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Abstract

Through the combination of virtual and real, multi-dimensional perception, and accurate mapping, digital twin (DT) could describe the physical world in real-time and provide a theoretical basis for simulation, prediction, control, etc. In recent years, DT has been used in many sectors including the construction industry. From the needs of the construction industry, DT could help the technological progress of construction's whole life cycle. This paper presents a comprehensive review of the current development of the construction industry and DT, following by proposing a conceptual framework for DT-enabled construction lifecycle management. Firstly, by analysing the research status of each phase in the construction lifecycle, the challenges facing the construction lifecycle are summarized. Then, the characteristics and challenges of DT were summarized based on its origins, concepts and applications. A “3+1”D DT-enabled construction lifecycle management framework was proposed after reviewing the construction industry and DT. Then, the challenges and opportunities in using the framework are discussed. This research helps understand the challenges and great potential of applying DT in the construction lifecycle.
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1. Introduction 
Construction industry has contributed considerably to economic development and social stability [1]. However, the construction industry's large-scale and widely involved characteristics also significantly limit its rapid progress 
 ADDIN EN.CITE 
[2]
. With the development of Industry 4.0, informatization, digitalization, and intelligent technologies have gradually been widely studied and applied in all walks of life 
 ADDIN EN.CITE 
[3]
. Digital twin (DT), as one of them, could benefit the product’s whole life cycle through real-time interaction and accurate mapping between virtual models and their corresponding physical entities 
 ADDIN EN.CITE 
[4]
. Considering the increasingly digital demands of the current construction industry and the digitalization characteristics of DT, it could be found that DT has excellent potential to be applied in the construction industry[5], even in the whole life cycle, ranging from the earliest design to the final demolition 
 ADDIN EN.CITE 
[6]
.
In recent years, there have indeed been some attempts to introduce and apply DT to the construction industry field. At the same time, these outcomes are analyzed and summarized from different perspectives 
 ADDIN EN.CITE 
[5, 7-12]
. Jiang et al. [5] reviewed 134 papers related to the DT and civil engineering sector. Based on the literature, the definition of DT and the differences between DT, Building Information Modeling (BIM), and Cyber-Physical Systems (CPS) are given. Boje et al. 
 ADDIN EN.CITE 
[7]
 conducted a review paper on the usage and shortage of BIM and the current application of DT in different areas. Through the application analysis of BIM and the changing demand (static to dynamic) of the current construction industry, the potential and necessity of combining BIM with DT are demonstrated. Although some scholars have reviewed and analyzed DT and construction-related research outcomes, most of these analyses only focus on a particular point of DT or a certain stage of construction. Little attention has been paid to the relationship between digital twin and construction life cycle. For the construction industry, where the interests of upstream and downstream enterprises are closely related, not only a point of progress is required, but an overall progress is necessary. It is essential to develop a novel overall research framework for the whole construction life cycle.
To make up for this gap, this paper will summarize the current status of the construction industry and DT from the perspective of the whole life cycle. Based on the review, a “3+1”D framework of applying digital twin in construction life cycle is proposed. The challenges and corresponding opportunities of applying this framework in the future are discussed. This should help practitioners better understand the needs of each stage of the building and what the DT can do. The purposes of this paper are to:
1)  Analyze the current construction industry and understand industry demands and pain points.
2)  Comb the recent development of DT and analyze its characteristics.
3)  Propose a framework for applying digital twin in construction life cycle.
4)  Discuss the challenges and opportunities.

The construction industry encompasses a wide range. From the perspective of type, it can be classified into buildings, roads and bridges, tunnels, mines, etc. This paper mainly focuses on the buildings (e.g., residences, factories, schools). The rest of the paper is organized as follows. The status quo of each stage in the construction life cycle is introduced in Section 2 from the perspectives of research outcomes and existing problems. Current challenges of the construction industry are also discussed in Section 3. Then, Section 4 summarizes and analyzes DT's characteristics based on its origins, concepts, and applications. The “3+1”D lifecycle framework for applying DT in the construction lifecycle management is given and discussed in Section 5. Finally, the challenges and opportunities of applying the proposed framework are analyzed. The logic flow is shown in Fig. 1.
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Fig. 1 Logic flow of this paper
2. Methodology
The research methodology of this paper is guided by the Systematic Literature Review (SLR) method presented by Christian [13]. This method was first applied to supply chain management, but it is still applicable within the framework of this paper. SLR method consists of six steps. The following will combine these steps to introduce the research methodology of this paper in detail, as shown in Fig. 2.
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Fig. 2 Systematic literature review (SLR) methodology
1) Define research question — The aims of this paper are given in the first section. Based on the purposes, three keywords are extracted, which are digital twin, construction industry and life cycle. It is obviously that construction life cycle consists of many phases, which are different a lot. So, when searching for the literature at a certain stage, different secondary keywords (e.g. design, pre-construction, demolition) will be used. The literature in Section 3 is mainly obtained through the keywords “construction industry” and the name of different stages in the “construction lifecycle”. The “digital twin” is the keyword in searching for the literature in Section 4. 
2)  Determine required characteristics of primary studies (inclusion and exclusion) criteria – The criterion of the selected paper is from three aspects (from high to low importance): relevance, publication time, and reference impact (journal ranking, paper citation, article recognition). The paper should be highly relevant to the research purposes and compatible with the content. This is the most important criterion. As for the publication time, newer articles are more attractive. Most of the articles used in this paper are published in the past five years (2018-2022). The reference impact is difficult to measure quantitatively from data. Generally speaking, articles published in high-level journals or with high citations will be of higher impact. But this is not absolute. So, the reference impact is the least important indicator. 
3)  Retrieve sample of potentially relevant literature – Web of Science and Scopus are two very authoritative paper retrieval engines. We use these two engines for literature retrieval. When searching for literatures, the publication time of the literature will be checked firstly. If the paper cannot meet out requirements, it will be excluded. However, it should be mentioned that there are indeed some classic paper that have been published for a relative long time, and some recently published paper are not highly cited. These cases will be dealt with specially, such as the article [14] that proposed the famous DT concept (publication time: 2012) and the whitepaper written by Dr. Michael Grieves [15] (publication time: 2015). 
4)  Select pertinent literature – Based on the criteria and the retrieve method, articles that meet the requirements will be selected preliminarily. Then, the primary selected documents will be intensively read. Among them, the literature that is strongly related to the topic of this paper will be finally selected. And the literature database could be formed automatically.
5)  Synthesize literature – After getting the literature database, the clustering, analysis and summary will be carried out. Then, extracting useful information, summarizing existing outcomes, pointing out problems and providing suggestions will be done step by step.
6)  Report the results – In the end, the selected paper will be displayed and discussed in the appropriate place, resulting in a logical paper.
3. Current Research and Opportunities of Construction Industry
Construction is a complex, large, expensive, long period industry related to everyone in the world 
 ADDIN EN.CITE 
[16]
. From the analysis given by McKinsey Global Institute, there was $10 trillion spent on global construction-related goods and services every year [17]. The amount is equal to about 13% of the world GDP. In the meantime, 7% of the global workforce is employed in construction-related jobs. The data shows the enormous influence of the construction industry 
 ADDIN EN.CITE 
[18]
.

Under Industry 4.0, the appearance and development of edge-cutting technologies facilitate the improvement of various industries 
 ADDIN EN.CITE 
[19]
, like manufacturing, healthcare, etc. However, the construction industry's digitalization, informatization, and modernization degree remain a concern 
 ADDIN EN.CITE 
[20]
. This situation could be the reason for productivity reduction 
 ADDIN EN.CITE 
[21]
, cost increase 
 ADDIN EN.CITE 
[2]
, the emergence of safety risks 
 ADDIN EN.CITE 
[22]
, waste 
 ADDIN EN.CITE 
[23]
, etc. In this section, the construction industry's status is analyzed from the perspectives of characteristics and problems. What’s more, a summary is provided at the end of this section.
3.1. Construction processes

The construction process refers to the whole steps before the end of a construction project. Industry-leading construction management software provider Jonas Construction Software divided it into some steps – planning/design, pre-construction, procurement, construction, and post-construction [24]. The pre-construction and procurement steps are integrated for this section's further description. The four steps are going to be analyzed below individually.
3.1.1 Planning/design phase
Table 1
Research Clusters in the planning/design phase

	References
	Purposes
	Perspectives
	Associated Technologies

	Lu et al. [25] 

Li et al. 
 ADDIN EN.CITE 
[26]
 
	Reduce the potential safety risks in the construction lifecycle from the perspectives of safety design, strategies, assessment, etc.
	Safety
	( BIM

(3D visualization

	Banihashemi et al. 
 ADDIN EN.CITE 
[27]
 

Ding et al. 
 ADDIN EN.CITE 
[28]
 
	Propose various methods to better deal with the waste problem, including waste generation, management, and related environmental impact.
	Waste reduction
	( BIM

(Generative algorithm

(System dynamics

	Wu et al. 
 ADDIN EN.CITE 
[29]
 

Jewett et al. 
 ADDIN EN.CITE 
[30]
 
	Develop new and high-performance materials which could fit the requirement of high-strength, fast construction, flexibility
	Material
	Topology optimization

	Garbett et al. 
 ADDIN EN.CITE 
[31]
 
Khoury et al. [32] 
	Increase the efficiency of design work through effective communication among stakeholders; Make full use of virtual design tools and methods
	Communication &
Visualization
	( BIM
( AR
( GPS

	Lee et al. 
 ADDIN EN.CITE 
[33]
 
Miettinen et al. 
 ADDIN EN.CITE 
[34]
 
	Enhance capability and participation of digitized design software
	Software
	( BIM
(Software development

	Lydon et al. 
 ADDIN EN.CITE 
[35]

Nguyen-Van et al. 
 ADDIN EN.CITE 
[36]
 
Linhares et al. 
 ADDIN EN.CITE 
[37]
 
	Design better structures to make the construction safer, more environmentally friendly, and easier to build
	Structure
	( Digital twin

( Finite element analysis
(Parametric analysis

	Zhang et al. [38]
Prayogo et al. 
 ADDIN EN.CITE 
[39]
 
	Study the novel framework, algorithms, and technologies to improve design efficiency
	Efficiency
	( Digital twin 

( Metaheuristic 

( Robotics

	Golabchi et al. 
 ADDIN EN.CITE 
[40]
 
Wang et al. 
 ADDIN EN.CITE 
[41]
 
	To facilitate the labor in the construction, considering more details of ergonomics during the design phase
	Ergonomics Analysis
	(Sensing 

