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Abstract

Laser scanning is a promising relatively new technology of land surveying and has different contribu-
tions to research areas and practical applications. We performed a review based on query terms in the
Scopus database. We determined the number of papers where the laser scanning was the technique
of the survey and refined the results with the aerial (ALS) and terrestrial (TLS) laser scanning methods,
and the urban and vegetation searching terms. Results showed that geosciences had a 30-40% ratio
within the scientific papers using LiDAR. TLS had larger relevance related to ALS considering the total
number of research papers, urban application and vegetation analysis in urban environment. We ana-
lysed the current status of the technology and discussed the underlying possible causes.
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Introduction

The modern remote sensing surveying technics such
as optical imaging or laser scanning ensure fast and
efficient data collection of large areas (Gallay et al.,
2013). Laser scanning has a shorter history. Although,
the technology was developed in the 1960s, because
of the lack of appropriate processing environment (i.e.
high-performance computers) and the technological
limitations, it was used only in industrial area till the
1990s (Ebrahim, 2016). First practical applications ap-
peared in the early 2000s, but only became available
for a wider scale of users, and became popular in the
last 5-15 years due to its decreasing price. However, this
technique has a very steep curve of the application in
all segments of life (e.g. hydrological modelling, geo-
morphological analysis, soil and forest mapping, risk
analysis, spatial planning and change analysis; (Bal-

tensweiler et al., 2017; Gruszczynski et al., 2017; Pirot-
tietal., 2013; Szczepanski et al., 2012) and new fields of
usage appear regularly.

Laser scanning is an active type of remote sensing
technologies beside the RADAR (radio detection and
ranging), but the measuring is based on light detec-
tion. Laser beams are emitted (pulses), and their re-
turns (echos) are detected; the measurement itself
use the known value of light speed, and the distance
will be determined by the time range of the returning
beam (divided by two because of the emitted and re-
flected beams); i.e. it is called light detection and rang-
ing (LiDAR) (Lovas et al., 2012). Equipment can be
mounted on different platforms, which discriminates
the three main types: static terrestrial laser scanning
(TLS), when the equipment is mounted on a moving
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vehicle, mobile laser scanner (MLS), and aerial laser
scanning (ALS) (Pfeifer & Briese, 2007; Vosselman &
Maas, 2010). Each technique has advantages, limita-
tions, and the specific features of data and the require-
ments of the data preparation and processing is dif-
ferent.

TLS technique is limited by the low scanning an-
gles as the device’s height is about 2 m; thus, this per-
spective foreordains the missing data of tops of trees
and buildings (Liang et al., 2018). In spite of large
amount of data (25000-1000000 points per second),
TLS has the issue by the shadow effect: all surface ob-
jects mask the area out behind them similarly to other
light types; consequently, important details of the ob-
ject of interest can be missed, limiting the later appli-
cability of the point cloud (Soudarissanane et al., 2011).
It means that a tree will mask out e.g. other trees or
buildings, and this effect is more enhanced when the
branches and leaves are dense and complex (Marchi
et al., 2018). This can be avoided by several TLS scan-
ning position sites from different perspectives (Yang
et al., 2016). Besides, the number of returning beams
are the function of distance and decrease rapidly from
the scanner (Chen et al., 2018). ALS point clouds differ
relevantly from the terrestrial scanning: due to higher
distance from the scanner (usually 800-2000 m alti-
tude), laser beams have a footprint on the ground with
a diameter of ~20 cm (Bin et al., 2008). Accordingly,
there are more than one returning pulse to the sen-
sor, and although the point density is rather small re-
lated to TLS (4-20 points per m?), the resulting point
cloud can be appropriate for surface evaluation, veg-
etation analysis or building extraction (Miicke et al,,
2013; Priestnall et al., 2000). Beams return from the
top of the objects (first return), from the ground (last
return) and there can be several returns from the in-
tervening places, usually from the vegetation (Wehr
& Lohr, 1999). In case of ALS, the horizontal and ver-
tical accuracy is lower related to TLS, but large areas
can be surveyed within a short time. Besides, ground
point classification, and accordingly the digital ter-
rain model (DTM) generation, is easier with ALS data
(Baltensweiler et al., 2017; Pirotti et al., 2013). Process-
ing of TLS-based point clouds is a complex task be-
cause of the large abundance of the surface objects
and their heterogeneous distribution; furthermore,

Data and methodology

there is no information about the number of returns
(Pirotti et al., 2013).

