
Citation: Rachmawati, T.S.N.; Kim, S.

Unmanned Aerial Vehicles (UAV)

Integration with Digital Technologies

toward Construction 4.0: A

Systematic Literature Review.

Sustainability 2022, 14, 5708. https://

doi.org/10.3390/su14095708

Academic Editor:

Ali Bahadori-Jahromi

Received: 8 April 2022

Accepted: 5 May 2022

Published: 9 May 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 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/).

sustainability

Review

Unmanned Aerial Vehicles (UAV) Integration with Digital
Technologies toward Construction 4.0: A Systematic
Literature Review
Titi Sari Nurul Rachmawati and Sunkuk Kim *

Department of Architectural Engineering, Kyung Hee University, Yongin-si 17104, Korea; titisari.nurul@khu.ac.kr
* Correspondence: kimskuk@khu.ac.kr; Tel.: +82-31-201-2922

Abstract: Unmanned Aerial Vehicles (UAVs) have been employed in the construction industry in the
last decade for various purposes such as progress monitoring and building inspection. Recently, there
has been a rising trend of employing UAVs with other digital technologies (DTs), such as Building
Information Modeling and Extended Reality. The integration of these technologies encourages
automation and digitization toward better project performance. However, little is known about the
implementation of UAVs in conjunction with other DTs. Therefore, this study performs a systematic
literature review to determine application areas and technology trends regarding UAVs’ integration
with other DTs. The search yielded 287 articles, of which 36 satisfied the established inclusion criteria
and formed the foundation of this systematic review. Seven application areas of UAV integration
with other DTs were identified: progress monitoring, historic building conservation, information
management, construction safety, construction education, structural and infrastructure inspection,
and transportation. This study also revealed UAV technology trends encouraging automation and
digitization: automated progress monitoring, automated UAV inspection planning, real-time video
streaming, and parametric model development of historicbuildings. This study is expected to be
a starting point of future in-depth research by providing a general understanding of the current
applications of UAVs integration with other DTs.

Keywords: systematic literature review; unmanned aerial vehicle; digital technology; Building
Information Modeling; construction management

1. Introduction

The construction industry has gradually shifted toward digitalization in the last
decade. Wide-ranging digital technologies (DTs) have enabled the digitization, automation,
and integration of the construction process throughout the construction life cycle [1]. Such
technologies comprehensively and profoundly transform the construction management
process and assist decision-making in construction firms [2]. This circumstance is labeled
Construction 4.0, a term derived from the phrase Industrial Revolution 4.0.

Wong et al. [3] categorized four major types of DTs in the construction domain: Build-
ing Information Modeling (BIM), Geographic Information Systems (GIS), the Internet
of Things (IoT), and Unmanned Aerial Vehicles (UAVs). IoT includes radio frequency
identification (RFID) and sensing technology. UAV technologies include points cloud,
photogrammetry, and 3D laser scanning. In addition, Perrier et al. [4] studied Extended Re-
ality (XR), or combined real-and-virtual environments and interactions generated through
computer technology. XR comprises augmented, virtual, and mixed reality (AR, VR, and
MR, respectively).

BIM denotes the shared digital representation of infrastructure/buildings to facilitate
design, construction, and operation processes for the foundation of reliable decision-making
of stakeholders [5]. BIM functions pivotally in building management and is thus considered
focal to Construction 4.0 technologies. BIM has been integrated with GIS, where the BIM
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model is blended into the layers of geospatial context. Contractors and owners can obtain
the geospatial data pertaining to a project, for instance, surrounding areas, disaster risk
potential, site selection, or on-site material layout. These details can help stakeholders to
judge construction circumstances accurately [6].

UAVs, or unmanned aerial systems, or drones, are remote vehicles equipped with
onboard sensors and are controlled by a pilot on the ground [7]. UAVs are used in varied
construction processes, such as earthwork surveying [7,8], on-site management [9], progress
monitoring [10,11], safety inspections [12,13], and damage assessment [14,15]. In general,
UAVs take images or videos that can later be processed via photogrammetry to create
3D objects as required. UAVs are advantageous compared to traditional data collection
because their technology is faster and more efficient at a lower cost. In addition, UAVs
can reach areas deemed inaccessible or dangerous for human workers. UAV-collected
data can be independently processed and analyzed but can also be used as an input for
BIM. Tan et al. [14] studied UAV integration with BIM for building inspection, comparing
real-time UAV-collected data to as-planned 4D BIM to monitor progress. In addition to BIM,
data accumulated via UAVs may also serve as input for GIS to monitor building-related
activities [11].

The construction industry has also adopted XR, although it is still in the beginning
stage. XR includes VR, AR, and MR. VR generates full virtual content within a computer-
generated artificial 3D environment for the users [16]. AR integrates real-world and digital
content by overlaying digital content on the user’s real-world environment [17]. MR is simi-
lar to AR but differs in its potential to allow interactions between digital content and the real
world, making it more realistic for the users [18]. Several researchers have investigated the
integration of UAVs as reality-based data capturing technologies in conjunction with BIM
and XR. A 3D as-built model acquired from UAVs is compared to as-planned models from
BIM [19]. The comparison is then visualized in the XR environment that stakeholders can
access off-site using various gadgets. This integration improves communication and assists
stakeholders, who can understand the project’s progress and make informed decisions.

