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Abstract. Precise determination of forest resources is one of the most important tasks in conducting sustainable forest
management. Accurate information about the forest's resources allows for a better planning of current and future management
as well as conservation activities. Such precise information is needed by both, individual forest managers and for developing
the national forest policy. In recent years, interest in the use of remote sensing in forest inventory has significantly increased.
Remote sensing allows for non-invasive measurements and the automation of data processing. The most accurate source of
remote sensing data at the level of the sample plot is terrestrial laser scanning (TLS). Its use in forest inventory has been
studied for about two decades.

This paper aims to introduce studies on state of the art TLS technology as well as provide an overview of research conduc-
ted in stands within the temperate climate zone. This article furthermore discusses issues such as TLS data acquisition, data

processing and presents results for the estimation of tree biometric features.
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1. Introduction

The precise determination of forest resources is one
of the most important tasks of sustainable forest manage-
ment. Accurate information on resources enables planning
of current and future economic and conservation activities.
This knowledge is also needed for the implementation of
sustainable forest management policies. Depending on the
purpose, availability of financial resources and required
accuracy, many methods of forest inventory are distin-
guished. Because of the high cost and time involved in
field work, foresters often use statistical and mathemati-
cal methods based on measurements on circular sample
plots. Field crews typically measure characteristics such
as diameter at breast height (DBH) and tree height, and
determine the species and location of each tree relative to
the centre of the sample plot. The time-consuming nature
of field work with conventional tools (e.g. tree callipers,
compass, altimeter) is driving the search for new, alterna-
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tive solutions that reduce the cost and labour intensity of
inventory and increase its objectivity.

In recent years, a number of scientific papers have been
published on the use of remote sensing technologies for
forest inventories, in particular Light Detection and Ran-
ging (LiDAR) technology. The product of this technology
is a three-dimensional image of reality, consisting of mil-
lions of points that form a 'point cloud'. This allows precise
measurement of the dimensions and structure of scanned
objects (Bedkowski 2004; Wezyk 2006). Laser scanners
are integrated with different types of platforms, e.g. ae-
rial platform — airborne laser scanning (ALS) or stationary
survey tripod — terrestrial laser scanning (TLS). In forest
management, due to the vastness of forest areas, data col-
lection by ALS technology is most often considered, as it
provides data for entire forest areas in a short period of
time (Wezyk 2006; Sterenczak 2010; Bedkowski et al.
2011). Many papers have been written on 'enhanced forest
inventories' that use ALS data together with field measure-
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ments to estimate stand characteristics of individual forest
compartments with high accuracy (White et al. 2016). In
some countries, ALS forest inventory methods are used
in forestry practice, e.g. Norway, Finland, Denmark and
Sweden (Kangas et al. 2018). The most commonly used
forest inventory method using ALS data is the 'area-based
approach' (ABA), which uses relationships between point
cloud characteristics and ground measurements using sta-
tistical methods (Naesset 2002; White et al. 2013; Hawryto
2017). This method allows the development of a predictive
model for each surveyed stand characteristic determined
from field measurements. Once the mathematical models
have been developed, the final step is to apply them to the
entire scanned area.

ALS makes it possible to obtain data for vast areas
quickly and with relatively little effort. Moreover, the
use of ALS together with the field data requires a smal-
ler number of sample plots compared to the traditional
statistical and mathematical method, while maintaining
the assumed precision of the estimates (Sterenczak et al.
2018). However, it should be emphasised that this me-
thod requires some field measurements to calibrate the
statistical model, as woody parts of vegetation, including
stems, cannot be directly observed using ALS technology
(White et al. 2016).

A complementary data source for airborne measure-
ments is TLS data. TLS data represent the image of a
stand as seen from the ground beneath the tree canopy.
The result of using TLS is a very dense point cloud with
measurement accuracy in millimetres (Zawita-Niedz-
wiecki et al. 2008, Wezyk 2010). Therefore, this tech-
nology is considered the most accurate source of remote
sensing data for sample plots (Liang et al. 2018a). An
additional advantage of using TLS is the automated and
very fast way of obtaining data.

The use of TLS in forestry has a relatively short hi-
story. The first terrestrial laser scanner was introduced
in 1998 (Liang et al. 2016). Pioneering scientific work
on the use of TLS in forestry took place at the turn of
the 20" and 21* centuries (Tanaka et al. 1998; Aschoff,
Spiecker 2004; Henning, Radtke 2006). The main impe-
tus for the use of TLS in forestry was initially to impro-
ve field work on sample plots by replacing some of the
manual measurements. Early work addressed automatic
or semi-automatic solutions based on TLS data aimed at
measuring basic biometric characteristics of trees, such
as DBH, height and location (Maas et al. 2008; Brolly,
Kiraly 2009). With the increasing computational power
of computers and the development of data processing
algorithms, new opportunities arose for the use of TLS
data. They have become a valuable source of information,

allowing for the automatic measurement of biometric tra-
its that previously could not be measured directly using
traditional forest inventory methods. Many papers have
been published on methods for automatically determining
tree volume and biomass based on TLS data, in which au-
thors report accuracy comparable to the best national al-
lometric equations (Astrup et al. 2014; Liang et al. 2014).
The potential of this technology has also been recogni-
sed in forest ecology research. The suitability of TLS has
been demonstrated for determining LAI (leaf area index)
and studying the dynamics of changes in stand gaps and
crown structure (Liang et al. 2016).

