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reducing the environmental impact. The promises of

production efficiency, quality and profitability, while
precision viticulture are realized only if large areas
are monitored with high spatial and temporal

resolutions. This article considers the integration of a wireless sensor network and a
smart Unmanned Arial Vehicle (UAV) platform. To this end, local variations of factors
that influence grape yield and quality are measured and site-specific management
practices are applied. This approach achieves real-time, uninterrupted monitoring of the
vine growth environment, and on-demand imaging and high-resolution data collection
from any specific location, thereby optimizing the production efficiencies and the
application of inputs in a cost-effective way.

As the global demand for agricultural products increases due to the population growth and the
diffusion of biofuels and natural fibers, a new generation of growers called “precision farmers”
are finding ways to produce more at lower costs thanks to sensors, data analytics, and automation. Their objective is to improve yield, quality, and sustainability through a more efficient use
of production inputs (water, energy, fertilizers, and pesticides). These techniques improve the
productivity and also help the preservation of the environment by minimizing water and energy
use, and by lowering the chemical load in the land and the presence of chemicals in the products.
Precision Agriculture (PA) is a management concept based on observing, measuring and responding to inter and intra-field variability in crops. It is a whole-farm approach which was born
with the introduction of information technology, satellite positioning data, remote sensing, and
proximal data gathering. PA is still in the experimental phase and its adoption is driven by pilot
projects targeting high-return crops, such as grapes for winemaking. When it concerns grapevine
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production, it is called Precision Viticulture (PV). PV plays a strategic role because variable-rate
application of inputs and selective harvesting provide benefits for grape growers that are already
significant enough to justify the development costs1. As the economic advantages are demonstrated and the technologies become mature, the new agricultural techniques spread to lowerreturn crops.
The consumer electronics industry is driving the convergence of digital circuitry, wireless transceivers, and Micro-Electro-Mechanical Systems (MEMS), which makes it possible to integrate
sensing, data processing, wireless communication, and power supply into low-cost inch-scale
devices. The resulting miniaturization and cost reduction of electronic components have enabled
the development of Wireless Sensor Networks (WSNs) based on small battery-powered nodes
and, more recently, the commercialization of small electric Unmanned Aerial Vehicle (UAVs) at
smartphone prices2.
In this article, we describe a smart UAV-based platform that combines a distributed WSN consists of by ultra-low-power nodes3 and autonomous UAVs, commonly known as drones4, to
monitor in real time the key parameters that characterize the grape growth environment in multiple locations. This facilitates the efficient use of inputs and the selection of the grape harvest
time. At the same time, we integrate into the system UAVs equipped with a global navigation
satellite system (GNSS) and an autopilot. These low-cost aerial camera platforms, available any
time, and providing high-resolution images, are used to quickly identify irrigation problems and
pest and fungal infestations. The combination of the WSN georeferenced data and aerial images
allows the development of a complete decision support system that not only makes possible the
implementation of rapid intervention strategies, but also supports predictive actions to improve
productivity and quality while minimizing the cost and the environmental degradation.

TECHNOLOGY IN PRECISION VITICULTURE
Viticulture benefits from recent technological advancements5, which help winegrowers to better
understand what to do, where, and when.

Grape-Growing Methods
Depending on the activities that are performed, different approaches to viticulture are defined:
•
•
•
•
•

Traditional: In traditional viticulture, both natural and artificial products are used to
improve the yield.
Ecological: In ecological viticulture, only products compatible with ecological agriculture are used, in order to obtain a product free of synthetic chemicals and any artificial
pesticides and fertilizers that can be used in traditional viticulture.
Integrated: Integrated viticulture aims to better management of the resources by viewing the entire farm as the basic unit and balance the nutrient cycles. It combines environmental friendly agrochemicals and traditional agriculture.
Biodynamic: In biodynamic viticulture, the wine is another element of the soil, so every
contribution to it influences the plant directly.
Precision: PV makes use of the latest technological advances to produce a high volume
of a given type of grapevine. It is a way to optimize the vineyard performance by maximizing grape yield and quality while minimizing environmental impact and risk. PV
increases its popularity due to the low cost of electronic devices and ease of deployment, that minimizes the required physical presence in the vineyard.

Monitoring Technologies
The success of any PV system is based on the acquisition of the maximum amount of georeferenced information within the vineyard. The monitoring technologies play a key role in it. The
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main goal is to collect useful information from a wide range of sensors and monitor different parameters that can be used to characterize the plant growth environment.

