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Abstract: This review paper aims to provide a meta-analysis of the scientific literature for heritage
documentation and monitoring using geo-information sensors. The study initially introduces the
main types of geomatic sensors that are currently widely used for heritage studies. Although the
list provided here is indicative rather than exhaustive, it provides a general overview of the variety
of sensors used for different observation scales. The study next focuses on the existing literature,
based on published documents. Targeted queries were implemented to the Scopus database to
extract the relevant information. Filtering was then applied to the results so as to limit the analysis
on the specific thematic sub-domains that is applied for heritage documentation and monitoring.
These domains include, among other close-range and underwater photogrammetry, Terrestrial
Laser Scanner, Unmanned Aerial Vehicles platforms, and satellite observations. In total, more than
12,000 documents were further elaborated. The overall findings are summarized and presented here,
providing further insights into the current status of the domain.

Keywords: review; heritage documentation; photogrammetry; close-range sensors; drone; lidar;
remote sensing; scientific literature

1. Introduction

In the past, a variety of sensors has been used for documentation and monitoring
purposes of heritage sites [1–6]. As the technology advances and sensor capabilities have
increased, there have been more studies on the subject. Geomatic sensors have been used
in applications such as close-range approaches with red-green-blue (RGB) cameras and Ter-
restrial Laser Scanners (TLS), as well as underwater studies [7–11]. Low-altitude sensors on
Unmanned Aerial Vehicles (UAVs) have also been widely used with RGB and multispectral
cameras, as well as lidar and thermal sensors [12–15]. Additionally, researchers have been
interested in using aerial and satellite sensors for observing heritage sites and monuments
on a macro scale [16,17]. The following section provides a brief overview of the sensors
and methodologies currently used for cultural heritage documentation and monitoring,
categorized by the platform or environment where they are most commonly used.

1.1. Close-Range Sensors
1.1.1. RGB Sensors

RGB sensors are passive sensors, commonly used for closed-range photogrammet-
ric applications. These sensors operate in the visible part of the spectrum, between
380–750 nm. While CMOS sensors are sensitive to approximately 350–1050 nm, an in-
frared filter (750–1000 nm) is applied to reproduce natural colors visible to humans. By
replacing the infrared filter with a red one, some cameras can be easily customized to near
infrared, hence CMOS records infrared wavelengths into the red channel of the RGB image
file [18,19].
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The versatility and variety of available RGB cameras in the market are unmatched by
any other sensor in the cultural heritage field [20]. Cameras can be classified based on their
sensors and lenses [21]. CMOS sensors are usually classified according to their physical size
and resolution, which affects the physical pixel size and amount of recorded light. Other
sensor characteristics of interest include the color pattern and an antialiasing digital filter.

Lenses are characterized by their focal length and material. Focal length affects the size
of the covered area at a given object-to-camera distance and depends on the application.
Two lens materials are available: plastic (acrylic) and glass (crystal), with the latter being
preferable. Other important characteristics are the number of elements in the lens, chromatic
aberrations, distortion, and whether it is a prime or zoom lens [21].

Camera manufacturers prioritize different characteristics, based on the intended ap-
plication and the final cost of the camera. For example, camera rigidity is desirable for
3D reconstruction applications, but it increases camera weight, making it challenging to
mount the camera on a drone. Cameras with interchangeable lenses are more versatile,
but this feature also increases camera size and weight. LCD screens and control dials are
desirable for professional users, but useless if the device is mounted on a drone. Other
characteristics of interest for specific applications include recording in raw format, a wired
or wireless connection for remote control, triggering and data recording, a hot shoe for
flash, and synchronization for precise triggering.

The primary purpose of such sensors is general-purpose recording and documentation,
but they are increasingly used for 3D reconstruction through Structure from Motion (SfM)
and Multi-View Stereo (MVS) techniques [22,23]. Calibration is necessary for both types
of measurements to achieve high standards [24]. A color checker in the frame of each
photo is usually sufficient to achieve color accuracy, while accurate 3D reconstruction
requires a rigid camera [25,26]. The camera must be either calibrated before the photo
acquisition or self-calibrated during post-processing, while several ground control points
must be measured using a higher-order accuracy method, i.e., a total station, to ensure high
geometric accuracy and georeferencing.

