Environment Awareness
with Hyperspectral LiDAR
Technologies

Yuwei Chen



Aalto University publication series
DOCTORAL DISSERTATIONS 156/2020

Environment Awareness with
Hyperspectral LiDAR Technologies

Yuwei Chen

A doctoral dissertation completed for the degree of Doctor of
Science (Technology) to be defended, with the permission of the
Aalto University School of Science, Remote connection link (e.g.
Zoom), on 24th Nov 2020

Aalto University
School of Science
Department of Computer Science



Supervising professor
Prof. Antti Yla-Jaaski, Aalto University, Finland

Thesis advisor
Prof. Juha Hyypp4, Finnish Geospatial Research Institute

Preliminary examiners
Prof. Jouni Pulliainen, Finnish Meteorological Institute, Finland
Prof. Jonathan Li, University of Waterloo, Canada

Opponent
Prof. Jouni Pulliainen, Finnish Meteorological Institute, Finland

Aalto University publication series
DOCTORAL DISSERTATIONS 156/2020

© 2020 Yuwei Chen

ISBN 978-952-64-0076-1 (printed)

ISBN 978-952-64-0077-8 (pdf)

ISSN 1799-4934 (printed)

ISSN 1799-4942 (pdf)
http://urn.fi/URN:ISBN:978-952-64-0077-8

Unigrafia Oy
Helsinki 2020 AN g

Finland §W

4
Printed matter
4041-0619



A? Aalto University Abstract
|

Aalto University, P.O. Box 11000, FI-00076 Aalto

Author
Yuwei Chen

Name of the doctoral dissertation
Environment Awareness with Hyperspectral LIDAR Technologies

Publisher School of Science

Unit Department of Computer Science
Series Aalto University publication series DOCTORAL DISSERTATIONS 156/2020

Field of research new sensing technology for environment awareness

Manuscript submitted 12 July 2020 Date of the defence 24 November 2020
Permission for public defence granted (date) 19 August 2020 Language English
X Monograph [ ] Article dissertation [ Essay dissertation
Abstract

LiDAR (Light Detection And Ranging, also known as LADAR) is an active optical remote sensing
technique that can measure the distance by counting the time of flight (ToF) of the transmitted
laser and acquire other physical properties of a target by illuminating the target with a light source,
often using a pulsed laser due to the high spatial and temporal coherence nature. Traditionally a
monochromatic laser beam can map physical features with a very high spatial resolution in a non-
contact manner. Limited by the employed monochromatic laser source, traditional LiDAR sensors
usually operate at one or several discrete wavelength bands. These systems can provide high-
accuracy spatial information, but restricted spectral information: compared with a passive
spectrometer, the spectral information and spectral resolution are inadequate for some particular
remote sensing applications. The motivation of this research is straightforward: investigating SCL-
based hyperspectral LIDAR (HSL) technology, more specifically: investigating HSL technique with
different system configuration, confirming their accuracy both in spatial and spectral
measurements, and conducting various feasibility studies towards environmental awareness
applications, more specific, in in forestry, plant science and mining. The emphasis was on system
development and methodology development. The specific aims of this dissertation based on six
prototyped hyperspectral LIDAR were as follows:

« to investigate different hardware techniques including optics, electronics, and post-processing
techniques for HSL system development covering the spectrum from visible to near-infrared
(VNIR) to shortwave infrared (SWIR) (for better eye-safety operation) with discrete or continuous
spectral channels for remote sensing applications;

« to develop methods to evaluate the performance of the HSL systems concerning the spectral
measurement accuracy, the range stability and resolution over the covered spectral range ;

« to assess the feasibility of the developed methods in forestry, mining and plant sciences related
environment awareness applications with the point clouds or range measurement containing the
spectral information.
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1. Introduction

LiDAR (Light Detection And Ranging, also known as LADAR) is an active opti-
cal remote sensing technique that can measure the distance by counting the
time of flight (ToF) of the transmitted laser and acquire other physical proper-
ties of a target by illuminating the target with a light source, often using a pulsed
laser due to the high spatial and temporal coherence nature. A monochromatic
laser beam can map physical features with a very high spatial resolution in a
non-contact manner. Thus LiDAR can be used to target a wide range of materi-
als, including metallic and non-metallic objects, vegetation, rocks, rain, chemi-
cal compounds, aerosols, clouds and even single molecules and the traditional
LiDAR technology is applied in various fields, such as agriculture, transporta-
tion, autonomous vehicles, geomatics, forestry, archaeology, geography, geol-
ogy, mining, rock mechanics, seismology, remote sensing, military and atmos-
pheric physics.

LiDAR technology originated in the early 1960s shortly after the first laser
was built in 1960. Then the public became aware of the accuracy and usefulness
of LiDAR gradually. Various LiDAR ranging systems were developed for aircraft
and spacecraft as well as for such non-aerospace conveyances for both military
and non-military units. Commercial altitude measuring systems were flown by
aeroplanes, and airborne commercial LiDAR systems for ground surveying have
been extensively used ever since. LiDAR can also be used to accurately track
satellites and space vehicles from the earth by the installed retroreflective
prisms or retroreflectors, which provides distance measurements of millimetre-
level precision. Since the installation of a retroreflector array by the crew of
Apollo 11, we can track the moon with greater range accuracy, providing highly
accurate measurements and a better understanding of the dynamics of the
Earth/Moon system.

During the Apollo 15 mission of National Aeronautics and Space Administra-
tion (NASA) in 1971, a laser altimeter was used to map the topography of the
moon by measuring the altitude of the Apollo vehicle from the moon’s surface,
and basic knowledge about geometry information about the moon was derived
afterwards (Kaula et al., 1973; Sjogren and Wollenhaupt, 1973). After that, the
laser altimeter became a “standard” payload for lunar missions and missions of
exploring other planets to determine their surface topography, such as Clemen-
tine (Williams et al., 1998), CE (Chang’E) series spacecraft (Zhang et al., 2006;
Wang et al., 2010; Zhao et al., 2014), SELENA (Araki et al.,, 2009), Chan-
drayaan-1 (Goswami et al., 2009; Kamalakar et al., 2010), Lunar Orbiter Laser
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Altimeter (LOLA) (Smith et al., 2017), and NLA in the Near-Earth Asteroid Ren-
dezvous (NEAR) mission for asteroid detection (Cheng et al., 2000). Both NASA
and the China National Space Administration (CNSA) have identified LiDAR as
a critical technology for hazard avoidance and enabling the safe landing of fu-
ture robotic and crewed lunar-landing vehicles with autonomous precision
(Johnson et al., 2001; Amzajerdian et al., 2011). Furthermore, Chinese scientists
have successfully employed the LiDAR supported autonomous safe landing
both in CE-3 and CE-4 missions (Wan et al., 2013; Zhou et al., 2017).

In addition to spaceborne altimeters, NASA and other organizations have in-
itialized several airborne LiDAR systems for measuring various terrains, such
as sea ice, to fully utilize the range capability for pilot research (Ackerman et al.,
1967; Link 1969; Tooma and Tucker 1971). The accuracy and ease of use of air-
borne LiDAR systems for topography and hydrography were preliminarily
demonstrated. Due to the missing of reliable and robust positioning technology
until the early 1990s, non-scanning profiling LiDAR was used for meteorology,
bathymetry, forestry and other environmental applications ever since. (Fredrik-
sson et al., 1981; Nelson et al., 1984; Schreier et al., 1985; Muirhead and Crack-
nell 1986).

Generally, a typical LiDAR system consists of 1) a monochromatic laser
source, 2) transmitting and receiving optics, 3) photodetector(s) and receiver
electronics, and 4) an optional optomechanical scanner. Usually, a monochro-
matic laser source from 500-1100 nm is common for various applications with
more advanced detector technology, such as silicon avalanche photodiode
(APD) detectors. However, the maximum transmitted power of the laser source
should be considered for eye safety issues. In general, the 1550-nm laser is a
common alternative. The wavelength higher than 1.4 um is eye-safe at relatively
higher power levels (approximate two to three orders of magnitude higher)
since such a wavelength is not strongly absorbed by the tissue of eyes, which
operates in the infrared spectrum at a relatively long wavelength that allows for
longer ranges. However, the detectors operating that spectrum process less sen-
sitive, for example, indium gallium arsenide (InGaAs) APD detectors. Other la-
ser settings include the laser repetition rate, which determines the data collec-
tion speed and operation efficiency (without a beam splitter), and the pulse
width, which controls the range resolution (a shorter width for better range res-
olution), provided that the photodetector and electronics have sufficient band-
width (generally a few hundred MHz). Transmitting and receiving optics de-
signs affect the angular resolution of the system and the maximum range that
can be detected. A Cassegrain telescope and a parabolic mirror are options for
collecting reflected optical signals that are sensed and converted into electric
signals by high-speed photodetectors. Various photodetector technologies, such
as photodiodes, APD, and photomultipliers (PMT), are utilized for receiver elec-
tronics to determine the range. The scanning mechanism is optional to steer
laser beams to targets and mainly determines the sensing scope for each appli-
cation.

The full operation of global positioning system (GPS) and other global navi-
gation satellite systems (GNSSs) and the development of inertial sensors at the
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1990s made that the absolute position and orientation measurement by the sen-
sors easy to use, which triggered the increased development of the laser scan-
ning technique. Supported by advanced GNSS technologies, such as differential
global positioning system (DGPS), real-time kinematic (RTK) and virtual refer-
ence station (VRS), decimetre- or even centimetre-level absolute position accu-
racy can be achieved. The prototypes of commercial airborne laser scanning
(ALS) dedicated to topographic mapping was introduced afterwards. Supported
by a position and orientation unit and an optomechanical scanner, 1) a range is
established by measuring the ToF and multiplying it by the speed of light as a
constant with a LiDAR unit; 2) an orientation measurement is determined by
the roll, pitch, and heading measurements observed by an inertial measurement
unit (IMU) and the angular output of the optomechanical scanner; 3) an abso-
lute position in the global coordinates of the laser scanner observed by GNSS.
Based on the range, orientation and position measurements, the positioning of
the target can be accurately calculated. As a result, the output of the ALS is a
georeferenced point cloud in three dimensions, representing the geometry of
ground targets (e.g., objects, vegetation, plants, buildings and landscapes) to-
gether with intensity information at the selected wavelength and possibly wave-
form information of the returned echoes (Wehr and Lohr, 1999). In addition to
ALS, the laser scanner can be installed on a tripod to scan the nearby environ-
ment, which is called terrestrial laser scanning (TLS), or on a kinematic plat-
form, such as a vehicle or a vessel, which is called mobile laser scanning (MLS).
Both TLS and MLS become a more accessible technology in the last two decades
for various close-range three-dimensional related application. Combined with
the altitude measurements of the IMU and the absolute position collected by
GNSS, the MLS can generate an accurate geospatial point cloud (x, y, z) of the
surveyed target area with an accuracy of tens of millimetres when the GNSS ob-
servation condition is good (Kaartinen, 2013). The intensity value of echoes is
also recorded for each point, either as an amplitude. As a result, the intensity or
amplitude is proportional to the number of photons received by the detector of
the system over a given period, or as the complete echo waveform recorded by
a high-speed digitizer or an analogue-to-digital converter (ADC). As a result, the
point cloud (x, y, z, R(A)), where R() is the backscattered reflectance R at the
monochromatic laser operating wavelength A, can be generated.

All applications mentioned above follow the same basic physical principle
with slight variations. It is possible to measure the distance, position, and ve-
locity with extreme precision by transmitting a monochromatic, high-power and
low-divergence laser beam out, reflecting it, and detecting its return echoes us-
ing a photodetector.

1.1 Motivation

Limited by the employed monochromatic laser source, traditional LiDAR sen-
sors usually operate at one or several discrete wavelength bands (Wang and
Philpot 2007; Wang et al., 2014; Douglas et al., 2015; Fernandez et al., 2016).
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Typical commercial products of multiple wavelengths LiDAR are the SHOALS
system (Irish et al., 1999; Wang et al. 2007) and Titan multispectral mapping
LiDAR (Van Rees 2015; Matikainen et al., 2017). The SHOALS is mainly used
for coastal area mapping, is known as bathymetric LiDAR, and the system con-
sists of wavelengths of 1064 nm (infrared) and 532 nm (green) with a pulse
width of ~6 ns and a pulse repetition rate of 400 Hz. Two laser beams are pro-
jected onto a fast-rotating mirror, which creates a circular pattern of points on
the sea surface. One of the beams (green) penetrates the seawater and detects
the bottom surface of the water under favourable conditions, and another one
(infrared) measure the sea surface. Titan was the first multispectral commercial
system developed by Optech, combining three wavelengths (532, 1,064 and
1,550 nm) into a single system framework with a maximum laser measurement
rate of 300 kHz per channel. These systems can provide high-accuracy spatial
information, but restricted spectral information: compared with a passive spec-
trometer, the spectral information and spectral resolution are inadequate for
some particular remote sensing applications. A point cloud containing accurate
spatial information with abundant spectral profiles can contribute to a more ef-
ficient object classification than the traditional LiDAR sensors operating with a
single-wavelength laser source.

With the rapid technological advances in fibre optics, commercial supercon-
tinuum laser (SCL) sources were created and could transmit coherent broad-
band laser pulses with wavelengths ranging from 450 nm to 2400 nm (Tabirian
et al., 2003; Hakala et al., 2012; Puttonen et al.,2015). The motivation of this
research is straightforward: investigating SCL-based hyperspectral LiDAR
(HSL) technology, more specifically: investigating HSL technique with different
system configuration, confirming their accuracy both in spatial and spectral
measurements, and conducting various feasibility studies towards environmen-
tal awareness applications.

Compared with passive optical remote sensing, active LIDAR remote sensing
technology is different. Firstly, in passive optical remote sensing, sunlight or
other light sources provide illumination to the target, and the light sources are
usually a continuum in the spectral domain. In LiDAR remote sensing, the spec-
tral channel configuration of the system is determined by the employed laser
sources. Secondly, multispectral passive remote sensing works with 2-10 spec-
tral channels, whereas hyperspectral refers to the number of channels exceeding
10. With LiDAR, similar separation is not applied. A laser is usually a mono-
chromatic light source due to its unique physical nature.

In this dissertation, the multispectral LiDAR has been defined as a LiDAR
system employing multiple monochromatic laser sources, whereas the hyper-
spectral LiDAR refers to a LiDAR system employing supercontinuum laser
source, which is also the scope of this dissertation. However, these separations
have not officially been confirmed in other related publications.
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1.2 Objectives of the Study and Hypothesis

The primary objectives of the research, conducted during 2010-2018, was to
develop various hyperspectral LiDAR techniques for environmental awareness
using an SCL as a light source and to evaluate the feasibility of the developed
method in its application, more specifically in forestry, plant science and min-
ing. The emphasis was on system development and methodology development.
The specific aims of this dissertation were as follows:

« to investigate different hardware techniques including optics, electronics,
and post-processing techniques for HSL system development covering the spec-
trum from visible to near-infrared (VNIR) to shortwave infrared (SWIR) (for
better eye-safety operation) with discrete or continuous spectral channels for
remote sensing applications;

« to develop methods to evaluate the performance of the HSL systems con-
cerning the spectral measurement accuracy, the range stability and resolution
over the covered spectral range ;

« to assess the feasibility of the developed methods in forestry, mining and
plant sciences related environment awareness applications with the point
clouds or range measurement containing the spectral information.

Based on these specific objectives, the primary hypotheses of the study are as
follows:

» HSL system with satisfactory range stability and spectral measurement ac-
curacy for sensing the environment can be accomplished by latest developed
techniques in electronics, optics and data processing to generate the spatial
point cloud containing extensive spectral information with a single instrument.

« Combining with spatial information due to the range capability of LiDAR,
the spectral information derived from the same HSL is feasible for the applica-
tion on forestry, mining and plant science.

1.3 Methodology of Research

Over the last few decades, LiDAR has become an accessible technology for the
direct acquisition of geospatial information. With the increasing utilization of
this technology in various applications ranging from space exploration mis-
sions, agriculture, archaeology, atmosphere, forestry, biology, geology, and
physics, its ability to collect topographic data has been thoroughly investigated.
It is straightforward if a LIDAR can transmit a “white” laser that contains mul-
tiple wavelengths; then, the generated point clouds will contain a multispectral
presentation of targets and will provide many spectral features, which will un-
doubtedly be beneficial for further processing, for example, in classification.
However, the so-called “white” laser concept contradicts the nature of the tem-
poral coherence for laser. In this research, an SCL source is used to generate
ultra-wideband laser pulses ranging from 400 nm to 2400 nm (Tabirian et al.,
2003; Buchter et al. 2004 and 2011). Based on the latest developed SCL source,
six different HSLs with different spectroscopic devices are proposed, designed
and tested with feasibility studies. Among these HSLs, the number of channels
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increases from two to eight to seventeen and finally to fifty-one channels; the
ranging distance increases from several metres to several tens of metres, even
close to one hundred metres. The spectroscopic devices utilized in this research
are optical filters (Publications I, I1I, and IV), a spectrograph (Publication II), a
liquid crystal tunable filter (LCTF) (Publication V) and an acousto-optic tunable
filter (AOTF) (Publication VI).

1.4 Structure of the dissertation

This dissertation consists of a summary and six original publications. In Chap-
ter 2, the background of the LiDAR system and the state-of-the-art technology
combining active LiDAR with passive hyperspectral imagers and the multispec-
tral LiDAR are generally reviewed with restricted scopes of three primary re-
search directions: forestry, plant science, and mining. The methods employed
in this dissertation are summarized in Chapter 3. In Chapter 4, the results of the
original publications are summarized. The discussion, conclusions and future
directions are presented in Chapter 5, and finally, Chapter 6 presents the sum-
mary

1.5 Contributions

In general, there is considerable interest in the scientific research community in
novel active remote sensing approaches, of which one possible approach com-
bining the capabilities of collecting spatial and spectral information of the envi-
ronment within a single framework, namely, HSL technology, is extensively in-
vestigated in this research. Automation in point cloud classification supported
by additional spectral information collected by HSL might trigger a revolution
in context awareness and environmental awareness and understanding. The
primary contributions of this dissertation are novel proposals for various HLS
solutions. We present HSL technology with different spectroscopic devices, dif-
ferent electronics using SCL as a light source and evaluate the feasibility of the
developed method in environmental awareness applications.

The number of channels of the HSL described in this dissertation increases
from 2 (Publication I) to 8 (Publication II, III), 17 (Publication IV), 18 (Publica-
tion V), and 51 (Publication VI) using different spectroscopic devices, more spe-
cific, optical filters (Publications I, III, and IV), a spectrograph (Publication II),
an LCTF (Publication V) and an AOTF (Publication VI). In our latest published
paper, the number of channels increases to 91 with continuous spectral coverage
(Shao et al., 2019) with the AOTF device. The spectral resolution increases from
40 nm to 5 nm. The research gradually starts from a less discrete spectral chan-
nel to a more discrete spectral channel (Publications I, II, III, and IV) to contin-
uous spectral coverage (Publications V and VI). The investigated spectral ranges
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from VNIR (Publications I, II, V, and VI) to SWIR (Publication III, IV). The ca-
pability of HSL for object classification generally increases with higher spectral
and spatial resolutions, and the latest developed HSL can provide 91 spectral
bands with a spatial resolution of 0.4 milliradian x range. The spatial resolution
can be further improved with an optimized design for the optical sub-systems
(Shao et al., 2019).

To be more specific, the contribution of each publication is as follows.

Publication I presented the world’s first two-channel, spectral-range-finding
system based on an SCL source and using optical filters as the spectroscopic
component. The prototype system was built using commercial components.
Moreover, besides the range accuracy evolution of the prototyped system, it was
used to determine its potential application in distinguishing the normalized dif-
ference vegetation index (NDVI) for Norway spruce, a coniferous tree, with a
standard reflection board by the collected waveforms at 600 nm and 800 nm.