Polish scientific centres have also been studying the use
of TLS in forestry for several years. These studies mainly
concern forest inventory issues (Chirrek et al. 2007; Wezyk
et al. 2007; Chmielewski et al. 2010; Wezyk, Sroga 2010;
Zasada et al. 2013; Ratajczak, Wezyk 2015), but also such
as determination of DBH distribution (Zasada, Sterenczak
2013), urban greenery inventory (Tompalski 2009) and mo-
nitoring the condition of natural monument trees (Wezyk et
al. 2015).

This paper is a synthetic review of research on the use
of TLS technology conducted in temperate tree stands for
about 20 years. In this paper, the authors focused parti-
cularly on the practical aspects of using TLS technology
for forest inventory and on summarising the achieved me-
asurement accuracy of the main biometric characteristics
of trees. In the Discussion section, the authors evaluate
the possibility of introducing this technology into forestry
practice.

2. How TLS works and types of scanners

TLS scanners work by measuring the distance and the
horizontal and vertical angle between the device and the
object under investigation using light beams (lasers) emit-
ted by the device.

TLS measurements are made from a stationary po-
sition in designated locations, with the scanner placed on
a survey tripod. During operation, the scanner registers
the image of the surroundings, rotating around its own
axis. The measurements performed by the device allow to
determine the X, Y, Z coordinates of millions of measure-
ment points, which form the so-called point cloud. In ad-
dition to registering the point coordinates, terrestrial laser
scanners also record the intensity of the reflected signal,
i.e. the value of the energy of the returning light beam
(reflected from the object). Digital cameras are also inte-
grated in TLS scanners, which makes it possible to assign
real colours (RGB) from the digital images to each point
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of the cloud (Wegzyk 2010). Currently, several models
of terrestrial laser scanners are available on the market,
which can be divided into two main groups: time-of-fli-
ght (ToF) and phase-shift scanners. The main feature that
distinguishes these two types of scanners is the distance
measurement technology.

Phase-shift scanners are believed to measure more accu-
rately than ToF scanners; however, the data obtained using
them is subject to interference, i.e., the presence of noise
in the obtained data. It is also worth noting that phase-shi-
ft scanners usually have a smaller range of data measure-
ment compared to ToF scanners (Wezyk 2010). A major
advantage of ToF scanners is the ability to register multiple
reflections of the laser beam. This is especially important
when scanning objects near vegetation (Liang et al. 2016).
For example, when a laser beam falls on the outer edge of a
trunk or thin branch, part of the beam bounces off it and the
rest of the beam penetrates further and registers the subsequ-
ent objects encountered. Currently, there are ToF scanners
on the market that can register up to 15 reflections of the
laser beam (Riegl 2020).

To learn more about the types of scanners and the prin-
ciples of their operation, the authors refer to the
publications by Wezyk (2006, 2010), Dassot et al. (2011)
or Liang et al. (2016).

3. Acquiring TLS data

The following subsections describe the general specifi-
cations of TLS data acquisition in the forest environment
for three levels: sample plot, individual tree and whole
stand.

3.1 Sample plots

Scanning sample plots using TLS technology is ty-
pically performed with a single-scan (SS) or multi-scan
(MS) mode of data acquisition. In SS mode, the scan-
ner is located in the centre of the sample plot. The data
acquired in this mode represents an image of the stand
from one perspective, i.e., as seen from the centre of the
sample plot. In the MS mode, data is collected from mul-
tiple positions — usually from the centre and outside of
the plot or by scanning only from outside positions. When
deciding to collect data in this mode, artificial referen-
ce markers (spheres or targets) usually need to be set up
during fieldwork to allow for later alignment of the data.
This method of data collection ensures much greater data
completeness compared to the SS mode. After alignment,
data acquired in the MS mode represent a comprehensive,

fully three-dimensional image of the sample plot (Wezyk
2010; Liang et al. 2016).

When comparing the two methods of data collection, it
should be noted that the SS mode is much faster. Curren-
tly, it takes about 20 min to perform such a measurement
on a sample plot. The measurement time depends mainly
on the class of laser scanner used and the settings used
during operation. The data acquisition process itself takes
between 2 and 10 min, and to this time must be added the
time for setting up, starting, and configuring the scanner,
which is about 5-10 min (Liang et al. 2016). The main
disadvantage of data acquisition in SS mode is the high
probability of the so-called 'occlusion effect' (Zasada et
al. 2013). This effect causes some trees to be missed in
the point cloud of the sample plot being mapped (Fig. 1)
because trees in the same azimuth relative to the centre
of the plot occlude each other. This effect increases with
increasing distance from the scanner, i.e. the larger the
radius of the sample plot, the more likely this effect oc-
curs. The authors state in their papers that the percentage
of undetected trees in a sample plot using the SS mode
can range from 0 to 46%, with stand structure and sample
plot size reported as the factors that have the greatest in-
fluence on this phenomenon (Astrup et al. 2014). In com-
parison, four or five scan positions are typically used to
map the sample plot in MS mode. The scan positions are
arranged in such a way that they map all trees from all
sides as much as possible. Data obtained in this mode are
considered the most accurate and also provide a complete
three-dimensional image of the stand (the entire shape and
stem area of each tree is mapped). The disadvantages of
this mode include: higher labour intensity for field work,
longer time for processing and aligning the point clouds,
and a much larger amount of data collected. Currently, it
is estimated that it takes about 1 h to measure a sample
plot in MS mode. In MS mode data acquisition, an ad-
ditional step of aligning the scans takes place during the
initial processing. This is done using special software in
an automatic or semi-automatic way (Liang et al. 2016).

