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Abstract: As the global population continues to increase, projected to reach an estimated 9.7 billion
people by 2050, there will be a growing demand for food production and agricultural resources.
Transition toward Agriculture 4.0 is expected to enhance agricultural productivity through the
integration of advanced technologies, increase resource efficiency, ensure long-term food security by
applying more sustainable farming practices, and enhance resilience and climate change adaptation.
By integrating technologies such as ground IoT sensing and remote sensing, via both satellite
and Unmanned Aerial Vehicles (UAVs), and exploiting data fusion and data analytics, farming
can make the transition to a more efficient, productive, and sustainable paradigm. The present
work performs a systematic literature review (SLR), identifying the challenges associated with UAYV,
Satellite, and Ground Sensing in their application in agriculture, comparing them and discussing
their complementary use to facilitate Precision Agriculture (PA) and transition to Agriculture 4.0.

Keywords: UAV; IoT; satellite; Precision Agriculture; proximal sensing; remote sensing; challenges

1. Introduction

Worldwide food production is a more sensitive issue than ever before. The global
population is expected to reach 10 billion by 2050, adding an extra 2.4 billion to the global
urban population, and increasing overall demand for food production by 70 percent [1].
At the same time, reduced rural population, degraded farmlands [2], climate change
decreasing agricultural productivity [3], and food waste [4] make this requirement quite
difficult to meet unless the agricultural productive model changes dramatically. To this end,
Agriculture 4.0, or the fourth Agricultural Revolution, promises a technological revolution
for enhanced agricultural productivity and increased eco-efficiency [5]. Driven by the wider
Industry 4.0 paradigm shift, Agriculture 4.0 brings to the agricultural sector a number of
mainstream technologies, including sensing infrastructures, big data analytics, Artificial
Intelligence, Blockchain, and robotics [6]. It thus engages in a unifying model pertinent to
different domains of human activity ([7,8]), recognizing cyberphysical systems and their
components as a key element in this transition [9] and targeting an increase in the overall
quality of life leading to Society 5.0 paradigm [10].

Sensing plays an important role in the Agriculture 4.0 paradigm shift. Obtaining the
necessary information from the field may be achieved by exploiting different technological
options that include ground-based sensors, or remote sensing techniques ([11,12]). The
former are strongly associated with technologies such as the Internet of Things (IoT) ([13,14])
and the Industrial Internet of Things (IloT) [15], as well as Wireless Sensor Networks
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(WSNSs) [16]. The latter may be distinguished from airborne remote sensing utilizing
Unmanned Aerial Vehicles (UAVs) and spaceborne remote sensing exploiting satellite data.

The present work performs a systematic review related to the three aforementioned
main technologies with reference to their application in agriculture. The main research
questions (RQs) that the authors wish to answer in this work are the following;:

RQ1 What are the challenges of the three technologies that this work deals with?
RQ2 How can these three technologies be used in a complementary way so as to facilitate
the transition to Agriculture 4.0?

The rest of the paper is structured as follows. An overview of the three aforementioned
categories of sensing technologies is presented in Section 2. The methodology followed
for the systematic review is showcased in Section 3. The outcome of the literature review
performed is elaborated in Section 4 detailing the challenges and synergies found for
the three technologies under investigation. Section 5 presents a discussion providing the
paper’s view on the research questions formulated. Finally, Section 6 presents conclusions
and identifies potential future research directions.

2. Overview of Sensing Technologies
2.1. Ground-Based Sensing

Ground or proximal sensors play a key role in Precision Agriculture (PA). Proximal
sensing is defined as the use of field sensors to obtain signals from the analyzed feature
(e.g., climate, soil, or plant) when the sensor is in contact with or close to it (within
a few meters) ([17,18]). Nowadays, there are many types of proximal sensors capable
of monitoring multiple parameters related mainly to the plant water, nutritional, and
health status [19]. Another classification includes the division into static proximal sensors,
which remain stationary in the field, or mobile proximal sensors, mounted on vehicles or
robots [20].

It is well known that climate is one of the main aspects determining plant growth
and outputs [21]. This occurs because each plant is sensitive to certain growing conditions
such as air temperature, relative humidity, wind, soil temperature, and light. Thus, it
is crucial for farmers to understand the climatic conditions on their farms [22]. Hence,
meteorological information may help the farmer make the most efficient use of natural
resources to improve agricultural production. Among the most common proximal sensors
are those that can assess climatic parameters. Usually, such sensors are mounted in small
weather stations in the field, and a basic weather station usually consists of a temperature
and humidity sensor, a wind speed sensor, a sensor that measures precipitation height, and
one that can assess solar radiation information.

Another category of ground-based sensors is soil-based sensors. New-generation
proximal soil-based sensors are able to monitor real-time physical and chemical soil pa-
rameters, such as moisture, temperature, pH, soil nutrients, and pollutants, providing key
information to optimize crop cycle management, combat biotic and abiotic stresses, and
improve crop yields.

One of the most common uses of such sensing is for irrigation management, through
the capability of estimating the crop reference evapotranspiration (ETO), returning to the
plant the full or partial (depending on the farm irrigation strategy) amount of water lost by
evapotranspiration, using the FAO-56 Penman—-Monteith equation recommended by the
United Nations (UN) Food and Agriculture Organization (FAO) [23]. Weather observations
and forecasts, coupled with physical observations, can help predict the development of
the main pests and can be used to schedule control actions to prevent pest development.
Thanks to such information, it is possible to change plant microclimate and influence
the habitability for pests, for example, through pruning operations to reduce internal
canopy humidity and reduce the probability of infection by plant pathogens. Integrated
pest management has been a response to reduce the environmental impact of chemical
pesticides [24].
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For irrigation scheduling nowadays, there is a tendency to focus on plant-based sensors.
Common and reliable sensors capable of continuously estimating plant water status include
leaf turgor sensors, devices capable of assessing leaf turgor pressure, a parameter directly
related to plant water status; sapflow sensors, capable of providing indications of the plant
transpiration flows; trunk dendrometers, capable of monitoring trunk fluctuations over
time, dependent on the plant hydration status; and Linear Variable Differential Transformer
(LVDT) fruit gauges [25]. The latter are low-cost devices that can continuously and very
accurately monitor fruit development over the day, providing information about plant water
and nutritional status during the fruit growth stage ([26,27]).

Although plant-based sensors for monitoring plant water status are among the most
common, there are other devices that are very useful for crop management. Foliar wetness
sensors are devices installed inside the canopy to assess its moisture status, preventing the
rise of pathogens and diseases [28]. Optical sensors, working in the visible/near-infrared
band, can be useful for estimating the nutritional and health status of the plant ([29,30]).
On the other hand, Light Detection and Ranging (LiDAR) technology sensors can be used
to assess and measure canopy shape and volume [31].

Last-generation sensors allow continuous data acquisition, greatly increasing the
degree of information without increasing the farm workload. Moreover, these sensors
can be used to create IoT networks for various applications [32]. IoT focuses primarily
on providing many small, interconnected devices, mainly using WSN technology, that
can work together with a common purpose [33]. A WSN has as a main target of offering
sensing and monitoring capabilities utilizing wireless technologies to connect to sensing
devices. In WSNs, data collection and transfer occur in four stages: collecting the data,
processing the data, packaging the data, and transferring the data [34]. With the help of
WSN technologies, farmers can analyze weather conditions, water use, energy use, soil
conditions, and plant morpho-physiological parameters collected from their farm feeding
decision-support systems (DSSs) [35]. WSN has to fulfill requirements such as long range,
low energy, and adequate data rate. Several technologies, including Long-Range Wide Area
Network (LoRaWAN) [36], Narrow Band IoT (NB-IoT) [37], SigFox [38], and Long-Term
Evolution for Machines (LTE-M) [39], are arising as candidates in the upcoming transition
to 5G communications [40].

In the context of this paper, and from this point on, we use the term IoT to collectively
describe the different technologies associated with ground-based proximal sensing.