Publication II extended the aforementioned two-channel system into an
eight-channel system covering the VNIR spectrum by using a spectrograph as
the spectroscopic component. It presented the design of the world’s first full-
waveform HSL and the first demonstrations of its application in remote sensing.
3D point clouds with backscattered reflectance and spectral indices were pre-
sented for a specimen of Norway spruce to demonstrate the potential of the in-
strument in the remote sensing of forestry.

In Publication III, an eight-channel HSL covering the VNIR-to-SWIR spec-
trum was reported. The echoes of the HSL signals were divided into two sections
and were detected by the different optoelectronic devices. The HSL detection
experiment was carried out in the laboratory, and the accuracy of the spectral
measurement of the HSL was evaluated by comparing with the reference spec-
trum collected by a spectrometer.

Publication IV extended the eight-channel HSL covering the VNIR-to-SWIR
spectrum in Publication III into seventeen channels version, and the spatial and
spectral information of seven different ore samples were obtained under a con-
trolled laboratory environment using seventeen channels HSL. We investigated
the feasibility of the ore classification application using spectral measurements
with multiple support vector machine (SVM) classification methods, and the re-
sults were promising.

In Publication V, an eighteen-channel HSL with a 10-nm spectral resolution
and continuous spectral coverage from 550 nm - 720 nm was designed and
tested, in which an LCTF was installed before the APD detector to continuously
select the wavelength of the backscattered echoes in the temporal dimension.
The laboratory experiments for vegetation red-edge detection were investigated
with the prototype HSL to assess its feasibility in plant science applications. The
HSL equipped with LCTF, called as LCTF-HSL in the rest of the dissertation,
measured yellow and green leaves from aloe and dracaena plants for detecting
the corresponding “red edge position” against the referenced spectral profiles
measured by an SVC® spectrometer.

In Publication VI, a tunable HSL technology using an AOTF as the spectro-
scopic device was proposed, designed and tested. By tuning the spectroscopic
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device in the temporal dimension, the proposed AOTF-based hyperspectral Li-
DAR, called AOTF-HSL in the rest of the dissertation, can achieve backscattered
echoes with continuous coverage of the spectrum of VNIR, more specific, 500-
1000 nm, which has the unique characteristics of a continuous spectrum in the
VNIR regions with a 10-nm spectral resolution. Both the general range precision
over the covered spectral range and accuracy of spectral measurement were
evaluated.
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2. Background and Literature Review

LiDAR instruments utilise the extreme directionality of laser light, which ena-
bles the measurement of distances with high spatial accuracy with a monochro-
matic laser source. Traditionally, intensity data have mainly been used for
matching images and laser strips and the rough classification and recognition
of points and objects after radiometric calibration. Some advanced LiDARs have
the capability of full-waveform analysis by extracting the range information and
additional attributes of targets from digitised echo signals. A full-waveform
analysis is carried out during post-processing on the digitised echo signals from
a LiDAR instrument during data acquisition on a high-speed data recorder.
Thus, the inherent Least Significant Bit (LSB) error of an analogue-to-digital
(A/D) converter for digitising the waveform is inevitable during data acquisi-
tion.

LiDAR measures the range to a target by illuminating the target with laser
light and measuring the reflected echo with a sensor, similar to sonar and radar
but with light. Two kinds of LiDAR detection schemes are usually utilised: "in-
coherent" and direct energy detection, which principally measures amplitude
changes in the reflected light, and coherent detection, which principally
measures changes in the phase of the reflected light. In this paper, we mainly
discuss the direct energy detection scheme. The principle of LiDAR is straight-
forward: it transmits a pulse of laser and records the returned pulse of the laser,
substrates the recorded time to calculate the ToF. Differences in the range meas-
urement can be used to build digital 3D representations of the target. It can rec-
ord the geospatial environment at speeds of thousands to millions of points per
second by recording the target position together with the intensity of the se-
lected wavelength.

HSL possesses the advantages of both range detection embodied by tradi-
tional single-wavelength LiDAR and hyperspectral detection capability, by de-
tecting ranging and spectral information synchronously with a single HSL sys-
tem. Due to its unique optical-mechanics design, data registration between the
range measurement and spectra is totally avoided, which prevents complex data
fusion between a spectral sensor and a spatial sensor.

To achieve hyperspectral recording of return laser signals, scientists tradi-
tionally utilise fusion technique to combine the spatial measurements with spec-
tral measurement collected by different remote sensing payloads. For example,
combine the laser-scanner derived point cloud with passive spectrometry col-
lected by aerial images or passive imaging spectrometry (Glenn et al., 2008).
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Academy of Opto-Electronics (AOE) of Chinese Academy of Sciences (CAS) pro-
posed and designed an airborne remote sensing instrument to combine active
push-broom style LiDAR and passive spectrometric imaging sensors by sharing
the same optical system to generate 3D spectral images (Chen et al., 2004; Li et
al., 2013). However, In addition to a complex data processing to combine two
datasets from active and passive sensors, the spectrometry is not immune to
changes in the illumination conditions and has a reduced capability to preclude
the shadow region. Because the spectrometric images were generally collected
in a passive manner which detects natural energy that is reflected from the ob-
served scene, and the variance of natural energy would inevitably affect the final
detection results (Zhang et al., 2015).

Using separated semiconductor laser diodes as the laser source is another tra-
ditional technique for producing 3D point clouds with limited spectral intensity
information (Erdody et al., 2010) and SHOALS is a very typical system dedicat-
ing for coastal area mapping application (Irish et al., 1999; Wang et al. 2007).
Wang et al. (2014) investigated the potential of using dual-wavelength (1064nm
and 1550nm) airborne LiDAR data to classify land cover: Optech ALTM Pegasus
HD400 LiDAR offered the point cloud data at 1064 nm while Riegl LMS-Q680i
offer the point cloud in middle-infrared (MIR). An SVM was used to classify six
types of suburban land cover: road and gravel, bare soil, low vegetation, high
vegetation, roofs, and water bodies. Results show that using dual-wavelength
LiDAR-derived information could compensate for the limitations of using sin-
gle-wavelength LiDAR information. Eitel et al. (2014) assessed the crop foliar
nitrogen using a tractor-mountable, dual-wavelength laser system with separate
laser sources (green 532 nm and red 658 nm). Douglas et al. (2015) designed a
dual-wavelength LiDAR to record the full-time series of returns at a half-nano-
second sampling rate from two co-aligned 5-ns pulsed lasers at 1064 and 1548
nm wavelengths for the characterisation of fine-scale forest structure and bio-
mass content. Muller and Yuen (2008) analysed the possibility of multispectral
point cloud data acquisition by using two monochrome laser sources operating
at 532 nm and 1064 nm based on simulation, and two narrow-band optical fil-
ters were used to separate the spectral echoes that were acquired by APD sen-
sors (Muller and Yuen, 2008). Morsdorf et al. (2009) also conducted simula-
tions on multispectral full-waveform canopy LiDAR to assess both the structural
and physiological information. The research team at the University of Edin-
burgh proposed a 4-wavelength multispectral canopy LiDAR system with four
lasers operating in the green, red and near-infrared wavelengths (531 nm, 550
nm, 660 nm and 780 nm) for virtual forest monitoring. The designed 4-wave-
length multispectral LiDAR system was used to detect the normalised difference
vegetation index (NDVI) and other spectral indices, for vegetation detection
(Woodhouse et al., 2011). Gong et al. (2012) also developed a multi-wavelength
canopy LiDAR prototype, which operates at multiple wavelengths covering the
spectrum range most sensitive to retrieving vegetation characteristics. They em-
ployed four wavelengths system configuration covering three visible light bands
(556, 670, and 700 nm) and one infrared light band (780 nm) by synthesising
four semiconductor laser diodes into a single beam. The developed prototype is
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mainly used for vegetation remote sensing and object classification (Gong et al.,
2015; Chen et al., 2017). Such a multispectral laser scanner (MSLS) system is a
combination of several standalone LiDARSs operating at different wavelengths,
sharing the optical system. The advantage of multiple laser-based solutions is
that the system can be quickly built with commercial products for proof-of-con-
cept studies, and another significant advantage is eye safety, which is the pri-
mary concern of using white/supercontinuum laser. However, the disad-
vantages are also obvious: 1) the availability of monochrome laser source redis-
tricts the spectral band; 2) the laser-emitting system becomes bulky when the
number of channels increases; 3) the synthesis from multiple laser sources into
a single beam requires considerable efforts on the system design, especially
when more spectral bands are anticipated and the overall laser source diversity
increases. Such technical restrictions might explain why there are no multiple
laser-based MSLSs with more than four spectral channels.

The supercontinuum light source was patented in 2003 (Tabirian et al. 2003).
The ideas leading to hyperspectral LIDAR were published in Kaasalainen et al.
(2007b). Chen et al. (2010) (author) implemented the first two-channel hyper-
spectral LiDAR prototype and performed the first tests with forestry inventory
application.

In the following literature review, the author mainly investigates state-of-the-
art remote sensing methods in forestry inventory, plant science and mining with
either standalone passive hyperspectral/multispectral imaging technique or ac-
tive ranging technology, such as single-wavelength LiDAR and microwave ra-
dar, or by fusion of laser scanning and hyperspectral imaging data from two
separated sensors.

2.1 Forestry inventory methodology

Airborne photogrammetric methods have inventoried forests since the 1940s.
However, such visual interpretation based on expertise is time-consuming and
expensive. Commonly, different tree species have similar spectral and/or spatial
features (Puttonen E. 2012). There is a trade-off between the spectral and spa-
tial performance depending on the camera used, and most beneficial ap-
proaches have often combined image information with data from other sources,
for example, data from multiple spectral or hyperspectral imagers (Meyera et
al., 1996; Martin et al., 1998; van Aardt 2000; Zhu et al., 2014). Spectral imagery
is also extensively utilised to investigate forest canopy reflectance and in mod-
elling (Jacquemoud et al., 2000; Rautiainen et al., 2009). Both the biochemical
and biophysical components of a forest can be extracted and mapped from spec-
tral information (Schlerf et al., 2005; Kokaly et al., 2009). Passive optical re-
mote sensing systems mainly collect the reflected nature energy (sunlight) from
the exterior canopy surface and are almost unable to acquire the information
inside the canopy due to topographical occlusion. Various restrictions, such as
the limited employed spectral range, and the variance and reduced illumination
conditions generally pose a negative impact on final inventory performance.
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ALS data has become increasingly available since the early 1980s, and some
pilot studies have been carried out to investigate the height profiles, tree
heights, stem volumes and biomass in the case studies (Nelson et al., 1984; Al-
dred et al., 1985; Schreier et al., 1985) due to the ranging capability of the small
footprint on the ground. However, due to the restrictions of the positioning per-
formance, a large-area forestry inventory with laser scanning technology was
not available until the 1990s when GPS and IMU sensors enter maturity, to be
integrated into an airborne platform for guaranteeing positioning accuracy ro-
bustly. Because the beam divergence of the employed laser is typical at the sub-
milliradian level, the generated laser spot on the ground is between several dec-
imetres to several metres in diameter assuming that the operational altitude is
1000-10000 metres, which is competitive compared with other airborne sen-
sors. The laser pulse interacts with different layers of the tree canopy when it
passes through the trees and generates multiple returning echoes. Thus, it can
improve forest parameter extraction at both the tree and plot levels. Small-foot-
print LiDAR data have been widely applied for a variety of forest inventory ap-
plications, including terrain detection (Kraus et al., 1998; Vosselman 2000),
height estimation (Popescu et al., 2008), counting the number of trees and vol-
ume estimation (Naesset 1997; Hyyppa et al., 1999a), and forest change detec-
tion (Hyyppa et al., 2003; Yu et al., 2004). Based on case studies performed in
boreal forests, Hyyppa et al. (1999b) revealed that the accuracy of ALS-based
forest inventories was higher than that of optical remote sensors in stand attrib-
ute retrieval. ALS has also been extensively utilised for tree species classification
based on point cloud combining with intensity information (Brandtberg et al.,
2003; Holmgren et al., 2004; Donoghue et al., 2007; Kim et al., 2009; @rka et
al., 2009).

Various multidisciplinary studies have been carried out to investigate the po-
tentialities of different remote sensing sensor for forestry inventory by integrat-
ing passive multispectral and hyperspectral sensors with an active ranging sen-
sor such as LiDAR and synthetic aperture radar (SAR). All these passive/active
sensors, with their unique peculiarities, can reveal different characteristics of
the accessed forest. (Popescu et al., 2004; Dalponte et al., 2008, 2012; Ke et al.,
2010; Jones et al.,2010; Clark et al.,2011; Alonzo et al.,2014). As air-
borne/spaceborne multi/hyperspectral data and airborne LiDAR data provide
complementary information: hyperspectral data reveals horizontal spectral re-
flectance, and LiDAR date offers vertical structure information, respectively. A
promising and challenging approach is to fuse these data in the information ex-
traction procedure for forestry inventory of various climate zones ranging from
boreal forest to tropical rain forest landscape.

Popescu et al. (2004) explored the feasibility of using small-footprint LIDAR
data and multispectral imagery to estimate forest volume and biomass on small
plots by measuring individual trees. Moreover, found by using the fused data
set, LIDAR and multispectral imagery, as opposed to using LiDAR data alone,
always improved biomass and volume estimates for pines and in some cases for
deciduous plots. Ke et al. (2010) evaluated the synergistic use of high spatial
resolution multispectral imagery and low-posting-density LIDAR data for forest
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species classification using an object-based approach. Furthermore, the results
showed the integration of spectral and LIDAR data, in both image segmentation
and object-based classification improved the forest classification compared to
using either data source independently. Jones et al. (2010) assessed the utility
of airborne hyperspectral imagery and small-footprint discrete return LiDAR
data for mapping 11 tree species in coastal South-western Canada. The research
showed that the joint solution using a pixel-level fusion of hyperspectral im-
agery with LiIDAR-derived height and volumetric canopy profile data increased
both producer's and user's accuracies comparing with hyperspectral imagery
standalone solution which yielded producer's and user's accuracies for most
species. Dalponte et al. (2008) proposed an analysis of the joint effect of hyper-
spectral data and LiDAR data to classify the complex forest areas in Italy. They
found that joint use of hyperspectral data and LIDAR data could improve the
accuracy of classification of complex forest areas, and the elevation channel of
the first LIDAR return (canopy height) was useful for the separation of species
with similar spectral signatures but different mean heights.

Meanwhile, the SVM classifier proved to be very robust and accurate in the
exploitation of the considered multisource data. Dalponte et al. (2012) contin-
ued their research to fuse very high geometrical resolution airborne/spaceborne
hyperspectral/multispectral images and low/high point density LiDAR data.
They declared that the experimental results showed that the set-up based on
hyperspectral only data was effective with general macro-classes, forest types,
and single species, reaching high kappa accuracies. Regarding LiDAR data, the
experimental analysis showed that high-density LIiDAR data provided more in-
formation for tree species classification concerning low-density data, when
combined with either hyperspectral or multispectral data. Alonzo et al. (2014)
fused airborne high-spatial-resolution (3.7 m) hyperspectral imagery collected
by the 224-channel Airborne Visible and Infrared Imaging Spectrometer (AVI-
RIS) system covering 365 and 2500 nm with waveform LiDAR data which had
an average last-return point density of 22 points/m2. And the ALS data was col-
lected by a Riegl Q560 laser scanner at the individual crown object scale to map
29 common tree species in Santa Barbara, California, USA. Both species-level
and leaf-type level maps were produced with respective satisfactory overall ac-
curacies with hyperspectral data. Furthermore, the combination with LiDAR
data resulted in an improvement in the final classification accuracy of 4.2 per-
centage points against standalone spectral data. The added value of the LIDAR
structural metrics for urban species discrimination became evident, especially
when the mapped crowns were either small or morphologically unique, such as
tall palm species. Clark et al. (2011) evaluated the fusion of small-footprint, dis-
crete-return LiDAR and hyperspectral sensors, to estimate of the aboveground
biomass in a Costa Rican tropical rain forest landscape. LiDAR data were from
an airborne sensor which measured the first single-return height above noise
level in small footprints with a 0.9-pm laser and a typical density of 9 points/m2
in autumn, and hyperspectral data was collected by the airborne hyperspectral
imaging sensor which measured 210 bands covering from 400-2500 nm region
of the spectrum with 1.6 meters spatial resolution in spring. Clark et al. (2011)
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found that standalone hyperspectral metrics provided lower accuracy in esti-
mating biomass comparing with the metrics derived from LiDAR data; further-
more, the best model using two LiDAR metrics were better than models com-
bining a single LiDAR with hyperspectral metric. This study also supported con-
clusions that LiDAR is a premier instrument for mapping biomass (i.e., carbon
stocks) across broad spatial scales not only for tropical rain forest but also for
other climate zones.

The major disadvantage for fusing hyperspectral data with LIDAR data is that,
in most research cases, sensors were flown at different seasons and different
period. The registration of active and passive data becomes problematic, and in
other words, fusion accuracy cannot be fully guaranteed.

However, since most operating LiDAR systems adopt a monochromatic laser
source, their ability to acquire spectral information from the LiDAR intensity is
generally underestimated. In previous researches, LIDAR data is mainly used to
extract the vertical structure, rather than an imager illustrated by a monochro-
matic light source. Compared with traditional passive imagers, such illustration
is immune to the change of sunshine and incident angle. However, there are
still some sound studies about radiometric calibration of LiDAR intensity have
been performed (Kaasalainen et al., 2005, 2007a 2007b and 2009; Ahokas et
al., 2006; Hofle et al., 2007; Briese et al.,2012; Du et al., 2019). Such researches
lay the cornerstone for the further hyperspectral LiDAR research for using Li-
DAR-derived intensity for forest inventory.

In this dissertation, we investigated the feasibility of using HSL for detecting
the tree plant with derived NDVIs. More vegetation indices could be obtained
from the measured hyperspectral point cloud from the single-tree level, for ex-
ample, the water concentration index and the modified chlorophyll absorption
ratio index.

2.2 Plant science methodology

Classifying and mapping vegetation is a primarily technical task for managing
various natural resources because vegetation provides a biological base for all
living beings and also plays an increasingly important role in experiencing
global climate change. Multi-temporal vegetation mapping presents valuable
information for understanding natural environments by quantifying vegetation
cover from regional (Schroeder et al., 2006) national (Huang and Siegert, 2006)
continental (Cabral et al., 2006) and global scales (Townshend et al., 1991) in a
cost-effective manner (Goetz et al., 1985; Langley et al., 2001; Nordberg and
Evertson 2003).

Various imagery remote sensing technologies are known for their differences
in spectral, spatial, radioactive and temporal characteristics and thus are suita-
ble for different vegetation mapping purposes. The author will not cover the very
details of the state-of-the-art vegetation remote sensing methods by all kinds of
remote sensing technologies, and the literature review section mainly discusses
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how spectrometry imagery and LiDAR remote sensing technologies support
vegetation research.

In vegetation remote sensing research, the "red edge" refers to a rapid change
region within the reflectance of vegetation or an inflection point of the reflec-
tance slope in the red-band electromagnetic spectrum. This phenomenon re-
sults in the NDVI and is extensively utilised in the form of vegetation indices.
An increasing amount of experimental results reveal that the "red edge" could
be used as an indicator of botanical stress and plant senescence. The spectral
position of the red edge is considered particularly important. (Collins 1978;
Horler et al., 1983; Pu et al., 2003; Darvishzadeh et al., 2009). An analysis meth-
odology to derive the red-edge variations from airborne multispectral images
was introduced decades ago (Hare et al., 1984; Miller et al., 1990). The tech-
niques related to the "red edge" are essential topics in remote sensing research
communities (Dawson and Curran 1998; Cho and Skidmore 2006; Shafri and
Hamdan 20009).

