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Abstract

The Internet of Things (IoT) has had a very significant development in the last years,
mainly because of its wide variety of applications. From connecting a toaster to connect-
ing a series of industrial machines to the Internet translates into greater efficiency and
resource savings. The IoT impact has been so strong that even traditional interconnection
models, such as OSI or TCP/IP, have been modified to adapt to this new technological
revolution.

Combining web development techniques with IoT makes it possible to create tools to
control devices instantly. One of the most potential fields for applying these integrated tools
is precision agriculture. Thus, this work proposes a system that automates and evaluates
the environmental variables of greenhouse crops. This [oT system can control and monitor
crops through electronic devices and analyze the data acquired by digital and analogical
sensors. This system uses a series of devices like sensors, actuators, and communication
nodes to measure environmental variables inside a greenhouse, such as environmental tem-
perature, environmental and soil humidity, irrigation, ventilation, and water level. The
end-user can make decisions based on the acquired measurements displayed in a graphical
interface as a time series.

The measurements and user interactions travel through an intermediary application
(broker) using ESP8266 NodeMCU modules connected to the Internet by WiFi. The sys-
tem employs an EMQX broker using the MQTT protocol for data transmission. Given the
nature of MQTT implementation and performance, it consumes less bandwidth than the
HTTP protocol, usually used for data transfer. The system also consists of a web appli-
cation that reads, stores, and displays the data in real-time in a graphical user interface
(GUI). One of the most critical functions of this application is the broker connection that
manages the flow of both read and write signals, i.e., what the user sees and controls.

In its final stage, the project uses artificial intelligence tools to obtain relevant pre-
dictions of environmental variables based on data collected over time. A recurrent neural
network known as Long Short-Term Memory (LSTM) is in charge of the forecast generation
by analyzing the time series generated by the data readings.

Keywords: Internet of Things, Greenhouse, Precision Agriculture, IoT Plat-
form, MQTT, Data Analysis.
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Resumen

El Internet de las Cosas (IoT) ha tenido un desarrollo muy significativo en los tltimos anos,
principalmente debido a su amplia variedad de aplicaciones. Desde conectar una tostadora
hasta una serie de maquinas industriales a Internet se traduce en una mayor eficiencia
y ahorro de recursos. El impacto del IoT ha sido tan fuerte que incluso los modelos de
interconexién tradicionales, como OSI o TCP/IP, se han modificado para adaptarse a esta
nueva revolucién tecnolégica.

Combinar técnicas de desarrollo web con IoT permite crear herramientas para con-
trolar los dispositivos de forma instantanea. Uno de los campos con méas potencial para
la aplicacién de estas herramientas combinadas es la agricultura de precision. Por ello,
este trabajo propone un sistema que automatiza y evalta las variables ambientales de los
cultivos en invernaderos. Este sistema de IoT puede controlar y monitorear los cultivos a
través de dispositivos electronicos y analizar los datos adquiridos por los sensores digitales
y analogicos. El sistema utiliza una serie de dispositivos como sensores, actuadores y nodos
de comunicacién para medir las variables ambientales dentro de un invernadero, como la
temperatura ambiental, la humedad ambiental y del suelo, la irrigacion, la ventilaciéon y el
nivel de agua. El usuario final puede tomar decisiones basadas en las medidas adquiridas
que se muestran en una interfaz grafica a manera de serie temporal.

Las mediciones y las interacciones del usuario viajan a través de una aplicacién in-
termediaria (broker) usando médulos ESP8266 NodeMCU conectados a Internet a través
de WiFi. El sistema emplea un broker EMQX que utiliza el protocolo MQTT para la
transmision de datos. Debido a la naturaleza de la implementacion y funcionamiento de
MQTT, este protocolo consume menos ancho de banda que el protocolo HT'TP, normal-
mente usado para la transferencia de datos. El sistema consiste en una aplicaciéon web que
lee, almacena y muestra los datos en tiempo real en una interfaz grafica de usuario. Una de
las funciones mas criticas de esta aplicacion es la conexiéon con el broker para gestionar el
flujo de senales tanto de lectura como de escritura, es decir, lo que el usuario ve y controla.
En su etapa final, el sistema utiliza herramientas de inteligencia artificial para obtener
predicciones relevantes de las variables ambientales, basadas en datos recogidos a lo largo
del tiempo. Una red neuronal recurrente conocida como memoria a corto plazo (LSTM,
por sus siglas en inglés) es la encargada del andlisis de series temporales generadas por las
lecturas de datos y la generacion de las predicciones.

Palabras Clave: Internet de las Cosas, Invernadero, Agricultura de Precisién,
Plataforma de [oT, MQTT, Analisis de Datos.
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Chapter 1

Introduction

1.1 Background

Agriculture is one of the most critical activities of humanity. Farmers worldwide are forced
to produce more and better quality food due to the increase in population. This is a highly
complex problem for which we need modern and innovative solutions. For example, we
can use current technologies such as electronics and computers to aid people working in
this field. The Internet of Things (IoT), is a giant Internet-based network that connects
physical and virtual things with standard and interoperable communication protocols [4].
Modern IoT-based systems [1][5] include not only the electronics and network components
but also web applications and machine learning models for data analysis. This sophisti-
cated combination of techniques provides users with easy-to-use tools that enable farmers
to carry out cultivation activities more efficiently.

[0oT technology allows us to control the environmental variables of the crops in a much
more efficient way than a person could do. The sensors work uninterruptedly and give us
real-time information about the changes that occur in the crops. Based on this information,
we can take action through the use of other electronic devices known as actuators. This
information can be stored and sent through the Internet to visualize it in a graphical user
interface (GUI). It would not make sense for our data to be stored in a database without
any meaningful benefit. Thus, giving adequate treatment to the data is very important to
obtain new and useful insights. Modern machine learning techniques extract these insights
[6][7]. Neural networks are potent machine learning algorithms capable of processing time
series [8][7] such as those obtained from environmental sensors.

This project proposes a system of IoT consisting of several components organized in a
four-layer architecture, as suggested by Varutti et al. [1]. First, the device layer describes
the arrangement of sensors, actuators, and data transmission nodes (NODEMCU). The
second level corresponds to the network layer, here it is defined how the data will be sent
(protocols) and where they will be sent (routes) at their lowest levels. The application ser-
vices platform layer is the third layer of the architecture. Here are the data transmission
protocols, in our case MQTT [9] and the application in charge of handling it, in our case,
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the EMQX broker. Finally, the closest layer to the end-user is the application layer. Here
we build the web application using several components [10] such as front-end, back-end,
database, and a server that form a structure usually called the stack. This layer usually
can be developed independently from the others.

This project uses a virtual private server (VPS) since it provides certain advantages
over other techniques [11], such as storage capacity, processing capacity, statistical analysis,
and security. The system we designed also uses long short-term memory (LSTM) [12] to
analyze the data. This machine learning technique efficiently makes predictions based on
time series with discrete values.

1.2 Problem Statement

Farmers face several problems when growing crops. The main problem is usually irrigation,
and more specifically, the achievement of uniform irrigation according to the growing sub-
strate needs and the state of the crop. The appearance of pests and poor nutrition are also
decisive factors in obtaining a good harvest. A yield with pests implies an extra expense
in pesticides and a direct affectation to the final product. Growing in greenhouses is one of
the most effective techniques to solve problems, such as those mentioned above. It facili-
tates the control of natural environmental variables such as temperature and humidity, and
the management of artificial variables such as fertilizers and pesticides within the structure.

One of the most reliable motivations for using greenhouses is to grow without depending
on external climatic factors such as ambient light, seasons, excessive rainfall, or drought.
The improvements that a greenhouse brings translates into the possibility of having several
harvests in a year, healthy crops, and better quality products. Without a doubt, this
reflects in more benefits [13].

1.3 Objectives

1.3.1 General Objective

Design and implement an [oT system employing modern web development techniques,
Internet of things, and data analysis to facilitate the monitoring and control of greenhouse
CTopSs.

1.3.2 Specific Objectives

e Build a greenhouse model and equip it with various sensors, actuators, and commu-
nication nodes to measure environmental variables.

e Develop an [oT platform to receive data sent by the communication nodes, store and
display them on an intuitive user interface.

