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Abstract: Light Detection and Ranging (LiDAR) technology is positioning itself as one of the most
effective non-destructive methods to collect accurate information on ground crop fields, as the analysis
of the three-dimensional models that can be generated with it allows for quickly measuring several
key parameters (such as yield estimations, aboveground biomass, vegetation indexes estimation,
perform plant phenotyping, and automatic control of agriculture robots or machinery, among others).
In this survey, we systematically analyze 53 research papers published between 2005 and 2022 that
involve significant use of the LIDAR technology applied to the three-dimensional analysis of ground
crops. Different dimensions are identified for classifying the surveyed papers (including application
areas, crop species under study, LiDAR scanner technologies, mounting platform technologies,
and the use of additional instrumentation and software tools). From our survey, we draw relevant
conclusions about the use of LiDAR technologies, such as identifying a hierarchy of different scanning
platforms and their frequency of use as well as establishing the trade-off between the economic costs
of deploying LiDAR and the agronomically relevant information that effectively can be acquired.
We also conclude that none of the approaches under analysis tackles the problem associated with
working with multiple species with the same setup and configuration, which shows the need for
instrument calibration and algorithmic fine tuning for an effective application of this technology.

Keywords: agriculture; smart farming; Light Detection and Ranging (LiDAR); ground crops

1. Introduction

LiDAR (an acronym standing for “Light Detection and Ranging”) is a popular remote-
sensing method used for measuring the exact distance of an object’s surface. LiDAR’s
first applications in the 1960s were in meteorology when laser scanners were mounted in
aircraft being used by the National Center for Atmospheric Research to measure clouds
and pollution [1].

Nevertheless, LIDAR did not deserve much attention until many years later with the
introduction of the Global Positioning System (GPS) [2].Since then, LiDAR has become a
popular method for calculating accurate geospatial measurements. Nowadays, its scope
has spread across a wide range of research areas, including autonomous vehicles [3], coast
management systems [4], wind speed prediction [5], archeological surveying [6], and
particularly in agriculture, among many others.

This ranging technology is based on the use of a pulsed laser beam to calculate a
target’s distance from the sensor’s detector [2]. These light pulses—put together with the
information collected by the reference system—generate accurate 3D information about the
target’s surfaces and visible shape; this is the main characteristic of LIDAR.
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For agriculture activities, LIDAR systems cover a wide spectrum of applications [7,8].
Generally speaking, LiDAR scanning of crop fields allows for acquiring an accurate and
quantifiable model of plant structures, which makes it possible to perform any type of
analysis indirectly and without resorting to methods that are traditionally destructive. This
allows, for example, to quickly measure the height and estimate the density of a crop in
an extensive way, estimate harvests and yields, and control robots or agricultural machin-
ery being partially or completely autonomous, paving the way to even more complex
applications (such as pests or diseases detection or analysis of the need for irrigation and
fertilization).

Apart from the mentioned applications, the morphological analysis of ground crops
involves many aspects of agronomic interest. The volume and shape of plants can be
seen as a reflection of the state of the soil, which is the main resource in the context of
agricultural production. In regions where soils are exposed to heavy erosive processes,
preserving an adequate vegetation cover is a possible approach to preserving or improving
the soil quality [9].

The use of LiDAR technology in agriculture has been reviewed before; for instance, the
work presented in [10] focuses on the main findings and pending challenges for each one
of the items of the analyzed bibliography, and the main difference with our contribution
lies in the fact that the classification proposed by the authors has different criteria, as it
only considers UAV-mounted sensors and does not take into account ALS mounted on
manned aircraft, which was a widely used method until the popularization of smaller and
accessible UAV units. The review presented in [10] is broader in the sense that it also takes
into account shrubs and other tree species, such as apple and olive plants, sugar cane, or
vineyards, and only the most relevant research articles are included in the literature review.

In this work, we attempt to summarize what the scientific community has performed in
2005 to 2022 in terms of three-dimensional ground crop scanning using LiDAR technology
and to provide an overview of the necessary tools to carry out new contributions in this
emerging field. The article is structured as follows: In Section 2, the methodology employed
during the systematic review is explained. Section 3 details the emerging taxonomic
categories resulting from our review. In Section 4, the main difficulties and challenges
that the original authors encountered during their research are listed along with some
alternatives to overcome them. Finally, Section 5 presents the final conclusions obtained,
also discussing some possible future research lines.

2. Methodology

We performed a comprehensive survey of the existing bibliography on LiDAR tech-
nologies starting with two major scientific databases for computer science research (namely
IEEE Xploreand ScienceDirect). Using the keywords “LiDAR” and “Agriculture”, we iden-
tified an initial list of 15 papers, which was expanded by computing the transitive closure
of the different references associated with those papers. In other words, bibliographical
entries referring to LIDAR associated with papers from the initial list were analyzed, as well
as the references associated with those entries.

Additionally, it must be pointed out that research papers involving trees and shrubs
were not taken into account, focusing only on those in which the associated crop corre-
sponded to herbs and/or vegetation at ground level. As a result, we ended up with a total
of 53 papers, and research articles which are listed in Table Al of the appendix, at the end
of this article.

In order to analyze the collection of papers under study, the results were sorted
according to the categories listed in Table 1. Each of the taxonomic aspects that were taken
into account from the reviewed bibliography is detailed in the following section.
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Table 1. Categories used to classify the different articles.
Category Description
Application areas This sorting criterion allowed us to identify three major

sub-categories related to LiDAR technologies, namely 3D
reconstruction, parameter-based characterization of crops,
and automatic control for agricultural machinery.

Analyzed crop species This criterion refers to the different species of ground crops
under study when LiDAR technologies were applied.

LiDAR scanner technol- ~ Scanners may vary in brand, model, and specifications. We

ogy surveyed the most relevant scanner technologies for LIDAR

and their salient features.

Mounting platform This category refers to different features that characterize
mounting platforms for LiDAR scanners (e.g., terrestrial
or airborne, stationary or mobile, etc.) as well as different

platform types.
Additional sensors and In many cases, LIDAR scanners are enhanced through the
instrumentation addition of specific sensors and instruments (such as ther-

mal cameras, spectrometers, etc.). In this category, we iden-
tified such sensors and instruments and discuss briefly their
applicability.

Software LiDAR technology relies on different software packages
used in data acquisition, data processing, or data visualiza-
tion. In this category, we discuss such software packages
and tools.

3. Classifying LiDAR Technology: A Taxonomic View

From the analysis of the reviewed articles, we could identify the different categories
mentioned in the previous section (application areas, crop species, scanner technology,
mounting platform, additional sensors and instrumentation, and LiDAR software). Such
categories provide a taxonomic view of LiDAR technology, helping to better understand
the key points that must be taken into account when carrying out a new study that involves
the use of LIDAR scanners in ground crops. The different criteria were selected considering
the impact they have on the development of this type of scanner. When considering a
range of possible application areas, it is clear that the main motivation to innovate in these
sensors is related to the different application possibilities they have. As in the previous
case, considering the existence of different crop species, as they differ in size and shape,
it is fundamental to consider them for the development of the scanner. The third axis
refers to the technology used and here it is important as not all wavelengths have similar
performances and should be selected in accordance with the application to which the
scanner is oriented. The mounting platform is also an important aspect, as it must consider
the associated technology and application area. The possibility of combining several sensors
in the equipment provides additional value to the scanner and is evaluated in that direction,
whereas the last axis, the software, is a key issue as it is the element that processes the data,
transforming it into information. To ease the understanding of some terms mentioned by
the original authors, Table 2 provides a complete list of acronyms that were found in the
reviewed bibliography. In what follows, we discuss in detail all of the previous categories.
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Table 2. Agriculture-/canopy-/vegetation-related (left) and technical (right) acronyms and their
corresponding meanings.

