Chapter 2
Overview of LiDAR Technologies
and Equipment for Land Cover Scanning

Abstract The land cover of the Earth’s surface impacts strongly on the climate and
environment. Precise monitoring of land cover plays the significant role in the
management of the natural resources and planning humanity development. In this
sense, a remote sensing is an indispensable tool for study and prediction the global,
regional, and local ecological issues. A remote sensing implies the use of satellite,
airborne, and terrestrial shootings or their combination. In this book, the airborne
and terrestrial shootings are discussed as the factors that contribute greatly in the
study of the natural resources. Both types of shooting are based on the laser
scanning of areas, using the LiDAR technologies. The terrestrial shooting is exe-
cuted by the stationary (with a tripod use) and mobile laser scanning systems (using
the cars, trams, or ships). At last decades, the laser scanning based on the
Unmanned Aerial Vehicles (UAVs) started to be applied. In this chapter, an
overview of the LiDAR techniques and equipment for the different types of laser
scanning is given.

Keywords LiDAR technologies - Airborne laser scanning - UAV-based scan-
ning - Terrestrial laser scanning - Mobile laser scanning - Hand-held laser scanning

2.1 Introduction

The remote sensing is an efficient tool to acquire the forest monitoring in global,
regional, and local scales. The airborne LiDAR systems that emerged commercially
in the middle of 1990s, provide the explicit 3D laser profiling and scanning in contrast
to the 2D planimetric remote sensing data. The 3D coordinates (x, y, z) of a point
cloud describe the 3D topographic profile of the Earth’s surface, vegetation cover,
and man-made objects. The airborne LiDAR technique has been effectively used for
generating the Digital Elevation Model (DEM), the Digital Terrain Model (DTM),
and the Digital Surface Model (DSM). On the one hand, an airborne shooting does not
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sensitive to the lighting conditions. On the other hand, the meteorological conditions,
as the cloudy or foggy days, influence negatively on the shooting results.

In 1999, Ackermann [1] pointed out three directions of airborne laser scanning,
such as the extended applications, the consolidation and extension of the LIDAR
data processing methods, and the additional information about the Earth’s surface
characteristics. Further, these propositions were proved in academic and industrial
spheres. The outstanding review about laser scanners and their features, classifi-
cation techniques, and further development of the LiDAR data processing was
provided by Yan et al. [2].

Usually the Airborne Laser Scanning (ALS) and the Terrestrial Laser Scanning
(TLS) systems record the indirect signal intensity that causes the problems in
comparison to the use of the direct recorded values. The transmission loss and the
topographic and atmospheric effects influence on the backscatter of the emitted
laser power. This leads to a noticeably heterogeneous representation of the received
power. The geometric and radiometric calibrations help to solve this problem.

The active remote sensing technique delivers not only detailed information about
the coordinates but also data about the reflectance characteristics of the Earth’s
surface in the laser wavelength. Typically, the ALS systems provide the signal in
the Near-InfraRed (NIR) spectra in the wavelength interval 800-1550 nm. The ALS
systems record the return amplitude of echoes with a full-waveform digitization.
The emitted laser shot interacts with the surface, generating the backscatter. The
received signal as a function of time contains one or more peaks that correspond to
the distinct reflections of a laser beam from the opaque or penetrable (like trees or
shrubs) objects. Notice that in a field of the ALS, the terms “signal intensity”,
“reflectance intensity”, and “pulse reflectance’ are often used as synonym for the
return amplitude or energy of one echo. As Hofle and Pfeifer mentioned in [3], the
ALS systems, recording the intensity, are the small footprint scanners that operate
with a beam divergence in the range of 0.3-0.8 mrad and a flying altitude above
ground up to 3500 m. Herewith, the laser footprint diameter (with a beam diver-
gence of 0.8 mrad) would be 0.8 and 2.8 m for the flying heights of 1000 and
3500 m, respectively. The spatial resolution (a footprint area) for cameras may vary
strongly that caused by the changes in the flying altitude and the topography of the
scanned surface (under the assumption that a beam divergence is constant during a
flight). The variations in scan geometry lead to the appearance of the under-sampling
(gaps) and over-sampling (overlapping footprints) that requires a re-computation of
the obtained signal according to topography and flying altitude.

The chapter is organized as follows. The development of the LiDAR tech-
nologies is discussed in Sect. 2.2. An overview of airborne, the UAV, and terres-
trial laser scanning, including the basic physical principals, methods of registration,
and equipment, is represented in Sects. 2.3-2.5, respectively. In spite of the UAV
laser scanning is a type of the ALS, it is reasonable to discuss it in separate section
because of the principal differences in navigation and equipment. Section 2.6
includes a comparison of remote sensing techniques for forest inventory.
Conclusions are drawn in Sect. 2.7.
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2.2 Development of LIDAR Technology

Periodically, the global airborne LIDAR market reports are becoming available at
internet sites. Thus, Cary and Associates of Longmont, CO. [4] analyzed the global
airborne LIDAR market from 2005 to 2008. The survey indicated that there has
been an increase of 64% in the number of LiDAR systems in use, 53% in LiDAR
operators, and 100% in the number of end-users in that period. Looking out to
2012, the report predicted that the sales of software and data processing services
will grow from 11 to 20% range. A list of the LiIDAR applications included:

Topographic mapping [5-9].

Flood risk assessments [10—13].
Watershed analysis [14].

Forestry modeling and analysis [8, 15-25].
Habitat ecology [26-28].

Landslide investigation [29].

3D building modelling [30-32].

Road extraction [33].

Snow depth measurement [34].

