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Abstract

:

Building operation and maintenance (O&M) processes are tedious. Controlling such tedious processes requires extensive visualization and trustworthy decision-making strategies. Unfortunately, challenges still exist as existing technologies and practices can hardly achieve effective control of building O&M processes. This study has established a method for achieving intelligent control of building O&M processes by integrating Global Navigation Satellite System (GNSS) with Digital Twins (DTs) techniques. Specifically, GNSS could be used to capture real-time building information during building O&M processes. Such captured real-time information realizes the intelligent closed-loop control of building O&M driven by DTs. In this study, the authors have (1) captured the dynamic information required for achieving intelligent control of building O&M processes, (2) established a DT model of building O&M processes, (3) established a data management mechanism of intelligent building O&M processes, and (4) formalized an intelligent building O&M decision control platform. Finally, the authors have validated the proposed method using the 2022 Beijing Winter Olympics venue as a case study. The three-dimensional coordinates of various building information are captured based on GNSS automatic monitoring system. This realizes the precise positioning of O&M elements and feedbacks to the twin model of the venue. Through the intelligent analysis and prediction of O&M information, the characteristics of various O&M accidents are obtained. Finally, under the navigation function of GNSS, the processing measures are accurately formulated. Results indicate that the proposed GNSS–DTs-based method could help to achieve intelligent control of large building O&M processes.
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1. Introduction


1.1. Background


Emerging information technologies have promoted the transformation of the construction industry [1]. In view of how to deepen the integration and application of information technology in the construction industry, each country proposes corresponding development strategies based on its own national conditions. This promotes the rapid development of information physics integration, digital twins (DTs), and other related technologies [2]. More and more information technologies are applied to the human living space to improve its comfort, energy-saving, and safety. Smart city, intelligent building, smart home, and other concepts are more and more studied by people. Among them, building environment, building energy, building safety, and other issues are the main research issues.



It is the basic connotation of operation and maintenance (O&M) to use various technical means to help the protected object avoid danger and injury and keep it in a normal state without dangerous accidents. Therefore, building O&M is an important work to ensure construction environment, energy, and safety. The traditional O&M mainly realizes the protection of building safety through the inspection of O&M managers. At present, the development of digital architecture in business applications still has difficulty in collecting high-precision information, serious information islands, scattered infrastructure, and unbalanced O&M systems [3]. With the development of information technology, intelligent O&M management facilities are increasingly appearing in urban and building management. The O&M process should gradually realize the data collaborative interaction of multiple factors such as personnel, construction, and environment, so as to improve the intelligent level of management and maintenance.



In the emerging modern technologies, DTs provide new methods and ideas for the refinement and intelligent development of large and complex building O&M and create new tools. DTs have a great role in promoting the intelligence of engineering construction and management [4]. In recent years, the intelligent development of DTs and O&M [5] has been paid more and more attention by experts and scholars in the industry and has achieved fruitful results in the industry. DTs simulate and depict the state and behavior of physical entities with a high-fidelity dynamic virtual model. As a link between the real physical world and the virtual digital space, it is the key enabling technology to realize the intelligent O&M of buildings [6]. In the process of O&M, DTs can realize real-time mapping of building state, intelligently analyze the state of each factor, and predict the future development trend of each factor. In the process of improving the intelligent level of building O&M, the corresponding information of DTs requires dynamic action. Therefore, it is necessary to capture the information of various elements in real time. Especially when building O&M accidents occur, accurate positioning of information should be carried out to assist the formulation of maintenance measures and the efficient O&M of buildings. DTs can be used as the technical basis for information integration in the process of building construction, O&M [7]. Global Navigation Satellite System (GNSS) has been an important choice for the development of vehicle positioning navigation and intelligent traffic control because of its high precision and all-weather, all-time, efficiency and convenient characteristics. It plays an important role in many traffic system applications [8]. On the one hand, GNSS captures three-dimensional coordinates of various elements in real time to assist the establishment of twin models. On the other hand, when the building information is abnormal in the twin model, it can be maintained by GNSS high-precision positioning. Therefore, the integration of DTs and GNSS can realize real-time mapping, intelligent analysis, and precise maintenance of building information.



In the O&M process of 2022 Beijing Winter Olympics venues—snowmobile sled venues, the layout of the building is complex, and the number of personnel is large and dense. Once there are dangerous events involving things such as equipment, structural component damage, and excessive personnel density, it will not only cause a large number of life and property losses, but also may cause serious adverse social effects. In order to improve the technology and safety level of the O&M of the venues, it is necessary to use new information technology to provide technical services for the intelligent O&M of the Winter Olympics venues. The overall snowmobile sled venue is an outdoor environment, and the accuracy of GNSS can be effectively played. The construction of the venue is complex, and the real-time mapping of various elements information can be realized by DTs modeling. Therefore, this study carried out the preliminary practice and application of GNSS–DTs for the O&M of 2022 Beijing Winter Olympics sleigh venues.




