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Abstract: Digital farming approach merges new technologies and sensor data to optimize the quality
of crop monitoring in agriculture. The successful fusion of technology and data is highly dependent
on the parameter collection, the modeling adoption, and the technology integration being accurately
implemented according to the specified needs of the farm. This fusion technique has not yet been
widely adopted due to several challenges; however, our study here reviews current methods and
applications for fusing technologies and data. First, the study highlights different sensors that
can be merged with other systems to develop fusion methods, such as optical, thermal infrared,
multispectral, hyperspectral, light detection and ranging and radar. Second, the data fusion using the
internet of things is reviewed. Third, the study shows different platforms that can be used as a source
for the fusion of technologies, such as ground-based (tractors and robots), space-borne (satellites)
and aerial (unmanned aerial vehicles) monitoring platforms. Finally, the study presents data fusion
methods for site-specific crop parameter monitoring, such as nitrogen, chlorophyll, leaf area index,
and aboveground biomass, and shows how the fusion of technologies and data can improve the
monitoring of these parameters. The study further reveals limitations of the previous technologies
and provides recommendations on how to improve their fusion with the best available sensors. The
study reveals that among different data fusion methods, sensors and technologies, the airborne and
terrestrial LIDAR fusion method for crop, canopy, and ground may be considered as a futuristic
easy-to-use and low-cost solution to enhance the site-specific monitoring of crop parameters.

Keywords: Agriculture 5.0; artificial intelligence; biomass; chlorophyll; IoT; leaf area index; nitrogen;
robot; sensors

1. Introduction

Crop monitoring supports management techniques to optimize agricultural produc-
tion according to field parameters [1]. The role of crop monitoring is to improve the quality
of production and to reduce the environmental impact by optimizing the management
strategies. Similarly, agricultural technology efficiently monitors crops to classify crop type,
plant status, growth, and growth parameters in real-time conditions [2]. In these conditions,
technology and data fusion support a wide variety of methods for analyzing crop traits
over time in spatially explicit and nondestructive ways [3].

Crop production per unit area can be sufficiently improved to meet future crop demand
and thus increase food security on a global scale. This can be achieved by optimizing the
site-specific resources using precision agriculture methods. Research shows that the current
methods are inappropriate for the management of crop nutrients in arable lands [4]. Due to
field spatial variations, crop monitoring remains suboptimal and consequently limits crop
growth and development, reduces the yield, increases management costs [5-7], causes a
drop in net economic income, and increases the environmental risks. Therefore, there is
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a need for a developed site-specific crop monitoring solution capable of addressing such
serious agronomic, environmental, and economic issues.

These issues can be addressed by the proper estimation of crop status, which depends
on different factors, such as climate, soil, crop nutrients, growing cycles, pests, and diseases.
Crop status and plant health indirectly influence productivity, which is the focus of the
current study. Nitrogen (N), chlorophyll, leaf area index (LAI), and aboveground biomass
(AGB) are some of the most important factors for monitoring crop status and health.

The management of N to meet production aims is difficult, as the crop response to N
is highly variable due to changes in soil properties [8]. The potential to simultaneously
estimate N dynamics and environmental damage could be a significant step in increasing
crop production [9-13]. Chlorophyll pigment is a major parameter for quantifying the
photosynthesis rate and productivity [14]. The retrieval of chlorophyll information relies
on the relationship between spectral reflectance and biochemical contents [15]. While its
pigment manages the spectral reflectance of the leaves and canopy, other parameters, e.g.,
canopy architecture, encompass both the spatial distributions of vegetation components,
LAI, and background reflectance, which also contribute to it [14,16,17]. The LAI is an
important index that provides crop growth condition by regulating water and predicting
yield [18]. Therefore, accurate estimation of LAI can be used to precisely forecast crop-
related factors, such as crop coefficient (kc) and crop yield factor (ky) [19]. The AGB content
is strongly correlated with crop yield. Accurate and timely monitoring of AGB is important
for developing site-specific management strategies [20]. Due to this direct correlation, AGB
is of high importance to crop production during the crop growth stage [21].

Crop monitoring in precision farming is segmented into technologies (e.g., guid-
ance system, remote sensing, and variable rate technology (VRT)), solutions (e.g., hard-
ware, software, and services), and applications (e.g., yield monitoring, field mapping, and
crop scouting).

Crop monitoring can be supplied with multiple sensors estimating environmental
features, plant canopy, leaves indices using the internet of things (IoT). Due to the huge
set of data collected, this technique is required to develop the types of data to analyze
crop growing conditions and development. Moreover, big data fusion has experienced
significant progress, and when used for agriculture, it would have a high impact on crop
monitoring. Due to which different multi-sensors and IoT-based big data fusion techniques
have been used in agriculture for crop monitoring purpose [22].

Monitoring tools using IoT and big data have led to extensive research in the field of
digital agriculture. Studies have been proposed on the use of big data methods for agricul-
ture mainly based on one of the several extracted data, such as IoT [23]. Other studies have
addressed different crop monitoring problems, particularly, acquisition techniques using
multispectral sensors, thermal sensors, hyperspectral sensors and satellite sensors [24].

Precision agriculture challenges require big solutions through advanced technologies,
and Agriculture 5.0 is considered to be the one for the initial phase of the 21st century.
Agriculture 5.0 is the implementation of Precision Agriculture systems and equipment
utilization that consists of intelligent operations and autonomous decision support systems.
Therefore, Agriculture 5.0 is considered as the implementation of robots and artificial
intelligence (AI) [25]. Generally, crop fields need high labor for crop harvesting and high
productivity. However, society has changed, now, with more people living in urban
environments; ultimately, fields are facing the problems of a labor shortage. A potential
solution is the implementation of agricultural 5.0 tools such as robots and sensors integrated
with Al features. These systems replace the labor workforce and manage the crop growth
and harvest with a more reliable pace [26].