At last decades, various methods (such as LiDAR data filtering, the
DTM/DEM/DSM generation, full-waveform data modelling, geometric and radio-
metric calibration, among others) and data formats of LIDAR data processing were
developed. The American Society of Photogrammetry and Remote Sensing
(APSRS) also provided a platform for the formulation of the Log ASCII Standard
(LAS) data format from version 1.1-1.4 [35-39] with the guidelines and manual for
manipulating of the airborne LiDAR data. Besides, the International Society for
Photogrammetry and Remote Sensing (ISPRS) had offered three benchmark testing
datasets for examining the algorithms and methods for urban object classification
and 3D building reconstruction [32]. Also the ISPRS international conferences are
organized.

The commercial topographic LiDAR sensors usually utilize the near-infrared
laser with the wavelength 1064—1550 nm. The returned signal is characterized by a
high separability of spectral reflectance that permits to separate different land cover
materials. As a result, a continuous high resolution 1D waveform profile can be
built [40, 41]. Table 2.1 provides some studies that demonstrate the use of airborne
LiDAR for land cover classification in terms of the scanning configuration, data
resolution, a number of feature spaces used, classification technique, and overall
accuracy in 2004-2012 (some data were taken from [2] and checked using the
initial references).

In report [55], the state of LiDAR market is forecasted from 2016 to 2022. The
LiDAR market was studied in 2015 and valued at USD 1.39 Billion in 2016. It is
expected to reach USD 3.22 Billion by 2022, at the Compound Annual Growth Rate
(CAGR) of 12.4% from 2016 to 2022. It was found that the terrestrial lasers hold the
largest share of the LiDAR market among all product types. Key companies,
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2.2 Development of LIDAR Technology
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operating in the market, are the Quantum Spatial (Aerometric) (U.S.), the Faro
Technology (U.S.), the Geodigital (Canada), the Leica Geosystems AG
(Switzerland), the Optech, Inc. (Canada), the Riegl Laser Measurement Systems
GmbH (Austria), the Topcon Positioning Systems, Inc. (U.S.), the Trimble
Navigation Limited (U.S.), the Sick AG (Germany), the Velodyne (U.S.), the BLOM
(Norway), the Michael Baker International (U.S.), and the YellowScan (France).

2.3 Overview of Airborne Laser Scanning

A typical LiDAR system consists of a laser scanner and Global Positioning
System/Inertial Navigation System (GPS/INS) navigation components. The laser
scanner mounted on the platform produces a wide swath over, which the distances
to the mapped surface are measured. The distances from the sensor to the mapped
surface are computed by the time delay between the laser pulse transmission and
detection. The laser beam direction (an encoder angle), at which the laser is
scanned, is measured. The onboard GPS/INS components provide the position and
orientation of the platform’s movement. Then all types of information are used in
the post-processing in order to calculate the coordinates of the point cloud. The
laser technology was invented by Charles Townes and Arthur Schawlow in Bell
Labs in 1958. Since that time, many investigations were done that was reflected in
numerous publications, e.g., the books [56-58].

The physical principles of airborne laser scanning are discussed in Sect. 2.3.1.
Section 2.3.2 explains the sources of the main errors, appearing during a laser
scanning. Sections 2.3.3-2.3.4 provide the conventional and alternative LiDAR
calibration methods, respectively. An overview of the equipment for airborne laser
scanning is represented in Sect. 2.3.5.

2.3.1 Physical Principles of Airborne Laser Scanning

The basic measuring principle of laser scanning (airborne, using the UAV, or
terrestrial) is the same but with the own features of application. Jelalian [59] pro-
posed the radar range equation under the assumption that the receiver field of view
matches the beam divergence and emitter and detector have the same distance to the
target. Equation 2.1 comprises the sensor, target, and atmospheric parameters,
where P, is a received signal power, P, is a transmitted signal power, D, is a
receiver aperture diameter, R is a range from sensor to target, B, is a laser beam
width, 1, iS a system transmission factor, M, is an atmospheric transmission
factor, G is a target cross-section.
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The effective target cross-section (backscattering cross-section) ¢ contains all
target characteristics and is defined by Eq. 2.2, where Q is s scattering solid angle
of the target, p is a target reflectance, A, is a target area.

o =—pA, (2.2)

The direction of the reflection is determined by the angle of incidence o. This is
an angle between the laser beam and the target area. It is defined as an angle
enclosed by a surface normal and a laser shot direction. The reflectance is an
averaged over the total target area portion of reflected to incident radiation from the
target area in the laser wavelength. The specular or diffuse reflections influence
differently on the direction and strength of the backscattering cross-section. The
target size is the effective area illuminated by the laser beam, i.e., the size of the
orthogonal-to-ray projected area of the scatterer.

Jelalian [59] introduced the simplification of Eq. 2.2 under the following
assumptions:

e The entire footprint is reflected on one surface (extended target) and the target
area A; is circular. Hence, the entire footprint is defined by the laser beam width
B; and the range R.

e The target has a solid angle of 7 steradians (Q = 2w for scattering into a half
sphere).

e The surface has the Lambertian scattering characteristics. If an incident angle is
greater than zero (o > 0°), then a target cross-section ¢ has a proportionality of
cosa [60, 61].

As a result, the parameters A, and G can be calculated, using Eqs. 2.3-2.4.

TERZBZ
A= 2.3
a 23)
o = pR*B cos o (2.4)

A substitution of Egs. 2.3-2.4 in Eq. 2.1 leads to an inverse range square
dependency of the received signal power, independent of the laser beam width
(Eq. 2.5).