1.2. Literature Review


1.2.1. O&M of Buildings


At present, with the development of information technology, intelligent O&M management is increasingly appearing in urban and construction management. Using BIM technology to realize an intelligent O&M system is an important research direction. Yang et al. [9] proposed a method for constructing (1) a BIM-based dynamic O&M management and control system, and (2) an augmented reality-based human–computer interaction system. Duan et al. [10] examined a three-dimensional nonlinear cost control system for improving the efficiency of bridge management. Song et al. [11] established a BIM-based collaborative management platform for tunnel engineering projects. Chen et al. [12] proposed a management process design scheme that integrates BIM with digital programming to achieve effective progress monitoring and cost control during building maintenance. Obtaining access to BIM-based facility information from the construction stage for supporting building O&M processes is challenging. Kim et al. [13] proposed an information extraction method by linking various building elements and facility management information to the facility management system database. Belussi et al. [14] investigated the performance of various energy consumption applications according to the concept of zero energy.




1.2.2. DTs


Through the research and application analysis of the building O&M stage, it is found that there are few studies on the integration and integration mechanism of various elements in the O&M stage. The integration of DTs with other information technologies provides a new idea for the transformation and upgrading of the construction industry [15], which can promote the intelligence of construction O&M. DTs integrate the functions of AI, machine learning, and data analytics to create a real-time digital simulation model. Such a model could represent and predict the current and future conditions of physical counterparts by continuously learning and updating from multiple sources [16]. Liu et al. [17] established a DT-based indoor safety management system to improve the indoor safety management of buildings. Marai et al. [18] developed a real-time data collection and analysis method by using the Internet of Things (IoT), thus creating a DT of physical road assets. Kaewunruen et al. [19] established a 6D DT model for effective management of railway systems through their lifecycle. The established model could help to integrate various information for component installation, operation management, and demolition. Lu et al. [16] proposed a DT-based system for supporting the decision-making during O&M of construction projects. Peng et al. [20] developed a DT-based remote diagnosis system and an AI-based diagnosis module in various building O&M processes.




1.2.3. GNSS


GNSS surveying and mapping technology uses satellites for measurement and observation activities. Without the influence of weather changes, it can continuously and dynamically monitor the monitoring points. While ensuring the measurement accuracy, there is no need to establish a visibility between the observation stations. The measurement is simple and convenient and has the inherent advantages of application in engineering surveying and mapping. GNSS measurement accuracy is very high, usually within millimeters. In engineering surveying and mapping, GNSS uses satellites for precise positioning of ground objects, and its measurement accuracy reaches millimeter-level in static measurement. Compared with the traditional surveying and mapping technology, GNSS measurement shows great advantages. The accuracy of GNSS dynamic measurement is centimeter-level, and the measurement accuracy is also better than the traditional measurement method, which makes GNSS surveying and mapping technology more and more widely used in engineering surveying and mapping, especially in engineering deformation monitoring. It realizes all-weather and real-time monitoring, and accurately monitors the whole process of engineering deformation. Sakic et al. [21] achieved accurate underwater geodetic positioning through GNSS and integrating least-squares inversion. Iinuma et al. [22] examined GNSS acoustic (GNSS-A) technology for observing the deformation of the seabed crust. Thus, GNSS can realize accurate positioning of objects and provide technical support for information collection for intelligent O&M.



Through the analysis of the current situation of large building O&M, relying on the application value of digital twin and GNSS, the intelligent closed-loop control of building O&M is realized. The introduction of digital twin can realize the dynamic mapping of buildings and intelligently analyze the state of various O&M elements. GNSS can realize the precise positioning of building information, provide data basis for the establishment of twin model, and guide the precise O&M of buildings. This study proposed an intelligent building O&M control framework based on GNSS–DTs. First, the authors identified major challenges using DTs for achieving intelligent building O&M. Then, the authors established a theoretical framework for intelligent building O&M by integrating DTs and GNSS. Next, the authors carried out a case study for validating the proposed method using the 2022 Beijing Winter Olympics snowmobile sled stadium.





1.3. Challenges in Tedious Building O&M Processes


DT is an effective technique to integrate information in the virtual and physical world [23] to realize virtual–real mapping and bidirectional interactions between the real physical space and the virtual digital space during building O&M processes. Besides, DTs can provide interactive feedback and precise integration of real-world information, such as product performance, external environment, and emergencies with information spatial data such as model simulation, probability test, and professional limits, to enhance the synchronization and consistency between the constructed real world and the virtual space.