(Point cloud 
(Fuzzy inference 

	Yeganeh et al. 
 ADDIN EN.CITE 
[42]
 
	Found the problems of design from the actual construction projects
	Problem
	Interviews


Planning and the design phase come first for a construction project [43]. During this phase, a feasibility analysis should be done. The size of construction and the amount of required material should be determined, and the final drawing and related specifications need to be given [5]. As the start point of the whole construction project, the quality of design will undoubtedly have a significant impact on the subsequent work related to the construction
 ADDIN EN.CITE 
[44]
, including safety 
 ADDIN EN.CITE 
[45]
, efficiency 
 ADDIN EN.CITE 
[46]
, cost 
 ADDIN EN.CITE 
[47]
, etc. Due to the importance and difficulties of design work, plenty of scholars have carried out their research in this field. A summary can be found in Table 1. From the perspectives of associated technologies in construction design, BIM is the most widely used. Digital twin has been adopted in the environment-friendly building design 
 ADDIN EN.CITE 
[35]
 and the improvement of design efficiency [38].
3.1.2 Pre-construction phase

In a broad sense, the pre-construction phase includes the whole process before the actual construction 
 ADDIN EN.CITE 
[48]
. But in a narrow sense, the pre-construction and planning/design phases are independent of each other. During this phase, the main focus of the work is to prepare for the construction, including scheduling, cost estimation, safety checking, and so on  
 ADDIN EN.CITE 
[49]
. 
Some scholars focused their research on the pre-construction stage. Li et al. 
 ADDIN EN.CITE 
[50]
 introduced an automated safety risk recognition method for underground construction with the full use of BIM. With the technique, the potential safety risk could be gotten timely and accurately in the pre-construction phase. Ning et al. 
 ADDIN EN.CITE 
[51]
 proposed a hybrid genetic algorithm-ant colony model to discuss the influence of construction site layout on noise pollution. The result could guide the manager in scheduling the layout of construction facilities and reducing noise pollution to a large extent. Tao et al. [52] paid attention to the workspace interference problem in scheduling. By classifying the workspace interference into two categories and establishing a two-stage metaheuristic model, the interference problem could be improved. Tallgren et al. [53] developed a user-centric approach to scheduling. In this approach, subcontractors and other stakeholders could also participate in the scheduling work. The system is simple enough for the usage of the inexperienced person. 
The application method of digital twin at pre-construction phase has also been explored. Zhang et al. 
 ADDIN EN.CITE 
[54]
 developed an assisted decision-making system for site selection based on digital twin. Taking the selection of sports facilities as an example, through visual data analysis, a reasonable site selection plan could be provided to users. The accuracy and computational efficiency of the proposed method was verified in experiments. Jiang et al. 
 ADDIN EN.CITE 
[55]
 conducted the construction process simulation in the pre-construction phase by BIM and digital twin to find the potential problems in the construction. With the simulation results, a reliable construction management plan could be gotten, which was the guidance for the future construction.
In addition to progress, some factors still hinder the improvement of the work in the pre-construction phase. The first one is insufficient attention 
 ADDIN EN.CITE 
[56]
. The lack of attention includes two aspects, little research and poor policy implementation. Little research is evident from the number of studies. And the poor implementation of policies could be known by a simple example of Construction Design and Management Regulations 2015 (CDM 2015), which was announced by the UK 
 ADDIN EN.CITE 
[56]
.

In addition, although the systems and technologies of the pre-construction phase have performed well in terms of maturity, there is still much room for improvement in the degree of digitization and intelligence 
 ADDIN EN.CITE 
[50]
. A smooth and efficient construction process requires the support of adequate preparatory work. But in current construction projects, there are few technologies that can judge whether the preparation work is sufficient to ensure the smooth progress of construction 
 ADDIN EN.CITE 
[57]
. This will undoubtedly cause a lot of rework, conflicts, out-of-sequence work, and delays.

3.1.3 Construction phase

Table 2
Representative literature on the construction phase in recent years

	References
	Focused Domains
	Associated Technologies
	Future Directions
	Opportunities of DT

	Li et al.

(2018) 
 ADDIN EN.CITE 
[58]

	·  Smart construction objects and smart gateway

·  Real-time data collection

·  Visibility and traceability function
	·  BIM

·  Internet of Things (IoT)
·  Radio Frequency Identification (RFID)
·  Virtual Reality (VR)
	·  Verify the proposed platform in more practical projects

·  Focus more on the management of safety, quality, and the environment
	·  Optimization of the construction process

·  Prediction of the potential risk

	Langroodi 

et al. (2021) 
 ADDIN EN.CITE 
[59]

	·  Construction equipment activity detection

· Processing and utilization of limited datasets
	·  Fractional Random Forest Method

·  Machine Learning
	·  Test the method in a broader range

·  Collect data for equipment working on different types of terrain

·  Integrate the proposed method with the data augment method
	·  Use data from the virtual model as a supplement to the real-time dataset

·  Information sharing and visualization of equipment’s motion

	Szamocki 

et al. (2019) 
 ADDIN EN.CITE 
[60]

	·  Greenhouse gas emission reduction

·  Identify inefficiency activities in construction
	·  Case Studies

·  Theoretical formula
	·  Search for an effective way to adjust inefficient construction activities

·  Improve the robustness of the conclusion with more case studies
	·  Use a combination of in-situ data and simulation data

·  Improve the accuracy of the emission estimation with the help of a virtual model

	Liu et al. 

(2020) 
 ADDIN EN.CITE 
[61]

	·  Construction waste reduction
	·  Structural equation modeling

·  Questionnaires
	·  Incorporated more factors into the research model
	·  Optimize the selected public in the questionnaires

·  Conduct a reliable analysis of the result

	Rahimian et al. (2020) 
 ADDIN EN.CITE 
[62]

	·  Automated update of the 3D virtual environment

·  Monitor construction project
	·  BIM

·  Image processing

·  Machine learning

·  VR
	·  Adopt better identification and segmentation approach

·  Localize the equipment with cameras
	·  Generate some hard-to-collect data by the real-time updated 3D model

·  Conduct safety risk prediction based on monitoring

	Lu et al. (2021) 
 ADDIN EN.CITE 
[63]

	·  Smart construction objects

·  Construction supply chain management
	·  Blockchain
	·  Enrich the framework from the perspective of logic, data semantics, and system

·  Conduct more tests
	·  Mirror the status of the whole construction supply chain

·  Improve the quality of data used in the analysis

	Chen et al.

(2021) 
 ADDIN EN.CITE 
[64]

	·  Construction monitoring

·  Optimization of camera placement
	·  BIM

·  Modified parallel genetic algorithm
	·  Consider more factors in the framework

·  Combine the method with multi-type cameras

·  Improve performance of the algorithm
	·  Make the simulation period more efficient and accurate

·  Use monitoring data for other related works, like scheduling

	Melenbrink et al. (2020) 
 ADDIN EN.CITE 
[65]

	·  Autonomous anchoring

·  Pile driving
	·  Robotics
	·  Refinement of the hardware

·  Increase capacity for autonomy

·  Integration with other construction tasks
	·  Real-time mapping of the site situation through the model to improve the degree of automation

	Yi et al. (2021) 
 ADDIN EN.CITE 
[66]

	·  On-site scheduling

·  Monitor
	·  UAV
·  Dynamic programming algorithm
	·  Schedule multiple drones

·  Jointly routing and scheduling drones
	·  Find out the best number and route of drones according to the actual site situation

	Liu et al. (2021) 
 ADDIN EN.CITE 
[67]

	·  Human-robot collaboration (HRC)
	·  Robotics

·  Electroencephalogram
	·  Enhance the reliability of the proposed method

·  Investigate the social impact of HRC on the construction industry
	·  Predict what the workers will do next and make safety alarms

·  Improve the accuracy of the method with high-fidelity human and robot model

	Kurien et al. (2018) 
 ADDIN EN.CITE 
[68]

	·  Construction site safety

·  Remote operation
	·  Robotics
	·  Develop a haptic feedback system

·  Develop a more detailed virtual construction environment

·  Develop the use of multiple Kinect sensors
	·  Modified the model with real-time data to improve its applicability

·  Monitor, schedule, and timely adjust the duty of workers to enhance the efficiency of the whole project

	Baker et al.

(2020) 
 ADDIN EN.CITE 
[22]

	·  Construction safety

·  Knowledge extraction
	·  Natural Language Processing

·  Deep Learning

·  Artificial Intelligence (AI)
·  Text mining
	·  Amalgamate reports across the industry

·  Use the proposed method for other textual data
	·  Improve the capability of the method by the collected vast amount of data

	Liu et al. (2020) 
 ADDIN EN.CITE 
[69]

	·  Manifest construction activity scenes
	·  Computer vision

·  Deep Learning
	·  Extend the dedicated datasets

·  Improve the performance of the model structure
	·  Adopt the collected data and analysis results for other services, like incident prediction, monitoring

	Forsythe et al. (2019) 
 ADDIN EN.CITE 
[70]

	·  Installation efficiency

·  Prefabricated construction
	·  Time-lapse photography
	·  Broaden the research object to taller buildings
	·  Consider the influencing factors comprehensively and provide comments for improving efficiency

	Kikuchi et al. (2022) 
 ADDIN EN.CITE 
[71]

	·  On-site monitoring

·  Visualization
	·  UAV

·  Augmented reality
	·  Link the UAV’s camera to the model’s camera

·  Improve the real-time accuracy of the scene of the virtual world
	·  Maintain the real-time accuracy of the virtual remote view

·  Provide more guidance for the on-site construction based on the virtual view


Construction is the most time-consuming, resource-consuming, and complex phase in the construction project. This stage also has the most tasks, ranging from terrain survey [72], foundation construction 
 ADDIN EN.CITE 
[73]
 to main structure construction [74]. Besides, for most buildings, it is necessary to carry out the construction of water, electricity, heating, and ventilation facilities. 

To show the current development of the construction phase clearly, part of typical literature is summarized and analyzed briefly in Table 2. All the literature was published in the last three years, starting from 2018. From Table 2, it could be seen that the research topics are very consistent with the current pain points of the construction industry 
 ADDIN EN.CITE 
[75]
, including monitoring 
 ADDIN EN.CITE 
[59, 62]
, safety problems 
 ADDIN EN.CITE 
[22, 68]
, schedule 
 ADDIN EN.CITE 
[64, 66]
, intelligent equipment 
 ADDIN EN.CITE 
[58, 63]
, efficiency 
 ADDIN EN.CITE 
[60, 70]
 and waste disposal 
 ADDIN EN.CITE 
[61]
. For the enabling technologies, plenty of advanced methods and tools are included, just like BIM, Machine Learning, IoT, VR, Blockchain, UAV and Robotics. 