The result of a survey is a point cloud, which can be
used to derive a digital terrain model and a digital sur-
face model (DSM). Both digital surfaces is useful and
the difference is the normalized digital surface model
(nDSM), which shows the relative height of the surface
objects. Beside the point cloud, these three terrain lay-
ers are the primary input data for object identification
or feature extraction (Dong & Chen, 2018). Urban ar-
eas represent a special environment as there are many
different types of built-in areas (buildings with vary-
ing shape, size and height, roads, pavements) and vege-
tation (parks with trees and grass and flower gardens);
thus, semi-automatic land cover classification can be
performed only with large classification error, and the
land use categories can only be determined by the ex-
perts’ decision, individually. LIDAR represents usual-
ly auxiliary data for land cover classification, as DTMs
or nDSMs can delineate objects (Demir et al., 2008).
Buildings can be discriminated from roads and pave-
ments if we can assign a minimum height: a 3 m rela-
tive height combined with a vegetation index (e.g. nor-
malized difference vegetation index, NDVI) gained
from optical imaging is a clear difference (Abriha et al.,
2018; Szabd et al., 2014). This method also helps to dis-
tinguish the low vegetation (i.e. grass) from trees. Using
only the point cloud, without optical images, can also
be reasonable. Point clouds converted to voxel models
can be effective input data even in species identification.
Zou et al. (2017) conducted a tree species classification
with 93.1-95.6% overall accuracy using only TLS data
and a deep learning model. Furthermore, there are suc-
cessful applications to retrieve tree data for invento-
ry: diameter of breast height (DBH), basal area, crown
base height (CBH), volume or tree height (Kong et al.,
2016; Moskal & Zheng, 2012; Saarinen et al., 2014; Wu
etal., 2013).

In this study, we performed a literature analysis
from a historical aspect pointing on the breakpoint
when the laser technology started to soar. Our aim
was to reveal: (i) the role of earth sciences in the la-
ser scanning technology applications, (ii) whether
the TLS or ALS techniques are the dominant, (iii) the
presence of urban and urban vegetation topics in laser
scanning researches.

Literature analysis

We performed a literature analysis using the Sco-
pus (www.scopus.com) scientific document database.
We searched for urban and vegetation words as vege-
tation is a key element in microclimatic analysis in ur-

ban environment (MiloSevi¢ et al., 2017, 2016). Thus,
we applied the following searching terms in the arti-
cle titles, keywords and abstracts:

- “LiDAR” generally,

- “LiDAR” within earth and planetary sciences,
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- “LiDAR” AND “urban”,

- “LiDAR” AND “urban” AND “vegetation”,
- “LiDAR” AND “climate”,

— “ALS",

- “ALS” AND “urban”,

- “ALS” AND “urban” AND “vegetation”,
— “ALS” AND “urban” AND “climate”,

- “TLS”,

~ “TLS” AND “urban”,

- “TLS” AND “urban” AND “vegetation”,
- “TLS” AND “urban” AND “climate”.

We collected the number of publications altogether
by a searching term and by years. Thus, we were able
to point on the appearance of a given research area
and the breaking point when the research started to
increase in a steep curve. This approach has several
biasing factors: sometimes the abstract only mentions
a searching term, and does not deal with it directly;
some papers mention vegetation as green areas; some
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papers deal with the topic but use different terms for
it (e.g. TLS + urban + vegetation can appear as laser
scanning + urbanization + green areas). TLS and ALS
techniques can be used parallel in the studies, which
means redundancy. However, we accepted these lim-
itations because the results confirmed it with number
of publications and a more complex query would not
mean a better outcome.

