

  buildings-13-01454




buildings-13-01454







Buildings 2023, 13(6), 1454; doi:10.3390/buildings13061454




Review



Four-Dimensional (4D) Millimeter Wave-Based Sensing and Its Potential Applications in Digital Construction: A Review



Shuai Han 1[image: Orcid], Jiawen Zhang 2,*, Zeeshan Shahid Shaikh 1, Jia Wang 1,3 and Wei Ren 4[image: Orcid]





1



Department of Building and Real Estate, The Hong Kong Polytechnic University, Hong Kong 999077, China






2



State Key Laboratory of Hydraulic Engineering Simulation and Safety, Tianjin University, Tianjin 300350, China






3



School of Economics and Management, Tongji University, Shanghai 200092, China






4



Department of Computing, The Hong Kong Polytechnic University, Hong Kong 999077, China









*



Correspondence: 2018205341@tju.edu.cn







Academic Editor: Osama Abudayyeh



Received: 30 April 2023 / Revised: 20 May 2023 / Accepted: 30 May 2023 / Published: 2 June 2023



Abstract

:

Digital construction relies on effective sensing to enhance the safety, productivity, and quality of its activities. However, current sensing devices (e.g., camera, LiDAR, infrared sensors) have significant limitations in different aspects. In light of the substantial advantages offered by emerging 4D mmw technology, it is believed that this technology can overcome these limitations and serve as an excellent complement to current construction sensing methods due to its robust imaging capabilities, spatial sensing abilities, velocity measurement accuracy, penetrability features, and weather resistance properties. To support this argument, a scientometric review of 4D mmw-based sensing is conducted in this study. A total of 213 articles published after the initial invention of 4D mmw technology in 2019 were retrieved from the Scopus database, and six kinds of metadata were extracted from them, including the title, abstract, keywords, author(s), publisher, and year. Since some papers lack keywords, the GPT-4 model was used to extract them from the titles and abstracts of these publications. The preprocessed metadata were then integrated using Python and fed into the Citespace 6.2.R3 for further statistical, clustering, and co-occurrence analyses. The result revealed that the primary applications of 4D mmw are autonomous driving, human activity recognition, and robotics. Subsequently, the potential applications of this technology in the construction industry are explored, including construction site monitoring, environment understanding, and worker health monitoring. Finally, the challenges of adopting this emerging technology in the construction industry are also discussed.
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1. Introduction


The construction industry is a multidisciplinary field where sensing technology plays a crucial role in enhancing the productivity and safety management of modern construction projects [1,2]. In recent years, advancements in smart construction, the Internet of Things (IoT) for construction, and digital twin in construction have increased the demands for sensing technologies [3]. The prevailing sensing methods in construction can be categorized into device-based and device-free approaches. In terms of device-based approaches [4], workers may carry sensors such as GPS, inertial measurement units, and accelerometers or have them installed on equipment to detect their locations and actions. These methods can accurately capture the condition and status of workers. However, using multiple sensing devices may compromise personal privacy and hinder construction activities, and installing numerous sensors on equipment is a time-consuming process that significantly increases construction costs. By contrast, device-free approaches have advantages in terms of sensing objects without interfering with objects [5,6]. Nowadays, computer vision is the most widely used and effective sensing method in construction [7]. However, its accuracy is highly dependent on lighting and environmental conditions, which limits its ability to sense the motion-related information of objects in harsh construction sites [8]. Additionally, due to its two-dimensional nature, it struggles with perceiving three-dimensional information and thus has difficulty measuring object motion accurately. Other commonly used sensors also have limitations in different aspects, as summarized in Table 1.



A millimeter wave (mmw) is a type of electromagnetic wave with a wavelength between 1 and 10 mm and a frequency between 30 and 300 GHz [11,12]. The history and evolution of mmw radar technology can be traced back to the early 20th century, when researchers first started experimenting with radio waves in the millimeter range for telecommunications [13]. Afterwards, the introduction of the frequency-modulated continuous wave (FMCW) technology made it possible to apply mmw technology for measuring the range, angle, and velocity (Doppler information) of objects by analyzing the reflected signals from the objects [14]. With over a century of development, mmw technology has been gradually applied in various fields, such as remote sensing, autonomous driving, and security screening [15]. Compared with other sensors, mmw radar technology has the following advantages: high-range resolution, penetration, and velocity measuring [16]. However, traditional mmw radars have limitations that include low angular resolution and issues with coverage, making it difficult to sense the evaluation information and track multiple targets in a wide field of view [17]. To address these limitations, 4D millimeter wave technology was proposed in 2019 and was initially intended for implementation in driver assistance systems. The 4D mmw radar inherits all the advantages of traditional mmw radars, such as robustness and reliability in accurately measuring the distance and velocity of detected objects in harsh environments. What sets the 4D mmw radar apart is its distinct ability to detect elevation; hence, the “4D” aspect consists of range, velocity, azimuth, and elevation [18]. This ground-breaking improvement opens a world of potential for mmw radar applications for various sensing purposes.



In light of the current limitations of sensing technologies in construction, 4D mmw radars are expected to provide potential measures to complement construction sensing due to their exceptional capabilities with respect to imaging, spatial sensing, velocity measurement, penetration, and all-weather operation [18]. The superiority of 4D mmw radars over sensors has been demonstrated in studies regarding fields such as autonomous driving and robotics [19].



As a nascent technology, there is a limited number of studies on the applications of 4D mmw radars. This study aims to comprehensively review their use across various domains and explore the potential of using emerging 4D mmw technology to enhance the current sensing methods in digital construction. Regarding the subsequent sections of this paper, the methodologies of data collecting and preprocessing are first presented in Section 2. After that, an overview of the data is presented in Section 3, followed by a summary of the major applications of 4D mmw technology based on previously identified keywords in Section 4. The potential applications of 4D mmw radars in digital construction are then discussed in Section 5, and finally, Section 6 concludes the study.