At present, digital twin has been used in solving many problems in the construction phase, e.g., the construction safety 
 ADDIN EN.CITE 
[76]
, site monitoring 
 ADDIN EN.CITE 
[77]
, quality assessment 
 ADDIN EN.CITE 
[78]
, human-robot interaction 
 ADDIN EN.CITE 
[79]
, and information sharing [80]. Liu et al. [81] proposed an intelligent safety risk prediction framework for hoisting based on digital twin and support vector machine algorithm. By collecting the real-time hoisting data, the potential risks in the hoisting processes could be forecasted. The automatic control of the physical layer by the service layer will be an extension of its research in the future. Due to the large number of stakeholders and participants in the construction industry, efficient and safe communication among them is a very important issue. Aiming to this problem, Lee et al. 
 ADDIN EN.CITE 
[82]
 developed a digital twin and blockchain-driven communication mechanism. Through digital twin, stakeholders could have a clear understanding of the construction progress and current condition. It is necessary for the efficiency. Blockchain is useful to guarantee the information and data security of all parties. 
In the future, there are still many opportunities for digital twin in the construction phase, as shown in Table 2. With the full use of the high-fidelity virtual model and real-time collected data, many methods could be optimized, and some practical problems could be better solved. Taking Chen et al.’s research 
 ADDIN EN.CITE 
[64]
 as an example. Chen et al. carried out research on the optimization method of camera placement in the construction site based on BIM. The method has considerable advantages compared with the experience-based camera layout method. In the future, if digital twin could be integrated in the method, through the combination of historical data, empirical data, onsite data and theoretical basis, the accuracy and efficiency of this method could be improved to some extent. In addition, the large amount of data generated and stored by digital twin could also provide support to the subsequent works, like construction planning and scheduling.
However, although so many edge technologies could be found in today’s research, these techniques are not widely used in real-world construction projects. Safety, efficiency, and other problems are still serious constraints on the development of construction projects. Currently, facing these problems, the stakeholders are more willing to find solutions, from strengthening rules and supervision to reducing risks and losses. But there are significant limitations to this approach. Firstly, this method cannot solve the problem fundamentally. There may be a slight, temporary improvement, but the effort is not proportional to the award. Secondly, this method will consume more workforce and material resources in supervising the implementation of policies, resulting in more costs. Thirdly, this will raise the technical requirements of relevant practitioners and inevitably cause problems due to staff omissions.
3.1.4 Post-construction phase
During the post-construction phase, completion acceptance and handover are essential tasks. Technicians from development, geological prospecting, supervisory, design, and construction organizations will get together to check the completion of the project. The related work in this stage will affect the cost [83], risk [84], and integrity 
 ADDIN EN.CITE 
[85]
 of the construction project to some extent.

In addition, as the final phase of a construction project, the analysis process and gained experience during this period will have significant implications for future construction [86]. Aiming at the buck-passing and information opacity problems, Sheng et al. 
 ADDIN EN.CITE 
[85]
 developed a blockchain-based framework for managing quality information. By doing this, information could be shared uniformly, securely, and transparently among stakeholders. And the division of responsibility could also be more accurate. Besides, the rapid analysis, summary and knowledge extraction of project documents is an essential issue. Some scholar used text mining to solve related problems. Sun et al. 
 ADDIN EN.CITE 
[87]
 adopted text mining technology to extract the key information from a document automatically. The method benefits the rapid and informative access to critical information. Pan et al. [88] proposed a graph-based deep learning method to automatically extract information (e.g., accident type, injury type and injury parts) from the construction accident reports. The effectiveness of the method was verified by the sample of actual construction documents. Tian et al. [89] adopted a variety of techniques to carry out text analysis of construction on-site document in three stages, which are text classification, knowledge mining, and information visualization. The proposed method could show good results in the face of large-scale projects and corresponding vast information. Cheng et al. [90] used a combination of text mining and machine learning methods to classify construction site accidents. The text document was pre-processed by natural language processing, and then classified by the Symbiotic Gated Recurrent Unit model. 
Although some researchers conduct research targeting this phase, there are still some common problems. Firstly, the professionals have not formed a common understanding of the specific definition of the post-construction phase. Some consider completion acceptance and handover to be the main tasks at this stage [91]. But others believe that subsequent operation and maintenance are also part of the post-construction phase 
 ADDIN EN.CITE 
[92]
. This kind of difference will lead to low efficiency of communication. From the perspective of practical construction projects, the former is more reasonable. In a broad sense, the construction project will end after the handover and settlement. And the few decades of operation and maintenance will be another phase of construction’s lifecycle. Secondly, relatively little attention has been paid to the post-construction phase compared with design and construction. This is not only not conducive to improving the efficiency and quality of the complete acceptance and handover but also makes it challenging to obtain enough valuable information to provide optimization ideas for the design and construction stage 
 ADDIN EN.CITE 
[93]
. 

3.2. Operation & Maintenance

From the design to the final demolition, operation and maintenance are the most time-consuming and cost-consuming phase in the construction life cycle 
 ADDIN EN.CITE 
[94]
. For a 50-year-old building, the operation and maintenance stage cost occupies about 75-80% of the total cost 
 ADDIN EN.CITE 
[95]
. In addition to the cost and time, the tasks in this phase are numerous and trivial. The normal operation of the exterior and interior of the building, water/electricity supply, heating, ventilation, and air conditioning systems (HVAC) should be fully guaranteed 
 ADDIN EN.CITE 
[96]
. 
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Fig. 3 Cluster analysis result of building operation and maintenance related literature
Table 7 (could be found in Appendix) summarizes some studies of the construction operation and maintenance phase in the past three years. In this section, a total of 52 literature were collected and clustered. The literature are divided into three categories based on the time orientation of the problem to be solved. Fig. 3 shows the number of literatures for various research topics. The data in the Fig. 3 comes from the right-most column of Table 7. Overall, most of the research focuses on the analysis of current data to solve current problems. In the aspect of past oriented research, the topic is mainly about the knowledge extraction. Extracting knowledge from past data and information to provide theoretical basis for daily operation and maintenance. Besides, many scholars conduct their research based on the current data and conditions. So, there are more research topics in this category, typical of which are maintenance planning, condition perception, request collection & analysis, and efficient daily maintenance. In addition to this, there are also some predictive studies. Some technologies (e.g., Digital twin, BIM, IoT, machine learning, reliability analysis) have been adopted to solve the problems in building operation and maintenance phase.
Under the fruitful research outcomes, some typical problems and opportunities can be found. They are summarized and given as follows:
(1). Reactive maintenance and preventive maintenance are widely used in current construction maintenance management, but predictive maintenance is used less 
 ADDIN EN.CITE 
[97]
. But in practice, reactive maintenance often results in accidents occurring before the maintenance. This phenomenon inevitably leads to some security incidents. As for the preventive maintenance, the maintenance activity will be conducted periodically. In this case, many maintenance activities will be carried out unnecessarily, resulting in the waste of the workforce and economics. The predictive maintenance is more reasonable than the above two maintenance strategies. By accurately grasping the real-time situation of the building, the most appropriate maintenance activities could be conducted at the proper time.
(2) The condition of building systems cannot be evaluated accurately 
 ADDIN EN.CITE 
[98]
. Currently, much of the building system (plumbing, electrical, HVAC, elevator, and ﬁre systems) inspection is done visually or with simple equipment. Such inspections make it difficult to find hidden problems 
 ADDIN EN.CITE 
[98]
. For example, some building components (e.g. timber components in pre-war buildings) are covered by other materials [99]. The operation status of such components is difficult to be gotten just by visual inspection. Faced with this situation, some advanced technologies should be adopted to do the inspection, like non-destructive technology. 

(3) The research towards the past and future is relatively less 
 ADDIN EN.CITE 
[100]
. From the literature shown in Table 7, it could be found that most studies are carried out oriented to the current condition. And there is relatively little research done on the analysis of past data and predictions for future maintenance activities. It must be admitted that research based on the present is very effective in solving current problems. However, it is also necessary to learn from past activities and predict future activities in advance for some breakthrough progress. Some opportunities are discussed below:
( Comprehensive exploration of digital twin. In recent years, digital twin has been applied in many aspects of building operation and maintenance (O & M). There are a wide range of topics involved, including monitoring 
 ADDIN EN.CITE 
[101]
, analysis [102] and control [103]. However, most of the current research are preliminary exploration of digital twin in building O & M, like framework 
 ADDIN EN.CITE 
[104]
, case analysis 
 ADDIN EN.CITE 
[105]
. In the future research, there are many opportunities for digital twin-related building O & M technologies (e.g., modeling technology with high accuracy and fast calculation efficiency, fault prediction technology based on big data).
( The widespread use of robotics. Many tasks in building O & M are boring, repetitive, fatigue intensive, and could be replaced by robots, such as staircase cleaning [106], monitoring [107]. However, due to the hinder by the site environment and other factors [108], robots are not widely used currently. In the future, the applications of robots in the building O & M can be expanded through multiple paths, including the development of new robots [109], the combination of robotics and vision technology [110], the collaborative development of robotics with BIM and DT 
 ADDIN EN.CITE 
[111]
.
( In-depth exploration of big data technology in solving building O & M problems. Not only the realization of digital twin, but also the optimization and solution of many problems in building O & M phase needs the support of big data. Currently, big data technology still has some problems worth further exploration. The first one is real-time automatic data acquisition [112] (e.g., health condition of firefighting facilities). The second one is the storage of massive amount of data [113]. Besides, to improve the problem of single and collaborative use of multi-source heterogeneous data, it is necessary to develop new data analysis method with higher computational efficiency [114].
(4) Compared to other industries and even to the design or construction phase of the construction industry, the digitalization degree of operation and maintenance phase is relatively low 
 ADDIN EN.CITE 
[115]
. Facility managers and related researchers should consider how to use data and information better to support facility management activities.

(5) Degradation is not considered in most current maintenance models 
 ADDIN EN.CITE 
[116]
. With the increase in building age, maintenance times, and occasional accidents, degradation is inevitable. This phenomenon could have a significant impact on safety. So, such assumptions on modeling will affect the accuracy and even mislead the maintenance activities.