Information Technology Engineer 2 Graduation Project
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e Make predictions of environmental variables, based on the data collected, using arti-
ficial intelligence techniques.

Information Technology Engineer 3 Graduation Project
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Chapter 2

Theoretical Framework

This chapter presents the necessary concepts to understand this work, giving a detailed
explanation of each component of the Internet of Things stack and the web development
tools for creating a web application that allows the interaction of IoT devices with the
end-user. It also explains the data analysis techniques that enable us to obtain predictions
of the environmental variables over time employing artificial intelligence tools.

2.1 10T Protocol Stack

The following [oT protocol stack is based on the model proposed by Varutti et al. [1],
aiming to simplify and facilitate the development of 10T systems. Figure 2.1 shows the
four layers of the IoT stack and compares them with the ISO-OSI and TCP/IP models.

According to this structure, the application layer can be developed independently of
the underlying layers. The Application Services platform layer works as a middleware to
distribute the required applications and protocols throughout the system while ensuring
access to the device layer. The network layer continues to function in the same way as
in traditional models. In the device layer are all the electronic devices that we want to
use as sensors and actuators. In this layer, we also find the electronic devices in charge of
receiving the data, sending it to the server, and receiving the user control signals.

2.1.1 Application Layer

In this first layer, the web application is developed, for which we currently have many
programming languages and development styles. To create a web application, we need
a server, a program that runs in the browser (Front-end), a program that runs in the
server (Back-end), and a database to store data. Over time specific arrangements of web
development tools have gained popularity among programmers. These arrangments are
given the name of The Stack. Among the most used stacks [14], we find LAMP (Linux,
Apache, MySQL, and PHP) and MEAN (MongoDB, Express, Angular and Node.js) stacks.
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Figure 2.1: IoT Protocol Stack compared to the OSI and TCP/IP models.

MEAN Stack

The MEAN [15] stack is a set of modern web tools intended to be robust and flexible. It
consists of four elements firmly focused on Javascript. The first element is MongoDB, a
NoSQL database system, then Express, a web server framework for Node, AngularJS is a
client-side script, and Node is a server platform. Each component of the MEAN stack is
written in JavaScript, even the database stores data in JavaScript Object Notation (JSON)
format. Using JavaScript as the primary programming language on both the client and
server sides means that the MEAN stack is a robust set of tools. The following is a brief
description of each of the components of this Stack.

e MongoDB

MongoDB [16] is a NoSQL document storage model. It stores in the JSON format
database, rather than in rows and columns as in the relational database. Given the
scalability of MongoDB, it is used on high traffic websites such as Facebook and
Twitter.

e Express

Express [15] is a node-based framework. It organizes web applications on the server-
side. Express uses the Node HTTP module and connects middleware components,
allowing code reutilization within applications and even imparting it to others as
modules.

e Angular

Information Technology Engineer 6 Graduation Project
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AngularJS [17] is a client-side JavaScript MVC system maintained by Google. It
provides functionality to manage client information in the browser, to control in-
formation on the client-side, and to manage how components are displayed in the
browser view.

e Node

Node is a development framework built on Google’s JavaScript V8 engine to build fast
and scalable network applications. Node is a server-side scripting language. However,
it can even be a web server. This framework even helps reduce development time
and resources.

LAMP Stack

LAMP [18] is a web development stack with open-source software with Linux as the op-
erating system, Apache as the webserver, MySQL as a database system, and PHP /Perl
as the background scripting language. Each LAMP element allows smooth integration
with each other, making LAMP one of the most widely used platforms for web application
development. The following is a brief description of each of the components of this Stack.

e Linux Operating System

Linux is the operating system that runs the computer’s applications to perform the
assigned task. It is known for its speed, low hardware requirements, security, and
remote administration. It is the dominant operating system in the server world.

e Apache Webserver

Apache is an open-source web server developed by the Apache Software Foundation
(ASF). Apache works well with the Linux operating system and allows virtual hosting
to run multiple websites on a single server.

e MySQL Database System

MySQL is a powerful and robust relational database management system (RDBM)
that allows data to be stored and retrieved using a scripting language such as PHP.
Different types of data can be stored, such as the Boolean operator, text, integers,
images, binary digits, ENUM or enumeration, large binary objects (BLOBs), and
date.

e PHP Scripting Language

PHP [19] is a server-side scripting language or programming language for building
websites, which means it runs on a web server. PHP can be embedded in HTML
and dynamically enhance an application that helps build very easy-to-use websites
embedded with HTML and CSS.

MEAN vs. LAMP

The MEAN stack is becoming increasingly popular due to the characteristics of its com-
ponents. However, the MEAN stack usually is not used for CPU-intensive applications.

Information Technology Engineer 7 Graduation Project
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In this case, the LAMP stack is the preferred choice. For simple single-page applications
(SPA), which require a lot of user interaction, visualization and need much scalability, the
MEAN stack is the most suitable.

2.1.2 Application Services Platform

Application Services Layer

The Application Service Layer contains the software in charge of handling the protocols
for the traffic of the data coming from the sensors. These applications are the programs
on which the protocols explained in the Application Protocol layer work. Among the main
types of application services, we can find the following.

e Distribution Service (DDS)

DDS is a decentralized publication and subscription communication protocol for Ma-
chine to Machine (M2M) applications. It is an application that uses multicast to
distribute messages instead of a centralized intermediary. It also focuses on quality
of service (QoS) and content reliability by introducing various parameters such as
availability, delivery, timeliness, and data security. The protocol provides built-in
security mechanisms such as data confidentiality and integrity, authentication, and
authorization of publishers (i.e., authors of the data) and subscribers (i.e., readers of
the data).Figure 2.2 shows different network protocols including DDS.

Energy & Utilities Healthcare Manufacturing Transportation
Distributed Data prEEvEssEmowsndtiagenss oshusdopsbasossseay 1
Interoperability and Management i Telecommunications Origin i E Manufacturing Origin [
| | !
e e DDS i oneM2M i Web | OPC-UA
! i Services
i i :
DDSI-RTPS CoAP MQTT HTTP i OPC-UA Bin !
Transport [ -
TCP ubpP TCP

Network [ Internet Protocol (IP) ]
/ bk \ TSN/ Wirel
s ireless - g
Ethernet Wireless LAN Wireless Wireless

PAN ) 2GI3GILTE Wide Area
(802.1, (802.15) (HO2 (3GPP) (802.16)
Physical

802.3) Fi)

Figure 2.2: DDS and other Protocols in the Network Layer. Image from [2].

e OPC Unified Architecture (OPC-UA)

OPC-UA is an M2M communication protocol developed by the Object Linking and
Embedding for Process Control Foundation for industrial automation combining sev-
eral protocols to create a universal data model and thus facilitate interoperability.
It allows the exchange of information models of any complexity and supports a wide
range of systems, from programmable logic controllers (PLCs) for production to en-
terprise servers.
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e oneM2M for the Industry Domain

oneM2M is a global standards project covering various requirements, architecture,
API specifications, security solutions, and M2M interoperability. It was formed in
2012 with the support of eight international standards development organizations
among which are TSDSI (India), ARIB (Japan), ATIS (USA), CCSA (China), TTA
(Korea), ETSI (Europe), TIA (USA) and TTC (Japan). oneM2M seeks to develop
technical specifications that address the need for a standard M2M service layer.

Application Protocols Layer

In this layer, we find the protocols in charge of handling the data coming from the devices.
The ToT contains a wide variety of protocols with different approaches, including energy
and bandwidth saving. The main protocols for message transport are the following.

e Message Queue Telemetry Transport (MQTT)

MQTT [20][21] is an M2M protocol for message transport, frequently used in IoT. It is
currently the most popular publish-subscribe solution. This protocol is a centralized
implementation that uses a dedicated broker to communicate a publisher with a
subscriber by filtering the topics, as shown in Figure 2.3.