2.2. Remote Sensing Techniques

UAVs were used in agriculture in 1997 for the first time. This technology was first
used in Japan and South Korea, where mountainous terrain and relatively small family-
owned farms required lower-cost and higher-precision spraying. Historically, the use
of aerial application of pesticides was prohibited by the European Union, inhibiting the
growth of UAV application in agriculture. Later use of UAVs was centered mainly around
aerial imagery.

Nowadays, UAVs are applied in PA to collect images of high quality, mounting
adequate sensors to this end. Sensor choice is carried out carefully according to a number
of parameters such as resolution, optical quality, weight, captured images, and price.
UAVs may carry multiple types of sensors: RGB (red-green-blue), NIR (near-infrared),
IR (infrared), multispectral (MS), and hyperspectral (HS) cameras. RGB and NIR bands
are useful for collecting information about vegetation stress and chlorophyll content [41].
Furthermore, LiDAR sensors can also be used in environmental sciences for terrestrial
scanning, obtaining information on crop height or canopy size [42].

Each type of sensor can be utilized for monitoring diverse parameters in vegetation.
RGB is low in cost and useful for UAV applications of precision farming, such as the
creation of orthomosaics, as they can capture images with high resolution. In addition,
they are useful in different conditions (sunny and cloudy weather). But they cannot
analyze many vegetation indices due to their limited spectral range. MS and HS sensors,
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compared to RGB, collect data in different spectral channels and acquire images with high
quality that are useful for studying a multitude of physical and biological characteristics
of plantations [43]. Therefore, MS and HS sensors are the most popular in PA, although
they are expensive. Moreover, thermal sensors are used to collect temperature information.
Their use proves to be optimal in irrigation-management applications [43]. The specific
targeted application type is what dictates the adequate selection of sensors. For instance,
MS sensors are suitable for the detection of diseases, offering many bands that can detect
the sensitivity of symptoms. On the other hand, one RGB camera should be enough for
data collection related to agricultural mapping.

The most well-known applications of UAVs for PA, as found in the literature, include
weed mapping and management [44], irrigation management [45], crop spraying [46],
vegetation health monitoring and diseases detection [47], and vegetation growth monitoring
and yield estimation [43]. UAVs acquire information that can be useful for the measurement
of different parameters such as the crop height and the Leaf Area Index (LAI), allowing
crop growth control in crops such as cotton, wheat, or sorghum. UAVs can be used to
calculate the most common vegetative index to determine the diseased tissue, i.e., the
normalized difference vegetation index (NDVI), which is useful for monitoring crop health
and detecting diseases at an early stage, also mapping the size of the defect. In addition,
a very important field of UAV application is water management, as precision irrigation
techniques improve the efficiency of water use resources [43]. UAVs have rapidly evolved
into a common tool to increase agricultural output and overall efficiency, decreasing
expensive inputs of water, fertilizers, and pesticides. They can also indicate damages in
crops that cannot be easily detected from the ground and be applicable in areas of big
dimensions [48].

Finally, spaceborne remote sensing satellites equipped with digital RGB cameras and
MS or HS sensors are nowadays among the most widely used technologies in monitoring
field variability, which usually includes landscape monitoring, yield, field, soil and crop
variability, or variability due to anomalous factors [49]. By measuring the reflectance of the
light incident on soil and crops, they are used to assess their characteristics and behavior by
acquiring information at different spatial, spectral, radiometric, and temporal resolutions.
Similarly to UAV-based remote sensing, information acquired from satellites is usually
expressed by indices, among which the NDVI index is one of the most widely used. Each
index is calculated from values at visible and non-visible wavelengths: red, green, blue,
near-infrared, red edge, and infrared bands are the most frequently used ([12,50]).

Every satellite and sensor is characterized by different spatial and temporal resolutions.
Temporal resolution is associated with the satellite itself and can be considered as the time
the satellite takes to complete an orbit and revisit the same observation area. Sensors,
instead, can have high spatial resolution and tend to have small footprints, or they have
low spatial resolution and tend to have larger footprints. As Vanguard 2 and TIROS 1
were launched in 1959 and 1960, respectively, and are used for assessing meteorological
information, the history of satellites for agricultural use starts in 1972 with Landsat 1
(1972-1978), a satellite capturing multispectral data for earth-surface image acquisition.
After that, a series of Landsat satellites (from 2 to 9) were launched. Used in many parts
of the world, these satellites (Landsat-7, -8, and -9 are still active) provide high-quality
images in order to classify land uses, monitor crop conditions, and estimate irrigation
water requirements, resulting in more affordable imagery than the aerial photography
once used to classify land use across large regions. Later, from the end of the 1990s to
the 2010s, other satellites were launched, such as IKONOS (1999-2015), which provides
4 m spatial resolution images; Worldview-2 (2009-present); and GeoEye-1 (2008—present),
with a <2 m resolution; Sentinel-2A (2014—present) and -2B (2015-present), with a 10 to
60 m resolution; and other satellites constellations such as Pleiades-1A (2011-present)
and -1B (2012-present), SkySat-1 (2013—present) and -2 (2014—present), or Superview-
1 (2016—present), namely small satellites with compact, cheaper, and more replaceable
sensors [51]. The primary benefits of this type of technology use are widely documented in
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the literature and include reduced environmental impact, increased crop yield, enhanced
product quality, and input savings ([52-54]). Despite the number and variety of satellite
data being made available at various costs and for different purposes, there are certain
challenges to using satellite imaging closely related to the purpose of the study.

3. Methodology

The present review was conducted following the guidelines set by the Preferred
Reporting Items for the Systematic Reviews and Meta-Analyses (PRISMA 2020) method-
ology [55]. The PRISMA statement consists of a checklist of 27 items recommended for
reporting in systematic literature reviews. This checklist was designed to help reviewers
report the purpose of the review, the methodology that was followed, and the outcomes of
their research. This section provides answers to the PRISMA 2020 statement item checklist,
giving a comprehensive illustration of the methodology followed in the present work.

As the technology of sensors rapidly advances, a review of current literature in PA is
needed to put into scope the available technologies, their competition, the cases that are
most favorable for their application, and how to best utilize them in unison to maximize
agricultural sustainability and profit for farmers. This review was conducted with the
mindset of bringing to the fore the challenges of the three technologies that currently play
a central role in the future of PA and sustainable development. To the knowledge of the
authors, a systematic review with the scope of attempting to synthesize the literature for
these three technologies has not been attempted before, testifying to the novelty of the
current work. This study answers the two RQs that were mentioned in the introduction.
According to the RQs, the following search query was formulated:

TITLE-ABS-KEY (“Precision Agriculture” AND (((UAV OR Satellite) AND “Remote Sensing”)
OR I0T))

All results obtained from this query also had to fulfil the following criteria:

¢ Should be written in English,
*  Should be published after 2017,
*  Should be published in Q1 and Q2 journals.

All studies that met the criteria proceeded to the first screening phase. During this
phase, all six authors split the remaining papers between themselves and skimmed through
the abstract and the main text for phrases mentioning challenges or synergies for the
three technologies. At this phase, only phrases were sought. All works that survived this
stage passed through a second screening phase, during which remaining works were split
between two reviewers and carefully read through. The reviewers had to ascertain to what
degree each study analysed the challenge or the synergy it mentioned. If the analysis of the
challenge or synergy was profound enough, the work was finally admitted for inclusion.
The aforementioned query and exclusion criteria were applied in the Scopus database on
6 October 2022.

The explanation for the choice of this query was that the application of these three
technologies in PA was sought for sensing purposes; therefore, “remote sensing” was added
with an AND for UAVs and satellites to exclude other uses, e.g., spraying. Furthermore,
the term “IoT” was regarded as more appropriate when paired with “Precision Agriculture”
to provide a representative set of relevant works, and was preferred over terms such as
“Wireless Sensor Networks” or “Ground Sensors”.