1.3.1. Intelligent Data Collection during Building O&M Processes


Information obtained from various building O&M processes can be classified into three categories: (1) building (B), (2) personnel (P), and (3) environment (E) [24]. The mathematical representation of O&M information (   I  o m    ) is expressed by Formula (1).


    I  o m      =   ( B ,   P ,   E )  



(1)







The building information mainly includes (1) the overall layout of the building, (2) the performance of the building structure, (3) the running state of the building mechanical and electrical equipment, and (4) the running state of other components in the building and the energy consumption in the building. Personnel information mainly includes (1) the number of personnel in the building, (2) the density distribution of personnel, and (3) the accurate location of personnel. Environmental information mainly includes (1) temperature, (2) humidity, (3) wind speed, (4) concentration of various gases, and (5) light conditions.



Real-time perception and collection of various information in various O&M processes can provide data support for the construction of the DTs model and the intelligent analysis of O&M information. Then, the intelligent O&M platform is built to assist the accurate decision-making of various O&M events. The intelligent O&M information capture system is shown in Figure 1.




1.3.2. Problems to Be Solved in Intelligent Control of Building O&M Processes


Using DTs technology, the introduction of a “digital mirror” makes it possible to reproduce the intelligent O&M process in the virtual world. The process of virtual and real integration and interactive feedback is essentially the process of data and information transmission and function in the virtual and real world [25]. The application of DTs in intelligent O&M also needs to face four challenges: (1) data acquisition and transmission, (2) data modeling, (3) data analysis, and (4) data application (see Figure 2).



	(1)

	
Data collection and transmission







Data is the bridge that connects the physical world and the virtual world. How to collect and obtain sufficient and accurate data is the primary challenge when applying DTs in real engineering practice. Unfortunately, various uncertainties exist during tedious O&M processes of large and complex buildings. The changing environment and personnel participation could all affect the construction projects. Therefore, it is thus necessary to collect multisource heterogeneous data of buildings, personnel, and environment in the process of intelligent O&M as comprehensively as possible to (1) ensure the comprehensiveness and accuracy of data, and (2) restore physical space to the maximum extent in the virtual space.



	(2)

	
Data modeling







The purpose of data modeling is to comprehensively reflect the physical space through the established DTs model. The established model could help to simulate the actual O&M process and provide a guarantee for the normal operation of the physical world. At present, most digital modeling and 3D modeling applications only focus on capturing the geometric information of the object. All such applications ignore the physical properties and operation rules of the object, which may affect the O&M process. Such applications could hardly reflect the actual state of the object. Therefore, it is thus necessary to establish geometric, physical, behavioral, and rule models to further improve the authenticity and accuracy of DTs model simulation.



	(3)

	
Data analysis







Building O&M processes usually generate a huge amount of data. Improving data storage and data management capability has become a top priority. First, the scope of data storage and data management requires both real-time data and historical data across the various O&M processes. Second, it is necessary to introduce a distributed data management system to meet the needs of reliability and scalability when dealing with massive data with a continuous growth trend. Hence, a big data storage management platform should be able to filter critical data and provide support for data application and analysis of physical space, virtual space, and intelligent O&M systems.



	(4)

	
Data applications







The core of data application is the DTs-based intelligent O&M system. Such a system needs to clarify the practical needs of intelligent O&M control. The system should be equipped with emerging AI algorithms to realize data mining and analytics. The functions of the system should include at least three aspects: (1) detailed visual representation of O&M processes, (2) intelligent diagnosis and scientific prediction of risky O&M events, and (3) effective guidance of O&M processes. The system also needs to use B/S or C/S architecture to develop a human–computer interaction interface to facilitate the input and output of effective information.




1.3.3. The Fusion Mechanism of GNSS and DTs


DTs could be used as the basis and platform of intelligent building O&M to provide technical integration and realize virtual–real mapping and closed-loop control of O&M processes. GNSS could capture precise position information of large building facilities (e.g., large stadiums) and provide data transmission channels for a huge amount of O&M data and information. Integrated use of GNSS and DTs could help to achieve real-time acquisition and accurate analysis of O&M data during tedious building O&M processes. For example, the interactive architectural twins established through DTs provides a platform for various applications of GNSS technology, and GNSS provides data support for the construction of DTs architecture. In addition, through the analysis of building O&M information, the control measures could be fed back to the actual building O&M processes. Such an integration could thus promote the intelligent control of tedious building O&M processes.