3.2. Indivdual trees

TLS data can also be obtained on individual trees (Fig.
2). Such data can be useful in improving or developing al-
lometric equations for characteristics such as whole-tree
volume or biomass. The major advantage of using TLS
technology for these purposes is the non-invasiveness,
speed, and precision with which information on the mor-
phological stem curve is obtained. Scanning of individu-
al trees is usually performed in MS mode to obtain data
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Figure 1. TLS point cloud representing sample plot in a Scots pine stand Pinus sylvestris L.: A—single-scan mode (SS), B — multi-scan mode
(MS). The black rectangle shows unregistered trees in SS mode (occlusion effect). Color scheme: Intensity values, visualization was made
in CloudCompare software (Girardeau-Montaut 2020).

with the highest level of detail. During fieldwork, scan-
ner locations are positioned around the tree. Raumonen et
al. (2013) suggest taking measurements from no less than
three positions. However, it should be noted that the num-
ber of scanner positions should be chosen depending on the
size of the object to be scanned and the planned level of
detail of the data (Wilkes et al. 2017). For example, Wezyk
et al. (2015) used 4 to 23 scanner positions during a field
survey of the natural monument the Bartek Oak. In 2020,
employees of the Forest Research Institute (IBL) scanned
another natural monument — the Mieszko Oak — from 10
positions, which was sufficient to accurately register the
appearance of the entire tree.

3.3. Whole stands

The MS mode is also used to scan entire stands (Fig. 3).

However, the procedure for scanning large areas is usually Figure 2. TLS point cloud representing a

more complicated, as the reference markers usually need single tree: Black alder Alnus glutinosa
to be repositioned when the locations of the scanning po- Gaertn.  Color schema: natural - colors
sitions change. For more information on this, the authors (RGB), visualization was made in Cloud-

Compare software (Girardeau-Montaut

refer readers to a paper by Wilkes et al. (2017) describing 2020)
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Figure 3. TLS point cloud representing Scots pine stand Pinus sylvestris. A — color scheme: RGB values, B — color scheme: RGB values
and different colors for automatically detected tree stems, C — automatically detected tree stems, visualization was made in CloudCompare
software (Girardeau-Montaut 2020).
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their experience from 27 field surveys in which they col-
lected TLS data for large forest areas. They recommend
scanning tree stands with a pre-planned 10x10 m grid
where each node of the grid being the location of the scan-
ner, and also recommend setting up about 120 scanning
stations for stands of one hectare. Their experience indi-
cates that conducting a TLS scan of a stand with such an
area takes between 3 and 8 days for a crew of three in the
field. It should be noted, however, that most of this work
has been done in tropical rainforests, which are among the
most complex stands in terms of vertical structure. In ad-
dition, the intensity of the work depends on many factors
related to both the stand structure and the type of scan-
ner used. The experience of IBL staff participating in a
field study of TLS data collection for two 1 ha forest plots
shows that under the conditions of Polish stands, a group of
three people may need 2 to 4 days for such measurements
of one plot, assuming more than 100 scanning stations for
one plot and the use of Riegl VZ-400 or Riegl VZ-400i
ToF scanners, which together with the software allow ali-
gnment of scans without the need to use reference markers
during fieldwork.

4. Planning a TLS survey

When planning a measurement acquisition with TLS, the
external environmental factors should be considered in ad-
dition to the technical aspects, such as the determination of
the scan parameters and the selection of the appropriate data
acquisition mode.

4.1. Weather conditions

When planning a TLS field survey, prevailing weather
conditions must be considered (Dassot et al. 2011; Vaaja et
al. 2016). Optimal conditions for TLS are windless days with
no precipitation, moderate temperatures and low humidity.
Wind is a factor that can significantly affect the quality of
the data collected, especially within tree canopies. Swaying
tree tops during the scan are captured in many places, re-
sulting in image distortion in the upper parts of the stand.
According to the study by Seidel et al. (2012), optimal scan-
ning conditions occur when the average wind speed does not
exceed 5 m/s. Vaaja et al. (2016) show that a wind speed of
9 m/s only does not significantly affect the stem parameters
of the lower part of the tree (the part of the stem below one
third of the total tree height).

TLS can be conducted in light rain or fog; however, this
is not recommended due to poor data quality and the po-
tential for distortions, i.e. false reflections in the obtained

data. Scanning is also not recommended when snow cover
is present. Possible layers of snow deposited on the stem
(absorbing the laser beams emitted by the scanner) may lead
to errors in determining the diameter or volume of the stem
(Dassot et al. 2011).

4.2. Vegetation period

An important aspect of planning a TLS survey is also
the choice of an appropriate scanning date. For surveys
that aim to obtain the most accurate data possible on the
morphology of the woody parts of trees and to estimate
their volume or biomass, the best times to scan are early
spring or late autumn. During these periods, deciduous
species lack foliage, so the effect of mutual obscuration
is much smaller. Data collection during the leaf-off period
provides a much better representation of the branches in
the crowns of deciduous species and eliminates the poten-
tial effect of the lower parts of the stems being occluded
by a layer of shrubs from the understory. This aspect is
also important when scanning in MS mode with artificial
reference markers. In the leaf-off period, the risk of the
markers being occluded by leaves from lower forest lay-
ers is reduced.

5. TLS data processing methods

TLS data processing for dendrometric tree analysis can
be divided into two main processes: tree detection in the
point cloud and the development of three-dimensional mo-
dels of individual trees.