Figure 2.3: MQTT Communication Method

This protocol also uses the TCP and TLS/SSL connection-oriented transport protocol
for the reliability of its messages. MQTT has three Quality of Service (QoS) levels
listed in the table 2.1 to ensure the successful transmission of messages. MQTT focuses
on the complex intermediary logic, keeping publishers and subscribers as lightweight
and straightforward applications that can be run on low-resource devices.

e Constrained Application Protocol (CoAP)
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QoS Level Description

With this type of delivery, only one delivery attempt is made.
If the delivery was not successful, it is not reattempted and
0 (at most once)
you do not have an ACK(acknowledgement) message to con-
firm receipt.

The message is delivered at least once to the receiver. This
1 (at least once) type of sending if you have an ACK verification message. Mul-
tiple message delivery is possible.

The message is delivered just once using a four-part hand-
shake. This type of delivery is the slowest, but also the safest.
2 (exactly once) ‘ ) ‘ _
It is very useful if duplicate messages can interrupt the data

flow.

Table 2.1: MQTT QoS Levels

CoAP is handled by the RESTful concept for a decentralized architecture. The REST
protocols apply the client-server pattern where the communication path is given if
the clients establish connections with the servers, the latter being unable to initiate
the communication. To maintain a communication history, each client can store data
in the cache.

e Extensible Messaging and Presence Protocol (XMPP)

The XMPP [22] is a standard for instant messaging, audio, and video in real-time. It
is a partially decentralized protocol that supports client-server and publish-subscribe
communication models. This protocol uses the Extensible Markup Language (XML)
as a plain text message format.

e Advanced Message Queuing Protocol (AMQP)

AMQP is a centralized publication-subscription communication protocol with inter-
mediary instances. It ensures the exchange of messages using a QoS system similar
to MQTT. It uses TCP to perform these delivery guarantees. This protocol has an
exchange module and message queues.

2.1.3 Network Layer

This part presents some of the network technologies currently available for communication,
emphasizing the data link, routing, and encapsulation layers. Most of the protocols pre-
sented in this section are based on the IP, and UPD/TCP protocols, as figure 2.2 shows.
Below are some standard and non-standard routing and packaging protocols for IoT ap-
plications. The routing protocols provide mechanisms for handling the transfer of packets
from source to destination.

e IEEE 802.15.4
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OPC-UA, oneM2M, DDS
MQTT, SMQTT, DDS,
CoAP, XMPP,
TCP,UDP, DCCP

Transport

Internet IP, ICMP, ECN
Encapsulation 6LowPAN, 6TiSCH, 6Lo
Routing RPL, CORPL, CARP
Datalink and

RPL, CORPL, CARP
Physical

Table 2.2: TIoT Protocol Stack and Commonly Available Protocols for Each Layer. Table
from [1]

IEEE 802.15.4 is a low data rate wireless connectivity solution that focuses on very
low complexity and long battery life in several months to several years. The potential
applications of the solution range from interactive toys to home automation. This
short-range radio technology targets very low-cost battery-powered devices that can
intercom and send low-bandwidth data to a centralized tool.

e IEEE 802.11ah (Low Energy WiFi)

IEEE 802.11ah is a lightweight version of the IEEE 802.11 access standard that
defines a WLAN system operating in less than 1 GHz. Due to the low-frequency
spectrum favorable propagation characteristics, this protocol can provide a better
transmission range than conventional WiFi. Besides, to meet the requirements for
[oT, it was designed with reduced overhead compared to the original WiFi. It also
benefits from lower power consumption, which allows for large device networks, such
as distributed sensor networks.

e Bluetooth Low Energy (BLE)

Low Power Bluetooth (BLE) is a short-range wireless communication protocol widely
used for WPANSs. It aims to reduce energy consumption and costs while maintaining
communication ranges similar to those of the original Bluetooth. Compared to its
homonym, power consumption can be up to ten times lower in exchange for signifi-
cantly increased latency, with up to 15 times more than in Bluetooth. The protocol
follows a client/server architecture where the client is a device that requests pieces
of information, and a server is a device that provides information. A device can be
either a client or a server at certain times.

e Zigbee

ZigBee is an IEEE 802.15.4 based specification for high-level communication proto-
cols used to create WPANs with small, low power radios as automation for small

Information Technology Engineer 11 Graduation Project



School of Mathematical and Computational Sciences Yachay Tech University

environments. Its low power consumption limits the transmission distance to a line
of sight of approximately 100 m, i.e., to increase distances, intermediary devices are
necessary.

e 6LoWPAN

6LoWPAN means IPv6 over low power WPAN. It is probably the most widely used
standard for packet encapsulation, as it can efficiently enclose long IPv6 headers
in small 128-byte packets. The specification supports different address lengths, low
bandwidth, different network topologies, power consumption, low cost, scalable net-
works, mobility, unreliability, and long timeouts.

2.1.4 Device Layer

This part explains the components of the device layer, also called smart things. The device
layer of an IoT architecture is the base on which all other layers are built. An IoT system is
generally deployed when a network of interconnected and independent sensors, actuators,
or subsystems is needed to automate an environment.

e Sensors

Sensors are devices capable of detecting changes in the environment and measuring
physical phenomena, such as temperature or humidity. They can also transmit the
acquired data as an electrical signal to another device that can interpret it. The
sensors can capture the phenomena through a series of reactions, such as the acti-
vation of conductors and chemical elements that react to heat or water. Among the
most common sensors, we can find pressure sensors, light sensors, humidity sensors,
accelerometers, gyroscopes, motion sensors, and more.

e Actuators

An actuator is a device that takes an electrical input, which means off or on, and
transforms it into a physical phenomenon. Sensors generate data from the interaction
with the environment. These measurements allow the user to make decisions by
activating the actuators. Some of the most known actuators are the servo motor, DC
motor, stepper motor, relay, and solenoid.

e System on a Chip

A System on a Chip (SoC) is a device that includes all the components necessary
to be a complete system, one of the most popular SoCs is the Raspberry Pi. SoC
components can consist of analog-to-digital converters, logic control circuits, memory
modules, digital, analog or mixed-signal functions, and any other parts. Its operation
does not depend on external components to operate. Due to their size and low power
consumption, SoCs have become very popular in integrated systems. In the IoT
ecosystem, the primary responsibility of an SoC is the communication between the
sensors and the actuators. SoCs usually have different protocols by default to send
and receive data within or between systems.
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e Smart Things

A smart thing is a real-world object with the ability to interact with its environment.
Smart things must have connectivity to some network to send data or receive signals
to communicate with other devices. Besides, they allow objects to have a virtual
presence represented in digital systems. The data collected from intelligent things
can be analyzed to help decision making, generate predictions, enable operational
efficiency, and improve product performance. Among the essential smart devices of
the last years are intelligent cars, intelligent meters, smartwatches, interconnected
electric pumps and valves, public lighting, and smartphones.

2.2 Data Management

Data management in an IoT system is one of the most complicated tasks due to the fast
sampling rates required for some activities. The diversity of the data and the volume
needed to store it are also factors that can make the task difficult. If we add that this data
is usually controlled or monitored in real-time, the complexity increases even more. These
characteristics give rise to the non-trivial task of deciding which storage systems are the
most suitable for data management. The following are some of the considerations to be
taken into account to handle IoT platform data.

2.2.1 Sensor Data

The sensors generate data on their interaction with physical phenomena. These data have
some characteristics that allow us to organize them and give them some treatment if nec-
essary. We can distinguish two main types of data depending on their nature. In the first
group, we can find the data generated by the sensors that perform periodic measurements.
These data usually need a large space for storage, depending on the frequency of the mea-
surements. In the second group, we find data generated by sensors that react to some
external stimulus and take samples only in certain circumstances. These sensors do not
usually require large amounts of storage, but they do require a reliable operation.

The solutions presented to manage the storage are focused on relational and non-
relational systems. Relational storage systems rely on structured query language (SQL)
to define storage structures. This system is characterized by being suitable for hosting
large amounts of data and being robust but can be restrictive since they strictly adhere
to the predefined scheme. On the other hand, non-relational storage systems have gained
popularity in recent years because they can quickly adapt when the schema changes or
even if a schema is not predefined. This is often the case with IoT systems where sensor
networks can be deployed that may be growing or continuously changed.