To achieve this goal, this study aims at identifying (1) data and information needed for intelligent O&M, and (2) challenges when applying DTs in intelligent O&M. Driven by DTs, the visualization of O&M process, intelligent diagnosis, and prediction of various risky O&M events could be realized for supporting the decision-making under numerous O&M scenarios. At the same time, GNSS uses the instantaneous position of the high-speed moving satellite as the known starting data to determine the position of the measuring point [26]. Indoor GNSS system based on an RF wave carrying GNSS signal could realize indoor high precision positioning. In the outdoor environment, the GNSS system can realize a series of auxiliary intelligent O&M functions such as precise navigation and intelligent measurement [27]. Hence, a fusion mechanism is formed based on the technical characteristics of DTs and GNSS (see Figure 3).



In the whole O&M process, various types of information are collected and managed through the integration of DTs and GNSS. All kinds of information in real physical space are collectively called    I p   , and its mathematical language is expressed as Formula (2).


   I p  =  (       B p         P p         E p       )  =  (               B  p 1          P  p 1          E  p 1                B  p 2          P  p 2          E  p 2                      ⋯     ⋯     ⋯             B  p m          P  p n          E  p w                )   



(2)







In Formula (2),    B p   ,    P p   , and    E p    represent the information of buildings, people, and environment in physical space.    B  p 1   ,  B  p 2   ⋯  B  p m     represents the information of each component unit of the building itself in the physical space.    P  p 1   ,  P  p 2   ⋯  P  p n     represents the personal information involved in the O&M process in physical space.    E  p 1   ,  E  p 2   ⋯  E  p w     represents the information of various environmental factors in the physical space. For the information of physical space, GNSS technology is used to collect and transmit the location information of various elements. At the same time, the simulation of various types of information is carried out in the virtual space, thus forming the DTs information (   I  D T    ), whose mathematical language is expressed as Formula (3).


   I  D T   =  (       B  D T          P  D T          E  D T        )  =  (               B  D T 1          P  D T 1          E  D T 1                B  D T 2          P  D T 2          E  D T 2                      ⋯     ⋯     ⋯             B  D T m          P  D T n          E  D T w                )   



(3)







In Formula (3),    B  D T   ,  P  D T    , and    E  D T     represent the DTs information of architecture, personnel, and environment formed by virtual–real interaction.    B  D T 1   ,  B  D T 2   ⋯  B  D T m     represents the information of each component unit of the building itself in the twin space.    P  D T 1   ,  P  D T 2   ⋯  P  D T n     represents the personal information involved in the twin space.    E  D T 1   ,  E  D T 2   ⋯  E  D T w     represents the information of various environmental factors in twin space. Simulation analysis of various O&M events can be carried out in the DTs space. Given the O&M accidents, the auxiliary formulation of correction decisions can be carried out, and the feasibility analysis can be carried out in the virtual model. Finally, the precise positioning function of GNSS is used to effectively guide the maintenance of physical space. The resulting information (   I ∗   ) is expressed as Formula (4).


   I ∗  =  (       B ∗         P ∗         E ∗       )  =  (               B 1 ∗         P 1 ∗         E 1 ∗               B 2 ∗         P 2 ∗         E 2 ∗                     ⋯     ⋯     ⋯             B m ∗         P n ∗         E w ∗               )   



(4)







In Formula (4),    B ∗   ,    P ∗   , and    E ∗    represent the DTs information of buildings, personnel, and environment after maintenance.    B 1 ∗  ,  B 2 ∗  ⋯  B m ∗    represents the information of each component unit of the building itself after maintenance.    P 1 ∗  ,  P 2 ∗  ⋯  P n ∗    represents the personal information after maintenance.    E 1 ∗  ,  E 2 ∗  ⋯  E w ∗    represents the information of various environmental factors after maintenance.






2. Method


2.1. Intelligent Building O&M Control Based on GNSS–DTs


DTs are a key prerequisite for intelligent O&M. By integrating GNSS and DTs, the information fusion and interaction between the virtual space and physical space can be realized. The feedback information of virtual space can be transmitted to the physical space in real time, to realize the full physical space mapping, the dynamic modeling of the whole life cycle, the real-time information interaction of the whole process, and the full-stage feedback control of the construction O&M.



2.1.1. Theoretical Framework of Intelligent O&M


The intelligent O&M framework based on GNSS–DTs (see Figure 4) includes physical space, virtual space, information processing layer, and system layer. The established framework includes various relationships between multiple levels. For example, the physical space provides multi-source heterogeneous data of various O&M processes and transmits data to virtual space in real-time. The virtual space completes the mapping from the physical space to the virtual space by establishing all virtual models corresponding to the physical space. The interaction, calculation, and control attributes of the virtual space could realize the real-time feedback control of the whole process of physical space O&M. The big data storage management platform receives data from physical space and virtual space and performs a series of data processing operations to improve the accuracy, integrity, and consistency of data to support decision-making for regulating O&M activities. The intelligent O&M system platform based on GNSS–DTs carries out intelligent decision-making and functional regulation of O&M management by analyzing the actual needs of physical space, relying on the support of virtual space algorithm library, model library, and knowledge base, and the powerful data processing ability of the information layer.