Adopting these emergent technologies is expected to improve productivity and com-
munication, reduce costs, and support reliable decision-making. A few researchers have
published review papers regarding these technologies: Perrier et al. [4] presented an overview
of DTs in the Construction 4.0 era, and Khan et al. [20] conducted a literature review on BIM
integration with other immersive technologies [20]. However, no prior reviews have examined
the integration of UAVs with other DTs. Whereas knowing UAV integration with other DTs
can assist researchers and professionals in improving the project performance even more.
Therefore, the aim of this paper is to systematically review peer-reviewed academic studies
on the integration of UAVs with other DTs. By providing a general understanding of current
application areas and technology trends of UAV integration with other DTs, this study can
serve as a starting point for future, in-depth studies. Specifically, this study seeks to answer
the following research questions. (1) What are the construction-related application areas of
UAV integration with other DTs? (2) What is the most extensively used construction-related
application area for UAV integration with other DTs? (3) What are the construction-related
technology trends of UAV integration with other DTs?

2. Materials and Methods

This study applied the systematic literature review method, defined as “identifying,
evaluating, and interpreting all research relevant to a particular research question, topic
area, or phenomenon of interest” [21]. Publications were searched using several databases:
Scopus, Science Direct, Web of Sciences, Taylor and Francis Online, American Society of
Civil Engineers (ASCE) Library, and Wiley Online Library. Additionally, the keywords
were also searched via Google Scholar.

To answer the research objectives of this study, the search terms comprised combina-
tions of three main keywords. The first keyword represented the UAVs are “unmanned
aerial vehicle”, which included numerous synonyms, such as “unmanned aerial system”
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and “drone”. The second keyword, “construction management”, was equated in this
study with “construction industry” and “construction 4.0”. Lastly, the third keyword
encompassed other 4.0 technologies in the construction industry: “Building Information
Modeling”, “Geographic Information System”, “Internet of Things”, “Mixed Reality”,
“Virtual Reality”, “Augmented Reality”, “information and communication technology”,
and “sensing technology”. The keywords for other DTs were gained based on preliminary
studies about various technologies currently implemented in the construction industry. The
keywords were searched using the Boolean operator “AND” to extract discrete keywords
that were required to be present in the records and “OR” to connect two or more similar
terms in keywords. Table 1 summarizes the search results for each database.

Table 1. Search by keywords in the literature databases.

Literature Database Records

Google Scholar 8960
Scopus 287

Science Direct 276
ASCE Library 174
Web of Science 90

Taylor and Francis Online 47
Wiley Online Library 9

Records were extracted from Scopus rather than other databases because (a) Scopus
includes a broad range of scientific journal publications, and most records from other
databases are also found in Scopus, (b) the extraction results from Scopus can be integrated
into VOSviewer software, which enables the construction and visualization of bibliometric
networks, and (c) previous systematic literature reviews have used Scopus [4,20].

The records were filtered using the Preferred Reporting Items for Systematic Re-
views and Meta-Analyses (PRISMA) 2020 guidelines displayed in Figure 1. The PRISMA
2020 guideline provides a flow diagram that assists scholars in transparently filtering publi-
cations [22]. This flow diagram contains four stages: identification, screening, eligibility,
and inclusion. A reliable final database on the desired topic of a literature review is attained
after filtering is performed at each stage.
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The records were identified in the following ways at the identification stage: (1) defined
keywords, (2) the time of publication was restricted and only studies published in the
last decade (2011–2021) were included, (3) the type of documents was specified as the
inclusion of only peer-reviewed journal publications and conference proceedings, and
(4) the language was stipulated as only English. An aggregate of 287 records was identified
through this database search.

Of these results, seventy-four duplicates were removed at the screening stage, and
213 records remained. Next, the type of the records was filtered according to the established
eligibility criteria. The publications were then screened based on the following conditions:
(1) UAV application in construction, (2) varied DT applications in construction, and (3) the
integration of UAV with other DTs in construction. A total of 151 records passed the above
eligibility criteria.

The title and abstracts of 151 records were subsequently inspected at the inclusion
stage to determine whether the record satisfied the inclusion criteria. To be included in the
review, the publications were required to focus on UAV integration with other DTs in the
construction domain. Studies such as literature reviews and dissertations were excluded.
Finally, 36 records became the basis of this systematic literature review.

3. Results
3.1. Time-Series Analysis

Figure 2 exhibits the annual publications on UAV applications in construction over
the last decade (2011 to 2021). The publications were divided into two types following
the PRISMA guideline. First, the blue bar was computed from the eligibility stage and
represents UAV applications as stand-alone technology as well as integrated with other
DTs. Second, the orange bar was processed from the inclusion stage and only indicates
UAV integration with other DTs.
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Seven or fewer articles were published annually between 2011 and 2016, revealing
the preliminary nature of this research domain. A rising trend was noted in 2017, during
which 13 papers were published. The number of articles then increased rapidly up to 2021.
Most records from the early 2000s referenced exploratory studies on the general potential
of UAVs in construction or their specific applications in safety inspection [23,24]. One
2014 record related to UAV integration with other DTs pioneered UAV integration with
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AR [25]. No research initiative was undertaken in the next two years (2015–2016) on UAV
integration with other DTs. Such efforts have increased significantly since 2017.