The aforementioned query produced a result of 435 articles. Out of these, 383 were arti-
cles published in Q1 and Q2 journals. These 383 articles were divided equally among the six
authors for the first screening phase. Articles that had no mention of challenges, or synergy
of technologies, were eliminated. The first screening phase eliminated a further 172 works.
Therefore, 211 works made it to the second screening phase, during which 24 works were
excluded, leading to a total of 187 articles. Looking through these 187 records, it was
evident that synergies were underrepresented, as only 6 works mentioned a substantial
synergy. Citation searching had to be performed to ensure that the contemporary literature
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[ 1. Definition of

Research Questions ]

on synergies was adequately represented. Citation searching added a further 18 records,
for a total of 205 records to be admitted for inclusion in the final review. Figure 1 presents
a flowchart giving an overview of the screening phases and the steps followed for the
systematic literature review.

L e

Research Questions
RQL What are the challenges of the three technologies that this work deals with.
RQ2: How can these three technologies be used in a complementary way so as to
facilitate transition to Agriculture 4.0.

AV

~
2 Identificati f Initial Docurnent Search in Scopus
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in the review
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1. Analysis of the papers for challenges or synergies
mentioning
2. Classification of the results in categories

3. Grouping of the challenges mentioned in the papers

\V4

| 5. Reporting

‘] 1. Analysis of the challenges and of the
> synergies
| 2. Future Research directions

Figure 1. Systematic Literature Review Flowchart.

During the second screening phase, all challenges found by the authors were added to
a spreadsheet. Subsequently, these challenges were grouped together. These groups can be
found in Tables 1 and 2 for UAVs, Tables 3 and 4 for satellites, and Tables 5 and 6 for IoT.
Papers that mentioned synergies where sparse among the body of results. These works are
described in their own Section 4.4.

In order to give a sufficient definition of what a challenge is and what a synergy is, we
refer to the following. A challenge is any type of impedance or problem that challenges
the use of a particular technology in PA. For example, for UAVs, a challenge could be
their short flight times, for satellites their lower resolution, and for ground sensors their
inflexibility. Synergy is an idea that fuses together traits from two or more technologies
to produce an effect that improves the use of both and augments each technology’s value
overall. The high-resolution images acquired by UAV, combined with the wide coverage
and high spectral resolution of satellite images, constitutes a good example of a synergy.
Both challenges and synergies were sought in all examined papers, with the prerequisite
that they were sufficiently analyzed in the review text. Therefore, it was much more
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probable to encounter UAV challenges in a UAV-centric paper than in an IoT-centric or a
satellite-centric paper.

Table 1. Unmanned Aerial Vehicle (UAV) Technological Challenges for Applications in Agriculture.

Category Challenge References
Sensors
Geometric and radiometric challenges of current [56-63]
lightweight sensors
Hyperspectral (HS) imagery [58,64,65]
Passive remote sensing challenges [59,62,66-70],
Impact of weather effects on picture quality [43,64,71-78]
Standardization of remote sensor calibration [59,72,79,80]
Security
Data privacy, security and governance [64,72,81,82]
Hardware

Payload limitations

UAV flight time limitations

Short battery lifespan

Impact of weather effects on UAV stability and path plan-
ning

Waterproof inability

Difficult flight control

[64,71,76,81,83-85]
[59,64,72,76,77,79,81,83,84,86-96]
[71,81,90,97]
[57,59,76,84,86,93,94,98-100]

[87]
[66,71,76,81,87,100-102]

Data processing

Computing complexity

Al training and machine learning (ML) training
Large data volumes

UAV limited data-processing capabilities
Accurate orthomosaics and georeferencing
Crop disease profiling (general)

Simplifying User Interfaces

Interoperability

3D point clouds issues

[57,64,72,86,96,103-105]
[72,87,89,106-109]
[57,81,110,111]
[81,97,100,111]
[57,59,75,101,103,110,112,113]
[82,84,103,114-117]

[64,118]

[81]

[119]

Future research

Autonomous UAVs and coordinated use of multiple
UAVs

Optimal path planning

Limited research on UAV remote sensing

[71,79,82,97]

[59,71,75,120]
[45,64,121-126]

Table 2. UAV Peripheral Challenges for Applications in Agriculture.

Category

Challenge

References

Economic

High implementation costs

High maintenance cost
Unclear economic benefits
Fieldwork expenses

[43,56,57,62,64,71-73,81~
83,86,87,94,118,127-130]
[86]

[86]

[57]

Social

Need of skills and specific way of handling for proper
operation and maintenance

Lack of awareness

Lack of research for this technology

[43,58,64,66,71,81,100,127,131,
132]

[43,81,118]

[57,97,133]

Governmental

Limitations from governments and authorities

[43,57,59,64,71,72,81-83,86—
88,92,93,134]

Miscellaneous

Demand of an assistant operator to perform a flight

[71]

To reduce bias, the two first authors double-checked the findings of each of the six
authors during the second phase of deciding paper eligibility. Any paper that mentioned a
well-analysed and evidence-supported phrase that met the challenge or synergy criteria
was eligible for synthesis. During the second screening, a further 24 papers were excluded.
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After this step, the number of records was reduced to 187. Out of those papers, six of them
discussed a synergy of the technologies. Citation searching was performed to identify more
records mentioning synergies, which added another 18 records, for a total of 205.
Synthesis of the results required that the phrases extracted from each paper described,
in their core, the same basic challenge in order to be grouped with similar phrases from
other papers. For example, papers mentioning UAV instability when carrying heavy
equipment and UAV reduction in flight time due to heavy payloads were all grouped under
the payload-limitation challenge because they describe the wider challenge that UAVs
face when there is need to equip them with heavy payloads. As each challenge is further
elaborated upon in the main text, the particular details of each phrase are not lost. The
grouping helps to provide a summary of the challenge in a form that is quick and easy on

the eye and captures how many works have mentioned it in the past.

Table 3. Satellite Technological Challenges for Applications in Agriculture.

Category Challenge References
Sensors
Lower spatial resolution compared to air- [45,59,64,83,94,101,135—
borne images 141]
Passive remote sensing limitations [64,67,142,143]
Satellite-based active sensors bypass mul- [57,64]
tiple satellite limitations but offer lower
spatial resolution
Lack of thermal bands [144]
High noise-to-signal ratio [83,145-147]
Security
Data privacy [72,142]
Data processing
Large data volumes [144,148]
Data processing complexity [72,94,105]
Standardization issues [72]

Al training and ML training
Existence of practical prescription maps

[72,107,121,149,150]
[121]

Platform

Cloudy weather

Low temporal resolution

[57,67,74,81,83,94,147,149,
151-153]
[45,57,64,67,81,135,141,
145,151,154-156]

Inflexibility to various crop monitoring [64,83]
schedules
Inflexibility of satellite sensors [129,157]
Weak disease-identification capability [138,158,159]
Distribution of plants in olive groves or [142,159,160]
vineyards
Limitations due to the viewing angle [57]

Future research
More research on transforming image clas- [121]
sification maps into application maps
Orthomosaic accuracy [161]
Connectivity [142,148]
Different device cooperation [142,162]
Need to make satellites more approachable [155]

for farmers
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Table 4. Satellite Peripheral Challenges for Applications in Agriculture.

Category Challenge References
Economic
High operation costs [72,94,158,163]
Cost of image acquisition [57]
Social
Hindered access [131,142]
Need for knowledge and a specific way of handling  [163]
Miscellaneous

Influences of field heterogeneity

[164]

Table 5. Internet of Things (IoT) Technological Challenges for Applications in Agriculture.

Category Challenge References
Sensors
High energy consumption [19,91,165-182]
Uncertainty about the length of sensor life  [183]
Sensor environmental waste [167]
Scalability issues [35,168,172]
Harsh environmental conditions [166,175,181,184-187]
Need for sensor specialization [188-190]
Short lifetime of underground sensors and  [67,191]
soil interference
Sensor field placement [64,91,167,175,185,192]
Effective sensing [91,170,175,183,193-196]
Security

Data security and governance

[165,166,168,182,190,192,
194,197-202]

Hacking attacks [199,200,202,203]
Data processing
Data analysis [19,166,188,189],

Data storage
Computing efficiency

[168,182,189,204,205]
[91,206-209]

Networking
Sensor networking
Non standardized data communications

[166,168,169,177,204]
[166,175,177,179,192,209,

210]
Internet coverage [19,166,175,177,184,185,
192,206]
WiFi and cellular network weaknesses [167,171]
Effect of vegetation on signal transmission [175,185,186]
Latency and throughput [19,166,168,184,211]
Future research
5G challenges [167,171]
Ground robot path planning and execution [212]
Overall system automation [177]
Public availability of use cases of IoT in [213-216]
agriculture
Need for more IoT devices that are ap- [166,172]
proachable to farmers
Power management [166,190,201,217]
Real-time monitoring [162,204]
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Table 6. 10T Peripheral Challenges for Applications in Agriculture.