While there are many different sensors in the market, it is essential to highlight the
360◦ cameras, which have gained attention from the community as an easy means to record
data quickly without missing any information [27–29]. There are two main applications for
such cameras: virtual tours and 3D reconstruction. The former is served even by affordable
commercial cameras, but the latter requires high-end dedicated cameras. Such cameras
consist of an array of sensors, which are triggered simultaneously. The most common
and affordable approach is two small image sensors mounted back-to-back, coupled with
180◦ spherical lenses. Most expensive implementations consist of 3–25 sensors and lenses
connected with a rigid body, triggered simultaneously. The advantage of more sensors is
that each covers a much smaller field of view, limiting the lens distortions and increasing
the overall resolution. The same comments for the single-lens cameras apply to each set of
sensors and lenses. It should be mentioned that a camera with multi-lenses/sensors should
be used for 3D reconstruction if good results are expected [27].

1.1.2. Terrestrial Laser Scanners

The LiDAR technology [30] being used in Terrestrial Laser Scanners (TLS) are active
sensors, emitting laser in the 900–1064 nm wavelength, which is reflected by the surround-
ing objects and returned to the scanner. The scanner measures the time of flight (TOF) or
phase shift and calculates the distance from the reflected surface. Modern TLS cover a
360◦ × 270◦ window area or even more, and they can acquire points at a rate between 30 K
and 2 M points per second [31–33].

Beside the laser measurement technology (TOF or phase shift), which directly affects
acquisition rate and range, other essential characteristics of TLS include angular resolution,
distance accuracy, signal-to-noise ratio, multiple responses, and a coaxial RGB camera.
Final point accuracy from the laser head is a combination of distance and angular accuracy,
and varies roughly in the 5–15 mm @ 100 m range.
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The collected point clouds from TLS are co-registered or geo-registered during the
post-processing. The former may be done using sphere targets, and the latter using tar-
gets measured with other methods, usually a combination of total stations and Global
Navigation Satellite Systems (GNSS). For the final alignment, Iterative Closest Point (ICP)
algorithms are employed [34–37]. Most TLS use complementary sensors, such as GNSS,
barometers, and digital compasses, to estimate the initial position and accelerate alignment
during post-processing. Some modern TLS use LiDAR or visual Simultaneous Location
And Mapping (SLAM) techniques to co-register neighboring scans instead of the aforemen-
tioned sensors.

Simultaneous Localization And Mapping (based on visual, IMU, or combined) is also
being used to eliminate the need for the scanner to be stationary [38–42]. The implementa-
tion of such scanners maybe handheld, backpack, car, or drone mounted. The user holds
a rotating laser profiler while walking around and inside the monument. Recorded data
are stored and merged into a single-point cloud during post-processing. Such methods
are faster in data acquisition, i.e., a monument can be covered in a fraction of the time if
stationary TLS were used. However, they are of inferior accuracy, varying from 30 mm to
50 mm @ 100 m range. Professional calibration and service of TLS is necessary, as they are
complex and sensitive equipment [43,44].

1.2. Low-Altitude Sensors

Similar sensors are also used in low-altitude applications. The drone RGB sensor is
like the RGB sensor discussed previously, but it onboards a drone, allowing for more advan-
tageous positions and angles for photography. The rise of location-aware drones equipped
with single-frequency GNSS at the beginning of the 2010s allowed for autonomous flights
aimed at large-scale mapping [45,46]. In the following years, multicopper drones were ex-
tensively used with oblique photographs for detailed 3D reconstruction of cultural heritage
monuments and sites [47–51].

Cameras onboard drones have similar characteristics to standard ones but must be
optimized for weight and space. Additionally, given that the object-to-camera distance may
be easily altered by proper flying height, the need for interchangeable lenses is limited. The
image scale can be controlled by the flying height rather than the lens focal length. Wide
lens cameras are adopted in most cases, since they also provide a favorable base-to-height
ratio, for better height precision.