P.D}p
P, = :‘_Tnxyx MNanm €OS A (25>

Jelalian [59] show that the areas of the non-extended diffuse targets have dif-
ferent range dependencies. Thus, the point targets with an area smaller than the
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footprint (e.g., a leaf) are range independent. The linear targets areas (e.g., a wire)
are linear range dependent. As a consequence, the received power reflected from the
non-extended targets underlies an inverse range-dependent function with higher
power (1/R*, 1/R?). Often the ALS systems do not record the emitted power or even
the emitted waveform. Hence, the optical transmission efficiency of all optical
components in the ALS system as well as the system transmission factor 7y, are
assumed to be constant for a certain ALS system but vary for different systems and
over time. The aperture diameter D is also set to be a constant factor.

The system-independent atmospheric effect defined by m,,, stands for the
average atmospheric conditions at the time of a flight. A wavelength range strongly
influences on the loss of energy primarily due to scattering and absorption of the
laser photons in the atmosphere between the scanner and target, even if the
atmospheric conditions are constant. For a wavelength of 1.06 pum, the effect of
scattering considerably exceeds a contribution of absorption [62]. For horizontal
propagation, the attenuation a can range from 0.2 dB/km for extremely clear
conditions to 3.9 dB/km for haze conditions [59]. For vertical propagation, the
atmospheric transmittance typically increases with higher altitudes (the vertical
propagation results in lower average attenuation coefficients in comparison to the
horizontal propagation). For flying heights of 1000, 2000, and 3000 m above
ground and above sea level, the average vertical attenuations are 0.22, 0.17, and
0.14 dB/km, respectively (these values were obtained for mid-latitude summer and
rural aerosol conditions with a visibility of 25 km). Equation 2.6 helps to evaluate
an influence of the atmospheric factors, where a is an atmospheric attenuation
coefficient, dB/km, R is a range from sensor to target, m, the factor 10,000 origi-
nates from a given in dB per km.

Natm = 1072Ra/10000 (26)

From practical experience, the noise in the intensity measurement is around
10%. On the one hand, a value of the atmospheric transmission factor 1, can be
neglected due to very clear atmospheric conditions and small ranges. On the other
hand, the model covers the large range differences. This leads to consider the factor
Nume- Due to the lack of meteorological data (e.g., temperature, water vapor, or
aerosol concentration) and the high spatial variability of these parameters, an
approximated value for parameter a has to be chosen as the average atmospheric
conditions of a flight. Equation 2.5 can be rewritten, where factor C represents the
sensor parameters (e.g., P;, D, system losses) that are assumed to be constant within
a flight, using the same ALS system settings.

P 1n-Ra
P/(R) = 02710 Ra/10000 o054 . C (2.7)
The left side of Eq. 2.7 is converted into a voltage, amplified in the ALS system,
and finally transformed into a digital form through an unknown proprietary func-
tion. Assuming a linearity in this transformation, it is further possible to compare
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Fig. 2.1 Scanning mechanisms and ground patterns: a oscillating mirror and linear pattern
(Z-shaped), b rotating polygon and linear pattern (parallel), ¢ nutating mirror (palmer scan) and
elliptical pattern, d fiber switch and linear pattern (along the flight lines)

the intensity measurements. The peaks of the Gaussian pulse waveforms can be
compared (not more than 50% of a range width). Having the target areas with a
defined reflectance p measured by a spectrometer on the ground, one can estimate a
direct determination of parameter C. The normalization of the intensity to an
average range and the estimation of C offer a reasonable approximation of surface
reflectance under the mentioned above assumptions.

The LiDAR scanning pattern on the ground is affected by the scanning device, as
well as the flight path, the flight speed, and the terrain topography. The types of
scanning devices used in the commercial LiDAR systems are the following: an
oscillating mirror, a rotating polygon, a nutating mirror, and a fiber switch. Their
schematic illustrations are depicted in Fig. 2.1.

The oscillating mirror and rotating polygon yield the linear scanning patterns:
the “zigzag” patterns (Fig. 2.1a) and the parallel lines on the ground (Fig. 2.1b),
respectively. The non-linear scanning pattern is produced by the nutating mirror,
providing an elliptical path of the laser beam (Fig. 2.1c). The advantage of the
nutating mirror is that the ground is scanned twice from different directions (for-
ward and backward). This means that the occluded areas in the forward scanning
can be captured in the backward scanning. The fiber scanner consists of two arrays
of glass fibers, transmitting and receiving. The number of glass fibers determines
the number of laser footprints across the flying direction (Fig. 2.1d). The fiber
scanner has an important advantage with respect to maintaining the stability of
measuring laser beam directions because each glass fiber has a fixed beam direction.
According to the reviews of the commercial LiDAR systems [63], the oscillating
mirror and rotating polygon are the most popular.

The coordinates of the LiDAR footprints are the result of combining the derived
measurements from each of its system components as well as the boresight and
lever-arm parameters relating to such components. The relationship between the
system measurements and the parameters is embodied in the LIiDAR georeferencing
equation [64], considering four coordinate systems, such as a mapping frame
(ground coordinate system), an Inertial Measurement Unit IMU) body frame, a
laser unit frame, and a laser beam frame.
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2.3.2 Errors of LIDAR Systems

The random and systematic errors are the main types of errors in the LiDAR
system. The random errors are the errors of the system’s measurements (the posi-
tion and orientation of the integrated GPS/INS, encoder angles, and laser ranges)
and provide a frequency distribution, usually normal distribution. The systematic
errors are caused by the physical laws, can be predicted, and may lead to the biases
in the boresight angles and lever-arm offsets of the system components and biases
in the encoder angles and laser ranges of the system measurements.

