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Abstract

Cloud-based architectures for precision agriculture are domain-specific controlled and require
remote access to process and analyze the collected data over third-party cloud computing
platforms. Due to the dynamic changes in agricultural parameters and restrictions in terms of
accessing cloud platforms, developing a locally controlled and real-time configured
architecture is crucial for efficient water irrigation and farmers management in agricultural
fields. Thus, we present a new implementation of an independent sensor-enabled architecture
using variety of wireless-based sensors to capture soil moisture level, amount of supplied water,
and compute the reference evapotranspiration (ETo). Both parameters of soil moisture content
and ETo values was then used to manage the amount of irrigated water in a small-scale
agriculture field for 356 days. We collected around 34,200 experimental data samples to
evaluate the performance of the architecture under different agriculture parameters and
conditions, which have significant influence on realizing real-time monitoring of agricultural
fields. In a proof of concept, we provide empirical results that show that our architecture
performs favorably against the cloud-based architecture, as evaluated on collected
experimental data through different statistical performance models. Experimental results
demonstrate that the architecture has potential practical application in a many of farming
activities, including water irrigation management and agricultural condition control.
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1. Introduction

Sensing, processing, and analyzing agricultural and environmental parameters play an

important role in various farming activities, e.g., water irrigation control and crop management.
Several studies have discussed developing efficient irrigation strategies that allow farmers to
schedule irrigation timing and reduce water consumption [1] [2] [3] [4]. Farmers seek to
improve the quality of yields to obtain commercial products at minimum product cost [5] [6].
Farmers also seek to improve fertilizer processes, which are necessary for the productivity and
efficiency of crop growth [7] [8]. Thus, a self-controlled agricultural related architecture that
incorporates sensing, communication, and analysis technologies is required to help the farmers
effectively monitor and manage their fields in an efficient manner.

The demand for high quality food production at a minimum cost and environmental impact
(e.g., pollution) has led to increasing attention to precision agriculture in recent years.
Wireless-based sensor network infrastructures have been exploited to realize these goals. This
technology aims to supply an optimal tool to collect (sense), process, manage, and analyze
relevant agricultural information (i.e., parameters) and farming activities [9] [10]. The main
advantages of such technologies are their capability to establish a wireless-network of sensed
devices such as sensors that sense relevant environmental data and transmit these data
parameters to a predefined application for processing and analysis [4] [11]. This type of
wireless sensor network comprises components known as nodes, which typically perform
parameter sensing and data transmission over different communication channels. However, in
agriculture fields, various agricultural characteristics (plantations’ attributes), e.g., types of
soil, fertilizer method, required water level, and surroundings weather environment, involve
different requirements and considerations [12] [8] [13]. For example, water requirements (i.e.,
irrigation process) different for each plant type, even in the similar agricultural location and
weather environment. Therefore, wireless sensors can capture these diverse requirements to
support monitoring and decision-making processes. It also would be valuable to use wireless-
based sensor capability towards improving the management of water irrigation and to discover
plant state in terms of growing and water needs. Several environmental sensors are used in
agricultural fields, including pressure, soil temperature and moisture, solar radiation, humidity,
air temperature, leaf wetness, pluviometer, and anemometer sensors.

The main contribution of this paper is the modified development of an autonomous sensor-
enabled architecture that uses different wireless sensors to improve the performance of
precision agriculture. The proposed architecture supports the measurement of soil moisture
content and water irrigation volume, as it computes reference evapotranspiration (ETo). In this
study, the using both of soil moisture content and ETo values was companied to schedule a
water irrigation process in a small-scale agriculture field for 356 days. This leads to better
exploiting the behavior of continuously changes of the environmental parameters of the
agriculture fields, which can be next utilized for data predications for more efficient control
and monitoring in achieving superb irrigation process (i.e., water-saving) in these fields. The
proposed architecture ensures that interoperability among different sensors is unified,
centralized, and fair in terms of allocating time slots to contending sensor nodes to support the
measurement and analysis of self-controlled agricultural parameters. Several experimental
data samples were collected to evaluate the performance of the proposed architecture under
different agriculture parameters and conditions, which have a significant influence on realizing
real-time monitoring of agricultural fields. Unlike most existing cloud-based architectures and
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domain-specific control systems that require a connection to a cloud platform to analyze the
obtaining analyzed data, our proposed architecture provides farmers to locally manage their
fields in real-time and receive analyzed environmental information about their farming
activities without accessing third-party platforms. In this paper, we present the implementation
details of the proposed architecture, and we present an evaluation of the proposed architecture
using real-world scenarios contained different aspects of agriculture processes. In a proof of
concept, we provide empirical results that show that our architecture performs favorably against
the cloud-based architecture, as evaluated on collected experimental data through different
statistical performance models. The experimental results show that our proposed architecture
has potential practical applications in various agricultural activities, including irrigation water
control and agricultural condition monitoring.

The rest of the paper is organized as follows. Section 2 presents a related work to the study,
and Section 3 describes our sensor-enabled developed architecture. Section 4 shows empirical
results, and Section 5 concludes the paper.