Abbreviation Meaning Abbreviation Meaning
AGB Aboveground Biomass ALS Airborne Laser Scanner
BGB Belowground Biomass ATLS Autonomous Terrestrial Laser Scanner
CC Canopy Cover AOS Active Optical Sensor
CHM Canopy/Crop  Height CFI Comparative Fit Index
Model
CSM Crop Surface Model DART Discrete Anisotropic Radiative Transfer
DBH Diameter Breast Height GFI Goodness of Fit Index
DEM Digital Elevation Model GNSS Global Navigation Satellite System
DSM Digital Surface Model HTPP High-Throughput Phenotyping Platform
DTM Digital Terrain Model ICcp Iterative Closest Point
FvC Fractional Vegetation LiDAR Light Detection and Ranging
Cover
GAI Green Area Index LPI Laser Penetration Metric
GC Ground Cover MEMS Micro-Electro-Mechanical Systems
GSD Ground Sample Distance NIR Near InfraRed
LAI Leaf Area Index OPALS Orientation and Processing of Airborne Laser
Scanning Data
LAD Leaf Area Density PDGPS Phase Differential Geographic Positioning System
LAYM Look Ahead Yield Moni- PS Phase Shift
tor
LIA Leaf Inclination Angle RANSAC Random Sample Consensus
LWA Leaf Wall Area R-INS Reduced Inertial Navigation System
NDRE Normalized Difference SEM Structural Equation Modeling
Red Edge
NDVI Normalized Difference StM Structure from Motion
Vegetation Index
NNI Nitrogen Nutrition Index SRI Spectral Reflectance Indices
PAD Plant Area Density SRS Spectral Reflectance Sensor
PRI Photochemical Re- TLS Terrestrial Laser Scanner
flectance Index
ROI Region of Interest ToF Time of Flight
SSWM Site-Specific Weed Man- UTM Universal Transverse Mercator
agement
TAI Tree Area Index VNIR Visible and Near InfraRed
TRV Tree Row Volume

3.1. Application Areas

By application, we refer to the potential problems that LIDAR technology solves when
applied to the 3D scanning and reconstruction of ground crops. Some of the reviewed
articles focus on the main aspects and challenges of reconstructing the three-dimensional
model of the crops with the highest accuracy possible, leaving the results open to many
potential applications. We categorize these papers as “general purpose 3D reconstruction”.
In other cases, it is intended to extract a set of specific parameters from the acquired
model having agronomic interest (e.g., the height of crops or the Leaf Area Index (LAI)),
where a high-resolution model is not mandatory, but rather an appropriate data-processing
technique. Finally, we identify a third group of applications where the goal is to achieve
automatic control of certain processes, such as automatic irrigation or fertilization systems.
This is the case of [11-14].

As an outcome of the above analysis, we established three categories to characterize
the reviewed articles according to their application area:

*  General purpose 3D reconstruction.
¢  Parameter characterization of crops.
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e Agriculture machinery automatic control.

The bold highlighted text indicates the keyword used to identify the application, to be
used later in Table Al.

3.2. Analyzed Crop Species

The species of ground crops involved in the different studies and the frequency of
occurrence in the analyzed bibliography are slightly correlated with the statistics of world
crop production, being maize in the first place, followed by other cereals such as wheat,
rye, or barley, also including sorghum, rice, and soybean [15]. The list of ground crops also
includes sunflower [16], oat [17], sugar beet [18], Miscanthus giganteus [19], fescue [20],
cotton [21], American mint [22], and peas [23]. Figure 1 shows the proportion of each crop
that was used as species under study. At this point, it is important to emphasize again that
the choice of species of different crops that were analyzed using LiDAR technology was
made based on requirements that arise from the productive sector, so the fact that the crops
that were most studied are those that occupy the largest proportion of cultivated land at a
global level.

wheat

Ve
sorghum rice

Figure 1. Species involved in the reviewed bibliography.

3.3. LiDAR Scanner Technology

There are two main types of LIDAR scanning technologies: those in which the working
principle is based on time of flight (ToF) and the ones based on phase shift (PS). The first
type usually has a larger measurement range (up to 6 km), whereas the latter has a higher
accuracy and speed (up to 2 million points per second) [24]. For ToF-based scanners, there
are two categories: discrete return and full waveform. Discrete return is based on proprietary
algorithms used to extract the range and energy of one or more targets along the laser
beam’s path. On the other hand, full waveform systems record all the reflected energy
as a function of range, giving a more complete description of the scattering event and
allowing a more accurate measurement of target properties over diffuse targets such as
vegetation [25].

Regarding the scanning devices, we have taken into consideration different aspects
that may be of interest to a researcher or practitioner when deciding what instrument to
use. The top applied devices are SICK LMS400 and Leica ALS70 (with five articles each).
The first one is a phase shift terrestrial laser scanner (TLS) with a maximum range of 3 m,
whereas the latter is an airborne scanner with a nominal range (flight level) of 3500 m.
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Table 3 shows the summarized specifications of the top ten most used devices men-
tioned in the bibliography. The specifications were extracted from online datasheets pro-
vided by manufacturers and also from other scientific publications [26]. Note that the
row corresponding to the Pulstec TDS-130L scanner, used in [27-29], is incomplete (since
the online datasheet for this device was not available for access at the time this article
was written).

Most parameters listed in the table are configurable and may vary depending on scan-
ning conditions. For example, the range and accuracy are affected by the target reflectance,
an issue that will be detailed in Section 4.1. For the case of power consumption, the nom-
inal values were selected for normal operating conditions, since some instruments have
different power modes or heating plates to operate in very cold environments. In a similar
way, the weight of each instrument considers the main device only without accessories that
can be attached to the scanning platform (such as lenses, tripods, heating plates, stabilizers,
and many others).

Table 3. Top ten used devices and their specifications.

Brand/Model Articles Method Wavelength Pulse Rate Range Accuracy Power Weight
(nm) (khz) (m) (mm) w) (kg)
Sick LMS400 5 Ps 650 0.5 3 3 25 2.3
Leica ALS70 5 ToF 1064 500 4412 380 9724 107
Riegl VZ-400 4 PS 1545 300 600 5 80 9.6
Sick LMS111 4 ToF 905 0.05 20 30 8 1.1
Pulstec TDS-130L 3 N/D N/D N/D 9.5 N/D N/D N/D
Sick LMS291 3 ToF 905 0.075 80 10 20 4.5
Faro Focus X330 3 PS 1550 1350 330 2 40 52
Riegl VZ-1000 2 ToF 1550 122 1400 8 75 9.8
Faro Focus X120 2 PS 905 976 120 2 40 5
Leica Scanstation 2 2 ToF 400-700 50 300 6 80 18.8

3.4. Mounting Platform

There exist many ways to mount the LiDAR instrument in order to perform the
scanning of ground crops. At this point, we propose a taxonomic classification scheme
to organize the different categories. The most relevant categories in LiDAR devices are
terrestrial and airborne. The first one usually intends to cover small areas whereas the latter
allows for the scanning of larger surfaces (but usually with smaller accuracy). An exhaustive
comparison of both techniques when applied to land surface scanning was made in [30].

From the analyzed articles, there were eight papers that used aircraft as an airborne
transportation method, whereas the remaining three used UAVs. On the other hand, for the
case of terrestrial mount, depending on the change in the position of the laser scanner
during the scanning process, we classify the scanning platforms as stationary or mobile. Both
methods were used in almost the same proportion in the research work under analysis.
If the laser scanner moves or rotates within a small stationary platform, we classify it as
stationary. In order to perform the motion during the mobile scanning, a mobile mount
is required which can be a custom structure or platform, an autonomous rover, an ATV,
a passenger car, or agriculture machinery.

Figure 2 shows the hierarchical classification of the different scanning platforms and
the proportion of papers in which each method was used. Note that for some cases the sum
of percentages of child classes does not match the proportion associated with the parent
class (since some of the papers combine more than one platform type, whereas others do
not clarify the way the scanner was mounted).
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Aircraft-mounted LiDAR systems provide wide coverage and high-altitude data
collection capabilities, making them suitable for large-scale surveying and mapping of
plots or parcels of land. They can cover vast areas in a short time, but their high operational
costs and limited access to certain terrains or airspace can be a drawback.

UAVs offer the flexibility of low-altitude data collection with reduced costs compared
to aircraft. They excel in accessing challenging and remote terrains, making them ideal
for localized mapping tasks. However, their limited payload capacity and flight time
can restrict the area covered or limit the additional sensors to be used in combination
with LiDAR.

Stationary pole or tripod-mounted LiDAR systems provide precise and repeatable
data acquisition for monitoring specific crops. They are relatively cost-effective and easy
to deploy, but their static nature limits their applications to localized areas. Stationary
ground-based platforms are generally cost-effective and provide high accuracy. However,
they might not be practical for mobile mapping or large-scale areas.

Mobile or stationary vehicles, such as tractors, ATVs, or cars, equipped with the ap-
propriate mounting for LiIDAR scanners, offer versatility for mobile mapping applications
of agricultural or even forestry surveys. They can cover diverse terrains efficiently, but chal-
lenges arise from vehicle mobility, sensor stability, and occlusions in forested areas. On the
other hand, CNC-based platforms provide precise control over LiDAR sensor movement,
enabling custom scan patterns and high accuracy. However, this type of mechanism can be
expensive or require extensive design work of hardware and software development, and
also may require skilled or trained operators [9].

In conclusion, selecting the most suitable mounting system for LIDAR sensors involves
carefully considering study requirements, budget constraints, and the specific challenges
posed by each system. Aircraft and UAVs excel in large-scale and remote mapping tasks,
whereas stationary options offer stability and precision for localized applications. Mobile
vehicles and CNC platforms bridge the gap between mobility and precision but may come
with higher costs and operational complexities. Understanding these differences and trade-
offs is crucial for optimizing LiDAR data acquisition and achieving successful outcomes.