The impact of random errors on the obtained point cloud can be studied by two
ways. The first approach is based on a simulation procedure, while the second
approach uses the law of error propagation. The simulation procedure defines the
impact of the imposed noise in the system measurements. Suppose that an initial
surface and trajectory are given. Then a noise is added to the system measurements,
and a surface is reconstructed through the LiDAR georeferencing equation. The
differences between the initial and reconstructed coordinates of footprints determine
the random error influence. The impact of a noise in the system measurements are
mentioned below [65]:

e The position noise leads to similar noise in the derived point cloud. The effect is
independent of the system flight altitude and scan angle.

e The orientation noise (platform attitude or encoder angles) affects the horizontal
coordinates more than the vertical coordinates within the nominal scan angle
ranges. The effect is dependent on the system flight altitude and scan angle.

e The noise in laser range mainly affects the vertical component of the derived
coordinates (especially in the nadir region). The effect is independent of the
system flight altitude but influences on the system’s scan angle.

The second approach studies the stochastic characteristics of dependent variables
based on the law of error propagation applied to the LiDAR georeferencing
equation [66]. For the LiDAR footprint, the law of error propagation is used to
estimate the precision of the derived coordinates based on the precision of the
system measurements. Using this approach, one can choose the parameters, pro-
viding the best precision for the given system and flight configuration, especially
for flat and horizontal solid surfaces. Such expected precision of the measurements
can be estimated based on the LiDAR system manufacturing parameters. However,
the manufacturing parameters do not consider vegetation and atmospheric effects.

The systematic biases in the system measurements (the encoder angles and laser
ranges) and system parameters (the boresight angles and lever-arm offset relating
the system components) lead to the systematic errors in the derived point cloud.
Alike the random errors, the impact of systematic biases can be derived through
mathematical analysis of the LiDAR georeferencing equation or using a simulation
process. The impact of the various systematic biases of the LIDAR system on the
ground may depend on the flight direction (forward and backward), the flight
altitude, and the encoder angle (Table 2.2).
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For a simulation process, a surface (usually flat) and a trajectory ought to be
given. Then the biases are added to the system parameters and measurements in
order to generate a bias-contaminated point cloud. The obtained point cloud is
compared with the true surface in order to estimate the impact of the systematic
errors. A compatibility of the overlapping strips is evaluated using two strips in
forward and backward directions.

2.3.3 Conventional LiDAR Calibration Methods

The outcome of the LiDAR system is a point cloud, including 3D coordinates and,
sometimes, the intensity values. The LiDAR georeferencing equation is a function
of the boresight angles, lever-arm offset, and system measurements. Usually the
calibration of the LiDAR system is required because of the biases of the system
parameters. The Quality Assurance (QA) procedure helps to improve a quality of
point cloud coordinates. The conventional calibration procedures require a full
access to the raw measurements from the GPS/INS components and laser scanner as
well as the use of control data. Notice that the vertical accuracy of LiDAR data is
relatively high (5-30 cm) compared to other methodologies, while the horizontal
accuracy is about 20-50 cm [67]. The quality of the LiDAR data is affected by
many factors:

Accuracy of the integrated GPS/INS position and orientation.
Validity of the system parameters.

Point density.

Flight altitude and speed.

Amount and density of vegetation and buildings.

The geometric and radiometric calibrations are differed. Referring to the
guidelines in part 2 and part 3 of the VDI/VDE 2634 [68, 69], the accuracy of 3D
optical measuring systems based on area scanning shall be evaluated by checking
the equipment at regular intervals. This can be achieved by the length measure-
ments and measurements in the same way of typical measurement objects.
Sometimes, the measurements of sphere spacing error are reasonable. The precision
of 3D laser scanning systems includes the errors in distance and angle measure-
ments, and depends from the algorithm for fitting the spheres/targets in the point
cloud. The influence of these errors is difficult to determine separately. The detailed
information for the TLS systems one can find in [70].

Hofle and Pfeifer [3] introduced two different methods for correcting the laser
scanning intensity data as the data-driven correction, when the predefined homo-
geneous areas are used to estimate empirically the best parameters for a given
global correction function accounting all range-dependent influences, and the
model-driven correction that improves the intensity values based on the physical
principle of radar systems. For the data-driven correction, the parameters are
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evaluated, using the Least-Squares Adjustment (LSA) method. For both approa-
ches, a set of laser points with their corresponding plane positions (x, y, z) and
intensities I is required for reconstruction of a laser shot vector (direction and
length) that is used for calculating the range and angle of an incidence.

For the data-driven correction, it is assumed that the recorded intensity is pro-
portional to the ground reflectance and related to the flying height via empirical
monotonic functions. It is considered that all physical effects are compensated, and
the parameters calculated once can be used for further flights (with the same system
settings and comparable atmospheric conditions). The general mathematical model
has a view of Eq. 2.8, where I is an intensity, R is a range, I'°*" is an intensity that is
observed with R = 1000 m, f{R) is an empirical function that can be represented by
Egs. 2.9 and 2.10 or other ones.

I(R) =1""F(R) f(R)<f(R+AR) VAR>0 f(1000) =1 (2.8)
1

FR) = R T (1= 1000k, (29)

f(R) 1 (2.10)

" kiR + koR2(1 — 1000k, — 10002k, )

The parameters k; and k, are the unknown coefficients that are calculated from
the series of experiments. Thus, if the functional relationship is quadratic, at least
three notably different ranges are required. The measurements ought to be such that
one echo is returned. This requirement is introduced in order to overcome an
over-parameterization.

The model-driven correction is carried out under the following propositions:

The reflectors are assumed to be the Lambertian reflectors.

The surface slope can be estimated from a neighborhood of points.
The atmospheric conditions are known and constant.

The transmitted laser power is assumed to be constant.