2.1.2. Multidimensional Model Establishment for Intelligent O&M


Based on the architecture of intelligent O&M, a multidimensional model for intelligent O&M is established. In the physical space, by capturing the total factor information of O&M, the dynamic perception module based on GNSS is established [28] to collect the information of buildings, personnel, and environment, and form an information network module for standardized data transmission. At the same time, in the virtual space, a virtual model integrating “geometry–physics-behavior-rule” is established. The optimization algorithm and standard are modified in real time to realize the interactive mapping and feedback control of virtual and real space. Twin data are formed from physical space and virtual space. In the twin data processing layer, data fusion, data preprocessing, data mining, and data application are carried out to drive the O&M of intelligent twins. Finally, the O&M process is visualized in the functional application layer, and the O&M information is captured in real time to intelligently guide the O&M decision. The multidimensional model for intelligent O&M is represented by Formula (5).


DTM = (Sp, Sv, Ptd, Lfa, Cn)



(5)







In the formula, DTM is a multidimensional model for intelligent O&M; Sp is the physical space; Sv is the virtual space; Ptd is a twin data processing layer; Lfa is the functional application layer; Cn is a connection between components. The multidimensional model can realize the simulation mapping of the actual O&M process, and then intelligently analyze the state of each element information and make accurate maintenance decisions on the O&M site. The multidimensional model for intelligent O&M is shown in Figure 5.





2.2. Implementation of Intelligent O&M


By analyzing the key issues when applying DTs to intelligent O&M, a theoretical framework of intelligent O&M is built by integrating GNSS with DTs. Aiming at the implementation method of the established intelligent O&M framework, this section explored the acquisition and transmission mechanism of DTs-driven intelligent O&M full factor information, the construction and operation mode of O&M twin agents, and the storage and management of data, and builds an intelligent O&M platform based on GNSS–DTs.



2.2.1. Capture of Dynamic Data for Intelligent O&M


In the process of O&M of large and complex buildings, data sources mainly relate to construction, personnel, and environment. Data acquisition refers to the use of a device to automatically collect data from the object to the computer. The data acquisition methods used in the O&M process mainly include (1) generating barcode or two-dimensional code containing information for the object to be tested and obtaining object information by using the matching scanning equipment, (2) installing sensors on the test object, and the data acquisition instrument converts the analog signal transmitted by the sensor into a digital signal to the computer.



The physical space during O&M processes is a complex and dynamic environment. Such a space usually includes various information elements, perception modules, and network modules that may affect O&M. The data related to construction, personnel, and environment are the most primitive data sources. In addition, the multi-source heterogeneous data generated in O&M activities are transmitted to virtual space, while receiving instructions from virtual space and responding accordingly. The sensing module and the network module are responsible for data sensing acquisition and data transmission to the virtual space, respectively. The sensing module performs state sensing, quality sensing, and position sensing through different types of sensors installed on the building structure or mechanical and electrical equipment and collects multi-source heterogeneous data. On this basis, by establishing a set of standard data interfaces and communication protocols in the network module, the unified conversion and transmission of data from different sources are realized, and the real-time data of O&M activities are uploaded to the virtual space. Thus, the acquisition and transmission mechanism of all-factor information for intelligent O&M is formed.



The information collection and transmission (Ict) of all elements of intelligent O&M includes four levels: physical object, data type, perception layer, and network layer. The mathematical language is expressed by Formula (6).


Ict = (Po→Dt→Lp→Ln)



(6)







In this equation, Po represents the relevant information of the physical object that needs to be captured, mainly including the “building, personnel, environment” information; Dt represents the type of data, mainly including the multi-source heterogeneous data generated in the O&M process and its corresponding data format; Lp represents the sensing layer, mainly through GNSS, RFID, and other Internet of Things sensing equipment for real-time data acquisition and transmission; Ln represents the network layer, which mainly includes communication interfaces and communication protocols, providing data support for twin agents; → represents the progressive connection between the various levels, reflecting the flow of information collection and transmission.