Category Challenge References
Economic
High implementation costs [64,145,165,166,179,181,182,
187,188,218-223]
High maintenance costs [166]
Unclear economic benefits [167]
Social
Lack of knowledge and expertise [166,219]
Lack of awareness [167,192]
Lack of research on this technology [167,224]
Hindered access [131,179,220,222,223]
Hesitance to use IoT [165]
Governmental
Data-ownership issues [166,167]
Lack of policies and regulations [179,218]
4. Results

This section presents the results for the synthesis of the challenges for each technology
in three subsections and the results for synergies in the fourth subsection.

4.1. UAV Challenges

This subsection provides the results of the categorization of challenges for UAV tech-
nology. Table 2 presents the types of challenges for implementing UAV technology in
agriculture that are peripherally related to the use of UAVs. The categories that were
observed in this case were economic, social, and governmental challenges, as well as one
miscellaneous challenge. Table 1 presents the type of challenges for implementing UAV
technology in agriculture that are native to the UAV technology, and hence, occur according
to the UAV system itself. The categories that were observed in this case were challenges
concerning the sensors, the system security, the data processing, and the system hardware.
Moreover, future research challenges for implementing UAV technology in agriculture are
also investigated and included. Figure 2 presents these groups of challenges found in the
literature that was examined.
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Figure 2. UAV Challenges Mentioned in the Literature.

Most commercially available UAVs come out of the box with cheap RGB sensors that
lack the precision and spectral range for PA applications (for example, for calculating
NVDI) [58]. It is necessary to equip UAVs with MS sensors, increasing the overall cost,
and even then, cheaper MS sensors face saturation issues [59], especially since there are no
standardized methods for their calibration [72]. The calibration of UAV sensors presents a
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challenge because camera position on a UAV might be slightly different for each flight [59],
and differences in the orientation of the sensor result in different calibrations each time.
This is especially true with HS sensors, as the slightest tilt has a negative impact in the
sensor calibration [80]. With reference to HS sensors, although they have become more
lightweight and cheaper, they are still a relatively expensive investment, and the processing
of their output data remains extremely complex. Therefore, UAVs present a less cost-
effective option for high spectral resolution when compared to satellites [129]. According
to [71], another challenge for UAVs is their dependence on payload. Equipping the UAV
with multiple sensors is not recommended, as it reduces flight time and affects its balance
mid-flight ([81,86]). Therefore, careful choice must be made about which sensors to use and
equip the platform with during each flight, resulting in the need for multiple flights when
measurements from multiple sensors are required.

All data generated as an outcome of the UAV trips need to be processed to be useful.
Some issues arise during this stage. As sensors become better and spatial resolution increases,
the volume of acquired data increases, and UAV use in PA is faced with extreme data
bloat ([81,110,111]). Moreover, as mentioned earlier, data acquisition is not standardized,
adding to the already considerable computing complexity of UAV images ([57,86]). On top
of that, the UAV itself can do little to share the burden of data processing as its computing
capabilities are very limited ([81,111]). When these ultra-high resolution data are used for
machine learning (ML) training, it can take quite a while to complete ([72,106]), even though
the final results are more trustworthy and useful than training the ML algorithms with satellite
acquired images. Higher resolution is not always a panacea when it is employed for disease
classification. The currently developed plant disease classification methods have maximum
resolution thresholds, which, when surpassed, result in their algorithm underperforming.
Nevertheless, the highest resolutions can be capitalized on in object recognition algorithms
that perform disease analysis at the individual plant level [117]. Another issue is that if
these data are to be given to some company or organization for processing, issues of data
governance arise, as well as security of sensitive data ([64,72,82]).

Furthermore, as the usage of UAVs in agriculture is still in an early stage [123], more
research is needed to identify the costs and benefits of the implementation of this tech-
nology. For example, [125] recommended the actualization of more studies concerning
the validation of low-cost sensors’ results in different conditions. Moreover, according
to [71,82], there is a need for the development of fully autonomous UAVs. Ref. [79] also
discussed the implementation of multiple coordinated UAVs in an individual field. Finally,
the path optimization of UAVs, in order to monitor a whole field with adequate accuracy,
is mentioned in [71,75].

UAVs’ application challenges exceed the purely technical aspects. Using a UAV for PA
requires a large upfront investment from farmers ([118,127]), and even then, continuous use
can be expensive as well [86]. This high initial cost is a considerable risk, as remote sensing
is not a standardized procedure for every type of crop and in every environment, and its
performance can wildly vary depending on these parameters [86]. The need for skills and
a proper way of handling UAVs ([58,66,132]) are further impeding factors. Knowledge
of repair and maintenance is also a requirement [64]. Moreover, most governments re-
quire special licences for UAV use, and they limit certain aspects of flying, such as flying
height ([71,93]), and flying over inhabited areas and beyond visual lines [88].

4.2. Satellite Challenges

The present subsection provides the results of the categorization of challenges for
satellites. Table 4 presents the type of challenges for using satellites in agriculture, which
are not oriented to the technology itself. The categories that were observed in this case
were economic and social. Table 3 presents the challenges native to satellite technology. Of
this type of challenges, the main categories that were identified were related to sensors,
security, data processing, and the platform. In addition, some future research challenges
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are also mentioned and analyzed. Figure 3 presents these groups of challenges found in
the literature that was examined.
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Figure 3. Satellite Challenges Mentioned in the Literature.

An important drawback of satellite imagery is its lower spatial resolution compared
to airborne images ([101,135]). Satellite images of medium or low spatial resolution are
freely available but do not provide adequate data for a handful of different PA uses, such
as disease monitoring, soil spectral measurement, wild weed identification, or applications
that require individual plant identification through ML ([136-138]). Very-high-resolution
(VHR) images from satellites are also available but incur a significant cost. Even then,
VHR satellites have trouble in applications that require object identification in agricultural
environments, as they provide less information than their airborne counterparts. Due to
this lower spatial resolution, satellites are not optimal for heterogeneous environments,
for example, for the size and distribution of most of the European olive grove systems or
vineyards ([142,159]).

Similarly to UAVs, satellites generate big data images. Their processing is a time-
consuming and computationally intensive endeavour [144]. Processing these data under
time constraints may affect the quality of the final result [148]. Storing and managing the
sheer volumes of imagery is a considerable challenge on its own. Furthermore, satellite
data, because of their low spatial and temporal resolution, are not great candidates for Al
calibration purposes or training of ML algorithms [149]. As with all big data applications,
satellite imagery can also be leaked or be used by third parties for unknown purposes, so
care must be taken ([72,142]).

Another drawback of satellites is their susceptibility to cloudy weather. Depending on
cloud coverage, a satellite may not be able to acquire images at all [151]. The consensus in
the literature is that cloud coverage reduces satellite temporal resolution ([83,149]). Disease
monitoring in particular is highly dependent on high temporal resolution; thus, satellite use
for this particular application is inappropriate [158]. Satellites as a platform have inherently
low temporal resolution, as they cannot be used for imaging at will but rather at their
particular revisit time, but if at that moment the cloud coverage is dense, the chance for
image acquisition may be lost. While satellites bearing active sensors are a solution to cloud
coverage, their spatial resolution is even lower, and hence they do not solve the disease-
monitoring conundrum ([57,64]). The low temporal resolution of satellites is a problem
not only for disease monitoring but for monitoring in general. Satellites are inflexible
platforms without the ability to interchange sensors at will, and waiting for a satellite with
a suitable sensor for the required measurement is another cause of low temporal resolution.
When the highest spatial resolution is needed from VHR satellites, they may not be there to
provide it ([64,83]), but a very small number of satellites are equipped with both MS and
HS sensors [129].