The incoming power is linear respect to the recorded intensity values.

The first two assumptions are fulfilled over an open terrain, while in the forests
multiple reflections are the norm and it is impossible to obtain the measures close to
physical properties. If all propositions are fulfilled, then the result is a value directly
proportional to p and is impressed by Eq. 2.11, where pgpis(Rs, o) is a value
proportional to p normalized on standard range Ry, I is a recorded intensity, R is a
recorded range, o is an angle of incident defined as angle between the surface
normal and the incoming laser shot ray.

R? 1
I(Ry) = Paigse(Rs; )05 10%Ra/10000 (2.11)

2 COs o
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The coefficient a in Eq. 2.11 considers an average value for the atmosphere
between airplane and ground. However, the atmospheric conditions during a flight
may be complex. More sophisticated meteorological model ought to suppose that
the coefficient a is a function of a range R and the absolute elevation z because the
concentration of the scattering particles decreases with an altitude.

2.3.4 Alternative LIDAR Calibration Methods

The elimination of systematic errors provides a full potential accuracy of laser
scanners. Bang [65] and Habib et al. [71] investigated the system parameters (in-
cluding the mounting parameters) and the systematic errors in a laser scanner (the
encoder angle scale factor and the laser range bias), using the point cloud coordi-
nates of the overlapping strips. This leads to appearance of two alternative cali-
bration methods that determined the biases in the system parameters and overcame
the limitations of well-known calibration procedures of raw LiDAR data. The
“simplified method” is applied in the case of the parallel overlapping strips, when
the systematic biases are estimated using the identified discrepancies between the
conjugate primitives in the overlapping LiDAR strips. The “quasi-rigorous method”
deals with the non-parallel strips over a rugged terrain. This method requires the
time-tagged LiDAR point cloud and the navigation data (trajectory position).
The simplified method is functioned under the following assumptions:

Linear scanning systems are considered.

Variations in the object space elevations are much smaller than the flight
altitude.

The flight lines are parallel.

The platform trajectory is straight.

Values of the roll and pitch angles are small enough to be ignored.

Values of the boresight angles are assumed to be very small.

In contrast to the simplified method, the quasi-rigorous method deals with the
non-parallel strips, heading variations and varying terrain elevations. It can be
achieved by the use of the time-tagged point cloud and the trajectory position data.
This method was developed under the following assumptions:

e Linear scanning systems are considered.
e Values of the roll and pitch angles are very small, and can be ignored.
e Values of the boresight angles are small, and can be ignored.

Unlike the simplified method, the quasi-rigorous method does not require the
straight flight lines because the firing point position and heading are estimated by
the trajectory position data and the time-tagged points.

The mathematical derivation for both methods may be found in the researches of
Bang [65] and Habib et al. [71].
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2.3.5 Equipment for Airborne Laser Scanning

The commercial civil companies, leaders in manufacturing of equipment for the
ALS, are the Teledyne Optech, the Applanix POS AV, the TopoSys Harrier Model
Range, the Riegl, the Leica, among others. Consider the products of the Teledyne
Optech that has a wide family of laser scanners and digital cameras for the ALS
systems.

Over the last 30 years, the Optech has proven that airborne surveying offers
many advantages for acquiring spatially-located data across large areas [72]. From
an aircraft’s vantage point, the sensors capture the wide areas of terrain, such as
cities, forests and farmlands, or long corridors such as power lines, railways, and
rivers. Airborne sensors also have the speed and flexibility to survey many square
kilometers in a single flight, even over rough or inaccessible terrain. The spheres of
application are depicted in Fig. 2.2. The available Optech LiDAR systems are
described in Table 2.3.

The Optech has a full line of airborne camera systems (from high resolution 80
megapixel RGB, to multispectral and thermal cameras) for a variety of applications
in addition to being optimized for the LiDAR integration [73]. All airborne camera
systems include a kinematic mounting for flexible configuration and a choice of
interchangeable lenses to fit the specific flight requirements. The available Optech
cameras are described in Table 2.4.

Fig. 2.2 Spheres of application in a schematic view (from [72])
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Notice that a fusion of the LIDAR data and an imagery of any type is not a trivial
task due to different nature of laser and video shooting [74, 75]. The detailed
information about equipment for the ALS systems one can fine in the corresponding
sites, e.g., [76-79].

2.4 Overview of UAV Laser Scanning

Initially, the UAVs were introduced for the remote area investigation and mapping
initially for military purpose. However, with the development of low-cost and
light-weight sensors, the UAV systems became capable of carrying GPS, the
Inertial Measurement Unit (IMU), and camera to serve a variety of civil applica-
tions, such as vegetation control [80], forest inventory [24], changing rivers [81],
coastal flooding analysis [10], ice surface observation [82], forest fire monitoring
[83], automatic detection of heat losses in buildings [84], etc. Nagai et al. [85]
presented the UAV LiDAR system and direct georeferencing technique to process
the LiDAR data for digital 3D modelling. Lin et al. [86] created a small helicopter
system (4.5 kg) that is able to lift up a payload of 7 kg, including GPS/IMU,
LiDAR, CCD camera, and thermal camera. This system had a wide scale mapping
applications, such as the tree height estimation, the pole detection, the road
extraction, and the DTM generation. Lin et al. [8§7] combined the data collected
from the UAV imaging system and mobile mapping system for land cover clas-
sification in the urban environment. However, such issues as system calibration,
sensor modelling, data fusion with onboard camera, and on-line data processing do
not solved fully yet.

The particular qualities of UAV laser scanning are represented in Sect. 2.4.1,
while the equipment for UAV laser scanning is performed in Sect. 2.4.2.