Drone vendors prefer small and light cameras, hence cameras free of LCD screens, dials
and buttons, viewfinders, etc. In fact, they adopt small custom-made cameras (Original
Equipment Manufacturers), focusing on the best lens–sensor selection and optimizing them
for size and weight.

Although the camera and drone should be considered as two separate pieces of equip-
ment, each with its own characteristics, vendors dominating the recreational market have
introduced combo solutions and have unified characteristics for their products, limiting
users’ choices. Some drones allow for payload choices, including various RGB cameras,
thermal, multispectral, hyperspectral, and LiDAR sensors [52–57], but these are aimed at
specialized applications/customers.

1.3. Underwater Sensors

Underwater RGB is a passive sensor but when using flash/lights it becomes active.
The natural sunlight is heavily reduced with depth, and taking photos without an artificial
light source becomes impracticable. Apart from the passive/active nature of the underwater
RGB sensor and limitations imposed by the environment, two more shortcomings need to
be noted concerning the recorded information.

The water strongly absorbs the infrared, red, and green wavelengths (from shallow to
deep), and the color is diminished to blue. Therefore, color accuracy cannot be ensured,
even with color checkers, because the light attenuation depends on environmental parame-
ters and lights-to-object-to-camera distance, which varies from pixel to pixel. Therefore,
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intense illumination and color differences appear in underwater photos. This problem is an
active field of research on haze-removal and color-restoration techniques [58]. So far, there
is no algorithm that can work universally.

Having the camera in a watertight enclosure means the light travels through many
media (water, glass, air, glass, sensor). Hence the photogrammetric principle of straight
light transmission is invalid. Given that the camera is rigidly fixed to the lens body
and there are no severe misalignments, the geometric image deformations are radial and
tangential to the principal point or near it. Therefore, they can be compensated with
the existing lens-distortion models, and the whole process is resolved through camera
self-calibration. Dome ports are more suitable than flat ones; hence, the latter introduces
several other deformations, like a strong color aberration. After the emergence of SfM–MVS
techniques, several applications for underwater heritage geometric documentation have
been released [59–64].

1.4. Aerial and Satellite Sensors

Aerial and satellite sensors have been widely used for cultural heritage [65–67]. Aerial
photogrammetry was one of the oldest techniques for reconnaissance over extensive archae-
ological landscapes and heritage objects [68]. Archive aerial images are now considered
of great value as these can provide valuable information related to a landscape that has
been changing due to modern construction [69,70]. Similarly, the role of sensors onboard
satellite platforms has increased in the last decade. This increase is mainly due to the
increased capabilities and improvement of the space sector that can provide enhanced
spatial and spectral imagery. Satellites today can provide multispectral and hyperspectral
data covering from approximately 380 nm to 2500 nm, while thermal sensors are becoming
available today at a very high resolution (5 m) [71–75].

2. Review Studies

Several review studies have been presented to depict the state of the art of specific
thematic pillars for heritage. For instance, in [76], Agapiou and Lysandrou explore the
evolution of remote sensing for archaeology; in [77], Tapete and Cigna study the trends and
perspectives of spaceborne SAR remote sensing for archaeological landscape and cultural
heritage applications; Cuca et al., [78] evaluated the interconnection between hazards and
Sustainable Development Goals, etc. Moreover, Argyrou and Agapiou [79] provided a
review analysis of the use of remote sensing technologies for archaeological applications
through the recent advanced image processing techniques, while earlier Luo et al. [80]
presented detailedoverview of the evolution of airborne and spaceborne remote sensing
for heritage applications. Similar review papers have also been presented for photogram-
metry [81–83], drone applications [84,85] etc.

Nevertheless, an overview presentation from the perspective of geomatic sensors, in
general and not per thematic priority, is limited in the literature. A concise overview of
existing technologies was presented by Campana et al. in 2008 [86] in contrast to several
studies and applications using multi-sensor geomatic technologies for heritage [87–90]. Of
course, review papers can be found for specific domains, such as 3D-imaging sensors [91]
and Earth Observation sensors for monitoring cultural landscapes [92]. The limited review
studies and meta-analysis of the scientific landscapes for geomatic sensors are not peculiar.
Such sensors span different sub-disciplines such as remote sensing, photogrammetry, image
processing, 3D modelling and visualization. In addition, geomatic technology is growing
and changing rapidly.