3.3. Demolition
As the final phase of the building life cycle, the demolition industry is waste-intensive 
 ADDIN EN.CITE 
[117]
, not only in amount but also in type 
 ADDIN EN.CITE 
[118]
. From the statistical data of Eurostat, construction and demolition waste (CDW) accounts for about 46% of the total waste amount in Europe [119]. By comparison, all other industries, including machinery, metallurgy, transportation, and others, contribute only 54%, only about 8% more than construction and demolition. In addition to huge amounts, the demolition industry could also have impacts on other factors, like the economy 
 ADDIN EN.CITE 
[120]
, public health 
 ADDIN EN.CITE 
[121]
, and profits 
 ADDIN EN.CITE 
[122]
. 
Table 3
Studies for construction demolition (Time period: 2018-2022)

	Research categories
	Topics
	Purposes
	References 

	
	
	
	Quantity
	Typical articles

	
	
	
	
	Number
	Focus

	Policy Level
	Policy analysis
	Analyze and summarize the current or past policies for demolition
	9
	Züst et al. 
 ADDIN EN.CITE 
[123]

	Predict the potential impact of any policies with a digital twin-based analytics system

	
	
	
	
	Bao et al. 
 ADDIN EN.CITE 
[124]

	Analyze and summarize the rapid development of demolition waste management in Shenzhen in the past few decades

	
	Policy recommendation
	Analyze the management, cost, or other factors from the perspective of policy, and use the analysis results to make suggestions for the future policies
	8
	Barbudo et al. 
 ADDIN EN.CITE 
[125]

	Put forward suggestions on the disposal of demolition waste 

	
	
	
	
	Lederer et al. 
 ADDIN EN.CITE 
[126]

	Raise suggestions on policies to reduce the raw material consumption, including using renovations instead of demolition in some scenarios and so on

	Theoretical Level
	Factor interactions
	Explore the interactions between different factors (such as the interactions between demolition method and environment, management mode and cost, waste recycling method and circular economy, etc.)

	19
	Liu et al. 
 ADDIN EN.CITE 
[127]

	Establish an environmental assessment model, and analyze the impact of the demolition waste disposal method on the environment, economy, and society

	
	
	
	
	Wang et al. 
 ADDIN EN.CITE 
[128]

	Discuss the impact of different demolition waste disposal methods on the environment

	
	Current situation analysis
	Focus on the analysis of current demolish waste generation, recycling system, management method, material flow, and so on
	18
	Wu et al. 
 ADDIN EN.CITE 
[129]

	Discuss the influencing factors of contractor’s demolition waste management behavior

	
	
	
	
	Yuan et al. 
 ADDIN EN.CITE 
[130]

	Study the demolition waste minimization system in China from the integrity and dynamics perspectives

	
	Barrier analysis
	Discuss obstacles to the development of demolition waste-related business in various regions and countries
	8
	Mahpour et al. 
 ADDIN EN.CITE 
[131]

	Explore the barriers to using circular economy in construction and demolition waste management

	
	
	
	
	Negash et al. 
 ADDIN EN.CITE 
[132]

	Validate five barriers and fourteen criteria in demolition waste management

	Technical Level
	Demolish method
	Explore more environmentally friendly, more economical, and more efficient building demolition methods
	4
	Jiang et al. 
 ADDIN EN.CITE 
[133]

	Develop a computation model using a soundless chemical demolition agent for thick concrete slab demolition

	
	
	
	
	Sun et al. 
 ADDIN EN.CITE 
[134]

	Experimental analysis of stress transients in the construction demolition stage

	
	Demolish management system

development
	Based on current technologies and status, develop building demolish waste management system
	4
	Shi et al. 
 ADDIN EN.CITE 
[135]

	Develop a BIM-based construction and demolition waste management information system

	
	
	
	
	Su et al. 
 ADDIN EN.CITE 
[136]

	Establish an estimation and evaluation system for demolition waste management based on BIM, GIS, and LCA

	
	Demolish waste sorting method
	To facilitate the follow-up treatment of different materials, adopt technologies to realize efficient classification of demolition waste
	3
	Wang et al. 
 ADDIN EN.CITE 
[137]

	Develop a demolition waste sorting method based on the robotic vision system

	
	
	
	
	Hu et al. 
 ADDIN EN.CITE 
[138]

	Separate concrete and brick from construction and demolition waste

	
	Reuse of demolition waste (Material)
	Develop different kinds of materials by using demolition waste and using the new materials in different situations
	118
	Chen et al. 
 ADDIN EN.CITE 
[139]

	Discuss the feasibility of using demolition waste as cemented paste backfill

	
	
	
	
	Zhang et al. 
 ADDIN EN.CITE 
[140]

	Explore the usage of demolition waste in highway embankments

	
	Schedule optimization
	Optimize the current schedule technologies from the perspectives of fleet management, demolish strategy, waste processing site selection, logistic network, and so on
	15
	Yazdani et al. 
 ADDIN EN.CITE 
[141]

	Optimize the demolition waste collecting vehicles route by genetic algorithm

	
	
	
	
	Pan et al. 
 ADDIN EN.CITE 
[142]

	Develop a model for site selection and expansion planning of demolition waste processing plants 

	
	Estimation
	Estimate different parameters in the demolition industry, including waste quantity, cost, development potential, and so on
	12
	Peng et al. 
 ADDIN EN.CITE 
[143]

	Explore the carbon saving potential of recycling demolition waste

	
	
	
	
	Ding et al. 
 ADDIN EN.CITE 
[144]

	Estimate the quantity of demolition waste in the different stages of demolition work


Because of the volume and importance of the demolition industry, different stakeholders, including the government, contractors, and demolition waste processing plants, are searching for a more economical, environmentally friendly, and effective disposal strategy 
 ADDIN EN.CITE 
[145]
. Table 3 summarizes some typical research outcomes in the demolition industry in recent years. Although a lot of research has been carried out, there are still some weaknesses that should be improved.

(1). Less support for demolition-related enterprises. The normal operation of the demolition industry needs the joint backing of many upstream and downstream enterprises. And almost all enterprises are profit oriented. They will not consider some critical factors to the development of society when taking actions, like environment and sustainable development 
 ADDIN EN.CITE 
[146]
. So, the government should take a holistic view, promulgate relevant policies, provide financial support, reduce enterprises' risk, and improve their awareness of sustainable development. 

(2). Lack of mature and advanced demolition waste management system 
 ADDIN EN.CITE 
[147]
. In any case, a mature and advanced management system is essential to the overall development of an industry. So does the demolition industry. So currently, most of the demolition waste goes directly to landfills 
 ADDIN EN.CITE 
[148]
. This kind of method will have a huge potential impact on social development.
(3). Deficient in the development and application of advanced technologies 
 ADDIN EN.CITE 
[149]
. In addition to policies and systems, the level of technology is also an essential factor affecting the overall development of the demolition industry. From Table 3, it could be found that out of total 11 research categories, only three of them can find significant applications of advanced technologies, namely management system, waste sorting, and schedule optimization, respectively. This is quite a backward phenomenon. 
3.4. Summary
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Fig. 4 Published documents per year
Fig. 4 is done by the statistical data given by Scopus (Search documents: “construction industry,” Search within: “Article Title, Abstract, Keywords”). From Fig. 4, it could be found that more and more research outcomes are published in recent years. There are 929 more publications in 2021 (4685) than three years ago, in 2018 (3756), and nearly seven times as many as in 2000 (680). Besides, from Table 1, Table 2, Table 3 and Table 7, the research topics focused by researchers and industries present sufficient practicability, diversity, and advancement.
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Fig. 5 Current challenges and research directions of the current construction industry
The current extensive research gives us an in-depth understanding of the industry and confidence for the future and brings us more novel and urgent research problems. So, after combining the literature, some critical issues are found and will be discussed below. They are divided into five categories, as shown in Fig. 5: Policy & System, Linkage, Initiative, Professional, and Technology.
Policy & System: The construction industry is very large, involving too many stakeholders 
 ADDIN EN.CITE 
[85]
. Any immature and unclear policies may cause conflicts among stakeholders. And if the system is not advanced enough, it will also affect the overall progress of the industry. So, the government and related rule-makers should grasp the construction industry from an overall point of view and provide advanced policies to support industry development. Besides, the current evaluation system is difficult to meet the requirements of efficient and safe construction projects to some extent.

Linkage: As part of an extensive system, the cooperation between different responsibility units is essential for the smooth progress of the construction industry 
 ADDIN EN.CITE 
[150]
. But the current level of collaboration is a little far from satisfactory. It is quite normal that the delay of one phase will affect the overall progress of the follow-up stages. This phenomenon will cause obstacles to the efficient implementation of the construction project. Facing this problem, each unit should make a scientific and reasonable project schedule, reserve an emergency plan, and strictly control the construction schedule to reduce delays. What’s more, communication and experience sharing are also very important between the pre-sequence stage and post sequence stage.

Initiative: Initiative is one of the best ways to solve problems fundamentally 
 ADDIN EN.CITE 
[149]
. But currently, regardless of design defects, safety accidents, or environmental impacts, a large proportion of research pays more attention to dealing with accidents efficiently than avoiding accidents through active design, planning, and maintenance. This doesn’t help fundamentally solve the problem. So, proactive thinking should be improved, including but not limited to proactive design, construction, operation, maintenance, and demolition.