The research in the late 2000s developed into varied categories such as simulation
studies [26–28], case studies [29], and the interoperability of UAVs with other DTs [14,30]. A
more in-depth literature study was also accomplished on the application of UAV technology
in construction [31,32]. Nevertheless, the number of publications is not as high as studies
published on other technologies such as BIM, suggesting ample potential for future research
on UAVs.

3.2. Country Analysis

Table 2 displays 36 publications on UAV employment with other DTs classified by
the country of the lead author’s affiliation as stated in the paper. The United States of
America (USA) leads this research domain with 12 published articles, followed by China
with six articles. Four countries, including Korea, have published two articles each. Finally,
ten countries, including Japan, have published one article each.

Table 2. Number of published articles by country.

Country Number of Articles Remarks

USA 12

China 6

Germany, Italy, Korea, Spain 8 Four countries presented two articles each

Brazil, Chile, France, Japan, Malaysia, Mexico,
Philippines, Poland, Romania, Singapore 10 Ten countries presented one article each

Total 36

3.3. Journal Allocation Analysis

Of the 36 publications on the deployment of UAVs with other DTs reviewed in this
study, 17 were peer-reviewed journal papers. Most of the reviewed papers were published in
internationally certified Science Citation Index or Science Citation Index Expanded journals.
Table 3 summarizes the list of most popular journals and includes the journal impact factors
(JIF) based on the Journal Citation Reports of 2021. As Table 3 demonstrates, Sensors and
Applied Science ranked first and second with three papers each. Automation in Construction
and Construction Innovation took third and fourth place with two papers each. Notably, some
papers were also published in high JIF journals such as Automation in Construction, Journal
of Management in Engineering, and Building Research and Information.

Table 3. List of the most popular journals.

Journal Title Number of Papers JIF 2021

Sensors 3 3.576
Applied Sciences 3 2.679

Automation in Construction 2 7.700
Construction Innovation 2 2.667

Journal of Management in
Engineering 1 6.853

Building Research and
Information 1 5.322

Journal of Computing in Civil
Engineering 1 2.979

Heritage Science 1 2.517
Smart and Sustainable Built

Environment 1 2.054

Advances in Civil Engineering 1 1.924
International Journal of
Occupational Safety and

Ergonomics
1 1.601

Total 17
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3.4. Co-Occurrence Keywords Analysis

The co-occurrence network of a keyword maps the relationships between keywords
in the studied field [33]. Every keyword is visualized in terms of nodes that are linked,
and each link is weighted. The bigger the node, the higher the occurrence frequency of
the keywords. The thicker the links and the closer the positions between keywords, the
stronger the relationships between those keywords.

This study created the networks using VOSviewer software. The options “author key-
words” and “full counting” were checked using VOSviewer analysis for the co-occurrence
networks of the keywords to obtain a holistic visualization landscape of this research
field. Keywords conveying the same meaning were manually equated. The minimum
occurrences of each keyword were set to 5, resulting in 21 keywords that met this threshold.
Table 4 presents a detailed analysis of the co-occurrence of keywords along with their
number of occurrences and their total link strength.

Table 4. Top keywords of UAV integration with other DTs in construction.

Keywords Occurrences Total Link Strength

unmanned aerial vehicles 128 212
building information modeling 52 113

construction industry 27 65
3d modeling 23 60

safety inspection 22 49
photogrammetry 16 41

augmented reality 11 29
virtual reality 9 29

construction management 12 27
point cloud 10 23

remote sensing 11 22
digital technology 9 20

progress monitoring 10 20
construction safety 7 17
aerial photography 6 16

project management 5 15
geographic information system 5 13

laser scanning 5 13
construction monitoring 6 12

internet of things 5 11

Figure 3 exhibits the co-occurrence network of keywords extracted from 151 records
assessed at the eligibility stage of the PRISMA protocol. UAVs with a total link strength of
212 are the center of the network and are strongly connected to the construction industry
and BIM as DTs. Further, UAVs demonstrate the most robust connection with BIM than
other DTs. This result aligns with BIM’s strategic position: BIM is highly interoperable with
diverse DTs in the construction industry [34].

Three clusters were observed in the network and are summarized in the following sections.
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3.4.1. UAV Technology Cluster

UAVs denote the center of the red cluster and are firmly integrated with the point
cloud, photogrammetry, remote sensing, and 3D modeling. They are less robustly con-
nected with laser scanning, GIS, aerial photography, and structure-from-motion (SFM). This
cluster concerns UAV technology as stand-alone equipment and the methods of processing
data acquired from UAVs. The primary process of UAV implementation comprises data
collection, reconstruction, simulation, and visualization [34]. UAVs obtain data by taking
aerial images at different heights and tilt angles. The images must be overlapping for con-
version into 2D/3D models [35]. This method is popularly labeled SFM photogrammetry.
SFM has become more prevalent than traditional photogrammetry because it generates
a point cloud using overlapping images without the need for predefined ground control
points (GCPs) [36]. However, the 3D model should still be georeferenced via known GCPs
to increase accuracy. In addition, this cluster evidences a correlation between remote
sensing, GIS, and UAV. Freimuth et al. [36] have reported that the UAV is an established
remote sensing and mapping tool. The acquired data can be used in GIS to create a digital
elevation model (DEM) or a digital surface model (DSM) for spatial analysis [37,38].