2. Methodology


The review strategy is illustrated in Figure 1. First, the scope is defined as 4D mmw-based sensing. The second step determines databases and keywords for collecting publications. The Scopus database was selected due to its wide coverage and well-recognized quality. The query for searching the Scopus is shown below.




Query: (title-abs-key (mmw or “millimeter wave” or “millimetre wave” or “millime-ter-wave” or “millimetre-wave”) and title-abs-key (radar) and title-abs-key (4D or 3D or “point cloud” or “point cloud” or “imagining”) and title-abs-key (sens* or identif* or perceive* or classif* or monitor*)) and pubyear > 2018 and pubyear < 2024.





The query covers two aspects separated by “and”: (1) the scope, including 4D millimeter wave technology, and (2) the sensing-based application. The query considers synonyms and word variations and combinations, e.g., “millimeter” is sometimes written as “millimetre”. Additionally, as the term “4D” is not widely accepted in the nascent stage, researchers may take “imaging” as an alternative or simply use “point cloud” to emphasize its major improvement over traditional mmw technology. Sensing may be alternated by identification, classification, and monitoring. The symbol “*” is used to replace one or more characters. For example, identif* includes identify, identifying, and identification. As the mmw technology may also be used for communication in addition to sensing, partial manual screening is required to filter out the communication-related papers. In addition, the publishing years of all the reviewed papers should span from 2019 (when the 4D mmw technology was first presented) to 2023 (when this paper was finished).



The metadata of the selected publications can be exported from Scopus, including titles, abstracts, authors, keywords, publishers, and years. In cases whereby some publishers (e.g., IET Biometrics and some proceedings) have no keywords-requirements, it is hard to involve them when conducting the following co-occurrence analysis in Citespace. To make full use of these data, the GPT-4 is applied to extract the keywords of these publications in an objective way. After that, all the generated keywords are exported into an RIS file that is accepted by Citespace using Python and the Rispy package. The prompt is designed as follows:




Prompt: I am investigating the applications of the 4D millimeter wave sensing technology. Please help to summarize the following paragraphs using five keywords. “Title: (title of the publication). Abstract: (abstract of the publication)”.





After preprocessing, all of the metadata are inputted into the Citespace software for further analysis, including (1) statistics—to analyze the distributions of the publications; (2) co-occurrence analysis—to generate the knowledge map of the research topics, and (3) clustering, which is applied to investigate the research trend(s). These three routine analyses will facilitate the identification of the major applications of 4D mmw-based sensing in diverse fields and highlight the most significant and most talked-about advantages of 4D mmw technology among researchers. Based on all of the findings and evidence, we can then explore the potential applications of this technology in the construction industry.




3. Overview of the Selected Publications


In this section, a routine analysis of the existing literature will be performed to examine the distributions, relationships, and trends of studies. These findings will serve as the foundation for identifying the major applications of 4D mmw-based sensing technology.



3.1. Distribution of Articles


A total of 213 documents were collected after keyword searching and manual screening. Figure 2, Figure 3, Figure 4, Figure 5 and Figure 6 indicate the article distribution based on years, journals, and regions, respectively. Figure 2 shows an obvious increasing trend of related research since 4D mmw technology was presented in 2019, implying that this technology is gaining more and more attention. It can be found from Figure 3 that most of the studies pertain to the fields of sensors or electrics. Sensors, IEEE Access, and IEEE Sensors Journals are the most significant journals—altogether accounting for 17.4% of the dataset—indicating that the theoretical research is a valuable focus point. It is evident that a significant proportion of the published literature is attributable to the proceedings of international conferences, indicating the high level of activity and extensive international collaborations in this field. Therefore, it is anticipated that the performance of 4D mmw radars will experience a significant breakthrough in the near future, despite the radars already demonstrating practical applicability. Figure 4 shows the major subjects of the publications, illustrating that about three-quarters of the studies fall in the areas of Computer Science, Engineering, and Physics and Astronomy. Some other fields include Mathematics, Earth and Planetary Sciences, Biochemistry, Genetics and Molecular Biology, Chemistry, Decision Science, Energy, and others. Figure 5 illustrates that China and the US play a dominant role in this field, accounting for over 60% of the studies conducted. Germany, the UK, and Canada also make significant contributions. As shown in Figure 6, most studies are carried out through international collaborations; however, there is still some regional bias present. For instance, Germany mainly collaborates with European countries, while Asian countries (regions) tend to work within their area.




3.2. Knowledge Map of Topics


In bibliometric analysis, a knowledge map that is represented by a keyword tree is commonly used to obtain an overall understanding of the selected documents. A keyword tree is generated based on the co-occurrence frequency of keywords in the publications and displays the hierarchical structure and evolution of keywords in a research area. The nodes of the tree represent the keywords and the links represent the co-occurrence relations. The size and color of the nodes indicate the frequency and burstiness (especially regarding citations) of the keywords, respectively. As aforementioned, GPT-4 was used to extract the keywords from publications that did not have any. Figure 7 shows an example of applying this process to reference [20].



A total of 1077 keywords with 690 distinct terms were collected from the publications. However, many of them refer to the same thing with different names—for example, mmw, millimeter wave, and millimetre wave. Bibliometrics software such as Citespace and VOSViewer find it difficult to clearly understand these terms. To reduce the bias generated by misunderstanding, all the keywords were reviewed carefully, and the following measures were taken: (1) All the ywords were converted into lowercase; (2) All the keywords with the same meanings were renamed with a unified term, i.e., an alias; (3) The keywords that are irrelevant to this study, such as “article”, “current”, “vector”, were renamed to render them useless; (4) An alias list that can be read by Citespace was created based on the above rules in the .alias format. Some examples are given in Table 2.



After the processing, 520 unique keywords remained, and Figure 8 shows their co-occurrence. The term “mmw” is hidden from the figure as all publications are mmw-related. It can be seen that “deep learning” and “point cloud” appear frequently, and “point cloud” has a larger centrality judging by the last two years, indicating that the main functions of 4D mmw-based sensing are realized by these techniques. Other technical terms such as “imaging” and “convolutional neural network” indicate that the resolutions of 4D mmw radars are high enough to be processed by imaging-based approaches, and their strong ties to “lidar” and “computer vision” means they can be coupled with the prevailing vision-based approaches. It can also be seen that “object detection” is the general goal of the research. Additionally, the high frequency of the term “Doppler radar” indicates that the Doppler (or velocity) information plays an important role in sensing. Regarding applications, they mainly include autonomous driving, human activity recognition, gesture recognition, and fall detection.