Vegetation has unique spectral features. Such spectral signatures can be iden-
tified from remote sensing imagery according to their distinctive characteristics
to estimate photosynthetically and non-photosynthetically active vegetation.
The radiance in the red and near-infrared region can be incorporated into the
spectral vegetation indices (Asrar et al., 1984; Galio et al., 1985). The NDVI
might be one of the spectral vegetation indices mostly investigated due to its
availability from multiple spectral imagers. The physical principle of applying
the NDVI in vegetation mapping is that vegetation is highly reflective in the
near-infrared and highly absorptive in the visible red ranges. The contrast be-
tween these channels can be used as an indicator of the status of the vegetation.
A global 8-km fractional vegetation cover dataset for 1982—2000 was also de-
rived from the data of advanced very-high-resolution radiometer (AVHRR) of
National Oceanic and Atmospheric Administration (NOAA) Land Pathfinder
sensor (Zeng and Rao, 2003). Maselli and Chiesi (2006) also used data from
AVHRR to study Mediterranean forest productivity based on NDVI.

The physical principle for mapping vegetation cover from remote sensing im-
ages relies on the unique spectral features of different vegetation types. Thus,
hyperspectral imagery with a higher spectral resolution contains more vegeta-
tion information and can be used for more accurate vegetation mapping com-
pared with multispectral imagery. The hyperspectral measurements from
spaceborne and airborne platform such as AVIRIS, and Hyperion can be utilised
for more sophisticated vegetation extraction on a regional scale, and recently,
vegetation extraction from hyperspectral imagery has been increasingly studied.
(Varshney and Arora 2004; Galvao et al., 2005; Li et al., 2005; Rosso et al.,
2005). Li et al. investigated the possibility of classifying salt marshes both in
China and in San Pablo Bay, California, using AVIRIS imagery, and the results
were satisfactory, with a 93.8% overall accuracy in classifying two main marsh
vegetation species. Galvao et al. (2005) discriminated five dominated Brazilian
sugarcane varieties with Hyperion imagery, which might be impossible with
multispectral images. Hyperion images were also utilised to estimate the salin-
ity stress in a sugarcane field, for example, S. Hamzeh et al. (2013) found that
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vegetation indices related to chlorophyll absorption bands or those based on a
combination of chlorophyll and water absorption bands had the highest corre-
lation with soil salinity.

However, conventional spectrometry imaging sensors also have inherent lim-
itations for vegetation applications. Spectrometry imagery produces only two-
dimensional images, which cannot fully represent the three-dimensional struc-
ture of vegetation, which might be critical for ecology research (Lefsky et al.,
2002; Wagner et al., 2008). LiDAR is an alternative active remote sensing tech-
nology that increases the accuracy of biophysical measurements and extends the
spatial analysis into the third dimension. LiDAR sensors directly measure the
three-dimensional distribution of vegetation, thus providing high-resolution
topographic maps and highly accurate estimates of the vegetation height and
cover. Vegetation structure parameters can be derived from LiDAR data to im-
prove carbon estimation (Ni-Meister et al., 2010). ALS systems can be used to
map wetland topography, produce beach profiles and bathymetric maps for cor-
responding vegetation and ecological research (Ramsey 1995; Geng et al., 2004;
Purkis and Klemas 2011). LIDAR measurements can also be used to model rela-
tionships between birds and vegetation structures (Bradbury et al., 2005; Goetz
et al., 2010). Combined with other optical sensors, a more accurate assessment
of vegetation on various terrains can be built (Bork and Su 2007; Huang et al.,
2013); for example, G. W. Geerling et al. (2007) fused the data from a spectral
imager and LiDAR to classify floodplain vegetation; the integration of hyper-
spectral imagery and LiDAR-derived elevation has also significantly improved
the accuracy of mapping salt marsh vegetation and provides a better under-
standing of the topography, bathymetry, and hydrologic conditions (Yang and
Artigas 2010).

In this study, two HSLs are used to determine the red-edge position of plants
utilising high-spectral-resolution tunable filters to offer a consecutive spectral
response: the first HSL uses an LCTF with a spectral range from 550 nm to 720
nm, and the second HLS uses an AOTF with a more extensive spectral range
(500-1000 nm). We also compared the spectral responses collected from the
HSL with the referenced data offered by a commercial spectrometer after cali-
bration.

2.3 Mining methodology

Remote sensing techniques have been used routinely in geologic interpretation
for mineral and energy exploration, plant siting, and waste disposal, ever since
the spaceborne remote sensing payloads were launched in the early 1960s, due
to their cost efficiency, quick response and coverage compared with traditional
methods (Goetz et al., 1981). The physical principle is straightforward: multi-
spectral or hyperspectral remote sensing technologies discriminate among min-
erals based on the general differences that exist among their spectral properties
collected through a non-contact manner (Hunt 1977). The advent of imaging
spectrometry providing many hundreds of images of one single scene acquired
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in a large number of spectral bands represents a significant improvement in re-
mote sensing research and a challenge in processing and interpretation. The
abundance of imaging spectrometry data allows researchers to seek new analyt-
ical methods (Goetz et al., 1985; Elachi et al., 2006).

Passive hyperspectral sensors can distinguish the reflected energy on multiple
spectral bands, whose spectrum generally ranges from the VNIR to longwave-
infrared (LWIR) bands. In addition to large-area geologic surveys based on
spaceborne and airborne platforms, hyperspectral imaging has been widely
used in mineral identification and outcrop geology (Murphy et al., 2012; Bauer
and Leén, 2015). Automated mineral rock classification or identification based
on spectral features extracted from hyperspectral measurements is extensively
performed (Kurz et al., 2013). Bauer and Le6n (2015) investigated mineral iden-
tification using hyperspectral fluorescence imaging. Kurz et al. (2013) presented
the workflow and methods that use close-range hyperspectral imaging to study
geological fields, which demonstrated the potential of hyperspectral imaging to
describe rock characteristics in a non-contact manner and at a variable scale.
However, such passive sensors cannot prevent the influence of changing illumi-
nation conditions and have a reduced ability to preclude shadows. Meanwhile,
some underground mining sites face the practical problem that there is no avail-
able natural light source for imaging.

LiDAR can collect high-resolution spatial data due to its small footprint. The
calculation of ore volumes can be accomplished by periodic scanning in areas of
ore removal, especially open pits, then comparing the surface data to the previ-
ous scan. Naturally, 3D model reconstruction and measurement of open pits has
been extensively investigated (Little 2006; Oparin et al., 2007) and will become
a standard operation in the foreseeable future. The LiDAR can scan the entire
surface mine with a line-of-sight condition. With reliable GNSS observations,
an accurate 3D model can be built by a single scan or multiple scans (Sheng et
al., 2010). LiDAR has been applied to generate DSMs (Digital Surface Models)
and DOMs (Digital Orthophoto Maps) (Tong et al., 2015). Furthermore, it is
used for various applications, such as the extraction of contour lines and frac-
ture mapping (Slob et al., 2007); slope characterisation and stability assess-
ments (Sturzenegger et al., 2007); production accounting; analysis of ore for-
mations (Slob et al., 2004, 2005); and determining coal layer heights. Such ef-
fective 3D modelling capabilities can also be utilised beyond mining operations,
such as monitoring coal gangue dumps (Shuang 2011), measuring mining sub-
sidence (Palamara et al., 2007), and landslide warnings (Guoliang Zhao, 2009;
Abellan et al., 2014).

The LiDAR is also a popular tool for outcrop investigations (Sturzenegger et
al., 2009; Buckley et al., 2013; Hodgetts, 2013; Hartzell et al., 2014; Penasa et
al., 2014). Buckley et al. (2013) investigated the fusion of laser scanning and
hyperspectral imaging and demonstrated its important implications for improv-
ing geological data collection. Hartzell et al. (2014) used a multispectral LIDAR
system for automated rock-type identification and descriptions. However, the
multispectral LIDAR scans were fulfilled based on three standalone terrestrial
laser scanning systems using different wavelengths rather than a single laser
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source. The LiDAR configuration in this architecture restricted the spectral in-
formation. Besides, this method presented extra complexities in data registra-
tion. The need for constructing an accurate virtual underground mining world
with relative ease and in a cost-effective manner has persisted through the last
few decades. Integration of indirect georeferencing techniques such as IMU-
aided simultaneous localisation and mapping (SLAM) and forward-backwards
loop closure approaches would lead to precise 3D modelling of the underground
environment (Konolige 2010; Kohlbrecher et al., 2011). Kinematic MLS can pro-
vide a multi-temporal record to build a 3D model of an ore mine and to poten-
tially observe long-term deformations (Chen et al. 2016).

To build a precise and accurate spatial model of a mine with the latest devel-
oped monochromatic LiDAR is no longer impossible. Furthermore, by combin-
ing the spectral information, the LiDAR technique can support in situ ore clas-
sification for grade control and waste management for greener mining. In this
study, the author investigated the feasibility of using the coverage spectrum of
HSL from the VNIR to SWIR bands (450 nm-1600 nm) for ore classification. A
standard SVM classifier is utilised to classify seven ores when all 17 spectral
measurements are used. Furthermore, a 91-Channel AOTF based HSL with 5
nm spectral resolution is designed to successfully classify the coal/rock/gangue
with three multi-label classifiers (Shao et al., 2019).

2.4 Optech Titan

A new airborne multispectral laser scanner system with three different wave-
lengths (532 nm, 1064 nm and 1550 nm), Optech Titan X (Teledyne Optech,
Vaughan, ON, Canada), has been commercially available since 2015 during the
period of this research. Comparing with the previous SHOAL system, the
Optech Titan X enables a SWIR channel (1550nm). The 1550-nm wavelength is
selected because of the ease in complying with eye-safety regulations; the 1064
nm wavelength is mainly for terrestrial mapping, and the 532 nm wavelength is
mainly for bathymetry mapping, resulting in nearly equally spaced (500 nm)
spectral sampling wavelengths. Another reason that 532 nm wavelength is se-
lected is that 532-nm wavelength pulses can be obtained by adopting a fre-
quency-doubling crystal on the output of a 1064-nm neodymium-doped yttrium
aluminium garnet (Nd:YAG) laser.

Titan is the first operational multispectral airborne laser scanner that collects
range, intensity and optionally full-waveform return data at three different laser
wavelengths (1550, 1064, and 532 nm) through a single scanning mechanism.
Titan is capable of capturing discrete and full-waveform data from all three
channels, having a combined ground-sampling rate of gooK. With three inde-
pendent channels in the visible, near-infrared and SWIR bands, scientists can
use the intensity variations of various surface targets for material differentiation
beyond previous topographic measurements. The detailed specifications of Ti-
tan can be found in Table 2.1. Its operational wavelengths and hardware appear-
ance are presented in Figure 2.1. Such an instrument opens the door for active
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multispectral imaging of the environment. When using the multispectral laser
scanner, spectral information underwater, down in the canopy or shadows can
be revealed. Naturally, this information might be very well suited for various
ground object classification tasks and simultaneous topographic/bathymetric

applications.

Table 2.1 Specification of the Titan airborne system (Fernandez-Diaz et al. 2016)

Visible NIR SWIR
Wavelength (nm) 532 1064 1550
Beam divergence | 0.35 mrad 0.35 mrad 0.7 mrad
(1/e)
Observation angle | 7° forward nadir 3.5° forward
(degree)
Pulse Width (ns) ~3.7 34 ~2.7
Pulse Energy (uJ) ~30 ~15 50-20

Pulse repetition fre-
quency

Programmable 50-300 K at 25-kHz intervals, 900 kHz total

Field of View (FOV)

Programmable 0-60° maximum

Effective scan fre-
quency

Programmable 0-210 Hz

Laser Classification

Class IV

Elevation accuracy

<5-10cm; 16

Operation altitude

300-2000 metres

Positioning and orien-
tation
system

POSAV AP50 (OEM); 220-channel dual-frequency GNSS re-
ceiver

Roll compensation

Programmable; £5° at 50° FOV; increasing with decreasing
FOV from 50°

Waveform capture

12 bit, 1 Gs/sec (optional)

Range capture

Up to 4 range measurements for each pulse

Power

800 W (nominal)

Weight

Sensor head> 71 kg, Control rack> 45 kg

Since Optech Titan has recently become available, various feasibility studies can
be carried out. For example, land cover classification (Matikainen et al. 2017;
Chen et al. 2018; Pan et al. 2019), vegetation mapping and tree species classifi-
cation (St-Onge et al. 2015; Axelsson et al. 2018; Budei el al. 2018; Kukkonen et
al. 2019), road mapping (Karila et al. 2017) and map updating (Ahokas et al.
2016). Volker et al. (2015) evaluated the potential of Titan data for topographic
mapping and land cover classification. The dataset used is a single flight strip of
a 3-km2 area covering a city, and the results show that the dataset is suitable for
conventional geometrical classification and mapping procedures. Additional
classes, such as paved and unpaved ground, can be separated with high classifi-
cation accuracy. Karila et al. (2017) investigated the feasibility of road mapping
using Titan data, and the results demonstrated that the multispectral ALS data
are feasible for automatic road detection, and a significant improvement is
achieved compared to the use of optical aerial imagery (80.5% vs 71.6%, respec-
tively). Matikainen et al. (2017) discussed the potential of this active remote
sensing technique in map updating, especially in automated object-based land
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cover classification and change detection in a suburban area. An object-based
random forest analysis suggests that the multispectral ALS data are beneficial
in land cover classification, considering both elevated classes and ground-level
classes. The overall accuracy of the land cover classification results with six clas-
ses was 96% compared with the validation points. Budei et al. (2018) also used
Titan data to identify ten tree species of single trees with random forest classifi-
ers using both spatial and intensity data. The classification accuracy reached
75%, and the intensity information of the 1550-nm channel is the most useful
variable.
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Figure 2.1 The Titan system's operational wavelengths (left) and hardware (right)

The Titan system can perform simultaneous mapping in terrestrial and shallow-
water environments and the visible "green" channel - the second harmonic 532-
nm Nd:YAG laser is mainly for this purpose. The penetration depth is less than
several tens of metres under very clean water-quality circumstances. Thus, sci-
entists can research bathymetry, river morphology, hydrology, aquatic ecosys-
tem and archaeology.

Scientists can produce false colour active imagery derived from the return in-
tensities of the three-channel LiDAR system. By merely combining three inde-
pendent intensity images into a false colour image, it is possible to access the
multidimensionality of the colour space, which can highlight features that are
not easily identified in a greyscale intensity image derived from a traditional
single-wavelength LiDAR system.

Some advantages and limitations of Titan over traditional passive images have
been summarised by Fernandez-Diaz et al. (2016). Its multispectral capabilities
provide spectrally rich and consistent outputs that were not available before by
other commercial single-wavelength LiDAR systems. However, the first com-
mercial multispectral airborne laser scanning sensor operates on the different
principle as what we purposed in this dissertation: 1) the footprint size on the
ground are different for different wavelength and the footprint of SWIR band
(1550 nm) is twice as other two wavelengths; 2) the angle of incidence is differ-
ent, and only NIR band observes the nadir direction, which might cause some
mismatched problem for different terrains and complex ground targets; 3)the
wavelength selection is determined without any flexibility. However, with HSL,
both the geometry and spectral information on the target are available from a
single laser source without any inaccurate registration problem when matching
the range measurements from different wavelengths.
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2.5 Eye safety

A laser differs from other natural light sources in that it emits a high coherent

energy beam which is high-power and low divergence. The hazard associated
with high power is self-explanatory. Industrial cutting and welding applications
have presented the utility of a high-power directional energy beam, and even a
laser beam with much lower intensity can still destroy living tissue, for example,
skin and eyes.
Low beam divergence means that, unlike familiar light sources that radiate uni-
formly, the delivered energy density of the laser beam decreases as the square
of the distance based on LiDAR equation. The laser beams maintain their direc-
tionality well both near field and far field and remains a hazard for the eye even
over greater distances. The directionality of the beam focuses the high-power
energy onto a minimal retinal area, resulting in varying degrees of visual dam-
age (Dillon and Parker 1969).

Lasers with the employed wavelengths longer than 1.4 um are generally re-
garded as "eye-safe" laser because the light in that wavelength spectrum range
is strongly absorbed by the cornea and lens of the eyes and therefore cannot
reach the retina. As a result, lasers source with an operating wavelength of 1.55
um, which is very popular in telecom systems, or 2.013-um thulium lasers for
the surgical instrument are far less dangerous than the laser source who wave-
length is less than 1.4 pm, for example, 1.064 um Nd:YAG lasers with similar
power outputs. Instead, the absorption length of the cornea reaches minimal
values (well below 0.1 mm) at longer wavelengths, thus, lasers with emitting
wavelengths of 3 um or 10 um (near the wavelength of CO2 lasers) are less eye-
safe than lasers emitting wavelengths in "eye-safe" region.

Laser and laser products have been classified into four classes and a few sub-
classes by wavelength and maximum output power since the early 1970s. Laser
products are classified according to their ability to damage exposed personnel,
from class 1 (no hazard during regular use) to class 4 (a severe hazard for eyes
and skin)

However, scientists should note that the laser power alone (or the intensity at
the laser output) is not sufficient enough to assess the possible intensity in the
eye, which also depends on other factors, such as the beam quality and beam
divergence. The beam divergence is relevant only in the "far-field", away from
any focus of the beam. The laser's beam divergence is an angular measurement
to describe the relationship between the increase in the beam diameter and the
distance from the optical aperture from which the laser beam is transmitted.
Therefore, one cannot merely state a power or intensity limit for eye safety at a
given wavelength.

Since the spectral range of the current SCL source is 0.4~2.4 um, the particu-
lar concern should be taken into account for eye safety at this wavelength of the
optical spectrum; eye safety is still a concern in both terrestrial or airborne plat-
forms to assure that the maximum receiving power is below the threshold of
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eye-safe peak power over all employed spectra. (Irish et al., 1999; Pfennigbauer
et al., 2011). If a higher laser pulse energy is required, wavelengths must be con-
sidered for which the eye is less sensitive (Wehr et al., 1999). It is strongly rec-
ommended that an optical filter be installed at the exit of the laser transmitter
to mitigate the power density of the emanating laser beam. If it is technically
possible, the spectroscopic device, for example, the optical filter array, the AOTF
device, or the LCTF device, should be placed on the transmitting part optics ra-
ther than receiving part when building an HSL system.
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3. Methodology

Generally, the system configuration of HSL is similar to a typical LiDAR sys-
tem, which usually consists of five subsystems: the first subsystem is a laser
source and more specifically, is a supercontinuum laser source. The second sub-
system is the transmitting and receiving optics, and the third subsystem is com-
posed of the photodetector which converts the optical signal into an electrical
signal, and the photodetector might be a single element detector or an array de-
tector (Chen et al. 2004; Hakala et al. 2012) and receiver electronics. The fourth
subsystem is an optional optomechanical scanner to steer a transmitted laser
beam in the desired direction. The last subsystem is the spectroscopic device,
which disperses the light according to its wavelength. Moreover, the spectro-
scopic device is typically installed and integrated within the transmitting or re-
ceiving optics. There is a meaningful difference if eye safety is a concern; inte-
gration of spectroscopic devices in transmitting optics are preferable since less
electromagnetic radiation is transmitted. However, this configuration might be
impossible for some spectroscopic devices, for example, spectrographs. The la-
ser source and the spectroscopic device are unique components for HSL devel-
opment compared with traditional LiDAR technology. The following flowchart,
presented in Figure 3.1 explains the logical relationships among the compo-
nents. The SCL pulse is emitted from a micro-structured optical fibre (MOF)
and collimated using an achromatic lens before being transmitted and steered
to illuminate the target. A minimal part of the transmitting pulse is sampled by
a photodiode to start the time-of-flight measurement and also record the wave-
form of the transmitted pulse. The reflected pulse is collected by receiving optics
and focused on photodetectors, converting the laser echo into an electric signal.
The converted signal is sampled and recorded using a high-speed oscilloscope
(sampling rate from several to tens of giga-points per second) and stop the ToF
measurement for range determination. After covering all wavelengths, the
stored digital records result in a set of spectrally resolved waveform echoes of
the same target. Moreover, scientists can derive both the range and reflected
radiation of the illuminated area on the target from the stored digital wave-
forms, then steps the scanner to scan the next point on the target. By repeating
the scanning processing repeatedly, all desired targets are fully scanned to gen-
erate point clouds containing a hyperspectral presentation of targets.