3.5. Additional Sensors and Instrumentation

Additional instruments were used in the different articles, complementing the typical
facilities provided by LiDAR technology. Most of such instruments consist of imagery
systems (e.g., rgb and hyperspectral cameras) employed to complement the original models
obtained from LiDAR data acquisition. Next, we summarize some of the most relevant in-
struments along with a brief description, their different alternative models, and their usage:

*  RGB cameras: Between the used devices, digital cameras are the most affordable in-
strument. Almost every smartphone today has a built-in RGB camera with a resolution
that matches most of the requirements for the purpose of processing crop images or
performing colorimetric analysis. Furthermore, recreational UAVs incorporate built-in
cameras and are able to record video in high definition, making it available for later
processing. Some of the models mentioned in the studied bibliography are Nikon
D200 (digital camera) [18], Canon Digital EOS 5D (digital camera) [31], PointGrey FL3
(high-speed video camera) [32], Phantom 3 (drone) [33], DJI FC6310 (drone) [34], and
Sony a7R III (digital camera) [35]. An example of application of this technology was
presented in [36], where the authors propose a tassel detection scheme in corn plants
using an airborne RGB camera (Sony Alpha 7RIII).

*  Thermal cameras: This type of camera works with long wavelength infrared spectrum
(14 um) that allows for measuring the heat emitted by objects as radiation [37]. This
type of camera was used in [32], particularly the Keii MC1-640 (IPI Infrared). Even
though this last camera model is typically designed for UAV mounting, the authors
in [32] used a custom stationary terrestrial scanning platform.

e  Hyper-spectral cameras: This imagery system allows for measuring multiple vegeta-
tion indexes, as they measure hundreds of different wavelengths from the electromag-
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netic spectrum [37]. In [38], authors included the use of the Penta-Spek (developed by
the Julius Kiihn Institute) to acquire hyper-spectral data from the plots of barley. In the
same line, the Compact Airborne Spectrographic Imager (CASI) is a hyper-spectral
sensor intended for use with light aircraft. CASI was developed by Itres Research Ltd.
(Calgary, AB, Canada) in 1988 and was designed for a variety of remote-sensing appli-
cations in forestry, agriculture, land-use planning, and aquatic monitoring [39-41].
Another example of a hyper-spectral camera is the BaySpec OCI-UAV-1000 [32], which
was mounted on a terrestrial stationary platform. This is a hyper-spectral camera
for use on UAVs. Finally, in more recent research, we find the UAV-mounted hyper-
spectral sensor (Headwall Nano-Hyperspec VNIR) mentioned by [35].
Multi-spectral cameras: Multi-spectral cameras are cameras that can photograph the
environment with a limited number of spectra in the visible and infrared spectrum [37].
In [34], a UAV-mounted Parrot Sequoia (MicaSense Inc., Seattle, WA, USA) was used
to estimate Above-Ground Biomass (AGB).

Spectrometers: These are instruments that can sense the amount of light reflecting
from objects. They measure light in the visible (400-700 nm) and infrared spectra
(700-2500 nm). Spectral sensors are used widely in agriculture because it has been
found that these measurements are related to a plant’s physiology and development.
In [42], eight spectral reflectance sensors (Meter Group Inc. Pullman, WA, USA) were
used to measure reflected radiation in wheat plots.

Reflectance panels: In order to calibrate LIDAR scanners to correctly operate given the
environmental factors (temperature, humidity, etc.), high reflectance panels are used
as special targets (e.g., the Spectralon (Labsphere, Inc., North Sutton, NH, USA) [43]).
Optical sensors: These sensors detect electromagnetic radiation that falls within
the visible spectrum, i.e., between infrared and ultraviolet wavelengths. In [20],
an active optical sensor was used, namely the Raptor ACS 225LR (Holland Scientific,
Holland Scientific Inc., Lincoln, NE, USA). This sensor was mounted in a passenger
car along with the LiDAR scanner in order to measure biomass in fescue pastures.
Another example of the usage of optical sensors is [42], where photodiodes paired
with interference filters are used to measure PRI (Photochemical Reflectance Index)
for the phenotyping of wheat plants.

Canopy analyzers: The instrumentation that falls into this category combines dif-
ferent sensors (such as spectrometers or optical sensors) in order to measure certain
properties of leaves and plant canopies (e.g., LAL, NDVI, NDRE, among many oth-
ers). In [44], a leaf area index meter (LAI-2000, LI-COR Inc., Lincoln, Nebraska)
and leaf area meter (LI3000, LI-COR Inc.) were used to measure leaf area in maize
plants. A similar instrument (LAI-2200 Li-COR, Inc.) was used in [40,45] for the
same purpose. In the same line, an NDVI sensor, the GreenSeeker® (Trimble, USA),
was used in [46] to estimate ground cover. Although this instrument is an active
spectral sensor, it is specifically designed to measure NDVI in vegetation. Another
crop-specific instrument is the ceptometer, which is a type of analyzer that measures
the photosynthetically-active radiation that is reflected by plant leaves. A ceptometer
(Decagon Devices, Inc., Pullman, WA) was used in [16]. Finally, in [23], a crop sensor,
the RapidSCAN CS-45, was used. This device measures NDVI, NDRE, and reflectance
indexes, among others, and is equipped with GPS.

Satellite imagery: As part of additional instruments, we include the satellite im-
ages, as they are acquired through additional systems apart from the LiDAR scan-
ners. In [44], GF-1 (Gaofen-1) data were used to estimate biophysical parameters in
maize fields.
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Figure 2. Hierarchy of scanning platforms and percentages of articles in which they were used.

3.6. Software

Depending on which point of the workflow was applied, we can classify the used
software in three categories: data acquisition, data processing, and data visualization. First,
LiDAR data are acquired through the instrument itself, so specific data acquisition software
is required. The data processing stage is the more complex and for some cases, the devel-
opment of custom software is required in order to implement specific algorithms. Finally,
a data visualization stage is usually included to assess the quality of the point clouds or
3D-generated models. In this case, the development of custom software is more complex,
but usually there is the availability of specific programs and formats for this task. It must
be noted that some manufacturers provide the software necessary for each stage, and also
custom software development may be involved.

Below, we describe the software that was mentioned in more than two articles,
among the analyzed papers, including a brief description of each one. The complete
list of software used in each article can be found in Table A1.

¢  General purpose software: In this category we can enumerate software products that
are currently being used in many fields, particularly when dealing with sensors and
similar equipment. Thus, Labview (National Instruments) was used by authors of
six different articles to implement the data acquisition stage. For data processing
and data visualization, Matlab (Mathworks), R (R Development Core Team), and
Excel (Microsoft) was used in nine, seven, and four articles, respectively. In [31,47],
AutoCAD (Autodesk) was used as a data and model visualization tool. Most recent
articles have incorporated machine learning tools, as the case of [48], where H20-
AutoML was used to classify data.

*  Scanner companion software: Riegl RiSCAN PRO is the companion software for
Riegl TLS Systems and was used in several papers. According to the manufacturer,
“the entire data acquired during a measurement campaign can be organized and
stored in the software’s project structure. These data include scans, fine scans, digital
images, GPS data, coordinates of control points and tie points, and all transformation
matrices necessary to transform the data of multiple scans into a common well-defined
coordinate system”. Riegl RiIPROCESS was also developed by the same manufacturer,
and this software is designed for managing, processing, analyzing, and visualizing
kinematic data acquired with airborne laser scanning systems based on Riegl Laser
Scanners. It was used in [34,49], where the Riegl VUX-1UAV airborne laser scanner
was employed. Another TLS companion software is Faro Scene (which was mentioned
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in the six papers that used Faro scanners, except in [32]), where a custom software
called Crop3D was developed by the authors to implement specific algorithms.
Point cloud data processing and visualization: Lastly, we mention specific software
applied to 3D point cloud data analysis. In four articles, the authors use TerraScan
(Terrasolid), which offers project structuring tools and automatic filtering algorithms.
In the cases of ArcGIS, a mapping and analysis solution, and ENVI, a specialized
software in geospatial image processing and analysis, both were developed by ESRI
and were used in three and two articles, respectively. LIDAR360 (Geosystems Inge-
nierfa), which was used in [34,49-51], is a post-processing software that includes a set
of tools to visualize, manipulate, and generate geospatial-based products from point
cloud data. OPALS (Orientation and Processing of Airborne Laser Scanning) was
developed by the Technische Universitiat Wien, and according to its authors, it pro-
vides a processing chain for airborne laser scanning data (waveform decomposition,
quality control, georeferencing, structure line extraction, point cloud classification,
and DTM generation) and has several fields of application like forestry, hydrography,
city modeling, and power lines. It was mentioned in [52,53]. CloudCompare, which
is an open-source project, is applied to 3D point cloud and mesh processing. It was
used in [23,42]. Finally, Photoscan Professional (Agisoft) was used in [34,54]. It is a
standalone software product for performing photogrammetric processing of digital
images and the generation of 3D spatial data. It is also worth mentioning that recent
articles propose different algorithms to improve the accuracy of LIDAR sensors, for ex-
ample in autonomous data acquisition vehicles, by combining data from multiple
sensors such as inertial (R-INS) and navigation (GNSS) sensors [55].