5.1 Detection of trees

In recent years, a number of studies on automatic al-
gorithms for detecting trees in a point cloud have been
developed. In this context, tree detection can be under-
stood either as an indication of the location of trees and
their thickness (e.g. DBH) or as an attempt to reconstruct
the overall shape and architecture of trees. The first algo-
rithms were based on searching geometric patterns from
the generated two-dimensional images representing the
horizontal cross-section through a tree stand. The first
stage of these methods consists of placing a thin hori-
zontal slice of a three-dimensional point cloud on the
horizontal plane. In the next stage, trees are detected by
clustering groups of points (We¢zyk et al. 2007) and sear-
ching for geometric patterns, e.g. circles (Chmielewski
et al. 2010, Lindberg et al. 2012). These methods assume
that the shape of a point cloud representing tree trunks
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from a horizontal slice is similar to a circle or semicircle.
The advantages of these methods include their relative
simplicity and high computational speed. However, these
algorithms encounter some difficulties in complex stands
with high tree density or undergrowth, as the mapped po-
ints of the non-woody parts of the stem may be misclas-
sified as a stem (Zhang et al. 2019). To remedy this, some
researchers have focused on accurately identifying trunks
or woody tree parts directly in the point cloud. In their
work on distinguishing the woody or leafy parts of stems
in point clouds, authors use different approaches. Coté et
al. (2009) assumed that the woody parts of trees have a hi-
gher reflectance intensity than leaves and tried to exploit
this fact in the classification. However, it should be noted
that the reflection intensity of the laser beam depends not
only on the spectral characteristics of the scanned ob-
jects, but also on the angle of the laser beam, the distance
to the scanned object or its roughness. Normalising the
value of reflection intensity is again a complicated and
time-consuming process (Zhang et al. 2019). The use of
dual wavelength laser scanners has also been tested (Li
et al. 2013; Danson et al. 2014). The authors of these pa-
pers assumed that due to the distinct differences in the
wavelength properties of leaves and woody parts of trees,
they could be distinguished in the two wavelength bands.
The accuracy of the classification was not discussed in
detail in these papers. However, work on the development
of such scanners is still in the testing phase and the ava-
ilability of such devices is currently limited.

Another approach is to use the local geometric featu-
res of point clouds. In these methods, the point cloud is
divided into small subsets in a first step. Iteratively, for
each point, groups of points closest to it are selected,
defined by the radius of the sphere or by the number of
nearest neighbours around the central point. For selec-
ted subsets, geometric features are computed using the
principal component analysis (PCA) algorithm (Burt et
al. 2018, Zhou et al. 2019). For trunk detection, geome-
tric features of point clouds such as linearity, flatness, and
verticality were used. It was assumed that tree trunks in a
point cloud are generally vertical objects, are linear, and
form relatively flat surfaces at a small scale (Liang et al.
2012; Oloffson, Holmgren 2016). The geometric features
are computed for each point in the cloud based on the set
of neighbouring points determined by the radius of the
distance parameter or the number n of nearest neighbours.
The size of the selected subset affects the discrimination
of the objects. For this reason, in some studies, multi-sca-
le geometric features were used to classify the point cloud
into woody and soft parts, i.c., leaves. Classification al-

gorithms were applied in the studies, using machine lear-
ning methods among others (Vicari et al. 2019; Zhou et
al. 2019). A major advantage of these methods, in contrast
to the previous ones, is the use of geometric information
from the point cloud, which should be relatively similar
regardless of the specifics of the scanner used. However,
it should be noted that these methods require more com-
putational power.

5.2 Three-dimensional tree modelling

In the analysis of both individual trees and groups of
trees in sample plots or whole stands, the basic unit being
analysed is the quantitative structure model (QSM) of
a single tree. Such a model is assumed to represent the
morphology of the tree as accurately as possible and to
be fully measurable (Raumonen et al. 2013; Hackenberg
et al. 2015). These properties allow accurate determina-
tion of the thickness and volume of the above ground tree
components.

Liang et al. (2016) distinguish five levels of detail (LoD)
of digital tree models that allow different characterizations
of the modelled trees (Table 1).

Depending on the level of details, tree models are used
for different tasks. For the purpose of forest inventory, the
use of models with LoD from 1 to 3 are mainly considered
(Fig. 4).

The use of conventional tools in a traditional forest
inventory allows the collection of information at the LoD1
level, where each tree or a selected group of trees is descri-
bed by two basic characteristics height and DBH. LoD2-le-
vel models are much more detailed, as the thickness of the
main stem can be measured at each height for which TLS
data have been collected. Such models allow stem volume
to be measured directly and accurately. LoD3 models also
take into account branches, allowing the total biomass and
architectural features of trees to be determined. Building
such models based on TLS data requires scanning from
many positions, which significantly increases the cost of
data acquisition. LoD3 and LoD4 models are used in in-
dividual tree modelling, while LoD5 models are used in
computer graphics, but current TLS technology does not
allow obtaining detailed data, such as characterising all
tree leaves (Liang et al. 2016).