2. Related Work

Various agricultural-related architectures that use wireless sensor networks have been
proposed previously. Generally, such architectures can be classified into two main approaches,
i.e., cloud-based architectures [2] [14] [15] [16] [17] [18] [4] [19] and standalone-based
architectures (i.e., autonomous) [20] [21] [22] [11]. Cloud-based architectures are based on
Internet of Things (1oT) concepts, where distributed sensors and other smart devices collect
data and then transmit the data over an Internet connection to a cloud platform for processing
and analysis [23]. With such systems, users can access and monitor their fields remotely based
on the type of architecture. The standalone-based architecture commonly processes and
analyzes the sensed data locally by transmitting the data to other applications. An Internet
connection is not required for this type of architecture; thus, users may need to develop or
integrate a local application to further process and analyze the sensed data [22]. Due to the
cloud-based architectures processing and analysis, the collected agricultural data can be
accessed remotely. Thus, such systems typically receive more attention than standalone-based
architectures that process and analyze the data locally with limited remote access [20].

Most agricultural-related wireless sensor architectures provide real-time monitoring and
utilize electronic devices that can accumulate sensor data and convert the data to appropriate
formats for further observation and analysis. The early work that influenced this assumption
used a network of different interconnected devices to collect information was conducted by
Ashton in 1999 [24], who described a technology that allows the interconnection between
different devices over the Internet (i.e., the 10T) to realize sensing, and analyzing of
environmental factors and parameters. These devices typically use a well-known networking
protocols to communicate with each other [10]. Ashton’s method attempted to present
distributed devices that generate reports independently in a real-time manner to improve
effectiveness and acquire related information compared to traditional manual methods [25].
Contemporary applications of loT-based approaches can be observed in various domains, e.g.,
home automation, wearable devices, smart cities, smart retail, smart healthcare, smart farming,
and precision agriculture [26]. However, the proposed autonomous agriculture-related
architecture benefits from loT-based approaches; thus, we focus on approaches that are related
to the agriculture domain.
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The first approach that used network technology to realize precision agriculture was based
on computer applications that use conventional communication technologies, e.g., the Internet,
to access, control, and manage agriculture fields [1] [10]. For example, Marhaenanto et al.
(2013) [27] proposed a crop management system that can be accessed remotely using
computer-hosted applications. This client/server approach was followed by an agriculture
controlling system that used web connections to remotely access wireless sensors and control
actuation nodes distributed in the agricultural field [28]. This system used a set of Arduino
nodes connected via sensors and actuators (i.e., managed by web application) using an Internet
connection. However, many of these early systems were small-scale agriculture-related
architectures. In practice, the performance and results often suffered from a lack of distance
controlling (i.e., area coverage) between the devices surrounding the target crops. Therefore,
a large-scale architecture that provides long-distance coverage control on the connected
devices and sensors is required. Regarding large-scale architectures employed in the
agriculture domain using loT technologies, Duan (2011) [29] proposed a management
information system for smart farming. However, that study only presented a description of the
intelligent agriculture system, and it did not provide details about using wireless sensor
networks or how they integrate with Internet-based applications. Cloud computing platforms
are required to develop interoperable loT-based smart farming systems based on wireless
sensing devices. Thus, Taylor et al. (2013) [30] used semantic web techniques to develop
warring conditions about agricultural data in which can be viewed in a stream management
system.

Kamilaris et al. (2016) [15] presented a semantic approach for smart farming applications
based on 10T that facilitates real-time reasoning on different types of sensor data streams using
web interface. In addition, a comprehensive survey on the applicability of wireless sensing
devices in agriculture and related associated challenges was presented in the literature [10].
The approach proposed by Srbinovska el al. (2015) [14] involved real-time monitoring of
agricultural areas to improve crop growth and production quality using a wireless-based
sensors approaches. They motivated on the faulty tolerance and energy efficiency of sensors
using to capture relevant agriculture data. Water is an essential resource in the agriculture
domain; thus, several studies have investigated efficient utilization of water resources [31].
For example, Ofrim et al. (2010) [32] used a wireless sensor network to develop an automated
irrigation system that determines an irrigating timing schedule based on sensed soil moisture
parameters. As a result, watering requirements can be determined by measuring the soil
moisture, which leads to efficient water utilization and high-quality crops. This system also
addressed power consumption using a low-power communication protocol based on ZigBee
technology. In addition, the applicability of loT-based architectures in different aspects of
farming has been explored previously [33] [34] [35] [36] [37]. For example, Zhao et al. (2010)
[38] presented a framework to remotely monitor agriculture fields using Internet-dependent
sensors to highlight the benefits of cultivating and monitoring plants in a greenhouse rather
than open fields. Smart farming is a well-known research area, and many commercial
platforms based on 10T have been proposed to automate and improve the effectiveness of
farming activities [26] [25] [13].

The irrigation method is important in the crop management domain, where several irrigation
approaches are used to manage and control the issue of water losing by using a regular
irrigation processes. For instance, Damas et al. (2001) [39] presented a cloud-based approach
for water irrigation in different agricultural areas. They applied tools offered by computer
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network infrastructures to associate all agricultural fields with a unified controller unit to self-
manage the water irrigation supplied process. Experimental results confirmed that this
approach saved-up around 30% to 60% of the amount of the supplied water. The system
presented by Evans and Bergman (2003) [40] also managed the irrigation process by applying
wireless-based sensors to capture environmental agricultural data in order to understand the
required irrigation scheduling.