An important method for crop monitoring is the use of optical sensors [27]. Optical
sensors are positioned either in contact with or near the crop [27,28]. They use indirect,
nondestructive, less laborious, and nutrient-efficient methods for crop monitoring [29].
However, they are sensitive to weather conditions, are time consuming, and provide low
temporal resolution. Thermal infrared (TIR) collects the variation in leaf and canopy dy-



Agronomy 2022, 12, 555

30f23

namics for leaf temperature estimation using thermal imagery [30]. It is a noncontact,
less laborious, and nondestructive method; however, the system shows inaccuracies in
yield estimation, crop water stress, and plant growth determination [31-34]. A multispec-
tral system integrated with visible bands collects the digital imagery and provides crop
monitoring analysis [34]. However, the system only uses qualitative data, and within-
field color variations do not allow accurate quantitative estimation of crop parameters.
Multispectral sensors are widely adopted for deriving crop vegetation indices (VIs) to
predict crop yield [35,36]. However, the system is not able to provide rapid variations that
occur in leaf chlorophyll [37]. Light detection and ranging (LiDAR) construct the crop into
3D images [38], geometrical characteristics, and water and nutrient management [38—43].
However, LiDAR has not been extensively tested for crop studies, which may lead to
problems in canopy estimation [44], higher costs, and complexity in data management in
diverse weather conditions [45]. In this aspect, synthetic aperture radar (SAR) efficiently
delivers crop geometrical properties using its highly sensitive microwave signals under
all weather conditions [46]. However, topsoil moisture estimation is not always accurately
acquired [47]. The latest research shows that fusion of the diverse sensor systems to acquire
crop and canopy structure, texture, and spectral and thermal information significantly
improves the data related to plant trait determination in a diverse agricultural system [48].

These systems provide efficient data, with their integration at the ground-based
platform, such as tractors. Studies have been performed on autonomous tractor systems
for video surveillance and mapping. Klaina et al. [49] studied the routing protocols for
semi-autonomous tractors in real-time conditions. An autonomous multi-tractor system
was analyzed by Vasconez et al. [50], Zhou et al. [51], and Wang et al. [52]. They allowed
for the installation of multiple systems, such as GPS, sensors, and computer vision systems.
However, studies on autonomous and semi-autonomous tractors for crop monitoring are
limited. Robots, however, are designed for guidance, detection, action, and mapping [53]
and for developing field resource efficiency. However, the robot GPS has low accuracy due
to signal blockage or occasional multireflection. Space-borne platforms such as satellites
(Sentinel-2/Sentinel-1 10-60 m, MODIS 30 m and Landsat 250 m) provide real-time crop
information and agrometeorological data for global food production estimates [54]. They
provide early warnings for crop monitoring and food supply by assessing crops, farming
activities, and rural developments. However, their coarse spatial resolution does not
optimally classify the crops within mixed pixels [55] and thus presents errors. Unmanned
aerial vehicles (UAV) provide high spatiotemporal resolution, cost-efficiency, and flexibility
for crop monitoring at fine scales [2,3]. However, UAV-collected imagery may contain
a degree of geometric distortion, inaccurate radiometric estimation, and environmental
condition effectiveness to the quality of the data, such as vegetation indices [56].

Technology and data fusion provide a more accurate and robust analysis. Through
data fusion, several data sources are joined together to create a more useful and accurate
analysis. There are several methods to perform data fusion, such as via installation of
a field sensor for crop parameters and moisture estimation. The objective of this study
is to provide the latest data fusion methods for the efficient fusion of model data with
different technologies. Considering this, the study highlights digital farming technologies
and establishes a connection to show how a developed system (with technology and data
fusion) in turn influences crop monitoring.

This article is structured as follows: Section 2 highlights the best sensors for crop
monitoring. Section 3 presents platforms with new fusion methods for ground-based,
space-borne and aerial platforms. Section 4 shows data fusion methods for site-specific
crop monitoring for N, chlorophyll, LAI, and AGB. Finally, Section 5 concludes the study
and points out the current challenges, opportunities, and future prospects of the technology
and data fusion methods.
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2. Sensor Types

The latest developments in sensor technologies have supported in-season crop moni-
toring [57]. Studies performed for over a few years have improved the potential of sensor
data acquisition to develop agronomic management decisions. To achieve these decisions,
a single sensor is not always able to provide satisfactory results. This could be achieved by
multiple sensors such that their functions could improve and provide the required results.
This section provides an overview of the most important sensors, such as optical, thermal
infrared, multispectral, hyperspectral, LIDAR, and radar (Table 1). Furthermore, their
limitations and solutions are also discussed.

2.1. Optical Sensors

Optical sensors measure crop reflectance at specific wavelengths within a short
distance and identify the crops at a large scale. They analyze crop attributes and esti-
mate crop production during the harvest. Optical sensors, such as OptRx [58], Cloro-
fiLOG [59], Dualex [27], Multiplex [60], Isaria, Crop Circle [61], SPAD-502 [10], Crop-
Spec [62], GreenSeeker [63], and ALS-2 N [10], provide crop monitoring under day and
night conditions [64], as shown in Table 1. The method of analysis involves collecting a
large quantity of recordings per field with many measurements per second [65]. These
recordings are analyzed to collect data from different crops, such as Gossypium arboreum
(L.) [66], Triticum aestivum (L.) [67], Triticale rimpaui (Wittm.) Muntz [68], Zea mays (L.) [69],
Hordeum vulgare (L.) [70], Saccharum officinarum (L.) [64], and Solanum tuberosum (L.) [71].

Optical sensors have been successfully implemented for N prediction in a variety of
crops, such as T. aestivum [27], S. tuberosum [63], Oryza sativa (L.) [72], Z. mays [73], Capsicum
annuum (L.) [74], and Vitis vinifera (L.) [75].