Geolocation
Geolocation determines or estimates the real-world geographic location of an object. It is the first
step towards PV, because all the relevant data and monitoring events need to be associated with
their location in the vineyard to be useful. Georeferencing is the process of finding the relationship between spatial information and its geographical position. In this way, spatial data detected
in the vineyard, such as soil physical properties and water or fertilizer contents, are compared
with their locations. To find the location information, the most common approach includes the
use of a GNSS that provides users with a highly-accurate 3D position (x, y, z). Its accuracy varies from 15 down to 3 meters, and other techniques can be applied to improve the accuracy down
to a few centimeters range. Overall, GNSS technology is useful in performing tasks requiring
high precision, such as crop mapping.

Proximal Sensing
Proximal sensing is the second important step towards PV. It refers to the process of obtaining
measurements using a sensor that is close to the sample. On one hand, UAVs as well as Unmanned Ground Vehicles6 with on-board cameras and sensors can collect data on-demand from
any specific location with high accuracy and level of detail. On the other hand, WSNs can monitor large extensions of the vineyard in real-time and continuously with a lower level of detail. A
large number of inch-scale nodes are deployed in the monitoring area to collect data. These data
are forwarded to a control room for further processing, through multi-hop communication between the nodes. WSNs are an appealing solution for proximal sensing since the nodes operate
unattended for a long time with batteries or energy harvesting devices. Another advantage of
WSNs is the plethora of available sensors. Soil-moisture, leaf-wetness, temperature, solar irradiance, and many more sensors, that can be easily connected to wireless nodes and collect useful
information.

Remote Sensing
Remote sensing is the third important step towards PV7. All the real-time information along with
the location should become available to the user remotely. PV should use technology to minimize the need for physical presence of the grower in the vineyard8. Image acquisition at a distance describing the vineyard at different magnifications is useful. Environmental sensor data at
specific locations is also useful. There are three main platforms used for remote sensing.
1.

2.

3.

Satellite. Satellites have been used in PA for over 40 years. They provide images
which cover great areas and their resolution is sufficient for agriculture9. Unfortunately, for PV with narrow vine spacing, their spatial resolution is not sufficient. At the
same time, they cannot provide images on demand and their resolution can be affected
by environmental parameters, such as clouds. The cost of the images is also high, so
this approach is appealing only in large areas.
Aircraft. Aircraft can be used to bypass some of the satellites limitations10. They provide higher spatial resolution and more images over time than the satellites. They are
also more economical than the satellite approach, however, they also pose limitations.
They have to take off and land at an airdrome and licenses are necessary.
UAV. UAVs is a new solution for PV that provides images with high spatial resolution, and can operate autonomously or be remotely controlled by a pilot. UAVs can
also include a number of sensors from GNSS and compass to pressure sensor and multispectral cameras. Since they can operate at low altitude, they can use these sensors to
provide real-time measurements in sections of a vineyard. They can also collect images
that show leaves at different levels from the ground and that facilitate the identification
of the grapevine vegetation from the ground or grass areas between the rows. There are
regulations for flight UAVs around the world, their cost though, is lower than the other
two approached and they can operate whenever needed.
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Table 1 summarizes the characteristics of each platform.

CHALLENGES
PV techniques improve grape quality, yield, and environmental sustainability. At the same time,
innovation in viticulture is laying the groundwork for radical technical advancements in other
agricultural sectors. However, our ability to capitalize on this technology is still falling short of
expectations due to the following challenges:
Table 1: Characteristics of the different platforms.
Spatial
resolution

Micro
location

Fly ondemand

Autonomous

Cost

Satellite

Low

No

No

Yes

High

Aircraft

Medium

No

No

No

High

High

Yes

Yes

Yes

Low

UAVs

Benefits vs. Costs?
The results of the cost-benefit relation are still not conclusive. In particular, the long-term operating costs highly depend on the reliability of the sensor networks, which is constrained by the energy sources available in the field (i.e. batteries with limited lifetime and unsteady energy
harvesters). Any proposed solution should be cost-efficient and take advantage of the unique
characteristics of the application. Hardware component should be carefully selected to meet the
needs of outdoor monitoring, while energy harvesters can optimize the lifetime of the system
when they are application specific designed.

Big Data or Cumbersome Data?
The data collected with different types of sensors, at different locations and times, is usually
cumbersome. Therefore, it is challenging for grape growers to quickly relate data to their experience and gain insight that translates directly to better farm-management decisions. An efficient
platform should filter the unnecessary data and minimize the transmission overhead. Data which
are useful and important are stored for further processing while false readings and unreliable data
from the sensors are discarded.