Wireless sensors can help control irrigation water, which leads to better utilization of water
resources and improved crop production, and various sensor-based systems have been
proposed [31]. For example, Basu et al. (2006) [41] proposed a self-controlled irrigation
framework that used sensors to collect environmental parameters relevant to agriculture fields.
They also shown that saving the captured environmental data for further analysis and
prediction is valuable to realizing the amount of the need water (i.e., irrigation requirements)
in different agricultural fields. Kim et al. (2008) [42] presented a sensor-based irrigation
approach that remotely manages different agricultural features such as soil moisture level,
using wireless network technologies to improve yield production and decrease the consuming
of water amount. Additionally, Kim and Evans (2009) [43] proposed a location-specific
sprinkler irrigation method employing wireless sensors, and they applied these sensors to
incorporate a location-specific controller to provide real-time judgment creating related to
water irrigation processes. Commonly, employing wireless-based sensed devices in the
agriculture fields is currently in progressive stages of development [23] [25] [13].

The system proposed by Fourati et al. (2014) [2] uses wireless sensors to measure humidity,
temperature, solar radiation, and other environmental attributes for a browser-based API
decision support framework that presents irrigation scheduling. In addition, Chen et al. (2014)
[44] monitored multi-layer temperature and soil moisture content in agriculture fields using
wireless sensor networks to realize a smart precision irrigation system, and Kaewmard and
Saiyod (2014) [45] presented an agriculture self-controlled method based on continuing
sustainability in which the connected wireless-based sensors can be installed in fields to
captured dynamic changes in agricultural environmental data. Hashim et al. (2015) [3]
proposed ab approach that based on Arduino infrastructure to sense and monitor soil moisture
content and temperature parameters via a mobile phone platform. They matched the benefits
of small to large-scale systems, and they demonstrated that small-scale architectures cost less
compared to a large-scale system that required expensive components. With few exceptions,
typical architectures to monitor agriculture parameters use cloud platforms to process, analyze,
and access the collected sensor data. However, such architectures require an Internet
connection to transmit and access the collected data, which may not be available in rural
agriculture areas. In addition, most of these cloud-based agriculture-related architectures are
restricted to services that focus on specific agricultural parameters, e.g., soil moisture and leaf
wetness. Therefore, in the agriculture domain, various related parameters, e.g., weather
conditions, solar radiation, and ETo, have significant influence on realizing precision
agriculture. We analyze and summarize the existing literature for both categories of
agricultural-related architectures that use wireless sensor networks in Table 1.
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Table 1. The existing agriculture-related architectures
Category Architecture Type Hardware Platform Reference
loT-based Architecture Microcontroller and  Wireless 2]
Sensor Network
loT-based Architecture Raspberry Pi 3 Microcontroller [6]
and Environmental Sensors
Wireless Sensors, Wireless
loT-based Architecture Information and Radio [9]
Transceivers Units
loT-based Architecture Raspberry Pi 3 Microcontroller [13]
and Environmental Sensors
Cloud of Things (CoT) | Thermal image and [16]
Architecture Environmental Sensors
) Arduino, Raspberry Pi, Libelium
Cloud-based loT-based Architecture Sensors nodes and Environmental [17]
Approaches
Sensors
loT-based (user-centric) | 1oT  Gateway and wireless [19]
Architecture Environmental Sensors
Sensors, Microcontroller,
loT-based Architecture Switches, Computer, Webcam and [27]
Actuators
Internet-based Architecture Ardl_uno Microcontroller  and [28]
Environmental Sensors
loT-based Architecture Mlc_rocontroller and  Wireless [33]
Environmental Sensors
loT-based Architecture Mlc_rocontroller and  Wireless [34]
Environmental Sensors
loT-based Architecture Mlc_rocontroller and  Wireless [42]
Environmental Sensors
Internet-based Architecture Mlc_rocontroller and  Wireless [44]
Environmental Sensors
loT-based Architecture Wireless Environmental Sensors [46]
loT-enabled Architecture Microcontroller and  Wireless [4]
Sensor Network
loT-based Architecture Wireless sensors [8]
Standal loT-based Architecture Wireless sensors [14]
baiz da one- loT-based Architecture Wireless sensors [15]
Approaches Web-based Architecture Microcontroller — and ~ Wireless [18]
Sensor Network
Wireless Sensor and
Actuation Network (WSAN- | Wireless Sensors [21]
based Architecture)
loT-based Architecture API Gateway [22]
Web-based Architecture Microcontroller and  Wireless [45]
Sensor Network
loT-based Architecture Mlc_rocontroller and  Wireless [47]
Environmental Sensors
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3. Proposed Sensor-enabled Architecture

In this section, we describe the main components of our proposed autonomous architecture,
which supports the measurement of soil moisture content and water irrigation volume and
computes the ETo over various heterogeneous sensing data streams using different wireless
sensors. As shown in Fig. 1, the proposed architecture includes five layers named as data
source, data collection, transmission scheduling, data processing, and data viewing. These
five layers with the associated components that comprise the proposed architecture are bellow
described in more details.