A log-likelihood ratio-based clustering operation was then performed on the keywords and titles of all the publications, and seven clusters were identified, as shown in Table 3. The results further demonstrate the practical application of 4D mmw technology in spatial sensing, high-resolution object imaging, human activity identification, and contactless vital sign monitoring.




3.3. Research Trend


The top 25 citation bursts with the strongest impact on the research topic were identified and ranked by their duration, as depicted in Table 4. It can be seen that the term “4D mmw radar technology”, which serves as an alias for related technical terms such as FMCW and MIMO, gained significant traction in the early, developmental stages of 4D mmw technology. In the last two years, researchers have shifted their focus towards exploring various applications of this technology, including human posture estimation and robot sensing systems.





4. Summary of Current Applications


According to the above results, particularly the knowledge map and clustering results, as well as manual article checking, four exemplary topics concerning 4D mmw-based sensing applications have been identified for further discussion, including autonomous driving and transport, human activity recognition, robotics, and others.



4.1. Autonomous Driving and Transportation


As is known, traditional mmw technology has already been applied in autonomous driving systems for many years, and the initial application of 4D mmw technology has also primarily been in the field of autonomous driving and transport. Therefore, it is no surprise that studies in this field remain paramount. When adding a new query “and title-abs-key (transport or driv* or navigat*)” to the initial query presented in Section 2, 61 publications can be found, meaning that about a quarter of the studies are related to autonomous driving and transportation. Compared to the other sensing devices used in autonomous driving, 4D mmw technology can provide real-time imaging of the environment, allowing for the accurate detection of objects and surroundings, even in adverse weather conditions. Thus, the benefits of using 4D mmw technology in the field of autonomous driving include improved safety, reliability, and enhanced performance in challenging environments. The keywords that are related to “autonomous driving” are shown in Figure 9. Object detection and imaging are recognized as the major missions of 4D mmw technology in this field. Furthermore, four research directions can be summarized as follows.



(1) Advanced driving-assistance systems (ADASs). The excellent ranging and velocity measuring abilities of 4D mmw radars can be utilized in an ADAS for various features, including (1) adaptive cruise control, which can adjust the vehicle’s speed and distance to the preceding vehicle [21]; (2) lane change assist, which can detect vehicles in adjacent lanes and warn the driver of potential collisions [22]; (3) blind spot detection, which can monitor the areas behind and beside the vehicle that are not visible to the driver and alert the driver of nearby vehicles [21,23]; and (4) forward collision warning, which can detect imminent collisions with vehicles or obstacles and warn the driver or activate the brakes [24]. Ranging and velocity measuring are the traditional strengths of mmw techniques, while 4D mmw techology can yield the azimuth and elevation as well, thus providing more measuring information.



(2) Object detection and recognition. 4D mmw radars can be used to identify objects such as cars, pedestrians, cyclists, and animals based on high-resolution radar images that contain spatial, Doppler (velocity), and intensity information relevant to the objects [25]. For example, Bai et al. [26] proposed the Radar Transformer, which is a deep learning network that uses self-attention to fuse the local and global features of the radar point cloud and classify objects into different categories. Paek et al. [27] proposed a 4D mmw dataset named K-Radar and a baseline deep neural network to detect objects on roads. Yahia et al. [28] developed a lightweight deep learning model named RadarFormer to identify objects in real time.



(3) Object tracking and motion prediction. This can be regarded as the extension of object detection and recognition. Based on Doppler information, 4D mmw technology can be applied to estimate the position, velocity, and even acceleration of moving objects [29]. The prevailing approaches can be divided into two categories: radar-only tracking and multi-sensor fusion tracking [9]. In radar-only tracking, the Kalman filter or deep learning model [30] may be developed and applied to the multiple objects detected by 4D mmw radars. In multi-sensor fusion studies, various data from LiDAR, camera, and GPS may be combined to improve the accuracy and robustness of object tracking [9,31].



(4) Self-localization and mapping. This task involves the estimation of the position and orientation of the ego-vehicle relative to the surrounding environment and the construction of a map of the environment based on sensor data [32]. Additionally, 4D mmw radars can be used for self-localization and mapping by matching the radar point clouds with a pre-built map or by creating a map online using the simultaneous localization and mapping (SLAM) technique [33,34,35]. Self-localization and mapping can help to improve the accuracy and robustness of autonomous driving by providing reliable information about the vehicle’s location and road geometry.




4.2. Human Activity Recognition


The application of 4D mmw technology in human activity recognition is significant, as it can be utilized in various aspects of daily life, such as security, smart home systems, and healthcare [36]. Figure 10 shows the high-frequency keywords that related to human activity recognition. The specific applications are outlined as follows.



(1) Gesture recognition. Radars based on 4D millimeter waves are capable of recognizing various gestures, including waving, pointing, and nodding, by analyzing the Doppler shifts and angles of the radar signals reflected by different parts of the human body [37,38,39]. This gesture recognition technology can facilitate natural and intuitive interaction between humans and machines, such as controlling smart devices or playing games with simple hand movements [40,41,42,43,44,45].



(2) Posture recognition. By analyzing the range and elevation information of radar signals reflected by the human body, 4D mmw radars are capable of recognizing various postures, such as standing, sitting, lying down, and bending [46,47]. Posture recognition can provide valuable insights into monitoring daily activities and the health status of elderly or disabled individuals, as well as help to detect falls or abnormal behaviors [48,49]. Figure 11 is an example of human posture tracking using a 4D mmw radar (performed by the authors of this paper), where the green and red points are 3D point clouds that interpreted from 4D mmw signals.