One Size Fits All?
Every grower and every vineyard are different. It is challenging to deploy the technology in different locations and to customize it to meet specific needs. In addition, the adaptability to dynamically changing conditions in the field is often limited. This reduces the reliability and
increases the costs due to the required human actions. Any smart platform should be scalable and
able to meet the unique needs of each vineyard. The number and the type of sensors can change,
while the size of the monitoring area varies over time. The platform should be able to adapt to
these changes and provide scalable solutions.
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SMART UAV-BASED PLATFORM
In a smart UAV-based platform, a number of sensor nodes are deployed in a vineyard. The sensors collect data and forward them through a wireless network to the control room for data processing. If there is a need for more information, a UAV is flying over one of the sensors and take
images that are sent to the control room as well. The system is shown in Fig. 1.

UAV

irradiance sensor

solar cell

sensor nodes

control

Figure 1: Vineyard row with the smart sensing network platform.
The proposed framework has the following three components.

Sustainable Sensor Nodes
The sensor nodes measure the parameters that characterize the vine growth environment and
transmit the data to a control room (destination) at settable intervals and with minimum delay.
Sensors are measuring soil moisture, temperature, humidity, and leaf wetness. Each unit forms
packets and stores them temporarily if a communication link is not available. Hence, a microcontroller in each unit is necessary to perform the packet formatting as well as for initial filtering of
the data and storage.
Each unit spends only the necessary time in transmission mode and transmits only the necessary
data. The rest of the time it is either in sleeping or in energy-harvesting mode. An energy-aware
protocol is applied, to minimize the flight time of the UAVs over nodes for data exchange by setting up the communication quickly and transmitting only the necessary data. Considering the
limited energy resources of the UAV, this is an important aspect of the whole design.
A solar-cell unit on top of a pole collects and stores energy to supply multiple sensors on the
same vineyard row as shown in Fig.1. This unit includes a sun irradiance sensor and provides
power to the other sensors only when needed. In each sensor, the power management module
maximizes the energy efficiency, while the interactions between the microcontroller and the
other modules are optimized to save energy and to reduce the active time11. This approach reduces the use of batteries and improves sustainability.

Energy Efficient Network
The sensor nodes form a WSN, which forwards the data, along with location information to the
control room. To minimize the required energy for data transmission, an energy efficient routing
protocol is used12. When a sensor forms the packet, it assigns to it a priority number. This priority number is used on the route decision. Packets with high priority are using the shortest route to
the destination.
This approach is followed to minimize the transfer delay of crucial data. Data with high priority
are forwarded to the control room through the shortest part, in order to initiate further actions and
to request the UAV to go and monitor the sensor. At the same time, since different routes are
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used for each data packet, that helps to have a uniform energy consumption in the network. Since
the nodes need time for energy harvesting, this approach gives them sufficient time for energy
harvesting, while if the same path is used for consequent packet transmissions, the energy harvesting time of some of the nodes is limited.

UAVs
UAVs are the third component of the framework. They function based on the data received from
the nodes. After the data processing at the control room, if there is a need for more data or for
aerial images from one of the locations, the UAV is flying autonomously, at a specific height and
speed over the node that reported the data. The UAVs are equipped with cameras and sensors.
After a few minutes flying over the sensor, the UAV returns back to the control room and forwards the aerial images and the sensor data again into the system. At this point, the grower receives a notification regarding the sensor data along with the aerial images. Any further action
should be taken by the grower.

UAV Equipment Requirements
The main requirements for the proper UAV selection are the following:
•

•

•

•

•
•

Multispectral imaging camera. The camera is a key element for the UAV selection.
Multispectral camera remote sensing imaging technology uses green, red, red-edge,
and near-infrared bands to capture both visible and invisible images of crops and vegetation13. It should have high spatial resolution and able to cover large areas. A gimbal
could also help to stabilize the camera and improve image quality. Multispectral images are a very effective tool for evaluating soil productivity and analyzing plant
health. The data from the multispectral imaging can help to identify pests and diseases,
count plants and determine population or spacing issues as well as view damage to
crops and report them to the control room for the necessary corrective actions. For
monitoring livestock, UAVs with thermal cameras can also be used, especially to locate livestock at night time.
GNSS. The UAV will interact with the WSN and fly over specific coordinates, based
on the measured data from the sensors. The accuracy of the GNSS is sufficient, even in
vineyards with narrow vine spacing. However, the required accuracy is also based on
the network density and the placement of the nodes. A WSN with high density would
require high accuracy in order for the UAV to locate the node. In this case, other wireless techniques, such as proximity estimation with the use of the Received Signal
Strength (RSS)14 and trilateration can be used to enhance the accuracy of the GNSS.
Microcontroller. The microcontroller is used for the initial data filtering and image
processing. Image recognition algorithms and data filtering are applied to minimize the
required flying time of the UAV over a sensor. The initial processing is important to
minimize the required data transmission for the WSN but at the same time minimize
the required number of images. An efficient microcontroller should eliminate the false
detection cases during the initial image processing of the images.
Flying time. The flying time is affecting the whole design of the platform. It is assumed that, when the UAV is not flying, its battery is in sleep mode. When there is a
need for the UAV to fly over the vineyard, the flying time is crucial. Most UAVs have
a flying time between 20 and 30 minutes and have a fairly high velocity, hence they
can cover great distances in the vineyard within the available flying time. However,
this should always be considered when selecting the UAV for a vineyard with a specific size.
Size and power. The size and power of the UAV define the number of the sensors that
it can carry. A small size UAV with limited power might not be able to carry all the
necessary sensors, while a large size UAV might consume too much energy.
Cost. Typically, at least two UAV units are needed, hence their cost will affect the total cost of the system deployment.