3.1 Data Source Layer

This layer is in charge of capturing surrounding agricultural parameters (i.e., environmental
data) from the crops (i.e., agricultural fields) using installed wireless sensors [46]. Soil
moisture sensors are mainly founded to be waterproof and normally capture parameters
relevant to the content of soil moisture, degree of soil temperature, and other soil features. The
neighboring environmental sensors sense several environmental parameters, e.g., atmospheric
pressure, degree of air-temperature, level of air relative humidity, rain level, wind speed and
direction, leaf-wetness and solar radiation. In the data source layer, each installed sensor
transmits the captured parameters to the data processing layer via a network structure
comprising sensor nodes that operate under standard communication protocols. Sensors that
are commonly used to measure agricultural parameters are: Temperature, humidity, and
pressure sensors, Soil moisture and temperature sensors, Solar radiation sensor, Leaf wetness
sensor, Wind speed and direction sensor, Rain-level sensor.
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Fig. 1. Proposed autonomous sensor-enabled architecture

3.2 Data Collection Layer

This layer wirelessly transmits the data acquired by the installed environmental sensors to the
data processing layer (i.e., a gateway) through the data transmission scheduling layer using
different radio interfaces. This layer comprises multiple sensor nodes that receive all sensed
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data and send the data in a single frame (i.e., for each node) to the data processing layer. Here,
each data frame comprises a single value from each sensor. In the experimental
implementation of the proposed architecture, each installed sensor node was configured to
transmit a data-frame of captured environmental data to the system gateway (i.e., data
processing layer) every 15 minutes because this transmission frequency helps to reduce the
power consumption, which reduces the need to charge the battery using an external solar panel.
In addition, each sensor node in this layer comprises four main units, i.e., the communication
and interfacing unit, the programming and computation unit, the memory unit, and the battery
unit. The communication and interfacing unit controls and manages the communication ports
used for sensors, inquiries (i.e., programming), and data transmission tasks. The programming
and computational unit coordinates and manages all activities associated with other units in
the sensor node. The memory unit stores all acquired data temporarily in frames until they are
transferred. Finally, the battery unit supplies the sensors and all units within the node with
energy to ensure sufficient network processing lifetime.

3.3 Transmission Scheduling Layer

The transmission scheduling layer sends the acquired data from the data collection layer to the
data processing layer. It provides fair allocation of transmission opportunities to the
participating wireless sensor nodes. Here, a time slot is allocated to all sensor modes relative
to their distance from the main gateway. This layer is also dealt with the underlying
communication technologies used to send the acquired data into consideration during
scheduling. The proposed architecture can use three types of these technologies, i.e., LoRa,
WiFi, and ZigBee [47] in this layer.

3.4 Data Processing Layer

The data processing layer receives, stores, extracts, and processes, and analyzes the data
acquired by the sensors (i.e., which was sent by the data collection layer). First, every 15
minutes, the layer obtains a data frame containing the sensed data, which are stored with a
timestamp in a local MySQL database. Then, the stored data can be extracted for the
processing and analysis layer, which sends the results to the data viewing layer to control,
manage, and displays services to the end users.

3.5 Data Viewing Layer

The data viewing layer provides visualization facilities that allow farmers to check, control,
and monitor the data analyzed by the data processing layer in sufficient ways, e.g., trend graphs.
In addition, farmers can view current, daily, weekly, monthly, and annual analyses of historical
data. Interaction with this layer is realized using any web browser. The main parts of this layer
are presented below.

e Browser-based APIs: Browser-based APIs allow users to deploy, control, and manage
data analysis tools using a web-enabled interface. This includes several elements, e.g.,
tools, protocols, and methods that allow users (i.e., the farmers) to develop agricultural
irrigation applications that satisfy their needs.

e Real-time visualization: Real-time visualizations allow farmers to view (i.e., monitor)
the sensed data in a values diagram or trend graph and check the same environmental
parameters on many times and dates to identify trends between different time periods. This
can be performed in real-time, or on a daily, weekly, or monthly basis.
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4. Implementation of Proposed Architecture

The proposed autonomous sensor-enabled architecture was implemented using the Libelium
Smart Agriculture Vertical Kit (www.libelium.com), which includes various agricultural
related sensors. For comparative purposes, we also provide a cloud-based architecture
implementation  that uses Arduino microcontroller and  Think-Speck cloud
(https://thingspeak.com/pages/smart_farming) to evaluate the effectiveness of our architecture
on the sensed experimental data. Here, we first describe the design implementation of the
proposed architecture, the experimental design and setup, the study area, and the deployment
scenario, and then we discuss the obtained results, which show the efficiency of our
architecture compared with cloud-based architecture.