3.4.2. Other Digital Technologies Cluster

This cluster reveals that UAVs have been integrated with other DTs, including BIM,
AR, and VR. UAVs show the most established integration with BIM, and this outcome
corresponds to BIM’s stature as the pivotal software used in the construction industry [34].
Two approaches to UAV integration with other DTs are elucidated in this cluster: (1) UAVs are
only integrated with BIM/XR/IoT, and (2) BIM functions as an intermediary between UAVs
and XR (AR/VR). Using the first approach, UAVs visualize site conditions, and the acquired
data were subsequently processed to construct an as-built 3D model. This model is then
compared to an as-planned model generated from BIM [39,40]. A study by Wen and Kang [25]
also developed a virtual construction in a real field environment captured in real-time by UAVs.
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This novel approach can assist site planners, who can observe simulated projects on real sites.
The second approach denotes an extension of the first type. The comparison of as-built and
as-planned models is visualized as AR/VR and can be accessed in real-time through various
devices by stakeholders [19]. This integration improves project performance in many aspects,
including control, documentation, productivity, and communication between stakeholders.

3.4.3. Construction Management Cluster

This cluster combines yellow and blue clusters. UAVs have evolved in the last decade
from being used for military purposes to equipment meant for civilian applications [41].
UAVs are used throughout the lifecycle of construction projects and are equipped with
sensors (camera, GPS, or thermal sensor) and backend software. In the pre-construction
phase, UAVs assist site planners in surveying site conditions [7,8]. At the construction stage,
UAVs assist in tracking progress [10,11], performing safety inspections [12,13], tracking
material movement, and improving communication between stakeholders. Finally, UAVs
can perform building or bridge assessments in the post-construction phase, specifically in
unreachable and unsafe areas [14,15]. Overall, UAV usage improves construction automa-
tion processes so that projects can progress more precisely and efficiently. This network
analysis concludes that UAVs are most used in the application areas of safety inspection
and construction monitoring.

3.5. UAV Integration Type Analysis

Figure 4 shows the percentage of integration of UAVs with other DTs based on
36 studied publications. Most studies (20 articles, 56%) integrated UAVs only with BIM.
For example, the 3D as-built model obtained from UAV photogrammetry was compared
to the 4D as-planned model in a BIM environment [34,42]. UAV integration with XR for
purposes such as smart historic tourism [30], flight training simulators [43], and virtual
site visits [44,45] followed, with eight articles (22%). BIM acted as an intermediary be-
tween UAVs and XR technologies, taking the third position with four articles (11%). To
cite an example, off-site progress monitoring was conducted using MR technologies in
one study to visualize a 3D model from UAVs and a 4D model from BIM [39,46]. UAV
integration with GIS ranked fourth with three articles (8%) and was primarily used for
spatial analysis [47]. IoT demonstrated minor integration with UAVs, with only one article
(3%) regarding integrated UAVs with RFID to accomplish material tracking [48].
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3.6. Application Areas of UAV Integration with Other DTs

This literature review identified seven distinct application areas of UAV integration
with other DTs in the construction domain, as presented in Table 5. These application areas
denote the interpretations of the authors of this paper based on 36 studied publications.
These application areas encompassed progress monitoring, historic building conserva-
tion, information management, construction safety, construction education, structural and
infrastructure inspection, and transportation.

Table 5. Application areas of UAV integration with other DTs.

Application Area Examples from Articles Reference

Progress monitoring Progress monitoring
[11,19,34,36,39,42,46,48–51]Tracking material on sites

Historic building conservation
3D modeling of historic building

[30,47,52–55]Spatial analysis
Tourism potential analysis

Information management
Data collection of real-time as-built structure

[25,44,56–58]Real-time video streaming
Decision-making assistance

Construction safety Identification of potential hazard locations
[31,40,59,60]Construction safety inspection

Construction education
Virtual site visit

[43,45,61,62]Training simulation for inspection

Structural and infrastructure inspection
Building inspection

[14,63–65]Bridge inspection
Post-earthquake building inspection

Transportation Earthwork volume calculation
[66,67]Heavy equipment planning

Figure 5 elucidates that progress monitoring constituted the largest share of the 36 articles,
with 11 papers (31%). Historic building conservation and information management came
in second and third place with six (17%) and five (14%) articles, respectively. Four studies
each were published on construction safety, construction education, and structural and infras-
tructure inspection and shared the same proportion at 11%. The transportation sector was
positioned last with only two articles (5%).
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3.6.1. Progress Monitoring

Eleven of the 36 evaluated articles (31%) studied UAV integration with other DTs to
monitor construction progress. Conventional supervision is labor-intensive and requires a
lot of time to collect and process data. Meanwhile, integrating UAVs with other DTs offers
increased efficacy of time, accuracy, safety, and cost.

Most articles on progress monitoring reported similar procedures. First, the UAV
acquired aerial images, then processed using photogrammetry software to create a 3D point
cloud and a 3D as-built model. Subsequently, the 3D as-built model was compared to the
4D as-planned model in a BIM environment [34,42]. However, unlike other studies, Bognot
et al. [11] used GIS to generate the as-planned model instead of BIM. The 3D as-built model
was later aligned with the 4D as-planned model of the building formed from the extrusion
of building elements for comparison.