Statistical analysis

We conducted statistical analyses on the number of
publications. Trends were identified with comparing
the results of different curve fitting methods in PAST
3.26 (Hammer et al.,, 2001). Break point analysis was
used to identify the inflexion point of time series in R.
3.53 (R Core Team, 2019) with the strucchange pack-
age (Zeileis et al., 2003, 2002). Hypothesis testing was
performed to reveal if the differences were different by
the query terms in R 3.5.3 using the ggpubr package
(Kassambara, 2019).

Laser scanning as it is reflected

by the number of scientific papers

Literature search showed that LiDAR technology was
used from 1965, but, in this time, it did not mean field
surveying, it was used for atmospheric and meteor-
ological research (cloud observation, rainfall, bound-
ary layer or aerosol analysis). Thus, the term of Li-
DAR in database queries can be a bit of misleading,
if we are interested in LiDAR as a surveying tool, but
now we also aimed to reveal the meteorological and
climatic contributions, too. Number of papers deal-
ing with LiDAR technology followed an exponen-
tial trend (R*=0.93, Eq. 1), and exceeded 1000 in 2003,
which is also an inflexion point, after that the increase
accelerated and reached 4166 in 2018.

y = 7.1047 219 4 55 16 (1]

It is important to see that how the earth sciences
shared its contribution to the laser scanning related
researches among the engineering, computer and ma-
terial sciences. Number of papers also followed expo-
nential trend (R*=0.94; p<o.001; Eq. 2), and the inflex-
ion point was in 2006 (Fig. 1).

y = 1.9527%7 ¢%15% 4 36,38 2]

The ratio of earth science related papers and the total
number of papers varied between 4% to 69%, with a me-
dian of 38%. 1990 was a breakpoint as before it the ratio
was about 30% and after this date it reached 40% (Fig. 2).
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Search term of “urban” excluded most papers
where the topic used the LiDAR technology as a tool
of meteorology (but not all of them because of urban
meteorological studies); accordingly, the number of
papers relevantly decreased: it was 322 (in 2018) with
the search term of “LiDAR and urban”. First papers
applying LiDAR as survey tool appeared in 1998-1999,
before this date the topics of urban aerosol, bounda-
ry layer etc. were only in the list, but after 1998 most-
ly the survey (at first building analysis and then the
vegetation) became the focus area. Adding the “veg-
etation” as further filtering term decreased it to 37 in
2018 and the first studies appeared only in 2003-2004
(Fig. 3).

Database query with ALS and refining the results
with “urban” and “vegetation” terms provided a more
specific outcome. These papers were published from
1998 rather sporadically, and between 2004 and 2008
the ALS became a stable research topic with relevant
content aiming the survey of urban environment.
First studies dealt with buildings, but urban vegeta-
tion was still a minor topic without a monotonous in-
creasing trend (Fig. 4). Largest number of ALS-pa-
pers were published in 2018 (88) but the increase had
stopped in the last three years. 2014 was a decrease
considering all the 3 types of the groups of papers. But
especially papers of the urban vegetation topic’s num-
ber were rather low, only 2-4, and the maximum was
also low, 8 papers.

Considering the TLS technique (Fig. 5), there was
a delay related to ALS and the after a slow beginning



A Review of Climatic and Vegetation Surveys in Urban Environment
with Laser Scanning: a Literature-based Analysis

Figure 1. Total number of papers related to LiDAR technology and the subgroup assigned to earth and
planetary sciences based on Scopus query

Figure 2. Ratio of papers of earth and planetary sciences and the total number of papers of LiDAR
researches based on Scopus query

Figure 3. Number of LiDAR-based studies in urban environment
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Figure 4. Number of papers dealing with aerial LiDAR scanning (ALS) technique

in 1999, the trend is increasing but unlike the previ-
ous queries, this time it followed linear trend (R*=0.95,
p<o.oo1, Eq. 3).

y = -30458 + 15.212x 3]

Number of publications had a monotonous increas-
ing trend in case of “urban” topics within TLS-stud-
ies and it appeared relatively soon, in 2004, after the
first applications conducted with TLS. But we had to
wait until 2008 to find the first publications dealing
with urban vegetation. Both “urban” and “urban and
vegetation” related topics have an increasing trend,
but while the proportion within TLS was above 20%
for “urban” studies after 2012, the “urban and vegeta-
tion” was still very low between 1-7%, without a defi-
nite trend, and it was only 4% even in 2018.