4.1 Architecture Implementation Design

The implementation design of the proposed architecture can be classified to three main
components: sensor design (Data Source Layer), sensor node design (Data Collection &
Transmission Layers), and data processing (Data Processing Layer) and viewing gateway
design (Data Viewing Layer). In the proposed architecture, sensor nodes act as a coordinator
of the connected agricultural sensors to manage and monitor transmitting the acquired data to
the data processing and viewing gateway. The gateway receives and stores the data transmitted
by the sensor nodes in the local database for processing and analysis to identify trends. The
connection between actual experiment and proposed architecture is illustrated in Fig. 2, which
reflects all the experiment results that are based on our proposed architecture.
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4.1 Experimental Design and Setup

Efficient sensor-enabled architecture which is important for the agricultural irrigation control
is required to sense the weather dynamic changes in the agricultural parameters such as soil,
weather and plant characteristics. In order to achieve this, a smart agricultural platform that
based on IoT technologies called “Libelium Smart Agriculture Vertical Kit” comprising of
browser-based API, weather station and data processing gateway as controller was interfaced
with two sensor nodes (i.e., SAO1 and SAPQ1) that connected with various environmental
sensors (i.e., solar radiation, soil moisture, air-temperature, relative-humidity, pressure, leaf-
wetness, wind-speed and wind-direction, and rain-level) to setup and implement a proposed
architecture for automatic irrigation control and scheduling system as shown in Fig. 3. The
weather station was installed with one of the sensor node (SA01) where the Evapotranspiration
values (ETo) was calculated to measure the water wastage in the experimented agricultural
areas. ETo value is a computational process that relays to the loss amount of water from the
agricultural field as well as surface of the soil, which is directly concerned by environmental
parameters.

(a) Data Processing & Viewing
Gateway

(b) Sensor Node (SA01) (c) Sensor Node (SAP01)

Fig. 3. Architecture implementation in the study area

Reducing power consumption is a significant issue in the design and development of a
wireless-based sensor network; then, we configured the sensor nodes to send data every 15
minutes only for saving its charged energy by the solar panel. As a result, sensor nodes remain
in sleep mode most of the time, which saves energy. When the configured sleep time is finished,
the sensor node obtains the current time and wake up to be ready to send data (i.e., an XBee
data frame) to the data processing and viewing gateway. Each sensor node keeps repeating this
action for all running times.

The bandwidth (i.e., the data rate) in transmission scheduling layer is categorized based on
employed communication technology. For example, 0.3-50 Kbps traffic uses LoRa
communication, and its proportional load is 10. In addition, 2-54 Mbps traffic uses WiFi
communication, and its proportional load is 20. Finally, 20-250 Kbps traffic uses ZigBee, and
its proportional load is 30. Thus, the total proportional load is defined as the sum of a node's
own proportional load and all of its children's proportional loads. Here, a priority queue is
constructed from the total proportional load, which starts from the outermost level and moves
toward the innermost level, i.e., is the closest to the main gateway. In each level, we give
higher priority to nodes with the greatest total proportional load.
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4.2 Study Area and Deployment Scenario

The proposed architecture was tested and evaluated in the water irrigation control domain. To
test and evaluate the performance of our independent sensor-enabled architecture, we have
conducted all the experiments in this geographical area; latitude: 24.3501° N; longitude:
56.7133° E (i.e., Sohar City, Sultanate of Oman) as shown in Fig. 3. Due to some logistic
restrictions, the empirical scenario of the experiments was designed as two plant mezzanines
with 10 kilograms of soil in each mezzanine. Sensor node SAO1 was installed in one plant
mezzanine, which was irrigated relay on the data sensed by the associated sensors, i.e., soil
temperature and moisture level. Sensor Node SAPO1 was installed in the other plant mezzanine,
which was irrigated at regular scheduled times (daily). The main purpose of this empirical
scenario was to demonstrate how the proposed architecture helps to reduce water wastage by
generating an efficient water irrigation strategy.

The amount of water supplied (i.e., irrigated water) in each time was 0.5 liters for both
designed plant mezzanines. These two mezzanines were located in the same geographical
location under the same environmental conditions through the experimental time, which
involved 356 days of data recording starting on March 1%, 2021. The total amount of sensed
data was around 34,200 XBee frames. An excerpt of this sensed data and daily water amount
consumed by each plant during the experimental period are shown in Fig. 4 and Fig. 5
respectively.
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Fig. 4. An excerpt of sensed experimental dataset
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The sensed environmental data were stored in a local MySQL database (i.e., in data
processing gateway) and displayed on the browser-based API for end-users (farmers) to view
all the analysed data, trends and overall system performance (i.e., analyzed offline). The
irrigation scheduling algorithm applied on the system gateway is based on the integration of
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the real-time evapotranspiration value and volumetric water content which are used to provide
the irrigation action or schedule of the architecture using Python computational software.