After comparing as-built and as-planned structures, Alizadehsalehi and Yitmen [19]
and Raimbaud et al. [46] developed progress monitoring visualizations for stakeholders in
an MR environment, enabling the off-site supervision of construction. However, Alvares
and Costa [39] asserted the limitations of progress monitoring through UAVs, citing the
requirement of significant initial investments in developing monitoring procedures and
training project teams on the procedures.

Four other studies focused on automation and optimization during progress monitor-
ing using UAVs. Hamledari et al. [49] proposed a framework that utilized a 4D building
information model and Swarm Intelligence to automatically generate UAV inspection
mission plans that yielded complete coverage of inspection targets while minimizing flight
duration. In congruence with a previous study, Freimuth and König [36] proposed auto-
matic inspection planning to avoid obstacles near the inspected building. These last two
studies employed 4D BIM semantic information to generate precise as-planned geomet-
ric models [50,51]. These models render a building from all points of view during the
monitoring phase and offer more accurate element detection.

Unlike other investigations, Zhang et al. [48] addressed equipped UAVs with RFID to
track construction material. UAVs were flown to detect the material construction dimen-
sions at construction sites. The detected construction material dimensions were compared
with previously obtained data to monitor the material supply chain.

3.6.2. Historic Building Conservation

A total of six papers (17%) discussed the preservation and reconstruction of historic
building conservation. It analyzed their tourism potential by encompassing the 3D model-
ing of heritage buildings and the spatial analysis of the surrounding areas.

A study by Templin and Popielarczyk [30] proposed UAV usage to generate a 3D
reconstruction model for the inventory of the historic Modlin water tower in Poland. Subse-
quently, the 3D model was utilized to build smart tourism services based on Web/AR/MR
technology. Users can access information and attend virtual tours of the historic building.
The Hatfaludy Mansion in Romania was also surveyed using UAVs [47]. The data acquired
from UAVs formed the basis for a 3D model constructed in BIM to serve conservation and
restoration purposes. The DEM and DSM of the mansion’s surrounding areas were used
for GIS’s spatial analysis (terrain and accessibility analysis).

Four studies introduced Heritage Building Information Modeling (HBIM). First,
Barrile et al. [52] surveyed the Sant Antonio Abate Church using UAV photogramme-
try to reconstruct a 3D as-built model. Subsequently, the 3D model was segmented into
individual elements and imported into Industry Foundation Classes (IFC) files to the BIM
software. The technical geometry information, material description, and historical informa-
tion were added to each element. The data becomes the basis of the building’s conservation
efforts. A similar procedure was also performed to build a 3D model of the Royal House
of Bourbon Cellar in Italy [53] and Cortijo del Fraile’s historic farmhouse in Spain [54].
Martínez-Carricondo et al. [54] extended this usage by developing the exterior and interior
of the farmhouse. One study employed UAVs to survey Spain’s large historic Isabel II
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dam [55]. The 3D points cloud was combined with historical information to generate an
HBIM containing all relevant graphical, structural, and archaeological data.

3.6.3. Information Management

Of the 36 articles, five (14%) were related to information management. A study by
Wen and Kang [25] designed an interface that mix scene of real views from UAVs and
virtual views using AR technology. The interface provides access to real-time image
streams from multiple devices. This proposed UAV-AR system can assist decision-makers
and site planners in observing simulated projects at real sites. Yan et al. [44] performed
a similar procedure, using AR technology to visualize real-time video from UAVs for
off-site participants. The simulation system uses an AR algorithm named Simultaneous
Localization and Mapping (SLAM) to render virtual building models in real-time and
real-world environments. To et al.’s study [56] also highlighted the importance of UAVs for
real-time structure scanning to serve data collection purposes for information management
constructed on the Digital Twin Framework. Finally, Wang et al. [57] combined the 3D
model from BIM and the terrain model obtained from UAV to generate an integrated model
in a VR environment to present construction sites to stakeholders. However, Kim et al. [58]
noted a gap hindering the use of UAV technology in the decision-making process. Their
investigations elucidated the need for clear roles and responsibilities for key decision-
makers (operators, observers, and inspectors) in UAV applications.

3.6.4. Construction Safety

Four of the 36 articles (11%) described UAV integration with other DTs for construc-
tion safety. According to Chen et al. [59], there are two approaches of UAVs and BIM
incorporation in the domain of construction safety. First, UAVs may be used to visualize
current site conditions in BIM to facilitate safety experts in identifying potential hazard
locations. Second, BIM may be used to map construction sites and identify locations posing
potential hazards. UAVs may then be deployed to inspect the implementation of safety
management at construction sites. Alizadehsalehi et al. [40] applied the first approach in
their study, using images acquired from UAVs to generate a 3D model in BIM. They then
used this model to evaluate and redesign the safety system. Patel et al. [31] employed
the second approach, comparing data captured by UAVs with the established safety rules
based on BIM and Occupational Safety and Health Administration. Safety experts then
analyzed the comparison results to generate mitigation strategies. Manzoor et al. [60] also
utilized the second approach, using BIM for UAV flight planning and performing a safety
inspection. They scheduled UAV flights on the construction site regularly to monitor and
detect construction workers who were not wearing safety hats and belts.