Optical sensors are used to estimate leaf chlorophyll [76]. Detailed studies were
performed by Dong et al. [77], Zhang et al. [78], Latifah et al. [69] and Jiang et al. [31] on
T. aestivum, Z. mays, O. sativa, and Glycine max (L.) Merr. Studies of Dong et al. [76] and
Canata et al. [64] for estimating chlorophyll reported similar results to that of Latifah
etal. [69] and Jiang et al. [31]. However, Dualex and Isaria sensors are not able to classify
crops due to the lack of classification features [77], soil type, and luminosity effects [67].
However, sensors experience multiple problems, such as data damage and redundancy,
inference, and data generation differences [78,79].

2.2. Thermal Infrared Sensors

Thermal infrared sensors are a widely adopted technology for crop monitoring. It has
shown good results in crop and parameter monitoring (Table 1). Particularly, it delivers
a nondestructive estimation. However, thermal infrared sensors are manually operated
devices [80], controlled through mobile systems [81] and installed in aircrafts [82], satel-
lites [83] or UAVs [84]. Aircraft and satellite-installed thermal infrared sensors can estimate
crop parameters remotely. They can spatially map the crop parameters by a thermal image
to estimate delicate and heterogeneous features of the crop [85]. The imagery data are
composed of pixel arrays representing pixel resolution of the sensor. Crop parameter
observation with thermographic features allows to utilize the thermal sensing for particular
features estimation [86-90], each plant temperature estimation [91], and develop variable
rate irrigation strategies [92-94]. However, these applications do not generally provide a
better spatial or temporal resolution [95]. The reduced resolution of the sensor and the dis-
tance to the target considerably minimize the quality of the data [96,97]. Thermal infrared
sensors are sensitive to atmospheric conditions. Despite the sensitivity, they provide a high
potential to be applied in precision agriculture and especially in irrigation strategies to
estimate the right time, the right place and the right quantity of water to apply to minimize
the quantity of water used per unit yield [98].
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2.3. Multispectral Sensors

The launch of satellite missions by government and commercial companies have
resulted in further progress and revisiting period of multispectral systems [99]. The devel-
opment and use of lightweight and compact multispectral sensors was rapidly followed
by their wide adoption for the collection of spatial resolution data [100]. A multispectral
camera array (Parrot SA France, MicaSense, and Tetracam, among others) contains a stan-
dalone camera for the efficient acquisition of reflected radiation from the target source [101].
The data collected are then processed to deliver a single compound image with different
spectral bands. This system is exclusively developed for crop parameter monitoring and
offers benefits, such as low cost, simple solutions, and reliable software choices [102].
The applications of multispectral sensors, such as RapidEye, Sentinel-2 and World View-2
series, are considered as a trade-off between support delivered by remotely sensed data.
Dhau et al. [103] applied this system and tested whether field spectrometry estimations
resampled to various multispectral sensor resolutions can be used in maize production.

2.4. Hyperspectral Sensors

Hyperspectral sensors are moderately adopted for simplifying crop monitoring meth-
ods [104]. In a hyperspectral system, the camera acquires data from more wavelengths
than the three commonly measured wavelengths (400-1300; 400-2350; and 1400-2350 nm
wavelengths) [105]. Due to decreasing technology prices, the method is now economical
and has thus become accessible to users globally. New methods have been introduced
that push the limits of the hyperspectral imaging system for broad-range analysis. Hyper-
spectral imaging technology has the capacity to identify small changes in plant growth
and development. To accurately derive the crop parameter data, the basic problem of
atmospheric correction must first be solved. Thus, spectral radiance estimation includes
the radiance emitted by the source and thermal radiation produced by the surroundings
that is reflected from the surface of the source. Thus far, hyperspectral estimation of crop
monitoring has gained little attention. Thus, new hyperspectral systems are needed to
address the limitations by using narrowband measures, which provide precise emissivity
retrieval and, therefore, better parametric estimations compared to thermal cameras [106].

Hyperspectral sensors with hundreds of bands can collect a wide variety of spectral
responses and subtle variations of ground covers and their fluctuations over time. Thus,
they can be used to address the challenges, such as spectral resolution and support ac-
curate and timely estimation [107]. Studies have also shown a moderate performance
of hyperspectral in monitoring crop vegetation, such as LAI [108], crop types [109] and
biomass [110]. Hyperspectral sensors have been tested comparatively less in agricultural
applications due to the high cost of the system and other applications [111]. Although
terrestrial hyperspectral data can be reliably estimated with the help of a spectroradiometer
which has already been used by many studies for observing canopy- and leaf-level spectral
characteristics [112]. Such terrestrial estimations are limited to a few numbers of samples,
and are not able to acquire spatial distribution in large tests.

2.5. LiDAR Sensors

LiDAR detects signals from the crop, canopy, and ground. It is capable of penetrating
the vegetation canopy, a goal of which is to measure the height, terrain, and plant diame-
ters [113]. The LiDAR system estimates the plant parameter with high precision in all types
of environmental conditions [114]. It accurately maps the 3D coordinates of a plant with
two-dimensional data [115], as shown in Table 1.

The airborne LiDAR system provides optimal results to estimate crop parametric
data. Various features of LIDAR have been proven to be highly accurate in field tests.
Fang et al. [114] studied the ratio of the sum of the intensity of ground returns to the
sum of the intensity of total returns for the estimation of crop parameters. The results
showed significant values (R? = 0.610) with accurate estimation [116]. However, the type
of data and management methods interrupt this accuracy when there is a high amount of
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variation. It was noticed that overestimation also occurs when there is dense vegetation.
Weiss et al. [117] reported that the accuracy of the system was higher for few parameters
and lower for others. This problem can be addressed by analyzing the effects of occlusions
of dense vegetation. Another major problem of the system is inaccurate estimation of the
model in time and space. This creates an urgent need to optimize the processing methods
in new geographic locations and systems based on an understanding of the effects on
particular crop parameters.