The significant difference for various systems developed in this paper is how
various spectroscopic devices/solutions should be integrated with traditional
LiDAR system configuration to develop a novel HSL system. They can be inte-
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grated into either transmitting optics or receiving optics as the green blocks pre-
sented in Figure 3.1, basically resulting in spectral-multiplexing solution and
time-multiplexing solution. More specifically, Publications I, III, and IV mainly
investigate the optical filter HSL technique for forestry, vegetation and mining
applications. Publication II explores the spectrograph-based HSL for forestry
applications. Publication V studies to use the LCTF device as spectroscopic de-
vices in HSL for vegetation research and Publication VI examines how the AOTF
device can be used in HSL systems for vegetation research. In summary, HSL
technology opens the door for various environmental awareness applications by
offering both high-spatial-resolution and high-spectral-resolution information
within a single framework that can be utilised but not limited to forestry, plant
science and mining applications.

!

Transmitting the
SC Laser Pulse
T Detecting transmitted

X pulses
select transmitted

wavelength with
spectroscopic device

l

Reflected by targets

l

Collecting the echoes

|

Select the received
wavelength with
spectroscopic device

Processing
Detecting the echoes (filtering, range determination,
reflectance calculation)

Cover all
Wavelengths

Step the scanner

Figure 3.1. General flowchart of the developed HSL for environmental awareness purposes
(the spectroscopic device can be integrated into transmitting optics or receiving optics as the
green blocks are present).
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3.1 Transmitting

Advancements in nonlinear fibre optics and compact pulsed lasers in recent
years have brought to the market novel light sources: SCL sources, which are
extremely broadband, yet as directional as a laser. These SCL sources produce
coherent and directional broadband light by making use of cascaded nonlinear
optical interactions in an optical fibre (Johnson et al., 1999; Dudley et al., 2006),
and they can be used to simultaneously measure the range and the reflectance
spectrum (Kaasalainen et al., 2007a).

Typically, a commercial SCL continuously covers the VNIR to SWIR spec-
trum, which is ideal for applications in which continuous spectral coverage is
involved. However, with SCL, a spectroscopic device is inevitably necessary to
separate the ultra-wideband laser spectrally. Such devices can be optical filter
arrays (Muller and Yuen, 2008; Chen et al., 2010; Sun et al. 2017; Chen et al.,
2018; Wang et al., 2018), spectrographs (Hakala et al., 2012; Sun et al. 2017),
LCTFs (Li et al., 2018), and AOFTs (Wallace et al. 2016; Chen et al. 2019; Shao
et al., 2019). The Finnish Geospatial Research Institute (FGI) began research on
HSL technology based on SCL sources in 2007 for forestry applications (Kaa-
salainen et al., 2007a). In 2010, FGI demonstrated SLC-based two-channel hy-
perspectral LiDAR using optical filters (Chen et al., 2010), and in 2012, FGI cre-
ated the first SLC-based full-waveform HSL system using a grating spectro-
graph to generate eight spectral signals ranging from 450-1000 nm simultane-
ously (Hakala et al., 2012). The full-waveform hyperspectral LIDAR was used to
acquire hyperspectral information for extracting vegetation parameters, includ-
ing the water content, chlorophyll content, NVDI. Both experimental results
showed that the device could acquire spectral information and target-ranging
information. FGI and AOE, CAS jointly designed a 17-channel HSL covering the
visible-to-SWIR spectral range (450-1600 nm) using optical filter groups for ore
classification, and the classification results were promising (Chen et al., 2018).
Most of the developed HSLs all have a limited and discrete spectral channel,
which severely hinders the understanding and further applicability of the newly
developed technology. We also investigated the HSL solutions that can offer
continuous spectral coverage in this dissertation: a tunable HSL based on the
AOTF, called an AOTF-HSL, and another tuneable HSL based on the LCTF. FGI
and AOE also jointly designed an LCTF-based HSL system to detect the red edge
for vegetation-related applications, and significant correlation coefficients of
the two spectral profiles collected by the HSL and the referenced spectrometer
on the same vegetation could be observed (Li et al., 2018). LCTF-based HSL can
offer continuous spectral coverage compared with the optical filter solution.
However, due to the restricted spectral range of the employed LCTF component
together with a low power density of the transmitting “white” laser pulse at 450-
550 nm, only the data from 18 spectral channels were available for a better sig-
nal-to-noise ratio from 550 nm to 720nm with a 10-nm spectral resolution. In
addition to being lightweight and having low power consumption, the image
quality of LCTFs makes them ideal candidates for remote sensing applications.
However, a potential disadvantage of LCTF-based solutions is the tuning speed.
And the tuning speed of LCTF usually is several tens of milliseconds, mainly
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determined by the switching speed of the liquid crystal elements, which will re-
strict its application for a fast-speed platform, for example, ALS or MLS appli-
cations. As a result, multiple LCTFs in separate optics paths are required in op-
tical designs for MSLS applications.

The AOTF-HSL was proposed, designed and tested, covering the VNIR spec-
tral range (500-1000 nm) with a spectral resolution of 5-10 nm. Due to the ma-
turity of the applied AOTF component, the complexity, dimensions and hard-
ware investment of HSL are considerably reduced, and a continuous spectrum
with an excellent spectral resolution can be achieved. The AOTF enjoys a
quicker tuning speed (microseconds) and broader wavelength ranges than the
LCTF, which is also critical for ALS and MLS applications. Moreover, multiple
simultaneous frequencies can be applied to the AOTF device without excessive
intermodulation. This feature allows controlled wavelength mixing, which is
preferable for HSL. However, AOTFs rely on the acousto-optic effect of sound
waves to diffract and shift the frequency of light.
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Figure 3.2 The concept illustrations of traditional LIDAR, MSLS based on several monochromatic
lasers and hyperspectral LiDAR

Figure 3.2 presents the differences and similarities between traditional LIDAR
and MSLS based on multiple monochromatic lasers and HSL-based SCL. The
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advantages and disadvantages of using different spectroscopic devices are pre-
liminarily concluded in Table 3.1,

Table 3.1. The advantages and disadvantages of different spectroscopic devices based on HSL

Multiplexing Flexibility | Size Cost Spectral | Develop-
Range ment dif-
ficulty
Optical Spectral multi- | High Medium | Medium | Wide Medium
filter(s) plexing
Spectro- | Spectral multi- | Medium Large High Medium | High
graph plexing
LCTF Temporal multi- | Low Small Low Narrow Low
plexing
AOTF Temporal/Spec- | Medium Small Low Medium | Low
tral multiplexing

3.2 Receiving

To convert light photons into a current in the receiving part, the photodetectors
utilised in LiDAR can be a charge-coupled device (CCD), a photodiode, an APD,
or a PMT. Because traditional LiDAR for TLS, MLS and ALS operates in the
VNIR, a conventional silicon photodetector can be used with low multiplication
noise by exploiting the photoelectric effect. An InGaAs detector, with an absorp-
tion window of approximately 1.1—1.7 um, can be used to detect infrared pulses
out to a SWIR wavelength. It operates in the infrared spectrum at a relatively
long wavelength that allows for considerably higher power density and longer
ranges, even though the InGaAs detector is less sensitive than silicon detectors.
From the viewpoint of eye safety, InGaAs detector covers partial less hazardous
wavelengths (1.4pm-1.7um) than the conventional silicon detectors (0.4um-
1.1um). Mercury Cadmium Telluride (HgCdTe) photodetectors can cover a
broad bandwidth from MIR (~3-5um) to LWIR spectral ranges (8-12um) with
high quantum efficiency typically at liquid nitrogen temperature (~77K) to re-
duce thermal noises, and very low excess noise can be achieved with such a sys-
tem configuration (Sun et al., 2017). However, an extra bulky and sophisticated
cooling system is required to control the temperatures of the sensor. Another
disadvantage of HgCdTe photodetectors is the expensive hardware investment
which might restrict the massive applications. Besides, 2D materials have at-
tracted significant interests in photodetection applications in the last decade.
They possess various unique advantages, such as strong light-matter interaction
for high efficiency, large absorption bandwidth for broad operation bandwidth,
and easy fabrication and integration for new possible functions (Sun et al.,
2016), for example, graphene is a well-known example of an excellent 2D mate-
rial with great potential to manufacture the further broad bandwidth photode-
tector. However, there is still no commercial photodetector based on 2D mate-
rial available by far. Nevertheless, it is widely accepted that the missing of high-
performance photodetectors with an ultra-extended spectral response consid-
erably limits the wavelengths (typically ~400-1100nm) of HSL LiDAR systems
and their applications.
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The developed HSL systems cover the spectrum from VNIR to SWIR. Thus,

the detectors used in this research are silicon APD (Publications I, III, IV, V, and
VI), InGaAs APD (Publications IIT and IV), and silicon APD array (Publication
IT) with high-voltage power supplies. The current converted by the photodetec-
tor is recorded by a high-speed digitiser to generate the echo waveform for fur-
ther analysis. The high-speed digitiser can be an oscilloscope (Publications I,
IIL, IV, V and VI) or an analogue-to-digital converter (Publication II). The sam-
pling rate and resolution of the digitiser determine the range resolution, and the
resolution of the echo intensity and also decide the post-processing algorithms,
for example, waveform fitting and range determination. Both the general range
precision and accuracy of the spectral measurement were evaluated against ref-
erence values collected by commercial laser telemeters and spectrometers.
All the processing is based on the collected waveform of the transmitted signal
and the receiving echo. Usually, the waveform detected by the APD sensors will
be converted into a digital waveform by a high-speed oscilloscope or digitiser
(at a sampling rate of several GHz to twenty GHz). The collected waveforms are
generally pre-processed in MATLAB. The pre-processing includes, for example,
Gaussian filtering, range determination, and reflectance calculations. Mean-
while, SVM-based data processing carried out in the dissertation is performed
in Python based on different AI packages, such as the Scikit-learn Python pack-
age.
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4. Results

The primary aims of this research are to develop various new HSL techniques
and investigate their feasibility in forestry, vegetation and mining applications.
Thus, the results of the research include

1) the feasibility of the developed HSL hardware;

2) the accuracy of the range measurement;

3) the accuracy of the spectral measurements and how we can utilise such
measurements in forestry inventory, plant science and mining applications.

4.1 New HSL technology

4.1.1 Spectrograph-Based HSL

The optical setup of the spectrograph-based HSL is presented in Figure 4.1. The
receiving optics and electronics are similar to that of a spectrograph-based pas-
sive hyperspectral imager, more specifically, the system configuration of the
spectrograph, and the parallel narrow-echo pulse detection and ADC subsystem
is identical.

The SCL (NKT Photonics, SuperK) produces ~1-ns pulses at a repetition rate
of 24 kHz and an average power of 100 mW spreading over a spectral range of
480—2200 nm. The ultra-broadband output laser is collimated using a refract-
ing collimator. The collimated beam passes through a beam sampler, which
takes a part of the beam to trigger the time-of-flight measurement. An off-axis
parabolic mirror (a 50.8-mm diameter, a 152.4-mm effective focal length and a
90° off-axis angle) is used as the primary collecting optic to collect the echo. Two
4-mm holes are drilled through the mirror, one parallel to the optical centreline
and one towards the focal point. This configuration allows the main beam to be
passed through one hole to the target, while the light for triggering waveform
collection is guided directly to a spectrograph (Specim, ImSpector V10) through
the other hole. A 16-element silicon APD array module (Pacific Silicon Sensor)
is used to convert the spectrally separated light to analogue voltages. The APD
module has built-in trans-impedance amplifiers (Analog Devices, AD8015) with
a bandwidth of 240 MHz, producing an unambiguous resolution of approxi-
mately four nanoseconds. Eight 12-bit ADCs (SP Devices, ADQ412), with a 1-
GHz sampling rate, are used for digitising 8 of the 16 available spectral channels
to fulfil the full-waveform collection capability. The scanning geometry is de-
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fined by the two rotators (Newport URS75BCC and URS100BCC) with an abso-
lute accuracy of £0.0115°. The rotators are attached with one performing the
azimuth rotation and the other sweeping the laser over the target area in vertical
passes.

Figure 4.1. The optical setup: a laser pulse from a photonic crystal fibre (A) is collimated and sent
to a 2D scanner (B). An off-axis parabolic mirror (C) is used as the primary light-collecting
optic. A spectrograph (D) disperses the colours of the trigger (E) and echo pulses to an APD
array, which converts the light to analogue voltage waveforms.

The channel selection and the spectral channel configuration are presented in
Figure 4.2. The current configuration produces a spectral full width at half max-
imum (FWHM) of approximately 19 nm for each APD element and a spectral
sampling interval of 34 nm. With a 16-element APD array sensor, the spectral
range is 470-990 nm. However, the sensitivity of both the silicon APD array and
the intensity of SCL below 550 nm are low, and the SNRs of collected waveforms
below that threshold are poor. Therefore, the first channel was set to 542 nm,
followed by 606, 672, 707, 740, 775, 878 and 981 nm. Such channel selection
has been optimised for the measurement of vegetation focusing on “red-edge”
detection as a bold solid curve presenting the spectral profile of Norway spruce
collected by the passive spectrometer in Figure 4.2 (Hakala et al., 2012). A mon-
ochromator (Oriel, Cornerstone 74125) was used to calibrate and guarantee the
spectral responses of each APD element. By using a Spectralon reflection board
(Labsphere, Inc.) with 99% reflectance as a reference target at various distances
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and Gaussian function fitting, the original waveform collected by the ADC can
produce the backscattered reflectance waveforms of the targets. (Hakala et al.,
2012).

The optical design of the spectrograph-based HSL is similar to passive spec-
tral imagers. The major disadvantage of such a design is the hardware invest-
ment for high-speed ADC. Such a spectral-multiplexing system configuration
will significantly increase the system size, power consumption and complexity
in addition to the cost when the channel members increase due to its parallel
read-out electronics design requiring extreme high-performance A/D conver-
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Figure 1.2. Spectral channel configuration and the eight selected channels (with solid curves) for
vegetation applications

4.1.2 Optical-Filter-Based HSL

The major disadvantage of spectrograph-based HSL is the system cost, espe-
cially for the receiving electronics. By using a beam splitter and bandpass optical
filter configuration, it is possible to modify the system for several specific exper-
iments by merely changing the bandpass optical filter groups. An ADP made of
a material other than silicon can extend the spectrum of the HSL from VNIR to
SWIR bands. Based on the first prototyped two-channel HSL based on an opti-
cal filter, the system configuration can be easily extended to encompass a multi-
channel solution only if 1) the receiving optical configuration is modified; 2) a
bandpass filter group filters the response echoes with different settings, and 3)
another APD made of other materials is introduced. We first demonstrate an
optical filter-based two-channel version HSL and then extend it into an eight-
channel version and later to a seventeen-channel version.

A: Two-Channel, Optical-Filter-Based HSL
Figure 4.3 presents the schematic of the two-channel, optical filter-based HSL.
The light source used is a supercontinuum laser source (Koheras, SuperK) with
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a wavelength range of 600 to approximately 2,000 nm and average output
power of 100 mW. The pulse rate is 20—40 kHz with a 1—2-ns pulse width. The
ultra-wideband laser pulse is emitted from a MOF with a high divergence angle.
Therefore, it is collimated using an achromatic lens (L1 in Figure 4.3) before
being transmitted to the object. The collimated beam is reflected towards the
target employing two silver mirrors (M1 and M2 in Figure 4.3). Mirror M2 is
placed at the optical axis of the receiving telescope. A photodiode sensor is situ-
ated beside a beam sampler plate (S in Figure 4.3), which is used to collect the
sample of the transmitting laser beam reflected from the beam sampler plate.
The collected signal is applied to trigger a high-speed oscilloscope to archive the
waveforms of both the transmitting pulse and the receiving echoes, whereby the
ToF measurement could be carried out using a post-processing program.

A Cassegrain telescope (with a 1,000-mm focal length and a 10-cm aperture
diameter) collects the scattered laser pulse from the target. The focal point of
the telescope is imaged onto two avalanche photodiode sensors (APD1 and
APD2 in Figure 4.3) via a beam splitter (BS in Figure 4.3) and three achromatic
lenses (L3, L4 and L5 in Figure 4.3). The split beam is filtered using a bandpass
colour filter (C1 and C2 in Figure 4.3 with a bandwidth of 40 nm and a peak
transmission of 600 nm and 800 nm for channel1 and channel2, respectively).
The filtered beam is focused via the achromatic lens onto the high-voltage-bi-
ased APD sensor, which converts the laser echo into an electronic signal. The
output signals from the APD sensors are sampled and recorded using a high-
speed oscilloscope (a sampling rate of 5 giga-points per second, a bandwidth of
500 MHz, and four channels), resulting in a set of spectrally resolved waveform
echoes (two channels in this case). Therefore, the prototype system measures
the ToF and the spectrum of the returning echoes by post-processing the rec-
orded waveform from each channel. The experiment demonstrates the instru-
ment’s ability to distinguish vegetation (the Norway spruce target) from inor-
ganic material through the NDVI parameter. The spectral response of the APD
sensor is typical for silicon APD with a peak spectral response at 800 nm. There
is typically an increase in the reflectance at approximately 700 nm for vegeta-
tion targets, which is known as the “red edge”, resulting in NDVI values greater
than zero (Glenn et al., 2008). Furthermore, the characteristic of the peak spec-
tral response at 800 nm can increase the SNR of the near-infrared measure-
ment. Therefore, spectral bands of 600 nm and 800 nm provide the best SNR
and distinguish Norway spruce from inorganic material.

The two-channel hyperspectral LIDAR (Figure 4.4) was tested at the Geodesy
Laboratory of FGI in December 2009. The laboratory has a 12-metre concrete
table, which enabled the targets to be placed at a measured distance of ~11 me-
tres from the laser source. Two sets of experiments were designed to measure
the precision of the hyperspectral LiDAR system. The goal of these experiments
was to demonstrate the feasibility and applications of hyperspectral range-find-
ing measurements and to evaluate the performance of the prototype system.
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Figure 4.3 Schematic setup of the two-channel optical-filter-based hyperspectral LiDAR

The first experiment evaluated the performance of the system as a laser range
finder based on time-of-flight measurements. A Spectralon (Labsphere, Inc.)
reflection board (reflection rate: 99%) was placed 11 metres from the aperture
of the telescope along the optical axis of the telescope. The target was replaced
at a position of 10 metres, and the time difference between these two measure-
ments was determined using a high-speed oscilloscope.

The feasibility of the simultaneous range and spectral measurements was
demonstrated in the second experiment. A Norway spruce tree target was placed
at a distance of 9.3 metres in front of the Spectralon reflection board placed at
a distance of 10.7 metres. The transmitting laser pulse passed through the
branches of the spruce tree and was projected onto the reflection board. The
main part of the pulse was reflected by the spruce and the remaining part by the
Spectralon panel, thus producing multiple echoes. This method enabled the dis-
tances and reflectances at 600 nm and 800 nm for both targets to be compared.
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Figure 4.4 Two-channel optical-filter-based hyperspectral LIDAR used in the laboratory test

B: Eight-channel optical-filter-based HSL

A two-channel HSL based on an optical filter is a conceptual demonstration of
HLS that can collect spatial and spectral information within a single system
framework. However, the two-channel configuration is insufficient for most re-
mote sensing applications. Thus, a more complex 8-channel optical-filter-based
HSL covering the VNIR to SWIR bands was designed and tested. The spectral
channel selection was accomplished by turning the wheel where the eight opti-
cal filters were installed. The prototype HSL can be upgraded into eight authen-
tic channels with parallel electronics as a spectrograph-based HSL.