As [93] argues, a systematic literature review through bibliometric analysis is an
excellent way to summarize relevant research information. By extracting data and analyzing
the performance of gathered documents in the literature, bibliometric analysis can also
identify new potential partners for collaboration and reveal emerging trends in the research
field. The analysis can include details regarding institutions, countries, and publications.
As a result, bibliometric analysis is a valuable technique for giving an overview of research.
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This study aimed to study and perform a meta-analysis of the existing literature
focusing on the wider use and exploitation of geomatic sensors. The study also aimed to
highlight some of the benefits and applications that geomatic technologies may offer for
heritage documentation and monitoring.

3. Materials and Methods

The meta-analysis of the literature review was based on the available literature and
published documents accessible from the Scopus engine (accessed on 8 August 2023) [94].
Scopus is a widely accepted repository and indexing database that hosts necessary metadata
from published documents, such as authors’ names and affiliations, abstracts and keywords,
titles, publishers, sources, etc. [95]. Table 1 summarizes the information exported as .csv
and .ris from the Scopus engine. Based on these metadata, a quantitative meta-analysis can
be carried out aiming to identify gaps and trends or to highlight core areas of interest and
experts—active groups of the domain.

Table 1. Information extracted from Scopus engine.

No Information Extracted from Scopus

1. Author(s)
2. Document title
3. Year
4. EID (Scopus Electronic Identifier)
5. Source title
6. Volume, issues, pages
7. Citation count
8. Source and document type
9. Publication stage

10. DOI
11. Open access
12. Affiliations
13. Publisher
14. Language of original document
15. Abstract
16. Author keywords
17. Indexed keywords

The Scopus engine has been used in the past as a reference for various review papers
and studies in several thematic domains, including archaeology [96], forestry [97], and
agriculture [98]. A review of the limitations and potential of using the Scopus engine for
meta-analysis of scientific literature can be found in [99–101].

The analysis presented here implies the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) protocol developed for such meta-analysis review
studies [102]. PRISMA protocol provides guidelines for systematic reviews to be reported
completely and accurately. PRISMA protocol enables users to interpret and appraise the
review findings appropriately.

For this study, specific Boolean queries were applied to the Scopus engine to retrieve
the necessary metadata in the form of .csv and .ris formats for further processing (Figure 1).
The following queries were executed exclusively on Scopus: “heritage AND sensor” (query
1, Q1); “heritage AND documentation” (query 2, Q2); “heritage AND drone” (query 3, Q3);
“heritage AND photogrammetry” (query 4, Q4); “heritage AND remote sensing” (query
5, Q5); “heritage AND laser scanner” (query 6, Q6); “heritage AND camera” (query 7,
Q7); and “heritage AND satellite” (query 8, Q8). The queries were limited to show only
documents published after 2000.
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In total, 18,627 documents were retrieved from the Scopus engine as follows: Q1:
2386 documents; Q2: 5453 documents; Q3: 371 documents; Q4: 2988 documents; Q5:
1995 documents, Q6: 1077 documents, Q7: 1888 documents; and Q8: 2469 documents.

Duplicated documents were then excluded (4361 documents) from the study. From
the remaining documents (14,266), 1784 were further excluded as these were considered
“non-relevant.” “Non-relevant” papers were excluded, as these were filtered by the Scopus
engine as non-relevant to our study scientific fields such as “Energy” with 275 documents,
“Business, Management and Accounting” with 263 documents, and “Economics, Econo-
metrics and Finance with 262 documents. The documents remaining (12,482 documents)
were further elaborated in the Scopus environment [94], Microsoft Excel 365 [103], Sankey-
MATIC [104], VOSviewer 1.6.19 [105,106], and CiteSpace 6.2R4 [107,108]. The results from
this analysis are presented in the next section.

4. Results

This section presents the overall findings and results of the meta-analysis of the
remaining (12,482) documents found in the Scopus engine. Various types of analysis were
carried out, and the results are presented below.