2.2.2. Construction and Operation of the O&M Twin Agent


Under the background of the development of autonomous intelligence, especially agent technology, the modeling of twin agents in the O&M system has new ideas and methods [29]. Based on autonomous intelligent technology and fully considering the two dimensions of time and space, in the spatial dimension (R), the construction information (B), personnel information (P), and environmental information (E) of intelligent O&M are constructed by integrating DTs technology, to realize the multi-scale modeling of the vertical dimension of the O&M system. In the time dimension (T), around the whole O&M process, the time evolution data before event maintenance (T1), during event maintenance (T2), and after event maintenance (T3) are fused to establish a dynamic collaborative operation mechanism based on twin agents, which supports the virtual–real interactive configuration modeling of intelligent O&M and the modeling of intelligent O&M process in a multi-dimensional and multi-scale time-space domain, and realizes the time-history parallel simulation and virtual–real integrated control of multi-element, multi-process, and multi-service of intelligent O&M system. The O&M twin agent (TA) modeling based on spatiotemporal information fusion is represented by Formula (7).


  T A =  (     R     T     )  =  (         B   P   E               T 1       T 2       T 3           )   



(7)







Based on twin agent modeling, a deep fusion of multiple models, including geometry, physics, behavior, and rule models, is formed as a “digital mirror” to truly reflect the process of physical entities. First, the geometric modeling is carried out in the virtual space, which reflects the geometric information of the size, shape, and position of the physical space, and forms a “three-dimensional model”. Then, the information reflecting the physical properties of the entity is collected by multi-type sensors installed in the physical space, and the physical modeling is carried out, including structural performance, equipment status, personnel distribution, and environmental parameters. The collected physical attribute information is fused with the three-dimensional model, and the model behavior and response ability are given. Behavior modeling can make corresponding response and feasibility analyses for manual operation or system instructions in the O&M process. Finally, the rules of O&M of physical entities are modeled, including diagnostic rules, prediction rules, decision rules, etc., and associated with the behavior model. Finally, the efficient operation of twin agents for O&M is realized, as shown in Figure 6.




2.2.3. Analysis of Intelligent O&M Data


Twin data storage and management platform (Psm) is a bridge between physical space and virtual space, including data fusion (Df), data preprocessing (DP), data mining (Dm), and data application (Da), four steps. The storage and management of intelligent O&M twin data are represented by Formula (8).


Psm = (Df, Dp, Dm, Da)



(8)







Massive multi-source heterogeneous raw data from physical space and virtual space are collected and fused in real time by GNSS and other sensing technologies. These data include the O&M factor data of physical space, as well as the model data, simulation data, management data, and evaluation data of virtual space. Then, these raw data are preprocessed, including data cleaning, data integration, data conversion, and data specification, to improve the accuracy, integrity, and consistency of data. An AI algorithm is used for data analysis and mining to achieve the effect of classification, prediction, and clustering. Finally, based on data fusion, preprocessing, analysis, and mining, the corresponding parameters are extracted from the database and knowledge base for data application at feature level and decision level, to be the decision basis for regulating construction activities.



In the process of O&M, when an O&M accident occurs, the type of O&M accident is evaluated, and root causes of events can be analyzed through simulation of virtual model and precise positioning of GNSS in physical space. Finally, the O&M accidents are rectified under the feasibility analysis of the virtual model and the precise positioning of GNSS [30] to ensure the orderly O&M. The management process of building O&M accidents based on GNSS–DTs is shown in Figure 7.




2.2.4. Intelligent O&M Decision-Making and Control Platform


Establishing the O&M platform requires the integrated use of GNSS and DT. Such a platform requires (1) the collection and transmission of O&M data, (2) the construction and operation of twin agents, and (3) and the storage and management of twin data. GNSS and DTs are organically integrated, and an intelligent O&M platform is established. By analyzing the actual needs of physical space, relying on the support of virtual space algorithm library, model library and knowledge base, and the powerful data processing ability of the information layer, the intelligent O&M platform based on GNSS–DTs makes decisions on various events encountered in the O&M process and the state of the building itself, personnel and environment, to realize functional regulation. The specific functions include real-time monitoring of O&M elements, state intelligent diagnosis, risk alarming system, automatic monitoring, auxiliary O&M decision-making, feasibility analysis, etc., and real-time optimization control of the whole O&M process. The twin data of O&M information are formed by interactive mapping between physical space and virtual space. According to the twin data, the real-time monitoring of the O&M process is carried out, the state of various O&M objects is intelligently diagnosed, the location of the problem is scientifically warned, and the timely remedy or auxiliary decision is made. The feasibility analysis of the auxiliary decision-making is carried out in the virtual space to output the correct measures and guide the O&M of the real physical space combined with the human–computer interaction system in the O&M process. At the same time, the information after maintenance is continuously analyzed in real time, thus forming an intelligent closed-loop control of the O&M process. The architecture of an intelligent O&M platform based on GNSS–DTs is shown in Figure 8.