2.6. Radar Sensors

Radar sensors use microwave signals that have the potential to collect crop data in
heavy clouds and/or haze conditions. The SAR estimates crop parameters and biophysical
status using backscattered signals, the accuracy of which depends on sensor characteristics,
such as wavelength, incident angle, and polarization. The collection procedure is based
on the following four methods: (1) SAR backscattering technique; (2) SAR polarimetry
technique; (3) SAR interferometry technique; and (4) polarimetry SAR interferometry
technique. The main principles, challenges and solutions of each technique are given in the
following section.

2.6.1. SAR Backscattering Technique

SAR backscattering data show the strength of the returned signal from the source,
which depends on the source characteristics. The acquired data are recorded in digital
numbers, which are then processed into the backscattering measurements for analysis, and
this process is known as radiometric measurement. A major benefit is that the estimation
method can be easily applied over another sensor [118]. However, this transformation from
one sensor to another requires the same model of the system and is not compatible with all
models. For continuous and accurate calibration without interruption, there is a need to
develop an application that can be compatible for all models.

2.6.2. SAR Polarimetry Technique

The SAR return signal from the source depends on various properties, such as crop
density, moisture availability, canopy structure, and soil moisture. Advantages of using
SAR polarimetry include the delivery of high amounts of quantitative data in single and
dual polarization among all four linear polarization combinations. Several decomposition
methods for estimating scattering have been proposed. Coherent decomposition is ben-
eficial for analyzing the crop sources and cannot be applied for natural sources. While
incoherent decomposition is considered as more beneficial for crop monitoring purposes,
its dispersion provides canopy orientation, structure, and crop moisture data [46]. To
address these issues, Gella et al. [119], Cui et al. [120], Adrian et al. [121] and Verma
et al. [122] mapped crop types, using time-series of the SAR imagery, phenological data,
and time-analysis for Euclidean and angular distance estimation.

2.6.3. SAR Interferometry Technique

The SAR interferometry technique is based on a normalized cross-correlation of two
compound signals. The benefit of this method is the high interferometric consistency
for stable characteristics, such as settlements, while it is low for unstable characteristics,
such as irrigation water. In the past, this technique was adopted for digital elevation
model production and surface movement analysis, while researchers have shown the
unique potential of SAR interferometry, which is currently being used in data collection
for a diverse set of crop parameters, including plant height, biomass density, and surface
irrigation, among others [123].

2.6.4. Polarimetry SAR Interferometry Technique

The polarimetry SAR interferometry technique estimates crop modeling using vegeta-
tion water content, which is estimated from the collected imagery [124]. Polarimetric SAR
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data have benefits in identifying and separating the scattering methods of a natural filter,
while SAR interferometry data are sensitive to vertically spatially dispersed parameters
that allow for data collection with high precision. The polarimetry SAR interferometry
method uses both polarimetry and interferometry techniques to deliver the sensitivity scale
to the source target. The polarimetry SAR interferometry technique significantly develops

upon the application capacity of SAR analysis [125].

Table 1. Different sensors fusion methods for crop parameter estimation.

Sensors
Optical Thermal Infrared Multispectral Hyperspectral LiDAR Radar References
P P ypersp
Crop
Parameters
Fusion of Fusion of near Fusion of he Fusion otf 1 Fusion of LIDAR s ntﬁgtsiicoé1 Zfrture
Multiplex and infrared with the multispectral nyperspectra with the ¥ i : ) ;
N ) are . ; LiDAR with the ! radar (SAR) [10,27,43,48,65,126,127]
Dualex with the visible-near imagery with the multispectral _ multispectral imagery and
ALS-2 N infrared hyperspectral data LiDAR IMaging Sensors optical imagery
. Fusion of near Fusion of . . .
Fusion of infrared (NIR) multispectral Fusion of Fusion of LIDAR Fusion of optical
Chlorophyll ClorofiLOG and ith th trometer with hyperspectral with the 2D : 10,48,64,128-131
orophy CropSpec with vi‘gﬁale n:ar st}})lechrome er v:[u ) LiDAR with the multispectral WIL};S;E’AR [10,48,64,128-131]
- e erspectra :
the SPAD infrared (vis-NIR) i}r]rliagelr)y spectral imagery camera Y
Fusion of
. . . Fusion of hyperspectral . . .
FusAlon of Crop Fusion of vis-NIR multispectral with  imagery data with Fusion of LIDAR Fusion of SAR ’
LAI Circle with with spectral th tral he high sensor with the with the soil [63,79,114,132,133]
the OptRx camera € S.pec. a' tA e hig Microwave sensor moisture sensor
vegetation indices spatio-spectral
imagery
. Fusion of Fusion of 3D
Fusion of OptRx wlitu}flt(}):; ?/st}II{Il}R multispectral Fusion of LiDAR coordinate global Fusion of SAR
AGB with the Multiplex and spectral maps with the and hyperspectral positioning with the optical [63,65,67,134,135]
and Crop Circle canﬁera photogrammetry data system (GPS) with sensors
imagery the LIDAR

3. Artificial Intelligence and Internet of Things (IoT) Data Fusion

The fusion of artificial intelligence and internet of things (IoT) can be a significant
method to address the issue of crop monitoring. Wireless sensor network (WSN) is an
infrastructure of artificial intelligence and IoT systems that could be used to monitor crop
parameters and manage the proper irrigation. Meanwhile, intelligent system can inform
harvest initiation. The fusion of both pieces of the aforementioned information helps
making crop and crop parameter-related decisions. Therefore, it can suggest the farmers
about the precise quantity of water for irrigation purposes and avoid wasting the irrigation
water due to bad irrigation management and strategies [136].