With reference to future research challenges, there is a need to sufficiently integrate
and connect satellites with different technologies and devices, as well as enhance their
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level of cooperation between one another [142]. According to [121], there is also the need
to perform more research for satellites on transforming image classification maps into
application maps. Additionally, as the complexity of the usage of a satellite platform is a
factor that hinders its adoption, the overall technology needs to become more approachable
for farmers and be used as a DSS [155].

Concerning the satellite technology’s peripheral challenges for applications in agricul-
ture, the cost of acquiring useful information from satellite imagery incorporates the costs
of taking the images and processing them. Specialized companies gather the imagery from
specific satellites and process them themselves before finally delivering the final product to
the customer. Satellite data for PA have been in use for many years, more than UAVs, and
the whole process is more streamlined. Still, the cost of the man-hours involved is high,
particularly when data processing must be undertaken quickly [57]. All in all, access to
everyone is still hindered due to the scientific and technological knowledge required to
deploy an effective method that brings true and valuable results to farmers [131].

4.3. IoT Challenges

The present subsection provides the outcomes of the categorization of challenges for
IoT technology. Table 6 presents the type of challenges for implementing IoT in agriculture
that are not native to the technology itself. The categories that were identified from
this case were mainly economic, social, and governmental. Table 5 presents the IoT-
technology-oriented challenges. From this group of challenges, the main categories that
were observed were related to sensors, security, networking, data processing, and future
research challenges. Figure 4 presents these groups of challenges found in the literature
that was examined.
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Figure 4. IoT Challenges Mentioned in the Literature.

Each sensor in an IoT context comprises four parts: a sensing part, a computing
part, a transmitting part, and a battery. The batteries are usually not rechargeable or
changeable. Therefore, there is a pressing need for saving energy ([166,167,169,170]). Most
of its energy is spent in transmitting sensed data back to the main station. Energy saving can
be achieved by using operations with a low duty cycle, minimizing delays, or optimizing
routing. Another challenge for IoT is the lack of reliable measurements for low-cost ground
sensors [175]. For example, the measurement of soil moisture with ground sensors is
challenging because the capacitive soil moisture sensors operate at low frequencies and
are sensitive to the soil texture and salinity level [193]. The placement of sensors is another
important challenge of incorporating IoT. Sensors have to be placed strategically to ensure
maximum coverage and well-established communication between them ([91,175,192]). The
difficulty of this task is proportional to the size of the field. As size increases, the placement
of sensors becomes more difficult, and the cost of implementing a critical mass of sensors
increases as well. This is known as the scalability problem ([168,172]). Harsh environmental
conditions is another factor impeding ground sensors ([166,184]). Meteorological variables
such as snow, fog, and solar radiance have an impact on both the sensor network and the
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planting [185]. The electrodes of low-cost sensors suffer deterioration quite quickly, and it
is important to somehow ensure protection from adverse conditions [175]. Underground
sensors constitute a solution to this problem, as meteorological phenomena do not affect
them, and they do not impact the above-ground activities of machinery or animals, but at
the cost of limited range due to interference by soil elements [191]. Another challenge for
IoT is the need for sensor specialization, for each crop or disease in need of monitoring.
They should be tailored to the needs of wildly different sectors in agriculture such as fruits,
arable crops, or trees ([188-190]). Furthermore, all these sensors create electronic waste
when they finally expire, and some of them contain harmful chemicals that are toxic to
soils, crops, and stored grains [167].

Moving on, the architecture of the network is an important aspect of designing an
IoT solution. Integrating data sources and distributed sensors is complicated [204]. IoT
system design in PA is based on heterogeneous network topologies that lead to com-
plex communications. IoT devices have to communicate and interact seamlessly through
different platforms and infrastructures [168]. This is worsened by non-standardized data-
communication protocols [166] and different IoT node synchronization [177], as communi-
cation protocols differ from crop to crop [175]. Another important aspect is the network
layer itself. WiFi communications are not ideal for agricultural applications, which usually
face extreme weather conditions and have insufficient power structure, particularly when
devices are spread far over a field, and they work on non-rechargeable battery power [167].
On the other hand, cellular communication suffers in agriculture, as the operational area
is far away from antennae of cellular networks, and thus the connectivity of 3G/4G is
very low. Moreover, 4G cannot support ultra-low latency with high connectivity because it
allows IP-based packet switching connectivity [171]. LoRaWAN has arisen as a replacement
for WiFi/cellular networks in agricultural IoT. While it has low bandwidth, it boasts very
low energy consumption and high connectivity across vast distances [175]. Its drawbacks
are that its radio-based signals are affected by vegetation foliage ([175,185,186]). Another
defect is its high latency [166], but this is not always a problem in agricultural application,
except if a real-time approach is taken to field monitoring.

From the point of view of the data processing challenge, reference is made to data
bloat in [189]. Existing cloud-base storage does not provide useful solutions to the problem
of manipulating the different data patterns produced by the IoT [168]. The analysis of these
data is another challenge. According to [188], it has to be simplified so that it can be easily
understood by most farmers. Moreover, computational efficiency needs to increase on
the agricultural domain, and it remains a challenge to come up with efficient alternatives
to provide sufficient resources to IoT in rural environments [206]. IoT networks that
use WiFi—or cellular—for their network infrastructure are more vulnerable to hacking
attacks ([192,197]). A malicious party can infiltrate the network and cause a wide number
of issues to the IoT network. Attacks can target various aspects such as the network itself,
its nodes, the data it transmits, and the code by which nodes operate. The purpose of
these attacks could be brute attempts to disrupt the network and cease its operation, or
more subtle malicious attacks, such as data theft and faulty operation of sensors that lead
to miscalculations and false measurements ([199,200,203]). Authentication, encryption,
and securely generated passwords are required to prevent security compromise [168].
LoRaWAN, as it does not use the Internet and has already authentication and encryption
systems built-in, has a higher degree of security. Furthermore, the data governance of IoT is
another issue. Whoever processes the data extracted by the IoT has full access to sensitive
information, and care must be taken about whom farmers entrust these data to [200].

Future research on agricultural IoT systems may focus on many different aspects. An im-
portant one is power management. Batteries of sensors that are self-rechargeable through solar
power or other means would greatly enhance the capabilities of agricultural IoT ([166,190,201]).
Research on an IoT capability to monitor crops in real time is another important character-
istic of sensor networks that is constrained by the limited power resources [204]. Ground
robots bearing moving sensors need improvement in guidance systems to achieve smooth
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navigation through a farming environment [212]. The technology’s approachability for
farmers is another issue in need of improvement. The ergonomic design of sensors, so that
they can be better integrated into the farming environment, and the facilitation of IoT device
implementation in a “plug-and-play” manner are desirable improvements. Finally, there
are numerous voices claiming that the 5G network could revolutionize the agricultural
sector, but concerns have been raised regarding the absolute validity of those claims. To
start with, there will be high infrastructure costs, because additional stations are needed
due to 5G’s shorter range. The end users’ device cost would be higher, as would service
tariffs [171]. Moreover, there are doubts that 5G is an environmentally friendly technology,
as widespread deployment would translate to higher use of computing devices and an
increase in energy demand to power the computing devices, which would exacerbate
climate change. It is also worth noting that certain reports have raised concerns about 5G’s
high radiation [167].

When it comes to IoT peripheral challenges, the most commonly mentioned among the
papers analysed was the high costs of implementation. According to [64], the measurement
of ground-based parameters can be costly and time-consuming, as well as requiring large
amounts of human resources. Furthermore, Ref. [166] described the business issue of
implementing an IoT-based system with three categories, the setup cost, the running cost,
and the upgrading cost. All of these categories can incur high costs for farmers, making
the adoption of IoT in agriculture a dilemma. Besides economic challenges, there is also a
lack of theoretical and practical knowledge about such systems [166], and there is always
a problem with the farmers’ lack of awareness for implementing new technologies in
their farms [192], or even hesitance of the farmers to use them [165]. Finally, as these
technologies are still at the infant stage of development, there is also a lack of policies
and regulations [218], as well as ownership and processing issues related to the generated
data [166].