2.2.2 Non-relational Data Storage

Non-relational data storage systems provide dynamic schemes for unstructured data, which
has certain advantages for some data types. Because data is stored in many ways, it is

Information Technology Engineer 13 Graduation Project



School of Mathematical and Computational Sciences Yachay Tech University

easier to store unstructured data, and generally, the information is more scalable. Since
[oT devices can generate large amounts of data, scalable schemes are more suitable for
industrial environments. Non-relational data storage benefits for [oT are shown in Table

2.3.

Flexible Data
model

Scalability
Performance
Always-On
Global De-

ployments

Flexible data models, such as documents, charts, key-value pairs,
make it easy to combine data from any structure because they allow
dynamic modification of the schema without affecting performance.
NoSQL allows you to partition your datasets, allowing quick and
easy scalability on hardware deployed on servers or in the cloud.

NoSQL storage systems are designed to work across many nodes.

This means that they include replication to synchronize data across

servers and data centers automatically.

Table 2.3: Non-relational Data Storage Benefits

2.2.3 Data Access

At present, we have different storage solutions that can be applied to non-relational
databases that, unlike relational ones, do not have a defined structure. Table 2.4 shows
different storage solutions.
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Document
Data Store

Column-

Family

Key/Value

Graph Data

Time-Series

A data store manages the documents employing a field organization.
The names of the objects and their values make up a structure called
a document. The JavaScript Object Notation (JSON) format is a
recurring format in a data store.

The data is stored as if it were a table or a matrix through rows and
columns. This alternative is similar to using a relational database,
but the columns are organized into groups called families.

A key is used to index the data using a hash function. This provides
a uniform and independent storage of the data. As each element is
atomic, repeated elements are overwritten.

In a graph, we have a structure to move around the nodes and
edges. The edges represent the relationship between the objects,
while the nodes represent the objects.

A time series allows the data storage based on the time intervals
from where the data occurs. They can represent large volumes of
data in real-time, making them ideal for representing continuous

phenomena or comparisons between various phenomena.

Table 2.4: Data Storage Solutions
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Chapter 3

State of the Art

This chapter provides the preliminary information required to design an IoT platform.
Each subsection offers information about the IoT platforms from a broad and current
perspective, and they are organized as follows. Subsection 3.1 presents the definitions of
[0oT and IoT platform. Then, subsection 3.2 explains the requirements for an IoT platform.
Finally, subsection 3.3 presents the common architectures for an IoT platform.

3.1 Definitions

The Internet of Things was born in the RFID community in 1999. Since its appearance
has attracted the interest of both academia and IT enthusiasts, although it represents a
relatively simple idea, the definitions assigned to the IoT are diverse [23]. Below are some
of the most accepted definitions.

e The IEEE Internet of Things Journal (IoT-J), at its launch in 2014, described the IoT
as: A network of objects, with built-in sensors, that are connected to the Internet.”

e The International Telecommunication Union (ITU), the United Nations agency de-
fines the IoT in 2005 as ”A network available anywhere, anytime, for anyone.”

e The World Wide Web Consortium (W3C), the international community that devel-
ops standards for the Internet, defines the IoT as follows: "The Internet of Things
is essentially about the role of Web technologies in facilitating the development of
applications and services for the Internet of Things, that is, the virtual representation
of physical objects.

Gubbi et al. [24], defines the Internet of Things as the "Interconnection of sensing
and actuating devices that provide the ability to share information in a unified framework,
enabling the development of innovative applications.”

As can be seen, despite a general understanding of IoT meaning, there is no standard
definition. As there is no exact definition of what IoT is, neither is there a definition of
what an IoT system or platform is, so many approaches have been created over time. Here
are some definitions of [oT platforms.
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e In [25], an IoT system is defined as "A set of protocols and standards that allow the

execution of applications of the Internet of Things. The frameworks can enhance the
development of applications for IoT through rapid implementation, interoperability,
maintainability, security, and flexibility of the technology.

In [26], an IoT platform is described as "cloud-based software and related service
packages.” IoT platforms allow application users to automate features that would
otherwise require considerable time, effort, and expense.

In [27], an ToT platform is defined as follows: "The Internet of Things platform is a
software that allows you to connect machines and devices and then acquire, process,
transform, organize and store data collected by sensors.”

3.2 Requirements of IoT Platforms

This section details the requirements of an IoT platform, taking into account different
approaches and needs [28][29]. Among the main requirements are service requirements,
non-functional requirements, and architectural requirements.

Middleware Service Requirements

1.

Resource Discovery

The resources of an IoT platform include hardware devices such as RFID tags, sen-
sors, smart devices, the analog-to-digital (A/D) converter devices, the infrastructure
or network level information and communication module, and the services provided
by those devices.

. Resource Management

Resources must be monitored and fairly allocated or provisioned, and resource con-
flicts must be resolved.

. Data Management

Data refers primarily to sensor data or any information that is relevant to applica-
tions.

Event Management

There is usually a considerable number of events generated in the IoT applications
that must be managed in the middleware.

Code Management

Deploying code on an IoT platform alters an entire software ecosystem and must be
adaptable and compatible with the middleware.
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3.2.1 Non-Functional Key Requirements

1.

Real-Time

Services must be provided in real-time because some processes may depend on the
operation time.

Scalability

An IoT platform must be scalable to match the growth of the network and services.

. Reliability

An IoT platform must remain operational even when there are failures.

Availability:

The middleware that handles the platform applications, especially the critical ones,
must be available at all times. The frequency of errors must be small enough to
achieve availability most of the time.

Security and Privacy

Security must be considered in all functional and non-functional blocks since it is
critical for the exemplary operation and protection of the platform. Knowledge of
the context in the middleware can reveal sensitive information about the users.

Ease of Deployment

The handling of the platform should not require expert knowledge or support. Com-
plicated installation and configuration procedures should be avoided.

3.2.2 Architectural Requirements

1.

Interoperable

A middleware must work with heterogeneous devices, technologies, or applications.
No additional effort should be required from the software developers.

Programming Abstraction

Providing an API for application developers can be an essential functional require-
ment for any software project. Abstraction must be present in every layer of devel-
opment so that the software does not require additional changes.

Service-Based:

A middleware architecture must be service-based to provide outstanding versatility.
This makes it easy to add new features or modify existing ones.

Adaptable

The software must be able to adapt to changes in your environment or circumstances.
In case the sensor network or other devices may change periodically.
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5. Context-Aware

The IoT system must know the context of the users, the devices, and the environment.
The services that the platform has must be subject to the needs of the user and his
environment.

6. Autonomous

The devices must be able to interact and communicate with each other without direct
human intervention. The master program running in the background should be able
to solve any problem that arises in a short time.

7. Distributed

The devices of an 10T system in a large-scale system exchange information and col-
laborate.

3.3 Architectural Approaches to IoT Platforms

This section reviews the most common characteristics and architectures used in IoT sys-
tems. Although there are different architectural approaches to IoT platforms, we take
Guth et al. [30] as an example to better understand and even compare IoT platforms. The
architectural models shown below provide an abstract view of the components of the IoT
platforms. Figure 3.1 represents the reference architecture.

'd ™
Application

L S

'd N\

. S
r ™
Gateway
\ /

Communication Node

[ Sensor ] [ Actuator ]

Figure 3.1: IoT Reference Architecture
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1. Application

This component represents the software used by the IoT integration middleware to
obtain an overview of the physical environment by requesting data from the sensors
or to control physical actions using the Actuators. Here is the software the end-user
interacts with and the background software in charge of processing the orders.

2. IoT Integration Middleware

The IoT integration software is in charge of receiving collected data from devices to
process them using predefined rules and procedures. A Device can depend on the
software developed in the middleware or load its program into an SoC. It can include
all kinds of functionality required by a given computer system, such as the rule engine
or graphical dashboards.

3. Gateway

Communication nodes are often connected to a Gateway, a device that connects
to the Internet or other systems. It is the component responsible for translating the
different protocols and forwarding the communication between the Devices and other
structures.

4. Communication Node

A Communication Node is a hardware component connected to Sensors or Actuators
through cables or wirelessly, even containing these components integrated. These
devices are responsible for sending the data generated by the sensors and receiving
the control signals from the application layer.