An efficient IoT system, particularly for field conditions such as agricultural fields,
consists of low-cost things, which contain a series of limitations, i.e., mini-batteries, low
processing, and storage chambers. Moreover, it needs to deal with the data errors of
sensors and low accuracy due to atmosphere, weather, traditional sensors, communication
problems, and data noise. Data fusion can help address these issues, as it is one of the
highly accepted methods for improving sensor accuracy, displaying the global perspective,
and delivering highly accurate decisions [137].

Different terminologies, such as artificial intelligence fusion, sensor fusion and data
fusion, are used to describe some fusion characteristics. Yet, these terms are recognized and
used interchangeably [138]. These concepts are widely accepted and may vary depending
on the studies. Nakamura et al. [138] defined them as combination of multiple sources to
achieve the developed form of data. This study adopted the definition of sensor and data
fusion, reviewing to display the developed data quality and decision-making process.

4. Data Fusion by Platforms

Varying the scale of platforms allows for precise monitoring and options for fusion
methods in field trials. These platforms include ground-based [139], space-borne [140] and
aerial [3] platforms, which are outlined in the following subsections.
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4.1. Ground-Based Platforms

Tractors are an important part of automated crop monitoring and can accurately
operate for longer durations than a manual resource. Using a tractor, the operator is able
to analyze both the vehicle and the harvester. The fusion of machine vision with the
tractor could potentially improve its guidance capacity, as shown in Table 2. Its long range
provides support for rapid decision making before a difficult turn is to be made. This would
give the tractor the ability of rapid observation in detecting variations along its way [141].
However, the challenge in detecting the centimeter-level variation at a close-range path
boundary or an obstacle is still present. The fusion of LiDAR is useful in addressing minute
variations. However, noisy data are generated if there are slight differences at the path
boundary. Therefore, the fusion of an autonomous vehicle guidance system integrated with
machine vision is a good option for improving the quality of collected data.

An important aspect of automatic guidance is the ability to recognize the path between
crop rows. The fusion of machine vision with the autonomous vehicle and its GPS is a
good option for improving the guidance system. As crop rows are developed at field
conditions, a significant step toward this objective is the development of a row recognition
system. However, the weak strength of the GPS signal may lose the track, particularly
at high amounts of plants/trees. To address this problem, the fused data given by an
inertial measurement unit (IMU) are sent to strengthen the GPS signals in a short period
(Table 1). The few drawbacks, such as limited estimation potential, charging issues, and
weather restrictions, still need to be addressed. The fusion of stationary platforms with
the autonomous vehicle could provide high precision, resolution, and calibration [142];
however, in general, the system has high cost and only allows operations over a limited
area. Therefore, movable systems are considered to be the most efficient solution but are
not compatible for all crops and environments.

A study conducted by Benet et al. [143] reported the fusion of a robot vehicle with
other technologies for the improvement of crop monitoring. A ranging device, an inertial
measurement unit (IMU) device, and a color camera were used in fusion mode to better
understand the natural positions of the objects in real-time field conditions. Soil variations
impacted autonomous navigation in the field, while the IMU data supported the precise
positioning of the robot. A fusion method is applied between the corrected points and a
color camera in order to recognize every single point [143].

The fusion method was performed between a ranging device and a color camera in
different tests to estimate tree trunks and to guide the autonomous vehicle in the field [144].
The method improved the detection of the source target with the combination of a diverse
and colorful illustration, delivered in the form of images.

The fusion of a 3D laser with a robot on its arms provides better flexibility in crop
monitoring. However, data from behind the leaves could not be collected (Table 1) [145],
while its fusion with the robotic manipulator is able to position the camera at the best
viewpoint for the collection of data from behind the leaves [146]. However, this sup-
port is further challenged by the dependence of its performance on the software applica-
tion. The utilization of a relevant software application could address this challenge in a
timely manner.

4.2. Space-Borne Platforms

Crop monitoring is a process of systematically analyzing agricultural multi-factors
using space-borne and aerial platforms such as satellites and UAVs. These platforms have
rapidly transformed traditional agricultural monitoring and become one of the widely
adopted methods of quickly obtaining information. It is therefore necessary to create a new
method to address the available issues. This led to the development of the technologies
and data fusion method, which has thus far shown efficient results [147].
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Satellites

Currently, field-based experiments and data collection and analysis are implemented
for crop monitoring, but they are laborious, time-consuming, destructive, and are not reli-
able in large-scale tests [48]. Conversely, satellite monitoring has been extensively applied
for crop monitoring. However, limited revisiting frequency and spatial resolution [148]
weaken the application of satellite monitoring at fine spatial and temporal scales. More-
over, atmospheric conditions, soil background properties [149], lack of 3D canopy [150],
and asymptotic saturation data [151] further restrict its application for crop monitoring,
particularly among dense and diverse vegetation crops.

In order to address the saturation issue of the spectral data, the fusion of two broad-
band vegetation indices (Vis) with three spectral bands, narrow spectral bands, or red-edge
spectral bands could be a potential solution for its improvement [8,152,153], as shown in
Table 2. Moreover, the fusion of the microwave satellite-based metrics with a variety of VIs
of three spectral bands have also been tested in reducing the saturation effects for dense
and diverse vegetation coverage [154].

The fusion of satellite data with ranging systems has been used for crop monitoring.
The fusion of WorldView-2 imagery with a terrestrial ranging system and the fusion of
Gaofen-1 satellite system with the airborne ranging system recorded better accuracy in
analyzing crop parameters (Table 2). The airborne ranging system has not been widely
tested for crop research. This may be caused by its poor capacity of point density and
canopy penetration when applied to dense vegetation in addition to its high costs and
related system complications in data collection and analysis [45].

