so as to realize the
automation of building inspection and effectively improve the accuracy of inspection. On
the other hand, 3D scanning technology has widely been applied to detection of building
structures, wherein Jang, A. [119] proposed a point cloud-based method using a 3D laser
scanner to assess the stability of buildings and confirmed the use of a 3D laser scanner for
the assessment of building stability to be accurate and efficient. Additionally, with respect
to areas that personnel could not conveniently reach to conduct monitoring, unmanned
aerial vehicle (UAV) technology for building surveys has drawn great interest. Tan, Y. [120]
presented a method that maps the building defect data gathered by the UAV to a BIM
model and models the defects as BIM objects for managing the results of building facade
inspections, successfully mapping and integrating building defects with the BIM model to
realize high-resolution multi-perspective building surveying.

Nevertheless, fine-grained detection also faces some challenges and difficulties. For ex-
ample, fine-grained detection techniques are not effective for large and complex structures.
Due to the diversity of building roof structures, the irregular distribution of laser radar
points, and the mutual interference of adjacent points [121], existing structure fine-grained
detection techniques cannot effectively handle the large number of computational models
and complex actual models existing in the structures. On the other hand, due to the require-
ments of accuracy and sensitivity, building structure fine-grained detection requires a large
amount of data collection and analysis. The technological instability of sensor collection
and processing and the large computational burden are the main challenges in building
structure fine-grained detection [122,123].

Recent studies have found an increasingly prominent trend of refined structure de-
tection for architecture. Such an approach not only effectively enhances the safety of
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architecture structures, but also pays attention to reducing the cost and time of detection,
thereby improving work efficiency and allowing for more precise and timely detection to
better protect safety and promote sustainable development.

5.2. The Combination of Human Behavior in Digital Twins

Though digital twins have gained popularity, most applications have been focused
on reproducing physical processes and systems, with fewer studies on human behavior
that stay on the physical state level, such as evacuation behavior; additionally, few have
investigated whether the cognition and thinking of humans is modellable, and whether
digital twins can be used for synchronous simulation. By the start of 2023, the ChatGPT
Pre-trained Transformer (ChatGPT) has surfaced across platforms, being a 17.5-billion-
parameter natural language processing (NLP) model capable of generating conversation-
style responses to user inputs. Gilson, Aida et al. [124] tested ChatGPT’s capability to hold
on to context and provide logical answers, with the ability to independently think being
the distinction between it and other objects. Zhavoronkov, Alex [125] demonstrated the
potential for ChatGPT to generate complex philosophical arguments within the context
of Pascal’s Wager, and this can serve as a reference in the digitalization process towards
building an operations twin digitalization system that can simulate and predict human
behavior in order to make the model a living system.

5.3. Improvement of Computing Power

The intelligent operation and maintenance of buildings is greatly affected by models
and calculations, and the prompts provided to the operators by more accurate information
are also more accurate. When the models have super-high accuracy and there is too much
loading information, high-performance hardware is often needed to cooperate [126,127].
Research on building operation and maintenance has focused on monitoring, prediction,
and automation, with little or even minimal descriptions of the hardware systems that
underpin these maintenance goals. For example, in the process of developing the Winter
Olympic bobsleigh and luge project, a high-precision model of LOD 500 was generated
in conjunction with BIM. However, when the model was used for observation, operators
needed to operate it on a high-performance computer; when using a computer most people
use on a daily basis, the model would experience choppiness or even crash. However, in
actual operation, not all personnel are equipped with high-performance equipment, which
will greatly discount the actual user experience and application effect. While improving
system performance, it is recommended to pay attention to the following parameters of
related hardware:

1.  Hardware solution: There are various building automation systems available on the
market, featuring distinct sensors and controllers, which are used for monitoring and
controlling various functions of a building [128].

2. Controller: The basis of the hardware system is responsible for converting signals
from sensors into operable commands and executing tasks related to building automa-
tion [129].

3. Serial connection: The core of the building automation hardware is the variety of serial
connections. The most used ones include RS-232 and RS-485 [130], which provide the
means for achieving building automation.

4. Network support: For building automation, there is a requirement for data transfer
from hardware to remote networks, for which there are many different technologies
available, including GPRS, Zigbee, Wi-Fi, Bluetooth, etc. [131,132].

5. Hardware protocol: Serial connections cannot be directly attached to the building
automation system; hence, the correct devices must be chosen. Furthermore, one must
also consider if the hardware device supports the relevant software protocols such as
BACnet [133], Modbus [134], etc.
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5.4. Human Machine Interaction

Most applications currently collect data from sensors, analyze the data for main
feedback, and have a functional interface, but user experience research is inadequate,
resulting in users who cannot fully understand and use the intelligent operation and
maintenance applications. The system is becoming more and more complex, but the system
needs to transmit information to the user in a simpler and direct way. Due to the complexity
of the layout of large buildings, it is difficult to find routes quickly for evacuation. Visual
inspection and manual judgment are the cornerstones of the daily O&M service activities
performed by facility managers today [135]. The access of digital technology means data can
be presented in more diverse forms. However, since O&M personnel are not professional
researchers, they have a limited understanding of the new technologies and forms of
presentation. Researchers of intelligent O&M-related technologies should take into account
the learning effort of the new users and avoid too much burden on the users, which could
prevent them from using the intelligent operation system.