The proposed HSL system is shown in Figure 4.5. An SCL (Leukos© SCM 30-
HE-450) outputs a broadband laser with a spectral range of 450-2400 nm. The
broadband laser beam is led in a fibre collimator through the output fibre. The
fibre collimator outputs the collimated beam. A beam sampler reflects a part of
the collimated beam for triggering the start of the ToF measurement using a
silicon APD (Menlo Systems APD 210). The main beam transmits through the
beam sampler and passes through a hole of a 90° off-axis parabolic mirror (76.2-
mm diameter) to a scanning mirror. The hole is parallel to the optical centreline
of the parabolic mirror. The scanning mirror also reflects the echoes of the tar-
gets to the parabolic mirror. The off-axis parabolic mirror collects and focuses
the echoes to the spectroscopic devices. At present, a device could rarely cover
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a wide spectral range from the VNIR to the SWIR bands. Therefore, a long-pass
dichroic mirror, installed between the parabolic mirror and the spectroscopic
device, is used as a spectral beam splitter. The cut-off wavelength of the long-
pass dichroic mirror is 950 nm.
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Figure 4.5. The 8-channel and 17-channel HSL system and the experimental scene

The beam splitter reflects the VNIR echoes, and the SWIR echoes are transmit-
ted. In the HSL, eight narrow-bandpass optical filters, divided into a VNIR sec-
tion and a SWIR section, are installed before the APD sensors. The central wave-
length A and the bandwidth AX of these optical filters are listed in Table 4.1. The
optical filters are used as the spectroscopic devices to select the wavelength of
the echoes. A Si APD (Menlo Systems APD210) sensor and an InGaAs APD
(Menlo Systems APD310) sensor are used to detect the VNIR echoes and SWIR
echoes, respectively. An extra amplifier was used to amplify the signals collected
by the InGaAs APD due to its lower sensitivity (the sensitivity of the Si APD is
one order of magnitude higher than that of the InGaAs APD). The output signals
of the two APD sensors and the trigger signal are recorded and sampled by a
high-speed oscilloscope, of which the sampling rate is 5 GS/s.
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Table 4.1. The central wavelengths and the bandwidths of the filters

VNIR SWIR
N 540 670 800 990 1064 | 1100 | 1225 | 1460
nm nm nm nm nm nm nm nm

AN 20nm | 20nm [ 20nm |[15nm | 15nm | 15nm |11 nm | 10 nm

In the experiment, the HSL detected several targets, including the reflection
boards (the 5%, 20%, 40%, 70% and 99% reflection boards), Scindapsus plants,
plagioclase samples, and white ceramic cups. The targets were placed at a meas-
ured distance of 3 metres from the HSL system. A standard spectrometer meas-
ured the target’s spectra as a reference value, to evaluate the accuracy of HSL-
derived spectral profile. The first test is an evolution-of-range measurement. A
white ceramic cup and a 99% reflection board are placed at approximately 3-
and 5-metre distances to examine the range performance of the HSL system and
its capability of discriminating different “white” shades based on the echo’s am-
plitude. The second test is to evaluate the hyperspectral capability by comparing
the measured spectral curves with the spectrometer reference measurements of
the targets. Gaussian fitting is utilised to process the echo waveform in this re-
search. With the standard 99% reflection board (whiteboard), the target’s re-
flectance spectrum can be obtained according to the ratio of the echo intensity
at each channel of each target to the coincident measurements of the white-
board.

C: 17-channel optical-filter-based HSL

Based on the 8-channel optical filter-based HSL prototype, we quickly extended
it to a 17-channel version by modifying the optical filter group for a more specific
feasibility study: ore classification. We investigated the feasibility of the ore clas-
sification application using HSL with 17 spectral channels covering the VNIR to
SWIR spectral ranges. A multiple SVM classifier was used to classify the spectral
profiles collected from ore samples. Seven types of ore samples (apatite, calcite,
fluorite, olivine, orthoclase, plagioclase, and quartz, as Figure 4.6 presents) were
measured using HSL to acquire the spectral profiles and distance information.

Table 4.2. The details of the spectral configuration of the optical filter based on 17-channel HSL

Channel Wavelength Channel Wavelength

(VNIR) /nmm (SWIR) /nm
1 450 10 1070
2 540 11 1120
3 615 12 1230
4 670 13 1300
5 700 14 1360
6 750 15 1420
7 800 16 1557
8 845 17 1600
9 925

48



Results

We obtained range measurements and hyperspectral information simultane-
ously from the waveforms collected via the developed HSL system under a con-
trolled laboratory environment (Figure 4.5), which covered 17 spectral channels
from 450 to 1600 nm. It was an upgraded version of the 8-channel HSL system
by modifying the optical filter groups. The details of the spectral configuration
of optical filters are listed in Table 4.2. In total, seven ore samples and a refer-
ence whiteboard with 99% reflectivity were measured during the laboratory test.
We placed the ore samples in front of the 17-channel HSL system. The ore sam-
ples were placed at a measured distance of 3 metres from the HSL due to the
low SNR of channels lower than 550 nm. They were observed under the condi-
tion that the dimension of the ores was considerably larger than the footprint of
the laser in a dark environment, as Figure 4.5 shows, to mitigate the influence
from other light sources even though the high-speed oscilloscope collected the
signals in an AC coupling mode. In this research, we used a Gaussian model to
fit the collected signals to obtain the amplitude peak of the waveform. We se-
lected 35 of these ore samples (five samples of each ore) as a training dataset
and 1,750 samples as a testing dataset for the designed multiple SVM. Besides,
the SVM parameters were identical for the objective comparison of the classifi-
cation performances of different feature vectors. Second, we attempted to opti-
mise the system design to have a lower cost and system complexity based on the
feature contribution degree (FCD) method, and the normalised variances in the
reflectance values for different ore samples at the same wavelength were calcu-
lated and treated as the FCD. Two groups of feature vectors, called minvectors
and maxvectors, were selected using the FCD values sorted two different ways:
ascending and descending.

apatite calcite fluorite olivine

orthoclase plagioclase quartz
Figure 4.6. Seven standard ore samples from a geological research institute
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4.1.3 LCTF-based HSL

Most of the developed HSLs have a limited and discrete spectral channel, which
actively hinders the understanding and further applicability of the developed
technology. Since the SCL transmits a supercontinuum laser pulse with a spec-
tral wavelength ranging from 450 nm to 2400 nm, it is natural to investigate the
possibility of developing an HSL that can continuously cover the full spectrum.
An LCTF is an optical bandpass filter whose centre wavelength is tunable by
electronically controlled liquid crystal (LC) elements to transmit a selectable
wavelength of light and exclude others (Gat N. 2000). LCTFs are known for en-
abling high image quality and allowing relatively easy integration concerning
optical system design and software control, and they are widely used in multi-
spectral snapshot imagers for earth observation (Nag, S. et al., 2017). The major
disadvantage of LCTF is lower peak transmission values than conventional
fixed-wavelength optical filters due to the use of multiple polarising elements.
We investigate the feasibility of detecting the red edge utilising a consecutive
and high-spectral-resolution active remote sensing technique, more specifically,
the LCTF-based HSL system. In this system, an LCTF was installed before a sil-
icon APD module (APD 210) for electronically and consecutively selecting the
wavelength of the backscattered echoes. This component enables the HSL to
generate consecutive and high-spectral-resolution measurements. To the best
of knowledge, this is the prototype LCTF-HSL system based on SCL sources for
remote sensing research.

The spectral performance of the prototyped LCTF-HSL system is evaluated in
this feasibility research. Furthermore, laboratory experiments of vegetation red-
edge detection are also investigated with the prototyped LCHF-HSL system to
assess its feasibility for agricultural applications. The LCTF-HSL system
measures two plants (aloe and dracaena) with yellow and green leaves. The
spectral profiles of each sample are also collected by an SVC spectrometer (SVC
HR-1024) as a reference for comparison.
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Figure 4.7. Schematic diagram of the LCTF-based HSL system
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Figure 4.7 presents an illustrative diagram of the proposed LCTF-HSL system.
The major components are similar to the optical-filter-based HSL, except the
spectroscopic component from optical filters are replaced with an LCTF device.
The parameters of the employed LCTF device (CRI© VariSpec VIS) can be
found in Table 4.3. Besides, the LCTF device can equip the HSL with a high
spectral resolution better than 10 nm, and in the performance evaluations, a 10-
nm spectral resolution is selected, which is a compromise between the spectral
resolution and a proper SNR measurement. It is evident that LCTF is a tech-
nique for temporally dividing multiple spectral filters; its mechanism is differ-
ent from grating and the optical-filter-based HSL solution: the APD sensor can
only detect the echo of the selected spectral channel at a time. However, such a
time-multiplexing technique can substantially save hardware investments and
decrease the size, power consumption and complexity of the HSL system. It is
also a suitable solution for laboratory tests, especially in a feasibility study. The
LCTF-HSL hardware prototype was set up in the laboratory (Figure 4.8) for a
system performance evaluation by placing the vegetation samples at a distance
of 3 metres. The laboratory experiments mainly evaluated the spatial and spec-
tral capabilities of the proposed LCTF-HSL system by examining its range accu-
racy, validating the reflectance value and detecting the red-edge position of veg-
etation.

Figure 4.8. LCTF-HSL prototype
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Table 4.3. Technical specifications of the LCTF device

Model VariSpec VIS Wavelength Accuracy Bandwidth/8
Spectral Range | 400-720 nm | Maximum Optical Throughput 500 mW/cm?
Aperture 20/35 (mm) Response Time 50 ms
Visual Angle 7.5° Bandwidth FWHM 7/10/20 nm

4.1.4 AOTF-based HSL

LCTF-HSL offers the possibility of generating continuous hyperspectral data;
however, due to technical restrictions on both the SCL and the LCTF spectro-
scopic device, it only covers the spectrum from 550 nm to 720 nm with a 10-nm
spectral resolution for better SNR measurements. Another potential disad-
vantage is the response time of the LCTF device. The tuning speed of the LCTFs
usually is generally several tens of milliseconds, mainly determined by the
switching speed of the liquid crystal elements, which will restrict its application
for airborne HLS applications. As a result, multiple LCTFs in separate optics
paths operating as an optical filter are required for optical designs in HLS ap-
plications. We also consider HSL solutions that can generate genuinely contin-
uous hyperspectral data. We selected the AOTF device as the spectroscopic de-
vice.

An AOTF is a tuneable bandpass narrow-band filter with a bandwidth of several
to tens of nanometres. This type of filter uses the acousto-optic effect to diffract
and shift the frequency of light using sound waves, usually a radio frequency
(RF) signal, and the selected wavelength is determined by Eq. 4.1.

4 =AY [sin2 26, + sin* Q}Uz (4.1)

where the selected wavelength (1) is a function of the difference in the refractive
indices due to birefringence (An = n; — ngy), the frequency of the applied RF sig-
nal (f), the incident angle (6;) between the source laser beam and the crystal
material to be modulated in the radio frequency of f and the speed of acoustic
waves in the crystal material (V).

The AOTF device is used to rapidly and dynamically select a specific wave-
length from the broadband white laser source. As the applied RF frequency on
the AOTF device is varied, the filtered wavelength changes, and the “tuning” of
the wavelength costs typically tens of microseconds or less, which is four orders
of magnitude faster than the LCTF device. It is ideal for future terrestrial and
low-speed mobile HSL development with satisfactory operation efficiency.

The AOTF-HSL system is designed based on the schematic illustration in Fig-
ure 4.9. The upgraded laser source is a YSL® SC-OEM SCL from YSL Photonics
with a maximum power of a single pulse exceeding 1.9 pJ. The pulse rate of the
SCLis 0.01 MHz-1 MHz with a 2-3-ns full width at half maximum (FWHM) over
the wavelength range (450-2400 nm). The beam divergence is 0.2 mrad, and
the beam diameter is 10 mm. By considering the eye-safety issue, the ultra-wide-
band laser pulse emitted from the MOF is first filtered by the AOTF device
(YSL© AOTF-Pro model), which is a wavelength selection module based on the
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acousto-optic crystal. A beam expander is used to collimate the filtered beam
with a high divergence angle before being transmitted to the object. Instead of
the off-axis parabolic mirror used in the LCTF-HSL system, a Cassegrain tele-
scope (with a 700-mm focal length and a 100-mm aperture diameter) collects
the scattered laser pulses from the targets. The AOTF-HSL system tunes its out-
puts with a 10-nm spectral resolution, resulting in a set of 51 channels of spec-
trally resolved waveform echoes covering 500 nm-1000 nm for the sampling
points on the target.
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Figure 4.9 Schematic setup of the AOTF-HSL system

Two tests were carried out to evaluate the range precision and the precision of
the collected spectral profile of the designed AOTF-HSL system, which was in-
stalled on a 2-dimensional turntable for the field test, as Figure 4.10 shows. The
range precision or stability was evaluated instead of the range accuracy by meas-
uring the same range (37.50 metres) of 4 standard greyboards (20%, 40%, 70%,
and 100%) with perpendicular laser beams. Also, 37.50 metres was measured
by a commercial Leica laser telemeter (Leica D8) by measuring the range be-
tween the receiving optics (Cassegrain telescope) and the targets, which was
used as the referenced range to evaluate the range performance.

Aloe (Aloe arborescens Mill.), dracaena (Dracaena Angustifolia), rubber (Fi-
cus elastica Roxb. ex Hornem.) and Radermachera (Radermachera hainanensis
Merr.) plants were selected for the spectral profile test due to their various leaf
properties. The continuous spectral profiles with 10-nm resolution were col-
lected from 6 different leaves (four green-leaf samples and two yellow-leaf sam-
ples) of 4 species plants in a range from 500 nm to 1000 nm assisted with a
white reflectance standard with 99% reflectivity. The collected spectral profiles
were compared with the reference data collected by the SVC spectrometer. The
distance between the plants and the AOTF-HSL system was approximately 6
metres to collect better SNR ratio waveforms, especially in the 500-650 nm
range.
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Figure 4.10. AOTF-HSL system for the field test on a two-dimensional turntable.

4.2 Range Results

In this dissertation, the range measurement of the HSL is based on measuring
the ToF of transmitted short ultra-broadband laser pulses. The recorded wave-
forms with post-processing algorithms measure the ToF, for example, by simple
maximum Gaussian fitting to extract the pulse transmission time and pulse-re-
ceiving time. By subtracting the pulse transmission time from the pulse-receiv-
ing time, the ToF can be measured. The measured ToF is multiplied by the speed
of light to obtain the range, as shown in Eq. 4.2.

— %At — cX(tr—ty) (4.2)
where R is the range between the target and LiDAR, c is the speed of light, At is
the time of flight, and t, and t, are the epochs of the pulse transmission and
pulse-receiving times, respectively.

To carry out the range calculation correctly and with high accuracy, the speed
of the light is known with high precision. However, the speed of light is affected
by various environmental parameters, such as temperature, pressure, and hu-
midity. Thus, atmospheric correction should be considered if highly accurate
range measurements are required.

Laser ranging of HSL is accomplished by measuring the ToF of a “white” laser
signal from the supercontinuum laser transmitter to the target and back to the
receiver. For all HSL instruments investigated in this research, the laser signal
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is pulsed. As mentioned above, the range to the target R is subsequently counted
from the ToF (1) measurement and the Eq. 4.3 can be modified to
Co T

R = Cg§=z 5 (4.3)

where Cj is the speed of light in the medium in which the laser pulsed is propa-
gating, and 7 is the group velocity in the medium at the selected wavelength for
the HSL range. The group velocity differs from the speed of light in a vacuum
(C,) by a factor of ng, which is called the group velocity index of refraction. The
group velocity index in the air is a function of temperature, pressure, and hu-
midity. Moreover, it exhibits high stability and only small fractional changes
with changes in the atmospheric parameters. Therefore, such minor changes are
generally described in units of ppm (parts per million). For example, a change
of 100 pm in n, results in a range measurement of 100 mm at a target range of
1000 metres at the selected wavelength. One issue should be addressed here:
the atmospheric influence on the index of refraction at different wavelengths
may vary. The following simplified formula can describe the group refractivity
N, determined by Eq. 4.4

4.88660 0.06800
Ng = 287.6155 + —z + T (44)

at the conditions of 0 ‘C, standard atmosphere and 0% relative air moisture,
where A is the laser wavelength in pm.

The group refractivity at ambient moist air for a given temperature T (in Kel-
vin), the pressure P (in millibars) and the water vapour pressure E (in millibars)
is
_ 273.15 M _ 11.27E
T 102325 T T

(4.5)

L
The group index of refraction n, in Eq. 3 can be described as
ng=1+N,10° (4.6)

In general, the influence of the three aforementioned atmospheric parameters
on the range measurements can be concluded with the following approxima-
tions for practical usage:

« a change in temperature of 1 °C results in a 1-ppm correction, and as the tem-
perature decreases, the light will propagate slower;

« a change in air pressure of 10 millibars yields a correction of 2.7 ppm, and
higher pressure results in a slower speed of light;

« a variation in moisture from 0% to 100% results in a correction of 0.5 ppm,
which can be ignored in most cases.

HSL systems are usually tested in a laboratory environment. The maximum
range measurement is less than 50 m, and the best range resolution equals 7.5
mm (20-G/s sampling rate). Assuming that the temperature has been measured
with an accuracy of +5 ‘C, the pressure within + 50 millibars, the total atmos-
pheric correction is 10 ppm=+13.5 ppm. A target range of 50 metres results in a
change of 0.1175 mm, which is small compared to the 7.5-mm range resolution.
However, for further airborne, even spaceborne applications, the atmospheric
correction should be carefully modelled.
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The range results from various HSL systems are presented in the following
context to evaluate the capability of spatial information collection.

4.2.1 Range results of optical-filter-based systems

A: Two-channel optical-filter-based HSL
The results of the ToF experiment are illustrated in Error! Reference source

not found., which shows the echoes from the two APD sensors at both target
distances. Assuming the peak position of the echo waveform represents the
range of the target, both channels indicate a range of 11.625 metres and 10.665
metres (which correspond to 77.5 ns and 71.1 ns, respectively, as the measured
time-of-flight values). The infrared band echo (800-nm) is higher than that of
the green band (600 nm), which is caused by the combined effect of the more
substantial laser output and the higher spectral response of the APD sensor on

the 800-nm band.
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Figure 4.11 The echoes of the two-channel hyperspectral LIDAR from the Spectralon® reflec-
tion board at ranges of 10 and 11 metres.

The measured range difference between the two measurements is slightly less
than 1 metre, while the actual difference is 1 metre during the experiments. The
following are explanations for what may have caused the inaccurate distance
measurement:

1. The sampling rate of the oscilloscope is five giga-points per second, i.e., the
range resolution of the system, in this case, is 3 cm (0.2 ns), resulting in a 3-cm
random quantisation error for every single range measurement and a maximum
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error of 6 cm for the range difference measurement. Averaging multiple wave-
forms from the same target at the same range can improve the SNR for better
range performance.

2. The bandwidth of the oscilloscope is 500 MHz, which is slightly less than that
of the echoes, and this discrepancy may partly distort the echo waveform.

3. The oscilloscope is triggered by the rising edge of the transmitting pulse signal
collected by the photodiode at a fixed trigger level. The power of the transmit-
ting pulse varied during the experiment. The increase in the echo amplitude is
not proportional to the distance, as can be observed in Figure 4.11 by comparing
the echoes at different distances. The variance in the transmitting power caused
a shift in the rising edge of the triggered signal. As a result, an extra error is
introduced into the distance measurements.

4. The cement table on which the prototype system is set is not meant for precise
optical measurements. Consequently, the reference measurement of the dis-
tance is carried out on a rough surface by a measuring tape, which may intro-
duce some degree of error. A commercial laser telemeter is recommended to
collect the reference ranges.