Many approaches can be found in the literature to ge-
nerate three-dimensional tree models from a point cloud.
The best results are obtained with two approaches. The
first is based on the direct reconstruction of the outer
surface of objects (meshing), resulting in a three-dimen-
sional, uniform, continuous surface that represents the
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Table 1. Parameters characterizing tree models for given levels of detail, according to Liang et al. (2016)

Level of details Parameters Predecessor included

LoD1 tree height
diameter at breast height

tree position

3D model of the main stem LoDl

LoD2

2 Jevel branch
LoD3 , eve orancies LoDI + LoD2
(directly connected with the main stem)

3" Jevel branches
LoD4 LoDI + LoD2 + LoD
© (connected with the 2" level branches) © © ob3

leaves
LoD5 . . LoDI1 + LoD2 + LoD3 + LoD4
© more details of branches (higher level branches) © © © ©

d1.3

Figure 4. Presentation of details of tree models: A — TLS point cloud, B — LoD1 tree model, C — LoD2 tree model, D — LoD3 tree model,
visualization was made in CloudCompare software (Girardeau-Montaut 2020)
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appearance of a tree. This model represents the exter-
nal shape of the bark and all its irregularities, allowing
the tree volume to be determined very accurately (Fig.
5B, D). According to Dassot et al. (2012), the resulting
model can serve as an absolute reference for volume me-
asurements. However, the application of the direct sur-
face reconstruction method requires a very high quality
and high density point cloud, as it is very sensitive to
the lack of data continuity. Due to the complexity of the
forest environment and the fact that trunks and branches
obscure each other, this method can only be used for MS
mode data. However, it should be noted that even with
data collected in this way, certain tree fragments will not
be faithfully reproduced, which may result in a model
being developed with some shortcomings or deficiencies.
An additional disadvantage of this method is the need to
pre-select points representing the woody parts of trees.
The second approach, most commonly used, is to fit sim-
ple geometric primitives into point cloud segments that re-
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present the woody parts of trees. The process of creating a
three-dimensional model using this method is usually done
in stages, from the base of the trunk to the top of the tree.
Simple three-dimensional geometric figures, such as a cy-
linder, circle, ellipse, or sphere (Raumonen et al. 2013; Hac-
kenberg et al. 2015), are iteratively fitted into the point cloud
segments, representing small fragments of a trunk or branch.
The end result of the modelling is a set of shapes that can be
combined into a whole. In these methods, the first stage of
processing often involves building the skeleton of a tree (Du
et al. 2019), which allows the model to be decomposed into
components, i.e. individual branches. Compared to the pre-
vious one, this method produces a generalised image of the
tree (Fig. 5C, E). However, it is less sensitive to data gaps.
When using this method, the best results are obtained with
data from the MS mode. It is also possible to build models of
the main trunk based on SS data, as the algorithms for mer-
ging simple geometric figures are able to deal with partially
incomplete data and interpolate the missing part of stem.

p— — B
I

D | N Y E
i " 4
| & /
i
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Figure 5. Comparison of quantitative structure models: A — TLS point cloud representing European beech in RGB colors; B, D — tree model
obtained by meshing method; C, E — tree model obtained by cylinder fitting method, visualization was made in CloudCompare software

(Girardeau-Montaut 2020)
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5.3. TLS data processing software

To date, there is no commercial software for working
with TLS data that covers all aspects of data processing for
forestry purposes. Two companies are developing such so-
ftware -Treemetrics (Ireland) is developing the AutoStem
software (Bienert et al. 2007), while Taxus IT (Poland) is
developing thetScan software (Konieczny, Neroj 2016). Ho-
wever, in both cases, they have not yet been included in the
sales offer of their companies.

Nevertheless, there are several free solutions (Table 2)
that enable such processing of TLS data, developed mainly
by scientific centres.

These include standalone desktop applications and libra-
ries of specialised tools used through programming deve-
lopment environments such as Matlab, R, or Python. These
tools are publicly available and free of charge.

6. Assessment of the basic tree parameter
estimates obtained by using TLS technology

In this section, the results of the paper are presented,
summarising the achieved accuracy of the estimation of
selected basic tree parameters. It should be noted that
the obtained results depend on a number of factors such
as: Stand structure, assumed sample size, type of scan-
ner used and data processing method applied. The works
cited focus on the results obtained for tree stands in the
temperate climate zone.

6.1. Detection of trees in the sample plots

In 2018, an international academic consortium conduc-
ted a comparison of 18 algorithms for processing TLS data
from sample plots (Liang et al. 2018Db). In the study, referen-
ce dendrometric and TLS data were obtained for 24 square
plots with side length of 32 m. The selected plots represen-
ted three categories depending on the complexity of stand
structure: simple — stands with good stem visibility, lack of
understory, and tree density of about 600 pcs/ha; medium —
stands with moderately complex structure, where there are
single clumps of understory and tree density is about 1,000
pes/ha; and difficult — where there is abundant understory
or a second stand layer and tree density is about 2,000 pcs/
ha. The authors of this paper compared the algorithms for
many biometric features of trees and for two types of data
collection — SS and MS.

Three indicators were proposed to evaluate the tree detec-
tion algorithms: detection completeness — it indicates what

part of trees in the sample plot was detected, detection cor-
rectness — it indicates what part of detected trees was correc-
tly classified as a tree (the algorithm can classify an object
that is not a tree), and average detection accuracy — it is a
resultant measure of the previous two measures.

The reference data and TLS from this project have been
published, making it possible to compare newly developed
tree detection algorithms (Zhang et al. 2019, Wang et al.
2020). However, it should be noted that an incomplete da-
taset was provided, i.e. 6 sample plots, two for each of the
stand structure complexity categories.

Below are the tree detection results obtained in the pro-
ject (Liang et al. 2018b) and other works (Zhang et al. 2019;
Wang et al. 2020) using the SS (Table 3) and MS (Table 4)
modes.

The above results indicate that the accuracy of tree detec-
tion differs depending on the mode of TLS data acquisition
used for the analysis (SS or MS), the complexity of the stand
structure and its vertical structure.

6.2. Diameter at breast height measurement

DBH is the most frequently measured and used bio-
metric parameter of trees in forestry. Table 5 presents the
selected results of DBH measurements obtained using
two modes of TLS data acquisition. Two error measures
are presented in this table: bias, which indicates whether
the measurement is over- or underestimated on average,
and root mean square error (RMSE), which indicates the
average error.