4.4. Synergies Mentioned in the Literature

Works that present substantial synergies between technologies are sparse. This sub-
section summarises the review findings. While data fusion between different sensors for
agriculture has been explored in previous works [225,226], the particularities of fusing or
combining sensory output originating from two or more sources as diverse as IoT, UAV,
and satellites has not been touched upon adequately for agricultural purposes. Alvarez-
Vanhard et al., 2021 [225] gives a thorough review of the literature from 2021 and before,
which mentions the synergical use of satellites and UAVs for agriculture, but it does not
mention combinations of IoT and any of the two aforementioned technologies. The current
work attempts to take the reasoning of [225] one step further by focusing on the particulari-
ties of each paper reviewed and dissecting the exact reasons that make the use of a synergy
desirable. These reasons can be traced back to the challenges mentioned in Sections 4.1-4.3,
as the complementary use of two or more technologies attempts to mitigate the limita-
tions and challenges each technology faces on its own. Tables 7 and 8 present the logic
permeating each type of synergy encountered during the literature review by contrasting
its complementary technological traits. Tables 9-11, describe the use cases of synergies
performed in relevant works and characterize them according to the particular synergy
types as defined in Tables 7 and 8.

Among UAV-Satellite papers, Type 3 and Type 5 synergies are the most common.
Interestingly, only two papers have utilized the flexibility of the UAV, and only two papers
have utilized its enhanced capacity to create 3D point clouds, while no work combining
UAYV and satellite requires the historical records of past satellite overpasses.

Among [oT-UAV /Satellite works, Type 8 was the most common, utilizing the proxim-
ity of IoT measurements to clear up uncertainties in UAV /satellite remote sensing. Type 10
and Type 12 are the next most commonly mentioned synergies. Most Type 10 synergies
utilise meteorological data in ML models to complement remote sensing predictions, while
Type 12’s use of historical satellite data was quite common in contrast with UAV-Satellite
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papers. Type 9 and Type 11 are only encountered once, since real-time ground sensor
monitoring is still in its infancy as a practice, and attempts to perform orthorectification
through ground measurements are also scarce. Synergy Type 7 constitutes an exception, as
it is commonly encountered across a very large number of scientific papers, which were

not reviewed, as they were considered outside the scope of the current work.

Table 7. UAV and Satellite Synergy Types.

UAV Traits

Satellite Traits

Synergy Types

Can be deployed at will

Standard times

Synergy Type 1: UAV is deployed to circumvent
satellites’ inability to capture images at will

Each image-gathering excursion is
expensive and time-consuming

Keeps a historical record of images

Synergy Type 2: Satellite temporal records help in
monitoring diseases, yield etc. across time

UAV higher spatial resolution but
low spectral resolution

MS Satellite imagery has low spatial
resolution, high spectral resolution

Synergy Type 3: Data fusion gives higher spatial
resolution and higher spectral resolution than each
technology on its own

Narrow coverage

Wide coverage

Synergy Type 4: Satellites can ease the process of
the mosaicking of images acquired by UAVs, as well
as the process of georeferencing

High capacity for object recognition

Low object-recognition capacity

Synergy Type 5: UAV data calibrate models that
satellites can then use repeatedly

Better capacity for 3D representation

Worse capacity for 3D representation

Synergy Type 6: UAV 3D representation capabilities
complementing satellite images

Table 8. UAV /Satellite and IoT Synergy Types.

UAV/Satellite Traits

IoT Traits

Synergy Types

UAVs have high mobility

Low connectivity and energy shortage

Synergy Type 7: UAV as a mobile sink for sensor
data

UAV /Satellite imagery limited to
particular angles of acquisition (top-
down), lower resolution than proxi-
mal sensors

Proximal imaging has higher resolu-
tion, more varied angles

Synergy Type 8: Remote and proximal data fusion
eases phenotyping, canopy characterization, and dig-
ital terrain modeling

Wide coverage

Ground remote sensing coverage
problems

Synergy Type 9: UAV/Satellite data fusion with
ground pictures eases orthorectification

Can only employ remote sensors

A wide variety of sensors can be
employed (meteorological, soil mea-
surement sensors, etc.)

Synergy Type 10: Meteorological measurements, as
well as soil measurements, can help build models
that enrich and add to the value of the information
provided by remote sensors

UAVs take only snapshots of a field

Capacity of constant field monitor-
ing

Synergy Type 11: IoT sensors help models also ex-
tend their predictions in the temporal scale

Satellites keep a historical record
of data

Not all ground sensors have the ca-
pacity of constant monitoring

Synergy Type 12: Satellite data archive can comple-
ment missing sensors or missing past information

While synergical use can mitigate certain liabilities and provide solutions, there are
some challenges that are shared by two of the technologies examined or even by all
three. Therefore, such challenges continue to exist when a synergy is attempted. Data
privacy is a prominent concern for all three technologies, which cannot be mitigated by
combining them. Another shared challenge is the large data volumes, which become
more cumbersome when we have data fused from different sources. This is coupled with
the increase in processing time and costs. In fact, the fusion of data of different types
(sensor data and images of different resolutions) creates further challenges to the goal of
having them efficiently integrated. A further challenge of the complementary use of the
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aformentioned technologies is that farmers need to become acquainted with not just one
but all the technologies that are being combined. Moreover, it should be mentioned that
the lack of current research regarding actual synergies between the three technologies is
both an important impeding factor towards a holistic paradigm involving all three and
a challenge for future research and pilot projects. In fact, in our literature review, out of
the 205 reviewed works, only 24 papers provided synergy use cases. Finally, the lack of
standardization poses further challenges with reference to their complementary use. In fact,
all use cases found by the authors miss any particular standardization procedure, which
could be beneficial for the future of synergical use between technologies.

Table 9. Synergies Part 1.

References

Technologies Synergy Type Synergy Description

Siok et al., 2020 [129]

This work proposes a fusion, based on pan-sharpening, of

. UAV RGB imagery with satellite MS imagery to achieve a

UAV, Satellite Type3 result that combines the high spatial resolution of the UAV,
with the high spectral resolution of the satellite.

Pereira et al., 2022 [60]

This study fused together data from a UAV RGB cam-
era (simulated based on an MS camera), Planetscope, and
Sentinel-2 for the prediction of nitrogen variability in pas-
ture fields. The UAV data train the model with the R, G,

UAV, Satellite Type 3 and B bands while the other bands are provided by the
satellites. The result shows that the predictions are more
accurate when UAV RGB data are combined with satellite
MS data, than when each dataset, either UAV or satellite, is
used on its own.

Mazzia et al., 2020 [136]

The work suggests using high-resolution MS UAV data
to train a deep neural network and then use it in tandem
with moderate- or low-resolution satellite data to deal with
heterogeneous crop environments such as olive orchards
and vineyards. The neural network needs only one flight
mission in order to classify the particularities of the field
under examination, and after that, it refines all subsequent
satellite images.

UAY, Satellite Type 5

Riihimaki et al., 2019 [227]

This paper studies how UAVs can be used to bridge the gap
between the integration of field and satellite data. The work

UAY, Satellite Type 5 first creates a binary vegetation classification using UAV
and second uses the classification to calculate fractional
cover from grids of different satellites.

Melville et al., 2019 [228]

The authors of this paper apply three methods to data re-
trieved from satellite and UAV in a typical Australian range
land environment. The first one uses downscaling between
Landsat satellite maps and UAV images with a Random

UAV, Satellite Type 3, Type5  Forest regression model in order to predict different field
parameters. The second used spectral unmixing based on
endmembers identified in the multispectral imagery, while
the third one used an object-based classification approach
to label image segments.

Nhamo et al., 2018 [229]

This paper combines and analyzes imageries from Landsat
UAY, Satellite Type 3, Type 1 8 satellite and imageries acquired from UAVs to give a clear
picture of mapped irrigated fields.

Selvaraj et al., 2020 [230]

This work uses Random Forest and Support Vector Ma-
chine algorithms to train a model for the object recog-
nition of banana trees and two types of diseases affect-
ing them. The model is calibrated using high-resolution

UAV, Satellite Type 5 UAV and satellite data and is applied to both UAV and
high-resolution satellite data with good results. Medium-
resolution open-source satellite data (PlanetScope and
Sentinel-2), on the other hand, is not adequate for the model
to succeed in object recognition of banana canopies.
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Table 10. Synergies Part 2.