2.4.1 Particular Qualities of UAV Laser Scanning

The UAYV is navigated by a small onboard GNSS/INS module. The main compo-
nents of the own navigation module include the gyroscopes for measurement of
angular velocity, the air pressure sensor, the magnetometer, and the accelerometer.
The mission planning (flight path, flying height, velocity, and aims) is prepared
using the ground station before a flight. The mission is executed fully automated but
a wireless communication allows to track the actual position of the UAV and adapt
the flight plan if it is possible. A pseudo-automatic or manual mode, e.g., for
landing, is possible in the case of a signal loss or other unexpected problems.
Flight-attitude data are logged and either transmitted in real time to the ground
station or downloaded after the flight.

Because of limited payload and place, the restricted number of devices can be
mounted on the UAV. Usually the UAV is equipped with light-weight cameras that
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deliver the images in high quality and resolution after the mission. However, the
camera’s parameters can be unstable during a flight that causes a necessity in
hardware or software stabilization. For vegetation analyses, the small and
light-weight models of multispectral/hyperspectral sensors, the NIR, and/or
Consumer InfraRed (CIR) sensors, laser scanners, spectrometers, and laser dis-
tance rangers and radar sounder are maintained [88].

The georeferencing can be done in several ways:

¢ Direct georeferencing (the direct measurement of camera position and orienta-
tion for each image) can be done with flight attitude data from the GNSS/IMU
module [89].

e Georeferencing using the ground control. For dense forest, the extensive field
work is necessary for accurate measurements of ground control.

e Combination of the direct georeferencing and ground control for accurate
evaluation of the exterior orientation parameters.

The topics of the UAV autonomous control [90], the GPS-denied navigation
[91], and the path planning [92] are discussed widely in areas including robotics,
mechatronics, computer vision, and computer science. However, at present a lot of
the existing algorithms in literature have not been realized onboard of the UAV in
real time. This is a crucial problem, especially for indoor navigation. The devel-
opments in the Unmanned Aerial System (UAS)-based remote sensing, focusing on
various types of the UASs, are actively discussed in literature [24, 93, 94].

2.4.2 Equipment for UAV Laser Scanning

One of the greatest advantages of the UAV laser scanning is its high flexibility and
the relatively low operational costs. The miniaturization of the sensors and the
increasing reliability of the navigation systems make the UAVs an indispensable
instrument for many applications. Consider the UAV equipment manufactured by
one of the leader companies in the world (Table 2.5).

Miniaturization has led to smaller payloads of sensors, computers, communi-
cation devices, and power supplies that have allowed smaller UAVs to perform the
same functions as larger UAVs. Nowadays, nano-UAV (NUAV), micro-UAV
(MAYV), and mini-UAV (MUAYV) are designed for military and civil purposes.
Mini-UAVs are classified as man-portable, air-launched, and multi-mission devices
[96]. Any UAV with a wingspan less than 2 m but greater than 30 cm is considered
the MUAV. The MUAVs are suitable for military applications, such as for
Intelligence, Surveillance, and Reconnaissance (ISR) missions, Nuclear, Biological,
and Radiological (NBR) detection, communications relay, wiretapping, radar
interference, and operations in cities and high-density population areas. The MAV
is any UAV that has a wingspan of 30 cm or smaller. The MAVs are useful for
battlefield reconnaissance, air monitoring, the NBR detection, target identification,
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and communications relay. The MAVs also can be used to reconnoiter building
interiors.

A swarm has been defined as “modeled flight that is biologically inspired by the
flights of flocking birds and swarming insects” [97]. The studies of grouping UAVs
began until the early 1990s. The main idea was that a swarm of the UAVs can be
performed like a network of assets and complete missions that have been reserved
for larger UAVs or manned aircraft. It is evident that the use of multiple
mini-UAVs or micro-UAVs rather than a single large one increases the efficiency
greatly. Also, a swarm of inexpensive mini-UAVs and micro-UAVs possesses a
redundancy advantage: if one member of the swarm is lost in action, the rest part of
the swarm continues to carry out the mission.

2.5 Overview of Terrestrial Laser Scanning

The spheres of the TLS measurements are restricted by the non-large areas of
surveillance. Due to the dense point clouds, the TLS is successfully applied in
biomass estimations for forestry needs [98]. Fixed-position (mounted on a tripod)
terrestrial laser scanners offer a high potential for 3D mapping of smaller areas with
high detail. The TLS is the most suitable technique for detailed modelling of
individual trees and canopies, providing the basic tree parameters, such as the
number and position of trees, Diameter-at-Breast Height (DBH), and tree height.
However, this technique, as well as the use of the hand-held scanners, cannot be
applied for each tree in the forest. The appearance of the mobile laser scanning
systems extended the scale possibilities of such investigations. Another interesting
application of the TLS is a measurement of rill erosion in natural volumes, such as
the banks of rivers, the slopes, mountains, etc. [99].

The particular qualities of the TLS are discussed in Sect. 2.5.1, while the
equipment for this type of laser scanning is represented in Sect. 2.5.2. Similar to the
mentioned above sections, the particular qualities of a mobile laser scanning are
considered in Sects. 2.5.3 and 2.5.4 provides the equipment for a mobile laser
scanning.

2.5.1 Particular Qualities of Terrestrial Laser Scanning

The TLS allows to scan surfaces from different angles, producing a rather com-
prehensive point cloud with sub-centimeter resolution, as compared to the resolu-
tions of a few points per square meter that is typical for the Global Positioning
System (GPS) based surveys. The high sampling rate of 4-40 kHz and the possi-
bility to register several overlapping point clouds enable to promote the rapid
survey across hundreds of meters. Resolution, range, and sampling rate of the TLS
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permit the seamless integration of the collected data, creating the highly accurate
DEMs.