4. Challenges and Recommendations

The use of LiDAR technology to analyze herbs, ground crops, and cover crops imposes

certain challenges that should be taken into account. Some of these challenges are not
readily apparent and most of them are discovered when performing the experiments for the
first time. In this section, we analyze the most frequent difficulties and how to overcome
them as proposed in the different research articles considered in this review. Figure 3 shows
a visual summary of the main items detailed below.

3.- Weather
—ondiions
4.- Visual
o~ obstructions
MM

5.- Light
interference ~

1.- Instrument
accuracy

2.- Terrain
irregularity

Figure 3. Identification of main challenges when using laser scanning data acquisition systems.
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4.1. Instrument Accuracy

When speaking about distance measurement using LiDAR devices, the footprint size
of the laser beam is one of the factors that determine the accuracy of the sensor. As the
beam is projected from the light emitter with a conical shape, the footprint size is given
by the intersection of this cone with the reflective surface. It must be noted that the
bigger the footprint size, the larger the detectable target should be; this introduces possible
discrepancies that may affect the performance of the instrument for some applications.

Another factor that affects accuracy is the reflectance index of the surfaces being
measured. The higher the value of the reflectance index of a given target, the lower the
error will be when measuring the distance to that target. Related to the surface being
measured, its inclination angle with respect to the laser beam trajectory also contributes
to the measuring error. Given that the inclination angle of the surfaces corresponding to
vegetation is in general randomly distributed, in order to achieve a higher accuracy it is
recommended to have previous knowledge of this distribution and orient the instrument
in a way the laser beam is mostly perpendicular to the vegetation structure [16,30].

4.2. Ground Level and Terrain Irregularity

Ground level and detection is one of the most mentioned issues and becomes par-
ticularly relevant for those applications where it is necessary to measure crop height.
For instance, the accuracy when measuring the ground level is frequently mentioned in [11]
as an important issue for the estimation of crop volume.

When the extension of the crop analyzed is small, the terrain model (or DTM, Digital
Terrain Model) is usually assumed to be flat (i.e., a horizontal plane) [56]. For larger
extensions of crop—as in the case of airborne laser scanning—hills, slopes, and valleys in
the terrain should be taken into account, as such geographical accidents may affect the
accuracy of the height measurement of the plant species involved.

In some cases, the ground level is measured manually [12,14,42,57]. This is mostly
feasible in terrestrial laser scanning systems, because the distance between the laser scanner
and the ground is measurable. However, terrain irregularity affects mobile platforms or
robot-based terrestrial scanning systems because it introduces additional noise (given the
movement or vibration of the scanner). This condition can be improved by hardware,
using stabilizers such as gimbals (or alternatively, as proposed by most of the authors in
the analyzed bibliography, by specific software based on denoising algorithms). In [19],
for example, a terrestrial rover was used, and in order to eliminate the error caused by
changes in the inclination angles of the scanner, a correction algorithm was developed
that improved the measurement accuracy. In a similar way, in [13], a ground detection
algorithm was introduced in order to reduce errors due to terrain irregularity. Reducing
the size of the point cloud was also an alternative, as performed in [58], where the bottom
part of the point cloud was deleted (with a threshold of 0.005 m).

A simple way to measure the terrain model is by performing a scan prior to the growth
of the crops and assuming an invariant terrain model over time [16,18]. Another method is
to assume that points in the point cloud data that fall within a certain range correspond to
the ground, as proposed by [9,59,60]. Finally, the combination of the detection of ground
returns and the data-point heights may be used to classify the points corresponding to the
ground surface, as proposed, for example, in [54].

LiDAR systems that employ full-waveform return allow for detecting ground points
from information that is present in the return signal itself. In [44,61], a specific commercial
software (TerraScan) was used to classify point cloud data into ground points and non-
ground points. In addition to the use of this software, a method of faint returns retrieval
was also proposed in [45] to detect and obtain ground returns. With the same purpose,
alternative software products were used, such as the Lidar360 software [34] and the Faro
Scene software [62].
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In [35], a commercial software (manufacturer not mentioned) was used to generate
DTM and DSM, applying a ground filtering algorithm to separate bare earth points and
aboveground points.

In [50], an “improved progressive triangulated irregular network densification filtering
algorithm” was used to classify ground points and non-ground points, and a digital terrain
model of 5 cm resolution was calculated from the LiDAR ground returns using the “ordinary
kriging method”.

4.3. Weather Conditions

The weather dependency of the scanning process imposes another important drawback
of the LiDAR technology in general, as meteorological conditions may prevent performing
an evenly time-spaced sampling acquisition process. In particular, for some places with
bad weather conditions, many days may go by without a measurement being made.

The wind is mentioned many times as an uncontrolled negative effect that introduces
noise and increases the measurement error affecting the accuracy of acquired models and
measured or estimated variables [22,32,35,58,59,63,64]. For this reason, several authors
(such as [19,28,34,60,62]) stress the fact that outside experiments were performed on calm,
sunny days. Windless conditions are also important for the case of UAV-based scanning,
for flight stability reasons. In [64], it is stated that when flying at low altitudes, UAVs may
produce downwash winds that move the plant canopies.

Humidity also affects the properties of air as the medium through which light travels.
Some models of LiDAR sensors are prepared to withstand bad climatic conditions and
have configurable parameters to correct possible measurement errors, but it is desirable to
perform scans without fog or rain.

In [65], a fog filter was used, which is less sensitive in the near range (up to ap-
proximately 4 m). Not all LIDAR sensors seem to be affected by bad weather conditions.
For example, according to [13], the FX6 Nippon LiDAR sensor is not influenced by sunlight
or other weather conditions and is possible to operate in 24 h handling conditions like light,
fog, and dust.

4.4. Visual Obstruction Problems: Birds, Insects, and Small Airborne Particles

When performing LiDAR data acquisition outdoors, especially in places where the
presence of insects or birds prevails, the field of view of the instrument may be temporary
and unnoticeably obstructed, and therefore, the acquired model may contain errors. The use
of glass or plastic domes is not recommended by manufacturers as it may affect the speed
of light and phase of the traveling light pulse. Some difficulties related to insects or dust
were mentioned in [59]. In other cases, outliers can be produced by particles in the air,
and are to be manually removed [53,60].

4.5. Sunlight and Light Interference

Another drawback that arises from making measurements outdoors is the light inter-
ference [66]. As can be observed from Table 3, the wavelength of some LiDAR instruments
is near the visible spectrum (380-740 nm). Most commercial devices are prepared to work
in sunlight conditions. However, in [9] a very low-cost LiDAR sensor and slow CNC mech-
anism were used, providing a closed structure to protect the laser sensor from sunlight
and wind.

4.6. Plant Morphology

The accuracy of most LiDAR sensors depends on the shape of the object being scanned,
its distance to the scanner sensor, the object’s reflective index, and its angle, as was previ-
ously mentioned in Section 4.1. However, none of the reviewed articles include species
with well-differentiated features (for example, combining sunflower and wheat). It must be
observed that testing different species with LiDAR technology requires different instrument
configurations and algorithm settings.
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In [16], plant morphology was analyzed in more detail, as different geometries were
tested as ways of modeling maize leaves. In [47], it was mentioned that vegetation different
from the one of interest, as weeds, were previously removed “to avoid interferences”.

In conclusion, LiDAR technology presents an immense potential for a wide range
of applications, including remote sensing and environmental monitoring or assessment.
However, a successful utilization of LiDAR requires a deep understanding of the various
factors that can have an impact on data acquisition processes. From instrument-related
considerations (such as footprint size, reflectance index, and inclination angles) to en-
vironmental factors (such as weather conditions, visual obstructions, and interference),
each element plays a critical role in the quality of LIDAR data. Additionally, the terrain
irregularity and ground level detection are essential for accurate measurements, especially
in crop height estimation. Mitigating these challenges often involves a combination of
hardware enhancements and advanced software algorithms. Despite these complexities, re-
searchers and practitioners have made significant strides in overcoming obstacles, making
LiDAR an increasingly valuable tool in diverse fields. Continued advancements in LiDAR
technology, combined with robust methodologies for data processing and interpretation,
promise a bright future for harnessing the full potential of LiDAR in addressing complex
real-world challenges. By refining data acquisition strategies and continually innovating in
this field, LIDAR will undoubtedly play a pivotal role in shaping our understanding of the
environment and advancing numerous industries in the years to come.

5. Conclusions

In this work, a total of 53 research papers published between 2005 and 2022 was
comprehensively reviewed in order to assess the state-of-the-art in ground crop analysis
using LiDAR technology. Our analysis allowed us to identify different categories associated
with LiDAR, providing a taxonomic view based on possible application areas, crop species
under analysis, scanner technologies, and mounting platforms being used, additional
sensors and instrumentation for expanding LiDAR capabilities, and specific software
packages (such as data acquisition, data processing, etc.).