5. Sensors and Actuators

This part forms the device layer, here are the devices capable of reading data and
receiving signals. In chapter 2, we find a more detailed definition of what is a sensor
and an actuator.

One of the essential parts of an [oT system is the middleware, which can be so compli-
cated that we can find architectures only for this component, Nge et al. [3] defines three
types: service-based, cloud-based, and actor-based.

Service-based middleware allows services to be added to IoT devices. In this architec-
ture, we have a physical layer, a virtual layer where the server or cloud is located, and the
application layer. Figure 3.2 shows these layers. The processing is available in the last two
layers, which provides excellent performance, but higher bandwidth expenditure, so many
procedures are parallelized.

Cloud-based middleware limits the number of devices that can be used, but users can
easily collect the data. Functionality is limited to what is available in the cloud and can
be accessed by a direct application or via an API. Figure 3.3 illustrates this method. With
this architecture, information is exposed to the cloud provider’s quality of service.

The architecture based on actors focuses on the plug-and-play model. As shown in Fig-
ure 3.4. This architecture is designed to be lightweight and adaptable to the development
layers and has the benefit of connecting as many devices as needed without further user
intervention.
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Figure 3.2: Service-Based IoT Architecture. Image from [3]
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Figure 3.3: Cloud-Based IoT Architecture. Image from [3]
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Chapter 4

Methodology

This chapter presents the procedures applied to achieve the objectives, together with the
justification for their use. First of all, it starts with an explanation of the steps for problem-
solving in chronological order. Then, the model proposed is introduced, which includes the
main components for the implementation of the IoT platform. Finally, we describe the
data set and methods for analyzing the results.

4.1 Phases of Problem Solving

The following diagram shows the workflow that was taken to carry out this project.

_—

Problem Literature Codification Data Readings /
Definition Review Sending Signals
o Forecast
Visualization Qualification

loT Automation
Algorithm

Back-end, Front-end
and Database
Algorithms

State of the Art

!

Model Proposal
Definition

!

Software
Specification

—— ||

Work-Flow
Definition

0

Forecasting
Algorithms

Figure 4.1: Phases of Problem Solving.

4.1.1 Description of the Problem

This phase lays the foundation for the development of the project as it presents the central
theme, its potential problems, and how to address them. First, we propose the concept
of greenhouse cultivation, the automation of this process, and its general characteristics.
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Later, we address the sending, reception, and storage of the collected data. Later on, we
present the model for both reading data and sending signals to control the system actuators.
The workflow to design and develop the model proposal is also presented, as can be seen in
Figure 4.1. In this case, it was decided to implement a platform from scratch, which allows
total control over the processes that are executed and helps detect errors quickly. Then
a stack is established to approach the implementation of the platform. Finally, artificial
intelligence tools are evaluated to obtain significant predictions from the data obtained.
Chapters 1 and 4 consolidate the steps mentioned in this phase.

4.1.2 Analysis of the Problem

This phase consists of the background and fundamental knowledge to a better understand-
ing of this project. Chapter 2 presents this information in a systematic and orderly way,
where we first analyze the internet of the things context used. Then, we deal with the web
development tools used to develop the platform, and finally, we deal with data processing
and cloud computing tools. In this sense, we focus on the problem of data flow. All the
previously mentioned information was useful to describe a brief state of the art. According
to this background, we defined a model proposal with contemporary software develop-
ment tools, taking into account a modular programming design that allows a comfortable
treatment and maintenance of the code, and data processing.

4.1.3 Algorithm Design

In this phase, the algorithms proposed in the model proposal were designed. These algo-
rithms start with the one in charge of the intelligence of the IoT system. It is in charge of
the automation of the greenhouse, the activation of the actuators, the reading of data em-
ploying sensors, and its later sending to the server. A master algorithm was implemented
to solve the different types of requests in the Amazon Web Services (AWS) dependency,
with the help of a complementary algorithm to deal with the database. Additionally, a
couple of algorithms were developed to analyze the data and show predictions as a final
result.

4.1.4 Implementation

In this phase, the software specifications used for each of the three stages of the system
were determined. For the implementation of the [oT algorithms, the communication nodes
use a variant of C++ (Sketch). In the implementation of the web application, a LAMP
stack (Linux, Apache, MySQL, and PHP) was used with Node.js to retrieve MySQL data.
In contrast, for the graphical interface, HTML, CSS, and JavaScript were used. In the
final stage, Python was used to make the predictions of the environmental variables. The
files that allow the correct platform performing are hosted in a dependency on Amazon
Web Services. Chapters 2 and 4 consolidate the information mentioned in this phase.
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4.1.5 Testing

This phase focuses on measuring and analyzing the performance of the IoT platform.
For that propose, we perform several consecutive tests of data readings and sending of
signals from the GUI. The thresholds established for each environmental variable, and the
performance of the predictions are also evaluated. These results appear on the dashboard
for better appreciation. Before presenting the predictions as a final result, we have to
configure some parameters in the algorithm, being the most important the amount of
data taken according to the date (daily, monthly or annual). Additionally, a prediction
algorithms was evaluated to measure their performance by comparing the accuracy of their
results. These steps are detailed in section 4.3.

4.2 Model Proposal

This work proposes an architecture consisting of four layers: Device layer, Network layer,
Application Services Platform, and Application layer. This section provides details of each
of these. In a summary of this architecture, the device layer contains digital sensors, analog
sensors, and actuators, that interact with the greenhouse environment. The network layer
has a twofold operation that uses WiFi and all of the well-defined routing protocols and
processes that it Includes. Application Services Platform consists of the data sending en
receiving data protocol, and it consists of two main phases. First, it sends all the data using
the MQTT protocol; and second, it connects the back-end end with the broker EMQX using
WebSockets. The application layer is implemented with a web application that retrieves,
stores, analyzes, and generates visualizations of the data. Figure 4.2 presents a diagram of
the proposed architecture with its different hardware and software components.

4.2.1 Device Layer

The device layer, the first of our architecture, interacts with the environmental variables
inside the greenhouse. The variables to be measured are the humidity and temperature of
the environment, the humidity of the soil, the intensity of the light, and the water level in
the reservoir. Our systems use several sensors to record these variables. These sensors in-
clude the DHT11 sensors to measure humidity and temperature of the environment, FC-28
sensors to measure the humidity of the soil, a module with a photo-resistance to measure
the intensity of light, and a water level sensor to measure the water level in the reservoir.
Figure 4.3 shows the diagram of the electronic connections between the NodeMCU and the
other devices.

Once the sensors perform the data readings, they send the data to the NodeMCU, a
development board based on the ESP8266 chip. The collected data is sent through the node
using WiF'i technology to a broker using the MQT'T protocol. It is important to emphasize
that connectivity to the Internet is required. The user can control the activation of the
artificial light, the intractor fan, the extractor fan, and the irrigation system by sending
control signals. The NodeMCU board is in charge of receiving the user signals and carrying
them out through relays connected to the node. The flow chart of the system can be seen

Information Technology Engineer 27 Graduation Project



School of Mathematical and Computational Sciences Yachay Tech University

g N

I Sensors I | Actuators I

3
‘l NodeMCU l

WebSockets MQTT Broker * —ll MQTT Protocol |

Lo Database I
-Rules Engine

-Data Analysis

Front-end

- Safety Features -GUI (Web Pages)

\ J

Figure 4.2: Greenhouse Monitoring and Control System Based on IoT Technologies.1)
Device Layer, 2) Application Platform Layer, 3) Network Layer, 4) Application Layer.

in Figure 4.4.

4.2.2 Network Layer

The network layer is in charge of communication with the internet. The wireless transmis-
sion medium chosen for the project is WiFi. According to Shi [4], although WiFi is one
of the most energetically expensive technologies, it also has the highest data transmission
speed, and this is relevant if we want to connect tens or hundreds of nodes to the network.
This layer not only transmits to the next layer the information related to the environmental
factors of the device layer but also transmits to the device layer the control commands of
the application layer so that the devices take the actions corresponding to each command.
This layer remains unmodified compared to the standard network layer of wireless systems
WiFi 802.11 used commercially by routers found at home.
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Figure 4.3: Circuit Diagram. 1) NodeMCU 2) Relay 3) Artificial Light 4) Plug 5) Intractor
Fan 6) Extractor Fan 7) Humidity and Environment Temperature Sensor 8) Light Sensor 9)
Water Pump 10) Soil Moisture Sensor 11) Water Level Sensor 12) Protoboard 13) Jumper
Wires.