The principle of TLS is the following: a highly collimated laser beam scans over
a predefined solid angle in a regular scanning pattern and measures the time of flight
of the laser signal. The scanning range of the mid-range terrestrial system allows to
conduct the distance measurements in interval 2—800 m. Maas et al. [100] analyzed
the main tree parameters, such as reliability and precision of the DBH, tree height,
and trunk profile obtained by use of the TLS system. Five different study areas with
varying scan parameters were used during the experiments. It was found that:

e An accuracy of tree detection was 97.5%.

e The DBH measurement accuracy determined with callipers ranged from 1.48 to
3.25 cm.

e The Root-Mean Square Error (RMSE) of the tree height measurements for
different species was 4.55 m and remained 2.07 m, even with the removal of
two outliers.

However, a quality of the TLS depends on the amount of object occlusion and
the external environmental factors, such as wind or relative humidity (fog or light
rain). The TLS in natural forest environments meets different levels of occlusion
among the various vegetation components. The amount of occlusion depends on the
width of the light beam, the point cloud density, and the use of the first or last
return. Also, the resulting point clouds can be altered by the presence of a wind if
the scanning time exceeds a few seconds. In the case of multiple scans from
different viewpoints, a geometric scan registration adds another level of complexity
to data pre-processing, reducing the adverse effects of object occlusion due to
oversampling of areas. Coté et al. [101] proposed an architectural model of trees
based on the following assumptions:

e The accounting of even small structural elements that can be resolved by the
laser scanner (individual needles on a conifer).

e The lack of a priori information about leaf or shoot/needle inclination.

e The sophisticated distinguishing of wood and foliage from point cloud data.

In cases when the TLS data set is used, the 3D modelling of tree architecture is
highly dependent on the scan acquisition parameters and data quality. Such con-
straints limit the efforts to model 3D tree architecture, especially for the coniferous
species because they can be scanned already with the needles.

2.5.2 Equipment for Terrestrial Laser Scanning

Consider the equipment for the TLS manufactured by one of the leader companies
in the world (Table 2.6).
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A description of some other specifications for the TLS instruments, such as
FARO LS 880HE80, Leica HDS6100, and Sick LMS151 as well as their appli-
cation in experiments, one can find in [103].

2.5.3 Particular Qualities of Mobile Laser Scanning

The Mobile Laser Scanning (MLS) is a new technology at that the objects are
continuously mapped by laser distance measurement from driving vehicles (such as
a multi-van pickup, the Suburban Utility Vehicle (SUV), or even a ship or railway
train), and transformed into 3D point cloud, using the GPS/IMU data.
A comparison to the laser mapping technologies, like the ALS and the TLS, shows
that the MLS combines components of both ALS and TLS. Angle of view, high
point density and genuine 3D data are comparable with the TLS. Georeferencing
capability and efficiency (in the sense of speedy mapping of large areas) are
comparable characteristics of the ALS. Just like the ALS and the TLS, the MLS
allows to combine the laser scanners with the RGB cameras in order to collect
image data simultaneously with the laser data and to georeference them. A mobile
mapping is expected to provide ease of mobilization and low costs in comparison to
an airborne laser scanning. Especially, the MLS is attractive for projects, involving
small areas and specific tasks. The current fields of the civil MLS application are the
following:

e Inventory data collection for urban planning.

e Inventory-taking for the GIS applications (road inventory, road condition, tree
register, lighting register, traffic sign register, railways inventory).
Basic information for navigation (abnormal load transports).
Basic information for modelling (volume control, facade documentation).

One of the most important operations for railways is the maintenance of
infrastructures and mapping its surroundings for actual information. These opera-
tions need to be fast, accurate, and reliable for planning. The MLS technology is the
most effective way of capturing the high resolution data. Due to the high volume of
captured data, a post processing is very time consuming and labor intensive. In
order to process the data effectively, the automatic solutions are required. The
example of railways extraction is depicted in Fig. 2.3.

2.5.4 Equipment for Mobile Laser Scanning

Typical mobile LiDAR system consists of one or more laser scanners and digital
cameras mounted on a vehicle (car, tram, or others). In the outdoor spaces, the
trajectory of a vehicle is determined using the GPS and the high-grade IMU. Often
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Fig. 2.3 Extraction of railways from LiDAR data from [104]

a wheel rotation sensor is added to obtain the odometry data. However, this type of
system cannot be directly used for indoor applications because the GPS is not
available indoors.

The MLS systems have been commercially available for several years and can
achieve an accuracy of a few tens of mm in range 400 m [105]. Consider the
equipment for the MLS manufactured by one of the leader companies in the world
(Table 2.7).

One can mention other mobile scanners, e.g., the Trimble MX8 [107]. This
device is a premium mobile spatial imaging system capturing fully synchronized,
high-quality georeferenced point clouds and high-resolution imagery. The
vehicle-mounted system is designed for surveyors, engineers, and geospatial pro-
fessionals conducting as-built modeling, inventory, inspection, encroachment
analysis, and asset management for roadways, bridges, railway, utilities and other
infrastructure management. The main features are the following:

e Performance 360° mobile dual laser scanners collecting over one million points
per second.

e High-frequency digital cameras at set orientations, capturing the high resolution
panorama and surface imagery.

e The POS LV positioning and orientation system, delivering extremely fast
position updates (up to 200 Hz) and high accuracy results, even when the
Global Navigation Satellite System (GNSS) signals are interrupted.

e Rigidly mounted and fully calibrated pod with a wide navigation and sensor
base for easy installation on a variety of vehicle types.

e Trimble Trident software to extract survey, the GIS and construction
deliverables.