4.3 Experimental Results

The proposed architecture was implemented in an agriculture area to sense the related
agricultural parameters for a water irrigation schedule, which was expected to reduce water
consumption. The data obtained from the sensors comprised 34,200 XBee frames with 10
different parameters (i.e., temperature, humidity, air pressure, soil moisture, soil temperature,
solar radiation, leaf wetness, wind speed, wind direction, and rain level) in each frame. Due to
space limitations and the scope of the study area, we only considered, processed, and analyzed
six parameters (i.e., air and soil temperature, air relative humidity, soil moisture, solar
radiation, and wind speed and direction) in these experiments. Over the duration of the
experiment, the total amount of water irrigated by the plant under sensor node SA01 was 90
liters, and the plant under sensor node SAPO1 consumed 190 liters of water. The irrigation
processes for both plants occurred between March, 2021 to February, 2022. As can be seen
from Fig. 5, there is a half of the irrigated water to plant under SAPOL1 (i.e., the plant irrigated
on the daily basis without considering the sensed agriculture information) was wasted.
Therefore, the proposed system reduced water wastage by increasing the effectiveness of
capturing the most vital data automatically.

A well-performed monitoring architecture, which is fundamental for precision crop
management, is required to capture changing soil dynamics, weather, and other agriculture
parameters. To realize this, a weather station was integrated with sensor node SAO1. Here, the
amount level of water wastage from the water suppled (irrigated) plant mezzanines was
measured by calculating the ETo values. These values are relevant to the low level of wasted
water from an agricultural area (plant) and the surface of the soil, which is impacted by sensed
weather environmental data [48]. The daily computations and estimations of the ETo values
were computed using standardized Penman-Monteith [49] and Hargreaves-Samani [50]
equations (Eg. (1) and Eq. (2), respectively) based on the measured weather data. The input
data for these equations included the daily mean air-temperature, relative-humidity wind-
speed (m s1), and solar radiation (MJ m=2d™?).

0.408A(Ry = 6) +v (P 1 573)ua(es — €0)
A+y(1+ 0.34u,)

PM — ETo = (1)

Here, Ry is the solar radiation value on the soil surface, u. is the wind-speed computed at 2 m
height, T is the average of daily captured temperature, G is heat of the soil density, es — e, is
the saturation of pressure deficit, A is the pressure curve gradient, and y is the constant of
psychometric parameter.

HS-ET0 = 0.0135K, “*/(Tnax — Trin) (T + 17.8) )

Here, R, is the radiation of extraterrestrial, A4 is the vaporization latent-heat for the average of
air-temperature T (normally equal to 2.45 MJkg~1), and kg, is the modification of coefficient
radiation (normally equal to 0.17). For more information about parameters in equation (1) and
(2), see [49][50].

The sensed environmental data were saved in a local MySQL database and displayed on the
local dashboard (System Gateway and browser-based API, Fig. 3 (a)) [51] to access and
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visualize trends (analyzed offline). The irrigation schedule method developed on the gateway
was based on the computing of the ETo value and the water content of real-time soil volumetric,
which were applied to determine the irrigation decision of the architecture (i.e., the plant under
sensor node SA01). When the ETo increased, more water was given to feed the loss the water,
and the water content of the soil volumetric was checked to fit with the capacity of the used
plant mezzanines.

4.5 Analysis of Results

Here, we describe the results of the changing trends of the soil, plant, and weather during the
experimental period. Fig. 6 and Fig. 7 show graphs of the average daily estimations of the
reference ETo value obtained using the Penman-Monteith (PM-ETo) and Hargreaves-Samani
(HS-ETo) equations and the solar radiation value obtained by both sensor nodes SA01 and
SAPOQ1, respectively. As can be seen, the trends of ETo values and solar radiation are very
close of each other, with ETo values straightforward to the solar radiation parameters. The
ETo value is peaks by midday, which is dependent on daily weather changes.
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Fig. 6. (@) SA01 average daily estimation of HS-ETo (mm) and solar radiation (W/m”2), and
(b) SAPO1 average daily estimation of HS-ETo (mm) and solar radiation (W/m”2)
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Fig. 7. (a) SA01 average daily estimation of PM-ETo (mm) and solar radiation (W/m”2), and
(b) SAPO1 average daily estimation of PM-ETo (mm) and solar radiation (W/m”2)

A similar trend between the daily average values of temperature and humidity that calculated
between March, 2021 to February, 2022, is shown in Fig. 8. Here, the average highest
temperature and lowest temperature measured was 39 °C at midday and approximately 24 °C in
the early evening, respectively, and the humidity decreased by midday as the temperature
increased, with highest and lowest values of 80% and 23%, respectively.
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The amount of irrigation water in liters sensed by the flow-meter was matched to the daily
estimation of the reference ETo value using the PM-ETo and HS-ETo equations for sensor
nodes SA01 and SAPOL (Fig. 9 and Fig. 10, respectively). The irrigation amount applied
compensated for the water loss for each measured value while managing the water content of
the volumetric soil. However, as shown in Fig. 11 and Fig. 12, the environmental parameters
trend is exchanging due to the effects of the plants’ water curiosity and the weather conditions.
As the amount of water consumed because of ETo values increased or decreased, a relevant
effect on the water content of soil volumetric was observed, demonstrating that high or low
water amount was needed for irrigate the target plant. Thus, both parameters have a straight
effect on the amount of water to be provided to the plants.
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Fig. 9. (a) SA01 average daily estimation of HS-ETo (mm) and amount of irrigated water (liter), and
(b) SAPO1 average daily estimation of HS-ETo (mm) and amount of irrigated water (liter)
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Fig. 10. (a) SAO1 average daily estimation of PM-ETo (mm) and average amount of irrigated water
(liter), and (b) SAPO1 average daily estimation of PM-ETo (mm) and average amount of irrigated
water (liter)
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Fig. 11. (a) SAO1 average daily estimation of HS-ETo (mm) and volumetric water content of the soil,
and (b) SAPO1 average daily estimation of HS-ETo (mm) and volumetric water content of the soil
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Fig. 12. (a) SA01 average daily estimation of PM-ETo (mm) and volumetric water content of the soil,
and (b) SAPO1 average daily estimation of PM-ETo (mm) and volumetric water content of the soil