(3) Vital sign monitoring. By extracting the periodic fluctuations of radar signals caused by cardiac and respiratory motions, 4D mmw radars can continuously and non-invasively monitor vital signs such as heart rate [50,51] and respiration rate [50,52,53]. This technology enables the early detection of cardiac or respiratory anomalies or emergencies, providing valuable health assessments for elderly or disabled individuals [36,54]. Figure 12 shows a case study conducted by the authors of this paper, which aimed to measure the respiration of humans using a mmw radar.




4.3. Application in Robotics


In robotics, a 4D mmw radar can be integrated as a perception sensor to enable robots to detect and track objects, relocate, and avoid obstacles in their environment [55,56,57,58], which is similar to the applications in autonomous driving. In addition, some researchers have also applied this technology to develop human-following robots [59] and estimate the velocity of robots in visually degraded environments [60].




4.4. Other Applications


Some other applications of 4D mmw can be found in the literature. For instance, due to its exceptional penetration capability, it has been extensively adopted for security screening purposes to detect concealed threats such as weapons, explosives, or other threats to individuals [18,61]. Additionally, by leveraging the micro-Doppler information provided by mmw, biologists can employ 4D mmw radars to identify and quantify airborne insects [62,63], while structural engineers can use them to precisely measure the vibrations of industrial systems [64]. Furthermore, 4D mmw technology can be installed on heavy equipment to detect obstacles in complex working environments.





5. Potential Applications in Digital Construction


5.1. Sensing Requirements on Construction Sites


Before delving into the potential usages of 4D mmw-based sensing in digital construction, it is necessary to first ascertain the specific sensing tasks that are currently required on construction sites.



It is well known that the most talked-about factors on construction sites are safety, productivity, and progress, so there is no doubt that the current sensing practices are primarily focused on these three aspects. According to the sensing subjects, the sensing practices on construction sites can be divided into three categories: (1) construction site monitoring [65,66], which mainly concerns the moving of objects on site; (2) environment understanding [67,68], which concerns static objects; and (3) health monitoring [4,69], which mainly pertains to workers. Table 5 summarizes the major sensing practices from the three aspects, along with the corresponding concerned factors on construction sites.



By combining the sensing requirements on construction sites with the major applications of 4D mmw technology that are presented in Section 4, we can state that 4D mmw technology holds great potential in enhancing the construction process due to its superior capabilities over traditional sensors, as elaborated in the following sections.




5.2. Site Monitoring


Site monitoring is crucial for optimizing productivity and ensuring safety in contemporary construction projects. Moreover, 4D mmw technology can be used for construction monitoring by providing high-quality high-resolution point clouds with Doppler information that can be used for object classification tasks, such as identifying different types of workers and construction equipment based on their radar signatures. This can help monitor the movement and activity of workers and equipment on construction sites and detect any potential hazards or conflicts.



As cameras are the most prevalent monitoring devices on modern construction sites, the 4D mmw radars could be considered as powerful complementary materials due to the susceptibility of cameras to light conditions and weather. In challenging situations, as depicted in Figure 13, 4D mmw technology is capable of sensing the workers and equipment with high accuracy despite obstacles and poor visibility caused by rain, fog, dust, or mud splashes on the lens. Moreover, the excellent velocity-sensing capability of 4D mmw technology enables effective object tracking on construction sites, surpassing camera-based velocity estimation, which relies on frame-to-frame derivations in accuracy. The micro-Doppler effect of 4D mmw radar signals can provide the micro-motion information of workers or equipment, thus helping to improve the traditional activity recognition approaches. Figure 14 shows the authors’ attempts at sensing workers and construction equipment on construction sites using a 4D mmw radar.




5.3. Environment Understanding


Besides site monitoring, which mainly focuses on dynamic objects, the sensing and understanding of the static objects on construction sites are also important for construction management [67]. In view of the various 3D reconstruction or holography technologies based on 4D mmw technology [70,71], it is possible to create realistic and accurate models of buildings and structures in different stages of the construction process. These models can be used for progress evaluation and safety assessment. As well as playing a complementary role to cameras, 4D mmw radars can also be used to enhance the visual and semantic information of 3D models. Watts et al. [72] aimed to rebuild the 3D shapes of building structures using mmw technologies. Yang and Zhu [73] attempted to reconstruct close 3D scenes using mmw technologies.



In the realm of autonomous driving, as previously mentioned, it has been demonstrated that utilizing SLAM algorithms to process point clouds generated from 4D mmw signals can facilitate the reconstruction of the surrounding environment.




5.4. Health Monitoring of Workers


Monitoring the physical conditions of construction workers is important to ensure safe and healthy working activities [74]. First, it can help detect or prevent medical problems, such as respiration and heart abnormalities, that could affect their performance or safety, as well as some occupational diseases. Additionally, it can help ensure the well-being of workers and their colleagues by identifying those who may need medical attention or isolation. Furthermore, it can help reduce accidents that occur due to work stress, poor health conditions, inattention, or falls from heights by alerting the supervisors or emergency services in case any abnormalities are detected [75].



Developed 4D mmw-based vital sign monitoring technology is to monitor the health status of construction workers by measuring their respiratory and cardiac motion patterns. It detects the micrometric vibrational movements of the workers, including chest wall movements and heartbeats, thus indicating their levels of fatigue or stress. This allows supervisors to continuously and accurately monitor the vital signs of workers, enabling them to intervene in case of abnormality or emergency. Futhermore, as the monitoring is non-invasive and contactless, it can bring more comfort and convenience to the workers, and also avoid exposing sensitive personal information such as skin type, clothing, or body shape [76]. Moreover, a 4D mmw radar can operate at a long distance and cover a wide area, which enables the remote and simultaneous monitoring of multiple workers without requiring their explicit consent or cooperation [77]. This can reduce the risk of intrusion or interference from other workers or devices.