3.6.5. Construction Education

The employment of UAVs in conjunction with other DTs for construction education
was the subject of four of the 36 retrieved publications (11%). Massive UAV usage is
anticipated in the Construction 4.0 age. It is thus crucial that civil engineering students
are equipped with knowledge and skills regarding UAVs at universities. Vega et al. [61]
presented an instructional design to teach UAV technology to university students. By
the end of the course, students can: (1) fly UAVs, whether in simulation or the real field,
(2) connect UAVs with computers to display flight variables, and (3) use a mathematical
model to process the data acquired from UAVs.

In addition to teaching activities, some studies have developed learning tools that inte-
grate UAVs with VR/AR. Albeaino et al. [43] explored a VR-based flight training simulator
named DroneSim as an alternative to real-world drone-based building inspection training.
DroneSIM was employed to improve construction students’ UAV operation and flight training
skills. Olayiwola et al. [45] developed a real-time virtual site visit that connected site personnel
on construction sites and students in classrooms to enhance students’ field knowledge and
skills. These virtual site visits deployed UAVs to capture real-time conditions at the construc-
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tion site and employed an AR device to communicate the images to students. Nevertheless,
Sakib et al. [62] emphasized the need to understand better the effectiveness of flying UAVs
in a VR environment. They contemplated the differences in the physiological conditions
(performance, mental workload, and stress) of UAV operators flying UAVs in the real world
and in a VR environment using wearable devices.

3.6.6. Structural and Infrastructure Inspection

Four of the 36 articles (11%) reported on UAV usage with other DTs for structural
and infrastructure inspection. Three investigations mentioned in this study performed a
structural inspection at the post-construction stage. Nguyen et al. [63] formulated a bridge
inspection and maintenance framework comprising four major elements: data acquisition,
data processing, BIM-based system, and MR-based inspection. Chen et al. [64] proposed
an uncommon integration of UAVs with GIS to inspect building facades. Tan et al. [14]
developed an automatic inspection method using UAVs and BIM to enhance automation
in construction. They generated the coverage path planning using a Genetic Algorithm
that optimized the UAV flight time. The fourth assessed article for this application area
specifically conducted a structural inspection in post-earthquake conditions. Levine and
Spencer [65] used UAV imagery, component identification, and damage evaluation available
as tools on the BIM platform to analyze the post-earthquake safety of a designated building.
The identified damage was then compared to its pre-earthquake structural conditions.

3.6.7. Transportation

Two of the 36 articles (5%) were related to transportation. One study conducted
earthwork planning for excavators, while the other performed a productivity analysis of
cable crane transportation. Kim et al. [66] integrated a UAV-based point cloud and BIM
to review earthwork design and plan the earthwork for excavators. This method reduced
the need for redesigning due to design errors and assisted site planners in developing an
automated earthwork planning system. Wang et al. [67] developed an automated vision-
based method of productivity analysis for cable crane transportation. The UAV-based 3D
reconstruction of a crane bucket model was superimposed on a realistic scene using AR for
vision-based model training at a construction site.

3.7. Technology Trends of UAV Integration with Other DTs

Based on 36 articles from the inclusion stage of the PRISMA protocol of this study, the
authors interpreted the main technology trends of UAV integration with other DTs. The
technologies were identified based on their contributions to encouraging automation and
digitization toward the Construction 4.0 era. The identified technology trends included
automated progress monitoring, automated UAV inspection planning, real-time video
streaming, and the parametric model development of historic buildings.

3.7.1. Automated Progress Monitoring

Initially, UAVs were used to obtain an as-built 3D model that was later compared
to an as-planned 4D model in a BIM environment. However, the automatic comparison
of as-built 3D models acquired from UAVs into 4D BIM is still limited [68]. This matter
discourages industry practitioners from implementing the integration of UAVs and BIM
to monitor progress. Some of the evaluated papers developed a framework of automated
progress monitoring based on a 3D model from UAVs in a BIM environment to resolve
this issue.

Hamledari et al. [51,69] undertook a series of research initiatives to develop auto-
mated progress monitoring using the IFC format to integrate an as-built 3D model acquired
from UAVs with an as-planned 4D model from BIM. The images taken by UAVs were
processed into an IFC-based 3D model using the semantic information of building com-
ponents from BIM. The model was then input into the BIM environment on which the
comparison was made with as-planned 4D BIM. A 4D BIM updating technique developed
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by Hamledari et al. [69] was used to integrate the progress data into IFC-based 4D BIM.
Braun et al. [50] created an identical principle for automated progress tracking, where a
C#-based Windows Presentation Foundation software tool was specifically built for the
4D BIM updating technique. Progress can be documented regularly if automated progress
monitoring is successfully applied. In turn, such consistent inputs can assist stakeholders
in analyzing progress and making informed decisions.

3.7.2. Automated UAV Inspection Planning

Initially, UAVs were used to inspect defects in building surfaces. Phung et al. [70]
investigated UAV usage to inspect building and bridge surfaces, and Jung et al. [71]
presented UAV coverage path planning to inspect high-rise structures. However, such
inspections were inefficiently implemented and were insufficiently automated as a pilot
would manually operate the UAV to capture the Point of Interest.

Therefore, some scholars developed UAV flight path planning algorithms to advance
automation. Such algorithms can generate a collision-free path in the targeted inspection
areas. Some examples include the Genetic Algorithm [14], Firefly Algorithm [36], and
Swarm Intelligence [49]. These algorithms plan UAV flights by taking into account flight
paths that are non-repetitive and free from collisions, safe flying distances, limited UAV
flight times, and camera specifications [14].