4.1. Productivity: Documents in Number

Following the queries in the Scopus engine, the total number of documents per year
can be summarized and visualized (see Figure 2). As shown in Figure 2, in recent years,
and especially after 2010, an increase in relevant publications can be observed. Blue dots
in Figure 2 correspond to the total number of documents published per year, while the
dash line is the moving average trendline per two years. Based on the statistics, most of the
documents were published after 2000. Indeed, since 2000 the total number of documents
published within this period corresponds to 97% of the total publications. In addition, after
2019, the total number of publications per year is more than 1000 documents. Most of the
publications found in the Scopus engine are written in English (94%), while the rest are
written in other languages, including Spanish (2%), Italian (1%), French, Chinese (<1%) and
others (~1%). The English language overshadows other relevant studies written in other
languages and is not included in the Scopus engine. This issue is further elaborated in the
Section 5.



Heritage 2023, 6 6849

Heritage 2023, 6, FOR PEER REVIEW    7 
 

 

in Figure 2 correspond to the total number of documents published per year, while the 

dash line is the moving average trendline per two years. Based on the statistics, most of 

the  documents  were  published  after  2000.  Indeed,  since  2000  the  total  number  of 

documents published within this period corresponds to 97% of the total publications. In 

addition,  after  2019,  the  total  number  of  publications  per  year  is  more  than  1000 

documents. Most of the publications found in the Scopus engine are written in English 

(94%), while the rest are written in other languages, including Spanish (2%), Italian (1%), 

French,  Chinese  (<1%)  and  others  (~1%).  The  English  language  overshadows  other 

relevant studies written in other languages and is not included in the Scopus engine. This 

issue is further elaborated in the Section 5. 

 

Figure 2. Total number of documents published after 2000 per year. 

The published record is distributed in different scientific fields, as shown in Figure 3, 

and  based  on  the  classification of  the  subject  area  from  the  Scopus  engine. The most 

prominent  scientific fields are “Social Sciences” at 20%, “Computer Science” at 19.6%, 

“Engineering” at 14%, “Arts and Humanities” at 13%, and “Earth and Planetary Sciences” 

at  11.7%.  These  scientific  fields  correspond  to  78.3%  of  the  total  publications. Other 

disciplines, such as “Mathematics,” “Environmental Science,” etc. also host fewer records. 

0

200

400

600

800

1000

1200

2000 2005 2010 2015 2020

to
ta
l 
n
u
m
b
er
 o
f 
d
o
cu
m
en
ts
 p
u
b
li
sh
ed

Year of publication

Documents per year (after 2000)

Figure 2. Total number of documents published after 2000 per year.

The published record is distributed in different scientific fields, as shown in Figure 3,
and based on the classification of the subject area from the Scopus engine. The most
prominent scientific fields are “Social Sciences” at 20%, “Computer Science” at 19.6%,
“Engineering” at 14%, “Arts and Humanities” at 13%, and “Earth and Planetary Sciences”
at 11.7%. These scientific fields correspond to 78.3% of the total publications. Other
disciplines, such as “Mathematics,” “Environmental Science,” etc. also host fewer records.
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4.2. Documents per Type

Documents found in the Scopus engine can be of different types. As was found
(Figure 4), most of the available literature (87%) dealing with geomatic sensors for heritage is
published either as conference papers (44%) or journal article papers (43%). The remaining
publications are considered as other types of documents, such as book chapters (5%), review
articles and review conferences papers (3.5% and 2%, respectively).
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Figure 5 presents the top 20 journals and conference proceedings that published related
studies. However, these top 20 journal/conference proceedings represent only 35% of the
list of journal articles and conference proceedings series. Based on the outcomes from
the Scopus engine, more than 130 different sources published related documents. This
number indicates the rather fragmentary research landscape of the “heritage documentation
and monitoring” domain. Indeed, as the specific concept of heritage documentation and
monitoring through geomatic sensors is quite broad, this inevitably influences the wider
spectrum of related studies and thematic priorities.
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By far, the International Archives of the Photogrammetry Remote Sensing and Spatial
Information Science ISPRS Archives distribute the highest number of relevant documents,
with 1555 documents, approximately 12.5% of the overall literature. The four top sources
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are derived from conference proceedings. Regarding journal articles, Remote Sensing and
the Journal of Archaeological Science are the top two journals in terms of productivity.