Image fusion is a compelling method because it allows the combination of information
from multiple satellites with different spatial, spectral, and temporal resolutions to achieve
image products with improved results (Table 2) [155]. Satellite applications benefit from
the use of image fusion in many ways, such as higher spatial and temporal coverage of the
source target along with improved reliability and robustness. Therefore, this study provides
more information on data, analysis and fusion methods to improve crop monitoring results.

Image fusion provides important spectral information, which is utilized for quantita-
tive applications such as changes in reflectance over time. However, some image fusion
methods provide high-quality reflectance data. Recently, image fusion methods based on
spectral unmixing have shown a greater importance for delivering spectrally consistent
merged images, while reducing the problem of pixel fusion (Table 2) [156]. The spectral
unmixing technique results in the decomposition of mixed pixels into a collection of pure
spectra and a set of fractional abundances that show the amount of each spectrum [157].

Mixed pixels collected from medium-resolution satellites, such as MODIS (250 m to
1 km) or MERIS (250 m), are analyzed with the spatial distribution of land covers at the
best scale of Landsat (30 m) (Table 2). Similarly, the data fusion between Landsat and
MERIS-FR was performed by Sisheber et al. [158], Zurita-Milla et al. [159] and Zurita-Milla
et al. [160] to develop the spatial resolution of MERIS. Pignatti et al. [19] developed these
methods by analyzing the spatial data of Landsat to improve the MERIS data (Table 2).
These data are acquired by classifying the Landsat images to characterize the mixed pixels.
The Sentinel-2 and Sentinel-1 satellites provide moderate real-time images with spatial
(10-60 m) and temporal (1-5 days) resolution. Studies showed good performance of data
for crop monitoring over different cropping systems and environmental conditions [161].
Moreover, latest research reported benefits of data fusion from Sentinel-2 with Sentinel-1,
and SAR and Landsat for improving model quality and performance for crop assessment.
The major limitation of these methods is the availability of poor spectral variability and
characterization. To address this problem, the fusion of images is conducted to improve
their class variability (Table 2). However, intraclass variability is removed in this process.
Another solution is the utilization of soft clustering, which delivers landcover in proportion
to every pixel according to the Landsat resolution, resulting in high-quality pixels [162].
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4.3. Aerial Platforms
Unmanned Aerial Vehicle (UAV)

The development of an unmanned aerial vehicle (UAV) has improved the application
of crop monitoring at fine scales [2,3]. Particularly, the fusion of lightweight UAV with
the red green blue (RGB) wavelengths is flexible, simple, and cost-efficient [163]. Its
fusion with the digital photogrammetric method based on the structure from motion
method (SfM) provides a detailed 3D canopy, which further leverages its cost-efficiency
(Table 2) [164]. Although hindered by insufficient canopy penetration [165], this method
provides point clouds with high density and precision when combined with the RGB and
digital photogrammetry using the fusion method [166].

The fusion of UAV data with satellite imagery has been applied for crop volume
and physiological stress estimation (Table 2) [167]. Moreover, its fusion with the satellite
imagery, ranging system, and RGB data significantly develops the estimation accuracy
of crop properties [168], as shown in Table 2. However, the UAV-based high-resolution
canopy data with the satellite-based diverse spectral data are less tested and need further
investigation [167].

The fusion of UAV and satellite imagery could develop the potentials of both platforms.
The methods of modified hyperspherical color, FuzeGo, Gram-Schmidt, and criteria-based
fusion (0.10 m) with the World View-2 satellite (1.85 m) provided good results. The criteria-
based fusion is considered to be highly successful in preserving the original color of the
images and delivered the highest spatial resolution of all the compared methods. However,
the cost of WorldView-2 data hinders their application for many users.

The fusion of UAV with the Sentinel-2A provides fine crop parametric data
(Table 2) [169]. Although research shows that this type of fusion improves data qual-
ity, analysis of the resolution at a fine scale remains a challenge, and further development
in this direction is needed for establishing high-quality fusion methods. The spatial reso-
lution of a UAV depends on the type of sensor and height of the flight. During the tests,
fusion of the high-spatial resolution needs a longer time to generate a large amount of
data, which ultimately imply the need for more data saving space, transmission time, and
processing resources.

Many studies demonstrated the development of UAV using the new type of image
data which includes the methodology for radiometric correction of images or development
of the entire processing chain by integrating the photogrammetric and quantitative ap-
proaches [170]. Generally, UAV offers cheaper applications and higher spatial resolution
with high flexibility [171]. Main technology is based on the multispectral systems, which
facilitate single band for estimation of broadband vegetation indices [172].

Sentinel-2A data fusion with this system provides integrated benefits of both tech-
nologies (Table 2). The fusion of ultra-high-spatial-resolution texture information with the
Sentinel-2A diverse spectral imagery produces data of the highest quality. Zhao et al. [173]
analyzed the fusion of UAV and satellite data and reported that the fusion method provides
good results in comparison with the single data methods. The free access to Sentinel-2A
with high spatial (10 m) and spectral resolution would certainly improve its fusion with
UAV data. The fusion methods of UAV with satellite data (Table 2) with deep analysis still
remain. The type of data also impacts the fusion method, which further affects the crop
monitoring values (Table 2).

To obtain high-resolution imagery, the fusion of the lower-spatial-resolution data with
the high-spatial-resolution panchromatic imagery is recommended. While the fusion of
SPOT data with L-band PALSAR and C-band RADARSAT data acquires better land cover
mapping to explore the separate functions of each wavelength. Hong et al. [174] reported a
new method for the fusion of high-resolution with moderate resolution images using the
image decomposition technique to minimize color distortion.

The random field method is the fusion method in between spatial contextual data for
crop classification. The Markov random field (MRF) method was initially tested for image
restoration [175] and is now widely used in solving crop classification problems [176]. The
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Markovian support vector classifier (MSVC) is a new fusion technique that combines the
support vector machine (SVM) and MRF methods and delivers high spatial contextual
classification [177]. The SVM is a widely adopted method for the fusion of spatial informa-

tion [178], which promisingly addresses the problem of noise during crop classification.