Professional: The professional level of relevant practitioners significantly impacts every aspect of the project 
 ADDIN EN.CITE 
[151]
. But currently, the scientific skill of related practitioners is inadequate, especially in some developing countries and areas. Taking BIM as an example, although BIM can bring convenience to design and construction in many aspects, quite a few practitioners are not skilled in using this tool. So, the professional knowledge, edge technologies, and practitioner tools should be enhanced. 
Technology: No matter from which point of view, the advanced level of technology will influence the construction industry to a large extent. But at present, the level of technology in the construction industry is still relatively backward, which could be found from two aspects, research and application 
 ADDIN EN.CITE 
[75]
. This situation arises not only because of relatively less research but also owing to the potential huge profit risk. To improve this, researchers need to develop more advanced and robust tools. At the same time, the government also should provide more substantial support to the enterprises from the perspectives of policy and economics to reduce their profit-risk concerns.
4. Concepts and Applications of DT
As one of the representatives of emerging information and intelligent technologies, DT has made significant breakthroughs in recent years. Through virtual and real, digital mirroring, real-time feedback, and other characteristics, DT could provide a strong theoretical basis for decision-making, control, etc. But to be honest, it is challenging to achieve a complete DT currently. This requires not only the top talents and outcomes of a single discipline but also the synergy between various disciplines.
In this section, we first introduce the understanding of DT from leading scholars and enterprises. After that, the application of DT in different disciplines is shown. Based on the collected literature, the characteristics and current challenges of DT are summarized in the end.
4.1. Concepts
4.1.1 Brief history of digital twin
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Fig. 6 Milestones of Digital twin
To show the development of DT clearly, Fig. 6 provides some milestones of DT from the 1970s until now. The prototype of the DT first arises in the late 1960s and the early 1970s [152]. During that time, the researchers completed the design of the Apollo 13, and they also created a high-fidelity model to reflect the flight condition of the physical spacecraft 
 ADDIN EN.CITE 
[153]
. So, when the oxygen tanks exploded in space, the National Aeronautics and Space Administration (NASA) could use the mirror-model to do lots of simulations and find the best way to deal with the problem. Maybe astronauts’ lives will go the other way without the virtual model. It could be found that the core thought of this process is the same as the DT. So, it is considered the origin of the DT to some extent.
After over forty years, in the presentation of Dr. Michael Grieves at the University of Michigan in 2002, the concept of DT was proposed firstly [154]. Although the name of this technology was “Conceptual Ideal for PLM” at that time, not “Digital Twin,” the main components were almost identical to DT: physical entity, virtual model, the measured data from physical entity to virtual model, the information and process from virtual model to physical entity. Then, the conception of DT had a gradual development. And it was called the “Mirrored Spaces Model” in 2005 [155] and the “Information Mirroring Model” in 2006 [156]. Broadly speaking, although the name had changed many times during that period, DT's core elements and thoughts stayed the same. 
The next milestone happened in 2012 when NASA and United States Air Force (USAF) proposed the famous concept of the “Digital twin” [14]. In their definition, simulation is taken for the core. The characteristics of simulation are multi-physics, multi-scale and probabilistic. The best available physical models, sensor updates, fleet history, and others could be used during the simulation. Besides, the simulation aims to mirror the whole lifecycle of the court part. This concept is still used in today’s academia and industrial industries. 
[image: image7.png]Numbers

2000

1600

1200

800

400

0

1831
1735
1024
353
6 120 I
_ |
19732016 2017 2018 2019 2020 2021

Years





Fig. 7 Published documents per year
Notwithstanding the primary thoughts of the DT have been put forward for so many years, academics started to pay a lot of attention to this topic in just 2016, which can be found in Fig. 7. Fig. 7 is obtained from Scopus Database with criteria of TITLE-ABS-KEY (“Digital twin”). The number of published documents shows quite different before and after 2016. The related literature was rare before 2016, but the number of papers shows an exponential increase after that.

The lasted milestone is given to the contribution of Pr. Tao Fei from Beihang University. From the white paper of Michael Grieves [15], the DT concept model consists of three parts, which are physical products in real space, virtual products in virtual space, and the connections between the two. Based on this, for the Pr. Tao proposed a five-dimension architecture of the DT [157]. The service and DT data models are integrated with Grieves’s model for the better perception of the physical entity. 

Table 4
Definitions of DT from Academic Community
	Refs.
	Journal
	Definitions
	Research Area
	Categories
	Function

	Yi et al., Digital twin-based smart assembly process design and application framework for complex products and its case study 
 ADDIN EN.CITE 
[158]
 (2021)
	Journal of Manufacturing Systems
	DT has gradually developed into a key enabling tool to realize the real-time interaction and integration between information and physical worlds, which is considered as one of the key enabling technologies to achieve cyber-physical integration for smart assembly.
	Engineering;

Operation Research & Management Science
	Interaction：
Cyber-physical interaction 
 
	Real-time interaction and integration between information and physical worlds

	Verdouw et al., Digital twins in smart farming 
 ADDIN EN.CITE 
[159]
 (2021)
	Agricultural Systems
	A digital Twin is a dynamic representation of a real-life object that mirrors its states and behaviour across its lifecycle and that can be used to monitor, analyze and simulate current and future states of and interventions on these objects, using data integration, artificial intelligence, and machine learning.
	Agriculture
	Model：
Dynamic representation 
	Mirror the states and behavior;

Monitor, analyze, and simulate 

	Jiang et al., How to model and implement connections between physical and virtual models for digital twin application 
 ADDIN EN.CITE 
[160]
 (2021)
	Journal of Manufacturing Systems
	A digital twin (DT) is a virtual mirror (representation) of a physical world or a system along its lifecycle.
	Engineering;

Operation Research & Management Science
	Model：
Virtual representation 
	Mirror the physical world

	He et al., Digital twin-based sustainable intelligent manufacturing: a review 
 ADDIN EN.CITE 
[161]
 (2021)
	Advances in Manufacturing
	A digital twin is a real-time digital reproduction of physical entities. It faithfully maps physical objects and can not only describe physical objects, but also optimize physical objects based on models.
	Engineering;

Materials Science
	Model：
Digital reproduction 
	Faithful mapping physical objects; Describing and optimization

	Leng et al., Manuchain: combining permissioned blockchain with a holistic optimization model as bi-level intelligence for smart manufacturing 
 ADDIN EN.CITE 
[162]
 (2020)
	IEEE Transactions on Systems Man Cybernetics-Systems
	The digital twin is formed as an interaction bond between cyber model and physical equipment, on which we can optimize the performance metrics of the manufacturing system.
	Automation & Control Systems;

Computer Science
	Interaction：
Interaction between cyber and physical 
	optimization

	Leng et al., Digital twin-driven rapid reconﬁguration of the automated manufacturing system via an open architecture model 
 ADDIN EN.CITE 
[163]
 (2020)
	Robotics and Computer-Integrated Manufacturing
	A novel way of accurate online concurrent simulation for supporting reconﬁguration of the manufacturing system is to build real-time synchronization of the cyber and physical system, which can be called as a digital twin.
	Computer Science; Engineering; 

Robotics
	Simulation & Interaction:

Online Simulation & synchronization of the cyber and physical system 
	Support reconfiguration

	Jin et al., Triboelectric nanogenerator sensors for soft robotics aiming at digital twin applications 
 ADDIN EN.CITE 
[164]
 (2020)
	Nature Communications
	Digital twin is proposed to be a digital copy of the physical system, i.e., a cyber-physical system, to perform real-time control and optimization of products and production lines.
	Science & Technology – Other Topics (Robotics)
	Model：
Digital copy 
	Real-time control, optimization

	Lu et al., Cloud-based manufacturing equipment and big data analytics to enable on-demand manufacturing services 
 ADDIN EN.CITE 
[165]
 (2019)
	Robotics and Computer-Integrated Manufacturing
	The digital twin is the abstraction of a physical machine model in the cyberspace that mirrors the status of a physical manufacturing device.
	Computer Science; Engineering; 

Robotics
	Model：
Abstraction of a physical machine 
	Mirror the status

	Leng et al., Digital twin-driven manufacturing cyber-physical system for parallel controlling of smart workshop 
 ADDIN EN.CITE 
[166]
 (2019)
	Journal of Ambient Intelligence and Humanized Computing
	DT model which is an exact and real-time cyber copy of a physical manufacturing system that truly represents all of its functionalities.
	Computer Science; Telecommunications
	Model：
Exact and real-time cyber copy 
	Represent the physical system

	Zhuang et al., Digital twin-based smart production management and control framework for the complex product assembly shop-floor 
 ADDIN EN.CITE 
[167]
 (2018)
	The International Journal of Advanced Manufacturing Technology
	Digital twin is a virtual, dynamic model in the virtual world that is fully consistent with its corresponding physical entity in the real world and can simulate its physical counterpart’s characteristics, behaviour, life, and performance in a timely fashion.
	Automation & Control Systems;

Engineering
	Model：
Virtual dynamic model 
	Simulate characteristics, behaviour, life, and performance

	Zheng et al., A systematic design approach for service innovation of smart product-service systems 
 ADDIN EN.CITE 
[168]
 (2018)
	Journal of Cleaner Production
	One can be accepted as a digital twin-enabled service innovation as long as the product's cyber space and physical space are interconnected in real-time, and to the best extent reﬂect the physical product in its lifecycle to generate new services.
	Science & Technology – Other Topics;

Engineering.
Environmental Science & Ecology
	Interaction：
Cyber space and physical space’s interconnection
	Reflect the physical product

	Tao et al., Digital twin-driven product design, manufacturing and service with big data 
 ADDIN EN.CITE 
[169]
 (2018)
	The International Journal of Advanced Manufacturing Technology
	Digital twin is a faithful mapping of the physical product and can make the communication between clients and designers more transparent and faster by using the real-time transmission data.
	Automation & Control Systems;

Engineering
	Model：
Faithful mapping of the physical product 
	Communication between clients and designers


Table 5
Definitions of DT from Leading Enterprises

	Name
	Definitions
	Categories
	URL

	Digital Twin Consortium
	A virtual representation of real-world entities and processes, synchronized at a specified frequency and fidelity.
	Model：
Virtual representation 
	https://www.digitaltwinconsortium.org/cgi-bin/dtcmembersearch.cgi

	Autodesk
	A digital twin in construction, engineering, and architecture is a dynamic, up-to-date replica of a physical asset or set of assets—whether it’s a building, a campus, a city, or a railway—that brings together design, construction, and real-time operational data.
	Model：
Dynamic, up-to-date replica 
	https://www.autodesk.com/solutions/digital-twin/architecture-engineering-construction

	General Electric Company (GE)
	Digital Twin is most commonly defined as a software representation of a physical asset, system, or process designed to detect, prevent, predict, and optimize through real time analytics to deliver business value.
	Model：
Software representation 
	https://www.ge.com/digital/applications/digital-twin

	Bosch
	A “digital twin” is a complete digital image of a building that includes all of its technologies, systems, sensors and other relevant aspects.
	Model：
Digital image 
	https://www.boschbuildingsolutions.com/xc/en/news-and-stories/interview-habib-modabber/

	International Business Machines Corporation (IBM)
	A digital twin is a virtual model designed to accurately reflect a physical object.
	Model：
Virtual model
	https://www.ibm.com/topics/what-is-a-digital-twin

	Microsoft
	Azure Digital Twins is an Internet of Things (IoT) platform that enables you to create a digital representation of real-world things, places, business processes, and people.
	Model & Interaction：
Internet of Things platform
	https://azure.microsoft.com/en-us/services/digital-twins/


4.1.2 Concepts of digital twin from academia, industrial industries
From the selected literature of Section 2, the definitions of DT are collected and shown in Table 4. The order of the paper is based on publication time. The newer paper is listed first. The literature is analyzed from perspectives of definitions, research areas, and categories. An increasing number of leading enterprises also participate in the theoretical research and application exploration of DT. Most of them have their own comprehension of DT. Therefore, this paper collects their definitions of DT on their official websites and shows them in Table 5. In Table 4 and Table 5, the key points and expected functions are extracted from the DT definitions.