4.2.3 Application Platform Layer

This layer is in charge of data sending-receiving protocols and the application that manages
it. The most famous case is to use HT'TP as a protocol with an HTTP server. However, it
is not very useful in some IoT operations. To save energy and to obtain better efficiency,
it is necessary to search for other protocols and protocol manager alternatives.

The protocol used for data transmission is Message Queuing Telemetry Transport pro-
tocol (MQTT), an ISO standard protocol (ISO/IEC 20922) developed by IBM in 1999
[21]. MQTT is a machine-to-machine (M2M)/IoT connectivity protocol designed as an
extremely light publication/subscription message transport since it can work with low
network bandwidth [20]. Communication between the broker and the IoT platform is car-
ried out using the WebSockets protocol, a technology that provides a two-way, full-duplex
communication channel on a single TCP socket [31].
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Figure 4.4: Flowchart Showing the Operation of the Monitor and Control System.
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4.2.4 Application Layer

This layer is responsible for storage, decision making, summary, and statistics. Here, the
algorithms and models for intelligent control and prediction are established. This layer is
composed of cloud computing, database, rules engine, machine learning algorithms, and
other essential processing technologies. As mentioned in Chapter 2, this web application
is based on the LAMP stack. In Figure 4.5 you can see the structure of the application
architecture.
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‘: REQUEST
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RESPONSE T
|
Frontend Webserver

What users sees
COLLECT DATA and interact with

—— e

Contains app logic

PHP, Node.js,
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Figure 4.5: Structure of the Application Architecture

Back-End

We use a relational database (MySQL) to store all the data coming from the different
sensors. All the procedures in the backend use the PHP programming language and, to
retrieve the data from the database, we used Node.js, which acts as an execution envi-
ronment for JavaScript. EMQX broker was used to sending and receiving data using the
MQTT protocol. The web application components were hosted on a VPS at Amazon Web
Services.

Data Analysis

For data analysis and prediction, we used a machine-learning algorithm called Long Short-
Term Memory (LSTM). This method allows us to produce a forecast of a time series with
discrete values. The programming language for developing the LSTM neural network was
Python, as it offers convenient tools for fast and easy development of Al algorithms along
with the TensorFlow backend. For training the model, we used the platform Google Colab,
which offers a high-capacity remote computer specially dedicated to training Al algorithms
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free of charge.

The LSTM neural network is a variation of the traditional recurrent neural networks
(RNNs) developed by Hochreiter [32]. The objective of LSTMs is to overcome the problem
of long-term dependencies, which makes RNNs not viable for processes that depend on
long term memory, such as time series prediction. An LSTM neural network is formed by
a chain of LSTM units which share information like an RNN. The main difference lies in
the LSTM unit which has three gates that efficiently manage the information.

o—C —— &8
® tanh

| @ @ oo

+ + +

e (e le Je

Inputs: Outputs: Nonlinearities: Vector operations:
Memory from ) ) Element — wise
Input vector current block @ Sigmoid ® multiplication
C Memory from Output of tanh Hyperbolic Element.— wise
U previous block current block tangent + Summation/

Concetenation

Output of -
previous block Bias: ﬁ
Figure 4.6: Structure of the LSTM Unit

In an LSTM unit [33], the essential communication line is the one that connects the pre-
vious state of the cell, C;_1, with the new state, C;. Through this line, useless information
will be deleted, and update relevant information will be added. The gates in the LSTM are
composed of a sigmoid layer and a pointwise operation. In the first gate, also called “forget
gate,” the information from the previous unit, h;_;, and the previous layer is received, the
gate decides what information will be deleted by the equation: equation 1. The second gate,
called “input gate,” adds information to the new state; there are two parts in this process,
first, the sigmoid layer decides what information will be added by the equation 2, then the
tanh layer gives a list of possible values by equation 3. The output of the gate is given by
equation 4. With the information of the first and second gates, the new state is equation 5.

The output for the next unit and the next layer is taken from the new state information.
A sigmoid layer decides what information will be the output by equation 6 and a tanh layer
put the values from C} between -1 and 1, the output is given by equation 7.
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fo= oWy [hus,] + bp) (1)
iy = o (Wi« [hy—1, ] + b;) (4.2)
Cy = tanh(We - [he_1, 1] + be) (4.3)
iy % C, (4.4)
Cr=fi*xCry+i,xCy (4.5)

or = o(Wy, -« [h—1, 2] + b,) (4.6)
hy = o; % tanh(Cy) (4.7)

Front-End

This is the highest level of architecture and the place where the IoT value and usefulness are
most evident. This layer is where crop monitoring and control, early warning, and disease
management are performed. In this layer, there is an authentication system to perform
user control. In the control panel, the data from each sensor, the buttons to activate or
deactivate the control devices, and the real-time graphs of the data can be seen through a
graphical user interface.

4.3 Experimental Setup

The project described below represents the solution to the initial approach to the problem.
This solution starts with the construction of a greenhouse model. The built structure has
the appropriate technology to automate each of the processes to allow the optimal condi-
tions for the growth of the crop. The development of this project can be done in two ways:
in an already existing greenhouse or the construction of a greenhouse from scratch. For
this project, it was decided to opt for the construction of a scale greenhouse and collect
data from inside.

Once the model was built, we adapted the connections, both physical and wireless, of
the sensors and actuators with the communication nodes, which were then connected to a
global gateway. The second part of the project is the implementation and adaptation of
the software in charge of the wireless transfer of messages, for which we need to choose a
protocol and an application to handle it. For this project, the application is an EMQX
Broker that uses the MQT'T protocol. The final stage of the project is developing our web
application, which includes the rules engine, the database, the graphic interface, and the
data analysis.

After each phase of the project, general checks were made to perform failure tests and
modifications to adapt to the expected growth of the platform.
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(a) Inside View of the Greenhouse Model (b) Outside View of the Greenhouse Model

Figure 4.7: Views of the Greenhouse Model

4.3.1 Preparation and Construction of the Greenhouse Model

In order to have a reasonably good approximation of a real greenhouse, the same materials
and considerations were used to make the data collection very reliable. The most common
greenhouses are chapel-type greenhouses, so our model construction was based on one of
them. The primary materials for the construction of the model were wood, polyethylene
mesh, thick greenhouse plastic. The final structure had the following dimensions 0.5m x
0.7m x 0.5m as can be seen in Figure 4.7.

The sensors and actuators used organize into three systems that include the measure-
ments of all the essential variables to monitor and control the crops. The air conditioning
system is in charge of the ventilation of the interior of the greenhouse. The irrigation sys-
tem is in charge of the irrigation and humidity measurements. Finally, the lighting system
is in charge of activating the lights according to the structure luminosity.

Climatization System

The climatization system aims to monitor the humidity and temperature of the envi-
ronment through sensors. In the IoT algorithm that runs in the communication nodes,
thresholds were defined for each of the variables. If the sensor measurements exceed these
values, the fans are activated to give a higher flow of air and reduce the temperature and
humidity inside the structure. This system has a pair of fans, an extractor responsible for
expelling the air inside the greenhouse and an intractor that introduces air from outside to
the structure. Figure 4.8a shows the climatization system components. Besides controlling
the previously mentioned environmental variables, it also fulfills the function of reestablish-
ing the CO2 levels, vital for the correct development of the plants. The electronic devices
used for the implementation of this system are shown in Table 4.1:
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Figure 4.8: Climatization System

Irrigation System

The irrigation system is probably the most critical system of all and also the most complex.
This system measures the humidity of the growing substrate and continues watering it
according to the IoT algorithm specifications. Since irrigation is the most critical factor,
it must be implemented carefully. Our irrigation system is divided into two parts, the
sensors, and the water pipes. The first part consists of the soil moisture sensor, which
gives the value of the percentage of moisture in the soil, and the water level sensor that
measures the amount of water in a container. These components are shown in Figure 4.9.
The second part of the system consists of the water pump that absorbs the water from
the reservoir, and the fine plastic hoses that are connected to the pump and distribute the
water through drip irrigation, these components are shown in Figure 4.10.