Let us look only for the “review” type papers, either published as scientific journals
or as conference proceedings. We see that most of the review papers are focused on either
remote sensing or photogrammetric applications (Figure 6). Other targeted reviews are
focused on other specific technological advancements, such as LiDAR, 3D modelling, aerial
photography, laser scanner, ground penetrating radars, etc. Most of these review papers
are published in USA and Italy (86 and 84 papers, respectively).
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4.3. Co-Occurrence of Keywords

The frequency of the selected keywords mentioned by the authors was also analyzed.
This analysis was carried out in the VOSviewer environment. More than 23,000 different
keywords can be found in all papers (12,482 documents), and therefore a threshold of five
as the minimum number of occurrences was set in the analysis. This threshold returns
1244 keywords, further elaborated and visualized, as shown in Figure 7. The size of the cir-
cle indicates the number of times the authors mention the specific keyword in their articles.
In contrast, the different color indicates the different clusters as the software and resolution
parameters perform these. A cluster is a set of closely related nodes (keywords) grouped.

Although Figure 7 is difficult to interpret due to the large amount of information,
some key nodes (keywords) can be observed. UAV, 3d modelling, virtual and augmented
reality, and calibration are some of the main keywords commonly found in published
articles. Furthermore, Figure 7 demonstrates the extent of the approaches, methodolo-
gies, disciplines, and tools that were applied in the past for heritage documentation and
monitoring purposes.

A deeper analysis of the outcomes of Figure 7 can be made using automatically
generated labels. Automatically generated cluster labels can deliver valuable intermediate
steps and help researchers identify clusters (key thematic areas/domains). Based on the
keywords of the available documents, three main clusters have been made (clusters #0 to
#2) for 2010–2022. As Chen et al. [107] argue, while manually labelling a cluster can be “a
very rewarding process of learning about the underlying speciality and result in insightful
and easy to understand labels, it requires a substantial level of domain knowledge, and
it tends to be time-consuming and cognitively demanding because of the synthetic work
required over a diverse range of individual publications. In addition, it is hard for others to
follow the heuristics and criteria used in the original analytic reasoning process.” CiteSpace
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automatically generates labels for clusters to summarize the major themes of these clusters.
The labelling procedure includes the initial selection of candidates for cluster labels from
noun phrases and index terms of citing articles of each cluster, which are then ranked based
on three different algorithms (see more in [107]).
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The results of this analysis are shown in Table 2. Various essential labels are provided
for each cluster (#0–#2). Similar keywords can also be seen between the clusters, indicating
the knowing intersection between the different studies. Looking into the labels, one may
argue that a group of literature (cluster #0) is focused on using remote sensing technologies,
including UAVs and lidar, as part of archaeological prospection studies. In contrast,
another cluster (cluster #1) is oriented toward documenting and visualizing heritage sites
and monuments. Finally, studies under the third cluster (cluster #2) are focused on heritage
monitoring and visualization—graphics of the end-products of the documentation. The
order of these clusters is random.

We can further reduce our analysis to only “review” type documents. The co-occurrence
of keywords suggested by the authors indicates a clearer picture of the last year’s scientific
“review” landscape. Figure 8 shows the results from the co-occurrence analysis of the
review papers and their related clusters and connections between them. Several geomatic
technologies are discussed in these review papers. It is essential to highlight the term
“automation” (bottom right in Figure 8), which was a relevant hot topic in the literature,
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to the semi- or fully-automated procedures and methodologies and the “collaborative
research” that is becoming a new trend in the literature (top left on Figure 8). Other known
technologies and approaches, such as 3d modelling, laser, scanner, BIM, photogrammetry,
navigation systems etc. are also part of the review of the landscape.

Table 2. Cluster labelling based on the keywords of the selected documents.