Based on the results of previous work, one can see that
the use of the MS mode does not significantly improve
the estimation of DBH. On the basis of the above results,
it can be assumed that the average error of determining
DBH in the SS mode is 1-3 cm, while in the MS mode —
under 2 cm.

It is worth noting that according to research conducted in
Finland in the 1990s, the accuracy of measuring DBH with
a tree calliper was about 0.7 cm (Hyyppa et al. 2018). In the
above experiment, an independent measurement of DBH for
a fixed group of trees was performed many times by many
surveyors, thus eliminating a potential systematic error.

6.3. Tree height measurement

The TLS tree height measurement has a systematic error
because the upper parts of the tree crown are not well visi-
ble. The tops of the trees are obscured by the branches at
the bottom of the crown, resulting in a measurement that
is usually lower than the actual height. Errors reaching se-
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Table 2. Free software to TLS data processing for forestry purposes

Algorithms used

Name Reference Platform Point cloud classifi- Basic tree QSM
DTM Tree stem ..
. . cation into wood/leaf parameters extrac-
extraction detection . .
components extraction tion
Koreti et al. 1
DendroCloud oren et a stanéa gne n n _ n )
2017 application
Trochta et ¥ 1
3DForest rochta e S anfla qne . . i N N
al. 2017 application
Othmani et standalone
Computree* o + + - + +
al. 2013 application
. Hacken- standalone
Simple- berg et al applica + + + +
Forest** °18 ' .pp
2015 tion***
AdTree Du et al. stanfialgne i i i N N
2019 application
standalone
W t al. .
SSSC a;g;) a application + + + - -
and Matlab
TreeQSM Raumonen Matlab + +
etal. 2013 i i i
de Conto et
TreeLS R - + - + -
fee al. 2017
Vicari et al.
TLSeparation feat eta Python - - + - -

2019

*a multifunctional platform designed for processing LIDAR data for forestry purposes, with the possibility of adding external plugins;

**the software has changed its name from SimpleTree;
***the Computree platform plug-in

veral metres have been reported in published works (Table
6). Using the MS mode improves the results, but there still
remains some error in the height estimates.

6.4. Tree taper curve measurement

TLS data allow to reproduce the taper curve of a stem in
a non-invasive manner by taking automatic diameter measu-
rements of point cloud sections from different stem heights.
When TLS is implemented in operational forestry, it is pos-
sible to reconstruct the taper curve for each of the trees in
the sample plot.

It should be noted that it is often not possible to recon-
struct the entire trunk from the base of the trunk to the top
of the tree. This is due to the lack of visibility of the hi-
ghest parts of the stem, or because its representation in the
point cloud is too weak, resulting from the long distance of
the scanner to the top of the tree (the distance can be more
than 30 m for tall trees), which means less frequent point
sampling.

It is assumed that, on average,the stems of up to 50-70%
of the relative tree height can be reconstructed using TLS in
the sample plots (Liang et al. 2018b). Note that this is the part
of the stem where most of the tree volume is accumulated.
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Table 3. Results of automatic tree detection on the 32x32 m sample plots at different levels of stand complexity — single-scan mode

Results
Stand complexity Parameter [%]
Liang et al. 2018b Zhang et al. 2019

mean accuracy ~88* 79

Easy completeness ~81* 68
correctness ~92% 95

mean accuracy ~73* 57

Medium completeness ~70%* 41
correctness ~92% 100

mean accuracy ~48% 20

Difficult completeness ~34%* 11
correctness ~95% 95

mean accuracy 57x* 52

Mean completeness 62%* 40
correctness 93 %% 97

*result achieved by the best algorithm,
**mean value calculated from results based on all 18 algorithms

Maas et al. (2008) compared the taper curves of the stem
obtained with TLS technology and with a harvester head. An
RMSE of 4.7 cm was obtained with respect to the reference
measurements from the harvester. The authors note that the
error between stem sections between 0.7 and 7.7 m was only
1 cm. They also point out that the error on the whole trunk
is larger due to the unusual (non-cylindrical) shape of the
lower part of the trunk and the large number of branches in
its upper part. The specific structure of the studied tree nega-
tively influenced the diameter estimation.

Table 7 shows a summary of the results obtained for the
determination of the longitudinal taper curve of the trunk.
It contains information about the average longitudinal taper
curve in the sample plots. This value expresses the percenta-
ge of relative tree height that could be mapped.

6.5. Determining tree volume

Using TLS data, it is possible to directly determine the
volume of individual trees with an error not exceeding

10%, which is comparable to the results obtained using
the best allometric equations (Dassot et al. 2012; Liang
et al. 2014).