BIM strategically provides the primary input to these algorithms, such as inspection
objectives and areas. BIM offers numerous advantages as the data source for the UAV
flight planning algorithms. First, BIM offers geometric and semantic information about
the structures. Inspectors can use this information to define their inspection objectives [72].
Inspectors can then extract the inspection target by filtering out non-inspected components
from the BIM model [14]. Second, BIM provides spatial data of the structure so the
algorithm can generate non-repetitive and collision-free flight paths and define UAVs’ take-
off and landing positions [14]. Third, BIM provides structure information based on time,
commonly named the 4D model [36]. The algorithm can automatically generate discrete
UAV flight plans according to the 4D BIM data every time an inspection is conducted.

Few case studies have implemented and validated the automatic UAV inspection
method. Tan et al. [14] utilized BIM to obtain the areas requiring inspection and employed
a Genetic Algorithm to generate UAV flight plans. The method was implemented in a
laboratory building at Shen Zhen University. Freimuth and König [36] generated automatic
inspection plans to avoid collisions using Dronecode Foundation’s Software-in-the-Loop
framework. Finally, Hamledari et al. [49] developed an automated inspection plan using
4D BIM and Swarm Intelligence to ensure the complete coverage of inspection targets and
minimize flight time. The procedures and the software used by these studies differ, but
their principal method is identical. Overall, UAV flight planning based on BIM encourages
automation in inspection and delivers more time-efficient, accurate, and high-quality
scrutiny compared to manual inspection [14].

3.7.3. Real-Time Video Streaming

Some studies have integrated UAVs with XR technology for simulation and commu-
nication purposes. For example, Wang et al. [57] created an integrated VR model of a
construction site using BIM and a terrain model obtained through UAVs. Ji et al. [73] used
AR technology to improve the UAV operator experience, previously limited to 2D dis-
plays. However, the process in these studies was not real-time: a time difference remained
between UAV data collection and VR visualization.

Some studies have tackled this limitation by integrating UAVs and XR to develop
real-time video streaming, which can offer many benefits. First, it allows more users to
participate in simulations by transmitting the simulated scene to off-site devices in real-
time [44]. Second, off-site users can interact with on-site construction workers and make
informed and quick decisions [25]. Yan et al. [44] stated that three technologies must be
integrated to actualize real-time video streaming: (1) SLAM for the real-time rendering
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of virtual building models in the real-world environment, (2) UAVs to capture real-world
environments, and (3) telecommunications for the real-time data transmission of AR images
to multiple devices (smartphones, tablets, and computers). Lastly, Olayiwola et al. [45]
served an educational purpose by creating a real-time virtual site visit between engineering
students in a classroom and on-site construction workers.

3.7.4. Parametric Model Development of Historic Building

In 1985, UNESCO established a conservation and preservation procedure for historic
buildings [54]. One such process concerns a virtual reconstruction of a historic building.
However, the absence of blueprints and complex architectural features make conservation
efforts difficult [52]. A combination of UAV and BIM may be utilized to generate a 3D model
encompassing graphical, structural, and archaeological data about the historic building to
overcome this issue.

The first step involves capturing images using UAVs and conducting global-navigation
satellite system surveys of GCPs. Nadiral and oblique photographs are obtained to improve
the levels of detail and accuracy. Nadiral images capture the entire area, and oblique
photographs display the fine details of the historic buildings [74,75]. Next, the captured
images are processed through photogrammetry software using the SFM algorithm [76,77].
The generated point cloud is georeferenced using image geolocation data GCPs to increase
accuracy [78]. Next, a mesh is built, and texture is applied to the mesh. Finally, the definitive
point cloud is exported in the *.las format to BIM [55].

The point cloud in the *.las format is exported in BIM, using Autodesk ReCap. The
point cloud is employed as a guide to creating objects for the parametric model [79].
Ultimately, the parametric objects are identified and archived in a library. The identification
is manually performed because most historic building objects represent complex and non-
standardized components [80]. This entire process is named HBIM. Once the 3D model is
completed in HBIM, it is validated by comparing it with the dense point cloud obtained
from UAV photogrammetry [81]. The 3D model may be textured at the next stage using
specialized software such as Lumion to create a photorealistic appearance [55].

The parametric model has been developed, implemented, and validated with several
historic buildings. For example, researchers reconstructed 3D exterior models of Sant Antonio
Abate Church [52] and the House of Bourbon Cellar [53] in Italy. Martínez-Carricondo et al. [54]
developed both the exterior and interior of a farmhouse. One study integrated UAV and BIM to
build a 3D model of Spain’s large and historic Isabel II dam [55].

4. Discussion

This section presents the predominant results of this systematic literature review.
Figure 6 shows that the literature review yielded seven application areas and four technol-
ogy trends of UAV integration with other DTs.
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As Figure 6 elucidates, UAV technology has been integrated with other DTs for varied
application areas in construction: progress monitoring, historic building conservation,
information management, construction safety, construction education, structural and in-
frastructure inspection, and transportation. Progress monitoring (31%) represents the most
used application area: eleven of the 36 articles investigated integrations of UAV and other
DTs to monitor construction progress.