Fig. 13 shows the soil moisture (i.e., soil humidity level) trends for the plant mezzanines for
sensor nodes SA01 and SAPO1. As can be seen, that plant under sensor node SAPO1 consumed
more water compared to the plant under sensor node SA01, which indicates that the irrigation
process based on measuring of soil humidity was more efficient than the process based on
manual measurement or daily biases. It also appears that the total amount of spent water by
the plant that irrigated using sensor node SA01 was approximately half that of the water
consumed by the plant under sensor node SAP01.
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Fig. 13. SA01 average soil volumetric water content against SAPO1 soil volumetric water content
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Fig. 14 shows box plot patterns of the quantitative data for the irrigation processes under
sensor nodes SAO1 and SAPO1 as determined by the median values of each data sensed by the
sensor nodes. As can be seen, the median values of the data collected by sensor nodes SA01
and SAPO1 are 78.59, and 33.69, respectively. As a result, using this information, farmers can
determine whether their crops in a given time require water, which leads to significant
reduction of water wastage [52].
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Fig. 14. Quantitative patterns for soil volumetric water content for SA01-Soil and SAP01-Soil

4.6 Comparison with Cloud-based Architecture

Comparing the performance of the proposed architecture with other well-known cloud-based
architecture that have achieved promising results is informative [53]. Herein, we compared
our architecture with the cloud-based architecture that includes three main or layers, i.e., the
data source layer, data collection and transmission layer, and data visualization and analytics
layer as shown in Fig. 15. The data source layer is in charge of sensing the environmental
parameters from agricultural study area using the relevant sensors. The data collection and
transmission layer captures, then transmits sensed environmental agriculture data to the next
layer i.e., visualization and analytics. This part of the architecture is also a part of the
underlying wireless network technologies needed to send the collected environmental data.
The visualization and analytics layer then process the received data and provide the analytical
view to the end-user.

Environmental Sensors
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Fig. 15. Compared cloud-based sensor-enabled architecture
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In the compared architecture, the two Arduino boards are installed, which are prepared to
deal with the captures environmental data to the cloud platform called ThingSpeak for
analytical and visualization process. Here, cloud platform saves all received data sent Arduino
board, which facilitate analyzing of data trends. The compared architecture continuously
tracked the environmental parameters in around 15 minute intervals. The captured
environmental data received by the cloud via WiFi were processed to detect trends in the
collected data from the studied agricultural fields.

Table 2 compares the statistical information of the sensed data by our architecture and
compared cloud-based architecture during the same location and experimental period (356
days). Here, for all received data by the architecture gateways, the daily and total sensed data
of 96 and 34,200 XBee frames received using the proposed architecture are higher than the
compared cloud-based architecture of 72 and 25,600 XBee frames respectively. This indicates
that there is a transmission latency of the sensed data to the processing gateway; thus, we
consider that the proposed architecture performs very favorably and effective compared with
cloud-based architecture.

Table 2. Comparative statistical information of sensed data

Experimental Data Processin Daily Received Data | Total Received Data
Architecture pPerio d Gatewa g by the Gateway by the Gateway
y (Sensed Data) (Sensed Data)
Our Local Data
Architecture 356 Days Processing Gateway 96 XBee frames 34,200 XBee frames
Clouq-based 356 Days ThinkSpeak Cloud 72 frames 25,600 frames
Architecture

Fig. 16 and Fig. 17 show the graphical trends of the average daily air temperature and
relative humidity measured by our architecture and compared cloud-based architecture during
the same period of the experiment respectively. From the figures, there exists slightly
differences between compared trends, which due to the transmission time of the sensed data
and total amount of the received data in both compared gateways. An illustration of the trend
curve between water content of soil volumetric captured by our architecture and water content
of soil volumetric captured by cloud-based architecture can be found in Fig. 18. It can be seen
again that the analytical trend is changing, because of the effect of the supplied water amount,
environmental parameters, quality of used soil moisture sensors and data transmission time.
At this point, however, as the water loss due to the change of ETo value in both experiments,
there is also a relevant impact on the water content of soil volumetric. This is illustrating the
actual need of water required to be supplied for irrigation process.

To demonstrate how the proposed architecture reaches a reasonable statistical performance
and less computation complexity, we applied the Multiple-Input Single-Output (MISO) [54]
model in Python environment to show the interaction behavior between sensed data
corresponding to the amount of supplied water, ETo values and volumetric water content of
the soil using different model structures [55]. These models include: the autoregressive with
external input model (ARX), the Box Jenkins (BJ) model, Output Error (OE) model and the
state space (SS) model [56]. The statistical performance of the proposed architecture can be
then evaluated using standard evaluation metrics. In this experiment, we have used model
evaluation metrics known as estimated best fit, final prediction error (FPE) and mean square
error (MSE) [56]. For more details about the mathematical formula of these models structures
and evaluation metrics, see [56][57].