Cluster Label

#0 remote sensing; archaeology; lidar; historical geography; supervised classifiers; aerial vehicles; system
program; supervised classifiers; spectral analysis

#1 terrestrial laser; cultural heritage; dimensional computer graphics; system program; computer vision;
dimensional computer; three dimensional

#2 dimensional computer; human computer; interactive computer; damage detection; damage comparison;
dimensional computer graphics; massive point; least squares
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4.4. Documents per Country and Affiliations

Regarding productivity per country and institution, the VOSviewer software was
used. Productivity per country is based on the authors’ affiliations, not the area of interest
(application area). Based on the findings (Figure 9), Italy and the USA are the leading
countries in this domain, publishing more than 4500 documents. UK, France, Germany,
China, and Spain follow in terms of productivity, with total publications of more than 4000.
It is, therefore, evident that most of the available literature found in the Scopus engine
(>8500 documents out of 12,482) is driven by the institutions hosted in the previously
mentioned countries. This number corresponds to up to 70% of the total publications. These
countries are also well connected, indicating a continuous knowledge exchange between the
authors (i.e., as co-authors in the same document). As shown in Figure 9, other countries,
primarily European, follow with relevant high levels of networking. Nevertheless, other
regions beyond Europe are less productive in this domain and less connected with the rest
of the research network. The countries can be found in the outer limits of the network
diagram of Figure 9.
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Regarding the institutions that are active in this domain, we see that six out of seven
more productive institutions in the domain of heritage documentation and monitoring are
based in Italy (Figure 10). Indeed, Research Centre of Italy (CNR), Politecnico di Milano,
Politecnico di Torino and others can be considered as core research institutions of the
domain. The French CNRS, NASA, and the Chinese Academy also have key roles in the
evolution of the scientific field. Other institutions based in Cyprus, Greece, Spain, and UK
are part of the top 20 most productive institutions of this domain. Nevertheless, it should
also be pointed out that these 20 institutions and research centers contribute up to 25% of
the total publications.
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5. Discussion

The previous analysis provided further insights regarding the scientific literature
review on geomatic technologies used for cultural heritage monitoring and documentation.
Key institutions and countries that have been active in this domain have been identified in
the last years, as well as other information dealing with, for instance, the type of papers
published, the journal, proceedings and keywords used by authors in their research articles.

Nevertheless, a key question concerning this domain concerns identifying recent
trends and concepts/tools widely adopted in recent years. Answering this question is
essential for researchers to know the changes in the research landscape and to identify
potential gaps. One way of doing this study is to examine the keywords that authors
provide in their articles (see previous section). However, this can sometimes be chaotic,
due to the large number of keywords provided in a single document by the authors and
the heterogeneity of the different sub-disciplines.

Another way our study acts is to identify keywords within the top-cited papers during
a specific period. Mapping citations instead of keywords in published documents provides
the opportunity to study the acceptance of specific sub-domains (clusters) by the scientific
community. To do so, the CiteSpace environment was used, isolating the top 25 most-cited
authors since 2010. The analysis was carried out using the so-called citation burst approach.
Citation burst is an indicator of a most active area of research. Citation burst detects a burst
event lasting for multiple years and a single year. In our case study, the minimum duration
was two years. Citation burst analysis is based only on papers that have attracted an
“extraordinary degree of attention from its scientific community” [109]. The burst detection
in CiteSpace is based on Kleinberg’s algorithm [110].

The results of this analysis are visualized in Table 2. Citation burst analysis generates
a summary list of keywords (top 25) associated with citation bursts. The visualization
shows which keywords have the most substantial citation bursts and in which periods the
most substantial bursts took place (with red color, beginning and end). For instance, at
the beginning of 2010, keywords such as three-dimensional, sensors, calibration, image
processing and satellite were populated in the literature. The most exciting part of Table 3
is the last rows, which provide recent domain trends. These include the use of UAVs,
antennas, monitoring and deep learning.
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Table 3. List of keywords (top 25) that are associated with citation bursts (red color indicates the
period where the specific keyword is substantial refer to the literature).