Table 2. Ground, space-borne and aerial platforms fusion methods for crop parameter estimation.

Platforms
Tractor Robot Satellite UAV References
Crop Parameters
Fusi ¢ ith th Fusion of unmanned aerial
huswntor trrIiICtﬁanIti 1t :13 Fusion of robots with Fusion of multispectral vehicle-based (UAV-based)
N ?\I;[Y.lel?ieléx a]:;ualee;xvaig ’ the machine SPOT imagery within vegetation indices Vis with [65,124,179]
ALS-2 N systems vision system its types the hyperspectral texture
) 4 i data
aufgﬁgﬁooéstﬁﬁ?:lzv gltlhiégice Fusion of robots with Fusion of MODIS-Aqua Fusion of UAV-based Vis
Chlorophyll . the multisensor and Chl-a with the MODIS with the red—green-blue [10,48,64,180-182]
phy system, ClorofiLOG, CropSpec
a’n d SPAD sysjt ems spectroscopy sensors TSM datasets (RGB) images
Fusion of tractor with the NIR, tl'lf uziﬁ))rsl of 'rqbots with Fusion of STAIR and Fusion of UAV-based
LAI vis-NIR, spectral, LIDAR and € LibV/l\S[l{O;‘nidensors' MODIS-Landsat hyperspectral imagery, 2D [63,79,183,184]
Radar systems optical sensors imagery RGB and 3D surface models
Fusion of tractor with the Fusi £ robots with Fusion of Sentinel-1 Fusion of UAV-based Vis,
AGB OptRx, Multiplex, Crop Circle, usion of TobOts Wi with the Sentinel-2 with spectral and structural [63,65,67,185,186]

GPS and SAR

the LiDAR and GPS

different bands

imagery data

5. Data Fusion for Site-Specific Crop Parameter Monitoring

A wide variety of data sources collected by modern technology, such as sensor technol-
ogy and ground/space-borne/aerial platform outcomes, could be used as supplementary
information to enhance a lightly sampled variable. However, a data fusion method could
benefit the supplementary features of different data sources and merge them into a logically
rapid manner [187]. Data fusion can then support the improvement of recognition of
site-specific variables, such as N, chlorophyll, LAI, and AGB.

5.1. Nitrogen (N)

Adequate availability of N is important for crop growth and is one of the major factors
after water [188]. Crop production with N is limited to its threshold; below this level,
it may result in a loss of quality, which may lead to crop death in extreme cases [189].
Puntel et al. [190] tested the fusion of crop growth models while considering the variations
in soil properties and the uncertainty of future weather conditions. The study found
that the crop models provided a 77-81% accuracy rate by using real-time and 35 years
of previous weather data. They reported that the model provided good estimates of N
content with acceptable economic values. Chen et al. [191] and Wang et al. [192] reported
the fusion of real-time weather data of a specific crop stage with the historical weather
data as a new fusion method for exploring uncertainty and making predictions to guide N
management decisions (Table 1). Hammad et al. [193] tested the CERES model to estimate
plant growth and development and determined the optimal N content under semiarid
conditions. Malik et al. [189] used particular integrative functions by the fusion method and
improved N monitoring practices. Their results illustrated that farmers could decrease the
N content from 30% to 50% under Mediterranean environments. The N monitoring studies
performed by many researchers reported that the method could be improved by integrating
multiple crop modeling strategies that support increasing crop yield and resource-use
efficiency and decreasing the negative environmental impacts under current and future
climate conditions [194-197]. Wang et al. [192] provided an optimum basis for the fusion
of different methods and showed that the CERES model, out of many, is the best fusion
model to improve the N monitoring strategy (Table 2).

5.2. Chlorophyll

Chlorophyll is positively related with the plant photosynthetic rate and productivity
and provides important information about the physiological level of plants [198]. Chloro-
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phyll is analyzed using extract-based and digestion or combustion methods, or a fusion
of two [199].

The fusion of a low-cost multispectral sensor using vegetation indices (Vis) and near
infrared (NIR) can precisely estimate the chlorophyll content of a diverse set of crops
(Table 1). It further has the unique ability to use hyperspectral sensors with the fusion
of thousands of spectral bands in between each other, which showed highly effective
performance in chlorophyll estimation [200]. Mao et al. [201], Zheng et al. [202], Chen
et al. [203], Srivastava et al. [204], and Sun et al. [205] have significantly contributed to the
development of chlorophyll estimation methods using hyperspectral sensors integrated
with spectral bands (Table 2).

The fusion of images acquired by a UAV merged together with different sensors
is a widely accepted trend in recent years because the data fusion of images develops
chlorophyll estimation by integrating benefits of diverse spectral, spatial, structural and
thermal data available in different sensor technologies [205]. For example, the fusion
of spectral and LiDAR structural information was studied for chlorophyll estimation.
However, the fusion of spectral index data collected from multispectral sensors and canopy
temperature data collected from thermal sensors is considered an improved method. This
method could be used for either a single or several crops and is considered the best choice
for chlorophyll analysis [204].

5.3. LAI

LAl is a measure of the photosynthetically active region and is subjected to transpira-
tion at the same time. Estimating LAI with the help of remote sensing systems has been a
key objective in precision agriculture [206]. The most common method for the estimation
of LAl is the fusion of empirical relationships between vegetation indices (Vis) and LAI
data (Table 1) [207-212]. The fusion of empirical models has been widely adopted for
LAI monitoring; however, these models do not show efficient results in all environmental
conditions, as their parameters are limited to particular regions [213-215].