5.5. Limitations of Using 4D mmw-Based Sensing in Construction


Although 4D mmw technology holds great potential for applications in construction, its current level of development presents certain limitations that cannot be overlooked, and these limitations can be summarized as follows:



(1) Complex restriction among parameters. According to the principle of FMCW radar measuring, there are complicated interrelated and mutual restraints between measuring performances [78], including maximum measurable distance (dmax), distance resolution (dres), maximum measurable velocity (vmax), velocity resolution (vres), maximum angular field of view (θmax), and angle resolution (θres). For instance, monitoring on construction sites may require a large dmax, which will result in a small vmax as the maximum bandwidth of a given radar is generally fixed. For another, with a given dmax, vmax will be reduced if dres is raised, meaning that the motion information will be weakened if attempts are made to enhance the point cloud quality of the objects on construction sites. Therefore, it is a challenging task to determine the appropriate parameter configurations of a given radar to ensure the accuracy and reliability of various monitoring activities on construction sites.



(2) High computing requirement. A mmw radar may generate a large amount of data, which require efficient and effective processing and analysis, such as signal processing, feature extraction, object classification, or tracking [79]. As a result, it is difficult to conduct real-time monitoring with ultra-high resolution. This poses a challenge for the design and implementation of 4D mmw radar systems, especially for applications that demand a high level of accuracy and timeliness. Moreover, the high computing requirement also increases the power consumption and cost of mmw radar systems, which may limit their scalability and deployment.



(3) Lack of commercialization. It is important to note that 4D mmw technology is still in the research and development stage and has not yet been widely adopted by the industry. Another challenging issue is that the existing radars are primarily designed for autonomous driving. This means that they may not be suitable for the specific requirements and challenges of construction sensing, such as detecting small movements, measuring deformation, identifying materials, and operating in harsh environments.



Nevertheless, technically speaking, the current challenges and issues do not involve significant technical bottlenecks. The growing demand for sensing in autonomous driving and daily human life will expedite the commercialization of 4D mmw radars. In view of the great benefits of 4D mmw technology, it is believed that its application in the construction industry is not far away.





6. Conclusions


Sensing is an increasingly critical task in digital construction, as appropriate sensing approaches are widely acknowledged to enhance the safety, productivity, and quality of construction activities. Considering the limitations of current sensing devices on construction sites, we believe that the 4D mmw technology has great potential for further sensing tasks in construction due to its strong imaging capability, spatial sensing capability, velocity measurement accuracy, penetration, and operational reliability in various weather conditions. Therefore, a comprehensive review of 4D mmw-based sensing was carried out in this study, generating the following four outcomes:




	(1)

	
Regarding the methodology, the major innovation is that the famous large-language model, GPT-4, is initially applied to enhance traditional scientometric analysis. It is used to generate the keywords for the selected publications (e.g., IET Biometrics and some proceedings) that lack them. The complete bibliometric method involving GPT-4 is presented, i.e., (1) data searching, (2) metadata extraction, (3) metadata processing using GPT-4 and Python, and (4) Citespace-based analysis.




	(2)

	
In total, 213 publications are collected according to our query rules. The dates demonstrate a geometric increase in attention towards 4D mmw-based sensing in recent years. The distribution of publishers shows that the theoretical research of 4D mmw technology is still a point of focus for researchers, and the significant proportion of international conference papers indicates the high level of activity and extensive international collaborations in this field. It can also be found that the major researchers are involved in the following fields: Computer Science, Engineering, and Physics and Astronomy. Additionally, China, the US, and Germany are identified as the most significant contributors in this field.




	(3)

	
The major applications of 4D mmw-based sensing are identified based on the knowledge map and clustering results of Citespace. As a technology derived from autonomous driving, 4D mmw-based sensing has been widely utilized for ADAS, object detection and recognition, object tracking and motion prediction, and self-localization and mapping. As a high-resolution and robust sensor, a 4D mmw radar can and has been applied for human activity recognition, including for gesture recognition, posture recognition, and even vital sign monitoring. Robotics is the third application scenario of this technology, which mainly serves as a perception sensor to detect and track objects, relocate them, and avoid obstacles. Other applications can also be found, such as security screening and biometrics.




	(4)

	
Combining the sensing requirements on construction sites with the major applications of 4D mmw technology, the potential applications of this technology in the construction industry are discussed. It is believed that site monitoring is where 4D mmw-based sensing will be most highly regarded, acting as a powerful complement to the prevailing camera surveillance on construction sites to monitor the positions and recognize the activities of workers and heavy equipment. Secondly, the excellent imaging capability of 4D mmw radars allow for the rebuilding of the 3D construction site environments, thus aiding safety management and progress. Additionally, the micro-Doppler effect of mmw signals can be used to monitor the health status of workers by detecting their heart rate and respiration.









Although there are still limitations in promoting 4D mmw technology in digital construction due to the issues of parameter design, computing, and commercialization, it is evident that the development of 4D mmw technology has rapidly grown in recent years. Furthermore, the increasing demand for sensing and digital technology is facilitating practical applications of 4D mmw technology. Therefore, it is widely believed that 4D mmw technology will play a significant role in the construction industry in the near future.
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Figure 1. Methodology of this research. 
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Figure 2. Articles distributed by years. 
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Figure 3. Articles distributed by journals. 
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Figure 4. Articles distributed by subjects. 
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Figure 5. Articles distributed by regions. 
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Figure 6. Relationship between the articles published in different regions. 
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Figure 7. An example of the process used to extract keywords via using GPT-4. 
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Figure 8. Co-occurrence of keywords. 
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Figure 9. Keyword maps regarding the field of autonomous driving. 
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Figure 10. Keyword map regarding the field of human activity recognition. 
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Figure 11. Posture tracking using a 4D mmw radar. 
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Figure 12. Measuring respiration using a mmw radar. 
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Figure 13. Construction scenarios captured under poor visibility conditions. (a) Water droplet obscuring lens (b) Mud obscuring lens (c) Lightless conditions. 
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Figure 14. Sensing moving objects on construction sites using a 4D mmw radar. 
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Table 1. Limitations of the commonly used sensors on construction sites [9,10].
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	Sensor
	Limitations





	Camera
	The accuracy and reliability highly depend on light and weather conditions; and it is weak in spatial sensing.