The proposed categories in this survey article have helped identify different salient
aspects of LIDAR technology in the context of real-world applications. Thus, three par-
ticular application areas were identified (general purpose 3D reconstruction, parameter
characterization of crops, and automatic control for agriculture machinery). We could
also determine the proportion of different crop species under analysis, and the role of the
two major LiDAR scanning technologies (ToF and PS), as discussed in Section 3. When
analyzing the different mounting platforms, we provided a specific taxonomy for classi-
fying those platforms according to their features (terrestrial, airborne, stationary, mobile,
UAV, etc.), establishing as well their proportion of usage. From the analysis of additional
sensors and instrumentation, we were able to identify a wide range of devices that can
be used to complement LiDAR technologies in order to improve their performance. Simi-
larly, we identified different specific software tools used with these technologies (such as
general-purpose software, scanner companion software, and point cloud data processing
and visualization).

The taxonomic view provided in this survey helped also to identify existing challenges
when deploying LiDAR technology in real-world scenarios (such as instrument accuracy,
terrain irregularity, weather conditions, visual obstruction problems, and plant morphol-
ogy), as discussed in Section 4. In our opinion, the trade-off between the economic cost of
LiDAR scanners and the agronomically relevant information that can be acquired with such
instruments seems to limit the wide adoption of this technology. This might be one of the
main reasons why these technologies are being actively researched for academic purposes
but not massively used yet in agriculture landscaping. Given this observation, and assum-
ing that the cost of the LiDAR technology will remain constant, the only alternative for
these techniques to be applied in ground crop production is to increase the added value of
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the information that can be acquired from scanning ground crop fields. This is the aim of
most of the reviewed articles and seems to be the current trend in this emerging area.

Finally, it is interesting to note that none of the articles from the reviewed bibliography
tackle the problems associated with working with multiple species with the same setup
and configuration, as all instrument and algorithm calibrations were fine-tuned to improve
the performance of proposed methodologies in very specific situations. An interesting
question to be considered for future research is the possibility of defining a general-purpose
LiDAR-based framework that could be suitably parametrized for working with multiple
species simultaneously.
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Appendix A

Table A1l. Bibliographic references under analysis and their features.

Ref.-Year Crop Species Device Model Mount/Mobility/Platform Application Software Involved
[16]-2005 maize, sunflower OPTECH LiDAR Airborne/Mobile/ Aircraft Param. characteriz. -
[17]-2008 wheat, oat, barley Faro scanner Terrestrial /Mobile /Platform Param. characteriz. Faro Scene
[18]-2009 sugar beet Riegl LMS-Z420i Terrestrial /Stationary / Tripod Param. characteriz. Riegl RiSCAN PRO + ArcGIS
[271-2009 wheat Pulstec TDS-130L Terrestrial /Stationary / CNC Param. characteriz. -
[28]-2009 wheat Pulstec TDS-130L Terrestrial / Stationary /CNC Param. characteriz. -
[11]-2009 wheat SICK LMS200 + SICK Terrestrial /Mobile/ Tractor Automatic control Labview
LMS400
[12]-2010 maize IBEO ALASCA XT Terrestrial /Mobile/Tractor Automatic control Custom software + Excel
[13]-2011 maize Nippon-Signal FX6 Terrestrial/Mobile/Rover Automatic control Custom software + Gazebo
[29]-2012 rice Pulstec TDS-130L Terrestrial /Stationary/Tripod Param. characteriz. -
[19]-2012 miscanthus giganteus SICK LMS291 Terrestrial / Stationary+Mobile / Param. characteriz. -
Tractor
[14]-2013 maize SICK LMS291 Terrestrial /Mobile/Rover General purpose Labview + Matlab
[31]-2013 maize SICK LMS111 Terrestrial /Stationary /CNC General purpose Matlab + AutoCAD
[47]-2013 maize Hokuyo URG-04LX Terrestrial /Mobile/ ATV Param. characteriz. Labview + AutoCAD
[67]-2014 maize Hokuyo URG-04LX-UG01 Airborne/Mobile/UAV Param. characteriz. Robotic Operating System (ROS)
[52]-2014 rye, wheat Riegl VZ-400 Terrestrial /Stationary /Platform General purpose Riegl RiSCAN PRO + OPALS
[59]-2014 rice Riegl VZ-1000 Terrestrial /Stationary / Tripod Param. characteriz. Riegl RiSCAN PRO + ArcGIS + Excel + OriginPro
[63]-2014 maize Riegl VZ-400 Terrestrial / Stationary/Tripod General purpose Riegl RiSCAN PRO
[43]-2014 wheat Leica ScanStation 2 Terrestrial /Stationary / Tripod Param. characteriz. R + Cyclone + Interactive Data Language
[57]-2015 maize SICK LMS291 Terrestrial /Mobile/Rover General purpose Labview + Matlab
[44]-2015 maize Leica ALS70 Airborne/Mobile/ Aircraft Param. characteriz. ENVI + TerraScan
[61]-2015 maize Leica ALS70 Airborne/Mobile/ Aircraft Param. characteriz. TerraScan + AMOS
[38]-2015 barley, other weeds Riegl VZ-400 Terrestrial /Stationary /Platform General purpose Riegl RiSCAN PRO
[65]-2015 maize SICK LMS111 Terrestrial /Mobile/Rover General purpose Matlab
[68]-2016 wheat optoNCDT ILR 1191, Terrestrial /Stationary /Platform Param. characteriz. Interactive Data Language + R
Micro-Epsilon
[45]-2016 maize Leica ALS70 Airborne/Mobile/ Aircraft Param. characteriz. TerraScan + FV-2000 (LI-COR 2010)
[20]-2016 fescue SICK LMS151 Terrestrial /Mobile/Car Param. characteriz. Excel
[64]-2016 maize, soybean, wheat Faro Focus S120 Terrestrial /Stationary / Tripod Param. characteriz. Faro Scene + Matlab
[53]-2016 maize Riegl VZ-400 Terrestrial /Stationary/Platform Param. characteriz. OPALS + Riegl RiSCAN PRO
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Table Al. Cont.

Ref.-Year Crop Species Device Model Mount/Mobility/Platform Application Software Involved
[40]-2017 maize Leica ALS70 Airborne/Mobile/ Aircraft Param. characteriz. TerraScan
[32]-2017 rice, sorghum, maize Faro Focus X120 Terrestrial /Stationary /CNC Param. characteriz. Custom software
[54]-2017 wheat SICK LMS400 Terrestrial /Mobile /Platform Param. characteriz. Matlab + Agisoft Photoscan Professional
[21]-2017 cotton SICK LMS511 Terrestrial /Mobile/ Tractor Param. characteriz. Labview + Matlab
[69]-2017 wheat SICK LMS400 Terrestrial /Mobile/Rover Param. characteriz. -
[56]-2017 maize, wheat Leica ALS50-II Airborne/Mobile/ Aircraft General purpose DART RTM + Blender
[33]-2018 maize, sorghum Faro Focus X330 + Leica Terrestrial /Stationary/ Tractor Param. characteriz. Leica + Faro Scene + Pix4Dcapture + Pix4Dmapper
ScanStation 2 + Trimble’s Pathfinder Office + FUSION
[46] - 2018 wheat SICK LMS400 Terrestrial /Mobile /Platform Param. characteriz. Custom software + PointCloud library
[60]-2019 wheat Riegl VZ-1000 Terrestrial /Stationary / Tripod Param. characteriz. Riegl RiSCAN PRO + ArcGIS
[62]-2019 sorghum Faro Focus X330 Terrestrial/Mobile/ Tractor General purpose Faro Scene
[50]-2019 maize Faro Focus X120 Terrestrial /Stationary / Tripod Param. characteriz. Faro Scene + LiDAR360 + WinFOLIA + Statistical
Product and Service Solutions
[70]-2019 wheat SICK LMS400 Terrestrial /Mobile / Tractor Param. characteriz. R + MiniGIS
[34]-2019 maize RIEGL VUX-1UAV Airborne/Mobile/UAV Param. characteriz. Agisoft PhotoScan Professional + ArcMap + ENVI
+ RiPROCESS + LiDAR360
[41]-2019 maize Leica ALS70 Airborne/Mobile/ Aircraft Param. characteriz. TerraScan + R
[22]-2019 wheat, American mint RPLIDAR A2 Airborne/Mobile/ Aircraft General purpose Matlab
[58]-2019 maize Velodyne HDL64-S3 Terrestrial /Mobile/Rover Param. characteriz. Robotic Operating System (ROS) + Velodyne
data acquisition
[71]-2020 wheat, barley SICK LMS111 Terrestrial /Mobile/ Tractor Param. characteriz. -
[9]-2020 wheat, barley, rye VL53L0X Terrestrial /Stationary /CNC General purpose Custom software + Matlab + Excel + InfoStat
[42]-2020 wheat SICK LMS111 Terrestrial /Mobile/Platform Param. characteriz. Labview + CloudCompare + R
[49]-2020 maize Riegl VUX-1UAV Airborne/Mobile/UAV Param. characteriz. POSPac 7.2 (Applanix) + RiPROCESS + LiDAR360
[72]-2021 maize, wheat, soybean Leica ADS100 Airborne/Mobile/ Aircraft Param. characteriz. R
[35]-2021 maize, sorghum Velodyne VLP-16 Puck Airborne/Mobile/ UAV General purpose -
Lite
[23]-2021 beans, peas, barley Faro Focus X330 Terrestrial /Stationary/Tripod Param. characteriz. Faro Scene + CloudCompare + R
[51]-2022 pasture Faro Focus 3D S70 + Riegl Terrestrial+Airborne/Stationary+Mobile Param. characteriz. LiDAR360
VUX-1UAV / Tripod+UAV
[48]-2022 maize Velodyne HDL32 Airborne/Mobile/UAV Param. characteriz. H20-AutoML