The given above classification may be extended by additional types of laser
scanning, such as the Hand-Held Mobile Laser Scanning (HMLS) or a use of the
Ground-Penetrating Radar (GPR). The HMLS has the outstanding ability to collect
the topographic data in complex terrains, combining the inherent scale and relia-
bility of laser techniques with the flexibility of on-foot surveying and the typical for
scanning systems density of point cloud. At present, the HMLS has a maximum
laser range of 30 m and utilizes a structured light measurement approach with
ranges of up to 1-5 m. The automated 3D scene reconstruction from the raw data is
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carried out using the sophisticated Simultaneous Localization And Mapping
(SLAM) algorithm that simultaneously computes the full trajectory of scanning and
point cloud of surface measurements. The HMLS system works better in the indoor
scenes with the static surfaces in comparison to the outdoor environments with
highly irregular and covered with vegetation surfaces that cause more challenges
during reconstruction [108]. Ryding et al. [109] demonstrated the efficiency of the
HMLS system application in comparison to the conventional tripod TLS system.
They show that the HMLS approach provides better survey coverage time per
surveyor because the end-user can easily direct the scanner toward the points of
interest and capture only the required data from the whole survey area.

The GPR is an established noninvasive (i.e., nondestructive) inspection method
that has been used worldwide for more than thirty years to locate subsurface objects
such as pipes, utilities, and other engineering and environmental targets. Bassuk
et al. [110] proposed the methodology for locating of tree roots, using the GPR.
The GPR employs the electromagnetic waves that reflect, refract and/or diffract
from the boundary in a predictable manner in the boundaries between objects with
different electro-magnetic properties of materials [111]. The benefits of a mapping
tree roots based on the GPR measurements are the following:

e The method is capable of scanning root systems of large trees under field
conditions in a relatively short time.

e The method is completely noninvasive and does not disturb the soils or damage
the trees examined.

e The method allows the repeated measurements that reveal a long-term root
system development.

e The method allows observation of root distribution beneath hard surfaces (e.g.,
concrete, asphalt, bricks, pavers, roads, buildings).

e The accuracy is sufficient to detect the structural roots with diameters till 1 cm.

Differences between the radar output and associated root counts in sample zones
were found to be normally distributed in the CU-Structural Soil (CU-Structural Soil
is a mixture of crushed gravel and soil with a small amount of hydrogel to prevent
the soil and stone from separating during the mixing and installation process).

2.6 Comparison of Remote Sensing Techniques for Forest
Inventory

The remote sensing data are successfully applied within the forestry industry,
particularly, in computation of forest inventory metrics. The airborne and space-
borne sensors provide the spatially explicit data collected from large areas. It is
well-known that the spatial extent and resolution are inversely related that makes
the precision and accuracy are suboptimal for many tasks [25, 112].
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The ALS data of 3D canopy structure are captured at heights between 500 and
5000 m. The forest properties, such as biomass and the Leaf Area Index (LAI) at
the stand level, are evaluated using these ALS data as the input data for corre-
sponding methods [113, 114]. The detection of individual trees from the ALS data
is difficult with the reported detection rates varying significantly (between 40 and
96%) [115-117]. The 3D segmentation techniques may improve the accuracy of the
information derived from a tree-level analysis [115, 118]. However, the required
accuracy of tree segmentation is still not sufficient to estimate a number of forest
metrics. More, the bias toward large dominant trees can cause significant overes-
timation of final inventory values such as timber yield [119]. This means the
necessity of acquisition of numerous statistical data from large forest areas with the
following processing and evaluation with real inventory data [25].

The terrestrial remote sensing techniques have been deployed actively in forest
inventory [100]. During the TLS, the woody components of the canopy are often
visible that allows to estimate the key tree-level inventory metrics, such as the
DBH, shape of trunk, and crown length, objectively and with high precision.
However, the terrestrial techniques can be used to measure small forest areas only
and also the data collected by the TLS instruments are highly affected by occlu-
sions. Therefore, the multiple viewing points are required in order to avoid a
downward bias in trunk detection. The MLS systems overcome the small area
restriction of the TLS by deploying the laser scanner onboard a moving vehicle or
using the hand-held scanner. These systems are promising in deriving of individual
tree-level parameters [120] but require further investigation.

Recently, the UAV laser scanning has been proposed as a tool for mapping and
measuring tree metrics [24]. These systems provide a low-cost data collection with
point densities up to 1000 points per square meter. Jaakkola et al. [121] provided a
pilot study, showing that the underestimation of tree height presents in both the
ALS and the TLS, while it is significantly reduced within the UAV data. This effect
may be explained by the increased point density of the point clouds in comparison
to the ALS and the TLS. (Objectively, the scanner and the sensors mounted on the
on-board UAV platforms have higher errors and different sources of error.) Wallace
et al. [122, 123] verified the precision of forest metrics from the UAV data scanning
in a eucalypt plantation forest. The results of the percent canopy cover analysis
proved that the UAV scanning data can provide the fast, low-cost, and objective
information in this scope.

2.7 Conclusions

Three main types of laser technique, such as the airborne, the UAV, and terrestrial
laser scanning, were considered, beginning from the physical basics and ending the
commercial laser scanning systems for civil applications. Each type of laser scan-
ning has the own applications in dependence on the mission, the scale of a studying
area, and financial possibilities of the end-users. At present, one can choose the
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laser scanner that has a high suitability for decision of the given practical task. Also,
it was shown that a forest inventory is one the most popular topic among other
applications that apply the laser scanning technologies.
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