The literature review clarified the varied integration of UAVs with other DTs. UAVs
are most frequently integrated with BIM and least integrated with IoT (RFID and sensing
technologies). This outcome is in accordance with the BIM as focal technology that is highly
interoperable with other DTs in the construction industry. Some studies visualized the
results of UAV-BIM in the XR environment for visualization purposes. Finally, some studies
integrated UAVs with GIS, primarily for the spatial analysis of a project’s environment.

Time-series analyses revealed that UAV applications were launched in the construction in-
dustry over the last decade (2011–2021). The initial studies began in 2011 and were principally
exploratory. Pioneering investigations of UAV integration with other DTs were introduced in
2014, and research in this domain increased significantly from 2017. Consequently, the leading
technology trends of combining UAVs with other DTs were identified, including automated
progress monitoring, automated UAV inspection planning, real-time video streaming, and the
development of parametric models of historic buildings (Figure 6).

Most research has addressed the development of frameworks, procedures, and tools
applied to specific case studies or simulations. The integration of UAVs with other DTs
presents great potential for better data collection, processing, analysis, and visualization
than traditional methods. It also fosters collaboration and communication between stake-
holders. However, increased research initiatives are necessary (i.e., case study research)
to validate existing frameworks, procedures, and tools. Most existing studies have used
similar frameworks; however, their methods and tools have differed, and construction
workers may be confused about methods that should be used in real-world scenarios.
Hence, best practices and standardized procedures must be instituted for all application
areas for the actual field implementations of UAV and other DT integrations.

Most existing studies have focused on the technical aspects. Only a few articles
have addressed non-technical aspects such as communication, stakeholders, and human
resources. These facets function pivotally in the successful integration of UAVs and other
DTs. Some challenges of such non-technical factors include low familiarity of construction
workers and no clear role and responsibilities of stakeholders in managing data acquired
from the integration of UAVs and other DTs. In addition, construction workers must be
equipped with knowledge about DTs to understand how to employ UAVs with other
DTs. Finally, further research is required to determine the legal and financial aspects of
integrating UAVs with other DTs at the national and construction firm levels.

5. Conclusions

This paper presented a comprehensive systematic literature review of the integration
of UAVs with other DTs in anticipation of the emergent Construction 4.0 era. Unlike other
reviews, this literature review grouped UAV integration with other DTs under application
areas and further identified technology trends based on Construction 4.0 features (automa-
tion, digitization, interoperability, and real-time simulation). Based on the article selection
using the PRISMA 2020 guidelines, 36 articles focusing on the integration of UAVs with
other DTs became the foundation of this study. The outcomes of this study are expected
to be the starting point in assisting construction researchers and professionals for further
advancement of UAV usage in the construction domain.

A time-series analysis evidenced the significant increase in UAV research in the construc-
tion sector over the last decade (2011–2021). It started with exploratory studies of general
UAV usage and UAV application as a stand-alone technology. Subsequently, research on
UAV integration with other DTs for various application areas is rapidly growing. The country
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analysis revealed that the USA ranks first in this research domain with 12 articles (33%),
followed by China with six articles (17%).

The statistical analysis of 36 articles that were obtained following the inclusion stage
of the PRISMA protocol corresponded to seven of the application areas. In this context,
progress monitoring received the most significant attention (31%), followed by historic
building conservation (17%) and information management (14%). The evaluated articles
identified two main approaches to UAV integration with other DTs: (1) UAVs are only
integrated with BIM/GIS/XR/IoT, and (2) UAVs are integrated with BIM, and the result
from BIM are visualized in XR. Most studies integrated UAVs with BIM (56%), followed by
XR technologies (22%). Only one study investigated the integration of UAVs with RFID.
Hence, the research field of UAV integration with IoT (RFID and sensing technologies) is
still wide open for future research.

Regarding the technology trends of UAV integration with other DTs, automated
progress monitoring, automated UAV inspection planning, real-time video streaming,
and parametric model development of historic buildings were identified. The existing
studies encompassing these technology trends focused on developing novel frameworks,
procedures, and tools. These studies reveal the immense potential of the integration of
UAVs with other DTs: productivity, accuracy, and documentation are enhanced for data
management (collection, processing, analysis, and visualization), and collaboration and
communication are encouraged between stakeholders. Nonetheless, further research is
required to validate the postulated frameworks, procedures, and tools (i.e., case studies
research). Accordingly, the standard procedures for UAV integration with other DTs at the
national and construction firm levels can be established.

Most of the existing studies have focused on the technical aspects of the examined
integrations. Further studies on the non-technical aspects of UAV integration with other
DTs are necessary. For example, qualitative studies on construction workers’ acceptance,
preparedness, and abilities to use UAVs with other DTs are not yet explored. A comparison
study on the integration of UAVs and other DTs with conventional methods has not yet
been conducted. Likewise, the legal and financial aspects of UAV integration with other
DTs at the national and company levels must also be examined.
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Abbreviations

ASCE American Society of Civil Engineers
AR Augmented Reality
BIM Building Information Modeling
DEM digital elevation model
DSM digital surface model
DTs digital technologies
XR extended reality
GCPs ground control points
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GIS Geographic Information System
IFC Industry Foundation Classes
IoT Internet of Things
MR Mixed Reality
PRISMA Preferred Reporting Items for Systematic Reviews and Meta-Analyses
RFID radio frequency identification
SFM structure from motion
SLAM Simultaneous Localization and Mapping
UAV Unmanned aerial vehicle
USA United States of America
VR Virtual Reality
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