Sensors 2023, 23, 7212 17 of 19

References

1. Goyer, G.G.; Watson, R. The Laser and its Application to Meteorology. Bull. Am. Meteorol. Soc. 1963, 44, 564-570. [CrossRef]

2. Vosselman, G.; Maas, H. Airborne and Terrestrial Laser Scanning; CRC Press (Taylor & Francis): Abingdon, UK, 2010.

3. Royo, S.; Ballesta-Garcia, M. An Overview of Lidar Imaging Systems for Autonomous Vehicles. Appl. Sci. 2019, 9, 4093. [CrossRef]

4. Peleri, S.; Long, B. LIDAR Technology Applied in Coastal Studies and Management. J. Coast. Res. 2011, 1, 1-5. [CrossRef]

5. Mohandes, M.A.; Rehman, S.; Nuha, H.H.; Islam, M.S.; Schulze, EH. Wind Speed Predictability Accuracy with Height Using
LiDAR Based Measurements and Artificial Neural Networks. Appl. Artif. Intell. 2021, 35, 605-622. [CrossRef]

6. Balsi, M.; Esposito, S.; Fallavollita, P.; Melis, M.G.; Milanese, M. Preliminary Archeological Site Survey by UAV-Borne Lidar: A
Case Study. Remote Sens. 2021, 13, 332. [CrossRef]

7. Lin, Y. LiDAR: An important tool for next-generation phenotyping technology of high potential for plant phenomics? Comput.
Electron. Agric. 2015, 119, 61-73. [CrossRef]

8.  Colago, A.E; Molin, J.P.; Rosell-Polo, J.R.; Escola, A. Application of light detection and ranging and ultrasonic sensors to
high-throughput phenotyping and precision horticulture: Current status and challenges. Hortic. Res. 2018, 5, 35. [CrossRef]

9.  Micheletto, M.; Zubiaga, L.; Santos, R.; Galantini, J.; Cantamutto, M.; Orozco, ]. Development and Validation of a LIDAR Scanner
for 3D Evaluation of Soil Vegetal Coverage. Electronics 2020, 9, 109. [CrossRef]

10. Rivera, G.; Porras, R.; Florencia, R.; Sdnchez-Solis, ].P. LIDAR applications in precision agriculture for cultivating crops: A review
of recent advances. Comput. Electron. Agric. 2023, 207, 107737. [CrossRef]

11. Saeys, W.; Lenaerts, B.; Craessaerts, G.; De Baerdemaeker, J. Estimation of the crop density of small grains using LiDAR sensors.
Biosyst. Eng. 2009, 102, 22-30. [CrossRef]

12.  Selbeck, J.; Dworak, V.; EHLERT, D. Testing a vehicle-based scanning LIDAR sensor for crop detection. Can. J. Remote Sens. 2010,
36, 24-35. [CrossRef]

13.  Weiss, U.; Biber, P. Plant detection and mapping for agricultural robots using a 3D LIDAR sensor. Robot. Auton. Syst. 2011,
59, 265-273. [CrossRef]

14. Shi, Y.; Wang, N.; Taylor, R.K.; Raun, W.R.; Hardin, J.A. Automatic corn plant location and spacing measurement using laser
line-scan technique. Precis. Agric. 2013, 14, 478-494. [CrossRef]

15.  Bvenura, C.; Kambizi, L. Chapter 5 - Future grain crops. In Future Foods; Bhat, R., Ed.; Academic Press: Amsterdam, Netherlands,
2022; pp. 81-105. [CrossRef]

16. Houldcroft, C.; Campbell, C.; Davenport, I.; Gurney, R.; Holden, N. Measurement of canopy geometry characteristics using
LiDAR laser altimetry: A feasibility study. IEEE Trans. Geosci. Remote Sens. 2005, 43, 2270-2282. [CrossRef]

17.  Lumme, J.; Karjalainen, M.; Kaartinen, H.; Kukko, A.; Hyypp4, J.; Hyypp4d, H.; Jaakkola, A.; Kleemola, . Terrestrial laser scanning
of agricultural crops. Int. Ach. Photogramm. Remote Sens. Spat. Inf. Sci. 2008, 47, 563-566.

18. Hoffmeister, D.; Bolten, A.; Curdt, C.; Waldhoff, G.; Bareth, G. High-resolution Crop Surface Models (CSM) and Crop Volume
Models (CVM) on field level by terrestrial laser scanning. Proc. SPIE-Int. Soc. Opt. Eng. 2009, 7840, 90-95. [CrossRef]

19. Zhang, L.; Grift, T.E. A LIDAR-based crop height measurement system for Miscanthus giganteus. Comput. Electron. Agric. 2012,
85,70-76. [CrossRef]

20. Schaefer, M.T.; Lamb, D.W. A Combination of Plant NDVI and LiDAR Measurements Improve the Estimation of Pasture Biomass
in Tall Fescue (Festuca arundinacea var. Fletcher). Remote Sens. 2016, 8, 109. [CrossRef]

21. Sun, S.; Li, C; Paterson, A.H. In-Field High-Throughput Phenotyping of Cotton Plant Height Using LiDAR. Remote Sens. 2017, 9,
377. [CrossRef]

22. Pan, Y; Han, Y,; Wang, L.; Chen, J.; Meng, H.; Wang, G.; Zhang, Z.; Wang, S. 3D Reconstruction of Ground Crops Based on
Airborne LiDAR Technology. IFAC-PapersOnLine 2019, 52, 35-40. [CrossRef]

23. El-Naggar, A.; Jolly, B.; Hedley, C.; Horne, D.; Roudier, P.; Clothier, B. The use of terrestrial LIDAR to monitor crop growth and
account for within-field variability of crop coefficients and water use. Comput. Electron. Agric. 2021, 190, 106416. [CrossRef]

24.  Suchocki, C. Comparison of Time-of-Flight and Phase-Shift TLS Intensity Data for the Diagnostics Measurements of Buildings.
Materials 2020, 13, 353. [CrossRef] [PubMed]

25. Hancock, S.; Armston, J.; Li, Z.; Gaulton, R.; Lewis, P; Disney, M.; Mark Danson, F.; Strahler, A.; Schaaf, C.; Anderson, K.; et al.
Waveform lidar over vegetation: An evaluation of inversion methods for estimating return energy. Remote Sens. Environ. 2015,
164, 208-224. [CrossRef]

26. Newnham, G.; Armston, J.; Muir, J.; Goodwin, N.; Culvenor, D.; Pueschel, P.; Nystrom, M.; Johansen, K. Evaluation of Terrestrial
Laser Scanners for Measuring Vegetation Structure; Techical Report; Commonwealth Scientific and Industrial Research Organisation:
Cannbera, Australia, 2012. [CrossRef]

27. Hosoi, F.; Nakai, Y.; Omasa, K. Estimating the leaf inclination angle distribution of the wheat canopy using a portable scanning
lidar. J. Agric. Meteorol. 2009, 65, 297-302. [CrossRef]

28. Hosoi, F; Omasa, K. Estimating vertical plant area density profile and growth parameters of a wheat canopy at different growth
stages using three-dimensional portable lidar imaging. ISPRS ]. Photogramm. Remote Sens. 2009, 64, 151-158. [CrossRef]

29. Hosoi, F.; Omasa, K. Estimation of vertical plant area density profiles in a rice canopy at different growth stages by high-resolution
portable scanning lidar with a lightweight mirror. ISPRS ]. Photogramm. Remote Sens. 2012, 74, 11-19. [CrossRef]

30. Young, A.P;Olsen, M.].; Driscoll, N.; Flick, R.; Gutierrez, R.; Guza, R.; Johnstone, E.; Kuester, F. Comparison of Airborne and