3. Results


3.1. Case Study


Based on the analysis of the theoretical system and implementation method of intelligent O&M, the authors have carried out a case study and applied the developed GNSS–DTs-based green O&M platform to the 2022 Beijing Winter Olympic Sled Venues. The snowmobile sled stadium of the Beijing Winter Olympic Games is located in the Xiaohaituo Mountain area of Yanqing District, Beijing. The stadium is one of the most complex competition venues in the design and construction of the new projects of the Beijing Winter Olympic Games in 2022. The track is built according to the mountain trend, with a total length of about 2000 m and a vertical drop of more than 120 m. Sixteen bends with different inclinations and angles are designed. After the completion of the track, it will become China’s first snowmobile sled track. The stadium is also one of the most difficult venues in the world so far (see Figure 9).



The development of the GNSS–DTs-based green O&M platform (see Figure 10) makes the O&M management object and management work more vivid and direct. The developed platform can help to carry out visual management of building O&M simply and effectively and obtain the information of building O&M management more accurately, comprehensively, and quickly. In addition, the platform could help to carry out the collaborative management of building O&M more effectively, improve the maintenance efficiency, reduce the overall maintenance cost, and make up for the shortcomings of traditional O&M management. The overall goal of the developed platform is to achieve the integration of O&M management, intelligence, and information technology for improving conventional management.




3.2. Technical Architecture of O&M Platform


Combined with the configuration of the function modules of the O&M platform, the technical architecture of the O&M platform is established, as shown in Figure 11. The authors have established the platform by following the sequence of the functional layer, platform layer, data layer, network layer, and physical layer. The overall goal of this platform includes three objectives to achieve: (1) green O&M, (2) efficient O&M, and (3) safe O&M.



The construction of a green O&M platform based on GNSS–DTs could integrate the information of each stage of the project. Through the development of project design management and operation management module, software engineering technology is used to realize building visualization, resource sharing, and simple and efficient operation to reduce change orders during projects and facilitate O&M management.



In the perception layer, the real-time acquisition of O&M information is carried out by various sensing devices, and the precise positioning of equipment and components and real-time mapping of virtual models are carried out by GNSS. For multi-source heterogeneous data, the network layer transmits data to the data layer, and the data layer integrates project twin data in the O&M phase and stores them in the database. The data source could be divided into two parts, the simulation data and field measured data, a synchronization project to carry out the continuous dynamic update. The real-time monitoring and dynamic management of O&M information are carried out combined with the functional modules of the O&M system, and the precise guidance of GNSS technology in the application layer is carried out to improve the efficiency of O&M. Finally, the three goals of green O&M, efficient O&M, and safe O&M are realized.




3.3. Implementation Strategy of Intelligent O&M


The authors carried out specific O&M management applications based on the technical architecture of the O&M platform. Taking the building structural components in the venues as an example, the intelligent O&M application system of components is formed (Figure 12). According to the analysis of mechanical parameters of structural members in the design process, the corresponding acquisition modules are arranged at the positions of special-shaped structural members and turning points. Building structural components are outdoors, which helps to receive signals, and has little effect on the accuracy of position information acquisition. The GNSS automatic positioning system applied in this study is mainly composed of hardware system (sensor module, data acquisition module, and data transmission module) and software system (database module, data processing, and control module). The system collects GNSS signals of monitoring points and base points in real time and sends them to the control center through the data transmission module. The three-dimensional coordinates of each monitoring point are calculated by real-time difference decomposition of the data processing module. The real-time collected data are applied to the twin model of the building through the software system. Finally, when the O&M accident occurs, the system platform directs maintenance guidance. According to the component characteristics of the O&M site, the data are collected by the precise positioning of the GNSS. In addition, the correspondent twin model is taken out in the O&M platform. The O&M management information is extracted, and the operation state is evaluated, to examine whether maintenance is needed. Thus, the components with operation parameters exceeding the limit are corrected to ensure the reliability of the operation. At the same time, the corrective measures are imported into the twin model of the O&M platform for feasibility analysis. Finally, the maintenance decision is formed, and the updated information is input. The auxiliary positioning function of GNSS technology guides the O&M of the site in order to verify the accuracy of mechanical parameters monitoring of structural components based on the GNSS–DTs green O&M platform. Taking the stress of a special-shaped component as an example, the data analyzed by the O&M platform are compared with the data collected by the field sensors in the process of building O&M. The comparison shows that the O&M platform realizes the precise positioning of structural coordinates, and the mechanical parameters analyzed are consistent with the values collected on the spot. The green O&M platform based on GNSS–DTs provides reliable support for the structural health monitoring of Winter Olympic venues.