SECTION TITLE HERE

Autonomous Flying Process
UAVs are located beside the control room. When in idle mode UAVs are sitting on charging stations and they are connected to the control room. If the measured data from the sensors exceed a
predefined threshold, the control room forwards the information to the UAV with the higher residual energy. The information includes the reported data along with the coordinates of the sensor. The UAV then takes off automatically at a specific height and flies towards the sensor
location.
When the UAV is flying close to the sensor, the antennas of the UAV try to communicate with
the sensor. This process helps to estimate the distance between the sensor and the UAV. When
the UAV is over the sensor, it starts taking aerial images while is also record environmental data,
through the sensors which are on board.
After a few minutes, the UAV returns to the charging station. Before going back to idle mode, it
forwards the images and the sensor data to the control room. The control room then forwards the
data to the grower.
Depending on the distance from the control room, the UAV can also provide live stream video to
the grower’s mobile device. The video is forwarded to the control room and from there to the
Internet and to the grower’s mobile device.

Sensor Data Visualization on Aerial Map in Real Time
The sensor units are geolocated and able to measure temperature, humidity, soil moisture, leaf
wetness, and solar irradiance. The data from all units are transmitted towards the destination simultaneously at settable intervals. A reference clock on the UAV is used to periodically synchronize all the units. To reduce the overhead of the wireless communication each sensor unit will
apply techniques for self-calibration, noise reduction, data smoothing, and outlier identification,
before transmitting the data.
The aerial images collected by a UAV are combined to form interactive maps of the field in real
time and create time series useful for revealing space and time patterns due to the perennial nature of the vines. The data are displayed on the map with sensor locations and sensor readings.
The combination of the WSN data and the aerial maps will allow the development of a decision
support system.
A flowchart of the system is shown in Fig. 3.

ADVANTAGES
The main objective of the proposed smart platform is to help farmers grow grapes for winemaking by combining real-time sensor data and aerial images of a vineyard. This also has multiple
benefits for the growers.

Lower Costs
Cost and energy efficient sensor nodes are used in response to the need for reducing the operating costs and improving the reliability. These units are ultra-low power, use the limited available
energy resources in an optimal way, and function for long time year without human intervention.
Each unit includes sensors, a power management module, a microcontroller, and a communication module. The power management module maximizes the energy efficiency, while energy
harvesting extends the unit lifetime and minimize the use of batteries. At the communication
module, the wireless communication protocol can find energy efficient paths between the data
sources and the destination and take into consideration aspects such as the accepted data delay,
the residual energy of the node, and the number of available neighbor nodes.
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Figure 2: Flowchart of sensor and UAV collaboration, communication and data sharing.

Better Data Organization
A smart sensing network is developed in response to the need for collecting and presenting relevant information in a user-friendly way that is easy to understand for grape growers. Such network is efficient and application-specific, and it gathers and process data from a number of
sensors in real time along with their locations and with aerial images. When a set of aerial images collected by a UAV arrives at the destination, the images are combined to form interactive
maps of the field being monitored. The data will then be displayed on the map with sensor locations and readings, and daily archives will be created automatically.

More Versatility
Although the proposed smart sensing network platform is application-specific, the described
framework is applicable in the general area of PA. Hence, the solution described in this article is
scalable and suitable for a range of monitoring requirements, including the size and the location
of the field, the type and the number of sensors used, as well as the number of available units and
the network density. The smart sensing network will also adapt to dynamic changes such as node
and link availability, remaining energy, canopy density, weather conditions, season and time of
the day.
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CONCLUSION
We discussed the use a WSN along with autonomous UAVs in PV and highlighted the challenges. It is essential that greater attention be focused on how to overcome these challenges. An
integrated WSN with UAVs are a promising solution that can alleviate the problems in PV, due
to their low cost, high-resolution cameras and autonomous capabilities.
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