It could be summarized from two tables that, no matter which research areas the paper or enterprises are in, their definitions of DT are about three aspects, model, interaction, and simulation. Based on the relationship of the three words, the main frame of DT can be gotten. Model, especially the combination of multiple types of virtual models, is identified as the core and the most important fundamental of the DT. Besides, interaction is the main characteristic of the model. Only by doing this, the model can accurately reflect the physical world in real-time. Simulation is the primary way in which the model plays its role. Through a wide range of simulations, the researcher could know the physical world better and select a more appropriate way to deal with different problems in research or applications.

In addition, the expected functions of DT given by academia and enterprises are diversified. To show it logically, the functions are categorized into three levels: 1) mirror the status of the physical world; 2) analyze, monitor, and decision-making; 3) prediction, control, and optimization. 

The first level could be thought of as the primary function of the DT. By mirroring the physical world as it is, the researcher can comprehensively understand the current state of the physical object or system and get some detailed data that is difficult to measure in the physical world. Then, the analysis work could be done based on accurate perception and reflection. With multitudinous analysis, the information hidden in data could help the related technicians monitor the physical world. Then, the stakeholders could make a reasonable decision with the visualized analysis results when facing emergency or non-emergency situations. Besides, prediction, control, and optimization could be thought of as three aspects of decision making. 

Based on the above analysis and summary of the concept of DT, a comprehensive concept of DT is given below: 

“Digital twin is a virtual representation of a physical entity that can be updated in real-time by deep interactions, to mirror the status of the physical world and make rational decisions through various simulation analyses.”
Table 6
Representative literature of digital twin used in different scenarios
	Categories
	References
	Focus
	Contributions

	Agriculture, forestry, and fishing
	Verdouw et al. 
 ADDIN EN.CITE 
[159]
 (2021)
	Smart Farming
	·  Given a definition of DT
·  Proposed a conceptual framework for designing and implementing the DT model in farm management

·  Applied and validated the framework in the European IoF2020 project

	
	Pylianidis et al. [170] (2021)
	Agriculture
	·  Analyzed the potential effect of DT in agriculture industrial 
·  Summarized the characteristics of DT which fit agriculture well

·  Provided a blueprint for the practical applications of DT

	Mining and quarrying
	Farrelly et al. 
 ADDIN EN.CITE 
[171]
 (2021)
	Mining
	·  Provided the implementation framework of DT in mining

·  Proposed a method to improve the interoperability and integration of the mining industry

	
	Pehlken et al. [172] (2020)
	Recycling
	·  Considered urban mining as an important node in the life cycle management
·  Explored the influence of DT on sustainability

	Manufacturing
	He et al. 
 ADDIN EN.CITE 
[161]
 (2021)
	Sustainable intelligent manufacturing
	·  Sorted out the related literature under the intelligent manufacturing topic
·  Analyzed the applications of DT
·  Presented the research blueprint of intelligent manufacturing

	
	Tao et al. 
 ADDIN EN.CITE 
[169]
 (2018)
	Product design, manufacturing, and service
	·  Proposed a DT driven product design, manufacturing, and service method
·  Analyzed the application methods and framework of the proposed method

·  Illustrated the applications of the method by three cases

	Electricity, gas, steam, and air conditioning supply
	Li et al. 
 ADDIN EN.CITE 
[173]
 (2020)
	Oil and gas pipeline system
	·  Discussed the role of DT in the intelligent transformation of oil and gas pipeline
·  Given the definition, long-range goal, application paradigm, and blueprint of the DT

	
	Zecevic [174] (2021)
	Steam methane reforming equipment
	·  Introduced DT into the save energy field
·  Built the DT model for energy-intensive chemical process

·  Verified the proposed method

	Water supply; sewerage, waste management, and remediation activities
	Fuertes et al. 
 ADDIN EN.CITE 
[175]
 (2020)
	Drinking water distribution networks
	·  Proposed the requirement of using DT in the water distribution system
·  Summarized the related work of Global Omnium, GoAigua, and the UPV.

	
	Dli et al. 
 ADDIN EN.CITE 
[176]
 (2020)
	Ore Waste Processing
	·  Applied DT technologies into ore waste disposal system

·  Developed a technological information processing structure for phosphorus production system based on a deep neural network 

	Construction
	Lee et al. 
 ADDIN EN.CITE 
[82]
 (2021)
	Communications across construction stakeholders
	·  Developed a traceable data communication method based on DT and blockchain used in the construction industry

·  Verified the proposed method by a project

	
	Lee et al. 
 ADDIN EN.CITE 
[177]
 (2021)
	Supply chain coordination in construction
	·  Developed a real-time logistic simulation method based on DT
·  Accurately predict the potential logistics risk and delivery time
·  Tested the method in a case project

	Wholesale and retail trade; repair of motor vehicles and motorcycles
	Burgos et al. [178] (2021)
	COVID-19 and Food retail
	·  Tested supply chain operations and performance dynamics by anyLogistix digital supply chain twin
·  Pointed out a few directions and guidelines to improve the food retail supply chain resilience

	
	Maizi et al. [179] (2021)
	Smart stores
	·  Implemented DT in smart stores

·  Tested the impact of DT by simulations

	Transportation and storage
	Yan et al. 
 ADDIN EN.CITE 
[180]
 (2021)
	Schedule under finite transportation conditions
	·  Discussed the effect of finite transportation conditions on flexible job shop scheduling problem
·  Proposed a JavaScript Object Notation method for information transmission

	
	Martinez-Gutierrez et al. 
 ADDIN EN.CITE 
[181]
 (2021)
	Automatic transportation
	·  Developed a DT design method for the transportation of the Automatic Guided Vehicles
·  Verified the proposed method under two different scenarios

	Accommodation and food service activities
	Tebaldi et al. [182] (2021)
	Agri-Food supply chain
	·  Analyzed the current technological development of the DT in the agri-food supply chain field

	
	Vaskovsky et al. [183] (2020)
	Personalized food for diabetics
	·  Discussed the application of DT in food supply for diabetics
·  Pointed out that the DT model of food and diabetics is the main direction of the information system

	Information and communication
	Putz et al. [184] (2021)
	Information security
	·  Developed an owner-centric decentralized sharing model
·  Discussed the usage of DT in information sharing and security

·  Verified the prototype based on practical engineering application

	
	Lu et al. 
 ADDIN EN.CITE 
[185]
 (2021)
	Communication & AI
	·  Cooperated DT with artificial intelligence
·  Proposed DT edge networks
·  Applied federated learning in the DT modeling process
·  Increase the communication efficiency by the proposed method

	Financial and insurance activities
	Murphy et al. [186] (2020)
	Financial data streams
	·  Developed a method for representing base production events and additional events related to financial transactions
·  Pointed out the DT can contribute to monitoring production and finance data streams

	
	Clark et al. [187] (2020)
	Uncertainty
	·  Introduced the different application scenarios of DT briefly
·  Proposed the necessary of using DT in enterprise information system

	Real estate activities
	Liu et al. [188] (2021)
	Eco-green building design
	·  Proposed DT-based operation cost management system for green building
·  Tested the efficiency of the proposed method

	
	Khajavi et al. 
 ADDIN EN.CITE 
[189]
 (2019)
	Building life cycle management
	·  Introduced DT into building life cycle management
·  Analyzed the advantages and disadvantages of the implementation

	Professional, scientific and technical activities
	Teller et al. [190] (2021)
	Legal
	·  Discussed the related problems of DT application from the legal perspective

	
	Clementson et al. [191] (2021)
	Legal & Additive Manufacturing
	·  Illustrated the usage of DT in additive manufacturing
·  Analyzed the legal considerations associated with additive manufacturing DT

	Administrative and support service activities
	Liu et al. [192] (2021)
	Safety risk
	·  Established a DT-based safety risk management framework for hoisting
·  Verified the efficiency of the framework using the on-site operation

	
	Almeaibed et al. [193] (2021)
	Safety and security
	·  Proposed the main challenges and solutions of autonomous vehicles with consideration of safety and security problems
·  Developed a vehicular DT framework 

	Public administration and defence; compulsory social security
	Kuzminov et al. [194] (2021)
	Human capital
	·  Presented a multilevel causal model which focuses on the relationship between micro-level and macro-level
·  Pointed out a conceptual approach to formalization and management of the human capital structure

	
	Bickford et al. [195] (2020)
	National defense
	·  Discussed the mutual relation between the DT and model-based systems engineering
·  Proposed a DT development model and path

	Education
	Liu et al. [196] (2020)
	Holographic classroom
	·  Analyzed the characteristics of DT and how to introduce DT into the modern classroom
·  Discussed the potential application of the proposed holographic classroom

	
	Liljaniemi et al. [197] (2020)
	Engineering education
	·  Analyzed the advantages and difficulties of applying DT in engineering education

	Human health and social work activities
	Zhang et al. 
 ADDIN EN.CITE 
[198]
 (2021)
	Lung cancer
	·  Presented a new method that could facilitate the establishment of healthcare DT
·  Showed the advantages of the proposed model method by a large scale of experiments

	
	Angulo et al. 
 ADDIN EN.CITE 
[199]
 (2019)
	Healthcare
	·  Established a DT for personalized healthcare

	Arts, entertainment and recreation
	Yeom et al. 
 ADDIN EN.CITE 
[200]
 (2021)
	Art exhibition curation
	·  Proposed a mixed reality platform for arts curators based on DT
·  Verified the capacity of the proposed platform by users’ evaluations

	
	Picone et al. [201] (2021)
	Library
	·  Presented a white label DT which allows users to develop their DT model according to their usage


4.2. Applications
With the rapid development of DT-related technologies, the advantages and prospects of DT are shown increasingly. Therefore, the researchers are more and more willing to reasonably introduce it into different research fields. Until now, the main thoughts of DT have been used in most of the categories classified by the United Nations [202]. There are only 3 out of 21 categories in which no reports related to DT could be found. The details are shown in Table 6.