	LiDAR
	It is prone to interference in poor weather conditions such as rain or snow; and the cost is high.



	Depth camera
	It can only measure within a certain range (several meters), and is susceptible to noise and interference.



	Ultrasonic sensor
	It has a limited range and low measuring speed, and can be affected by ambient noise.



	Infrared sensor
	The accuracy is generally low and susceptible to interference; the sensing range typically falls within several meters; and the sensitivity can be influenced by material properties.
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Table 2. Some examples of the aliases of keywords.
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	Unified Term/Alias
	Included Keywords





	mmw
	millimeter wave, millimetre wave, millimeter-wave, millimeter wave (mmw), millimeter waves, millimeter-wave (mm-wave), etc.



	3D imaging
	3-D imaging, three-dimensional imaging, 3D radar imaging, etc.



	autonomous driving
	autonomous driving (ad), autonomous vehicle, automotive, etc.










[image: Table] 





Table 3. Clustering results of the keywords and titles.
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	No.
	Mean Year
	Top Terms (Log-Likelihood Ratio)





	34
	2021
	3D sar; perceptual learning framework; adaptive sparse; mmbody benchmark; 3D body reconstruction dataset



	25
	2020
	mmwave radar point cloud; lightweight midrange arm-gesture recognition system; natural language; processing approach



	25
	2021
	camera feature; multi-modal fusion; view disparity; vision fusion; object detection



	22
	2020
	support measurement; sensing design; ris-assisted wireless network; coal mine safety monitoring; joint communication



	21
	2020
	contactless electrocardiogram monitoring; human activity recognition; multi-person gait recognition; spatio-temporal information; point-cloud



	21
	2020
	car interior radar; advanced life-signs detection; robust hand-gesture recognition; hand gesture



	20
	2020
	automotive mmwave radar; point cloud; using 3D-printed helix antenna; circular polarization; epoxy wedge



	7
	2022
	radar point cloud; visual information fusion; center transfuser; 3D object detection
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Table 4. Top 25 keywords with the strongest citation bursts.
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	Keywords
	Year
	Strength
	Begin
	End
	2019–2023





	2019–2023
	2019
	2.13
	2019
	2020
	[image: Buildings 13 01454 i001]



	5 g mobile communication system
	2019
	1.22
	2019
	2020
	[image: Buildings 13 01454 i002]



	Nondestructive examination
	2019
	1.11
	2019
	2020
	[image: Buildings 13 01454 i003]



	4D mmw radar technology
	2019
	1.03
	2019
	2019
	[image: Buildings 13 01454 i004]



	Convolutional neural network
	2020
	1.71
	2020
	2019
	[image: Buildings 13 01454 i005]



	Skeletal tracking
	2020
	1.09
	2020
	2021
	[image: Buildings 13 01454 i006]



	Indoor localization
	2020
	1.09
	2020
	2020
	[image: Buildings 13 01454 i007]



	Vehicle detection
	2020
	1.09
	2020
	2020
	[image: Buildings 13 01454 i008]



	Lidar
	2021
	1.67
	2021
	2021
	[image: Buildings 13 01454 i009]



	Autonomous driving
	2021
	1.24
	2021
	2021
	[image: Buildings 13 01454 i010]



	Sensor fusion
	2021
	0.96
	2021
	2021
	[image: Buildings 13 01454 i011]



	Graph neural networks
	2021
	0.87
	2021
	2021
	[image: Buildings 13 01454 i012]



	Multi sensor fusion
	2021
	0.87
	2021
	2021
	[image: Buildings 13 01454 i013]



	Multi target tracking
	2021
	0.87
	2021
	2021
	[image: Buildings 13 01454 i014]



	Radar sensing
	2021
	0.87
	2021
	2021
	[image: Buildings 13 01454 i015]



	Machine learning
	2022
	1.79
	2022
	2023
	[image: Buildings 13 01454 i016]



	Wireless sensing
	2022
	1.07
	2022
	2023
	[image: Buildings 13 01454 i017]



	Scattering
	2022
	0.71
	2022
	2023
	[image: Buildings 13 01454 i018]



	Posture estimation
	2022
	0.71
	2022
	2023
	[image: Buildings 13 01454 i019]



	Package
	2022
	0.71
	2022
	2023
	[image: Buildings 13 01454 i020]



	Point cloud data
	2022
	0.71
	2022
	2023
	[image: Buildings 13 01454 i021]



	Multimodal fusion
	2022
	0.71
	2022
	2023
	[image: Buildings 13 01454 i022]



	Dataset
	2022
	0.71
	2022
	2023
	[image: Buildings 13 01454 i023]



	Robot sensing systems
	2022
	0.71
	2022
	2023
	[image: Buildings 13 01454 i024]



	Mapping
	2022
	0.71
	2022
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Table 5. Sensing requirements and reasons on construction sites.
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Sensing Requirements on Construction Sites

	
Reasons






	
Construction site

monitoring

	
Position and trajectory of worker

	
S




	
Position and trajectory of equipment

	
S, P1




	
Activity of worker

	
S, P1




	
Activity of equipment

	
S, P1




	
Operation status

	
P1




	
Health monitoring

	
Health status of workers (heart rate, respiration, etc.)

	
S




	
Environment

understanding

	
Environment (noise, air quality, etc.)

	
S




	
Environment 3D modelling

	
S, P2








Notes: Safety (S); Productivity (P1); Progress (P2).



















