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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.

Keywords: 4D mmw; sensing; digital construction; scientometric analysis; GPT-4

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
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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.

Table 1. Limitations of the commonly used sensors on construction sites [9,10].

Sensor Limitations

The accuracy and reliability highly depend on light and weather
Camera L o : . .

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.

It can only measure within a certain range (several meters), and is

Depth ; i i
epth camera susceptible to noise and interference.

It has a limited range and low measuring speed, and can be

Ult i . .
rasonic sensor affected by ambient noise.

The accuracy is generally low and susceptible to interference; the
Infrared sensor sensing range typically falls within several meters; and the
sensitivity can be influenced by material properties.

A millimeter wave (mmw) is a type of electromagnetic wave with a wavelength be-
tween 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 telecom-
munications [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.
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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 publi-
cations. The Scopus database was selected due to its wide coverage and well-recognized
quality. The query for searching the Scopus is shown below.

Data collection Information organizing Analysis

___________________________

Searching on database Import to Citespace

Scopus CiteSpace
-

1. Distribution of articles
+“* by publisher

“* by year

“* by region

“* by subject

Query—

ek

‘ - Statistics, clustering,
[ Meta-data extraction l co-occurrence analysis

| t

Meta-data processing using GPT-4 and Python

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

¢

Final goal:

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

2. Abstract

Prompt

Keywords

5. Publisher Yes

6. Year

:
|
I
I
I
I
I
|
i 3. Authors
I
I
I
I
I
I
I
I
I
|
|
| 4. Keywords [«
I

Figure 1. Methodology of this research.

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 mil-
limeter 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
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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 sens-
ing 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 screen-
ing. Figures 2—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 signif-
icant 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, Bio-
chemistry, 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.
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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 publica-
tions. 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 mea-
sures 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
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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.

| 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. "

GPT-4 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

Figure 7. An example of the process used to extract keywords via using GPT-4.

Table 2. Some examples of the aliases of keywords.

Unified Term/Alias Included Keywords

millimeter wave, millimetre wave, millimeter-wave, millimeter

mmw o i
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.

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.

Alog-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.
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Figure 8. Co-occurrence of keywords.

Table 3. Clustering results of the keywords and titles.

No. Mean Year Top Terms (Log-Likelihood Ratio)

3D sar; perceptual learning framework; adaptive sparse; mmbody

34 2021 benchmark; 3D body reconstruction dataset

25 2020 mmwave radar point cloud; lightweight midrange arm-gesture
recognition system; natural language; processing approach
camera feature; multi-modal fusion; view disparity; vision fusion;

25 2021 . .
object detection

» 2020 support measurement; sensing design; ris-assisted wireless

network; coal mine safety monitoring; joint communication

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

car interior radar; advanced life-signs detection; robust

21 2020 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

3.3. Research Trend

The top 25 citation bursts with the strongest impact on the research topic were iden-
tified 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
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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.

Table 4. Top 25 keywords with the strongest citation bursts.

Keywords Year Strength Begin End 2019-2023
2019-2023 2019 2.13 2019 2020 —
5 g mobile communication system 2019 1.22 2019 2020 —
Nondestructive examination 2019 1.11 2019 2020 e
4D mmw radar technology 2019 1.03 2019 2019 E—
Convolutional neural network 2020 1.71 2020 2019 ——
Skeletal tracking 2020 1.09 2020 2021 —_——
Indoor localization 2020 1.09 2020 2020 -
Vehicle detection 2020 1.09 2020 2020 ———
Lidar 2021 1.67 2021 2021 —
Autonomous driving 2021 1.24 2021 2021 —
Sensor fusion 2021 0.96 2021 2021 ——
Graph neural networks 2021 0.87 2021 2021 _—
Multi sensor fusion 2021 0.87 2021 2021 —_—
Multi target tracking 2021 0.87 2021 2021 -
Radar sensing 2021 0.87 2021 2021 -_—
Machine learning 2022 1.79 2022 2023 —
Wireless sensing 2022 1.07 2022 2023 =
Scattering 2022 0.71 2022 2023 —
Posture estimation 2022 0.71 2022 2023 _
Package 2022 0.71 2022 2023 =
Point cloud data 2022 0.71 2022 2023 —
Multimodal fusion 2022 0.71 2022 2023 —
Dataset 2022 0.71 2022 2023 —_—
Robot sensing systems 2022 0.71 2022 2023 —
Mapping 2022 0.71 2022 2023 —

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.
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Figure 9. Keyword maps regarding the field of autonomous driving.

(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].
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(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 [33-35]. 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.
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Figure 10. Keyword map regarding the field of human activity recognition.

(1) Gesture recognition. Radars based on 4D millimeter waves are capable of recogniz-
ing 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 [37-39].
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 [40-45].

(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.
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Figure 11. Posture tracking using a 4D mmw radar.

(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.
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Figure 12. Measuring respiration 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 [55-58],
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.
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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 construc-
tion, 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.

Table 5. Sensing requirements and reasons on construction sites.

Sensing Requirements on Construction Sites Reasons
Position and trajectory of worker S
Construction site Pos%h.on and trajectory of equipment S,P1
monitorin Activity of worker S, P1
8 Activity of equipment S, P1
Operation status P1
Health monitoring Health status of workers (heart rate, respiration, etc.) S
Environment Environment (noise, air quality, etc.) S
understanding Environment 3D modelling S, P2

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

By combining the sensing requirements on construction sites with the major applica-
tions 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 contem-
porary construction projects. Moreover, 4D mmw technology can be used for construction
monitoring by providing high-quality high-resolution point clouds with Doppler infor-
mation 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.
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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.

Figure 14. Sensing moving objects 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 demon-
strated that utilizing SLAM algorithms to process point clouds generated from 4D mmw
signals can facilitate the reconstruction of the surrounding environment.
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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 mmuw-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 (d4y), distance resolution
(dres), maximum measurable velocity (vuqy), velocity resolution (v;,), maximum angular
field of view (0,4x), and angle resolution (6;.s). For instance, monitoring on construction
sites may require a large d;;ax, which will result in a small 5y as the maximum bandwidth
of a given radar is generally fixed. For another, with a given d,;ax, Upax Will be reduced if
dyes 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
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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 con-
struction 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) Intotal, 213 publications are collected according to our query rules. The dates demon-
strate 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.

(8) The major applications of 4D mmw-based sensing are identified based on the knowl-
edge map and clustering results of Citespace. As a technology derived from au-
tonomous 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 applica-
tions 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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