The original extensive usage scenario of DT could trace back to the start of the 2010s. NASA and USAF laboratories tried to apply the core thoughts of DT in aeronautics and astronautics. The DT is mainly used to do design [203], prognostics [204], prediction 
 ADDIN EN.CITE 
[203, 205, 206]
, and maintenance [14, 207]. With the gradual development, the DT is most used in manufacturing nowadays 
 ADDIN EN.CITE 
[208]
. From product design and production to prognostics and health management (PHM), the DT has been integrated into many manufacturing industry applications [209]. So, two typical application scenarios will be introduced detailed below.
Aeronautics and Astronautics

To put it bluntly, NASA and USAF open the door of DT application in a sense. From Apollo 13 to the technological exploration in the early 2010s, they provided a reference for the subsequent development of DT. By integrating the advantages of DT and the demands of aeronautics and astronautics industries, plenty of realistic problems were solved to a large extent.
The researchers in Langley Research Center Hampton 
 ADDIN EN.CITE 
[210, 211]
 combined the DT with the multi-scale modeling method. By the non-demonstrated DT framework, the condition of fatigue crack was simulated and predicted from initiation to failure. Grieves and John Vickers [212] from NASA claimed that the DT's full usage could help researchers model and simulate in virtual space. By doing this, the cost spent on designing, producing, and operating would decrease a lot.

Apart from NASA and USAF, some researchers also carry out their research in this field. Yin et al. [213] analyzed and summarized the DT used in aviation and space scenarios. From his perspective, the DT has far-reaching implications in the aerospace industry. But the usage of DT is still in an early stage now. 
Manufacturing
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Fig. 8 Advantages of the digital twin in different stages of manufacturing
As early as 2015 - 2016, many scholars in academia and enterprises have started to explore related technologies. Currently, the manufacturing industry has almost been DT's most famous application scenario. From design 
 ADDIN EN.CITE 
[214]
, production 
 ADDIN EN.CITE 
[161]
, operation and maintenance 
 ADDIN EN.CITE 
[215]
, to end-of-life 
 ADDIN EN.CITE 
[216]
, DT has been studied and applied at every stage of manufacturing. The advantages of DT in different manufacturing stages are shown in Fig. 8.
Design Phase: With the high-fidelity virtual model, many experiments which cost a lot of time and money could be replaced by simulations 
 ADDIN EN.CITE 
[217]
. Under the circumstances, the design cycle would be obviously shortened. Besides, information transmission is one of the main characteristics of DT. So, the implementation of DT could certainly bring designers more information and requests from different stakeholders. Hence, plenty of significant design defects could be nipped in the bud.
Production Phase: DT can serve as a platform that integrates manufacturing processes and data from virtual models and production equipment [218]. With the comprehensive information, the decision-makers could grasp the current condition of the manufacturing system well, and reasonable decisions are easier to be made. Therefore, the production system would be controlled better. The production plan is going to be more sensible. And the machining solutions could be improved as well.
Operation & Maintenance Phase: The virtual model of DT could be updated based on data collected in real-time. Therefore, it could be identified as the loyal mapping of the physical entity. Different stakeholders can check the operation condition of the device or system from different places at any time. This is not only good for monitoring but also for efficient maintenance. Once the equipment breaks down, the remotely expert could grasp the cause of the failure by the data and virtual model online. Then, the corresponding solutions could be given.
End-of-life Phase: The current research on DT application in the end-of-life phase is rare compared with others [219]. From the only literature available 
 ADDIN EN.CITE 
[216, 220, 221]
, it could be found that the DT could play a vital role in the final phase of manufacturing, especially from the data perspective. Thanks to DT, the data collected from the design to the end-of-life stage could be integrated for further analysis and decision-making. The comprehensive data would also benefit the current recycling work and future product design.
4.3. Summary of digital twin
4.3.1 Main Characteristics
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Fig. 9 Eight main characteristics of digital twin
The previous content analyzes the history, concepts, and applications of DT. Relying on that, characteristics of DT are extracted, shown in Fig. 9.
Facticity 
 ADDIN EN.CITE 
[222]
: DT is considered by most people to be the virtual representation of the physical entity. Under the circumstances, the facticity of the model would be of paramount importance. If the model's accuracy cannot meet the requirements, further data analysis and other works would lose basic support, and the results would be far from the actual situation.
Multi-physics 
 ADDIN EN.CITE 
[223]
: Multi-physics is the essential characteristic of the virtual model and DT. With the development of modern industry, a large variety of equipment shows a tendency of complexity [224]. To accurately mirror the physical entity, the DT model should be able to describe multi-physical characteristics of the equipment, like thermodynamics, hydromechanics, etc.
Multi-scale 
 ADDIN EN.CITE 
[225]
: The importance of multi-scale could be found in the famous concept given by NASA and USAF [14]. Research at the macro and micro scales is always separated currently. However, objects' microscopic and macroscopic behavior would influence each other frequently 
 ADDIN EN.CITE 
[226]
. Therefore, the virtual model of DT is better to be multi-scale to reflect the physical entity in detail.
Integrate 
 ADDIN EN.CITE 
[227]
: DT is not simply a technology or entity. On the contrary, it should be a platform that integrates lots of physical objects, virtual models and industrial systems, etc. [228]. Furthermore, each component of the platform is also an integration of many technologies. Taking the virtual model as an example, if a comprehensive model of an airplane is going to be established, it would include plenty of sub-models, like the dynamic model, geometric model, material model, etc.
Computable 
 ADDIN EN.CITE 
[229]
: Interactions between physical objects and virtual models are significant in DT technology. The information transferred to entities is obtained from the model's carefully computing and analysis 
 ADDIN EN.CITE 
[230]
. With strong computing power, DT can play its due role in industrial applications. 
Probabilistic 
 ADDIN EN.CITE 
[231]
: DT could be considered as an integrated complex system. In most cases, there are a few uncertainties or random variables in the system 
 ADDIN EN.CITE 
[232]
. If the uncertainties are not considered in the model, a deterministic DT would be difficult to describe random events and provide strong support for decision-making when facing sudden changes. Therefore, the DT should take probability into account when dealing with most problems.
Dynamic 
 ADDIN EN.CITE 
[233]
: The characteristic of dynamics has a lot to do with physical and cyber space interactions. As is well-known, the basic components of DT are physical entity, virtual model, and interaction. The operation situation of equipment or systems constantly changes with time. So, with interaction, the virtual model should be dynamic and keep track of physical entity changes [234].
Unique 
 ADDIN EN.CITE 
[235]
: One of the essential differences between DT and CPS is that the virtual model in CPS corresponds to a class of objects. But in DT, a model is simply a virtual description of one particular entity 
 ADDIN EN.CITE 
[166]
. For instance, the same equipment on the same assembly line would have different states with continuous production. DT can describe this situation accurately, but CPS cannot. Therefore, uniqueness is the characteristic and advantage of DT compared with other similar technologies. 
4.3.2 Current challenges
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Fig. 10 Current challenges of digital twin
In Industry 4.0, the rapid development of IoT, AI, Big Data, and other advanced technologies has provided more potential for DT applications [236]. Meanwhile, a few challenges come as well. After analyzing the related literature, the challenges of the current DT are classified into six categories, which are shown in Fig. 10. 
Definition 
 ADDIN EN.CITE 
[237]
: It has been nearly 20 years since Mr. Grieves first developed the DT concept. As time went by, DT has been used in plenty of research fields. Although scholars have made many attempts to define the DT, as shown in Table 4 and Table 5, there is still no universally accepted concept nowadays 
 ADDIN EN.CITE 
[238]
. The lack of consistency will make it difficult for the practitioners to grasp the essence of DT.
Model 
 ADDIN EN.CITE 
[233]
: With the development of science today, it is not very hard to describe specific equipment or system from just one or two perspectives. But this kind of model obviously cannot comprehensively reflect the actual situation of the physical entity 
 ADDIN EN.CITE 
[163]
. Besides, one of the vital functions of the DT model is to change as the object changes. This feature is not present in many models currently 
 ADDIN EN.CITE 
[239]
. So, how to mirror the entity accurately and improve the model's update capability is still a vital challenge.
Balance 
 ADDIN EN.CITE 
[158]
: To describe the objects roundly, it would be better to integrate many sub-models in the virtual space. However, as we all know, the computational efficiency of many sub-models is relatively low at present 
 ADDIN EN.CITE 
[240]
. Therefore, when the DT model is more and more complex, although the description of the object would be more comprehensive, the computation efficiency would decrease obviously. So that the situation of the object cannot be reflected in real-time. Hence, it is necessary to balance the accuracy and the efficiency of the DT model before starting a project.
Data: Data is the indispensable medium to connect the physical entity and cyberspace 
 ADDIN EN.CITE 
[241]
. Almost every aspect of data could affect the performance of DT, like acquisition, transfer, storage, analysis, and security. So how to better use and protect data is currently a bottleneck of DT.
· Data acquisition 
 ADDIN EN.CITE 
[242]
: Acquisition could be regarded as one of the origins of the data chain. Follow-up work on DT will be difficult if the data collected are inaccurate or of poor quality. So, it requires extensive support from the data acquisition system, including high-performance sensors, reasonable sensor layout scheme, efficient acquisition strategy, etc. [243].
· Data transfer and storage 
 ADDIN EN.CITE 
[244]
: There are three main aspects to data transfer and storage: integrity, security, and speed. In many cases, the DT will be used from the origin to the end of the equipment or system. And the data produced in different stages are closely related. Data loss, even only for a short time, may cause irreparable damage. So, maintaining the integrity of the data is quite necessary. What’s more, data needs to flow constantly across many platforms, models, and entities in DT 
 ADDIN EN.CITE 
[245]
. The leaking problem must be avoided 
 ADDIN EN.CITE 
[246]
. Besides, the transfer speed is also important and should be studied in the future.
· Data analysis 
 ADDIN EN.CITE 
[247]
: Data analysis is an essential part of the data stream and the whole DT architecture. Only by mining the knowledge behind data can we know how to change the model to mirror the physical entity more accurately. What’s more, if the data analysis is slow, the DT will not as effective as it should be.
Interactions 
 ADDIN EN.CITE 
[162]
: As mentioned in section 4.1, in the views of many scholars and enterprises, the model is the core of DT. The initial models are often built from physical perspectives. After that, the whole updating process of the model needs the support of interaction technologies [248]. A few factors could affect the operation of equipment or system 
 ADDIN EN.CITE 
[7]
. The interaction strategies should describe these factors accurately and transfer the changes to physical and cyber space quickly. So that the model could be updated on time and be the precise mapping of the physical entity.
Application 
 ADDIN EN.CITE 
[249]
: The development of many Information and Communication Technologies in recent years, like IoT, cloud computing, edge computing, and big data analysis, gives excellent potential and chances of using DT. But a lot of factors should be considered within the DT system. And it has high requirements for various technologies in various fields. So, the challenge of the application stage would last for a relatively long time. 
Overall, it is still a long way for DT to fully play its role 
 ADDIN EN.CITE 
[10, 119]
. In terms of six challenges analyzed in this section, there is plenty of room for the improvement of DT. Besides, the integration of various tools 
 ADDIN EN.CITE 
[222]
, improve real-time updates, computing and decision-making 
 ADDIN EN.CITE 
[10]
, quantitative research [219] and other problems also need to be solved by DT in the future. 
5. Future Perspectives
Based on the analysis and summary in Section 3 and Section 4, it could be found that the construction industry urgently needs to upgrade in many aspects. And with the continuous development and maturity, digital twin has been applied in lots of industries. This section discusses the opportunities, challenges, and recommendations of applying digital twin in the construction life cycle.
5.1. Life cycle framework for digital twin-enabled construction
With the accurately mapping and real-time interaction, digital twin has great opportunities in the construction industry, even construction life cycle. Currently, some scholars have applied DT to some specific fields of the construction industry, such as planning, scheduling, execution in the construction phase 
 ADDIN EN.CITE 
[250]
, anomaly detection in the operation and maintenance phase [251] and material flow in the demolition phase 
 ADDIN EN.CITE 
[123]
. But few of them focus on the application of digital twin in whole lifecycle of the construction. Based on the overview of the construction industry in Section 3 and the characteristics of DT sorted out in Section 4, a life cycle framework for DT-enabled construction is proposed in this section, which is shown in Fig. 11.
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Fig. 11 A Life cycle framework of digital-twin enabled construction
The construction industry is quite different from other industries, one of which is reflected in its large volume and wide range of stakeholders. Among the modelling of DT, the most primitive is the 3D model proposed by Michael Grieves [252], which consists of three parts, namely real space, virtual space and data/information interactions. After that, the 5D model proposed by Prof. Tao [157] is the one that attracts the most attention. In either model, the social space is not taken into account. But in the reality, social factors could have a big impact on the construction industry, such as policies 
 ADDIN EN.CITE 
[253]
, economy 
 ADDIN EN.CITE 
[254]
 and ecology [255]. Social space should be considered along with physical space and virtual space to form a “3+1”D digital twin model for construction life cycle. The “3” indicates three spaces. And the “1” represents the information loop among the three. 
The ”3+1”D model could help improve many problems in the construction life cycle. In the design phase, designers give the material and structure information to the model. Then the model could be thoroughly analysed in virtual space, and the performance analysis results could be feedback to the designer for further improvement. As for the pre-construction phase, cost estimation and schedule planning are two essential tasks. With the accurate and high-fidelity DT model, many factors can be considered objectively.