The application system of intelligent O&M could achieve (1) visual presentation of each element information in the building, (2) intelligent diagnosis of running state, and (3) alarming of anomalous parameters. Finally, the maintenance decision can be generated to guide the whole O&M process. The intelligent closed-loop control for building O&M is formed, which is convenient for O&M management and makes maintenance measures quickly and accurately. In the O&M of the 2022 Beijing Winter Olympics sled stadium, the intelligent technology system is also applied to various O&M processes (see Figure 13), such as (1) equipment management system, (2) energy consumption monitoring system, (3) emergency treatment system, and (4) risk alarming system.





4. Discussion and Conclusions


This study proposed and implemented a GNSS–DTs-based method for tackling various challenges existing during tedious building O&M control processes. The proposed method integrates DTs with the precise positioning function of GNSS for achieving intelligent control of building O&M processes. In the process of O&M, DTs can realize real-time mapping of building state, intelligently analyze the state of each factor, and predict the future development trend of each factor. The application of DTs in intelligent O&M also needs to solve four key problems: data acquisition and transmission, data modeling, data analysis, and data application. GNSS captures the three-dimensional coordinates of various elements in real time, assisting the establishment of the twin model and providing the data basis. On the other hand, when the building information is abnormal in the twin model, it can be maintained by GNSS high-precision positioning. With the integration of digital twin and GNSS, an intelligent building operation and maintenance method is formed. Aiming at the problems to be solved, a closed-loop control model is built from transmission to analysis management, and finally the maintenance decision is realized.



In this study, the main conclusions are as follows:




	(1)

	
The authors synthesized major information elements that need to be captured in intelligent building O&M processes according to real construction practice. In addition, the authors summarized major challenges when implementing DTs and GNSS for controlling tedious building O&M processes. The authors systematically explored the fusion mechanism of GNSS and DTs based on the identified four challenges.




	(2)

	
The authors proposed a framework by integrating GNSS and DTs for achieving intelligent building O&M control based on the established fusion mechanism. In addition, a multidimensional model for intelligent building O&M is built, which forms the theoretical framework of intelligent building O&M based on GNSS–DTs.




	(3)

	
The authors explored an implementation method for implementing the proposed intelligent building O&M framework. An intelligent building O&M information capture mechanism is formalized, an O&M-based DTs agent is built, an analysis mode of intelligent O&M is provided, and the intelligent O&M decision control platform is finally proposed.




	(4)

	
Based on the theoretical framework and implementation method, the authors developed a green building O&M platform. The established platform integrates multiple functional modules according to the building O&M characteristics of the 2022 Beijing Winter Olympics snowmobile sled venue. By analyzing the technical architecture and application system of the established building O&M platform, the proposed theoretical method could realize the intelligent closed-loop management of building O&M processes.









In the process of O&M, the data analyzed by the O&M platform are compared with the data collected by the field sensors in the process of building O&M. The results show that the analysis results of the platform are consistent with the field-measured values, and the effectiveness of the intelligent O&M method based on GNSS–DTs is verified. Based on the platform formed by this research method, the ultimate goal is to realize the green low-carbon O&M of Winter Olympic venues.



For the intelligent O&M of buildings, the collection, modeling, management, and application of multi-source information are the key problems to overcome. Accurate analysis and scientific prediction of various events by considering the state changes of various factors in the operation and maintenance process are the key points to guide the O&M management. The integration of digital twin and GNSS and other intelligent sensing technologies provides methods and ideas for the realization of intelligent O&M. Future studies could focus on the integration of information technologies, such as the IoTs, to achieve integrated analysis of multiple control factors (e.g., cost, schedule) based on the concept of DTs in various building O&M processes.
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Figure 1. Intelligent O&M information capture system. 
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Figure 2. Key issues of DTs application in intelligent O&M. 
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Figure 3. Fusion mechanism of GNSS and DTs. 
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Figure 4. Intelligent O&M architecture based on GNSS–DTs. 
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Figure 5. Multidimensional model for intelligent O&M. 
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Figure 6. Efficient operation of twin agents for O&M. 
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Figure 7. Management process of building O&M accidents based on GNSS–DTs. 
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Figure 8. Architecture of intelligent O&M decision control platform. 
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Figure 9. Effect map of sports venues. (a) Combination of BIM and GIS; (b) twin model of venues. 
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Figure 10. Green O&M platform for Beijing Winter Olympics snowmobile sled venues. 
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Figure 11. Technical architecture of O&M platform. 
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Figure 12. Intelligent O&M application system for building structure components. 
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Figure 13. Application of intelligent building O&M technology system. (a) Equipment management system, (b) energy consumption monitoring system, (c) emergency treatment system, and (d) risk alarming system. 
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