(a) Water Level Sensor (b) Soil Moisture Sensor

Figure 4.9: Irrigation System - Part 1
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(a) Water Pump Connected to
the Hoses

(c) Drip Irrigation - Side View

Figure 4.10: Irrigation System - Part 2
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A small and powerful relay module for safely switching larger
Relay Module 5v

voltages. This module works on 5V and can switch up to 10A.
DHT11 module can measure the temperature and humidity
of the environment. This has a sampling rate of a maximum
DHT11 Sensor of 1 hz, whereby the output is sent digitally. In addition,
a borehole (3 mm) has been provided to easily attach the
module.

Cooler fan to create an airflow that introduces air to keep
Cooler Fan 12v components cooler. This fan works on 12V and has a connec-
tor with 2 pins.

NodeMCU is a small Arduino compatible Wifi board. It is
mounted around the well-known ESP8266 ESP-12 and ex-
NODEMCU-v3 poses all its pins on the sides. It also offers more advantages
ESP-12E such as the incorporation of an integrated voltage regulator,
as well as a USB programming port. It can be programmed
with LUA or with Arduino’s IDE.

Table 4.1: Climatization System Components

Lighting System

The lighting system monitors the amount of light entering the greenhouse through a light
sensor. Depending on the values obtained by the sensor, a relay turns on or off a light
bulb or series of light bulbs that act as a light source. Since there are varieties of plants
that depend on light hours to switch from one growth phase to another, the brightness
threshold can be changed manually using a potentiometer connected to the light sensor.
The components of this system can be seen in Figure 4.11.

In the following portion of code, we can see the first part of the IoT algorithm respon-
sible for managing the sensors and actuators. In this section, you can see the initialization
of the analog and digital ports and a part of the primary functions that each sensor has.

1 void setup() {

3 pinMode (2, OUTPUT);
4 pinMode (4, OUTPUT);
5 pinMode (3, OUTPUT);
6 pinMode (8, INPUT);
7 Serial.begin(9600);
s dht.begin();
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Submersible Pump
2.5V - 6V

PVC Hose 7.5mm

Transparent

Ground Humidity

Ssensor Module

WATER LEVEL
SENSOR

NODEMCU-v3
ESP-12E

Small pump to move water or other liquid. This submersible
pump is placed in the liquid, where a hose of 7.5 mm can be
placed at the outlet can be connected to propel the water up
to 1 meter.

This hose has an outside diameter of 9 mm and an inside
diameter of 7 mm. The hose is made of strong and flexible
PVC with a transparent color. The hose is sold per 2 meters,
with a decrease of several meters the hose is interrupted per
2 meters.

It can be used to measure the humidity in the ground. This
makes it possible for the NodeMCU to give a notification if
the plant needs water. This module has both the possibil-
ity of digital and analog output, whereby the digital output
threshold can be set by means of a potentiometer.

This sensor is used to indicate the water level in a tank, with
this we can avoid the overflow of water, and at any time we
can know the water level in a reservoir.

NodeMCU is a small Arduino compatible Wifi board. It is
mounted around the well-known ESP8266 ESP-12 and ex-
poses all its pins on the sides. It also offers more advantages
such as the incorporation of an integrated voltage regulator,
as well as a USB programming port. It can be programmed
with LUA or with Arduino’s IDE.

Table 4.2: Irrigation System Components
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(a) Light Sensor (b) Light Source

Figure 4.11: Lighting System

This Light sensor module based on photodetector GL5528 de-
. tects the light intensity of the environment. As the resistance
Light Sensor i : : o
of the sensor varies depending on the amount of light it is ex-
posed to, the output voltage changes with the light intensity.
Plug and Socket for ) )
. Common plug and socket for spotlight to connect light source.
spotlight

A small and powerful relay module for safely switching larger
Relay Module 5v i )
voltages. This module works on 5V and can switch up to 10A.

NodeMCU is a small Arduino compatible Wifi board. It is
mounted around the well-known ESP8266 ESP-12 and ex-
NODEMCU-v3 poses all its pins on the sides. It also offers more advantages
ESP-12E such as the incorporation of an integrated voltage regulator,
as well as a USB programming port. It can be programmed
with LUA or with Arduino’s IDE.

Table 4.3: Lighting System Components
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9
10 }

1

12 void loop() {
13

14 //water level

16 int valo = analogRead (A0Q);

18 Serial.print("water level: ");
19 Serial.println(valo);

20

21 //relay

22

23 int relay = 2;

24

25 if ( digitalRead (8) == HIGH) {
26 digitalWrite (2, HIGH);
27}

28 else{

20 digitalWrite (2, LOW);

30

31
32 //humidity-temperature
33

34 float h
35 float t

dht.readHumidity () ;

dht.readTemperature () ;
36

37 Serial.print ("Hymidity: ");

38 Serial.println(h);

39

40 Serial.print("Temperature: ");
a1 Serial.println(t);

42

43 //1light sensor

44

45 byte valor=digitalRead (8);

46

47 if ( digitalRead(buttonPin) ==
48 digitalWrite(ledPin, HIGH);
49

50 Serial.print("Light sensor: ");
51 Serial.println(valor);

52

HIGH) {
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53 //so0il moisture

55 int lect = analogRead (A2);
56 Serial.print ("Soil Moisture: ");
57 Serial.println(lect);

58

59 //Water pump

60

61 int statel =HIGH;

62 digitalWrite (3, statel);

63 Serial.print ("light: ");

64 Serial.println(statel);

s delay (2000) ;

66 T

4.3.2 Web Application Development

Interface Design

The first task of the application is to display an authentication form that asks for the
e-mail or username and password. The data collected in this form is sent to the server
to be compared with the existing user list; otherwise, the user is allowed to create a new
account. The page shown on the screen also has "Keep me signed in” buttons that remind
the user and password values so that the session is not closed when the user leaves the
page. At the end of the questionnaire, there is the phrase "Forgot password? which allows
the user to recover the password through the e-mail. The authentication form can be seen
in Figure 4.12.

If the user passes the authentication system, the application displays a page with the
main dashboard can be seen in Figure 4.13 and Figure 4.14.

On this page, first appears the monitoring section at the beginning, in which we can see
two rows. In the first row, we can see the states of light, water, and ventilation through in-
dividual boxes containing the words "ON” if the device is activated or "OFF” if the device
is turned off together with icons representing each variable. The second row contains boxes
indicating values through dynamic graphics that are updated periodically. These graphics
show a numerical value surrounded by a colored line that indicates the percentage that
this number represents together with the name of the variable. This section is shown in
Figure 4.15.

In the second part of the screen, we can see the control section, here we can see boxes
like the ones at the beginning, but with interactive buttons that serve to activate or deac-
tivate each actuator. These buttons allow us to modify the variables over the background
working [oT algorithm, which allows us to modify the system temporarily without having
to alter the general algorithm. This sections is shown in Figure 4.16.
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Sign in with your GreenhouseYT Account

Email

Password
[T] Keep me signed in

Forgot password?

Do not have an account? Sign up

Figure 4.12: Authentication System
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Figure 4.13: Dashboard - Page 1
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Figure 4.14: Dashboard - Page 2

Finally, in the third part of the page, we can see the real-time graphs of the values
taken periodically by the sensors. These graphs are significant because they allow us to
visually analyze the data and analytically and obtain predictions through data analysis
methods such as neural networks. In our case, a recurrent neural network was used, known
as LSTM. In Figure 4.14 we can see in blue lines the values of the sensors while in red
lines the predictions obtained with the previously mentioned network. Measurements and
forecasting is shown in Figure 4.14.

Database

For this application, a relational SQL database with one table was employed. In this
structure, the values of each sensor, the states of each actuator, and the exact date of
these records were stored. The structure of this database is shown in the table 4.4 below,
together with the type of data and a brief description.