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
1 investigatig the appications of the 4D millmeter wave sesin technogy. Plsse helpto summarce the
following psgraph ueng e Keyaords. T Gt Recogition Using SpatoTempors!nformation of 3 Pont
‘which has a wide range of appcatons n mary fekds,such as smart home, smart offce, an helth monioring.
The amer i he most maintra radions clation. But the amers s G4t o manti statleparormance
i thedar, ow bgh, and bad weather conitions. naddhio, prvacyleskag s s ane f th mportant sues
hat prople worry about.nconrst, 3 the test eseach proges n g recogition,milmterwve adarcan
Daper, e propoe a st or gt recogniton e MTPGai o patio-tempors formation vi milmeter
Twiv rdar, We speialy i 8 neuralnetwork 18t can cxrack el spatio tempor fesures slonspice

ant time imenslons of 30 poin clovd conisel and efcirt. We use ST to deslgn th contes lw of acs
nd ot ime and pace, fuing s and bt pato-tempral fetures I additon,we consruc nd e
ilimetr wav radr 30 pointdu dta s, which consissof 60-mite gt dta of 4 voluteers. Usiog the
ot et we et the ptem and compare it four sat-of te-rt g, The expermental reslts
Show that MTRGalt s ablet achiew 9.7 recogiion acuracy i 3 single person scne o xd roue snd 9025
ecogntion accuracy when two peape it whIe hane of the exstng methods s more than 50% recopition

(@B < e v e oo trat cn s e g
1ol recogniion; 2. Milmeer wave odo; 3. 30 pot coud . Spato-tempral etues; 5 MTPG i network





media/file4.png
Documents

90
80
70
60
50
40
30
20
10

2019

2020

2021
Year

2022

2023





media/file52.png





media/file43.png





media/file18.png
ulti sensor fusion

(9]
@ (] ®
" ® : nﬁdataflgygl{advmed driver assistance system
° ® =] ross modal supervision
o ©° ° .. o///_k—\‘\‘ieep cnn
% ecision level fuSion

o " * e °
® - tec n ®
e : 4 ® |dma dar
* O
. @ o )
* .+ @ s Ié"ﬁmmg o
® o o : ® ® ,
° S 2 . » . < 8® L °

int cloud,

YEAR





media/file21.jpg
Standing alf squat






media/file44.png





media/file26.png





media/file35.png





media/file7.jpg
Other (3.5%)

nergy (1.0

Computer Science
(03%)

Chemistry (2.2%)

Biochemisry, Genetics and
Molecular Biology (2.2%)

EBarth and Planetary Sciences (2.6%)

Materials Science (3.9%)

Mathematics (7.5%)

Physics and Astronomy
(16.1%)

(28.9%






media/file53.png





media/file28.png
iy .

s

i L
I
....'..






media/file10.png
China

United States
Germany
United Kingdom
Canada
Japan
Taiwan
Singapore

South Korea

France

e}

[
e}

(o]
(e)

W
ja)

N
o

n
o

[N
e

Documents

~J)
=

0]
e

\O
(e

100

110





media/file45.png





media/file11.jpg
smowore @ moawe e
= i, =
- g N

. :
aPAN D STATES  CZaCH REPUBLE o
s @6
:






media/file6.png
Publisher

Sensors
IEEE Access

IEEE Sensors Journal

Proceedings Of SPIE The International
Society For Optical Engineering

IEEE Transactions On Intelligent Vehicles
IEEE MTT S International Microwave Symposium Digest

IEEE Transactions On Geoscience And Remote Sensing

Proceedings IEEE International Conference On Robotics
And Automation

Proceedings Of The ACE On Interactive Mobile Wearable
And Ubiquitous Technologies

Proceedings Of The Annual International Conference On
Mobile Computing And Networking MOBICOM

IEEE National Radar Conference Proceedings
IEEE Robotics And Automation Letters

Lecture Notes In Computer Science

(S8

=

(=)}

No. of papers

o0

—
o





media/file36.png





media/file15.jpg
. . ‘mm,mm«_»«?».mwm...m, %

o /] S R LB
UNFLUMNI 8V i ains ===
o i
! P il N g o
@smagmeyns v aging @00 waen o
— ®d
Plel | @S = & &nlhmlﬂn L .
s Jiim
I s Bt e
Sl S
5

‘n';lam‘ %

. rEamm——
® [ " gnen

YEAR






nav.xhtml


  buildings-13-01454


  
    		
      buildings-13-01454
    


  




  





media/file54.png





media/file41.png





media/file2.png
Data collection Information organizing Analysis

Searching on database Import to Citespace i 1 Diskibubon:obarkilos

| I
i :
1 | ** by publisher :
e 2 s 2 L -
Query— B Scopus C|te pace N by year :
J»Ei - ' | < by region :

‘ — B -’i k < by subject 4 E
Statistics, clustering, | :

: I

: :

: I

: I

: I

: I

l I

: :

AN
2

{ Meta-data extraction ] co-occurrence analysis

v t

[ 2. Knowledge map of topics ]

Meta-data processing using GPT-4 and Python

N

3. Research trend ]

[ 1. Title

Identify the primary
applications of 4D mmw-
sensing and the advantages
utilized in research studies.

v

Final goal:

Exploring the potential
applications of the 4D mmw
technology in the construction
industry by referring to its
current applications.

[ 2. Abstract

Keywords

|
} [ 3. Authors

[ 5. Publisher






media/file37.png





media/file23.jpg
24bpm

(pes) oseug

Frequency (Hz)

Time ()





media/file24.png
(gp) opmydury

(per) asey

410

Frequency (Hz)

Time (s)





media/file1.jpg
Data collection Information organizing Analysis

Searching on database Import to Citespace

1. Distribution of articles.

Query— LL Scopus| | CiteSpace

L) Statistics, clustering,
Meta-data extraction | | co-occurrence analysis

“ by publisher
% by year

% by region

% by subject

] t

Meta-data processing using GPT-4 and Python

2. Abstract
3. Authors
Keywords,

5. Publisher

. Year

Identify the primary
applications of 4D mmuv-
sensing and the advantages
utilized in research studies.

Final goal:
Exploring the potential
appliations of the 4D iy
technology in the construction
industey by reecring to s
current applications.





media/file12.png
MACAU

SINGAPORE @ ZIMBABWE SPAIN
HONG KONG . .

SOUTH KOREA ®

AUSTRALIA
. . SOUTH AFRICA  'RELAND
®
. CROATIA LUXEMBOURG
FINLAND ®

FRANCE

o TAIWAN
NETHERLANDS . O ‘ DENMARK
® ®
THAILAND . CANADA

. UNITED KINGDOM
INDIA

GERMANY ‘ SWEDEN .