References

Technologies

Synergy Type

Synergy Description

Zhou, X. et al., 2021 [231]

UAV, Satellite

Type 6, Type 1

This paper utilizes vine canopy structure information
(canopy height, vegetation fraction cover) gathered from
UAVs and temporal spectral information gathered from
Sentinel-2 to train the following ML models: partial least
squares regression, support vector regression, random forest
regression, and extreme learning regression, for the predic-
tion of disease severity and disease incidence. The results
show that UAV and satellite data combined as training in-
puts have the best results, especially when coupled with the
support vector regression algorithm.

Mokhtari, A. et al., 2021 [232]

UAV, Satellite

Type 3

This work describes a method to estimate ETA through the
fusion of MS UAV data and Lansat-8 data by using the
TsHARP algorithm, nullifying the need for a thermal sensor
onboard the UAV or on the field.

Maimaitijiang, M. et al., 2020
[233]

UAV, Satellite

Type 6

This work uses MS data from VHR satellite WorldView-
2 and combines them with canopy structure data derived
from a cheap RGB camera mounted on a cheap UAV. Four
different ML models are used to make estimations on Leaf
Area Index (LAI), Aboveground Biomass (AGB), and Leaf
Nitrogen Concertration (N). All ML models were trained
with multispectral satellite data and structural UAV data.
Then, each technology’s data were applied independently of
the other, and then they were applied together. The results
showed that LAI, AGB, and N estimates were worse when
each technology dataset was applied independently, and
they were better when the datasets were applied together.

Zhao, Y. et al., 2020 [234]

IoT, Remote Sen-
ing

Type 10

Training of a feed-forward neural network with image data
gathered from cameras and meteorological data gathered
from ground sources, for better disease identification. The
image data pass through a convolutional neural network,
while the meteorological data pass through a normal feed-
forward neural network, and the results of those networks
are combined as inputs to a final feedforward neural net-
work. The whole arrangement of neural networks is termed
Multi-Context Fusion Network (MCFEN).

Popescu et al., 2020 [96]

IoT, UAV

Type7

A UAV is used as a receiver and carrier of data from IoT
sensors on the field to a central processing station. The
authors improved the algorithms that permeate the UAV-
WSN-IoT setup and performed a real experiment on a field
to prove their findings.

Lin et al., 2021 [235]

IoT, UAV

Type 9

This work utilized point cloud data gathered by a UAV
LiDAR sensor to ease the orthophoto generation process of
images gathered by an RGB camera mounted on a ground
vehicle.

Cucchiaro et al., 2020 [236]

IoT, UAV

Type 8

This work fused data collected with terrestrial laser-
scanning (TLS) and structure-from-motion (SfM) data col-
lected aerially to create a digital terrain model of an agri-
cultural terrace field with multiple steep slopes covered by
vegetation. The fusion was needed in order to cover areas
that each technology on its own could not.

Liu et al., 2019 [237]

UAV, Satellite, IoT

Type 2, Type
3, Type 8, Type
10

The authors of this paper present a developed optimized
method in order to map high-resolution forage production
using multispectral remote sensing imagery. For this pur-
pose, flights of UAVs were conducted, as were 3 m Planet
Scope satellite observations.
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Table 11. Synergies Part 3.

References

Technologies

Synergy Type

Synergy Description

Lu et al., 2022 [238]

IoT, UAV

Type 8

This study combined UAV-based MS, thermal imagery, and
ground-based thermal imagery to provide a comprehen-
sive assessment of shadow pixels for ETO estimation. The
authors determined if the shadow pixels contained either
soil or vegetation,by differentiating them based on their
temperature, which was measured using ground thermal
sensors. Then, by applying MS correction to the shaded
vegetation pixels and incorporating them into the 3T model,
they managed to improve their ETO estimates.

Ustundag, B. et al., 2021 [239]

IoT, Remote Sens-
ing

Type 10, Type 12

The authors estimated yield efficiency mapping depending
on agrometeorological indices and remote sensing data as
one of the data fusion examples, as well as how time delay
neural networks can be used to estimate the root zone’s soil
moisture.

Pantazi, X. et al., 2016 [240]

10T, Satellite

Type 8

This work used models (Cp-ANN, XY-F. SKN) based
on three self-organized maps (SOMs) to associate high-
resolution data on soil with isofrequency classes of wheat-
yield productivity. The goal was to predict the field vari-
ation in wheat yield, based on an on-line multi-layer soil
date and satellite imagery. The best result was obtained
with SKN.

Hu, S. et al., 2021 [92]

IoT, Satellite

Type 10, Type 12

This work used meteorological, agricultural, and remote
sensing data to calculate the intrinsic quantum efficiency
of spring maize according to the Vegetation Interface Pro-
cesses (VIP) model. The goal was to finally make accurate
predictions of yield in order to better manage the amount
of water resources used for irrigation. Meteorological data
are correlated with yield data and NVDI of past years to
make the predictions.

Moeckel, T. et al, 2017 [241]

IoT, Satellite

Type 8

The objective of this work was to discriminate crop types
using ground-based hyperspectral data, airborne multi-
spectral imagery, and fused data from the ground-based
and airborne spectral measurements.

Nidamanuri et al., 2022 [137]

IoT, Satellite

Type 8

This work described a method of fusing MS satellite im-
agery at the feature level with LiDAR sensors mounted
on the ground to better achieve object recognition in re-
mote sensing imagery. Three-dimensional clouds,. when
fused with MS data at the feature level, can provide more
information on the physiology of the crops, thus helping in
recognizing canopies of plants, as well as plantation rows.

De Bernardis, C. et al., 2016
[242]

10T, Satellite

Type 8, Type 11

This work analyzed the use of a particle filter (PE) as a
dynamical framework to incorporate different information
sources (satellites and IoT), in order to improve the estima-
tion of the phenological state of the crops.

Guerrero, A et al., 2021 [243]

IoT, Remote Sens-
ing

Type 12

This particular work considered which strategy of Variable
rate N fertilization is more sound by examining a use case
of two fields, one with barley and another with wheat.
By fusing ground measurements using a vis-NIR sensor,
with satellite NDVI measurements, and historical yield
measurements, they rasterized the fields into management
zones with different fertility classes. Then, they considered
if they should apply more N to less fertile areas, apply more
N to more fertile areas, or just apply N uniformly. Their
results show that the first strategy is the strongest.
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5. Discussion

The value of satellite imagery in PA greatly depends on the application it is required
for, as well as the particularities of the crops and the field. Even VHR satellites such as
World View-3 are not suitable for individual plant analysis. While they provide a 30 cm
per pixel spatial resolution on RGB imagery, on MS imagery, their spatial resolution is
about 1.24 m per pixel. Thus, while their RGB imagery resolution is good enough for
distinguishing canopies, the same satellite MS spatial resolution is not enough to provide
adequate data for further analysis of these canopies. Evidently, satellite use is limited in
heterogeneous farms, meaning farms that provide imagery that combines many different
textures, such as soil, plants, wild weeds, or farming structures. In contrast, satellites are
more useful for crops that cover an area homogeneously, such as cereal crops. But even in
these types of plantations, applications such as wild-weed identification and soil spectral
analysis benefit the most from the highest possible spatial resolution. Therefore, UAVs
have an edge in applications of this type or heterogeneous farms. Very-high-definition
images from UAVs, on the other hand, may introduce data redundancy, which lowers the
performance of the algorithms used to process the images [117]. Upscaling may be necessary
to a resolution scale, which ensures optimal performance of the algorithm used, which is
another impediment to the UAV standardization of procedures regarding PA. It is therefore
necessary to know the optimal resolution scale for each use case, as different combinations
of algorithms and crops require different optimal resolutions. An added benefit is that
lower resolution requirements allow the UAVs to fly to a higher altitude, thus also reducing
battery expenditure and the time needed for the image-gathering excursion [116].