B: 17-channel optical-filter-based HSL

Table 4.4 shows the standard deviations of the distances of the different spectral
channels, which are obtained from the averaging ten calcite sample measure-
ments for each spectral channel. The calcite sample was measured at a range of
3 metres. The Si APD and the InGaAs APD are used to detect the reflected laser
pulses of different spectral bands, to expand the spectral range of HSL to SWIR.
An extra amplifier was used to amplify the signals collected by the InGaAs APD
due to its lower sensitivity. The range measurement differences between the dif-
ferent spectral channels are minor, especially after averaging ten measure-
ments. Thus, we compare the standard deviation (STD) of the range measure-
ments and list the results in Table 4.4. From the table, it is observed that the
distance measurements of the APD sensors fabricated in different material are
similar to each other, considering that the range resolution is 3 cm and that the
additional amplifier does not introduce extra range noise in the range measure-
ments. The range resolution is determined by the sampling rate of the oscillo-
scope (5 GHz), and the time interval is 200 ps.

Table 4.4. Standard deviations of the distance of each spectral channel of the 17-channel opti-
cal-filter-based HSL system (calcite case)

Channel STD Channel STD

(VNIR) /em (SWIR) /em

Si APD InGaAs APD
1 0.66 10 0.12
2 0.14 11 0.08
3 0.27 12 0.94
4 0.97 13 0.76
5 0.31 14 0.81
6 0.36 15 0.77
7 0.07 16 1.10
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8 0.45 17 0.03
9 0.41

4.2.2 LCTF-based HSL

The range accuracy was evaluated by measuring the vegetation target rather
than a flat reflection board. A green plant was placed in front of the LCTF-HSL
approximately 3 metres for ranging performance evaluation. A group of pro-
cessed waveforms of all the spectral channels collected by the LCTF-HSL are
shown in Figure 4.12, and the sampling rate of the selected oscilloscope was 10
GHz, which equalled a 1.5-cm range resolution. The distance was measured by
detecting the position of the maximum amplitude of the transmitting pulse (as
shown in the sub-figure of Figure 4.12) and the echo waveform to determine the
pulse flying time of each spectral waveform. From Figure 4.12, it could be ob-
served that the spectral power density from 450 nm-550 nm was considerably
lower than 550 nm-720 nm.

Meanwhile, the sensitivity of the silicon APD sensor from the 450 nm-550 nm
spectral range was also inferior. Only echoes from 550 nm—720 nm were utilised
for analysis to prevent the saturation of the waveform, as in previous research.
Table 4.5 shows the distance measurements from different spectral channels
starting from 550 nm with 10-nm bandwidths. The difference in the range meas-
urements from the different spectral channels was negligible, and the 4.5-cm
range difference among different wavelengths indicated that the authentic
range might be between 3.06 m and 3.105 m. With the current optical setup, the
referenced truth of range was not available; however, the range measurement
can be calibrated with traditional methods. The standard deviation of the range
measurements of the 18 spectral channels was approximately 1.72 cm. We found
that both the stability and variance in the range measurements of all spectral
channels are worse than those of the optical filter-based solution. The LCTF’s
internal design was supposed to contribute to the uncertainty in the range meas-
urements due to its time-multiplexing characteristics.
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Figure 4.12. Processed spectral waveforms of a green plant collected by the 18-channel LCTF-
HSL system
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Table 4.5 Range measurements from the different spectral channels

Wavelength/nm Range/m Wavelength/nm Range/m
550 3.105 640 3.075
560 3.105 650 3.075
570 3.105 660 3.060
580 3.105 670 3.075
590 3.105 680 3.060
600 3.090 690 3.075
610 3.105 700 3.075
620 3.075 710 3.075
630 3.060 720 3.075

4.2.3 AOTF based HSL

Standard greyboards were placed at a distance of more than 37.50 metres from
the AOTF-HSL to test the uniformity of the range measurements over the spec-
tral channels. For each greyboard, the centre point of the greyboard was selected
for the range measurement because of perpendicular laser beams. The range
precision was evaluated based on the range measurements covering the full
spectrum (51 spectral channels). For each spectral channel, 16 measurements
(waveforms) were collected under the same conditions, and the range result of
each spectral channel is the average result of its 16 measurements. The ToF
measurements of different spectral channels were calculated based on the col-
lected waveforms recorded at ten giga-samplings per second with a simple max-
imum algorithm.

The range is calculated based on the simple maximum algorithm by subtract-
ing the peak position of the echo pulse with the corresponding peak positioning
of the primary pulse from the original waveform. It can be observed from Figure
4.13 that the range measurements of the standard greyboards differ from 37.53
m to 37.575 m and that the variances of the range measurements over the 36
channels are 2.5 mm (20%), 7.2 mm (40%), 7.5 mm (70%) and 7.1 mm (100%).
Promising uniformity in the range measurements over the spectral channels can
be observed for the selected single greyboard. The range error with any single
board is 1.5 cm, which equals the random quantisation error of a 10-GHz sam-
pling rate. The LSB error in the A/D converter for digitising the waveform is the
only stochastic noise source that affects the range measurements for any single
greyboard. However, the range error increases to 4.5 cm when all the range
measurements of all the greyboards are calculated.

One issue that must be addressed is that due to the current AOTF-HSL system
configuration, the authentic value of the range to the standard reflectivity board
is not available. It can be concluded from the conducted range evaluation that
with ten giga-samplings per second and the derived range resolution from the
ToF measurements for different bands is 1.5 cm, which might be insufficient for
some applications, and more advanced post-processing algorithms should be
investigated to improve the range resolution.

The random range error (maximum of 45 mm) from different reflectivity
boards should also be mitigated by more sophisticated waveform processing if
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better range precision is needed, e.g., some forms of the averaging algorithm to
increase the SNR and Gaussian fitting. However, the tendency that can be ob-
served is that the range measurement increases with decreasing target reflec-
tion. In Figure 4.13, the measurements of the spectral channels from 500-650
nm are missing due to the low sensitivity of the APD sensor and the low trans-
mitted power intensity of the SCL below 650 nm.

The range stability results evaluated in this section raise another concern of
range calibration for HSL offering continuous spectral data.
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Figure 4.13 Range measurements of the AOTF-HSL system from 650 nm to 1000 nm on four
standard targets with different reflectivities at 37.5 metres from the AOTF-HSL system.

4.3 Spectral Results

The LiDAR intensity refers to the received power of the returned pulse from the
targets. Some intrinsic and extrinsic parameters always influence the LiDAR in-
tensity; more specifically, the intrinsic parameters include the power of the
emitted laser beam and the atmospheric attenuation, and the extrinsic parame-
ters include the reflectivity of the target, the transmitting range and the incident
angle. By considering these factors, a standard model is given in Eq. 4.7.

p= T, @)
Where Fr refers to the received signal power; 7= is the emitted signal power,
P isthe reflectance of the target; 6 is the incident angle between the target sur-
face normal vector and the laser beam incident on the target. R is the range
between the target and the LiDAR system. = and 7~ describe the systematic
and atmospheric factors, respectively.
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Assuming there are N spectral channels available with this HSL configuration
(by considering the data storage and practical hardware investment, two to sev-
eral tens of channels are selected in this dissertation), and thus, the received
power at wavelength 4 can be written as Eq. 4.8 according to the intensity
model of Eq. 4.7:
Pi= 7”13"5? 208 (0o
R (4.8)

where * is the received signal power, ” + is the emitted signal power, and “* is
the reflectance of the target. 6 refers to the incident angle between the target
surface and the laser beam projected on the target. = and 7> describe the sys-
tematic and atmospheric factors, respectively. R refers to the range between
the target and the LiDAR system.
All the spectral channels of the HSL system have an identical incident angle 6
and range R for a selected target. A ratio is defined in by Eq. 4.9 using a chan-
nel as a reference (the channel selection can be random).

R E stm,_ sys
ratio, = i 21& ! 4.9)
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Where " is the defined ratio for a channel with wavelength # ; " is the re-
ceived signal power of the selected referenced spectral channel; 7+ and 7 de-
scribe the systematic and atmosphere factors, respectively, for the reference
channel; ”+is the reflectance of the target for a spectral wavelength AP s
the received signal power of spectral channel 4 ; " and " describe the system-
atic and atmosphere factors, respectively, for the spectral channel Ay
According to Eq. 9, the ratio is determined by three major parts: the emitted
power of the laser beam, the reflectivity of different materials for distinct spec-
tral wavelengths, and the systematic and atmosphere factors. Figure 4.14 shows
the power density for corresponding spectral wavelengths ranging from 450 nm
to 2400 nm of a selected SCL, and the emitted signal strength varies for different
spectral wavelengths. However, the laser source has an almost fixed power den-
P;

E
sity curve, and the emitted power strength is stable. Py can be addressed a
constant value, “* , which is associated with the specific spectral wavelength.

St 3 5Y'S
m,m,
SIM o SYS

Mrep ey

Concerning the systematic and atmospheric factors, the can also be

regarded as a constant value, 7+ , which differs slightly in distinct spectral
wavelengths. Hence, Eq. 4.9 can be simplified as follows:

. P,
ratio, =k;5 —4'77% (4.10)
prd'
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Figure 4.14 The spectral power density of the SC laser source

Such a ratio can evolve into more complex forms, such as the NDVI. The
NDVI is defined as follows:

NDVI = [NIR-REDJ/[NIR+ RED], 4.11)

where NIR is the target reflectance within the near-infrared wavelength
range, and RED is the reflectance within the visible wavelength range.
Compared with currently available dual- or multi-wavelength LiDAR appli-
cations based on several monochromatic laser sources with fixed wave-
lengths, a system employing a supercontinuum laser source is different. It
presents a more flexible and optimal spectral channel selection because the
wavelengths can be arbitrarily selected from within the supercontinuum (or
detector) wavelength range of its source. The bandwidth of the spectral
channels can be optimally modified based on the specific requirements of a
given application.

4.3.1 Forestry inventory

Figure 4.15 shows the multiple echoes from the target spruce tree and the Spec-
tralon panel in the experiment by the two-channel optical-filter-based HSL sys-
tem. Since the transmitting power varied during the test, we calculated the re-
sults by averaging the 16 measurements to mitigate the effect of this variation
and to improve the SNR. We observed the following phenomena:

1. The prototype system is capable of processing multiple hits, which it can ex-
tract from multiple targets from one echo. It is a critical feature for forestry ap-
plications.

2. The difference in the NDVI for the Spectralon reflection board and the Nor-
way spruce tree sample is visible in this experiment (see Figure 4.16). The NDVI
of the Norway spruce tree is approximately 0.8, and the curve is moderately flat.
Likewise, the NDVI of the Spectralon panel is relatively close to 0, which is in

62



Results

agreement that from the Spectralon panel with a flat reflection rate at all wave-
lengths. The authors approximated the near-infrared and visible parts of the
spectrum with reflectance values at 800 nm and 600 nm, respectively. The
spikes in the NDVI curve for the Spectralon panel at 74 and 77 ns are caused by
the uneven spectral response feature between the two APD sensors, which can
be calibrated when conducting future research. The results are in agreement
with earlier observations of high NDVI values for vegetation.
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Figure 4.15 The echoes of the two-channel hyperspectral LIDAR system for two targets (Spec-
tralon panel behind the Norway spruce tree), averaged across 16 measurements.

Nevertheless, these results demonstrate the feasibility of the hyperspectral
range finder for simultaneous range and spectral measurements: the instru-
ment is capable of discriminating between a Norway spruce target and inorganic
material based on the NDVI while simultaneously obtaining the target’s range.

In addition to the NDVI, more vegetation indices can be obtained from the
measured hyperspectral point cloud, such as the water concentration index
(Penuelas et al., 1993) and the modified chlorophyll absorption ratio index
(Haboudane et al., 2004), and more complex and precise models can be set up
when both the number of spectral channels and the spectral resolution increase,
as Figure 4.17 shows.
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Figure 4.16 The NDVI of the echoes from the two-channel hyperspectral LiDAR system for two
targets (Spectralon panel behind the Norway spruce tree), averaged across 16 measurements
and the echoes after normalisation.
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Figure 4.17. From the upper-left corner: (1) A photograph of the Norway spruce, and 3D point
clouds demonstrating (2) the backscattered reflectance (3) the water Index, (4) the NDVI and (5)
the MCARI
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4.3.2 Plant Science

A: Spectral profile collected by the 8-channel optical-filter-based HSL sys-

tem
Figure 4.18 presents the spectrum reflectance (blue) of the three Scindapsus

plants against the reference measurements collected by the spectrometer. From
Figure 4.18, two healthy Scindapsus plants (one plant was grown in soil, and the
other plant was grown in water) exhibit a similar spectrum profile. However,
the Scindapsus grown in water has higher reflectance at 800 nm. The dry Scin-
dapsus plant presents a different spectrum profile, which has a higher reflec-
tance (0.6) from VNIR to SWIR. It can also be observed that the HSL measure-
ment mainly coincides with the spectrometer measurement. However, the var-
iances between the HSL and the spectrometer measurements are more noticea-
ble. The explanations for the variances are 1) For a flat object, such as the reflec-
tion board, the variance is minor; 2) for the plants, the sample point on the tar-
get might be slightly different during the test due to the measurement procedure
that all objects are measured by the HSL system first and then by the spectrom-
eter; and 3) the incidence angle might also vary during the test.

greantest
4

o

o
1
L

L 3

(+X-1

Reflectance

=X 1
1

= 1000 1500 2000 2800
Wavslength (nm]

(a)

watargreanieaf

—e— HESL
SWviC

Reflactance

gm 100c 1500 2000 2500
Wavelergtn (n)
(b)
dndeaf
T
g 1_ B—E=r
capE — SWC
o7 fﬁvﬂwﬁ
g o
2 osl Ak Wéf
3 o4
o3Pk
0.2p.
o1
gm 1000 1500 2000 2800
Wavelength (nm)
(<)

Figure 4.18. The spectrum reflectance (blue) of the Scindapsus plants ((a) a healthy Scindap-
sus plant grown in soil, (b) a healthy Scindapsus plant grown in water, (c) dry and withered
Scindapsus plant) collected by the HSL and by the spectrometer
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B: Spectral profile collected by the LCTF-HSL system

Researchers suggest that the cellular structure and chlorophyll content of vege-
tation determine a major part of the reflectance values and influence the shifting
behaviours of the red-edge position. The red-edge position is usually located in
the red-band spectrum from 680 nm to 720 nm because chlorophyll contained
in vegetation absorbs a large amount of light in the visible spectrum and be-
comes nearly transparent at wavelengths greater than 700 nm. Various experi-
mental results have revealed that the red-edge position shifts towards longer
wavelengths when a plant is healthy and has adequate chlorophyll content;
when it suffers from diseases resulting in insufficient chlorophyll content, the
red-edge position shifts towards shorter wavelengths. The red-edge-shifting be-
haviours are also confirmed by researchers utilising spectral reflectance meas-
urements obtained from passive airborne sensors. This phenomenon has been
widely employed in vegetation parameter estimation or vegetation biomass
modelling (Darvishzadeh et al., 2009).

Red-edge position detection experiments with different vegetation were con-
ducted under controlled laboratory conditions with the LCTF-HSL system. The
results were evaluated through the spectrometer measurements. The LCTF-
HSL system operated with wavelengths ranging from 550 nm to 720 nm at a 10-
nm spectral resolution. Two types of vegetation (aloe and dracaena, shown in-
Figure 4.19) with yellow and green leaves were measured by the two different
systems individually (LCTF-HSL and SVC spectrometer) in the laboratory.

Figure 4.20 illustrates the reflectance measurements obtained from the SVC
spectrometer. In the figures, the red line represents the reflectance of the green
leaf with adequate chlorophyll content; in contrast, the blue line represents the
reflectance of the yellow leaf with insufficient chlorophyll content. By observing
the reflectance curves, the following results can be observed:

1) The red edge of the yellow aloe leaf was 670 nm with a small red-edge slope,
and the red-edge position for the green aloe leaf was 690 nm with a more sig-
nificant red-edge slope. The yellow rectangle marks the spectral range presented
in Figure 4.20 (top) with zoomed-out details in the sub-figure;

2) The red-edge position for the yellow dracaena leaf was 670 nm with a small
red-edge slope, and the red-edge position for the green leaf was 685 nm with a
more significant red-edge slope. The yellow rectangle marks the spectral range
presented in Figure 4.20 (bottom) with zoomed-out details in the sub-figure.

Figure 4.19. Aloe (left) and dracaena (right) plants measured in the laboratory experiments with
the LCTF-HSL system
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Figure 4.20 Spectral reflectance curves of the aloe (top) and dracaena (bottom) plants collected
by the SVC spectrometer

Supported by the five types of whiteboards (5%, 20%, 40%, 70%, and 99% re-
flectivity), the spectral reflectance collected by the LCTF-HSL system can be cal-
culated. Figure 4.21 presents the comparison of the reflectance collected by the
LCTF-HSL system with the reference value acquired by the SVC spectrometer.
The red and blue curves represent the reflectance of the yellow and green leaves,
respectively, of each plant obtained by the active LCTF-HSL sensor. The purple
and green curves represent the reflectance of the yellow and green leaves of the
aloe and dracaena plants, respectively, achieved by the passive SVC spectrome-
ter. By analysing the spectral data from the spectrometer, the following results
regarding the red edge were obtained:

1. The red edge of the yellow aloe leaf was 660 nm with a small red-edge slope,
and the red-edge position for the green aloe leaf was 690 nm with a more sig-
nificant red-edge slope from the HSL measurements.

2. The red-edge position for the yellow dracaena leaf was 670 nm with a small
red-edge slope, and the red-edge position for the green dracaena leaf was 680
nm with a more significant red-edge slope from the HSL measurements.

3. The two spectral profiles of green leaves collected by LCTF-HSL coincided
well with the reference from the overall observed spectral range (550 nm-720
nm), and the difference between the spectral profiles collected with the different
active and passive sensors was trivial.

4. The magnitude of the two spectral profiles of yellow leaves collected by LCTF-
HSL was slightly higher than the reference value, and the tendency was more
evident in the red-band spectrum.
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5. Besides, the shift of the red-edge position could be observed from both the
passive and active instruments, which shifted towards longer wavelengths for
green leaves with high chlorophyll content and towards shorter wavelengths for
yellow leaves with low chlorophyll content. The observed behaviour was identi-
cal to the results demonstrated in previous works, which indicates that the
measurement results of the LCTF-HSL system were reliable for this application.

reflectan
[
=

Figure 4.21. Comparison of the reflectances of the aloe (left) and dracaena (right) plants from
the SVC spectrometer and LCTF-LiDAR system

C: Spectral profiles collected by the AOTF-HSL system

For the spectral profile test cases, all plant targets shown in Figure 4.22 were
measured at a 6-metre distance to ensure that all the spectral channels can col-
lect reliable SNRs of the original waveforms because the sensitivity of the Si APD
and the laser intensity of the selected SCL below 650 nm are low. The reference
spectral profiles were collected by the SVC spectrometer using sunlight as the
light source and were acquired at a 25-cm distance.

The reflectivity of each spectral channel was calibrated based on the method
presented (Chen et al., 2019). Figure 4.23 shows the spectral profiles for six leaf
samples from 4 species of plants. The “red edge” of the four green leaf cases can
be easily discerned. For the yellow leaf cases, higher reflectivity can be observed
compared with the corresponding green leaf cases due to the loss of chlorophyll.
The four spectral profiles collected by the AOTF-HSL system from the green
leaves of each plant are plotted against the reference curves collected by the
spectrometer (in Figure 4.24), and we observe that with the proposed calibra-
tion method, the results from the AOTF-HSL system are more comparable to
those from the spectrometer. The spectral profiles from the active HSL system
and the passive spectrometer coincide with each other, especially for the “red
edge”, referring to the rapid change region of vegetation reflectance or an inflec-
tion point in the reflectance slope in the red-band spectrum. The average spec-
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tral differences (absolute value) of the four green leaves for the active and pas-
sive measurements are 1.37% (dracaena plant), 0.84% (aloe plant), 1.36% (rub-
ber plant), and 0.77% (Radermachera plant). Figure 4.25 presents the spectral
profiles collected from the yellow leaves of the dracaena and aloe plants against
the corresponding spectrometer measurements. The average spectral differ-
ences are more substantial than those of the green leaf cases, specifically, 8.79%

for the dracaena plant and 4.6% for the aloe plant.
[ ™

Figure 4.22 Four plants used in the experiment: (a) an aloe plant with yellow and green leaves,
(b) a dracaena plant with yellow and green leaves, (c) a rubber plant and (d) a Radermachera
plant.
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Figure 4.23 AOTF-HSL-derived spectral profiles of 6 leaves from the four plant species (dra-
caena, aloe, rubber and Radermachera plants)
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Figure 4.24. AOTF-HSL-derived spectral profiles of the green leaves from the (a) dracaena, (b)
aloe, (c) rubber, and (d) Radermachera plants compared with the spectrometer measurements.
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Figure 4.25. AOTF-HSL-derived spectral profiles of the yellow leaves from (a) the dracaena
plant and (b) the aloe plant compared with the spectrometer measurements.