NORWAY
MALAYSIA . ITALY

€] RUSSIAN FEDERATION . AUSTRIA

YEAR 2020 2021






media/file9.jpg
China,
United States.
Germany
United Kingdom
Canada

Japan

Taivan
Singapore

South Korea
France

T

%

g

1o





media/file42.png





media/file38.png





media/file17.jpg
ot levl fsanced e ssstance syt

e

oW &
. UL et vt ulon
& ¥ > Moy
= a
. . / Sbject etection 5
os . . @omputervis

ﬁ \ﬁdar

L) Jeuﬂfre extraction .

o @eer lestning -

op @™ ..o" " o
. . vintgloud,
. " .
w? ¥ = . . .

YEAR






media/file30.png





media/file31.png





media/file48.png





media/file39.png





media/file27.jpg





media/file3.jpg
Documents

90
80
70
60
50
40
30
20

2019

2020

2021
Year

2022

2023





media/file22.png
Standing

Half squat






media/file19.jpg





media/file40.png





media/file32.png





media/file14.png
| am investigating the applications of the 4D millimeter wave sensing technology. Please help to summarize the
following paragraphs using five keywords. "Title: Gait Recognition Using Spatio-Temporal Information of 3D Point
Cloud via Millimeter Wave Radar. Abstract: Gait recognition is one of the crucial methods in identity recognition,
which has a wide range of applications in many fields, such as smart home, smart office, and health monitoring.
The camera is the most mainstream traditional solution. But the camera is difficult to maintain stable performance
in the dark, low light, and bad weather conditions. In addition, privacy leakage is also one of the important issues
that people worry about. In contrast, as the latest research progress in gait recognition, millimeter wave radar can
not only protect people's privacy, but also maintain normal perception performance in dark conditions. In this
paper, we propose a system for gait recognition named MTPGait using spatio-temporal information via millimeter
wave radar. We specially design a neural network that can extract multiscale spatio-temporal features along space

and time dimensions of 3D point cloud concisely and efficiently. We use LSTM to design the context flow of local
and global time and space, fusing local and global spatio-temporal features. In addition, we construct and release a
millimeter wave radar 3D point cloud data set, which consists of 960-minute gait data of 40 volunteers. Using the
data set, we evaluate the system and compare it with four state-of-the-art algorithms. The experimental results
show that MTPGait is able to achieve 96.7% recognition accuracy in a single-person scene on fixed route and 90.2%
recognition accuracy when two people coexist, while none of the existing methods is more than 90% recognition
accuracy in either scenario. "

Here are five keywords that can summarize the paragraphs:
1. Gait recognition; 2. Millimeter wave radar; 3. 3D point cloud; 4. Spatio-temporal features; 5. MTPGait network






media/file49.png





media/file46.png





media/file16.png
@ - ] [d ;
- © ° o gerossimodal fusuw ® ®
® ® / o © ®
@ © P
® & @ ‘fl dgection j PY
@ @ e ° ®
® 7 eyl
® tonomous driving
® @ @ Camera A @ ®
. " Y \ .\ .
@ ® ject detectiomigh resolution four dimensional radar (4d radar) ®
| . : > -\\-
(deep unfolding comp‘lter vision o ) 4\ 'al ”ar &
® / ‘irection of arr'mal estimation
@ ﬁlman activity recognition
(dataset @ edd't'" manufacturing gassm ¢st|mat|on ~ goppler radar @
imag@ntenna arrays ensor fusion Wireless sensing :
® @ ‘.ﬁ?agnm, ®
& Qsture recognition Il detection
® ‘f : ®
e p Iearmﬁg 3 R
q@antenna Oachme Iearnmg
® o ) - @
@ @d printing eonvolutional Mural network ~ @ulti target tracking
@ Va !
@ ¢eircular polarization . : ‘@ recurrent neural networks @
o (] ¢hydration sénsing V- ® . : ‘ &
@ ° - posture estimation ~ nt‘:loud' °
€]
s ] (ully integrated (scattering
® ® oo ® ® o

YEAR






media/file20.png
@
. . '.. o " o ® e o
® ® @ @ © © ®
o ° ® 0. ®
%% e ° ° o ° L
® o e o
® ¢ . omain adaptatlon
[}
@ ® 5]
°© o " 2 o raph neural networks
® dge computing
® 10) human activity recognition
LA ( ). it y recog
o ® o ©
. [ ]
o | 2ep learning -
. . * gonvolutional esture recognition i
v tte:tion mechanism .
le] o ® o
°e (eep ecurrent neural networks

int cloud,






media/file50.png





media/file5.jpg
Publisher

i

IEEE SemorsJoumal

ProsetingsOF SPIE Thetersioal
‘Socey ForOpial Engiaceing

IEEE Trnsctions O neliges Vebices

TEEE AT S Incrutons icrowsve Syposn Digst

TEEE Tramscions O Geoscince Ao Rt Sesing

Proeotings EEE Iermios Cnfirence On Rborcs
“nd v

ProcestiogsOF The ACE On rsctive Mobile Wesble
“And Ubiqions Techoloies:

ProcodingsOF The Al o Confstoce n-
Nibile Compuing And Neworking MOBICOM.

TEEE ool Rdie ConfraceProcedings
IEEE Robots And Avtoustion Leters

Lecure e nCompuer Siece

“
No. of papers





media/file33.png





media/file47.png





media/file25.jpg
(©)

(b)

(@





media/file0.png





media/file8.png
Other (3.5%)

\

Energy (1.0%)
,»/‘

Computer Science
(30.3%)

Decision Science (1.6%)
Chemistry (2.2%)

Biochemistry, Genetics and
Molecular Biology (2.2%)

Earth and Planetary Sciences (2.6%)
Materials Science (3.9%)

Mathematics (7.5%)

Physics and Astronomy
(16.1%)

Engineering (28.9%)





media/file51.png





media/file34.png