It is less probable to obtain usable imagery during rainy weather with a satellite than
it is with a UAV system ([57,74]), as cloud coverage greatly affects satellite image quality.
It might even render satellite images unusable if the coverage is too dense. Diseases can
evolve rapidly, requiring precise and strict monitoring to ensure results, and skipping a
measurement because of cloud coverage might throw off the project completely. On the
opposite end, UAVs, being able to fly at will and being unaffected by cloud coverage, have
a much higher capability for frequent imaging. A satellite’s lower resolution does come
with certain benefits. Wide coverage is a satellite’s inherent advantage, and, as there is
no piloting involved, the homogeneity of data is guaranteed. In contrast, UAVs have to
be piloted carefully, they have to be stable enough to follow their required trajectory, and
they have to maintain the same height over crops. Covering the same area as a satellite
requires more images, more time, an expert pilot, and more processing of the images to
create the final mosaics. It is therefore evident that UAVs are optimal for small to medium
farms, where they are not required to cover vast areas for image acquisition. Large farms
are better served by satellite imagery, supposing that they are not very heterogeneous.

UAVs, being highly modular platforms that come in all shapes and sizes while also
being able to carry many different sensors, have abundant flexibility but at the cost of stan-
dardization. Sensor calibration is a process that is dependent on the equipment; therefore,
each combination of UAV model and sensor requires its own calibration procedure. In
contrast, satellites do not face such issues, as their calibration is a standardized procedure
that has been taken care of by the platform operators. Therefore, the risk of obtaining
unusable data due to calibration faults is higher in UAVs. Moreover, due to this lack of
standardization, UAV images have a slightly higher processing complexity than satellite
imagery. Still, by having a much higher temporal resolution and by being devices that can
become part of a wider IoT network, UAVs can provide their data faster for processing and
can even utilize edge computing if there is available on-field infrastructure.

Nevertheless, UAVs require a large upfront investment, that includes the cost of buying
the vehicle, as well as the cost of buying its sensory equipment. Following this considerable
investment, the cost of using and maintaining the platform includes recharging costs, the
cost of man hours for processing the images, the cost of man hours for piloting the platform,
and any costs for repairs and spare parts. Satellites, on the other hand, do not require the
large upfront investment, but high spatial resolution satellite images can only be acquired
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by paying a hefty price. A further cost is added due to the man hours and skills required to
process the satellite data. Adding to the challenge of buying and setting up a UAV platform
for remote sensing are the bureaucratic difficulties of acquiring a licence to fly it. In contrast,
satellite data require almost no bureaucratic hurdle for their acquisition.

The third PA technology analysed in this review is IoT. This may incorporate any type
of sensor, from soil sensors that measure soil parameters, such as moisture, temperature,
and the concentration of elements such as carbon and nitrogen, to sensors that measure
water levels in crops for irrigation purposes, to MS sensors that measure vegetation indices.
An IoT device can have any combination of sensors and can be adapted to the particularities
of the farm under examination. IoT tends to be more expensive than UAVs or satellite
data, but provides the most noise-free data out of the three technologies. Moreover, their
capacity to capitalize on edge-computing puts them at the forefront of scientific research,
as this allows real-time monitoring, which is an important future prospect for PA. Out
of the three technologies analyzed, IoT is the only technology that has the capacity for
continuous monitoring. Measurements from ground sensors are used as training and
evaluation sets for ML algorithms for application in remote sensing, because their data are
the most trustworthy source of measurement regarding soil moisture, concentrations of
various elements in the soil, water plant status, and similar quantities that can be measured
through physical contact or proximal sensing. The calculation of vegetation indices through
ground remote sensors, on the other hand, is a more challenging endeavor. Ground remote
sensing requires many sensors to be placed strategically across the field for maximum
coverage, and even then, only homogeneous crop types can be measured safely. Image
recognition of canopies or rows of vines in heterogeneous environments is very difficult or
even impossible to achieve when using ground remote sensors because of the angle the
images are taken from.

IoT systems are susceptible to attacks by malicious third parties, as they always require
a network infrastructure to operate. On the other hand, UAVs usually operate without
becoming a part of a network. Thus, they are less susceptible to hacking. Satellites, as they
are not operated by the farmer, cannot become victims of hacking attacks. Nevertheless,
satellite data from a farmer’s field can still be used for nefarious purposes, similar to data
extracted from IoT and UAVs.

Satellites and UAVs are reusable assets, in contrast to cheap ground sensors. The
environmental waste from an IoT system can be an important cause for concern. In
particular, as the dimensions of the under-measurement field become larger, so does the
number of sensors required to cover it. It can be safely assumed that, cost-wise and
environmentally, IoT for large fields is not an optimal choice.

Complementary use relies on capitalizing on the strengths of one technology while
complementing its weaknesses with another technology. UAVs can be used to enhance the
spatial resolution of satellite MS data on certain parts of a field in order to examine that part
more carefully. UAVs are also sources of excellent training data for ML algorithms that will
then be applied to satellite imagery. Similarly, IoT systems are great producers of training
data, especially for the purposes of irrigation and the measurement of soil parameters.
LiDAR and thermal sensors on the ground can be used to enhance remotely sensed imagery.
UAVs and IoT can therefore provide precision when satellite information is not precise
enough for the needed application.

IoT and UAVs can act in synergy in a multitude of ways. The UAV can provide its
remotely sensed data to complement data gathered by the ground nodes. A UAV can itself
become another node in an IoT system so that its information can be processed in tandem
with the information of the other nodes. UAVs can even help mitigate power expenditure
in an IoT system, which is an important limitation, by serving as a carrier of data from
sensors to the main station.
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6. Conclusions

This systematic review summarized the limitations of ground-based, space-borne, and
airborne technologies for PA, as they are presented in recent literature. It also pinpointed
and summarized works that provide useful synergies between these technologies. These
studies, when paralleled with the limitations of each technology, enable certain conclusions
to be drawn, which can be summed up in the following points:

¢ GSatellite is the broadest of the three technologies, providing ample farm coverage and
good image detail. Cost-wise, it is the least risky source of PA data out of the three
technologies, but it is also the slowest to provide usable results.

*  UAUVs have great flexibility and the capability to provide very specific information,
but they are costly when applied to large farms, while also requiring a risky upfront
investment from farmers. Their ability to analyze crops in very fine detail allows them
to deal with specialized problems such as diseases or wild weeds. Still, using them is
far from a standardized procedure, and more research is needed to establish the UAVs
as a definitive solution.

e JoT provides the most specific information, as it can be tailored to the particular crop
and farm. Moreover, it takes the smallest amount of time for data processing and has
the unique potential of constant field monitoring. Its high specialization comes at the
cost of reduced flexibility and area coverage.

*  The review process included reviewing 24 use cases of synergies in the domain of
agriculture between the technologies in question. Open challenges setting the ground
for future research include data privacy issues, large data volumes, data fusion,
farmers’ acquaintance with the technology, and lack of standardization. Taking steps
toward addressing such challenges could facilitate further synergies and help the
agricultural domain advance toward the Agriculture 4.0 paradigm.

As things stand, complementary use of the three technologies requires further research.
The number of works that make an effort to combine them is far too small when compared
with the number of works that have come out in PA recently. The future of agriculture
relies on optimally using all the technological tools currently at our disposal.
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UAV Unmanned Aerial Vehicle
TIoT Internet of Things

WSN Wireless Sensor Network
PA Precision Agriculture

IIoT Industrial Internet of Things
ETO Evapotranspiration

UN United Nations
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FAO Food and Agriculture Organization
LVDT Linear Variable Differential Transformer
LiDAR Light Detection and Ranging

DSS Decision Support System

LoRAWAN  Long Range Wide Area Network
NB-IoT Narrow Band IoT

RGB Red-Green-Blue

NIR Near Infrared

IR Infrared

MS Multispectral

HS Hyperspectral

LAI Leaf Area Index

NDVI Normalized Difference Vegetation Index
ML Machine Learning

VHR Very High Resolution

SftM Structure from Motion

PRISMA Preferred Reporting Items for Systematic Reviews and Meta-Analyses
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