Although the use of remote sensing systems to provide LAI data has been widely
adopted, it shows discontinuous patterns in its spatial and temporal results due to clouds,
snow, and technological problems. This has restricted the collection of LAI in crop monitor-
ing, process simulations, and agriculture research [216]. The method involving the fusion of
images from multiple sensors provides spatial, spectral, and temporal information of LAI
(Table 2) [217]. This discontinuity in spatial and temporal data is caused by a gap in remote
sensing data. This gap is addressed by the fusion of high-spatial- and temporal-multisource
remote sensing data, which generates high-spatiotemporal-resolution imagery. They are
classified into two categories: enhanced spatial and temporal adaptive reflectance fusion
model (ESTARFM) [218] and unmixing method. ESTARFM was tested by Bei et al. [219],
Tao et al. [220] and Zeng et al. [221], who all reported the enhancement of the fusion
method for complex heterogeneous regions. Bei et al. [219] tested the fusion of spatial and
temporal adaptive reflectance fusion models (STARFM) with the ESTARFM with different
spatiotemporal features.

The unmixing method is the process in which the coarse resolution images are dis-
aggregated. However, the disaggregation of coarse images cannot be processed in all
conditions due to the spatial variability of surface reflectance. Several studies have reported
that the solution to this is to analyze the spectral properties of landcover that shows little
similarities [222].

5.4. AGB

AGB is the total quantity of plant-based living and dead organic substance. Remote
sensing systems are widely adopted to estimate AGB in a rapid manner. The fusion of
images acquired from a UAV using different sensors have shown efficient performance
because the data fusion develops the data acquisition process by merging benefits of dif-
ferent spatiotemporal, spectral, and thermal information of the sensing systems (Table 1).
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Spectral and LiDAR data fusion were tested for AGB estimation [192]; spectral indices
using the RGB images were acquired for AGB estimation [223-227]. These studies showed
that data fusion significantly improved the estimation [228-232] and addressed satura-
tion and disaggregation problems in acquiring the AGB, particularly for higher density
biomass [233]. Marino and Alvino [234,235] used fusion of data from several vegetation
indices for dynamic monitoring and classification of crop traits. Studies showed that
the fusion of SAR with optical sensor data improves AGB estimation, as optical data off-
set the saturation impact. Therefore, AGB monitoring has improved as a result of the
latest developments in satellite systems [236-239]. However, the SAR works for a par-
ticular range of AGB, and beyond this range, the system provides coarse data [240]. To
address this problem, the fusion of multisource data (optical images) and SAR is sug-
gested to improve the accuracy of AGB estimation (Table 2) [241,242]. This process is
based on two methods: (i) the fusion of SAR with optical image data to generate a new
dataset (PCA) [243], and (ii) the fusion of all the imagery data together [242]. How-
ever, this fusion method is still undergoing various developmental phases. Yu et al. [244],
Choudhury et al. [245], Che et al. [246], Choudhury et al. [247], Baath et al. [248],
Cooper et al. [249], and Vahtmade et al. [250] tested the fusion of hyperspectral and mul-
tispectral data, which are collected by different sensors, to further achieve high-spatial-
and spectral-resolution images. Thus, the best solution for the highly accurate estimation
of AGB is the fusion of SAR Sentinel-2A and Sentinel-1 imagery, and it was reported that
this fusion generated a significant trend for the estimation of the AGB [245,246]. However,
studies on the fusion of ALOS-2, PALSAR-2, and Sentinel-2A data for estimating AGB are
not yet fully established. Therefore, further research on the fusion between SAR products
is needed to collect more data and reach logical conclusions.

6. Conclusions: Challenges, Opportunities and Future Prospects

Technology and data fusion play an important role in increasing the efficiency of crop
monitoring. Spatiotemporal data fusion is based on combining data of fine spatial and
coarse temporal resolution with fine temporal resolution and coarse spatial resolution
to achieve the objective of creating fine spatiotemporal resolution data. The fusion of
the sensor technologies efficiently classifies the crop type, status, and parameters for site-
specific crop monitoring.

Optical, thermal infrared, multispectral, hyperspectral, LIDAR, and radar sensors are
widely adopted for crop N, chlorophyll, LAI, and AGB estimation.

Multispectral, hyperspectral, and thermal systems are confirmed to be beneficial in
crop monitoring, acquiring precise spectral sensitivity measurements in different stages of
crop growth and production. Furthermore, LIDAR may be positively used for data fusion
of crop parameters. For different sensors, the vis—NIR spectroscopy sensor provides good
to excellent crop monitoring accuracy. This also supports the final conclusion of this study
that multi-sensor and data fusion approach is a useful method for high crop production
and optimizes the quantity and frequency of crop irrigation.

Crop monitoring by space-borne and aerial vehicles has experienced significant im-
provement. Different types of sensors were used to achieve this objective.

The widely adopted and successful fusion in precision agriculture is the fusion of
multi-sensor imagery from UAVs, multiresolution imagery from satellites, and the fusion
of UAV and satellite imagery data for improved results. The fusion of this type of data
improves the estimation of crop monitoring processes. Therefore, for particular tasks such
as yield prediction, the fusion of other data sources (e.g., for field sensors and ground
vehicles) may further improve crop growth stage estimation performance.

Space-borne platforms now have the great ability to deliver suitable resolution for
crop mapping and monitoring, weather condition assessment, as well as conservation and
documentation. Airborne LiDAR provides the purposes of estimation below the vegetation
canopy and to conduct field crop analysis better than spectral estimations, or SAR. Airborne
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UAVs can be used to acquire centimeter-level crop-related data that are mostly site-specific
or site scale to develop the detailed crop monitoring and mapping.

The major constraint of data fusion is the multimodality of data from different types
of sensors, systems, noise, poor resolution, or flaws. However, the assessment of these ad-
vanced models for crop monitoring is still in the development stages. Future developments,
such as of intelligent and autonomous systems, are a major necessity for the expansion of
technology and data fusion to provide precise data over the forecasted periods.
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