Although there were 129 titles with the search term
of “LiDAR” AND “urban” AND “climate”, except some

real microclimatic studies most of the papers were pub-
lished in the topic of atmospheric aerosol measured
with LiDAR, and not about surveying the environment
and using the point cloud to address conclusions.

Comparison of TLS and ALS techniques

This comparison highlighted the differences both in-
side the given techniques (i.e. the “urban” and “ur-
ban AND vegetation” papers) and between the ALS
and TLS (Fig. 6): we revealed significant differences
(p<o.001), which supported our previous findings that
TLS had dominance in the field of laser scanning. It
was true in all pairs of paper groups. Considering the
total number of papers, there were 610 papers pub-
lished with ALS and 1971 papers with TLS techniques.
Urban related topics represented 34.7% of ALS and
22.7% of TLS techniques. The ratio was 8.6% for ALS
and 4.4% for TLS regarding the researches of vegeta-
tion in urban environment.

Figure 5. Number of papers dealing with Terrestrial LIDAR Scanning (TLS) technique
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Figure 6. Number of publications in the Scopus database by research areas between 1998 and 2018

Discussion

Laser scanning undisputedly represents the most de-
veloping technology of the early XXIth century. Its his-
tory began in 1958 when the theoretical background
had been developed and the first ruby-laser appeared
in 1960 (Price & Uren, 1989). Next, it took about ten
years to develop the first laser beam based distance-
measuring devices; accordingly, the 1970s were a pe-
riod when this technology spread in the industry, and
especially surveyors in the USA absorbed it large pro-
portion (Large & Heritage, 2009). Although there
were several reliability issues, the technology became
widespread and not only the surveyors, but environ-
mental researches started to use it (Large & Heritage,
2009). The technology changed from point-based sur-
veys to data clouds (i.e. from total stations with sin-
gle shots per measurement to automatically scan the
complete environment with milliards of data), and
from the first laboratory solutions we can find dif-
ferent platforms for terrestrial (static or mobile) and
aerial (UAV or airplane) applications. However, this
development is not reflected in the number of publica-
tions available in the Scopus database, because before
the publications the technology had to be known in
the industry; furthermore, it had to be affordable for
the researchers. After this period, first publications
started to report the results, and the method has an
exponential increasing trend in the publications from
the 1990s, too, but the steep ascendant section began
only about 10-15 years ago.

First publications dealt only with meteorological
applications such as aerosol, water vapour, bound-
ary layer or wind speed, but this meant micropulse
LiDAR based on backscattering (Luo et al., 2014),
Raman-LiDAR (Froidevaux et al., 2013), airborne dif-
ferential absorption LiDAR (Kiemle et al., 1997), Dop-

pler-LiDAR (Banta et al., 2013) or Fibre-based wind
LiDAR (Mikkelsen, 2014). LiDAR as a tool of survey
in the publications appeared only in the second half
of 1990s when the first robust scanners had been de-
veloped and were available in the market. Analysis of
the publications means an exact evaluation method of
the LiDAR technology, but beside the possible issues
raised by the search terms, the real reflection is bi-
ased by the types of publications. Large and Heritage
(2009) performed a survey and found that between
1999-2004 only 36% of the results were published in
peer-reviewed journals and the rest was found in con-
ference proceedings and in web sites. Accordingly, es-
pecially the beginning of our time series (1965-2000)
can have some distortion as lots of LiDAR applica-
tions were not involved in Scopus. However, Scopus
also means a standard as indexes only peer-reviewed
journals and conference proceedings; thus, search re-
sults can be compared, and the only possible issue is
the changes in the publication habits.