3292 Abdalgader et al.: Agricultural Irrigation Control using Sensor-enabled Architecture

V W\N

1Mar 29-Mar23-Apr1S-May SJun  1-Jul 30-Jul 23-AuglS-Sep 8-Oct 1-Nov 30-Nov23-DeclS-Jan 8Feb

I:'.Is-_.-c'-baséii Architecture Ait lemperatd'e (C)

Qur Architecture Ait Temperature (C)

Fig. 16. Our architecture vs compared cloud-based architecture average air temperature (C)

)

1-Mar 29-Mar23-AprlS-May Bjun  1-Jul 30-Jul 23-Augls-Sep B0t 1-Nov 30-Nov23-DeclS-Jan BFeb

Our Architecture Humidity (%)

Cio-J(:-l:.lased AI’Lhi[EK_’.[uI-‘;‘ Humicii]..y (%)

Fig. 17. Our architecture vs compared cloud-based architecture average humidity (%)

1-Mar 29-Mar23-ApriS-May 8Jun  1-Jul 30-Jul 23-Augl5-Sep B-OCt 1-Nov 30-Nov23-Dec15-Jan 8-Feb

Qur Architecture Volumetric Water Content of the Sail
Cloud-based Architecture Violumetric Water Content. of the Soil

Fig. 18. Our architecture vs compared cloud-based architecture average volumetric water content of
the soil
The FPE is basically describe the effectiveness of the architecture using different datasets,
and the MSE is a statistical matric that evaluate the performance (i.e., quality) of these datasets.
In this experiment, we use both datasets that have been captured be our architecture and
compared cloud-based architecture. The effectiveness of our proposed depends on how small
(i.e., close to the zero) is the value of FPE and MSE. The Estimated fit (%) is a measure of the
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correlation between amount of supplied water and volumetric water content of the soil
parameters. Table 3, however, shows the statistical performance results of different models
that were used to evaluate the effectiveness of both compared architecture. The used ARX
model with the estimated fit of 93.39% with the least MSE and FPE values of 0.714 and 0.971
respectively, was selected from over all other used models that has achieved good performance.
As can be seen from this table, our proposed architecture performs favorably against the
compared cloud-based architecture, as evaluated on same agricultural area (i.e., same
cultivation experiment) through different models of evaluation.

Table 3. Statistical Performance of different evaluation models

FPE MSE Estimated Fit
Compared Compared Compared
Model Arcrfi)tltjarcture Clouq?based Archoitlézture Clouq?based Arcrfi)tltjarcture Clouq‘—)based
Architecture Architecture Architecture
ARX 0.714 0.971 0.720 0.828 93.39 90.11
BJ 1.121 1.901 1.481 1.756 94.55 91.21
ARMX 1.151 1.891 1.705 1.991 94.70 91.51
State Space 1.494 1.711 1.651 1.821 94.35 90.95

5. Conclusion

The exponential growth in the human population has created an increased demand for water
resources. This demand can be handled using wireless networking technologies to reduce
water consumption. Thus, in this paper, an autonomous sensors-enabled architecture is
proposed, which employs various self-powered wireless sensors to monitor various
agricultural parameters over a heterogeneous array of data streams. Farmers can then be
remotely measured and monitored their agricultural area in real-time using the proposed
architecture without the need for third-party platforms.

In order to test and evaluate the proposed architecture, real-world scenarios covering various
aspects of precision agriculture were used. The experimental results show that the proposed
architecture is suitable and efficient for managing irrigation water and monitoring agriculture
conditions. It is crucial to monitor soil moisture in agriculture since it aids farmers in
controlling and managing irrigation methods more powerfully. Measuring soil moisture and
other related agricultural parameters allows farmers to increase yields and crop quality through
continuous monitoring of agricultural parameters during the different growth stages of plants.
Therefore, the proposed automatic sensor-enabled architecture is expected to help farmers
manage irrigation effectively, reduce water wastage, and enhancing productivity.

However, certain limitations of the proposed architecture must be addressed to improve its
effectiveness. For example, the proposed architecture is based on large volumes of sensor-
collected agriculture data, which is a key concern. In addition, smart methods to search
relevant information in the proposed architecture must be developed to minimize the delivery
time of analytical services.

In addition, a large-scale experiment is required to combined, explore, and process more
information about the impacts of weather parameters on agricultural and the irrigation
processes in Oman. Additional sensors can also be added to discover and explore several other
agricultural and environmental parameters. Furthermore, in the main gateway, the database
tables that receive and store the acquired data can be modified to recognize other data formats
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from new sensors. Finally, different types of sensing can be added, e.g., video, to extend the
real-time monitoring of crops.

Appendix

The dataset generated during the current study is available in the Mendeley repository,
[http://dx.doi.org/10.17632/3w3pf3vnd4.1].
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