Terrestrial Lidar Estimates of Seacliff Erosion in Southern California. Photogramm. Eng. Remote Sens. 2010, 76, 421-427. [CrossRef]


http://doi.org/10.1175/1520-0477-44.9.564
http://dx.doi.org/10.3390/app9194093
http://dx.doi.org/10.2112/SI_62_1
http://dx.doi.org/10.1080/08839514.2021.1922850
http://dx.doi.org/10.3390/rs13030332
http://dx.doi.org/10.1016/j.compag.2015.10.011
http://dx.doi.org/10.1038/s41438-018-0043-0
http://dx.doi.org/10.3390/electronics9010109
http://dx.doi.org/10.1016/j.compag.2023.107737
http://dx.doi.org/10.1016/j.biosystemseng.2008.10.003
http://dx.doi.org/10.5589/m10-022
http://dx.doi.org/10.1016/j.robot.2011.02.011
http://dx.doi.org/10.1007/s11119-013-9311-z
http://dx.doi.org/10.1016/B978-0-323-91001-9.00032-3.
http://dx.doi.org/10.1109/TGRS.2005.856639
http://dx.doi.org/10.1117/12.872315
http://dx.doi.org/10.1016/j.compag.2012.04.001
http://dx.doi.org/10.3390/rs8020109
http://dx.doi.org/10.3390/rs9040377
http://dx.doi.org/10.1016/j.ifacol.2019.12.376
http://dx.doi.org/10.1016/j.compag.2021.106416
http://dx.doi.org/10.3390/ma13020353
http://www.ncbi.nlm.nih.gov/pubmed/31940931
http://dx.doi.org/10.1016/j.rse.2015.04.013
http://dx.doi.org/10.4225/08/584AF4CCC9A19.
http://dx.doi.org/10.2480/agrmet.65.3.6
http://dx.doi.org/10.1016/j.isprsjprs.2008.09.003
http://dx.doi.org/10.1016/j.isprsjprs.2012.08.001
http://dx.doi.org/10.14358/PERS.76.4.421

Sensors 2023, 23, 7212 18 of 19

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Anddjar, D.; Rueda-Ayala, V.; Moreno, H.; Rosell-Polo, J.R.; Escold, A.; Valero, C.; Gerhards, R.; Ferndndez-Quintanilla, C.;
Dorado, ].; Griepentrog, HW. Discriminating Crop, Weeds and Soil Surface with a Terrestrial LIDAR Sensor. Sensors 2013,
13, 14662-14675. [CrossRef]

Guo, Q.; Wu, F; Pang, S.; Zhao, X.; Chen, L.; Liu, J.; Xue, B.; Xu, G.; Li, L.; Jing, H.; et al. Crop 3D—A LiDAR based platform for
3D high-throughput crop phenotyping. Sci. China Life Sci. 2017, 61, 328-339. [CrossRef]

Malambo, L.; Popescu, S.; Murray, S.; Putman, E.; Pugh, N.; Horne, D.; Richardson, G.; Sheridan, R.; Rooney, W.; Avant, R.;
et al. Multitemporal field-based plant height estimation using 3D point clouds generated from small unmanned aerial systems
high-resolution imagery. Int. J. Appl. Earth Obs. Geoinf. 2018, 64, 31-42. [CrossRef]

Zhu, Y.; Zhao, C.; Yang, H.; Yang, G.; Han, L.; Li, Z.; Feng, H.; Xu, B.; Wu, J.; Lei, L. Estimation of maize above-ground biomass
based on stem-leaf separation strategy integrated with LiDAR and optical remote sensing data. Peer] 2019, 7, €7593. [CrossRef]

Lin, Y.C.; Habib, A. Quality control and crop characterization framework for multi-temporal UAV LiDAR data over mechanized
agricultural fields. Remote Sens. Environ. 2021, 256, 112299. [CrossRef]

Liu, W.; Quijano, K.; Crawford, M.M. YOLOv5-Tassel: Detecting Tassels in RGB UAV Imagery with Improved YOLOvV5 Based on
Transfer Learning. IEEE ]. Sel. Top. Appl. Earth Obs. Remote Sens. 2022, 15, 8085-8094. [CrossRef]

Pedersen, SM.; Lind, K.M. (Eds.) Precision Agriculture: Technology and Economic Perspectives; Springer International Publishing,
Berlin, Germany, 2017. [CrossRef]

Koenig, K.; Hofle, B.; Himmerle, M.; Jarmer, T.; Siegmann, B.; Lilienthal, H. Comparative classification analysis of post-harvest
growth detection from terrestrial LIDAR point clouds in precision agriculture. ISPRS ]. Photogramm. Remote Sens. 2015,
104, 112-125. [CrossRef]

Harding, L.; Miller, W.; Swift, R.; Wright, C. Aircraft Remote Sensing. In Encyclopedia of Ocean Sciences, 2nd ed.; Steele, ].H., Ed.;
Academic Press: Oxford, UK, 2001; pp. 138-146. [CrossRef]

Wang, C.; Nie, S.; Xi, X.; Luo, S.; Sun, X. Estimating the Biomass of Maize with Hyperspectral and LiDAR Data. Remote Sens.
2017, 9, 11. [CrossRef]

Luo, S.; Wang, C.; Xi, X,; Nie, S.; Fan, X.; Chen, H.; Yang, X.; Peng, D.; Lin, Y.; Zhou, G. Combining hyperspectral imagery and
LiDAR pseudo-waveform for predicting crop LAI, canopy height and above-ground biomass. Ecol. Indic. 2019, 102, 801-812.
[CrossRef]

Pérez-Ruiz, M.; Prior, A.; Martinez-Guanter, J.; Apolo-Apolo, O.; Andrade-Sanchez, P.; Egea, G. Development and evaluation of a
self-propelled electric platform for high-throughput field phenotyping in wheat breeding trials. Comput. Electron. Agric. 2020,
169, 105237. [CrossRef]

Eitel, ].U.; Magney, T.S.; Vierling, L.A.; Brown, T.T.; Huggins, D.R. LiDAR based biomass and crop nitrogen estimates for rapid,
non-destructive assessment of wheat nitrogen status. Field Crop. Res. 2014, 159, 21-32. [CrossRef]

Li, W,; Niu, Z.; Wang, C.; Huang, W.; Chen, H.; Gao, S.; Li, D.; Muhammad, S. Combined Use of Airborne LiDAR and Satellite
GF-1 Data to Estimate Leaf Area Index, Height, and Aboveground Biomass of Maize During Peak Growing Season. IEEE ]. Sel.
Top. Appl. Earth Obs. Remote Sens. 2015, 8, 4489-4501. [CrossRef]

Nie, S.; Wang, C.; Dong, P,; Xi, X. Estimating leaf area index of maize using airborne full-waveform lidar data. Remote Sens. Lett.
2016, 7, 111-120. [CrossRef]

Jimenez-Berni, J.A.; Deery, D.M.; Rozas-Larraondo, P.; Condon, A.T.G.; Rebetzke, G.J.; James, R.A.; Bovill, W.D.; Furbank, R.T.;
Sirault, X.R.R. High Throughput Determination of Plant Height, Ground Cover, and Above-Ground Biomass in Wheat with
LiDAR. Front. Plant Sci. 2018, 9, 237. [CrossRef] [PubMed]

Anddjar, D.; Escola, A.; Rosell-Polo, J.R.; Fernandez-Quintanilla, C.; Dorado, J. Potential of a terrestrial LIDAR-based system to
characterise weed vegetation in maize crops. Comput. Electron. Agric. 2013, 92, 11-15. [CrossRef]

Dilmurat, K.; Sagan, V.; Moose, S. Al-Driven maize yield forecasting using unmanned aerial vehicle-based hyperspectral and
lidar data fusion. ISPRS Ann. Photogramm. Remote Sens. Spat. Inf. Sci. 2022, 3, 193-199. [CrossRef]

Zhou, L.; Gu, X,; Cheng, S.; Yang, G.; Shu, M.; Sun, Q. Analysis of Plant Height Changes of Lodged Maize Using UAV-LiDAR
Data. Agriculture 2020, 10, 146. [CrossRef]

Su, Y,; Wu, E; Ao, Z; Jin, S.; Qin, E; Liu, B,; Pang, S.; Liu, L.; Guo, Q. Evaluating maize phenotype dynamics under drought stress
using terrestrial lidar. Plant Methods 2019, 15, 11. [CrossRef]

Zhao, X,; Su, Y.; Hu, T,; Cao, M,; Liu, X,; Yang, Q.; Guan, H.; Liu, L.; Guo, Q. Analysis of UAV lidar information loss and its
influence on the estimation accuracy of structural and functional traits in a meadow steppe. Ecol. Indic. 2022, 135, 108515.
[CrossRef]

Héammerle, M.; Hofle, B. Effects of Reduced Terrestrial LIDAR Point Density on High-Resolution Grain Crop Surface Models in
Precision Agriculture. Sensors 2014, 14, 24212-24230. [CrossRef]

Crommelinck, S.; Hofle, B. Simulating an Autonomously Operating Low-Cost Static Terrestrial LIDAR for Multitemporal Maize
Crop Height Measurements. Remote Sens. 2016, 8, 205. [CrossRef]