Searching with ALS and TLS terms provided a
more reliable result, first papers appeared in 1998 in
accordance with Large and Heritage (2009). Although
ALS had an exponential trend in the increase of scien-
tific papers, and the TLS was “only” linear, the num-
ber of papers were significantly (p<o.001, 3-times)
larger in case of TLS-based studies. The explanation
of this difference can be of several reasons related to
the group of users (i) and the costs (ii).

Journals have 1-6 (even more) subject areas, and the
same paper can belong to several ones depending on
the journal and not the content of the paper. There-
fore, it is not possible to express the number of publi-
cations in a proportional form, therefore we present-
ed the summed number of papers. According to Table
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1, TLS outperformed the ALS studies. Publications us-
ing TLS were at least the double (but in case of envi-
ronmental sciences it was 30 times more) than those
of using ALS. TLS is more often used in geodesy, in
engineering, planning and even in historic preserva-
tion and virtual reconstruction.

Table 1. Number of publications by subject areas and
platforms (based on Scopus)

Subject area ALS TLS
Computer science 344 763
Engineering 264 692
Earth and computer sciences 241 1006
Social sciences 180 529
Environmental sciences n 331

ALS ensure surveys of large areas (even 100 km? or
more) but should be mounted on airplanes. There are
several technical issues to be solved in the airplane.
The mounting itself, to ensure electrical supply, high
frequency GPS to record the location in a moving air-
plane and an inertial measurement unit (IMU) to
measure inertia (Lovas et al., 2012). The whole system
is expensive, and the maintenance include both the
airplane and the ALS-system. Accordingly, this tech-
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ferent scanning positions should be registered and
merged together, which carries the possibility errors.
We summed the main characteristics of the two types
(aerial and terrestrial) of platforms in Table 2.

Urban studies contribute a relevant part in the ap-
plication of laser scanning (35% in ALS, 23% in TLS
papers). ALS technique provides data even for large
areas and cities and buildings and vegetation can be
extracted from the point clouds. Regarding the build-
ings usually rooftops and building contours are ex-
tracted (Du et al., 2017; Pirasteh et al., 2019; Rybansky
etal.,, 2016; Szabo¢ et al., 2016; Yang et al., 2015). Regard-
ing TLS, urban applications also mean the survey of
buildings’ interior area with the infrastructure (wires,
pipes, etc.) and to arrange the data into a building in-
formation modelling (BIM) system. It is a promising
section of planning and maintaining buildings aim-
ing to collect data about the geometry, which is the ba-
sis of further analysis such as revealing the spatial re-
lations among building elements, cost estimation (e.g.
painting, renovation, heating etc.) (Azhar, 2011). Ac-
cordingly, engineers and planners also have part in
the topic of TLS applications; however, this topic had
started only in 2009 and the number of publications
is about 6 in a year between 2013-2018. New technolo-
gies, such as the new GeoSLAM Zeb-Revo, which op-

Table 2. Comparison of LiDAR survey methods by platform (Baltensweiler et al., 2017; Saarinen et al., 2017)

Subject area ALS TLS

survey distance 800-1500 m 1-600 m

maximum surveyed area ~1000 km? ~1km?

data collection usually 1 flight 1-100 scanning positions
horizontal accuracy ~20cm 0.5-2.0cm

vertical accuracy 8-50 cm 1-2cm

variation in number of points

varies by land cover density

varies by the distance from scanner

number of points

4-20 points /m?