In the construction phase, real-time location and working condition of people, materials, equipment, and vehicle are important information that should be provided to the model. With this information, the DT model could be the accurate virtual mapping of the construction site.  Currently, there is a lot of research conducted on this topic, which is how to grasp real-time location and working condition data. Based on an accurate model updated in real-time, some feedback could be provided to the manager and worker, including safety alarms and emergency management. What’s more, the DT model could also give instructions to robots or unmanned aerial vehicles (UAVs). Robot has great application prospect in the construction support 
 ADDIN EN.CITE 
[111, 256]
. UAV is used more to receive control commands from digital twin model and complete the task of construction site real-time monitoring 
 ADDIN EN.CITE 
[66, 71]
. For the post-construction phase, the DT model could play an auxiliary role in the completion of acceptance inspections.
The O & M phase is the longest in the whole life cycle of the building. During this phase, the operation parameters and maintenance requests of equipment, HVAC, and the main construction body could be obtained by sensing technology and given to the virtual model. Through the data analysis of the model, the facility manager could accurately grasp the current situation of the building and carry out predictive maintenance.  In the last phase of the construction life cycle, the location and working condition information of person, waste, equipment, and vehicle should also be given to the model in real-time. So, the DT model could estimate waste quantity and recommendations on waste disposal.
In all simulations and computations, the information from the social space will be provided to the virtual space as rules and constraints. In this way, the obtained decisions or control instructions could take into account both economy and practicability.
5.2. Challenges and opportunities
Digital twin is not just a single platform, technology or model, but a huge system that requires a lot of advanced technical support [228]. For digital twin applied in the whole life cycle of buildings, with the characteristics of larger system and wider stakeholders, more support is required. In this section, the challenges and opportunities that the framework maybe encounter in its application are going to be discussed.
Model: How to build an accurate, time-varying and highly computationally efficient model has always been one of the core issues of digital twin. In the construction industry, this problem maybe become more difficult. Because many factors and activities in social space also need to be taken into account. It will also bring many opportunities. More interdisciplinary technologies are destined to shine in this field, such as advanced multi-physics modelling method, digital representation methods of social factors, etc. 
Integrate technology: In the current construction life cycle, there are already some technologies that could accomplish a single task. However, if each stakeholder uses different and incompatible technologies or software to complete their own works, it will bring many communication problems and is not conductive to the preservation of documents. So, in order to improve these problems and establish a comprehensive digital twin model for construction lifecycle, some advanced integrate technologies need to be explored, like professional software integration platforms, or interface technologies among multiple software.
Testing technology: As mentioned in the previous section, digital twin is a relatively large system, especially used in construction life cycle. Due to the relatively lagging technological progress in the construction industry, the application of digital twin is destined to bring many changes to the industry. Therefore, how to test the actual application effect and accurately find the links that need to be adjusted according to the results has become a serious problem.
Technological innovations in various fields: In the framework proposed in Section 5.1, it could be found that the work and level of advancement in each stage is essential in the whole life cycle. If there is no advanced technical support at all stages, it is difficult for the digital twin model to be truly implemented. Various simulation computing capabilities of the model in the design stage, human-robot interaction and safety warning technologies in the construction phase, accurate monitoring and early warning technologies in the O & M phase, simulation technology in the demolition phase, etc., are all indispensable for realizing construction life cycle digital twin. They are of course the focus of future research.
In general, the realization of construction life cycle digital twin is a process from small to large and from simple to complex. Whether it is the innovation of a single technology or the collaboration between different technologies, there are a lot of needs, challenges, and opportunities for the future research.
6. Conclusions

The construction industry plays a vital role in the economy and also faces the problem of low digitalization. This paper sorts out the research status of the building life cycle from the beginning planning/design phase to the final demolition phase. Five major challenges and their corresponding future directions are given. There is a huge potential for the current construction industry from the overall policy level to the advanced technology application level. Digital twin, as an advanced and hot technology, could accurately map the physical world in real-time, which is beneficial to decision-making, maintenance, control, etc. DT has been applied in many fields and achieved certain success in recent years. The facticity, multi-physics, multi-scale, integrate, computable, probabilistic, dynamic and unique characteristics of digital twin have gradually formed.
Based on the understanding gotten from the current construction life cycle and digital twin, a “3+1”D DT-enabled construction life cycle framework is proposed. Compared with other frameworks, social space is introduced in the digital twin model. This is because social factors, like policies, activities, ecology, etc. will have a great impact on the construction industry. Digitally representing these social factors in the digital twin model could go a long way toward accuracy and usefulness. Due to the addition of social factors, the establishment of a digital twin model will become more difficult. In addition, there are also many challenges and opportunities in the field of integration technology, testing technology, and technology upgrading. In the future, the framework should be implemented and validated in practical construction projects first. Then, the robustness of the “3+1”D framework could be improved to meet the requirements of different application scenarios (e.g., different building types, building area). In addition, the efficient application of the proposed framework needs the support of many advanced technologies. Extensive research should be done at the level of technological innovation, such as robotics, big data.
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Appendix

Table 7
Studies for construction operation and maintenance (Time period: 2018-2022)
	Research categories
	Topics
	Purposes
	References & Associated technologies
	QTY

	Past

(Learn from past data and information)
	Information extraction
	Extracted the theoretical knowledge from the past data to provide theoretical support for maintenance decision-making
	Marocco et al. 
 ADDIN EN.CITE 
[257]

Weeks et al. 
 ADDIN EN.CITE 
[258]

	Text-mining
	7

	Current

(Optimize current O & M related works)
	Maintenance planning
	Arrange the existing operation and maintenance requirements from users or perceptions, and search for a relatively efficient maintenance process
	Bucon et al. 
 ADDIN EN.CITE 
[259]

Chen et al. 
 ADDIN EN.CITE 
[260]

Sardari et al. [261]
	BIM

Machine learning

Control theory
Reliability analysis
	13

	
	Condition perception
	Based on the novel sensor technologies and data processing technologies, grasp the condition of the building and provide the basis for subsequent operation and maintenance actions
	Valero et al. [262]
Marmo et al. 
 ADDIN EN.CITE 
[263]

Lu et al. [251]
Chen et al. 
 ADDIN EN.CITE 
[264]

	Digital twin

BIM

3D points clouds processing

Augmented reality
	7

	
	Request collection & analysis
	Optimize maintenance requests collection process for better and more efficient maintenance
	Bouabdallaoui et al. 
 ADDIN EN.CITE 
[265]

Bortolini et al. 
 ADDIN EN.CITE 
[98]

	BIM

Machine learning
	3

	
	Efficient daily maintenance
	Conduct human-free daily maintenance through advanced technologies
	Lakshmanan et al. 
 ADDIN EN.CITE 
[266]

Ramalingam et al. 
 ADDIN EN.CITE 
[267]

	BIM

Robotics
	4

	
	Other topics
	Research on building operation and maintenance based on current data. Topics include but are not limited to advanced O & M tool development, maintenance management system, factor analysis.
	Heaton et al. 
 ADDIN EN.CITE 
[268]

Shi et al. [269]
	BIM

Virtual reality
	10

	Future

(Make predictions about future O &M related works)
	Predictive maintenance
	Make full use of the collected data to predict the future condition of the building and search for a better time to carry out maintenance operations 
	Ma et al. 
 ADDIN EN.CITE 
[270]

Cheng et al. 
 ADDIN EN.CITE 
[97]

	BIM

Machine learning

IoT

Integer programming
	4

	
	Degradation prediction
	Consider the aging process of all parts of the building (including materials, HVAC, and so on) and predict the condition of the building at some time in the future
	Mishra et al. 
 ADDIN EN.CITE 
[271]

Aslani et al. [272]
	Degradation modeling
Reliability analysis
	3

	
	Cost prediction
	Forecast the future operation and maintenance cost of a building
	Kwon et al. 
 ADDIN EN.CITE 
[273]

	Machine learning
	1
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