It can be observed from Figure 4.24 and Figure 4.25 that the backscattered re-
flectivity produced by the HSL system does not strictly follow the reference val-
ues. Three reasons may cause the discrepancies as a synthesised result of mul-
tiple factors. First, the illuminated surface area of the HSL system is smaller
than the sampled area of the spectrometer (the diameter of the footprint is 12
mm), resulting in a 5.5-cm radius footprint with a 25° field of view for the se-
lected module, and such a mismatch might introduce significant differences, es-
pecially if the non-uniformity of the yellow leaf is higher than that of the green
leaf. Second, the uniformity of the green leaf is better than that of the yellow
leaf, and thus, the location of the sampling area is critical, especially for the yel-
low leaf cases, and a minor difference exists between the two measurements.
Third, the transmitted pulse energy of the SCL source might vary slightly, and
according to the specifications of the laser source, the power stability of the SCL
source is better than 1% [25]. Some modifications in the optics system should
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be made to mitigate the discrepancies in the reflectance estimation, such as add-
ing a beam expander to the exit of the broadband laser source to match the foot-
print size between two systems.

I compute the distributions of the reflectance from the green leaves of the four
plants from the hyperspectral LIDAR system, compare them with the reflec-
tance determined by the spectrometer data, and present the scatterplots of the
reflectance from the AOTF-HSL system versus that from the SVC spectrometer
in Figure 4.26 with a linear fit. Higher coefficients of determination (R2>0.99)
in all four cases indicate that the extracted reflectance from the HSL system is
highly correlated with the referenced results. For the four green leaf cases, the
average value is close to 0.9949, which demonstrates the excellent fitness of the
measurements from the two devices. Similar scatter diagrams of the yellow leaf
cases from the dracaena and aloe plants are illustrated in Figure 27 and com-
pared with the green leaf cases, the coefficients of determination are poorer
(R2>0.97) but still promising. It can be preliminarily concluded that the reflec-
tance results of the HSL system using the proposed calibration method are reli-
able.
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Figure 2. Scatter diagrams of the reflectance of the green leaf cases measured by the AOTF-
HSL system and the SVC spectrometer.
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Figure 4.27. Scatter diagrams of the reflectance of the yellow leaf cases measured by the
AOTF-HSL system and the SVC spectrometer.

4.3.3 Mining

Iinvestigated the use of the HSL system for ore classification to explore the pos-
sibility of tunnel modelling or mining disaster prevention with the UGV plat-
form (Chen et al., 2016). A plagioclase sample was measured with the 8-channel
HSL system covering the VNIR to SWIR bands. The results (Figure 4.28) show
that the HSL measurements coincide with the spectrometer measurements.
Also, for 3D modelling and navigation, the HSL sensor, can be utilised for ma-
terial classification with an extended spectral range (Chen et al., 2017). In other
words, a 3D model with surface material information can be generated during
the operation with a single HSL instrument, which might be financially benefi-

cial for deep-space research. Thus, we also investigated the possibility of using
HLS for ore classification.
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Figure 4.28. The spectrum reflectance (blue) of the plagioclase sample collected by the HSL
system and by the spectrometer

The AOTF-HSL system collects the original waveforms, from which the hyper-
spectral reflectance values are calculated, and the calculated reflectance values
are used as the input feature vectors of the classifiers. Figure 4.29 shows the
initially reflected waveforms collected from the calcite ore. For ease of interpre-
tation, the waveforms were separated into two groups based on their spectral
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ranges [Figure 4.29 (a) 450—925 nm and Figure 4.29 (b) 1070—1600 nm]. After
processing the raw waveform using Gaussian fitting for each wavelength, we can
calculate the reflectance information of the ore samples using the whiteboard
with 99% reflectivity as a reference. For each ore sample, the reflectance of each
channel is calculated by averaging ten measurements, and the result is used as
the final reflectance for classification. Figure 4.20 shows the spectral reflectance
of all seven ore samples measured in the laboratory test, and it can be observed
that different types of ore samples present unique spectral profiles. The calcite
sample has considerably higher spectral reflectance values than the other ores.
The olivine, quartz, and apatite samples have similar spectral profiles, especially
between 400 and 800 nm. Additionally, the following classification operation is
conducted based on their spectral profiles.
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Figure 4.29 Spectral waveforms for calcite: (a) VNIR channels and (b) SWIR channels.
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Figure 4.30. Reflectance measurements for the ore samples (average of ten measurements).

When all 17 hyperspectral reflectance values are used as the feature vector for
classification operation, the standard multiple-SVM classifiers without param-
eter optimisation can output satisfactory results, and classification accuracy
reaches 100% in our dataset. The results verify that using the spectral reflec-
tance collected by the HSL system for ore classification is feasible, especially
when sufficient spectral information is available. Furthermore, the results sug-
gest that the standard multiple SVM can still perform well with fewer spectral
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channels. Moreover, such an investigation can assist the design of practical HSL
hardware. The use of fewer channels will simplify the HSL hardware design, re-
duce hardware costs, decrease the complexity of the signal processing method,
and reduce the amount of storage space. Therefore, a criterion for channel se-
lection operation or spectral feature selection is necessary for the optimised
hardware system design. The standard multiple SVM is used for the ore classi-
fication. For the SVM, data with a better dispersion degree are easier to classify
and separate (Cherkassky 1997; Lorena et al., 2008).

Thus, the FCD for classification can be created based on the distribution de-
gree of the reflectance at each wavelength. In statistical learning theory, the var-
iance can be regarded as the description of the degree of data dispersion. There-
fore, the variances in the reflectance values for all the ore samples at all 17 wave-
lengths are calculated based on the reflectance measurements, and then the 17
FCD values can be defined by the normalised variance for the classification op-
eration. We calculate the variance in the reflectance values using the average
over ten measurements rather than single measurements to mitigate the effect
of noise as described in the following equations:

FCDL' _ _vVari—varmin

(4.12)

VAT max—VATmin

(4.13)

— 2
2‘,17-=1(reflectancei_j—reflectancei)
var; = 7

where
i=1.17,j=1..7M =7

Here, i is the channel number, and j denotes the ore sample number. (for each
wavelength, there are seven reflectance measurements related to the ore sam-
ples). vary,;, and var,,,, are the minimum and maximum variances, respec-
tively. Table 4.6 lists the calculated FCD values.

Table 4.6. FCD values of the 17 spectral channels

Wavelength | FCD value Wavelength FCD
/nm /mm value
450 0.025 1070 0.43
540 0 1120 0.98
615 0.42 1230 0.88
670 0.35 1300 0.47
700 0.33 1360 1
750 0.28 1420 0.74
800 0.37 1557 0.48
845 0.46 1600 0.46
925 0.57

Based on the sorted FCD values, the selected feature vectors in ascending and
descending order are listed as follows:

® maxvector 5 = [9,11,12,14,15];
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maxvector 6 = [9,11,12,14,15,16];

maxvector 7 = [9,11,12,13,14,15,16];

maxvector 8 = [8, 9,11,12,14,15,16, 17];

maxvector 9 = [8, 9,10,11,12,14,15,16, 17];

maxvector 10 = [3, 8, 9,10,11,12,14,15,16, 17];

maxvector 11 = [3, 7, 8, 9,10,11,12,14,15,16, 17];
@ minvector 5 = [1,2, 4, 5, 6];

minvector 6 = [1, 2, 4, 5, 6, 7];

minvector 7 = [1, 2, 3, 4, 5, 6, 71;

minvector 8 = [1, 2, 3, 4, 5, 6, 7, 10];

minvector 9 = [1, 2, 3, 4, 5, 6, 7, 10, 17];

minvector 10 = [1, 2, 3, 4, 5, 6, 7, 8, 10, 17];

minvector 11 = [1, 2, 3, 4, 5, 6, 7, 8, 10, 13, 17];

To demonstrate the effectiveness of the FCD analysis and choose desirable spec-
tral bands sensitive to ore sample classification, seven pairs of vectors (minvec-
tors and maxvectors) are selected with a number of features from 5 to 11 but by
different selection rules. When fewer than five features are used, the classifica-
tion accuracy unexceptionally drops below 50% in the maxvector and minvector
groups based on the default SVM parameters. However, it is difficult to obtain
a satisfactory classification performance with fewer than five features by the
standard multiple SVM. In contrast, when 11 features are used, the classification
accuracy of the minvector and maxvector reaches 100%, and the two vectors
inevitably share several common spectral features under this condition. Thus,
pairs of feature vectors with a number of features varying from 5 to 11 are se-
lected for comparison. The minvectors are in ascending order in which the fea-
tures are selected based on the FCD from the minimum to the maximum. In
contrast, the maxvectors are in descending order in which the features are se-
lected with the FCD from the maximum to the minimum. Figure 4.31 shows the
classification accuracy for the two groups of feature vectors.

The x-axis is the number of features, and the y-axis presents the classification
accuracy. In the maxvector group, the classification accuracy increases from
60.42% to 100% when the number of features increases from 5 to 11. It is also
noted that when the number of features is 7, the classification accuracy already
approaches 100%. In the minvector group, the accuracy increases from 59.24%
to 100% as the number of features increases from 5 to 11. Moreover, the maxvec-
tor group outperforms the minvector group when the same number of features
is selected with different strategies. The results ensure the possibility of using
the feature selecting criteria based on the FCD to optimise the system design.
Besides, we find that the channels with higher FCD values are primarily centred
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in the SWIR band. In particular, for the maxvectors, a 100% classification accu-
racy is obtained using seven selected channels out of all 17 spectral channels,
and the seven selected feature channels are primarily in the SWIR band. This
finding can be a reference for the optimisation design of the HSL system for
similar ore classification applications. Additionally, the spectral range above 1.4
um is preferable due to eye-safety concerns for the HSL system.
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Figure 4.31 Comparing the classification accuracy for different feature vectors selected accord-
ing to the FCD
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5. Discussion

The HSL instrument can use geometry and spectral information on the target
from a single laser source without any registration inaccuracy. The system de-
veloped in Publication II also enables two-dimensional scanning with an effec-
tive range of more than 10 metres. Thus, single-tree-level classification was also
be carried out by Vauhkonen et al. (2013) to classify spruce and pine trees with
laboratory measurements. Nevalainen et al. used the developed system to esti-
mate the chlorophyll content at the leaf level, and the chlorophyll estimates de-
rived from hyperspectral LiDAR linearly correlated with the laboratory-ana-
lysed chlorophyll concentrations (R2 = 0.88) (Nevalainen et al. 2014). An out-
door experiment was carried out with the system for detecting manufactured
targets over 26 hours of measurements. The overall classification accuracy was
80.9% using the reflectances of four wavelengths located around the red edge
(Puttonen et al. 2015). Kaasalainen et al. (2016) studied the effect of the inci-
dence angle on the spectral content of leaf measurements from the developed
system. They found that the backscatter signals did not follow the Lambert scat-
tering law, especially in the visible bands, and other vegetation indices might
change with the laser incidence angle to the target, which might be determined
by the internal structure and surface properties of leaves.

Gaulton et al. (2013) investigated the potential of dual-wavelength laser scan-
ning for estimating vegetation moisture content by determining the relationship
between a laser-scanner-derived spectral index, using near-infrared (1063 nm)
and middle-infrared (1545 nm) wavelengths and the equivalent water thickness
of individual leaves. A strong relationship was found between a normalised ratio
of the two wavelengths and measured the equivalent water thickness of leaf
samples. Danson et al. (2014) developed a dual-wavelength full-waveform ter-
restrial laser scanner to characterise a forest canopy structure with near-infra-
red (1063 nm) and shortwave infrared (1545 nm) measurements using a sepa-
rated laser source. Wang et al. (2014) studied the potential of using dual-wave-
length airborne LiDAR (NIR and SWIR) to classify six types of suburban land
cover classes: bare soil, low vegetation, high vegetation, roofs, water bodies, and
road and gravel. Based on the major features of the dual-wavelength LiDAR
data, the land cover was effectively classified, and the overall classification ac-
curacy reached 97.4%. Morsy et al. (2017) explored the land cover classification
of an urban area utilising a multi-spectral LIDAR system consisting of three Rie-
gel LiDARs (532 nm, 1064 nm and 1550 nm), and the overall accuracies of up to
89.9% and 92.7% were achieved from image classification and 3D point classi-
fication, respectively.
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Li et al. (2014) also designed a hyperspectral LIDAR system with a similar
system configuration as Publication 1 to estimate the leaf biochemical content
in a vegetation study; thus, the detecting wavelength was initially selected with
some spectral bands that are sensitive to the vegetation reflectance, specifically
531, 570, 670 and 780 nm. Three vegetation indices — the simple ratio index,
the NDVI and the photochemical reflectance index — were calculated using the
reflectance derived from the data collected by the instrument. The significant
difference was that it adopted optical fibre to relay the echo on the APD sensor
rather than an installed sensor on the focal plane of the telescope. Gong et al.
(2015) demonstrated the potential of using the spectral and spatial features de-
rived from the novel MSLS with four wavelengths at 556, 670, 700, and 780 nm
to discriminate 7 type of objects (walls, ceramic pots, Cactaceae plants, cartons,
plastic foam blocks and healthy and dead E. aureum leaves) with an SVM clas-
sifier. The results showed that the overall classification accuracy was 88.7%,
overwhelming the result derived from any standalone single-wavelength LIiDAR
system. Later, Chen et al. (2017) also proposed a two-step classification ap-
proach to eliminate noise during target classification based on the multi-spec-
tral LiDAR system developed by Gong: a routine classification based on spectral
information using the spectral reflectance or a vegetation index followed by
neighbourhood spatial reclassification and improvement is promising. A 32-
channel hyperspectral waveform LiDAR instrument prototype was designed by
Sun et al. to monitor vegetation using a PMT array sensor, and the receiving
echo was equally split into 32 bands from 409 to 914 nm by an optical grating
system, resulting in a band interval of 17 nm (Sun et al. 2014). However, in ad-
dition to published initial performance trials, no further publications related to
the new hardware can be found. Du et al. (2015) investigated the potential HSL
system for vegetation that worked based on broad-spectrum emission and a 32-
channel detector. These spectra collected by the HSL system were used to clas-
sify and derive the nitrogen contents of rice under four different nitrogen con-
tent levels with SVM regression. Manninen et al. (2014) demonstrated long-dis-
tance (1.5-km) active hyperspectral sensing using a high-power near-infrared
SC light source without range information, and reflection spectra from several
diffusive targets were successfully measured.

Based on studies carried out in the dissertation, with a more powerful laser
source, Publication VI reveals that the potential of the effective range can reach
approximately 40 metres with a standard reflection board target (20%) from
650 nm to 1000 nm which 10 nm spectral resolution, which is promising for
mobile or terrestrial laser scanning applications. By merely adopting receiving
optics with a larger aperture telescope, the effective range can be improved to
more than one hundred metres which imply the possibility for a helicopter-
borne system. Starting from two discrete bands in VNIR spectrum, the re-
searches extend the HSL concept to 8, 17, 51 and even 91 bands with 5 nm spec-
tral resolution in one latest published paper (Shao et al., 2019). The region of
the electromagnetic spectrum is originally from VNIR to VNIR-SWIR in Publi-
cation III and IV, and the SWIR spectrum region measurements are meaningful
for mining application, and the SWIR-enabled HSL is planned to be used for
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snow monitoring in further researches. Meanwhile, by placing the spectroscopic
device in transmitting optics, the transmitted laser energy can be considerably
decreased to improve the usability of the HSL to more extensive applications,
concerning the eye safety issue.

5.1 More outputs

I also investigated 51-channel AOTF-HSL system in vegetation parameter ex-
traction. Green and yellow leaves from four different plants were employed in
laboratory experiments for evaluating spectral profile acquisition and vegeta-
tion parameter extraction (Jiang et al., 2019). First, the first-order derivative of
the spectral reflectance was employed to extract the “red-edge” position (REP),
the “red-edge” slope (RES) and the “red-edge” area (REA) of these leaves, and
the results were compared with the reference values from an SVC spectrometer
for validation. Second, three different REP extraction methods, first-order re-
flectance slope (FRS), linear four-point interpolation technology (LFPIT) and
linear extrapolation technology (LET), were employed for further evaluation us-
ing the AOTF-HSL spectral profile to determine the REP value. Overall, the
comparison among the REP results from the three methods supported that the
AOFT-HSL system was effective in this application.

We found that the spectral slope curves of the green leaves of all the selected
plants extracted from AOTF-HSL system coincide with the corresponding ref-
erenced measurements from the SVC spectrometer. Table 5.2, Table 5.3 and Ta-
ble 5.4 list the quantitative results of the vegetation parameter results and their
differences; the percentages are calculated using the difference HSL-derived
values divided by the corresponding referenced results from the SVC spectrom-
eter. The differences in the REPs of all green leaf test cases are below 1%; how-
ever, for the REP slope, only the difference percentage for the green aloe leaf
REP slope is below 1%. Specifically, the REP slope of the green dracaena leaf is
higher than 10%. For the green leaf REA results, the green dracaena leaf differ-
ence is also the largest, and it is greater than 5%.

However, the yellow leaf curves from the AOTF-HSL measurements are dis-
tinctive from those of the SVC spectrometer. Further analysis is also given in
Table 5.1, Table 5.2 and Table 5.3. The REP differences of the yellow leaf cases
are 9.45 nm and 24.1 nm, respectively, and the corresponding differences are
considerably higher than those of the green leaf cases. Moreover, for the REP
slope and REA, the results are quite distinctive, with a difference of more than
30%. We think that these following reasons might account for this phenomenon.
(1) Green leaves have more uniformed spectral reflectivity since the contents
affecting the relative “red-edge” parameters are evenly distributed on them; in
contrast, yellow leaves have uneven distributions of the contents, and the reflec-
tivity is different for different “yellow” parts of the leaf;

(2) The hardware design, optic system, and measurement distance determine
the diameter of the laser pulse footprint, which is approximately 1 cm in this
experiment with a FOV of 0.2 mrad. The sampled area of the spectrometer is
considerably larger (resulting in a 5.5-cm radius footprint with a 25° field of
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view). The laser-footprint-covered area has a different reflectivity due to the
non-uniformity of the yellow leaves.