depends on the scanner capacity,
the settings and the flight altitude:

depends on the scanner capacity and
the distance from the scanner: 6400-
100000 points/m? at 10 m distance

nology is an expensive way of data capturing, never-
theless, one of the most effective and accurate. Us-
ers are often just procurers of the surveys and only a
few companies can conduct the measurements; thus,
the available datasets are limited. In case of TLS, the
equipment is also expensive (related to other terres-
trial surveying tools such as theodolite, total stations
or GPS GNSS devices), but can be affordable for re-
search institutes, universities or even for SMEs (small
and medium enterprises). Therefore, once the equip-
ment is purchased and available even each day of the
week, more surveys can be conducted with it. The ar-
eas surveyed by static TLS are small, and the extent
depends on the surveyors, usually is smaller than 100
ha. The accuracy is better than in case of ALS, but dif-

Geographica Pannonica * Volume 23, Issue 4, 411-421 (December 2019) — Special Issue | 417

erates as a mobile scanner in the surveyor hand can
accelerate the application inside the buildings (Mu-
dicka et al., 2019; Nocerino et al., 2017).

Study of urban vegetation started three years earli-
er with the ALS technique in 2005 (Ogawa et al., 2005),
but due to the cost issues, TLS outpaced it in 2013. We
have to note that vegetation in ALS studies often ap-
pears as a source of errors in building extractions, be-
cause trees covers the building walls and the number
of echoes is limited on these sections; i.e. the aim in
these papers not to study the vegetation, but to remove
them from the point cloud (e.g. Nguyen et al., 2012;
Xu et al.,, 2012) furthermore, vegetation also covers
the ground and as Coveney and Fotheringham (2011)
pointed on, it causes errors in ground point classifi-
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cation; therefore, in DTM-generation. Both ALS and
TLS are used to determine tree species, and to ob-
tain tree parameters. Koma et al. (2016) and Pyoréla
et al. (2019) conducted an investigation on taxonom-
ic classification of five tree species and found that geo-
metric (tree characteristics) and radiometric (spectral
features) data made possible to gain 87.5% overall ac-
curacy. Estornell et al. (2018) found that TLS outper-
formed ALS in estimating the crown height and prun-
ing biomass, which is the consequence of the lower
number of the point cloud in ALS surveys. Especial-
ly in case of vegetation, number of points have rele-
vant role in reconstructing individual trees. Accord-
ingly, TLS provides better input data to measure tree
parameters.

Trunk diameter (i.e. DBH), crown parameters
(length, width, volume), basal canopy area and tree
height can be extracted from TLS with good accura-
cy (Brolly & Kiraly, 2011; Kankare et al., 2016; Koren
et al., 2017; Liang et al., 2016). The date of survey can
also be an important factor (foliage impedes to see

Conclusions

the branches; thus, bare trees in late autumn, winter
or early spring represent better objects for a detailed
analysis).

Finally, there are only a few researches on urban
vegetation and microclimate. Kong et al., (2016) per-
formed a TLS-based microclimate survey to reveal the
vegetation’s cooling effect. Another urban level cli-
matic application was published in 2016, in the topic
of microclimatic analysis with a survey of MLS tech-
nique in urban environment (Bournez et al., 2016).
Both studies pointed on the relevance of LiDAR tech-
niques in urban greenspace planning and how the
modern survey methods can help decision makers
with exact and accurate information about the built-
in areas, and individual buildings; furthermore, veg-
etation and individual trees. According to quick ap-
pearance of new land survey techniques (such as the
mentioned GeoSLAM) and the development of mi-
croclimatic urban monitoring networks such as the
one in Novi Sad (Secerov et al., 2019, 2015) further de-
velopments and achievements can be waited.

LiDAR technology is a rather new way of surveys,
which provides opportunity for object detection and
feature extraction through large data clouds. We
aimed to reveal the main focus areas of the appli-
cations, the relevance of geosciences in the research
with laser scanning focusing on urban areas, and the
ratio between the terrestrial (TLS) and aerial (ALS)
techniques thorough a literature analysis.

We found that LiDAR has about a 50 years history, but
the first applications were of meteorological measure-
ments. The first studies were published only from 1998 in
the topic of land surveying. Ratio of geosciences papers
related to the total number of studies represented a 30-
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