Information Technology Engineer 43 Graduation Project



School of Mathematical and Computational Sciences

Yachay Tech University

Monitor
GreenhouseYT

OFF
Light Source

Sensors
23°C

Environmental Temperature

Manage

Control

GreenhouseYT

Light Source
OFF

ON
Water Pump

30%

Environmental Humidity

Manage

Figure 4.15: Monitoring Module
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A value indicating the
date TIMESTAMP exact date and time of
data recording.

The percentage of hu-

hum-env INT midity in the environ-
ment.
Temperature in de-
temp-env INT .
grees centigrade.
. The percentage of soil
hum-soil INT _
moisture.
) The number of lu-
s-light INT
mens.
The percentage of the
l-water INT

water level.

The word “ON” or
light CHAR “OFF” depending on
the light status.

The word “ON” or
water-p CHAR “OFF” depending on
the state of the water.
The word “ON” or
fans CHAR “OFF” depending on
the status of the fans.

Table 4.4: Database Structure
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Back-end

This part is in charge of the intelligence of the application. Here, the rules engine was
developed, and the connection with the broker to be able to project the data to the user
in the graphic interface. For this part, we used a mixed stack based on LAMP, to which
we added Node.js to retrieve values from the database. It is also in charge of making
predictions and updating the page with the values in real-time.
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Chapter 5

Results and Discussion

In this section, we present the data generated and acquired by our proposed system. The
data presented here was gathered from the sensors during a period of thirty days of contin-
uous working in intervals of ten minutes. This data was collected, then transmitted to the
database, and then used as training and testing data for the machine learning algorithm.
The collected data consists of 4752 entries from each variable. The validation set was
created using 500 entries of the dataset while the the rest was used for the training set.
With the trained network we made a forecast for one day in the future for every metric,
reaching a maximum accuracy of 96.63% and a minimum accuracy of 88.90%. Figures be-
low show the sensor measurements on the blue line and the predictions made on the red line.

Figure 5.1 shows the measurements of the environmental humidity collected with the
DHT11 sensor we talked about previously. Furthermore, the prediction generated by the
LSTM network can be seen. In the Figure 5.1, we can see a pattern of rising and fall
because, throughout the day, the humidity in the environment varies. In the presence of
the sun, there is a drier environment. At the same time, in its absence, higher percentages
of moisture are found. In the prediction model, we were able to obtain 96.63% accuracy
concerning the real data.

Figure 5.2 shows the measurements of the environmental temperature collected with

—— Environment Humidity
—— Prediction

2020-03-10 2020-03-11 2020-03-12 2020-03-13 2020-03-14 2020-03-15

Figure 5.1: Environmental Humidity Measurements and Predictions
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Figure 5.2: Environmental Temperature Measurements and Predictions

—— Soil Humidity
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Figure 5.3: Soil Humidity Measurements and Predictions

the DHT11 sensor together with the prediction of the LSTM network. In this graph, we
can see the appearance of patterns due to the variation of temperature throughout the day.
As expected at noon, the highest temperatures are recorded while in the early morning
hours, lower temperatures are recorded. In the prediction model, we were able to obtain
88.90% accuracy concerning the real data.

Figure 5.3 shows the soil moisture measurements collected by the FC-28 sensor together
with its prediction. In this graph, we can observe another type of pattern, a rapid rise
due to the relatively short irrigation times and, on the other hand, a gradual decrease that
means the absorption of the plants and the drainage of the water through the substrate.
In the prediction model, we were able to obtain 91.59% accuracy concerning the real data.

Figure 5.4 shows the measurements of the water level in the reservoir obtained with
the water sensor and the prediction. This graph is a particular case because although it
shows an apparent pattern, it would not be correct to define it as such. The sensor mea-
sures the water level in the reservoir, and since it is not a natural variable, it depends on
other factors such as the shape and the time of filling the reservoir. The system does not
contemplate the filling of the reservoir since this depends on the type of water supply the
greenhouse has. Taking into account what was mentioned before, it would not make sense
to predict the water level that can be obtained at a specific moment. In the graph, we can
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Figure 5.4: Water Lever Measurements and Predictions

observe the erratic behavior that the LSTM network produced.

Before using the NodeMCU module, we use the ESP-01 WiFi module because of its
reduced size and price. At first, it worked well, but having only one analog port to receive
data, another board had to be used to connect all the devices. As far as the programming
is concerned, we also had to make arrangements to be able to send all the data as if they
were only one and in the server to separate the data again, complicating, even more, the
mechanism. Finally, we decided to use the NodeMCU board because it is a compact board
that allows us to have connected several digital sensors, analog sensors, and triggers with-
out significant problems, also allow us to connect to a network wirelessly and through this
transmit data over the Internet. The price of the NodeMCU is superior to the ESP-01.
However, the difference is too short of making a difference.

Something to keep in mind is the updates of the programs or libraries used. During
the implementation, one of the libraries stopped having a function that we used, so we
had to reevaluate the code base. A recommendable option is to have a repository with
these functions or programs that could be updated, so we prevent possible incompatibilities.

When we graphed the magnitudes and their predictions, we could notice something
interesting. Although water consumption is gradual because the plants make continuous
use of water, filling it is not, as the system is designed, the farmer is the one who has to
fill the reservoir manually, and unless it is always filled at the same time of day the graph
does not show periodicity and therefore the predictions are not useful. In the rest of the
magnitudes, we can see patterns that repeat over time. This is an operation constraint
that could be solve including an automatic control of that part of the process.
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Chapter 6

Conclusions

Proper implementation of modern techniques of wireless networks, web development, and
neural networks made it possible to implement an autonomous system for crop manage-
ment through greenhouses. The right choice of the right sensors, actuators, and transmitter
nodes is fundamental for the collection and transmission of data, as well as for the activa-
tion of control devices.

The sensors and actuators showed efficient operation after more than a month of unin-
terrupted work. The data transmission device NodeMCU performed adequately. The only
drawback is its overheating when exposed to high temperatures such as midday tempera-
tures, which in the long term could influence its lifetime. Fixing the overheating requires
the use of heat sinks on the nodes.The use of the Arduino platform to develop the main
program of the transmission node is beneficial because it is a widely developed platform
with handy libraries for handling sensors and actuators.

The use of the MQTT protocol and an MQTT broker is suitable for data transmission.
This protocol is widely recommended for the IoT due to its low bandwidth consumption
compared to other transmission protocols such as HT'TP. For the implementation of our
system, it was beneficial to choose a broker that allows us a simple implementation, fast
handling, option to connect a significant number of nodes, an optimal data management
and that works according to the needs of our system.

Hiring a virtual private server that goes according to the requirements is critical at the
time of accessing the service provided by a system on the web, and our case was no excep-
tion. The high speed at which the service can be accessed and the variety of components
available is an essential point to take into account and a decisive factor for the proper
functioning of the system components. For the development of our system, we employed a
server in AWS, and the performance was as expected in these cases.

The implementation of the code and good interaction between the components is some-
thing that in this project defines its proper development. One of the things we take care
of is not to "tire” the server, and for that, we use Node.js to recover the data from the
database. This execution environment is better than PHP for data handling.
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An essential part of the cultivation process is the quality of the irrigation. It is not
enough just to water the plants. Crops also need fertilizers, but not just any fertilizer. The
needs of the plants differ depending on the variety and the stage of growth. One of the
most critical parameters of irrigation is the PH for the absorption of a correct nutrient, in
this way a PH sensor could be implemented, as well as one that measures parts per mil-
lion and electroconductivity in order to have effective control on the quality of nutrients
supplied to the crops.

Another significant factor is the lighting. Through the correct management of the illu-
mination, we can obtain bigger plants and bigger harvests. Having a lighting system that
regulates itself according to the needs of each plant could make the difference, especially
in times of the year when the amount of hours of natural light decreases.

As future work we intend to adapt our LSTM-network-based forecasting to process
streaming data from the sensors, this adaptation is particularly important for our archi-
tecture in order to work without interruptions. We want to implement this idea while
maintaining the precision of the forecasting yielded by the network. Another idea that we
want to explore is the integration of real-time weather information with the information
provided by the sensors. We believe this could potentially improve the accuracy of our
system.
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