Table 2. “Red-edge” position results based on the FRS technique

REP (nm)
AOTF-HSL SvC Difference
Green Dracaena Leaf 725 718.85 6.15 (0.85%)
Yellow Dracaena Leaf 695 685.55 9.45 (1.3%)
Green Aloe Leaf 725 718.85 6.15 (0.85%)
Yellow Aloe Leaf 715 690.9 24.1 (3.4%)
Green Rubber Plant Leaf 725 725.45 0.45 (0.06%)
Green Radermachera Leaf 715 718.85 3.85 (0.53%)

Table 32. “Red-edge” slope results

REP slope

AOTF-HSL SvC Difference
Green Dracaena Leaf 0.95 1.07 0.12 (11.2%)
Yellow Dracaena Leaf 1.44 1.03 0.41 (39.8%)
Green Aloe Leaf 1.29 1.3 0.01 (0.08%)
Yellow Aloe Leaf 1.1 0.59 0.51 (86%)
Green Rubber Plant Leaf 1.09 1.17 0.08 (6.8%)
Green Radermachera Leaf 1 1.07 0.07 (6.5%)

Table 43. “Red-edge” area results

REA

AOTF-HSL SvC Difference

Green Dracaena Leaf 47.94 51.36 3.42 (6.7%)
Yellow Dracaena Leaf 36.67 26.34 10.33 (39.2%)

Green Aloe Leaf 52.54 51.1 1.43 (2.8%)
Yellow Aloe Leaf 41.63 31.53 10.1 (32.0%)

Green Rubber Plant Leaf 44 43.68 0.32 (0.7%)

Green Radermachera Leaf 43.39 42.01 1.38 (3.2%)

Also, by comparing the REP between green and yellow leaves from the same
plant, it can be discerned that the REP has a distinct shift towards a shorter
wavelength called a “blueshift”. The yellow leaves have a lower chlorophyll con-
tent than the green leaves, and this tendency or REP behaviour is consistent and
identical to previous research results (Pu et al. 2003; Li et al. 2018; Chen et al.
2019).

We also compared the REP results from different calculation methods, and
the REP was determined using the FRS technique. There are other methodolo-
gies for interpolating the reflectance REP, such as linear four-point interpola-
tion technology (LFPIT) (Shafri and Hamdan. 2009) and linear extrapolation
technology (LET) (Liu et al. 2011). To further validate and evaluate the proposed
active remote sensing method, the AOTF-HSL spectral information is employed
to calculate the REP based on LFPIT and LET. The following are the details of
the two popular REP determination methods.
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(1) First, the LFPIT technique is described in Egs. 5.1-5.2. In this experi-
ment, the method employs four wavelengths for calculating the REP. As
illustrated, the 670 nm and 780 nm spectral information is used to cal-
culate the reflectance at the REP, and the 700 nm and 740 nm spectral
data are used to determine the REP. In Eq. 5.1-5.2, and are the corre-
sponding reflectance values at 670 nm, and 780 nm, respectively. and
are the corresponding reflectance values at 700 nm and 740 nm, respec-

tively.
Ry = M 51)
R,.,—R
Aggr = 2001 20 Reee = Ruo) 52)

740 T R700
(2) Second, the LET method can be presented as Egs. 5.3-5.5, and the REP
is determined using the two extrapolation equations. Eq. 5.3 is the ex-
trapolation of the reflectance for spectral ranges of 680 nm and 700 nm.
Eq. 5.4 is the extrapolation of the reflectance for spectral ranges of 725
nm and 760 nm. Then, the REP is determined using the parameter from

FDR and FPR: are the spectral

Egs. 5.3-5.4. In the following equations,
reflectance slopes of the spectra ranging from 680 nm to 700 nm ( 7PR)
and from 725 nm to 760 nm (FPR). ™ ™. ¢ and © are the parame-
ters for describing the spectral reflectance slope and determining the

REP. Eq. 5.5 calculates the REP.

FDR] =mlﬂ,+6‘1 (53)

FDRZ = m2/1+C2 (54)
—\C —C

- _laze) (5.5)
ny, —m,

The selected wavelength spectral reflectance from LFPIT and LET is within
the wavelength scope of the AOTF-HSL system. Thus, in this section, the spec-
tral profiles collected by the AOTF-HSL system are utilised for parameter ex-
traction. Tables 5.4-5.9 are the results of the three REP determination methods.
Among them, Tables 5.4, 5.6, 5.8 and 5.9 are the REP results from the green leaf
study cases, and Tables 5.5 and 5.7 are the REP results from yellow leaves of the
dracaena and aloe plants.

First, in terms of the green leaf results, the AOTF-HSL system and the SVC
spectrometer yield similar REPs using the four different results, and the differ-
ence is trivial and well below 1%, except for the REP of the rubber plant ex-
tracted from the LFPIT method. The lower spectral resolution of the AOTF-HSL
system (10 nm) may account for such a difference from the SVC measurement,
which has a more exceptional spectral resolution (2 nm).

Second, in terms of the yellow leaves (Table 5.6 and Table 5.8), the difference
in the results from the LFPIT and LET methods between the AOTF-HSL system
and the SVC spectrometer is all greater than 5%, which is slightly higher than
the REP results from the FRS method. Compared with the green leaves, the dif-
ference between the AOTF-HSL system and SVC spectrometer is more substan-
tial in all the yellow leaf study cases. Besides, the three methods yield similar
REP results in the green leaves, including the AOTF-HSL system and SVC spec-
trometer; however, there is a noticeable difference in the yellow leaf results. In
particular, for the AOTF-HSL REP of the yellow dracaena leaf case, the LEPIT
and LET methods yield similar results, but they are different from the FRS re-
sults. As mentioned above, the spectral resolution influences the operation of
the LET and LEPIT methods, and in this experiment, the spectral resolution of
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the AOTF-HSL system is set to 10 nm, which might affect the calculation of the

results.

Table 54. “Red-edge” position results for the green dracaena leaves from the three different

methods
REP (nm)
AOTF-HSL svc Difference
LFPIT 717.80 722.32 4.52 (0.63%)
LET 709.42 712.24 2.82 (0.40%)
FRS 725 718.85 6.15 (0.85%)
Table 65. “Red-edge” position results for yellow dracaena leaves from the three different meth-
ods
REP
AOTF-HSL svC Difference
LFPIT 636.79 692.43 55.64 (8.7%)
LET 628.65 679.91 51.26 (8.2%)
FRS 695 685.55 9.45 (1.3%)
Table 76. “Red-edge” position results for green aloe leaves from the three different methods
REP
AOTF-HSL SvC Difference
LFPIT 718.68 715.13 -3.55 (0.49%)
LET 720.32 719.95 -0.37 (0.05%)
FRS 725 718.85

6.15 (0.85%)

Table 87. “Red-edge” position results for yellow aloe leaves from the three different methods

REP
AOTF-HSL SvC Difference
LFPIT 715.61 674.27 -41.34 (5.8%)
LET 721.12 669.01 -52.11 (7.2%)
FRS 715 690.9

24.1 (3.4%)

Table 98. “Red-edge” position results for the rubber plant from the three different methods

REP
AOTF-HSL SsvC Difference
LFPIT 712.63 748.79 36.16 (5.1%)
LET 722.60 726.10 3.5(0.5%)
FRS 725 725.45 0.45 (0.06%)

Table 109. “Red-edge” position results for the green Radermachera leaves from the three differ-

ent methods

REP
AOTF-HSL svc Difference
LFPIT 712.14 709.25 -2.89 (0.4%)
LET 717.91 718.67 0.76 (0.1%)
FRS 715 718.85 3.85 (0.53%)
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5.2 The Goal of the Dissertation

From the contents mentioned above, a solid conclusion can be made that the
basic hypotheses and primary objectives of this dissertation have been accom-
plished. Determination of the spectral response of a target is possible with the
proposed hyperspectral LiDAR techniques with high accurate range measure-
ment. By collecting geometry and spectral information on the target with a sin-
gle measurement, the HSL technology is also immune to illumination condition.
The acquired spectral response can be compared with passive remote sensing
approaches, and the average spectral differences (absolute value) of green leaf
(four) and yellow leaf (two) for the HSL and spectrometer measurements are
1.09% and 6.70%, respectively. With the different parameters extracted from
the collected waveforms, the feasibility studies in forestry, plant and mining
with the proposed HSL techniques shows that the spectral response acquired by
HSL-based approaches can be used to objects discrimination and classification.
The results based on laboratory is promising, for example, a multiclass SVM
classifier without parameter optimisation allows ore classification accuracies to
reach 100% (seven different ores) with reflectance measurements from maxi-
mum 11 bands. The primary objectives of the research, conducted during 2010-
2018, develop six different hyperspectral LiDAR system to tackle environmental
awareness using an SCL as a light source and to evaluate the feasibility of the
developed method in its application in forestry, plant science and mining.

The concept of HSL provides a novel approach for spectral imaging and laser
scanning by producing single-shot topography and spectroscopy. The instru-
ment is capable of producing hyperspectral 3D point clouds both with discrete
and continuous spectral coverage from the VNIR to SWIR spectral range with
the best spectral resolution equal to 5 nm. The author investigated HSL systems
based on various system configurations with different spectroscopic devices in
his previous and undergoing research. In addition to the spatial information
collected by HSL as a function of traditional LiDAR, spectral information can be
used in various environmental awareness applications, e.g., visualisation and
automated classification of point clouds and the calculation of spectral indices
for extraction of physical properties. The information provided by such an in-
novative instrument is considerable and will facilitate more efficient and auto-
matic retrieval of distinctive target properties, leading to considerable progress
in environmental-monitoring technology for various context-awareness appli-
cations.

Both the general range precision and accuracy of the spectral measurement
from HSL systems were evaluated, with a similar ToF measurement mechanism
based on full-waveform capability. The range precision is comparable to tradi-
tional LiDAR systems, even though the range calibration of HSL is more com-
plicated over the full spectral channels. The spectral profiles measured by spec-
trometers were used as a reference for evaluating the spectral measurements of
the HSL systems. The difference between the spectral measurements collected
from active and passive instruments was minor, especially after calibration.

Several feasibility studies using the prototype HLS systems for environmental
awareness were evaluated in forestry inventory, plant science and ore classifi-
cation tasks. The collected spectral profiles were compared with the spectrome-
ter-based passive method. Some spectral band selection criteria are preliminar-
ily investigated to optimise the system design with lower costs and system com-
plexity. Such an investigation may accelerate its maturity, and we can anticipate
that some commercial manufacturers may release their HSL products soon.

It is of considerable significance to obtain spectral information for developing
an active measuring method. The AOTF-HSL system presented in this disserta-
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tion has the unique characteristics of a continuous spectrum in the VNIR re-
gions with a 10-nm spectral resolution and further improve to 5 nm (Shao et al.,
2019), which is the best spectral resolution in the literature. However, limited
by the HSL hardware configuration and the data-processing capacity, compared
with the SVC spectrometer, the spectral resolution was still slightly limited. We
think that this is the primary reason contributing to the slight differences be-
tween the AOTF-HSL and spectrometer measurements of the same targets.

5.3 Future Research

Future research on hyperspectral LiDAR for environmental awareness will fo-
cus on the following four aspects:
1. Extending the spectrum of the HSL system, the developed HSL covered the
spectrum from 500 nm-1700 nm. However, the MIR and LWIR spectra are still
not available if a breakthrough in sensor technology does not happen, and from
1000-1700 nm, only discrete spectral channel configurations are available. Nev-
ertheless, integration of the HSL with novel photodetector technique based 2D
material is still a promising direction.
2. The maximum range is still limited for further application. In the laboratory
test, the targets with reflectivity from 20% to 100% placed at a range of 37.5
metres can be detected with high signal-to-noise ratio waveforms. The results
are promising, which reveals that it may be possible to observe brighter ground
objects on a helicopter platform with an operating altitude of several tens to one
hundred metres with minor modification on the current system configuration.
Of course, a larger aperture of receiving optics, more powerful laser sources, and
more sensitive receiving electronics can improve the maximum range perfor-
mance of HSL systems. Among them, improving the receiving electronics design
is the most effective and cost-saving method.
3. Improving the mobility of the developed HSL is another critical issue for the
field test. Currently, all feasibility studies were carried out in a laboratory envi-
ronment. Better mobility will trigger a revolution in the remote sensing commu-
nity by enabling various applications with hyperspectral mobile laser scanning
and hyperspectral terrestrial laser scanning techniques. Malkamaki el al. (2019)
recently implemented a new robust design of HSL for portable applications to-
gether with an improved pulse-digitising scheme. As mentioned in Section 4,
the SNR of the AOTF-HSL system is promising. Such observations support the
upgrading of the current AOTF-HSL prototype by integrating a georeferenced
system and altitude measurement devices into a mobile/helicopter-borne ver-
sion with an effective range of more than a hundred metres covering continuous
spectrum VNIR and with a spectral resolution of more than 10 nm. With such a
mobile instrument, the 3D distribution of the chlorophyll or water concentra-
tion indices and other vegetation indices along with the vertical structure of for-
est and vegetation at the plot level, even at the plot level, can be easily monitored
and thus, the environmental contexts related to fertilisation, pest control situa-
tion, and hydrologic conditions can be detected. Designing a compact HSL will
improve its applicability for various environmental awareness applications even
with a shorter effective range, and it can decrease the budgets of power con-
sumption, volume and hardware investments in addition to better eye safety.
For example, HSL based on a miniature integrated optical filter array (Wang et
al., 2007) can considerably simplify the system design for close-range applica-
tions, for example, tunnel and underground mining modelling and understand-
ing and indoor/outdoor seamless environmental awareness for robotics by re-
placing the traditional range sensors, for example, sonars, radars or monochro-
matic LiIDARSs.
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4. Eye safety is an exceptional but unavoidable issue in laser remote sensing for
practical operations. For HSL, the eye-safety issue becomes more critical; the
spectroscopic device can be installed both on the transmitting optics and receiv-
ing optics, and the former is a better option for eye-safety considerations. Be-
sides, spectral multiplexing in the temporal dimension is an alternative solu-
tion.

All future works will improve the applicability of the system by assessing the
range accuracy through the whole spectrum with a more sophisticated range
calibration method by considering various extrinsic and intrinsic parameters.
Radiometric calibration should be designed to facilitate practical field testing
generally. Currently, all test cases are carried out in a laboratory environment
where all artificial light sources are turned off during the test and sunlight is
totally blocked, and the reference targets are positioned at fixed ranges.
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6. Summary

The objective of this dissertation considers new sensor technology related to hy-
perspectral LiDAR and its feasibility for various applications in forestry, plant
science and mining applications. The study investigates 1) various spectroscopic
devices and 2) different photodetectors to build HSLs that offer discrete and
consecutive spectral responses of targets from the VNIR to SWIR bands simul-
taneously with range information. The main results of the dissertation are sum-
marised in the following

1 Hyperspectral LiDAR system development based on supercontinuum laser
source.

Total six different hyperspectral LiDARs were prototyped during the research
period (2010-2018) using different techniques, with optimised channel selec-
tion and spectral coverage for specific applications in forestry, plant and mining.
By using band-pass optical filters, a two-channel LiDAR system is demon-
strated, operating at visual (600 nm) and near-infrared (800 nm) band, with 3
cm range resolution, and the demos are for forestry application.

*An eight-channel spectrograph-based hyperspectral LiDAR enabling full-
waveform capability is designed and demonstrated, operating at spectrum re-
gion of visual to near-infrared (540 — 981 nm) with 15 cm range resolution; and
the channel selection is optimised for vegetation application to detect the “red-
edge” (672, 707, 740, 775 nm)

+An optical filter based hyperspectral LiDAR with eight channels covering from
visual to short wave infrared (540 to 1460 nm) with 3 cm range resolution is
developed and tested at close range (< 10 metres).

+The author designs optical filters based 17 channels hyperspectral LIDAR cov-
ering visual to near-infrared (nine channels: 450 — 925 nm) to short wave infra-
red (eight channels: 1070 — 1600nm) with 3 cm range resolution for close-range
sensing. An extra amplifier is used to compensate for the lower sensitivity of the
InGaAs avalanche photodiode for short wave infrared signal detection. The
channel selection is optimised for mining application.

+A consecutive and 18 channels (550-720 nm) 10 nm spectral resolution hyper-
spectral LiDAR is prototyped, using liquid crystal tunable filter as the spectro-
scopic device, and the channel configuration is optimised for “red-edge” detec-
tion for vegetation application.

+ A consecutive and 51 channels (500-1000 nm) finer spectral resolution (10
nm) hyperspectral LiDAR is prototyped, using acousto-optic tunable filters as
the spectroscopic device which is installed on the supercontinuum laser source
as a spectral filter to mitigate the transmitted laser energy for better eye-safety.
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2. Hyperspectral LiDAR for forestry inventory

*The results show that the HSL system, even with two discrete spectral chan-
nels, can offer meaningful parameters to discriminate Norway spruce from
standard reflection board based on the determination of the normalised differ-
ence vegetation index.

*The range resolution of the HSL system is determined by the sampling rate of
the selected digitiser and the random quantisation error in the raw measure-
ments of the waveform of both the transmitting pulse and echo collected by the
high-speed digitiser, which may cause inaccurate range measurements.

*The signal to noise ratio of the echoes on the different spectral channels varies
considerably, which is caused by a combined effect of several factors, the vari-
ance in the laser output in the transmitting wavelengths and the spectral re-
sponse of the avalanche photodiode sensor in the receiving part, which may re-
strict the maximum range performance of the hyperspectral LiDAR system over
the board bandwidth.

+With the hyperspectral LiDAR system with eight discrete spectral channels,
more vegetation indices can be obtained from the measured dataset compared
with the 2-channel system. Besides, the normalised difference vegetation index,
the water concentration index, and the modified chlorophyll absorption ratio
index are extracted from the measured dataset.

3. Hyperspectral LiDAR in plant science

«An eight-channel hyperspectral LiDAR system covering the visual to short
wave infrared bands is preliminarily used to investigate three Scindapsus plants
(two healthy Scindapsus plants grown in soil and water and one dry and with-
ered Scindapsus plant). The unhealthy Scindapsus plant can be detected from
the spectra collected by the hyperspectral LiDAR system, and the difference be-
tween the two healthy Scindapsus plants can also be observed.

«The hyperspectral LIDAR measurements mainly coincide with the referenced
spectrometer measurements. The difference between three Scindapsus plants
in the short wave infrared band is more obvious to be observed.

A hyperspectral LiDAR system based on a liquid crystal tunable filter offers
continuous and finer spectral resolution (10 nm spectral resolution), and liquid
crystal tunable filter is installed before the photodiode sensor and employed as
a spectroscopic device capable of electronically and continuously selecting the
wavelengths of the backscattered echoes in the temporal dimension. The liquid
crystal tunable filter based hyperspectral LiDAR system is feasible for red-edge
detection.

*The validation of the reflectance values shows that the magnitude of the reflec-
tance from the liquid crystal tunable filter based hyperspectral LiDAR system is
slightly higher than the normalised value collected by the spectrometer, and the
tendency is more evident in the red-band spectrum.

*The red-edge position and behaviour extracted from both the spectrometer and
the liquid crystal tunable filter based hyperspectral LIDAR system are similar in
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two case studies, in which two types of vegetation (aloe and dracaena plants),
both with yellow and green leaves, are measured.

«After careful calibration, the average spectral differences (absolute values) be-
tween the AOTF-HSL and spectrometer measurements are minimal, especially
in the green leaf study cases, and the differences are 1.37% (dracaena plant),
0.84% (aloe plant), 1.36% (rubber plant), and 0.77% (Radermachera plant). For
the yellow leaf study cases, the average spectral differences are more substantial
than those for the green leaf cases, but still promising, specifically, 8.79% for the
dracaena plant and 4.6% for the aloe plant.

4. Hyperspectral LiDAR in mining

*The hyperspectral LiDAR system consists of 17 spectral channels covering the
visible—shortwave infrared spectral range and can classify seven ore samples
supported by a standard support vector machine classifier.

+The standard deviation of the distance measurements is less than 1.1 ¢cm in dif-
ferent spectral channels for a calcite sample, and the classification accuracy can
reach 100% for laboratory test cases with multiple standard support vector ma-
chine classifiers when all 17 spectral measurements are used.

+A feature selection criterion is investigated using the normalised variance in
the reflectance values for different ore samples at the same wavelength to po-
tentially optimise the practical HSL hardware design. The results show that a
proper strategy for feature selection is also critical for achieving better classifi-
cation accuracy.

+The author finds that the selected channels by optimisation are primarily cen-
tred in the short wave infrared band, which might imply that the short wave
infrared band is preferable for the ore classification application. The spectral
range above 1.4 um is preferable due to eye-safety concerns.

«Proper data pre-processing, such as Gaussian fitting, can improve both the
range accuracy and classification accuracy.
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