In an international comparison of TLS algorithms
(Liang et al. 2018b), the best algorithm for data collection
in the SS mode achieved an RMSE for single-tree volumes
between 25 and 50%, and between 20 and 40% for the MS
mode. In this study, a measure for the overall assessment
of the tree volume of the sample plot was proposed by cal-
culating the volume ratio. This is calculated as the quotient
of the tree volume determined by TLS and the reference
volume. The authors give the average volume ratio for cir-
cular plots with three different structures: easy — 94% for
the mode SS and 107% for the mode MS, medium — 87%
for the mode SS and 107% for the mode MS and difficult
— 43% for the mode SS and 94% for the mode MS. These
results show that it is possible to determine the volume at
the sample plot level in both SS and MS modes with an
error of 6 — 13% for stands with simple and medium struc-
tures. When using the SS mode in plots with difficult struc-
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Table 4. Results of automatic tree detection on the 32x32 m sample plots at different levels of stand complexity — multi-scan mode

187

Results
Stand complexity Parameter [%]
Liang et al. 2018b* Zhang et al. 2019 Wang et al. 2020

mean accuracy ~92% 90 90

Easy completeness ~90%* 84 91
correctness ~94% 97 88

mean accuracy ~88* 74 74

Medium completeness ~88* 59 78
correctness ~89* 99 71

mean accuracy ~70%* 51 63

Difficult completeness ~66* 36 58
correctness ~93%* 96 69

mean accuracy 69%* 72 76

Mean completeness 81** 60 76
correctness 92 97 76

*result achieved by the best algorithm,
**mean value calculated from results based on all 18 algorithms

ture, the total volume is underestimated by more than 50%.
Mode MS, on the other hand, gives very similar results to
the reference data (6% difference).

Table 8 shows the results of estimating the volume of the
individual trees.

7. Discussion

The presented results show the great potential of using
TLS technology in forest inventory. However, the introduc-
tion of this technology in forest practice is a complicated
and time-consuming process. The change from existing so-
lutions to new technologies must bring measurable econo-
mic or qualitative benefits.

In terms of forest inventory, the most important factors
influencing the adoption of a new measurement techno-
logy are: the accuracy of the determination of basic tree
characteristics, the cost of the technology (both equipment
and software) and aspects relating to the operational use

of the technology (technological limitations, time of data
acquisition, dimensions of the equipment and the required
qualifications of surveyors, including training in the use of
the scanner and software). Considering these aspects, the
main limitations of using TLS in forestry practice are the
cost of the technology, lack of software and aspects relating
to its operational use.

Although the price of TLS devices is gradually decre-
asing, the cost of 100,000—150,000 PLN per device is still
too high. Given the current lack of multifunctional commer-
cial TLS data processing software for forestry purposes, it
can be assumed that the first ones to appear on the market
will also be expensive. This aspect may be the main reason
for not implementing this technology in forestry practice in
the next few years.

Taking into account aspects of the operational use of
TLS technology in forestry, the most difficult one is to en-
sure the detection of all trees in the sample plots. With the
current methodology of taking measurements in circular
plots, the MS data acquisition mode can be used in stands
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Table 5. Results of the automatic estimation of the diameter at the breast height based on the TLS point cloud in two data acquisition modes
— SS (single-scan) and MS (multi-scan)

Results
Reference TLS mode Tree species
bias [cm] root mean square error RMSE [cm]

Pueschel et al. S8 Fagus sylvatica L., Pseudot- 07 1.39-2.43
2013 MS suga menziesii (Mirb.) Franco 2055 0.66-121
Olofsson et al. sS Picea abzesv (L.) H. Karst, Pi- 31 2374
2014 nus sylvestris L., Betula spp L.
Wang et al. SS . . . . 04 1.6
2017 Picea abies, Pinus sylvestris

MS 0.3 1.7
Koreri et al. §8 . 0.75 2.38
2017 Fagus sylvatica

MS -0.37 0.77
Liang et al. 85 Pinus sylvestris, Picea abies, ~0.0 1.0-30
2018b MS Betula pubescens Ehrh. ~0.0 <20
Pitkénen et al. MS Picea abies, Pinus sylvestris, 0.04 07

2019

Betula spp.

Table 6. Results of the automatic estimation of the tree height based on the TLS point cloud in two data acquisition modes — SS (single-scan)

and MS (multi-scan)

Results
Reference TLS mode Tree species
bias [m] root mean square error RMSE [m]
Wezyk et al. Pinus sylvestris, Quercus spp.
MS 0.35-0.44 0.79-1.1
2007 L., Fagus sylvatica
Picea abies, Abies alba Mill.,
Maas et al. . . .
2008 SS/MS Fagus sylvatica, Larix decidua 0.6 4.6
Mill., Pseudotsuga menziesii
Olofsson et al. sS Picea abies, Pinus sylvestris, 01 49
2014 Betula spp.
i tal. Pi is, Pic ]
Saarinen et a SS/MS inus sylvestris, Picea abies, 28 14 1936
2017 Betula spp.
Liang et al. 88 Pinus sylvestris, Picea abies, 22 2478
2018b MS Betula pubescens <22 2847
Wang et al. MS Pinus sylvestris, Picea abies, 121 168211
2019 Betula spp.
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Table 7. Results of the automatic estimation of the tree taper curve based on the TLS point cloud in two data acquisition modes — SS (single-

scan) and MS (multi-scan).

Results
Reference TLS mode Tree species percentage of the tree
. . root mean square
height covered by bias [cm]
error RMSE [cm]
measurements [%]*
M t al. Picea sitc is (Bong.
aas eta ss icea sztcher.z‘szs (Bong.) ) ) 47
2008 Carriere
Liang et al. Pinus sylvestris, Picea
M 1— 1 1.1
2014 S abies 61-66 0-15 3
Saarinen et al. S8 Pinus sylvestris, Picea 3845
2017 MS abies, Betula spp 53 62
Liang et al. S8 Pinus sylvestris, Picea 34-60 -0.1-0.2 1.3-6.0
2018b MS abies, Betula pubescens 56-65 02 0.9-5.0

*mean value

with a simple structure. The results show that with this
configuration, all or the vast majority of trees in the sam-
ple plots are able to be automatically detected. However,
scanning from several positions significantly lengthens the
surveyor’s working time, which is currently considered
to be too long. It is possible that the new generation of
scanners will require less time to obtain data, but the cost
of such devices will certainly be relatively high at first.
Additionally, artificial markers usually have to be set up
to align the scans when using the MS mode. The possible
development and general availability of algorithms to au-
tomatically align scans without the use of targets will cer-
tainly be a factor influencing the potential implementation
of TLS in forestry practice. So far, there have been several
papers on this issue, and such algorithms are available only
in a few commercial software programs.