Madec, S.; Baret, E; de Solan, B.; Thomas, S.; Dutartre, D.; Jezequel, S.; Hemmerlé, M.; Colombeau, G.; Comar, A. High-
Throughput Phenotyping of Plant Height: Comparing Unmanned Aerial Vehicles and Ground LiDAR Estimates. Front. Plant Sci.
2017, 8, 2002. [CrossRef]

Xia, X.; Hashemi, E.; Xiong, L.; Khajepour, A. Autonomous Vehicle Kinematics and Dynamics Synthesis for Sideslip Angle
Estimation Based on Consensus Kalman Filter. IEEE Trans. Control Syst. Technol. 2023, 31, 179-192. [CrossRef]


http://dx.doi.org/10.3390/s131114662
http://dx.doi.org/10.1007/s11427-017-9056-0
http://dx.doi.org/10.1016/j.jag.2017.08.014
http://dx.doi.org/10.7717/peerj.7593
http://dx.doi.org/10.1016/j.rse.2021.112299
http://dx.doi.org/10.1109/JSTARS.2022.3206399
http://dx.doi.org/10.1007/978-3-319-68715-5.
http://dx.doi.org/10.1016/j.isprsjprs.2015.03.003
http://dx.doi.org/10.1016/B978-012374473-9.00425-2
http://dx.doi.org/10.3390/rs9010011
http://dx.doi.org/10.1016/j.ecolind.2019.03.011
http://dx.doi.org/10.1016/j.compag.2020.105237
http://dx.doi.org/10.1016/j.fcr.2014.01.008
http://dx.doi.org/10.1109/JSTARS.2015.2496358
http://dx.doi.org/10.1080/2150704X.2015.1111536
http://dx.doi.org/10.3389/fpls.2018.00237
http://www.ncbi.nlm.nih.gov/pubmed/29535749
http://dx.doi.org/10.1016/j.compag.2012.12.012
http://dx.doi.org/10.5194/isprs-annals-V-3-2022-193-2022
http://dx.doi.org/10.3390/agriculture10050146
http://dx.doi.org/10.1186/s13007-019-0396-x
http://dx.doi.org/10.1016/j.ecolind.2021.108515
http://dx.doi.org/10.3390/s141224212
http://dx.doi.org/10.3390/rs8030205
http://dx.doi.org/10.3389/fpls.2017.02002
http://dx.doi.org/10.1109/TCST.2022.3174511

Sensors 2023, 23, 7212 19 of 19

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Hmida, S.B.; Kallel, A.; Gastellu-Etchegorry, J.P.; Roujean, J.L. Crop Biophysical Properties Estimation Based on LiDAR Full-
Waveform Inversion Using the DART RTM. IEEE ]. Sel. Top. Appl. Earth Obs. Remote Sens. 2017, 10, 4853-4868. [CrossRef]

Shi, Y.; Wang, N.; Taylor, R.; Raun, W. Improvement of a ground-LiDAR-based corn plant population and spacing measurement
system. Comput. Electron. Agric. 2015, 112, 92-101. [CrossRef]

Qiu, Q.; Sun, N.; Bai, H.; Wang, N.; Fan, Z.; Wang, Y.; Meng, Z.; Li, B.; Cong, Y. Field-Based High-Throughput Phenotyping for
Maize Plant Using 3D LiDAR Point Cloud Generated with a “Phenomobile”. Front. Plant Sci. 2019, 10, 554. [CrossRef]

Tilly, N.; Hoffmeister, D.; Cao, Q.; Huang, S.; Lenz-Wiedemann, V.; Miao, Y.; Bareth, G. Multitemporal crop surface models:
Accurate plant height measurement and biomass estimation with terrestrial laser scanning in paddy rice. J. Appl. Remote Sens.
2014, 8, 1-23. [CrossRef]

Guo, T,; Fang, Y,; Cheng, T.; Tian, Y.; Zhu, Y.; Chen, Q.; Qiu, X; Yao, X. Detection of wheat height using optimized multi-scan
mode of LiDAR during the entire growth stages. Comput. Electron. Agric. 2019, 165, 104959. [CrossRef]

Li, W;; Niu, Z.; Huang, N.; Wang, C.; Gao, S.; Wu, C. Airborne LiDAR technique for estimating biomass components of maize: A
case study in Zhangye City, Northwest China. Ecol. Indic. 2015, 57, 486—496. [CrossRef]

Malambo, L.; Popescu, S.; Horne, D.; Pugh, N.; Rooney, W. Automated detection and measurement of individual sorghum
panicles using density-based clustering of terrestrial lidar data. ISPRS J. Photogramm. Remote Sens. 2019, 149, 1-13. [CrossRef]
Hofle, B. Radiometric Correction of Terrestrial LIDAR Point Cloud Data for Individual Maize Plant Detection. IEEE Geosci.
Remote Sens. Lett. 2014, 11, 94-98. [CrossRef]

Friedli, M.; Kirchgessner, N.; Grieder, C.; Liebisch, F; Mannale, M.; Walter, A. Terrestrial 3D laser scanning to track the increase in
canopy height of both monocot and dicot crop species under field conditions. Plant Methods 2016, 12, 9. [CrossRef]

Garrido, M.; Paraforos, D.S.; Reiser, D.; Vazquez Arellano, M.; Griepentrog, H-W.; Valero, C. 3D Maize Plant Reconstruction
Based on Georeferenced Overlapping LiDAR Point Clouds. Remote Sens. 2015, 7, 17077-17096. [CrossRef]

Sun, W.; Hu, Y.; MacDonnell, D.G.; Weimer, C.; Baize, R.R. Technique to separate lidar signal and sunlight. Opt. Express 2016,
24,12949-12954. [CrossRef] [PubMed]

Anthony, D.; Elbaum, S.; Lorenz, A.; Detweiler, C. On crop height estimation with UAVs. In Proceedings of the 2014 IEEE/RS]
International Conference on Intelligent Robots and Systems, Chicago, IL, USA, 14-18 September 2014; pp. 4805-4812. [CrossRef]
Eitel, ].U.; Magney, T.S.; Vierling, L.A.; Greaves, H.E.; Zheng, G. An automated method to quantify crop height and calibrate
satellite-derived biomass using hypertemporal lidar. Remote Sens. Environ. 2016, 187, 414-422. [CrossRef]

Liu, S.; Baret, E; Abichou, M.; Boudon, F.; Thomas, S.; Zhao, K.; Fournier, C.; Andrieu, B.; Irfan, K., Hemmerlé, M.; et al.
Estimating wheat green area index from ground-based LiDAR measurement using a 3D canopy structure model. Agric. For.
Meteorol. 2017, 247, 12-20. [CrossRef]

Walter, ].D.C.; Edwards, J.; McDonald, G.; Kuchel, H. Estimating Biomass and Canopy Height with LiDAR for Field Crop
Breeding. Front. Plant Sci. 2019, 10, 1145. [CrossRef]

Blanquart, J.E.; Sirignano, E.; Lenaerts, B.; Saeys, W. Online crop height and density estimation in grain fields using LiDAR.
Biosyst. Eng. 2020, 198, 1-14. [CrossRef]

Eyre, R.; Lindsay, J.; Laamrani, A.; Berg, A. Within-Field Yield Prediction in Cereal Crops Using LiDAR-Derived Topographic
Attributes with Geographically Weighted Regression Models. Remote Sens. 2021, 13, 4152. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://dx.doi.org/10.1109/JSTARS.2017.2763242
http://dx.doi.org/10.1016/j.compag.2014.11.026
http://dx.doi.org/10.3389/fpls.2019.00554
http://dx.doi.org/10.1117/1.JRS.8.083671
http://dx.doi.org/10.1016/j.compag.2019.104959
http://dx.doi.org/10.1016/j.ecolind.2015.04.016
http://dx.doi.org/10.1016/j.isprsjprs.2018.12.015
http://dx.doi.org/10.1109/LGRS.2013.2247022
http://dx.doi.org/10.1186/s13007-016-0109-7
http://dx.doi.org/10.3390/rs71215870
http://dx.doi.org/10.1364/OE.24.012949
http://www.ncbi.nlm.nih.gov/pubmed/27410314
http://dx.doi.org/10.1109/IROS.2014.6943245
http://dx.doi.org/10.1016/j.rse.2016.10.044
http://dx.doi.org/10.1016/j.agrformet.2017.07.007
http://dx.doi.org/10.3389/fpls.2019.01145
http://dx.doi.org/10.1016/j.biosystemseng.2020.06.014
http://dx.doi.org/10.3390/rs13204152

	Introduction
	Methodology
	Classifying LiDAR Technology: A Taxonomic View
	Application Areas
	Analyzed Crop Species
	LiDAR Scanner Technology
	Mounting Platform
	Additional Sensors and Instrumentation
	Software

	Challenges and Recommendations
	Instrument Accuracy
	Ground Level and Terrain Irregularity
	Weather Conditions
	Visual Obstruction Problems: Birds, Insects, and Small Airborne Particles
	Sunlight and Light Interference
	Plant Morphology

	Conclusions
	Appendix A
	References