The main game development engines such as UE5 and UNITY 3D have strong 3D
space building and interactive settings capabilities, and many 3D games have given good
feedback. For game operations, minors can quickly start using them, so it can be seen
that the optimization of interaction is not a technical difficulty in other industries. The
intelligent operation and maintenance system, combined with the 3D game engine, devel-
ops functions and combines the interactive design ideas in the game which will greatly
improve interactivity. In recent years, virtual reality (VR) has emerged as an innovative
approach for presentation, allowing for the establishment of a new class of applications that
enables users to be immersed in a 3D virtual environment [136]. Krompiec, P. et al. [137]
have designed and modified existing mappings between physical and virtual worlds, and
have created interfaces in order to map physical devices to virtual shot tools which sub-
stantially enhance the sense of reality and interactivity during user interaction. Sharma,
PK. et al. [138] proposed a dynamic and proactive emergency signaling system (DSS-SL)
based on software defined networks (SDN) to enable dynamic security indications.

In intelligent operation and maintenance, indoor environment and equipment are
more closely connected with and interacted with by users, and information exchange
between people, machines, and objects can be realized through the Internet of Things [139].
Low-power communication via Wi-Fi and ZigBee can also be realized for a local area
networks. It is necessary to continuously consider the humanized design of appearance,
convenience, and the man-machine interaction interface.

5.5. Standardization of Applications

Lack of unified standards is one of the primary issues currently limiting the develop-
ment of intelligent operations and maintenance. As intelligent operations and maintenance
are still in a rapid development phase, different methods, hardware, and software are
adopted in different relative standards, leading to diverse system utilization, as well as
multifarious building types. Bahrami, S. et al. [140] proposed that product information
standards can promote the diffusion of innovation and suggested consideration of prod-
uct functionalities sufficiently while adopting product information standards. Costabile,
Carolina et al. [134] noted the need of standards to achieve technical and organizational
compatibility among participants across different systems, technologies, data, and business
processes. However, there is currently no enterprise or company to lead the standardiza-
tion. According to the different volumes and functions mentioned previously, the required
systems are also different. Dimensionality reduction can be used to unify the information
from different buildings, classify and summarize the buildings, and gradually realize
the standardization of the intelligent operation and maintenance system, thus realizing
the rapid market application of intelligent operation and maintenance and reducing the
development costs at the same time.

As the main development direction of current intelligent operation and maintenance,
digital twin technology is referred to in this article by Chinese scholar Tao Fei et al. [141]
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for the concept of a five dimensional digital twin model. This concept specifically proposes
the content and structure that should be included in a general digital twin. The risks and
improvement opportunities related to each link of our digital twin are added to Figure 15.
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Figure 15. A digital twin model combining development challenges.

6. Summary and Prospect

With the development of informatization, the construction industry is also undergoing
intelligent transformation and upgrading. The construction cycle of a building is generally
1-5 years, while the service cycle can last for decades or even hundreds of years. More and
more building groups have been completed and delivered, and the demand for operation
and maintenance of buildings is rising rapidly. In the early stages of building operations and
maintenance, basic user problems were solved through pure manual management. With
the advancement of information technology, operations and maintenance are gradually
becoming systematic in order to provide better user experiences. Due to the functional
requirements, the internal structure and relevant equipment of modern buildings have
become diversified and complex, and pure manual maintenance can no longer achieve
more precise management. The emergence of technologies such as artificial intelligence, the
Internet of Things, 5G, BIM, etc., make the operation and maintenance process of buildings
constantly develop towards unmanned, energy-saving, efficient, and safe management.
The intelligence operation and maintenance of buildings is still in its infancy, so it is
necessary to sort out the application and development status of relevant technologies and
to clarify the current industry base. This study summarizes and categorizes 141 papers
related to intelligent building operation and maintenance with a focus on the past five
years. It organizes the integration and application of various technologies and specifically
identifies digital twin technology as a comprehensive development goal. The B-IRO model
is the first created with multiple technologies as its foundation, forming a digital twin-
centered building intelligent operation and maintenance system framework and analyzing
its application value, proposing future development trends and further research directions.

The future prospects for the intelligent operation and maintenance of buildings include
the following points:

1.  Dynamic monitoring and predictive maintenance: With the accumulation of building
maintenance data and advancements in analytical techniques, intelligent systems
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can utilize machine learning and predictive modeling to forecast potential failures or
maintenance needs. This proactive approach can optimize maintenance schedules,
reduce downtime, and enhance overall building performance.

2. Enhanced energy management: Smart building operations and maintenance can con-
tribute to energy-saving initiatives by optimizing energy consumption and reducing
waste. By integrating smart meters, energy management systems, and data analytics,
buildings can dynamically adjust energy usage based on occupancy patterns, weather
conditions, and other relevant factors. This approach can result in significant energy
savings and environmental benefits.

3. Automation and robotics technology: Automation technology, including robotics and
autonomous systems, can completely change the maintenance process. Robots can
perform routine inspections, cleaning tasks, and even minor repairs, reducing the
need for manual intervention. This automation not only improves efficiency, but also
improves safety by minimizing human exposure to hazardous environments.

4. Application of digital twin technology: By combining building information modeling
(BIM) with sensors, algorithms, and other technologies, digital twins of buildings can
be created. This enables the integration and visualization of various building data,
facilitating better collaboration and decision-making throughout the building lifecycle.
Digital twins make the complex processes of building operations and maintenance
more intuitive and interactive.

Building maintenance directly relates to people’s rhythm of life, residential safety,
energy-saving, emission reductions, etc. Through modern means such as digital twins, it
can predict the development of various maintenance modes more intuitively. There is a
large amount of data in building maintenance, the amount of data is constantly accumu-
lating, and the prediction results are also constantly improving accuracy in independent
building maintenance development, intelligent analysis, and single building maintenance
status. If data can be standardized and other development units can share some non-private
data, expanding the digital twins of buildings to digital twin communities and then extend-
ing to digital twin cities will mean that prediction and maintenance programs will have a
qualitative change from quantity to quality.
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