The use of data obtained in the SS mode is competiti-
ve compared to the MS mode, but only for trees that are
clearly visible in the point cloud. Based on the results of
published works, it can be assumed that about 70% of the
trees in a circular plot are detected using the SS mode. If
an inventory method based only on visible trees or a cor-
rection method for invisible trees was developed, the SS
mode would be attractive for forestry practice due to the
much shorter time of data acquisition. So far, little work
is available on this topic, and further research is required.

Should such methods be developed, it would be possible to
use TLS in more complex stands. Worth noting recurrent
research results, showing that the determination of some
aggregate stand characteristics, e.g. abundance, using both
data acquisition modes provides results very similar to the
reference data for stands with simple and moderate struc-
tures, and using the MS mode — even for stands with a
complex structure.

Another potential scenario is the use of TLS SS data to
calibrate the methods of estimating survey characteristics
using ALS and individual tree detection (ITD) methods.
This approach would use only information from clearly vi-
sible trees. This topic also requires study and the develop-
ment of precise methods to align TLS and ALS data with
“tree-to-tree” accuracy. Of course, this solution is also very
expensive at the moment.

The problem of obscured trees can be solved with mobi-
le laser scanning (MLS). By using this constantly evolving
technology, it is possible to design the trajectory of the
survey of the sample area in such a way that all trees can
be mapped. The use of terrestrial remote sensing techniques
such as MS TLS or MLS also makes it possible to increase
the size of the sample plots to be considered, which can be
an additional advantage in forest inventory.

It is worth mentioning the release of the new version of
Apple's flagship product. In March 2020, the company began
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Table 8. Results of the automatic estimation of the tree volume based on the TLS point cloud in two data acquisition modes — SS (single-

scan) and MS (multi-scan)

Results
Reference TLS mode Tree species bias [%] root mean square error RMSE
’ [%]
Quercus spp., Robinia pseudoaccia L.,
D 1. A j Fraxi jor L.
assot et a MS ln.u.s glutinosa, f’axmus excelsior L., H10% i
2012 Tilia coordata Mill., Betula pendula
Roth., Pinus halepensis Mill.
Pueschel et al. S8 . o -34-44* -
2013 Fagus sylvatica, Pseudotsuga menziesii
! MS 2-6* -
Kank t al.
2(;1;13 arecta MS Pinus sylvestris, Picea abies 0.67 15.34
Li t al.
lang cta MS Pinus sylvestris, Picea abies ~ D% 9.5
2014
Saarinen et al. SS . Lo . -0.8 124
201 Pinus sylvestris, Picea abies, Betula spp
7 MS 43 8.5
- *%
Liang et al. S8 Pinus sylvestris, Picea abies, Betula . 20-45%
2018b MS pubescens ) 150 5% %

*deviation from the reference value,
**calculated from publication data,

***the best result among 18 tested algorithms in stands with different structure

selling a new version of the iPad Pro. One of its innovations
is a built-in LiDAR sensor. According to the manufacturer,
the range of the sensor is up to 5 metres and allows you
to reconstruct the nearest environment in three dimensions
(Apple Inc. 2020). The price of the basic version of this iPad
is currently about 3,900. So far, there are no published works
on the use of this tablet in forestry research, but it is expec-
ted that soon such studies will be conducted and may be of
interest for forestry practise.

Given the continued development of LiDAR technolo-
gy, one can expect to see the development of laser scanners
capable of large-scale aerial mapping of tree trunks in the
next decade or so. Assuming that the technology develops
in this direction, it will then be possible to directly measure
the basic characteristics of individual trees without the need
for ground measurements and statistical modelling. It can be
assumed that the algorithms developed for TLS data proces-
sing could be directly applied to this new type of data.

8. Conclusions

1. Over the last 20 years, TLS data processing algo-
rithms for forest inventory purposes have significantly
developed.

2. TLS technology can be used for non-invasive dendro-
metric measurements of trees and stands, with an estimation
accuracy of most parameters comparable to traditional me-
asurement methods currently used in forestry.

3. The best time to obtain TLS data for forest inventory
purposes is early spring or late autumn (especially in deci-
duous stands or with the participation of deciduous species
in the undergrowth). Scanning is best done in windless we-
ather and low air humidity.

4. Better results for estimating the biometric characteri-
stics of trees can be obtained using the MS data acquisition
mode. However, measurements using this mode are much
more time-consuming compared to the SS mode.



G. Krok et al. / Lesne Prace Badawcze, 2020, Vol. 81 (4): 175-194 191

5. The TLS data acquisition mode and stand structure
have a great influence on the detection of trees and the accu-
racy of describing their biometric characteristics.

6. Using TLS technology makes it possible to non-inva-
sively measure the taper curve of standing trees up to about
60-70% of relative tree height.

7. The measurement of tree height is burdened with a re-
latively large systematic error caused by the ‘occlusion ef-
fect” — the top of the tree is obscured by the lower part of the
crown.

8. Further research is needed on the use of TLS techno-
logy in forest inventory and the creation of a set of ‘good
practices’ and instructions on how to obtain and process
TLS data, taking into account different variants of their
acquisition.
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