Keywords Year Strength Begin End 2010–2022

three dimensional 2010 83.76 2010 2013 z z z z y y y y y y y y y

sensors 2010 32.9 2010 2013 z z z z y y y y y y y y y

calibration 2010 25.88 2010 2016 z z z z z z z y y y y y y

image processing 2010 23.25 2010 2016 z z z z z z z y y y y y y

satellites 2010 20.22 2010 2016 z z z z z z z y y y y y y

design 2010 19.42 2010 2012 z z z y y y y y y y y y y

research 2010 17.87 2010 2013 z z z z y y y y y y y y y

nasa 2010 16.64 2010 2012 z z z y y y y y y y y y y

photography 2011 26.98 2011 2015 y z z z z z y y y y y y y

laser scanner 2011 19.09 2011 2013 y z z z y y y y y y y y y

terrestrial laser scanning 2012 13.76 2012 2017 y y z z z z z z y y y y y

surface analysis 2010 33.21 2013 2017 y y y z z z z z y y y y y

system program
documentation 2013 19.44 2013 2015 y y y z z z y y y y y y y

spectroscopy 2013 15.4 2013 2014 y y y z z y y y y y y y y

information
management 2012 16.69 2015 2019 y y y y y z z z z z y y y

3 d modeling 2012 16.24 2015 2017 y y y y y z z z y y y y y

close-range
photogrammetry 2010 18.41 2016 2017 y y y y y y z z y y y y y

structure from motion 2013 25.45 2017 2019 y y y y y y y z z z y y y

uav 2014 19.27 2017 2022 y y y y y y y z z z z z z

antennas 2017 36.93 2018 2022 y y y y y y y y z z z z z

heritage 2016 16.03 2018 2022 y y y y y y y y z z z z z

landscape archaeology 2019 16.18 2019 2020 y y y y y y y y y z z y y

textures 2012 15.8 2019 2020 y y y y y y y y y z z y y

monitoring 2010 14.93 2019 2022 y y y y y y y y y z z z z

deep learning 2020 31.28 2020 2022 y y y y y y y y y y z z z

6. Conclusions

This study aimed to provide an overview of the scientific literature regarding the
use of geomatic sensors and technologies for heritage documentation and monitoring.
For this purpose, the Scopus repository was used. Specific filters have been applied to
extract the relevant information, which was then screened out and further processed in
various environments.

The results of this analysis, outlined in the previous sections, were initially focused
on the characterization of the existing literature (type of document and productivity). In
contrast, the analysis was then focused on the most widely cited journals and conference
proceedings that host articles with the relevant topic. The analysis also identified active
institutions in this domain, countries and keywords. The analysis was finally focused on
identifying trends in literature.

As demonstrated, the scientific landscape of using geomatic technologies for heritage
is not static but dynamic. Geomatic technologies have been widely populated for cultural
heritage applications, while the scientific field is quite broad: from underwater to close-
range to low-altitude and satellite observations. At the same time, the scientific landscape is
quite fragmented because of the different sub-domains and expertise needed. The leading
institutions and countries are Italy and USA, but in general European institutions lead the
scientific field. Recently advanced image processing, such as deep learning algorithms, is
expected to be further studied in the following years based on the analysis of recent trends.

Of course, our analysis here needs to be completed. Using a single repository cannot
be considered an all-inclusive scientific repository of existing knowledge. It should also be
stressed that more than 90% of the documents found in the Scopus engine are written in
English, eliminating other studies in other languages. In addition, further insights as part
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of a future study can be carried out to investigate the role of the impact factor of the journal
publications, collaboration of research groups, and networking.

Geomatic technologies are expected to be elaborated and applied to cultural heritage
shortly. Their use is expected to contribute further to the 3D documentation and recording,
preservation, and restoration (digital or physical), archaeological excavation progress
monitoring, and other recent trends such as the digital twins, XR applications, and others.
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97. Ostoić, S.K.; Salbitano, F.; Borelli, S.; Verlič, A. Urban forest research in the Mediterranean: A systematic review. Urban For. Urban
Green 2018, 31, 185–196. [CrossRef]

98. Malanski, P.D.; Dedieu, B.; Schiavi, S. Mapping the research domains on work in agriculture. A bibliometric review from Scopus
database. J. Rural. Stud. 2021, 81, 305–314. [CrossRef]

99. Burnham, J.F. Scopus database: A review. Biomed. Digit. Libr. 2006, 3, 1–8. [CrossRef]
100. Salisbury, L. Web of Science and Scopus: A comparative review of content and searching capabilities. Charlest. Advis. 2009, 11,

5–18.
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